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Preface 

Only 25 years ago, a multidisciplinar y group of some three 
dozen individuals met for the first time in Vero Beach, 
Florida, under the auspices of the National Institute of Child 
Health and Human Development (NICHHD) to discuss a re-
cently identified immunoglobulin, secretory IgA. Since that 
historic workshop, seven international congresses have been 
held to discuss secretory immunoglobulins and mucosal im-
munology, and there have been a number of scientific meet-
ings on immunological mechanisms in such mucosal sites as 
respiratory tract, gut, genital tract, mammary glands, and pe-
riodontal tissues. The last International Congress of Mucosal 
Immunology, held in 1992 in Prague, Czechoslovakia, was 
attended by nearly 1000 participants. 

The recognition that defenses are mediated via mucosal 
barriers dates back several thousand years. Ingestion of Rhus 
leaves to modify the severity of reactions to poison ivy is a 
centuries old practice among native North Americans. The 
modern concepts of local immunity, however, were devel-
oped by Besredka in the early 1900s, followed by the dis-
covery of IgA in 1953 and its isolation and characterization 
in 1959. Studies in the early 1960s demonstrated the pres-
ence of IgA in a unique form in milk and, shortly thereafter, 
in other external secretions. These studies were followed by 
the discovery of the secretory component and the identifi-
cation of the J chain. These remarkable observations were 
soon complemented by the characterization of the bronchus-
associated lymphoid tissue (BALT) and the gut-associated 
lymphoid tissue (GALT), the observation of circulation of 
antigen-sensitized or reactive IgA B cells from BALT and 
GALT to other mucosal surfaces such as the genital tract and 
the mammary glands, and the definition of mucosal T cells. 
In the past decade, our concept of the mucosal immune sys-
tem has been expanded to include M cells and mechanisms 
of mucosal antigen processing, regulatory T lymphocytes 
and other effector cell mechanisms, neuropeptides, and the 
network of interleukins and other cytokines. Finally, the bi-
ological significance of the mucosal immune system in-
creasingly is being realized in the context of human infec-
tions acquired via mucosal portals of entry, including 
conventional infections as well as new syndromes such as 
acquired immune deficiency associated with infection 
by HIV. 

Despite the tremendous progress made in the acquisition 
of new knowledge concerning the common mucosal immune 
system, mucosal infections, and oral immunization, no sin-
gle text covering the entire spectrum of mucosal immunity 
was available. Therefore, this handbook was organized to de-
velop a perspective of the basic biology of the components 
that constitute the framework of the common mucosal im-
mune system, as well as of the infectious and immunologi-
cally mediated disease processes of the mucosae. Virtually 
all chapters have been authored by original investigators re-
sponsible for key observations on which current concepts are 
based. 

Part I, Cellular Basis of Mucosal Immunity, provides an 
introductory overview and a historical perspective of the mu-
cosal immune system (Chapter 1), followed by 10 compre-
hensive chapters (Section A) on development and physiol-
ogy of mucosal defense (Chapters 2-11). These chapters 
address structure and function of mucosal epithelium, cellu-
lar basis of antigen transport, mucosal barrier, innate humoral 
factors, bacterial adherence, development and function of 
mucosal immunoglobulin, and epithelial and hepatobiliary 
transport. Section B (Chapters 12-19) focuses on cells, reg-
ulation, and specificity in inductive and effector sites. The 
inductive site chapters discuss characteristics of mucosa-
associated lymphoid tissue (MALT), Peyer's patches, regu-
lation of IgA B cell development, diversity and function of 
mucosal antigen-presenting cells, oral tolerance, peptidergic 
circuits, role of B-l cells, and lymphocyte homing. The chap-
ters on effector sites (Section C) present information about 
cytokines, mucosal Ig-producing cells, regulatory T cells, in-
traepithelial cells, mucosal IgE, inflammation and mast cells, 
cytokines in liver, cytotoxic T cells in mucosal effector sites, 
and immunity to viruses (Chapters 20-29). Section D ad-
dresses mucosal immunization and the concepts of mucosal 
vaccines. These chapters discuss passive immunization, vac-
cine development for mucosal surfaces, antigen delivery sys-
tems, mucosal adjuvants, and approaches for generating spe-
cific secretory IgA antibodies (Chapters 30-34). 

Part II, Mucosal Diseases, addresses the secretory immune 
system with special reference to mucosal diseases. Section 
E consists of chapters on the stomach, intestine, and liver, 
and includes diseases of GALT and intestinal tract, a chain 
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and related lymphoproliferative disorders, gastritis and pep-
tic ulcer, malabsorption syndrome, food allergy, intestinal 
infections, and diseases of the liver and biliary tract (Chapters 
35-42). Section F covers selected areas of lung and lower 
airway and includes chapters on BALT and pulmonary dis-
eases, mucosal immunity in asthma, respiratory infections, 
and inhalant allergy (Chapters 43-46). Section G presents 
information on the oral cavity, upper airway, and mucosal 
regions in the head and neck (Chapters 47-50), as well as 
ocular immunity, tonsils and adenoids, and middle ear. 
Sections H and I are devoted to mammary glands and geni-
tourinary tract, respectively. These sections consist of chap-
ters on milk, immunological effects of breast feeding 
(Chapters 51-52), IgA nephropathy, immunology of female 
and male reproductive tracts, endocrine regulation of geni-
tal immunity, mucosal immunopathophysiology of HIV in-
fection, and genital infections relative to maternal and infant 
disease (Chapters 53-58). 

The information reviewed in the different chapters in this 
handbook will be of considerable interest to diverse groups 
of clinicians, basic and clinical immunologists, biologists, 
veterinarians, and public health workers interested in under-
standing the application of basic biology to virtually all im-
munological or infection-mediated disease processes of ex-
ternal mucosal surfaces. This handbook will be of particular 
importance to students of medicine and pediatrics, including 
individuals studying gastroenterology and pulmonology, 
ophthalmology, gynecology, infectious disease, otolaryn-
gology, periodontal disease, sexually transmitted disease, 
and especially mucosal immunology. 

Pearay L. Ogra 
Jiri Mestecky 

Michael E. Lamm 
Warren Strober 

Jerry R.McGhee 
John Bienenstock 
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1 
Introduction: An Overview of the Mucosal System 

Thomas B. Tomasi 

The concept of a mucosal immune system first developed 
almost 30 years ago as a result of quantitative immunochemi-
cal studies of the various immunoglobulin isotypes in human 
mucosal fluids (Chodirker and Tomasi, 1963). The initial and 
most striking findings showed that external fluids that bathe 
mucosal surfaces contained predominantly IgA, in contrast 
to the low concentration of this immunoglobulin in compari-
son to IgG. Moreover, the IgA in saliva appeared to be differ-
ent in molecular size from IgA in serum (serum IgA was 
primarily a 7S monomer with a smaller amount of 10S and 
larger polymers, whereas salivary IgA was mainly US). Im-
portantly, salivary IgA was found to contain an additional 
component that we called the secretory piece and later termed 
the secretory component (SC; Tomasi et al., 1965). Using 
antisera specific for IgA and for SC in immunofluorescent 
studies of the gastrointestinal tract and other tissues, large 
numbers of IgA cells were found in the lamina propria in 
close anatomical relationship with the mucosal surface, 
whereas SC was localized to epithelial cells. These findings 
suggested that the source of IgA in external secretions (secre-
tory or SIgA) was regional and that SC was added during 
transport. This hypothesis was verified further by our studies 
showing that 125I-labeled 7S IgA administered intravenously 
(iv) did not appear in significant amounts in saliva. However, 
the saliva of patients with agammaglobulinemia contained 
free SC, indicating that the transport of SC occurred in the 
absence of the specific ligand. As shown by South et al. 
(1966), the administration of large amounts of IgA to agamma-
globulinemic patients resulted in the appearance of SIgA in 
secretions, suggesting that, if local production is diminished 
or absent and if enough dimeric IgA reaches the lamina pro-
pria from the circulation, transport will occur as in the nonde-
ficient state. Similarly, Renegar and Small (1991) showed that 
polymeric IgA but not monomeric IgA or IgGl anti-influenza 
antibodies promote mucosal protection in nonimmune mice. 
Thus, the absence of transport from serum to secretions in 
most tissues may be related to the saturation of local transport 
mechanisms by the regionally produced IgA. Later research-
ers demonstrated that much of the IgA in certain fluids such 
as the rat mammary gland (Halsey et al., 1980) and especially 
rat bile (Fisher et al., 1979) was a result of transport of 
polymeric 10S IgA from serum. This transport is a primary 
reason that 10S IgA has such a short apparent half-life in 
serum (Fisher et al., 1979) in comparison to 7S serum IgA 
(Chodirker and Tomasi, 1963; Tomasi etal., 1965). 

There are two IgA subclasses, IgAl and IgA2, which differ 
in several respects, most notably in the absence of a 13-
amino-acid proline-rich region in the hinge of IgA2 that is 
the site of cleavage by IgA proteases. This difference confers 
resistance to these enzymes on the IgA2 subclass. The IgA 
proteases are enzymes (virulence factors) produced by a vari-
ety of bacteria that inactivate the antibody by a highly specific 
cleavage in the hinge region; the presence of IgA proteases 
in virulent strains of bacteria as shown by Plaut (1983) has 
great medical significance. Teleologically, therefore, having 
larger proportions of the IgA2 subclass in external secretions, 
that is, secretions that bathe the mucous surfaces these organ-
isms colonize, would be advantageous. Moreover, after 
cleavage of IgAl into Fab and Fc, the Fab portion has been 
suggested to coat the bacteria and protect these organisms 
from the destructive action of other antibodies (Kilian et al., 
1983). 

Most of the monomeric serum IgA (90% IgAl subclass) is 
produced in the bone marrow. In humans, small amounts of 
polymeric IgA are present in serum, probably as a result of 
synthesis in mucosal sites, although some polymeric IgA also 
is produced in the marrow. There is a catabolic site in the 
liver for human IgAl which involves binding to a hepatic 
binding protein or the asialoglycoprotein receptor. IgA2 also 
is produced in bone marrow and peripheral lymphoid tissue, 
but the major portion appears to be synthesized in mucosal 
sites. SIgA is a dimer with a molecular weight of approxi-
mately 390,000 which, in addition to H and L chains, con-
tains two additional polypeptide chains. J chain,described 
by Koshland (1985), is synthesized in the same cells that 
produce the dimeric IgA (i.e., plasma cells) and is a 15-
kDa protein with one Af-glycosylation site. This chain is not 
homologous to SC or Ig chains and does not appear, by 
sequence analysis, to be a member of the immunoglobulin 
superfamily. However, J chain does have a domain structure, 
probably a ß barrel (Pumphrey, 1986), that has similarities 
to the classical immunoglobulin domain. J chain is involved 
in and probably necessary for polymer formation in B cells. 
J chain production occurs in pre-B cells, but its synthesis is 
stimulated markedly in more mature B cells by antigen con-
tact. Complexing of J chain with the monomeric units of 
IgA (and IgM) to form the dimer occurs late, just prior to 
secretion. The complexing of J chain occurs with the penulti-
mate cysteine in the C-terminal tail piece (an 18-amino-acid 
peptide characteristic of IgA and IgM). Some evidence sug-
gests that the disulfide bridge may be formed with a sulfhydryl 
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group in a CH2 domain of the alpha chain. As shown by 
Hauptman and Tomasi (1975), J chain lends a conformation to 
both IgA and IgM that is required for noncovalent complexing 
(followed by S-S formation) to SC; SC does not interact 
efficiently with polymers lacking J chain, presumably because 
of the unique conformation of the IgA2-J or IgM5-J complex. 

I. POLYIg RECEPTORS AND TRANSPORT 

Secretory component is an 80,000 molecular weight glyco-
protein that is synthesized in epithelial cells and is bonded 
covalently through a disulfide linkage between the fifth do-
main of SC and the CH2 domain of one monomer in the human 
SIgA molecule. SC does not appear to cross-link the two 
monomeric units or bind to J chain, although the disulfide 
chemistry is not established completely. Bakos et al. (1991) 
showed that the binding of SC to polymeric IgA is dependent 
on a highly conserved N-terminal region of SC that may be 
the primary site of noncovalent interactions between SC and 
IgA. SC is a member of the immunoglobulin superfamily. 
This family contains over 40 different molecules present on 
lymphocytes and a variety of other cells. SC is a component 
of a larger molecule, the poly Ig receptor (poly IgR), that 
acts as a receptor on epithelial cells for polymeric molecules 
of IgA and IgM that contain J chain. The rabbit poly IgR has 
been cloned and sequenced by Mostov et al. (1984); the 
extracellular region is composed of five domains, four V-like 
domains and a C-terminai CH-like domain close to the plasma 
membrane. The human poly IgR also has been cloned and 
shows organization similar to that of the rabbit poly IgR, 
with which it shares 54% homology (Krajöi et al., 1989). As 
shown in Figure 1, the poly IgR is synthesized on the rough 
endoplasmic reticulum (RER) as a 95-kDa protein and is then 
core-glycosylated to a 105-kDa molecule and transported to 
the Golgi complex, where the carbohydrate is trimmed and 
the molecule is terminally glycosylated. The 116-kDa protein 
then is transported in vesicles to the basal lateral surface of 
the mucosal cell or, in the hepatocyte, to the sinusoidal sur-
face. The receptor has an N-terminal ectoplasmic domain on 
the outside acting as the receptor for ligand (IgA and IgM), 
a transmembrane portion, and a 103-amino-acid cytoplasmic 
tail. The cytoplasmic tail, as shown by Larkin et al. (1986), 
is phosphorylated on a serine residue during its intracellular 
journey to the membrane to give the 120-kDa mature recep-
tor. Figure 1 illustrates how the binding of dimeric IgA (or 
pentameric IgM) containing J chain results in endocytosis 
in coated pits; the ligand-receptor complexes and unbound 
receptors are sorted, and the ligand-receptor complex is 
directed across the cells to the apical membrane by a process 
referred to as transcytosis. Before secretion into the lumen, 
the receptor is proteolyzed and SC is released from the trans-
membrane region and cytoplasmic tail and secreted into the 
lumen, either attached to its ligand or "free." The location 
and mechanism of proteolysis and the existence of a single 
specific site or multiple cleavage sites (which appears more 
likely from the staggered C-terminal ends) are unclear. How-
ever, in rat hepatocytes, cleavage appears to occur at the 
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Figure 1 Model for transport of IgA and IgM across the mucosal 
epithelial cell or hepatocyte. The synthesis of secretory component 
(SC) and the steps in the transport of Ig across the cell are repre-
sented. SC is synthesized and core glycosylated on membrane-bound 
polysomes [rough endoplasmic reticulum (RER)] as an approxi-
mately 95,000 molecular weight transmembrane protein and is in-
serted cotranslationally into the RER. Further processing (including 
the addition of terminal sugars) may occur in the Golgi. SC then 
becomes integrated into the basal (and lateral) plasma membranes 
of the mucosal epithelial cell or the sinusoidal membrane of the 
hepatocyte. The transmembrane SC ( I ) consists of three domains: 
cytoplasmic ( i ), membrane-spanning (|), and ectoplasmic ( γ ). The 
ectoplasmic domain acts as the external receptor for J chain-con-
taining polymeric Igs such as IgA and IgM ( · ) . Endocytosis of the 
receptor probably occurs continuously. Transcytosis of the com-
plexes and of SC not associated with Ig occurs in vesicles (endo-
somes) that probably do not fuse with lysosomes but do fuse with 
the plasma membrane, thus carrying the Ig-receptor complex to the 
luminal surface. Proteolysis occurs at an unknown stage, removing 
the cytoplasmic and membrane-spanning portions. The Ig is secreted 
covalently attached to the ectoplasmic domain (MW "80,000). 

canalicular plasma membrane; the membrane-anchor domain 
is either internalized or secreted with SC into the bile (Solari 
et al., 1989). The receptor is presumed to be selectively 
targeted to the appropriate membrane, as shown for viral and 
other proteins documented to undergo polarized transport. 
Biosynthetic studies (Schaerer et al., 1990) indicate selective 
(rather than random) targeting of the receptor to the basolat-
eral surface. In the Madin-Darby canine kidney (MDCK) cell 
line, cleavage of the receptor by an endogenous protease is 
delayed until after its appearance on the membrane, ex-
plaining the presence of poly IgR on the apical membrane 
surface. Thus, the SIgA in human external fluids consists 
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of the J chain-containing dimer plus the covalently linked 
ectoplasmic domain of SC. As we first reported (Tomasi 
and Czerwinski, 1968), the SIgA molecule is protected from 
proteolysis by the secretory component, which may lend a 
biological advantage to SIgA functioning in a complex fluid 
containing many proteolytic and other degradative mecha-
nisms. 

A. Cellular Traffic 

As shown by the studies of Owen and Jones (1974; 
Owen, 1977), antigen is taken up in significant part, al-
though not solely, via the Peyer's patches and moves in 
pinocytotic vesicles across the attenuated epithelium of the 
patch dome (called M for microfold cells) to the lymphoid 
epithelium that lies immediately beneath it. Lymphoid cells 
in the patch consist of macrophages, dendritic cells, and T 
cells of several subsets [including CD4+ helper (Th), CD8+ 

suppressor (Ts), and contrasuppressor (Tcs)], as well as B 
cells. The influence of T cells and various lymphokines, as 
described subsequently, may be involved in determining iso-
type specificity. In some cases, Ts cells of CD8+ phenotype 
leave the patches to seed peripheral tissues, and are probably 
responsible for oral tolerance (Tomasi, 1980). After antigen 
presentation, by mechanisms that are not clear (but probably 
involve macrophages, dendritic cells, and possibly B cells), 
B cells become committed to antigen specificity. These cells 
also are predestined to a migratory journey to mucosal mem-
branes to become IgA plasma cells. This precommitment to 
IgA and the migration to the lamina propria was described 
first by Craig and Cebra (1971). We now know that both T 
and B cells have homing properties and that specific receptors 
for homing are present at mucosal sites. From the studies of 
Butcher et al. (1980), the high endothelial venule (HEV) 
appears to be a site at which tissue specific receptors reside; 
monoclonal antibodies that block in vitro attachment of lym-
phocytes to mucosal tissues such as Peyer's patches (but not 
peripheral lymphoid tissues) have been described. Similarly, 
other monoclonal antibodies block the binding of lympho-
cytes to HEV in peripheral lymph nodes, but not in Peyer's 
patches. Interestingly, the monoclonal antibodies directed 
against Peyer's patch HEVs are able to inhibit homing to the 
lamina propria, suggesting common antigenic determinants 
in the Peyer's patch and lamina propria HEVs. On the lym-
phocyte surface, homing may involve receptors for mannose 
6-phosphate and/or other sugars. In addition to the homing 
of Peyer's patch cells to the gut lamina propria, evidence 
exists for more extensive migratory patterns to and between 
other sites that collectively, as described by Bienenstock et 
al. (1979), are called the mucosal-associated lymphoid tissues 
(MALT). Central aggregates that resemble Peyer's patches 
have been described in the lung and elsewhere (tonsils, ap-
pendix); cells from these sites migrate to a variety of mucosal 
tissues and, with cells derived from Peyer's patches, give 
rise to the IgA in the secretions of the mammary gland, 
respiratory tract, gastrointestinal (GI) tract, and salivary, 
lacrimal, and cervical-vaginal fluids. This common mucosal 
system has biological and medical implications. For example, 

in animal models, immunization via the gut against caries-
producing Streptococcus mutans has been shown to inhibit 
caries. Moreover, the important studies by Mestecky et al. 
(1978) have shown that oral immunization with killed Strepto-
coccus mutans in capsules can produce significant titers of 
antibodies in the saliva of normal humans. This procedure 
could be a mechanism of vaccination in several areas, for 
example, generating antibodies in tears against trachoma or 
in vaginal secretions against organisms involved in venereal 
diseases, including HIV. The classical studies of Ogra and 
Karzon (1969) showed the importance of oral immunization 
in protection of mucosal surfaces of the GI tract. These stud-
ies form the basis for the concept that the content of local 
antibodies, particularly of the IgA class, is the first line of 
defense of mucosal surfaces against colonization of these 
surfaces by potentially pathogenic microorganisms. 

II. MUCOSAL LYMPHOID CELLS 

The mucosal immune system comprises three basic kinds 
of lymphoid tissue that are compartmentalized and, to a large 
degree, functionally distinct. Central or organized lymphoid 
tissues constitute the Peyer's patches and related aggregates 
in the other organs mentioned earlier. The second type of 
tissue is located diffusely in the various lamina propria of the 
mucosal system; after receiving B cells from the centralized 
aggregates which are already precommitted to IgA, they un-
dergo further differentiation and give rise to IgA plasma cells. 
The third type of lymphoid mucosal tissue consists of cells 
that lie between the epithelial cells of the various membranes, 
the so called intraepithelial lymphocytes (IEL). This func-
tionally heterogeneous population contains cells with anti-
tumor activity, natural killer (NK) activity, allospecific cyto-
toxic T lymphocytes (CTL), precursors of CTL, and mast 
cells. Almost all IEL are granulated (contain sulfated proteo-
glycans) and about 85% are CD8+. Approximately half of 
the CD8+ cells are of thymic origin and migrate to Peyer's 
patches; after antigen exposure, they seed the lamina propria 
of the gut (Guy-Grand et al., 1991). These cells also bear 
TCR <xß\ and CD3+ and their CD8+ molecules have two 
chains: a (Lyt2) and ß (Lyt3). A small percentage (~10%) of 
thymus-dependent CD4+ cells are also present. The thymus-
independent cells arise in the bone marrow and migrate di-
rectly to the gut. The high incidence of TCR γ/δ cells in IEL, 
their restricted specificity (selective use of Vy7 and a few 
other -y-gene segments), and their presence in athymic and 
germ-free mice (which lack TCR α/β) suggest that this unique 
T-cell subset may be directed against antigens other than 
conventional bacterial enteroantigens (Bandeira et al., 1990). 
CD8+, Thy 1", CD5 " cells also have been found to be present 
in IEL of SCID/SCID mice (Croitoru et al., 1990), which 
lack TCR. Therefore these T cells may arise by a different 
pathway or may be a unique lineage of cells. Interestingly, 
intestinal epithelial cells have Class I antigens encoded by 
TL region genes that are found uniquely in the gut (Wu et 
al., 1991), suggesting the possibility that the TL region has 
evolved to generate antigen-presenting cells as a subset of 
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IEL TCR γ/δ cells. One hypothesis is that the γ/δ cells are 
directed against self-antigens (Guy-Grand et aL, 1991; Ta-
guchi et aL, 1991), perhaps eliminating altered enterocytes, 
thereby maintaining the defense function of the epithelia. 

A. Regulation of the Immune Mucosal Response 

That T cells are required for an IgA response is well estab-
lished; in fact, IgA is one of the most T-cell dependent of all 
the isotypes. T cells may operate in a nonspecific fashion. 
Immunoglobulin class is determined by the number of mitoses 
and the distance of the particular gene from the 3' end of the 
CH gene complex. Since the α-gene chain is located on the 
most 3' end of the CH gene complex, multiple repeated 
switches may occur with constant exposure to environmental 
antigens, as first suggested by Cebra et aL (1983), and could 
be a mechanism of the predominance of IgA in the gut. In 
this respect, most of the IgA antibodies in mucosal fluids are 
directed toward environmental substances including micro-
bial and nonviable food antigens. The role of IgA antibodies 
with respect to nonviable food antigens has been shown 
clearly by Cunningham-Rundles et aL (1978) in IgA-deficient 
patients, who absorb large amounts of food antigens, leading 
to the production of immune complexes and the resulting 
autoimmune-like syndromes mainfested by these patients. 

T cells also may operate in an isotype-specific fashion. 
Evidence exists for several isotype-specific T cells and T-
cell factors. Some of the postulated relationships are shown 
in Figure 2. T cells are involved in the sequence of switching 
from an antigen-committed virgin IgM-bearing B cell (with 
or without IgD) to an IgA B cell with subsequent differentia-
tion to an IgA-producing plasma cell. Switch T cells have 
been described in Peyer's patches by Kawanishi et aL (1983). 
Other cells bearing Fca-receptors (FcaR) are capable of caus-
ing IgA-bearing cells to differentiate into plasma cells. These 
cells produce lymphokines as well as soluble IgA binding 
factors (IgA-BF) that specifically suppress or enhance the 
immune response of IgA. Similar factors have been identified 
in the IgE system by Huff and Ishizaka (1984). In the IgE 
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Figure 2 Production of IgA plasma cell via T cells. Postulated T 
switch cell may be involved in the transition of an IgM-bearing B 
cell to an IgA B cell. IL-4 and TGF-/3 may be switch factors. The 
differentiation from an IgA B cell to a plasma cell probably involves 
IL-5, IL-6, and perhaps IgA-BF. 

system, whether the IgE-BF is suppressive or potentiating 
depends on the degree of glycosylation. Glycosylation in the 
IgE system is, in turn, dependent on factors secreted by T 
cells that are either glycosylation inhibiting factors (GIF) or 
glycosylation enhancing factors (GEF). These factors are 
produced by two different T-cell subsets. Thus, a complex 
mechanism in the IgE system determines whether the factors 
that bind IgE suppress or enhance. Whether such GIF and 
GEF molecules exist for IgA has not been determined. 

The up-regulation of FcaR in the presence of IgA may 
represent a feedback mechanism, since isotype-specific sup-
pressor cells appear in conditions such as IgA myeloma, 
which shows a high concentration of IgA. These cells inhibit 
transcription of the heavy chain mRNA of IgA as well as 
growth of the IgA myeloma cell. A monoclonal antibody to 
the FcaR that blocks binding of IgA to T cells has been 
described; this antibody could be helpful in eventually 
cloning the T-cell FcaR. Expression cloning of the Fc 
receptor for IgA on myeloid cells has been reported, 
but this receptor appears to be myeloid specific; a 
monoclonal antibody (My43) to it lacks reactivity with 
lymphocytes (Maliszewski et aL, 1990). In our laboratory, 
Crago et aL (1989) have shown that the FcaR on T 
cells may be related to secretory component. We have found 
that antisera to SC, but not to other cell surface antigens, 
inhibit IgA binding to its receptor on murine T cells and T-T 
hybridomas. Thus, SC and FcaR are present on different 
cells, but both bind the Fc region of IgA, suggesting a com-
mon evolutionary origin at least in the IgA binding site. 

Evidence also suggests that interleukin 4 (IL-4; produced 
by Th2 cells) probably is involved at an early step and may 
itself be a switch factor or a factor that enhances switching 
by a switch T cell. This hypothesis is not unreasonable since 
IL-4 is known to be a switch factor for IgGl and IgE (Snapper 
and Paul, 1987). The work of Berton and Vitetta (1990) has 
shown that IL-4 alone induces a DNase I hypersensitivity 
site at the 5' end of the y\ switch region of resting B cells, 
as well as germ-line transcripts of the y\ gene. Thus, IL-4, 
probably via induction of DNA binding proteins, may en-
hance transcription by making the switch region more acces-
sible to RNA polymerase and switch recombinases. The work 
of Strober (1990) on the CH12.LX cell line and by Shockett 
and Stavnezer (1991) on Ι.29μ suggests that the first step may 
involve selective isotype (or region)-specific accessibility of 
transcription factors to switch sites. Antigen (or mitogen) 
stimulation, in addition to specific factors such as trans-
forming growth factor ß (TGF/3) and IL-4, may be important 
in selecting the isotype switch region near which chromatin 
is relaxed. Other factors, perhaps derived from dendritic cells 
or stromal cells, also may be central to switching. Their 
action even may precede the lymphokine effects. Thus, the 
virgin IgM cell first may become unstable and show transcrip-
tion of germ-line (unrearranged) CH regions. This cell is, in 
a sense, poised for the isotype switch to be accomplished by 
recombinant enzymes that loop out the intervening se-
quences. Precisely how the germ-line "sterile" transcript 
seen in these cells and the associated deletional events occur 
in relation to cytokines such as TGFß, IL-4, and "switch T 
cells" is unclear. 
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Experiments by Coffman et al. (1987) also have shown that 
IL-5, a lymphokine produced by the Th2 subset, enhances 
the production of IgA. IL-5 appears to act at the IgA+ B cell 
and promotes both proliferation and differentiation to plasma 
cells. Whether IL-5 induces an IgA-BF factor and functions 
through this mechanism is unclear. The combination of IL-
4 and IL-5 enhances the secretion of IgA from Peyer's patch 
B cells (Murray et al., 1987). 

IL-6, an autocrine growth factor for plasma cells, also is 
involved in IgA formation. IL-6 is produced by plasma cells, 
T cells, and possibly other cells. One would suspect from 
current data that Th2 cells (producing IL-4, 5, 6) might be 
more prominent in the mucosal system, which appears to be 
the case (Taguchi et al., 1990). 

Thl cells also may play an important role in modulating 
the immune response at mucosal sits. The IL-2 and interferon 
gamma (IFNy) produced by Thl may have important regula-
tory roles. IL-2 receptors are present on B cells and, in fact, 
IL-5 up-regulates these receptors and may potentiate the 
secretion of IgA as well as other immunoglobulins. IFNy has 
been shown to down-regulate certain immunoglobulin classes 
(Snapper and Paul, 1987), but whether this down-regulation 
occurs with IgA has not been established. IFNy also may 
affect mucosal epithelial by inducing la antigens. The work 
of Mayer and Shlien (1987) suggests that Ia+ epithelial cells 
may present antigen; interestingly, the result is primarily a 
CD8+ cell, whereas monocyte presentation produces pre-
dominantly CD4+ helper cells. Thus, the predominance of 
interepithelial CD8+ cells could be explained by this mecha-
nism. Inflammatory cells produce large amounts of IFNy; 
increased CD8+ cells frequently are seen in diseased tissues. 
Also interesting, as shown by Sollid et al. (1987), is that IFNy 

and tumor necrosis factor up-regulate the synthesis of SC by 
epithelial cells, which may facilitate the transport of IgA into 
secretions. Obviously, the interrelationship between lympho-
kines are very complex and represent an exciting area for 
future studies. 

B. Molecular Mechanisms of IgA Formation 

The switch and differentiation schemes outlined in preced-
ing sections are accompanied by complex intracellular molec-
ular events. For example, switching may involve the forma-
tion of a hypothetical intermediate B cell that contains a long 
primary transcript, as suggested by the work of Perlmutter 
et al. (1984) as well as by work from our laboratory (Wo-
loschak et al., 1986). Such cells would process a primary 
transcript of about 200 kb in length differentially into mes-
sages for IgM and IgA and produce the double-bearing 
IgM-IgA cells. Solid evidence suggests that the single-bear-
ing IgA+ B cell and IgA plasma cell have switched by a 
mechanism involving deletion and rearrangements. As men-
tioned earlier, cells and factors that induce IgA may affect 
chromatin structure and methylation, thereby allowing ac-
cess of critical switch recombinases to the CHa gene. 

With respect to the differentiation of the mIgA+ cell to a 
plasma cell, the molecular events involve the differential 
RN A processing of the message to that for the secreted form 
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of the protein. This processing could be accomplished by 
several mechanisms: (1) termination, (2) splice site choice, 
and (3) choice of poly A addition sites. Some evidence exists 
for each of these mechanisms, although most data suggest 
that cleavage and polyadenylation are the most likely mecha-
nisms, followed by appropriate splicing. Perhaps the cyto-
kines involved in differentiation for example, IL-5 and IL-
6, determine the concentration of factors (such as the en-
dases), as suggested by Galli et al. (1988), that regulate the 
site of cleavage and poly A addition. 
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I. INTRODUCTION 

The mucosal epithelial layer forms the interface between 
the external and the internal environments in the gastrointes-
tinal tract. This area is the site for digestion and absorption 
of various essential nutrients, yet it also must function as a 
barrier against various harmful agents and infectious patho-
gens. Protecting against such agents are many nonimmuno-
logical factors including gastric acid, pancreatic juice, bile, 
motility, mucus, glycocalyx, and cell turnover. In addition 
to these physiological barriers, an immunological barrier is 
created and maintained by the immune defense system, which 
includes the gut-associated lymphoid tissue (GALT)—immu-
noreactive cells distributed throughout the intestinal 
tract—and the systemic immune system. Much has been 
learned about GALT, but many questions about its structure 
and function remain unanswered. The mucosal epithelium in 
GALT, which functions as the leading edge of the immunolog-
ical barrier, differs in many ways from the absorptive epithe-
lium elsewhere in the intestinal tract (Figure 1). This chapter 
first describes the absorptive mucosa and then the GALT 
mucosa. 

II. INTESTINAL ABSORPTIVE EPITHELIUM 

The total mucosal surface in the adult human gastrointesti-
nal tract extends to 200-300 m2, the largest area of the body 
in contact with the external environment. This mucosal sur-
face is covered with a one-cell-thick layer, the mucosal epithe-
lium, that is composed of columnar absorptive cells, goblet 
cells, undifferentiated crypt epithelial cells, Paneth cells, en-
teroendocrine cells, tuft cells, cup cells, and intraepithelial 
lymphocytes. Although not part of the epithelium, mucus on 
the surface of the mucosa shields the mucosal epithelial cells 
from direct contact with the intestinal luminal environment. 
Beneath the mucosal epithelium is the connective and sup-
portive tissue called the lamina propria. In this tissue are 
various immunocompetent cells including dendritic cells, 
macrophages, and lymphocytes, which form a functional unit 
with the mucosal epithelial cells. 

A. Structure of the Absorptive Epithelium 

1. Mucosal Epithelial Cells 

Absorptive epithelial cells (enterocytes)—which are about 
25 /im in height, 8 μ,πι in width, and columnar in shape—con-
stitute the majority of the mucosal epithelium. Their surface 
has numerous tightly packed microvilli that are covered with 
glycocalyx and a thick mucus layer. The regular longitudinal 
cores of microvilli are interconnected by a terminal web that 
is composed of bundles of 20-30 interlacing actin filaments. 
At their apices, the enterocytes are connected with adjacent 
epithelial cells mainly by junctional complexes consisting of 
three major components: tight junctions (zonula occludens), 
adhesion junctions (zonula adherens), and desmosomes 
(macula adherens). In addition to the junctional complexes, 
the lateral membranes interact by means of cell adhesion 
molecules (CAM), gap junctions, and interdigitations (Boyer 
and Thiery, 1989). The tight junction, which completely encir-
cles the apical end of absorptive cells as a belt-like band, 
plays a role in separating the external and internal environ-
ments, and functions as a selective barrier. The adhesion 
junction, located in the apical region of absorptive cells just 
below the tight junction, is connected to actin filaments in 
the cytoplasm, and is thought to anchor each cell to adjacent 
cells. The desmosome functions like the adhesion junction, 
connected to intermediate filaments in the cytoplasm. Gap 
junctions, which are located in the basolateral membrane in 
other epithelial cells and directly mediate cell-to-cell commu-
nication, also have been identified provisionally in intestinal 
absorptive cells (Suzuki et al., 1977; Kataoka et al, 1989). 

The glycocalyx, which is the surface layer just above the 
luminal membrane of the absorptive cell, contains various 
enzymes and nonenzymatic proteins including disacchari-
dases, peptidases, receptors, and transport proteins, all of 
which are necessary for digestion and absorption of nutrients. 
The major component of the glycocalyx is carbohydrate an-
chored into the surface of microvilli. 

The smooth endoplasmic reticulum and mitochondria are 
more abundant in the apical than in the basal cytoplasm. The 
nucleus normally is located in the basal cytoplasm below 
the rough endoplasmic reticulum, so enterocytes maintain 
a characteristic polarity. The basolateral membrane, which 
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Figure 1 Diagram of an ileal Peyer's patch in the mouse. Peyer's patch lymphoid nodules are composed of 
three major parts: follicular area (germinal center, corona, and dome), interfollicular (parafoUicular) afea 
beneath villi, and dome epithelium. The right follicle beneath villi is sliced tangentially, through the lower 
slopes of the dome and the lymphocyte corona only. Curved arrows on the left show the influx of lymphocytes 
across postcapillary high endothelial venules (HEV), which mediate selective immigration of lymphocytes. 
Arrows on the right show the exit pathway of stimulated lymphocytes into submucosal lymphatics. M cells 
are difficult to distinguish by light microscopy, and are inferred from the location of groups of lymphoid cells 
(small arrows) in the follicle epithelium. Migration rates (h) and cell distribution numbers in this figure are 
from Smith and Peacock (1980) and Abe and Ito (1977). T, T lymphocyte; B, B lymphocyte; TBM, tingible 
body macrophage; m, muscularis. Diagram courtesy of E. Hamish Batten. 

begins below the junctional complex, contains abundant 
Na + , K+-ATPase and adenylate cyclase and differs from the 
apical membrane in function. Interlocking folds are produced 
by adjacent cells, interdigitating their lateral membranes, 
which are separated by a 30-nm-wide intercellular space. 

The basal membrane also is separated by a 30-nm space 
from the basal lamina. Junctional structures called hemides-
mosomes anchor basal membrane to basal lamina. Hemides-
mosomes are thought to connect with intermediate filaments 
of the cytoplasm, as do desmosomes. The basal lamina has 
numerous round or oval pores and is composed of collagen, 
laminin, fibronectin, and glycosaminoglycans (Hay, 1981; 
Ohtsuka et al., 1992). Ultrastructurally, basal lamina consists 
of a lamina densa 20-50 nm thick that lies between two thin 
electron lucent layers: the lamina rata externa below and 
the lamina rata interna above (Dobbins, 1990). Although the 
function of the basal lamina is clear, researchers believe it 
gives polarity to the absorptive cells and guides migration 
of enterocytes from their crypts of origin to their eventual 
desquamation sites. 

Goblet cells, present in both small and large intestine, 
increase in number from the proximal to the distal portion 
of the intestine and are located on villi and in crypts. The 
goblet cell microvilli are irregular in shape and sparse in 
number but contain actin filaments. The terminal web is 
poorly developed in goblet cells, facilitating release of mucus 
granules from the apical cytoplasm. Mucus granules are syn-
thesized above the nucleus in endoplasmic reticulum and 
Golgi apparatus and are supported by a goblet-shaped sheath 
that is composed of inner and outer layers of microtubules 
and intermediate filaments and keeps its shape before and 
after release of granules (Specian and Neutra, 1984). Mucus 
granules are released in response to acetylcholine stimula-
tion, but regulation of release is unclear. 

Undifferentiated epithelial stem cells are located in the 
mid-crypts and produce daughter cells that continuously mi-
grate upward to the crypt mouth and downward to the crypt 
base. These cells differentiate into absorptive cells and goblet 
cells above and into Paneth cells and enteroendocrine cells 
below. The microvilli of crypt cells are shorter and more 
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sparse than are microvilli of mature absorptive cells. The 
terminal web and the junctional complex of crypt cells are 
undeveloped and the tight junction of these cells is structur-
ally irregular, but its density is very high (Marcial et al., 1984). 
In crypt cells, smooth and rough endoplasmic reticulum are 
sparse whereas ribosomes, mitochondria, and Golgi appara-
tus are relatively abundant. Small granules (0.1-1.5 μ,πι), the 
functions of which are unknown, are released from crypt 
cells into the lumen in response to cholinergic stimuli. The 
undifferentiated crypt epithelial cells mature as they migrate 
to the summit of the villi, commonly in 3-5 days. From the 
crypt, cells migrate in a direct line toward the desquamation 
zone on the villus tip and, similarly, to the apex of the dome 
in GALT (Schmidt et al., 1985). The migration rate is thought 
to depend on extraluminal and luminal factors: extraluminal 
factors consist of hormones, growth factors such as epidermal 
growth factor (EGF) and transforming growth factor (TGF), 
cytokines, and neural and vascular factors; luminal factors 
consist of nutrition, motility, and microflora (Levine, 1991). 
The crypt is recognized to be a major site of secretion of 
water and minerals into the lumen (Madara and Trier, 1987). 

Paneth cells commonly are located in the crypts of the 
small intestine, but occasionally appear in the stomach and 
large intestine in some disease states. Their characteristic 
features are their pyramidal shape and, in the apical cyto-
plasm, various secretory granules that contain proteins in-
cluding lysozyme, tumor necrosis factor (TNF) (Keshav et 
al., 1990), and cryptdin (Ouellette et al., 1989). These secre-
tory granules are thought to prevent proliferation of crypt 
microorganisms by their strong antimicrobial action. Paneth 
cells also contain IgA and IgG, possibly from phagocytosis 
of immunoglobulin-coated microorganisms (Rodning et al., 
1976). 

Enteroendocrine cells are distributed throughout the gas-
trointestinal tract. The main function of these cells is to re-
lease hormones into capillaries in the connective tissue in 
response to changes in the external environment. These cells 
contain various distinctive kinds of secretory granules and 
are classified structurally into closed and open types. Both 
commonly are located in the epithelium adjacent to the lamina 
propria, surrounded by other mucosal epithelial cells. Open 
type cells have a narrow apical surface in direct contact with 
the lumen, and are presumed to react to stimuli from the 
tissue environment and from the lumen. Closed type cells 
have no contact with the luminal environment (Dobbins, 
1990). 

Tuft cells, also called caveolated cells or fibrovesicular 
cells, have been discovered in the stomach, intestine, and 
colon of humans, dogs, mice, and rats (Nabeyama and 
Leblond, 1974; Owen, 1977; Blom and Helander, 1981). 
These cells are attached to surrounding absorptive cells by 
regular junctional complexes. On the surface, they have very 
long microvilli with filaments that are ~5 μ,πι in length, some-
times reaching deep into the cytoplasm. Tuft cells have many 
caveolae or pits between the bases of microvilli that extend 
down to the level of the nucleus. The function of these pits 
is not known, but they are suspected to act as chemical 
sensors for the luminal milieu. 

Cup cells were discovered by Madara (1982) in guinea pig, 

rabbit, and monkey intestine but have not yet been reported 
in humans. These cells stain more lightly than adjacent ab-
sorptive cells with toluidine blue stain, have abundant inter-
mediate filaments, and have lower alkaline phosphatase activ-
ity on their surfaces than adjacent absorptive cells. Cup cells 
have shorter microvilli with a cuplike concavity, small mito-
chondria, and few vesicular bodies. The function of these 
cells is unknown. 

Intraepithelial lymphocytes (IELs) have special character-
istics that are distinct from those of other lymphocytes. The 
average number of IELs per 100 absorptive cells is 20 in 
normal adult human jejunum and decreases distally in the 
gut (Dobbins, 1986). These cells are located above the basal 
lamina in the epithelial layer and are separated from adjacent 
enterocytes by a 10- to 20-nm space. These lymphocyte-epi-
thelial cell contacts have no junctional structure. Histochemi-
cally, almost all IELs are recognized to be CD3+ (pan T 
cell). Among these cells, 5-15% express CD4 (helper/inducer 
phenotype) and the remaining cells express CD8 (cytotoxic/ 
suppressor phenotype). These distributions contrast with 
other areas such as peripheral blood and lamina propria, 
where the CD4+ phenotype is overwhelmingly predominant. 
Although the T-cell receptors that mediate antigen recogni-
tion are composed predominantly of aß chains on lympho-
cytes, in the intestinal epithelium the proportion of γδ-posi-
tive lymphocytes is much larger than in the peripheral blood 
and lamina propria (Jarry et al., 1990). Thus, γδ-positive 
lymphocytes are thought to have a special role in the intes-
tine. The microenvironment within the intestinal epithelium 
may influence the differentiation of IELs (Guy-Grand et al., 
1991). Although the functions of IELs are unclear, some 
possibilities are cytotoxicity, lymphokine secretion, regula-
tion of renewal of mucosal epithelium, and tolerance (Cerf-
Bensussan and Guy-Grand, 1991; see Chapter 24). 

2. Mucus Layer and Glycocalyx 

Mucus is composed of 1% mucin, 1% free protein, \% 
dialyzable salts, and >95% water. Mucus contains albumin, 
immunoglobulin (mainly secretory IgA), αΐ-antitrypsin, lyso-
zyme, lactoferrin, and EGF. In the mucus, the characteristic 
highly viscous and elastic substance is mucin, which is pro-
duced mainly in goblet cells as heavily glycosylated glycopro-
tein (Rhodes, 1990). Mucus is not digested because of its 
resistance to various enzymes, and is thought to protect epi-
thelial cells from digestion by enzymes produced by intestinal 
flora and by pancreatic and biliary juice. The release of mucus 
from goblet cells is stimulated by neurogenic factors and 
by alterations in environmental factors, including bacterial 
infection, parasitic infestation, and the resident intestinal 
flora. Mucus secretion from goblet cells is triggered by two 
mechanisms: direct stimulation by immune complexes and 
chemical agents and indirect stimulation by mediators re-
leased by histamine and lymphokines (Snyder and Walker, 
1987). Mucus can protect epithelium against the adherence 
of such organisms as Entamoeba histolytica, Yersinia entero-
colitica, and enteropathogenic Escherichia coli by trapping 
microorganisms and by covering binding sites with mucin 
and with secretory IgA (Magnusson and Stjernström, 1982; 
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Chadee et aL, 1987; Mantle et aL, 1989; Sajjan and Forstner, 
1990). Mucin also inhibits the epithelial attachment of such 
parasites as Nippostrongylus brasiliensis and Trichinella spi-
ralis (Miller, 1987), whereas other components in mucus, 
including lysozyme, secretory IgA, and lactoferrin, have anti-
bacterial activity (see Chapters 4 and 11). The glycocalyx on 
microvilli forms a zone for digestion and absorption. The 
mucus layer and rapid turnover of absorptive cells are useful 
for the protection and regeneration of glycocalyx, because 
some bacteria can digest important proteins in it by direct 
contact (Jonas et aL, 1978; see Chapter 4). 

3. Resident Microflora 

The resident microflora is composed of at least 400 species 
of bacteria of which major components are streptococci, lac-
tobacilli, Bacteroides, and enterobacteria. The upper intesti-
nal bacterial count is low in number (<105 cfu/ml) and in-
creases distally (terminal ileum, 106/ml; colon, 10n/ml). 
Intestinal bacterial numbers are regulated by the flow rate 
of luminal contents (intestinal motility) and by mucus and 
the antibacterial effects of gastric, pancreatic, and biliary 
juice. Some of the bacteria produce enzymes that degrade 
mucin, which is thought to be one of their mechanisms of 
survival (Rhodes, 1989). Resident microflora are known to 
coexist within the intestinal tract and maintain a stable envi-
ronment by precluding attachment of enteropathogens (see 
Chapter 6). The flora can eliminate foreign pathogens by 
producing antimicrobial substances (colicins, short chain 
fatty acids; Iglewski and Gerhardt, 1978; Byrne and Dankert, 
1979) and by stimulating the growth of mucosal epithelium 
(Thompson and Trexler, 1971). Interestingly, bacteria such 
as Lactobacillus, Bacteroides, and Clostridium have been 
reported also to exist within the intestinal mucosa. Ultra-
structurally, these organisms adhere firmly to the mucus layer 
in crypts of the distal small intestine (Savage, 1970). 

B. Absorptive Cell Function 

1. Uptake and Transport of Nutrients, Minerals, 
Water, and Nonnutrient Materials 

Digestion and absorption of nutrients is the primary func-
tion of the gastrointestinal tract. Mucosal absorptive cells 
have digestive and absorptive functions. The apical surface 
of absorptive cells consists of the glycocalyx and plasma 
membrane, which contains various enzymes and carriers for 
digestion and absorption. Sodium is important for the absorp-
tion of nutrients and other minerals because its electrical 
gradient regulates their movement into absorptive cells. The 
gradient of Na+ is regulated mainly by secretion and absorp-
tion by Na+,K+-ATPase on basolateral membranes; Na+ 

goes in and out with other minerals and nutrients through 
the brush border membrane. Water and ions are thought to 
pass through tight junctions (paracellular pathway) in addi-
tion to the route across epithelial cells (transcellular 
pathway). 

Pathogens and other harmful agents including bacteria, 
viruses, parasites, and allergenic macromolecules are mixed 

with nutrient materials in the intestine. Despite protective 
mechanisms, these harmful agents can cross the mucosal 
barrier via three major routes: the transcellular route, the 
paracellular route across cell-to-cell junctions including tight 
junctions, and via M cells, which are specially differentiated 
epithelial cells in Peyer's patches (see subsequent discus-
sion). Uptake mechanisms are separated into receptor-medi-
ated and non-receptor-mediated pathways. The route of up-
take of nonnutrients previously was believed to be only 
paracellular. However, the transcellular route through ab-
sorptive cells has been recognized to play a role in initiating 
mucosal and systemic infection and, possibly, in antigen pre-
sentation, since absorptive cells are the first point of contact 
for many luminal constituents. 

For absorptive cells to function as antigen-presenting cells 
(APCs), uptake, endosomal degradation, processing, and pre-
sentation of antigen to immunocompetent cells (such as T 
cells and macrophages) restricted by major histocompatibility 
complex (MHC) Class II proteins would be required. This 
process of delivery of coherent and recognizable antigenic 
information also requires cytokines and, possibly, control by 
hormones and the nervous system. APCs must express MHC 
Class II proteins on their surfaces to initiate the process of 
presentation. Normal absorptive cells in humans and rats do, 
in fact, express MHC Class II proteins on their apical surfaces 
(Hirata et aL, 1986; Mayer et aL, 1991; see Chapter 15). 
CD8+ IELs are reported to secrete interferon y (IFNy; Cerf-
Bensussan et aL, 1984), which can stimulate absorptive cells 
further to express MHC Class II proteins (Hirayama et aL, 
1987) and protect them against infection by viruses. Further, 
absorptive cells are reported to produce and secrete an in-
terleukin 1 (IL-l)-like substance, which is an activator of 
T cells, in response to luminal antigens such as lipopoly-
saccharide (LPS; Santos et aL, 1990). These observations 
suggest that normal absorptive cells may function as APCs, at 
least under special circumstances, and that the transcellular 
route may play a role in immune surveillance. 

2. Barrier to Entrance of Microorganisms, Particles, 
and Macromolecules 

In the intestinal lumen, pancreatic and biliary juice, mucus, 
glycocalyx, intestinal motility, and resident microflora inter-
act to limit colonization by enteropathogens. Pancreatic and 
biliary juices, along with secretory IgA and lysozy me, have 
antibacterial activities in some species (Williams et aL, 1975; 
Rubinstein et aL, 1985; Bassi et aL, 1991). Even if pathogens 
begin to invade the epithelium, the process may be restricted 
by local mechanisms and terminated as tiny lesions. Protec-
tion is provided by the epithelial cell and by the environment 
surrounding epithelial cells. Turnover of crypt cells increases 
the rate of epithelial renewal in response to the invasion of 
harmful pathogens that damage surface cells. Lesions will 
be washed by mucus and other secretions in conjunction with 
intestinal motility, and will be repaired by cell migration. 
Evidence suggests that IELs can kill virus-infected target 
cells and bacteria in experimental animals (London et aL, 
1989; Tagliabue et aL, 1984), but no information about such 
a role for IELs in humans is available (see Chapter 24). 
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Chemical messengers including neuropeptides, gastroin-
testinal hormones, and lymphokines affect barrier factors. 
Substance P, somatostatin, and cholecystokinin (CCK) in-
fluence the production of mucin and Ig A (Stanisz et al., 1986; 
Freier et al., 1987); IFNy modulates the barrier function of 
absorptive cells (Madara and Stafford, 1989). Although the 
roles of these mediators are not elucidated completely, they 
are thought to contribute to the multifactorial network of 
nonimmunological mucosal defense mechanisms described 
earlier and to immunological mechanisms described in subse-
quent chapters (see Chapters 17, 20, 27). 

III. MUCOSAL EPITHELIUM IN GUT 
ASSOCIATED LYMPHOID TISSUE 

GALT is a general term for lymphoid tissues distributed in 
intestine, including aggregated lymphoid nodules in Peyer's 
patches, the appendix vermiformis (Uchida, 1988), colonic 
patches (Owen et al., 1991), and solitary lymphoid nodules. 
In its entirety, GALT is one of the largest lymphoid organs 
in the body. 

The typical GALT structures can be observed most easily 
in Peyer's patches. Peyer's patches are groups of lymphoid 
follicles in the small intestinal mucosa (Figures 1 and 2). 
Although their numbers and distribution differ among individ-
uals and in different species, some features are characteristic: 

Peyer's patches are located along the antimesentric side of 
the small intestine and are most prominent in the terminal 
ileum, and the number and size of Peyer's patch follicles 
decrease with age. 

A. Structure of the Follicle Epithelium 

Morphologically, Peyer's patch nodules are separated into 
three major domains: the follicular area, the parafollicular 
area, and the follicle-associated epithelium (FAE). Histologi-
cally, intestinal lymphoid nodules differ from lymph nodes 
because they have no capsule, no medulla, no afferent lym-
phatic ducts, and no clear border. The FAE is a one-cell-thick 
lining layer that forms the interface between the intestinal 
lymphoid apparatus and the intestinal luminal environment, 
and is generated within the crypts that supply enterocytes 
to villi adjacent to lymphoid nodules. FAE is composed 
mainly of specially differentiated M cells, columnar epithelial 
cells, IELs, infrequent mucus-secreting goblet cells, and oc-
casional tuft cells. GALT is described further in Chapter 35. 

1. M Cells 

By dissecting microscopy, small protruding domes can be 
distinguished among the villi in Peyer's patches. By scanning 
electron microscopy (SEM), M cells are found scattered over 
the dome, surrounded by absorptive cells (Figure 3). 

Figure 2 Scanning electron micrograph of a dome-shaped lymphoid nodule surrounded by 
numerous finger-shaped villi in human Peyer's patch. Note that surfaces of villi are covered 
with whitish-colored mucus drops that are absent over the surfaces of the lymphoid nodule. 
Reprinted with permission from Owen and Jones (1974). Epithelial cell specialization within 
human Peyer's patches: An ultrastructural study of intestinal lymphoid follicles. Gastroenter-
ology 66, 189-203. The Williams and Wilkins Company, Baltimore. 



16 Tomohiro Kato · Robed L Owen 

Figure 3 Scanning electron micrograph of the surface of a human Peyer's patch lymphoid nodule. 
The M cell in the center is surrounded by polygonal absorptive cells that possess numerous tall, 
closely packed, regular microvilli on their apices. Note the irregular and short microfolds of the M cell. 

Since Schmedtje described M cells (which he termed 
lymphoepithelial cells) covering dome-shaped lymphoid folli-
cles in the rabbit appendix (Schmedtje, 1965, 1966), similar 
cells have been discovered in many organs and species. Such 
cells were identified by Owen and Jones (1974) in human 
small intestine and termed M cells. M cells also have been 
found in nonintestinal lymphoid aggregates, including tonsil 
(Owen and Nemanic, 1978) and bronchi (Bienenstock and 
Befus, 1984; see Chapter 12; Chapters 43 and 50). M cells 
occupy -50% of FAE surface area in rabbit and 10% of 
intestinal lymphoid follicle surface area in human and mouse. 

M cells play an important role in antigen sampling, taking 
up particles from the intestinal lumen and transporting them 
to lymphocytes and macrophages enfolded in pockets in the 
basolateral surfaces of M cells (Trier, 1991). Figure 4 shows 
M cells typical of the lymphoid follicles in human ileum. 

M cells have shared and unique structural features in com-
parison with other mucosal epithelial cells in the intestine 
(Figure 5). M cells have tight junctions and desmosomes in 
contact with adjacent columnar epithelial cells and interdig-
itating lateral membranes (Figure 6). The processes on their 
luminal surfaces are spaced more widely and often are shorter 
and more irregular in shape than the microvilli of absorptive 
cells; these processes consist of "microfolds" in humans 
(hence, the name "M" cell; Figure 3). Sometimes longer 
microfolds reach out to surround microorganisms in the intes-

tinal lumen. M cells in other species were found to have 
specialized microvilli rather than microfolds. Consequently, 
the term M cell now denotes "membranous" or "membrane-
like," reflecting the role of M cells in separating the luminal 
and intercellular domains yet facilitating movement from one 
to the other. Ultrastructurally, microfolds in human M cells 
and comparable M-cell microvilli in other species have fewer 
microfilaments such as actin and a less highly developed 
apical terminal web than do adjacent absorptive cells. The 
apical cytoplasm of M cells has closely packed mitochondria 
and numerous rounded, tubular, or oval microvesicles but 
few lysosomes (Owen et al., 1988a; Figure 7). 

The M cell typically has an extracellular space, called 
the central hollow or pocket, that invaginates its basolateral 
membrane and surrounds enfolded lymphoid cells (Figure 
8). Within these pockets lie one or more lymphocytes, macro-
phages, plasma cells, or, rarely, polymorphonuclear leuko-
cytes. Often the apical portion of the M cell is compressed 
into a thin membrane-like band of cytoplasm by the lympho-
cyte-filled pocket, which also displaces the nucleus of the M 
cell basally. Golgi apparatus and endoplasmic reticulum are 
located just above the nucleus in M cells (Figure 4). The 
well-developed micro vesicular system, sparse lysosomes, 
and enfolded lymphocytes are morphological correlates of 
the transport function of M cells (see subsequent discussion). 
No connective junctions are ultrastructurally demonstrable 
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Figure 4 Transmission electron micrograph of human Peyer's patch follicle epithelium. M 
cells (M) are shorter than enterocytes (E), which are covered by tightly packed micro villi. 
The M cells on the right enfold lymphocytes (L) in their pockets, whereas the M cell on the 
left contains no lymphocyte. 

between M cells and enfolded cells, but adhesion molecules, 
cytokines, and complementary cytoskeletal structures form 
a complex relationship. Enfolded cells intrude into the M cell 
from its basal or lateral surface, presumably in response to 
homing signals, and come in contact with surveillance infor-
mation in the form of macromolecules, particles, and micro-
organisms transported from the intestinal lumen by M cells. 
This lymphoid cell traffic in and out of M cell pockets is 
facilitated by the numerous holes that can be observed in the 
basal lamina after removal of mucosal epithelium. 

M cells in rabbits have been found to express an unusual 
pattern of intermediate filaments in their cytoplasm, that is, 
predominantly vimentin (Gaidar, 1989) with lesser amounts 

of cytokeratin (Jepson et al., 1992), compared with other 
epithelial cells, in which vimentin is absent. This M-cell ex-
pression of intermediate filaments that is more typical of cells 
of mesenchymal origin than of epithelial cells may reflect the 
phagocytic activity, and accommodation in shape to enfolded 
cells, in which M cells resemble macrophages. 

The layer of glycocalyx and mucus on M cells is quite 
sparse, compared with that on adjacent columnar cells. Con-
sequently, the microvilli on the surface of M cells can be 
observed easily by SEM (Figure 3). The surface of M-cell 
microvilli has more esterase activity and much less alkaline 
phosphatase activity than the surface of microvilli of adjacent 
absorptive cells (Owen and Bhalla, 1983). The functional 
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Figure 5 A diagram of the ultrastructural arrangement of enterocytes (stippled), M cells, and intraepithelial 
lymphocytes in follicle epithelium of Peyer's patch. On the right, four lymphocytes (L) are enfolded in the 
central hollow of an M cell. On the left, note the thin apical cytoplasm of the M cell, its lateral interdigitations, 
and three enfolded lymphocytes (L) shown only in dotted outline. Over the luminal surface, black lines show 
horseradish peroxidase (HRP) adhering to follicle epithelium 1 min after being injected into mouse ileum. The 
time sequence (1-3) shows pinocytotic transfer through the M cell into its central hollow, with some uptake by 
enfolded lymphoid cells (Owen, 1977). Antigens transported by M cells also pass downward through the basal 
lamina into the lymphoid follicles and are carried into mesenteric lymph nodes for induction of local or systemic 
immune responses. Diagram courtesy of E. Hamish Batten. 
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Figure 7 Diagrammatic model of uptake and transport of luminal 
antigens by M cells (M). The M cell has only a rare lysosome, 
compared with numerous lysosomes (arrowhead) in adjacent entero-
cytes (E). When particulate antigens (asterisks) are taken up by 
enterocytes, they are diverted into lysosomes and digested. In M 
cells, antigens escape lysosomal degradation and either are taken 
up by lymphoid cells (L) in the central hollow or pass into the 
intercellular space. Reprinted with permission from Owen et al., 
(1986a) and Wiley-Liss. 

significance of this enzymatic pattern is uncertain, but has 
been used to advantage by Smith and colleagues (1987) in 
examining patterns of M-cell distribution over follicle domes. 
Because of their low lysosome content, M cells can transport 
antigens from the intestinal lumen with little enzymatic degra-
dation (Owen et al., 1986a). The surface of M cells has been 
found to interact with secretory IgA in uptake of intestinal 
particles. The surface of the M cell has binding sites for 
secretory IgA (Roy and Varvayanis, 1987; Weltzin et al., 
1989; Kato, 1990; Figure 9), but lacks secretory component 
(Pappo and Owen, 1988). Immunohistochemically, the hu-
man M cell expresses MHC Class II HLA-DR antigen on its 
apical cytoplasm and basolateral membrane, analogous to 
the dendritic cell and macrophage which are known to be 
APCs (Nagura et al., 1991). This feature of M cells, in con-
junction with the fact that M cells take up complexes con-
taining secretory IgA, suggests that these cells may function 
as APCs and as antigen-transporting cells. In fact, M cells 
from rat jejunal Peyer's patches contain acidic endosomal 
and prelysosomal structures but few lysosome-like structures 
(Figure 7) and express MHC Class II determinants, indicating 
that they have at least some capacity to present endocytosed 
antigens directly to lymphocytes (Allan et al., 1992). 

Figure 8 Three-dimensional illustration of M cells (M) interdigitating 
with adjacent enterocytes (E). In their central hollows, M cells enfold 
several lymphocytes (L), one of which is migrating through a pore 
in the basal lamina (BL). Reprinted with permission from Owen and 
Nemanic (1978). 

Putative M cells have been recognized morphologically in 
human fetuses by week 17 of gestation (Moxey and Trier, 
1978). Although the origin of the M cell is still controversial, 
two theories have been proposed. One theory is that M cells 
develop from mature columnar epithelial cells that overlie 
Peyer's patches. Another theory is that M cells develop di-
rectly from undifferentiated stem cells in crypts that lie be-
tween lymphoid domes and adjacent villi (Bhalla and Owen, 
1982). This theory is supported by the observations of Bye et 
al. (1984). Morphologically immature M cells, with features 
shared by mature M cells and crypt cells, can be identified 
in all regions of the follicle dome. After intraperitoneal injec-
tion of [3H]thymidine into mice, only crypt cells are labeled 
for the first 12 hr. Radiolabeled nuclei of immature M cells 
are first observed near crypt mouths in mice after 24 hr and 
mature M cells are labeled after 48 hr. M cells are now 
generally accepted to derive directly from undifferentiated 
stem cells in the crypts surrounding the dome. Where they 
go is less clear, however, since more M cells are present on 
the edges of domes than on the apices, where desquamation 
and death of enterocytes generally occur. 

Figure 6 Transmission electron micrograph showing the junction between a columnar enterocyte (E) and an M cell 
(M) in human Peyer's patch. The M cell has characteristic microfolds, absent terminal web, sparse glycocalyx, and 
numerous pinocytotic vesicles (arrowheads) in its apical cytoplasm compared with the adjacent enterocyte, which 
has thick glycocalyx, regular microvilli, and microvillus cores extending down into the termina web (TW). The 
interface is composed of a tight junction (open arrowhead), several desmosomes (arrows), and lateral interdigitations. 
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Figure 9 Immunoelectron micrograph of rabbit Peyer's patch follicle 
epithelium treated with anti-secretory IgA antibody and horseradish 
peroxidase-conjugated secondary antibody. Electron-dense areas of 
enzyme reaction product are prominent over the short irregular mi-
crovilli of the M cells (M) with enfolded lymphocytes (Ly), compared 
with the adjacent enterocytes (E). Reaction product is presumed to 
show binding sites of secretory IgA on M cells, which may take 
up IgA-antigen complexes. Reprinted with permission from Kato 
(1990). 

The life-span of M cells is uncertain. According to the 
study of Bye et al. (1984), they migrate from the crypt to the 
dome base within 24 hr and to the summit of the dome within 
72 hr. This life-span is essentially identical to that of the 
regular villus epithelium. Numbers of cells with labeled nuclei 
over domes gradually decrease between days 5 and 14 and 
no labeled cells are present by day 14 (Bye et al., 1984). 

GALT in specific pathogen-free (SPF) animals is poorly 
developed, although its basic structure is present. Exposure 
to the intestinal flora is essential for the complete develop-
ment of GALT. M cells also need microbial exposure to 
proliferate. The total number of M cells is increased in mice 
after transfer from an SPF to a conventional environment 
(Smith et al., 1987), whereas the ratio of M cells to FAE is 
reported not to be changed by such transfer (Sicinski et al., 
1986). The invagination by lymphocytes had been considered 
essential to M cell development, but lymphocytes do not 
seem to be necessary for morphological maturation, since 
mature M cells can be recognized even in mice depleted of 
lymphocytes by total lymphoid irradiation (Ermak et al., 
1989). 

2. Other Follicle Epithelial Cells 

In addition to M cells, several other kinds of cells are 
present in FAE: columnar absorptive cells, IELs, and tuft 
cells. The structure of absorptive cells in FAE resembles 
that of enterocytes on villi, but these two populations of 
absorptive cells may differ in surface characteristics and func-
tion (Figure 5). In rabbits, secretory component is absent 

not only from M cells but also from absorptive cells in FAE 
(Pappo and Owen, 1988). The majority of IELs in FAE are 
CD8+ T cells, as in villus epithelium (see Chapters 23, 24), 
but the ratio of CD4+ to CD8+ lymphocytes in FAE (4:10) 
is greater than in IELs of villi (0.6:10). Lymphocytes in FAE 
are often large lymphoblast forms, however, which are 
thought to be immature and immunologically uncommitted, 
compared with the mature effector IELs found among entero-
cytes that cover villi. FAE is involved in induction of helper 
T cell functions, possibly as a consequence of M-cell uptake 
and transport of antigens from the intestinal lumen (Bjerke 
etal., 1988). 

B. M Cell Function 

Several important immunological and pathophysiological 
functions are recognized for M cells. M cells capture antigens 
from the intestinal lumen and transport them to enfolded 
lymphocytes and macrophages. Some of these lymphoid cells 
are presumed to influence IgA production directly in the 
germinal centers of lymphoid follicles, but this concept has 
been difficult to prove. Kabok et al. (1993) were able to 
induce production of antiferritin antibody by incubating iso-
lated rabbit Peyer's patch lymphoid follicles with ferritin in 
organ culture for 7 days. Other stimulated lymphoid cells 
migrate through lymphatics to mesentric lymph nodes and 
via the thoracic duct to the general circulation, then ulti-
mately return by migration and homing receptors to mucosal 
tissues as IgA-producing plasma cells (Figure 1). 

1. Mucosal Surveillance 

a. Antigen uptake. M cells take up and transport a wide 
variety of sizes and types of intestinal antigens and microor-
ganisms. This unique process may depend in part on factors 
that include mediators released by immunocompetent cells, 
hormonal factors, and nervous control. To study M cell func-
tion, investigators have focused on M cells of Peyer's 
patches, often using ligated intestinal segments and high con-
centrations of organisms to facilitate detection of uptake that, 
under physiological conditions, would occur less frequently 
yet would be sufficient for induction of immunological re-
sponses. Some of the macromolecules and microorganisms 
for which uptake and transport by M cells has been confirmed 
are discussed in the following sections (see also Table I). 

i. Particles and macromolecules. Native ferritin (rat; 
Bockman and Cooper, 1973), cationized ferritin (rabbit; Bye 
et al., 1984), horseradish peroxidase (rabbit; Owen, 1977; 
von Rosen, 1981), Ricinus communis agglutinins I and II 
(rabbit; Neutra et al., 1987), wheat germ agglutinin (rabbit; 
Neutra et al., 1987), cholera toxin (guinea pig; Shakhlamov 
et al., 1981), Picibanil (OK-432, a streptococcal biological 
response modifier; rabbit; Nagasaki et al., 1988), and 600-
to 750-nm diameter latex particles (rabbit; Pappo and Ermak, 
1989) have been shown to be transported by M cells. 

//. Viruses. Reovirus type 1 and type 3 (mouse; Wolf, 
1983), poliovirus type 1 (human; Sicinski et al., 1990), human 
immunodeficiency virus type 1 (HIV-1; mouse and rabbit; 
Amerongen et al., 1991), and mouse mammary tumor virus 
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Table I Substances and Microorganisms 
Taken up by M Cells 

Particles and macromolecules 
Native ferritin 
Cationized ferritin 
Horseradish peroxidase 
Ricinus communis agglutinins I and II 
Wheat germ agglutinin 
Cholera toxin 
Picibanil (OK-432) 
600- to 750-nm diameter latex particles 

Viruses 
Reovirus type 1 and type 3 
Poliovirus type 1 
Human immunodeficiency virus type 1 (HIV-1) 
Mouse mammary tumor virus (MMTV) 

Bacteria 
Vibrio cholerae 
Salmonella typhi 
Bacillus Calmette-Gu£rin (BCG) 
Mycobacteriwn paratuberculosis 
Bruceila abortus 
Streptococcus pyogenes 
Campylobacter jejuni 
Yersinia enterocolitica 
Yersinia pseudotuberculosis 
Shigella flexneri 
Salmonella enteritidis 
Escherichia coli RDEC-1 strain 
Escherichia coli 0:124 K: 72 strain 

Parasites 
Cryptosporidium 

(MMTV; mouse; Neutra and Kraehenbuhl, 1992) have been 
shown to be transported by M cells. 

Hi. Bacteria. Vibrio cholerae (rabbit; Owen et al., 
1986b), Salmonella typhi (mouse; Kohbata et al., 1986), BCG 
(Bacillus Calmette-Guerin; rabbit; Fujimura, 1986), Myco-
bacteriwn paratuberculosis (calf; Momotani et al., 1988), 
Bruceila abortus (calf; Ackermann et al., 1988), Streptococ-
cus pyogenes (rabbit; Nagasaki et al., 1988), Campylobacter 
jejuni (rabbit; Walker et al., 1988), Yersinia enterocolitica 
(mouse; Grützkau et al., 1990), Yersinia pseudotuberculosis 
(rabbit; Fujimura et al., 1989), Shigella flexneri (rabbit; Was-
sef et al, 1989), Salmonella enteritidis (rabbit; Kamoi, 1991), 
RDEC-1 strain of Escherichia coli (rabbit; Inman and Cantey, 
1984), and 0:124 K:72 strain of E. coli (rabbit; Uchida, 1987) 
have been shown to be transported by M cells. 

iv. Parasites. Cryptosporidium (guinea pig; Marcial and 
Madara, 1986) has been shown to be taken up. Even under 
optimizing conditions, observation of uptake oiGiardia muris 
trophozoites has not been possible, although they were found 
in the pocket within mouse M cells (Owen et al., 1981). 

M cells are also capable of reverse transport of some sub-
stances into the intestinal lumen, as demonstrated by the fact 
that injected horseradish peroxidase can be seen to move 
from the tissue into the lumen through M cells (Bockman 
and Stevens, 1977). 

Information about M cell function in absorption of nutri-
ents is limited; however, no absorption of lipid by M cells 
of mice was observed (Bye et al., 1984). 

Although the range of microorganisms and other particles 
taken up by M cells is wide, these cells also exhibit selectivity 
of uptake and specific characteristics impede or facilitate 
attachment, uptake, and transport. Viable and killed M. para-
tuberculosis are taken up by M cells. Living V. cholerae are 
taken up, transported, and presented (Figure 10), but killed 
Vibrio are scarcely taken up by M cells. When suspensions 
of 109 Vibrio killed by acidification, formalin treatment, ultra-
violet irradiation, or heating were injected into ligated intesti-
nal segments of rabbit intestine containing Peyer's patches, 
none were taken up after 180 min, although motile noninva-
sive but colonizing living Vibrio of the same strain were 
taken up readily by M cells when administered in the same 
concentration (Owen et al., 1988b). Because cholera toxin 
stimulates a variety of cellular processes, mutant Vibrio that 
produce neither the A nor the B subunit of cholera toxin 
were administered and found to be taken up by M cells as 
efficiently as toxigenic strains. In contrast, a toxin-producing 
but nonmotile strain, CVD 49, was not taken up, indicating 
that one of the most important determinants of bacterial up-
take is whether organisms can reach the M cell surface, either 
by motility or by lateral spread across the colonized mucosal 
surface (Owen et al., 1988a). 

Even different strains of the same microorganism have 
very different interactions with M cells. Among E. coli, the 
0:124 K:72 strain is taken up and presented but the 0:124 
RDEC-1 strain can adhere to the M cell surface without being 
transported. Reovirus type 1 is taken up by M cells only, 
but type 3 is taken up by M cells and columnar cells in FAE 
(Wolf et al., 1983). Further, after passage through M cells, 
reovirus type 1 passes through the basolateral membrane of 
these cells to adjacent columnar epithelial cells and prolifer-
ates there, finally producing an inflammatory lesion (Weiner 
et al., 1988). 

Whether the relatively weak alkaline phosphatase activity 
on the apical surface of the M cell has functional significance 
is unclear, but the very few lysosomes and the well-developed 
vesicular transport system in its apical cytoplasm contribute 
to the function of the M cell as the gateway to the immune 
defense system (Figure 7). This function as a gatekeeper 
seems to depend on the equilibrium between the motility, 
colonizing potential, and invasiveness of pathogens and the 
defensive competence of M cells and associated macro-
phages. The efficiency and vigor with which M cells function 
as the gateway for antigen sampling contribute to a patho-
physiological role of M cells as entry points for invasion 
by virulent pathogens. Some types of intestinal infection, 
particularly typhoid fever and intestinal tuberculosis, occur 
initially in Peyer's patches. Virulent pathogens such as S. 
typhi and S. flexneri invade M cells and subsequently precipi-
tate the destruction of Peyer's patches. Thus, the M cell 
seems to be a target cell as well as a conduit for some virulent 
pathogens that cause enteritis in clinical settings. 

In M cells, whether initiation of an immune response or 
systemic invasion occurs may depend on binding to the M-
cell apical membrane and on the ability of M cells and associ-
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Figure 10 Transport of tritium-labeled Vibrio cholerae by rabbit M cells (M). Vibrios (1) lie in the mucus layer of the 
intestinal lumen. Vibrio 2 is adherent to M cell microvilli. After uptake, vibrio 3 is transported within a vesicle through 
the cytoplasm. Finally, vibrio 4 lies within the central hollow, adjacent to an enfolded lymphocyte (L). Reprinted with 
permission from Owen et al. (1988b). 

ated phagocytic cells to digest and inactivate microoganisms. 
The apical membrane of M cells has been shown to have an 
enhanced capacity to bind secretory IgA, possibly because of 
its thin glycocalyx compared with adjacent columnar cells 
(Figure 9). This ability of M cells to bind secretory IgA may 
protect them against the luminal environment and may accel-
erate M-cell uptake of luminal antigens that are complexed 
with IgA to boost an existing immune response. The former 
possibility is supported by the fact that the mouse intestinal 
mucosa can be protected against virulent V. cholerae and 
Salmonella typhimurium infection by secretion of hybrido-
ma-derived IgA specific to each bacterium (Winner et al., 
1991; Michetti et al., 1992). The latter suggestion is supported 
by the fact that transport of some viruses by M cells is acceler-
ated by monoclonal IgA antibodies directed against proteins 
of theseN viruses (Weltzin et al., 1989; see Chapter 34). 

The range of mechanisms for capture and uptake of various 
antigens from the intestinal lumen, and for antigen processing 
and presentation to enfolded cells, is complex and incom-
pletely understood. Gebert and Hach (1993) have shown that 
M cells of the rabbit cecum selectively bind lectins specific 
for fucose and N-acetylgalactosamine. These lectins bind to 
the apical membrane and to the membranes of vesicles in 
the cytoplasm of M cells. In contrast, rabbit enterocytes 
selectively bind galactose-specific lectins. In rabbit jejunal 
Peyer's patches, M cells and enterocytes do not show differ-
ences in surface glycoconjugates. Adherence of microorgan-

isms to glycoconjugates on M-cell surfaces may be a critical 
determinant of variations in microbial uptake and coloniza-
tion at different levels in the gastrointestinal tract. Even bind-
ing sites that are shared by M cells and enterocytes are more 
accessible for microbial adherence on M cells, which lack 
mucus and the thick glycocalyx coat present over microvilli 
of enterocytes. Characterization of M-cell receptor sites that 
bind microorganisms and antigenic molecules may be critical 
for the logical development of oral immunizing agents; see 
Chapters 31 and 32). 

b. Antigen processing. Using immunohistochemical tech-
niques, investigators have shown that M cells express IL-1 
and MHC Class II molecules (la antigen in mice, HLA-DR 
in humans; Nagura et al., 1991). Previously researchers be-
lieved that no digestive mechanism was involved in transport 
through the M cell. However, Allan and associates (1993) 
showed that M cells possess acidic endosomal, prelysosomal, 
and lysosomal compartments and express MHC Class II de-
terminants in their prelysosomal and lysosomal structures. 
These data show that M cells have some potential for pro-
cessing endocytosed agents and presenting them to the en-
folded immunocompetent cells. In mice, IgM plasma cells, 
macrophages, and T cells that express the CD8 molecule are 
located in close proximity to M cells and could receive such 
processed antigen (Jarry et al., 1989). Other APCs such as 
dendritic cells and macrophages exist beneath the FAE. 
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These cells extend processes into the FAE and are thought 
to communicate with M cells in information processing, but 
their interactions and division of functions remain unclear. 

Although the fact that all necessary elements for initiation 
of intestinal immune responses are present in Peyer's patch 
follicles has been clearly demonstrated, proving that M cell 
uptake is an essential step in this process has not been possi-
ble. Isolation and culture of M cells, which would be helpful 
in elucidating their various features, have not yet been accom-
plished. 

2. Target for Migration and Homing of Lymphoblasts 

Before lymphoblasts can reach FAE to be enfolded within 
M cells and brought in contact with various antigens in Pey-
er's patches, they must leave the systemic circulation via 
postcapillary venules (PCV) (Figure 1). This directed migra-
tion is mediated by high endothelial venules (HEV) in Peyer's 
patches. In homing, lymphocytes are controlled by surface 
markers peculiar to each mucosal site; the HEVs have recep-
tors recognized by lymphocyte adhesion molecules such as 
LECAM-1 (in mouse, MEL-14 antigen) and CD 44 (Berg et 
al, 1989; Hamann et al, 1991; see Chapter 19). Factors that 
guide the next step of migration, that is, from HEVs in the 
parafollicular domain to FAE, are only now being investi-
gated. Extracellular matrix components, arrayed along the 
migration pathway from HEVs to the apices of follicle domes, 
may provide the physical basis for this directional cell traffic 
(Ohtsuka et al., 1992). The migratory stimulus for lymphoid 
cells to move from follicle domes into and out of M cell 
pockets is unknown. 

Lymphocytes of B-cell lineage finally return to the gut 
mucosa as mature IgA-producing plasma cells. The migration 
process of these cells from GALT back to the gut is reported 
to require 4-6 days (Hall, 1979). B lymphocytes from GALT 
also can go to other mucosal sites such as mammary glands, 
salivary glands, bronchial tissues, and the genitourinary tract, 
and there become stationary plasma cells that produce IgA 
(Bienenstock and Befus, 1980; see Chapters 12, 13, 19, 
and 21). 
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Cellular and Molecular Basis for Antigen Transport 

in the Intestinal Epithelium 
Marian R. Neutra * Jean-Pierre Kraehenbuhl 

I. INTRODUCTION 

The mucosal surfaces that line digestive, respiratory, and 
urogenital systems represent a vast surface area that is cov-
ered for the most part by a monolayer of epithelial cells. 
The importance of secretory antibodies in defense of these 
surfaces is discussed in detail elsewhere in this volume. Se-
cretory antibodies, primarily of the polymeric IgA type, are 
designed to interact with their target microorganisms or anti-
gens in external secretions, an environment that is separated 
by a tight epithelial barrier both from the local cellular assem-
blies responsible for induction of mucosal immune responses 
and from the widespread effector cells responsible for pro-
duction of polymeric IgA antibodies. Epithelial cells thus 
play important roles in mucosal immune defense apart from 
their simple function as a barrier (for review, see Neutra and 
Kraehenbuhl, 1992). A minority population of epithelial cells 
(the M cells) is highly specialized for transport of antigens 
to the cells of the mucosal immune system, whereas a major 
population of diverse epithelial and glandular cells selectively 
exports polymeric immunoglobulins onto mucosal surfaces. 
In this chapter, we focus on the basic mechanisms of mem-
brane traffic and the epithelial cell specializations that allow 
the epithelium in the intestine to function as a gatekeeper 
that controls access of antigens to the mucosal immune sys-
tem, while still fulfilling many other complex roles such as 
digestion, absorption, and maintenance of an effective 
barrier. 

A. Enterocyte Diversity and Antigen Transport 

The phenotype of the intestinal absorptive cell or entero-
cyte changes during intestinal development of the fetus and 
neonate, and during differentiation of individual cells along 
the crypt-villus axis in adults. These changes have important 
effects on the capacity of the epithelium for endocytosis and 
transcytosis. Dramatic changes in endocytic activity occur 
in the entire absorptive enterocyte population during fetal 
and postnatal development in mammals as they pass through 
progressive stages of digestive function (Neutra and Lou-
vard, 1989). The cellular heterogeneity of the epithelium that 
covers the normal adult intestinal mucosa and the changes 
in cell ultrastructure and function that occur as cells migrate 

along the crypt-villus axis have been reviewed in detail else-
where (Madara and Trier, 1987, Neutra, 1988). In adults, the 
capacity of individual absorptive enterocytes on intestinal 
villi to take up intact proteins generally is very limited; endo-
cytic activity and limited transcytosis occur, however, and 
may vary with the stage of cell differentiation. The functional 
effect of such transport may be amplified by the immense 
numbers of cells involved. 

Transcytosis by enterocytes would deliver antigens to the 
basolateral surface of the epithelium that faces a diffuse 
lymphoid tissue called the lamina propria. This highly vascu-
larized connective tissue contains lymphoid and phagocytic 
cell populations including sessile antibody-producing cells 
(mainly IgA-producing plasma cells) as well as various cell 
types capable of processing and presenting antigens, produc-
ing cytokines, and collectively initiating and modulating im-
mune responses. The epithelium itself also harbors intraepi-
thelial lymphocytes (IELs) that are thought to play roles 
in immune surveillance of foreign antigens, suppression of 
immune responses, or elimination of damaged or infected 
epithelial cells. The identity and possible functions of specific 
lymphoid cell populations in the mucosa and epithelium are 
addressed in subsequent sections of this volume (see Sections 
B and C). 

B. M Cells and Antigen Transport 

Over specific mucosal sites marked by the presence of 
organized lymphoid follicles, a unique epithelium occurs. 
The unusual phenotypes, in particular the M cells that exist 
only at these sites, are described in Chapter 2. Although M 
cells represent an exceedingly small minority in the intestinal 
epithelium, their functional significance is amplified greatly 
by their unique position over the organized lymphoid tissues 
that serve as inductive sites for mucosal immune responses 
and by their ability to transport antigens with great efficiency. 
Researchers generally agree that M cells play a primary role 
in transport of antigens to the inductive arm of the mucosal 
immune system. In M cells as well as in enterocytes, the 
immunological consequences of antigen uptake and transport 
are determined in part by the nature and capacity of the 
intracellular pathways through which antigens are directed. 
These pathways are driven by the basic mechanisms that 
govern the direction and rate of membrane traffic in all cells. 
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II. GENERAL MECHANISMS OF 
TRANSEPITHELIAL TRANSPORT 

In the past several years, an explosion of new information 
has become available on the binding of macromolecular 
ligands and microorganisms to cell surfaces and on the mech-
anisms by which macromolecules and particles are internal-
ized by endocytosis and phagocytosis. The nature and func-
tion of the compartments that compose endocytic pathways, 
directed either toward the degradative lysosomal compart-
ment or to other destinations, have been elucidated mostly 
through studies on nonpolarized cells (for review, see Korn-
feld and Mellman, 1989). However, attention also has been 
focused on the endocytic compartments involved in transport 
of vesicles across polarized epithelial cells (Mostov and 
Simister, 1985; Schaererera/., 1991; Sztuletal., 1991). Most 
studies have exploited relatively simple model cell culture 
systems such as Madin-Darby canine kidney (MDCK) cells 
(Brandli et al., 1990; Casanova et al., 1990). Although the 
nature of specific membrane receptors and the relative impor-
tance of various intracellular vesicular pathways clearly differ 
among epithelial cell types, investigators generally agree that 
the basic mechanisms operating in one cell type, for example, 
MDCK, are likely to operate in other cell types such as 
intestinal enterocytes and M cells. Therefore, some salient 
findings are reviewed briefly here. 

A. Maintenance of Cell Polarity 

In all confluent polarized epithelial cells, the tight junctions 
that seal the apical poles of the cells not only provide efficient 
diffusion barriers for many ions, small molecules, and all 
macromolecules (Madara, 1988), but also prevent lateral dif-
fusion of glycolipids and proteins between apical and basolat-
eral domains of the plasma membrane (Dragsten et al., 1981). 
The apical domain of epithelial cells, including intestinal cells, 
contains many components not present in either nonpolarized 
cell types or the same epithelial cells in culture prior to polar-
ization and junction formation (Louvard et al., 1985; LeBivic 
et al., 1986; Godefroy et al., 1988; Rodriguez-Boulan and 
Nelson, 1989; Lisanti and Rodriguez-Boulan, 1990). The ba-
solateral cell surface is divided further into two major subdo-
mains. The lateral subdomain is involved in cell-cell interac-
tions via cell adhesion molecules (Nelson and Hammerton, 
1989) and is enriched in Na+ ,K+-ATPase, poly Ig receptors, 
and other components in enterocytes (Slot and Geuze, 1984; 
Amerongen et al., 1989). The basal subdomain is enriched 
in receptors that recognize extracellular matrix and basal 
lamina. In addition, both apical and basolateral plasma mem-
branes can contain specialized microdomains such as micro-
villi, cell-cell interdigitations, and other sites stabilized by 
submembrane cytoskeleton and clathrin-coated pits (Moose-
ker, 1985; Neutra et al., 1988; Nelson and Hammerton, 
1989). 

Maintenance of the apical and basolateral domains in-
volves at least two types of membrane traffic. First, vesicles 
derived from the trans-Golgi network and containing newly 
synthesized, domain-specific proteins can be transported di-
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rectly to either the apical or the basolateral domain (Dan-
ielson and Co well, 1985; Caplan et al., 1986; Wandinge r-
Ness and Simons, 1991). Second, specific components 
initially inserted into one domain can be re-sorted to the 
opposite side by "corrective" transcytosis. Studies on the 
biogenesis of polarized membrane proteins have shown that, 
in hepatocytes and intestinal enterocytes in vivo and in cell 
culture, certain proteins that are considered residents of the 
apical domain actually are directed initially to the basolateral 
domain, but are then endocytosed selectively and carried to 
the apical domain in transcytotic vesicles (Bartles et al., 
1987; Massey et al., 1987; Matter et al., 1990). Corrective 
transcytosis also may occur in the opposite direction in 
MDCK cells (Matlin et al., 1983); if this occurs in intestinal 
cells in vivo, such traffic would be expected to provide a 
potential pathway for uptake of foreign proteins from the 
lumen. 

B. Endocytosis and Sorting 

The initial event in transcytosis is the endocytic uptake of 
either adsorbed or fluid-phase macromolecules via clathrin-
coated or noncoated pits and vesicles (Anderson, 1991). 
Incoming vesicles fuse to form an "early endosome," a com-
partment of distinctive morphology consisting of clear vesi-
cles with attached tubules (for review, see Kornfeld and 
Mellman, 1989). Studies using ligands tagged with pH-sensi-
tive probes showed that this compartment acidifies to pH 
6.0-6.2, a milieu in which certain ligands are released from 
their receptors (for review, see Maxfield and Yamashiro, 
1991). In addition, various receptors may be sorted from each 
other in the plane of the early endosome membrane. Sorting 
of receptors in basolateral (sinusoidal) endosomes in hepato-
cytes was studied by electron microscopic (EM) immunocy-
tochemistry. The images suggested that receptors cluster to-
gether and are removed from the endosomal tubules by 
selective budding of small vesicles destined for transport to 
three different destinations: rapid return to the same cell 
surface (recycling), transport along the degradative pathway 
(ultimately to lysosomes), or transport to the opposite mem-
brane domain (transcytosis) (Geuze et al., 1984,1987). 

The basic molecular mechanisms by which sorting occurs 
in the endosomal membrane and the exact site at which trans-
cytotic vesicles are formed are not known. Recycling of mem-
brane proteins and vesicle contents can occur not only from 
early endosomes but also from late endosomes, a population 
that includes multivesicular endosomes (or transport endo-
somes) and pre-lysosomal compartments (Hughson and Hop-
kins, 1990; Rabinowitz et al., 1992). This observation is con-
sistent with the observation that vesicles all along the 
endosomal pathway have tubular extensions (Neutra et al., 
1985; Rabinowitz et al., 1992). However, whether these ex-
tensions give rise to transcytotic vesicles all along the path-
way, that is from early endosomes, late endosomes, and pre-
lysosomes is not known. This idea is of interest since the 
origin of the vesicles would affect the degree of proteolytic 
processing that might occur during transcytosis. 

In kidney tubular cell lines, intestinal cell lines, and entero-
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cytes in vivo, distinct sets of apical and basolateral early 
endosomes are seen (Rodewald, 1980; Fuller and Simons, 
1986; Bomsel et al., 1989; Parton et al, 1989; Fujita et al., 
1990; Hughson and Hopkins, 1990). Despite many structural 
and functional similarities, apical and basolateral early endo-
somes seem to be different functionally and compositionally 
because, when isolated from MDCK cells, they are unable 
to fuse with each other in vitro (Bomsel et al., 1990). Both 
types of early endosomes can, nevertheless, fuse with com-
mon "late endosomes" isolated from the same cells (Gruen-
berg et al., 1989; Gruenberg and Howell, 1989; Bomsel et 
al., 1990); these fusion patterns correspond to the pathways 
of transfer of apical and basolateral tracer proteins observed 
in intact MDCK cells (Parton et al., 1989) as well as in intesti-
nal epithelial cells in vivo (Rodewald, 1980; Fujita et al., 
1990). 

Although early endosomes were thought initially to lack 
degradative enzymes because they lack traditional lysosomal 
enzyme markers such as acid phosphatase, we now know 
that certain degradative enzymes are indeed present in very 
early endosome compartments (Diment and Stahl, 1985; for 
review; see Courtoy, 1991). In some cell types, these en-
zymes enter the endosome by receptor-mediated uptake from 
the outside, but the major source of endosomal proteases 
seems to be receptor-mediated delivery from the Golgi com-
plex (Brown et al., 1986; von Figura and Hasilik, 1986; Grif-
fiths et al., 1988; Kornfeld and Mellman, 1989). Whether the 
same enzymes are delivered to early apical and basolateral 
endosomes in polarized cells is not known. Uptake of extra-
cellular enzymes may be limited to the basolateral side, since 
cell-surface mannose 6-phosphate receptors on MDCK cells 
are basolateral (Prydz et al., 1990). Additional hydrolases 
from the Golgi continue to be delivered along the endocytic 
pathway; a major delivery site is the late endosome. Although 
lysosomes generally don't have tubular extensions and have 
been considered stable dead-end organelles, "resident" gly-
coproteins of the lysosome membrane have been shown to 
cycle to the plasma membrane and back via the endocytic 
pathway (Lippincott-Schwartz and Fambrough, 1987; Braun 
et al., 1989). In MDCK cells, newly synthesized lysosomal 
membrane proteins may go to the basolateral plasma mem-
brane on their way to the lysosome (Nabi et al., 1991), im-
plying that digested protein fragments can be re-exposed to 
both the external and the endosomal milieu. 

C. Transcytosis 

Soluble tracers and specific ligands have been used as 
markers of transcytosis in intact epithelial organs, but since 
they often enter multiple pathways, the exact transcytotic 
route and the identity of transcytotic vesicles is not clear. To 
date, a biochemical analysis of isolated transcytotic carrier 
vesicles from normal cells has been achieved only by immu-
noaffinity isolation of vesicles from hepatocytes (Sztul et al., 
1991). Since access to apical as well as basolateral surfaces 
generally is restricted in intact organs, the kinetics of internal-
ization and the fates of endocytosed proteins have been ana-
lyzed primarily in cultured kidney or intestinal cell lines 

grown on permeable supports. Results derived from MDCK 
cells and Caco-2 or HT29 human colon carcinoma cells have 
revealed striking differences among these models. In MDCK 
cells, for example, the amount of internalization of fluid phase 
proteins from apical and basolateral surfaces was identical, 
but the subsequent fate of the proteins differed dramatically 
(Bomsel et al., 1989). Of the horseradish peroxidase (HRP) 
taken up from the apical side, relatively small amounts were 
directed to lysosomes; most of the protein was released from 
the cells—half by recycling and half by transcytosis to the 
other side. Of the HRP taken up basolaterally, only small 
amounts were transcytosed to the apical side. Certain mem-
brane proteins also were found to be transported bidirection-
ally across MDCK cells, indicating that single membrane 
vesicles may have made the entire transepithelial trip (Brandli 
et al., 1990). The dominance of the apical-to-basolateral path-
way in MDCK cells contrasts with the situation in Caco-2 
cells, in which apical-to-basolateral transepithelial transport 
of HRP was documented by some investigators (Hidalgo et 
al., 1989) but was found to be limited to paracellular leakage 
by others (Heyman et al., 1990) or was not observed at all 
(Hughson and Hopkins, 1990). These discrepancies may have 
been the result of differences in the Caco-2 cell clones used. 
In any case, the amount, rate, and direction of transcytosis 
in cultured epithelial cell lines, although providing useful 
guidelines, may not reflect transport activity in the various 
enterocyte phenotypes in vivo accurately. 

To date, only two receptor systems that mediate trans-
cytosis have been analyzed at the molecular level. These 
analyses have contributed significantly to our understanding 
of transcytosis (Breitfeld et al., 1989a; Simister and Mostov, 
1989; Apodaca et al., 1991; Hirt et al., 1993). Both these 
receptor systems operate in the intestinal epithelium. The 
epithelial Fc receptor mediates apical-to-basolateral trans-
cytosis of maternal immunoglobulins in small intestine of 
neonatal rodents, but not in neonatal humans (Rodewald, 
1980; Simister and Mostov, 1989); the polymeric immuno-
globulin (poly Ig) receptor mediates basolateral-to-apical de-
livery of IgA in a wide variety of epithelial and glandular 
cells (Kuhn and Kraehenbuhl, 1982; Mostov et al., 1984; 
Kraehenbuhl and Neutra, 1992a,b). The molecular mecha-
nisms mediating cell surface targeting and trafficking of these 
immunoglobulin-like receptor molecules through early endo-
somes and into their respective transcytotic pathways to the 
opposite cell surface have been studied in epithelial cell lines 
transfected with either wild-tye or mutated receptor cDNAs 
encoding them (Breitfeld et al., 1989b; Hunziker and Mell-
man, 1989; Casanova et al., 1990; Hunziker et al., 1990, 
1991a; Hirt et al., 1993). Collectively, these studies have 
shown that the major portion of the targeting information 
required for the complex itineraries of these proteins resides 
in the cytoplasmic tails of the receptors, and may be con-
tained both in specific amino acid phosphorylation sites and 
in motifs of secondary structure (for review, see Apodaca et 
al., 1991; Schaerer et. al., 1991). 

Although scientists often assume that transcytotic vesicles 
directly recognize and fuse with the contralateral cell surface, 
studies on transfected MDCK cells expressing either the Fc 
receptor or the poly Ig receptor showed that transcytosed 
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membrane proteins can recycle between early endosomes 
and the adjacent cell surface both at their original site of 
insertion and at their ultimate destination (Breitfeld et al., 
1989b; Hunziker et al., 1990), implying that a single popula-
tion of transcytotic carrier vesicles could shuttle between the 
apical and basolateral early endocytic compartments. If such 
a shuttle exists, these vesicles would be competent to fuse 
with early endosomes at either cell pole. 

D. Epithelial Cytoskeleton and Vesicular Traffic 

In epithelial cells, microtubules play an important but con-
troversial role in cell membrane polarity and transcytosis. 
Researchers generally agree that microtubules serve primar-
ily to move vesicles over "long" distances in cells, but are 
not required for endocytosis or exocytosis (Schroer and 
Kelly, 1985; Kelly, 1990). Vesicles carrying newly synthe-
sized cell surface and secretory materials in epithelial cells 
move from the Golgi region toward the apical surface along 
microtubules that run parallel to the lateral cell membrane 
(Specian and Neutra, 1984; Achler et al., 1989; Bacallao et 
al., 1989). Microtubule-inhibiting drugs interfere with deliv-
ery of newly synthesized membrane components to the apical 
surface of enterocytes in vivo (Quaroni et ai, 1979; Pavelka 
et ai, 1983) and in vitro (Eilers et al., 1989). The minus 
ends of the microtubules are oriented toward the apical cell 
surface of cultured epithelial cells (Bacallao et al., 1989); 
polarized delivery of apically directed vesicles presumably 
involves a dynein-like motor since these vesicles move to-
ward the minus end (Schroer and Sheetz, 1989; van der Sluijs 
et ai, 1990). 

Microtubules also may play a role in transcytosis. For 
example, microtubules were found to be involved in trans-
cytosis of poly Ig receptors from the basolateral to the apical 
membrane in transfected MDCK cells (Hunziker et al., 1990). 
In addition, microtubule-inhibiting drugs reduced the secre-
tion of hepatocyte proteins into bile (Goldman et ai, 1983). 
Endocytosis is not itself microtubule dependent, but move-
ment of peripheral endosomes to more central locations and 
to lysosomes is mediated in polarized epithelial cells (as in 
nonpolarized cells) by microtubules (Gruenberg et al., 1989; 
Bomsel et al., 1990; Hughson and Hopkins, 1990). In this 
case, vesicles move toward the plus end of the microtubules, 
presumably via a kinesin-type motor (Schroer and Sheetz, 
1989). In transfected MDCK cells expressing both the poly 
Ig receptor and the epithelial Fc receptor, microtubules were 
found to be required for basolateral-to-apical transcytosis, 
whereas apical-to-basolateral transcytosis was microtubule 
independent (Hunziker et al., 1990). Whether some other 
type of molecular motor and cytoskeletal "track" facilitate 
apical-to-basolateral vesicular transport is unknown. 

Collectively, new information on the nature of the transcy-
totic pathway indicates that transport of proteins from one 
side of an epithelium to the other is not accomplished by 
simple movement of a vesicle derived from one plasma mem-
brane and subsequent fusion with the opposite side. Rather, 
this process probably requires a complex series of events 
including formation and fusion of endosomes and other mem-

brane vesicles and participation of additional organelles and 
cytoskeleton. The observed alteration in basolateral endo-
somes that accompanies inhibition of transcytosis of the poly 
Ig receptor in MDCK cells by the antibiotic brefeldin A sup-
ports this general caveat (Hunziker et al., 1991b). Current 
information about pathways of vesicular traffic must be con-
sidered in the interpretation of experiments exploring antigen 
transport, processing, and presentation by intestinal epithe-
lial cells. 

III. MEMBRANE TRAFFIC IN 
INTESTINAL ENTEROCYTES 

Epithelial cells of the intestine constitutively express major 
histocompatibility complex (MHC) Class I determinants and 
also express MHC Class II determinants on their surfaces and 
in internal compartments. Enterocytes isolated from intestine 
and dispersed in vitro have been shown to contain MHC 
Class II determinants and to be capable of mediating T-cell 
activation when incubated with predigested antigens and sen-
sitized T cells (Bland and Warren, 1986; Mayer and Shlien, 
1987). The hypothesis has been proposed that, in the gut, 
antigens resulting from digestion in the lumen and transported 
transepithelially or degraded intracellularly in enterocyte ly-
sosomes could associate with MHC II and be presented to 
lymphocytes to suppress the systemic immune response to 
lumenal antigens such as products of food digestion (Bland 
and Warren, 1986; Nedrud and Lamm, 1991; Mayer et 
al., 1991). On the other hand, other evidence suggests that 
intact food antigens can be transported across the intestinal 
epithelium in amounts sufficient to evoke an immune 
response. The available evidence for these phenomena 
is discussed in more detail in Chapters 4, 15, and 16. In 
this chapter, we consider the possible functions of antigen-
presenting molecular complexes in enterocytes and the sig-
nificance of lymphocyte-enterocyte interactions in the light 
of available information on membrane traffic in entero-
cytes and the roles of endocytic pathways in antigen pre-
sentation. 

A. Antigen Exclusion at the Apical Membrane 

Intestinal absorptive cells are well equipped to face an 
environment rich in foreign proteins and microorganisms. 
The normal villus and crypt epithelium in vivo is sealed by 
continuous tight junctions that permit charge-selective pas-
sage of certain ions, water, and, under some conditions, small 
organic molecules such as glucose but exclude peptides or 
macromolecules (Madara, 1988). The apical membrane of 
enterocytes is a highly differentiated structure dominated by 
rigid, closely packed micro villi (Mooseker, 1985), each of 
which is coated with a thick layer of membrane-anchored 
and peripheral glycoproteins called the glycocalyx (Semenza, 
1986). This coat impedes the passage of particles such as 
viruses, bacteria, and macromolecular aggregates between 
microvilli and can prevent their contact with the microvillus 
membrane (Gonnella and Neutra, 1985; Amerongen et al., 
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1991). Lectin binding studies on tissue sections or fixed cells 
have shown that the glycocalyx is rich in the many saccha-
rides that serve as receptors for lectins or microorganisms. 
We have shown, however, that on living enterocytes in vivo 
many lectin receptors are masked by the macromolecular 
assembly of the glycocalyx (Gonnella and Neutra, 1985). 
Although crypt cell apical membranes may be more accessi-
ble, outward fluid flow tends to inhibit passive entry at this 
site (Phillips et al., 1987). In addition, normal enterocytes 
can "shed" microvillus membrane in the form of vesicles 
after cross-linking by lectins (Weinman et al., 1989) and also 
can shed other adherent macromolecules (Gonnella and Neu-
tra, 1985), perhaps by release of lipid-linked or integral mem-
brane enzymes (Alpers, 1975). Thus, enterocyte-like cell lines 
and MDCK cells in culture, whose apical surfaces may be 
less fully differentiated, can provide misleading information 
concerning antigen or microbial adherence and endocytosis 
in the normal gut. 

The structure of the brush border and glycocalyx also 
shields the plasma membrane microdomains at the bases of 
microvilli that are responsible for endocytosis (Neutra et 
al., 1988). In adult enterocytes, the molecules that can pass 
between microvilli enter clathrin-coated endocytic pits at this 
site, which apparently is intended for uptake of physiological 
ligands such as intrinsic factor-cobalamin complexes (Levine 
et al., 1984). In suckling rodents, this endocytic domain is 
expanded to provide access for maternal milk IgG in jejunum 
and other milk macromolecules in ileum (Rodewald, 1980; 
Gonnella and Neutra, 1984; Neutra et al., 1988). Note, how-
ever, that these specialized cell types and expanded endo-
cytic membrane domains are not present in human intestine 
beyond the midpoint of gestation (Moxey and Trier, 1979). 

B. Membrane Traffic in Vacuolated Enterocytes 

During fetal and neonatal development of the mammalian 
intestine, the epithelium undergoes two major bursts of cyto-
differentiation (Neutra and Louvard, 1989). The first involves 
conversion of the undifferentiated fetal epithelium to a mono-
layer containing enterocytes that are specialized for active 
endocytosis of lumenal contents. The timing and duration of 
this "endocytic stage" varies widely among species (Kraehen-
buhl et al., 1979): in humans, for example, it begins and ends 
during the first half of gestation (Moxey and Trier, 1979) 
whereas in sheep and cattle it begins during fetal life but 
extends for a few days after birth (Trahair and Robinson, 
1986,1989). This stage has been most studied in rats, whose 
endocytic enterocytes appear a few days before birth and 
persist through the 3-week suckling period (Kraehenbuhl et 
al., 1979). During this stage in rats, specialized enterocytes 
in proximal intestine conduct receptor-mediated endocytosis 
and transcytosis of IgG from maternal milk (Rodewald, 1980). 
IgG uptake is mediated by epithelial Fc receptors that show 
structural similarities to MHC I, consisting of a membrane-
anchored immunoglobulin-like protein associated with ß2 mi-
croglobulin (Simister and Mostov, 1989). Jejunal enterocytes 
contain abundant apical endosomes into which both IgG-
receptor complexes and soluble proteins from the lumen are 

delivered after uptake from clathrin-coated pits located be-
tween microvilli (Rodewald, 1980). The apical endosomal 
system appears to be a sorting compartment, since proteins 
in the fluid content of the vesicles are directed to lysosomes 
whereas IgG ligand-receptor complexes enter small trans-
port vesicles that release their content by exocytosis at the 
lateral cell surface (Abrahamson and Rodewald, 1981). 

Enterocytes in more distal regions of suckling rat intestine, 
and enterocytes throughout the intestines of 10- to 20-week 
fetal humans and fetuses and newborns of other mammalian 
species, are specialized cells known as "vacuolated entero-
cytes" (Moxey and Trier, 1979; Trier and Moxey, 1979). 
These cells take up large amounts of lumenal protein into 
specialized apical endosomal tubules and vesicles and, hence, 
into large lysosomal vacuoles (Gonnella and Neutra, 1984). 
In humans, these cells have been suggested but not proven 
to conduct transfer of antibodies from amniotic fluid to the 
fetus (Israel et al., 1989). The endocytic compartments of 
vacuolated enterocytes have been studied in detail in suckling 
rats, in which endocytosis allows for intracellular digestion of 
milk proteins. The apical endocytic complex of rat vacuolated 
enterocytes is an endosomal system in which hormone and 
growth factors from milk including epidermal growth factor 
(EGF), nerve growth factor (NGF), and prolactin are sorted 
into a transepithelial transport pathway (Siminoski et al., 
1986; Gonnella et al., 1987,1989). A small change in EGF 
motility on gels after transport suggests that the peptide en-
counters an intracellular protease, either in endosomes or in 
transport vesicles (Gonnella et al., 1987). 

In both proximal and distal enterocytes of rats, an adherent 
protein tracer, cationized ferritin, enters transepithelial trans-
port vesicles in small amounts (Abrahamson and Rodewald, 
1981; Siminoski et al., 1986), indicating that positively 
charged peptides or lectins could be transported across these 
cells in immunologically significant amounts. Soluble pro-
teins, however, are directed efficiently to lysosomes for de-
gradation (Abrahamson and Rodewald, 1981; Gonnella and 
Neutra, 1984). In other species such as humans and sheep, in 
which these cells are present during fetal life, transepithelial 
transport of proteins from amniotic fluid may be conducted 
by vacuolated enterocytes (Moxey and Trier, 1979; Trahair 
and Robinson, 1986); these cells contain a specific apical 
endosomal antigen called endotubin (J. F. Trahair, J. M. 
Wilson, and M. R. Neutra, unpublished observations). The 
specificity of transepithelial transport or the nature of the 
transport vesicles, however, is not known. 

Because of their well-developed endocytic compartments, 
vacuolated enterocytes of suckling rats also have served as 
models for mapping the interaction of apical and basolateral 
endocytic pathways. Apical endosomal markers such as the 
glycoprotein "endotubin" and basolateral membrane recep-
tors such as transferrin appear to cycle in and out of their 
respective plasma membrane domains and early endosome 
systems in intestinal cells (Wilson et al., 1987; Godefroy 
et al., 1988; Hughson and Hopkins, 1990). In vacuolated 
enterocytes, soluble tracers that enter apical or basolateral 
endosomes do not mix, but do meet in late endosomes located 
in the apical cytoplasm and are delivered together to the 
lysosomal vacuole (Fujita et al., 1990). Whether the transepi-
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thelial transport vesicles that carry growth factors and possi-
bly other proteins can transfer protein from apical to basolat-
eral endosomes is not known, but such a pathway would 
provide an opportunity for interaction of endocytosed anti-
gens with newly synthesized unoccupied MHC II (see Sec-
tion B). 

C Membrane Traffic in Adult Enterocytes 

In the human fetus, highly endocytic vacuolated entero-
cytes are replaced at about 20 weeks gestation by cells that 
are morphologically and functionally analogous to adult en-
terocytes (Moxey and Trier, 1979). This second stage of cyto-
differentiation occurs much later in certain other species (at 
weaning in rodents and one or more days after birth in cattle, 
sheep, and pigs; Kraehenbuhl et al., 1979). The dramatic 
change at this stage has been termed "closure," referring to 
the halt in maternal Ig transfer and disappearance of special-
ized endocytic epithelial cells. In humans, other more subtle 
maturational changes such as increased expression of brush 
border enzymes (and, perhaps, changes in endocytic activity) 
continue until after birth. Despite indirect evidence for anti-
gen uptake in neonatal humans, the endocytic and transport 
activities of individual enterocytes at this age has not been 
documented. Confluent Caco-2 and HT29 enterocytes in cul-
ture, when fully differentiated, are analogous to enterocytes 
in human fetal colon during the second half of gestation (Huet 
et al., 1987; Neutra and Louvard, 1989). 

Nonspecific tracer proteins, including adherent and soluble 
molecules, are endocytosed in very small amounts by adult 
enterocytes and appear to be directed entirely to ly sosomes in 
the apical cytoplasm. If late endosome- or lysosome-derived 
vesicles are shuttled back to the apical surface, no immuno-
logical consequences would ensue. If, however, they are 
delivered to basolateral endosomes or plasma membrane, 
processed antigens would be exposed to cells of the immune 
system, either free or associated with MHC complexes. Such 
vesicular shuttles operate in nonpolarized cells (Kornfeld and 
Mellman, 1989). Return of protein from apical endosomes to 
the basolateral surface was observed in Caco-2 cell mono-
layers (Hughson and Hopkins, 1990), but the existence of 
shuttles in normal enterocytes is not established. Neverthe-
less, transepithelial transport of intact biologically active in-
sulin across normal adult epithelium occurs in some species, 
and ultrastructural evidence for a vesicular transport pathway 
has been obtained (Bendayan et al., 1990). Although these 
studies suggest that transepithelial transport is highly selec-
tive, membrane-adherent proteins may be carried along. 

D. Endocytosis and Transport of Cholera Toxin 

Certain adherent proteins may be particularly efficient in 
entering apical endocytic or transcytotic pathways. Cholera 
toxin is of particular interest in this regard since, unlike most 
luminal antigens, it binds with high affinity to membrane 
glycolipid GM1, is endocytosed efficiently, and has profound 
effects on enterocyte physiology. Using confluent mono-
layers of polarized T84 cells in culture, Lencer et al. (1992) 

demonstrated that endocytosis and probably transport of 
cholera toxin beyond early apical endosomes is required for 
activation of basolaterally located adenylate cyclase and the 
resultant chloride secretory response. Others had demon-
strated that cholera toxin enters a transepithelial transport 
pathway in enterocytes in vivo (Hansson et al., 1984). Thus, 
vesicular transport in enterocytes could have important phys-
iological consequences, and endocytic or transcytotic path-
ways could play a role in the unique modulatory action of 
cholera toxin in the mucosal immune system (Lycke and 
Holmgren, 1986; Czerkinsky et al, 1989; Dertzbaugh and 
Elson, 1991). In addition, cholera toxin has been shown to 
enhance endocytic activity in other cell types. If this occurs 
in enterocytes, uptakes of bystander antigens also might be 
enhanced. 

IV. ANTIGEN-PRESENTING COMPLEXES 
AND ENTEROCYTE MEMBRANE TRAFFIC 

Expression of MHC Class I and II molecules by epithelial 
cells of the small intestine is both constitutive and cytokine 
regulated (Bland and Kambarage, 1991). These complexes, 
which act as receptors for protein antigens, are encoded by 
the MHC locus. As on all other cells, enterocyte MHC I 
consists of a highly polymorphic A chain noncovalently asso-
ciated with j82 microglobulin (for review, see Yewdell and 
Bennink, 1990). The MHC II complexes on enterocytes are 
assumed to be identical to those found on "professional" 
antigen-presenting cells such as B lymphocytes, macro-
phages, and dendritic cells, consisting of two highly polymor-
phic transmembrane polypeptides. The assembly of these 
complexes along the biosynthetic pathway and their interac-
tion with peptides in intracellular compartments has been 
elucidated greatly by studies on nonpolarized cells. However, 
how cell polarity and the existence of two separate endocytic 
pathways might influence their function in intestinal epithelial 
cells is not yet clear. Further, the access of MHC on epithelial 
cells to specific T-cell populations may be restricted by the 
presence of a basal lamina and by the migration patterns of 
specific T-cell subsets. 

A. MHC I 

In enterocytes, MHC Class I determinants are resident 
noncycling molecules that are restricted to the basolateral 
membrane (Godefroy et al., 1988), where they could interact 
readily with CD8+ IELs. The peptides presented to IELs 
in the context of MHC I probably would originate in the cy-
tosol of the epithelial cell and might represent, for example, 
newly synthesized viral proteins. These proteins would be 
degraded by cytoplasmic proteasomes and the resultant pep-
tides transported into the lumen of the endoplasmic reticu-
lum, probably via transporters that belong to the ABC 
ATPase family (Spiess et al., 1990). Note that interferon 
y(IFNy), a cytokine that can induce MHC expression in 
many cells including enterocytes (Bland and Warren, 1986), 
also up-regulates proteasome production and that protea-
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some genes are located adjacent to the MHC region (Brown 
et al., 1991; Glynne et al., 1991). These peptides thus 
would associate with newly synthesized MHC Class I de-
terminants in a compartment that also contains MHC 
Class II molecules, but the latter would be prevented from 
binding antigen at this point by the presence of the invari-
ant chain (Roche and Cresswell, 1990). Membrane proteins 
destined for the basolateral cell surface of enterocytes ap-
parently are sorted into vesicles in the trans-Golgi cisternae, 
and travel directly to the basolateral membrane (Hauri 
et al., 1985; Matter et al., 1990). Thus, newly synthesized 
MHC I determinants on infected or damaged enterocytes 
would induce lysis by intraepithelial CD8+ T cells, which 
also would result in production of specific cytokines 
that might in turn affect epithelial cell proliferation and re-
pair. 

B. MHC II 

MHC II determinants have been visualized by immunocy-
tochemistry on basolateral surfaces as well as in intracellular 
vesicles and on apical membranes of intestinal cells (Mayr-
hofer and Spargo, 1989,1990). In nonpolarized cells (and pre-
sumably in enterocytes), Class II molecules are synthesized 
and assembled in the rough endoplasmic reticulum as hetero-
trimers that include an additional poly peptide, the invariant 
chain (Brodsky et al., 1989). This complex travels along the 
secretory pathway to the Golgi, where it may be segregated 
spatially from MHC Class I molecules (Peters et al., 1991). 
Whether the MHC II in enterocytes is sorted initially into 
the apical or basolateral secretory pathway (or both), or 
whether it initially enters polarized endosomes, is not known. 
This information will be important in determining whether 
MHC II picks up luminally digested antigens or peptides that 
have 4 'leaked" into the interstitium. 

In nonpolarized cells, MHC II enters endosomes on its 
way to the cell surface (Lotteau et al., 1990; Peters et al., 
1991) where a distinct endosomal protease cleaves the invari-
ant chain, exposing the antigen-binding cleft (Brodsky and 
Guagliardi, 1991). Antigens are taken up by adsorptive or 
fluid-phase endocytosis into common endosomes and are 
partially digested by endosomal proteases. The resultant pep-
tides then are able to bind to MCH II and are transported as 
a complex to the cell surface, where the peptide may be 
presented to T helper cells that express CD4. In the intestine, 
how frequently enterocyte basolateral MCH II actually would 
interact with lamina propria CD4+ lymphocytes is unclear 
since these cells generally are found in the lamina propria 
but not within the epithelium (Brandtzaeg et al., 1988). Both 
luminal and interstitial antigens could gain access to newly 
synthesized MHC II if the complex is sorted in both direc-
tions, but where antigen-MHC II interaction actually occurs 
in enterocytes is not known. Both endocytic paths meet at 
the late endosome in enterocytes, but in some cells MHC II 
is not present in late endosomes (Peters et al., 1991). The 
inability of isolated enterocytes in vitro to process proteolyti-
cally and to present intact proteins suggests that predigestion 
by proteases in the lumen or by other cell types in the lamina 

propria is required (Bland and Warren, 1986). Luminal diges-
tion also would require movement of peptide fragments or 
MHC II-peptide complexes through the apical-to-basolateral 
transepithelial transport pathway, a phenomenon that has 
been suggested but not yet proven to occur. Studies on iso-
lated cells are complicated by the fact that the membrane 
domains and basolateral endocytic systems of enterocytes 
are altered rapidly and dramatically after epithelial isolation 
(Amerongen et al., 1989). Thus, patterns of endocytosis, 
transport, and proteolysis that occur in vivo might not be 
reproduced by isolated cells. 

MHC receptors may mediate several distinct functions in 
the intestinal epithelium. As noted earlier, enterocyte MHC 
may restrict antigen presentation in vitro (Bland and Warren, 
1986; Mayer and Shlien, 1987; Kaiserlain et al., 1989; Pang 
et al., 1990; Mayer et al, 1991), but no direct evidence is 
available as yet that antigens absorbed in vivo actually are 
processed and presented to intraepithelial lymphocytes. The 
small intestine can act as a primary lymphoid organ specifying 
both the immunoglobulin (Reynaud et al., 1991) and the T-cell 
repertoire (Guy-Grand et al., 1991). Thus, epithelial MHC 
molecules also may have an educational role, permitting posi-
tive selection of those lymphocytes that recognize "self" 
MHC molecules. The early development of epithelial and 
lamina propria cells expressing MHC II, and the early pres-
ence of thymus-independent intraepithelial T lymphocytes 
expressing T cell receptor complexes (TCR) (aß or γδ), sug-
gests that MHC Il-positive enterocytes and lamina propria 
cells cooperate to restrict the diversity of responses to self-
antigens in the fetus and to bacterial or food antigens in the 
neonate. The IELs in the general intestinal epithelium are 
distinct from those in the follicle-associated epithelium over 
organized lymphoid tissue such as Peyer's patches (Brandt-
zaeg et al., 1988; Ermak et al., 1990). These lymphoid cell 
populations are likely to be organized to respond to transport 
of different types of antigens by enterocytes or M cells, or 
to induce very different responses (such as secretory immu-
nity or tolerance) to the same antigen. The dramatic differ-
ences observed in epithelial membrane traffic in enterocytes 
and M cells presumably play a central role in these responses. 

V. MEMBRANE TRAFFIC IN INTESTINAL 
M CELLS 

A. Adherence of Macromolecules to M Cell 
Apical Membranes 

Studies using various soluble tracers and inert particles 
have demonstrated rapid endocytosis and transcytosis by M 
cells (Bockman and Cooper, 1973; Owen, 1977; Lefevre et 
al., 1978; Pappo and Ermak, 1989). These data suggest that 
uptake is nonselective, but that the hydrophobicity of particle 
surfaces could enhance their interaction with M-cell surfaces. 
Avid binding of cationized ferritin to these cells shows that 
simple electrostatic interactions also could play a role in 
binding of bacteria and inert particles (Bye et al., 1984; Neu-
tra et al., 1987). Although these mechanisms clearly play 
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roles in M-cell uptake they do not explain the M-cell selectiv-
ity of binding often observed, since both M-cell and entero-
cyte surfaces are rich in negatively charged carbohydrates. 
However, indirect evidence suggests that unique protein, 
glycoprotein, or glycolipid components are exposed on these 
cells since certain microorganisms bind selectively to M cells 
with high efficiency. 

Adherent particles, microbes, or macromolecules are con-
centrated effectively by adherence and may be transcytosed 
by M cells up to two orders of magnitude more efficiently than 
nonadherent materials (Neutra et aL, 1987). Since adherent 
antigens tend to elicit strong secretory (and often systemic) 
immune responses (DeAizpurua and Russell-Jones, 1988) and 
these responses appear to be initiated in sites such as Peyer's 
patches, M cell adherence is thought to be a key event in 
induction of mucosal immunity. M cells also endocytose and 
transport solutes in the fluid content of endocytic vesicles 
(Owen, 1977); perhaps transport of very small aliquots of 
soluble antigens over time may play a role in immune toler-
ance to soluble food antigens (Mayrhofer, 1984). The exact 
relationship of M cell transport activity to either mucosal or 
systemic tolerance, however, is not clear. 

B. Adherence of Microorganisms to M Cells 

The pathogenic viruses that adhere selectively to M cells 
could provide information about the unique features of the 
M cell apical membrane, but the interacting viral and M 
cell surface molecules responsible for adherence are not yet 
identified. The best-known example of M cell-specific adher-
ence is provided by the mouse pathogen reovirus (Wolf et 
ß/., 1981). Processing of reo virus by proteases in the intestinal 
lumen is known to increase viral infectivity through cleavage 
of the major outer capsid protein σ3 and through a conforma-
tional change resulting in extension of the viral hemagglutinin 
σ\ (Bass et aL, 1988; Nibert et al, 1991). Our laboratory has 
demonstrated that proteolytic processing of the outer capsid 
also is required for M cell adherence: neither unprocessed 
virus nor capsidless cores can bind (H. Amerongen, G. Wil-
son, B. Fields, M. Neutra, unpublished observations). Thus, 
the virus uses either the protease-resistant outer capsid pro-
tein ̂ lc or the extended σ\ protein to bind to M cells, presum-
ably at a site not involved in serotype-specific cell tropism. 
M cell binding might be mediated by sialic acid residues, since 
sialylated glycoproteins serve as viral receptors on other cell 
types (Paul et aL, 1989) and M cell surface components avidly 
bind wheat germ agglutinin (Neutra et aL, 1987). These and 
other viral adhesins, once identified, could serve as affinity 
ligands to elucidate the M cell molecules or oligosaccharides 
responsible for the interaction (Bass and Greenberg, 1992). 
Studies of other viruses that adhere to M cells, including the 
neurotropic polio virus (Sicinski et aL, 1990) and the retro vi-
rus HIV-1 (Amerongen et aL, 1991), are needed to determine 
whether common molecular motifs are used for M cell 
binding. 

The wide range of gram-negative bacteria that bind selec-
tively to M cells includes Vibrio cholerae (Owen et aL, 1986b; 
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Winner et aL, 1991), some strains of Escherichia coli (Inman 
and Cantey, 1983), Salmonella (Kohbata et aL, 1986), and 
Shigella (Wassef et aL, 1989). That each organism utilizes a 
unique type of binding mechanism seems unlikely, since M 
cells seem to be designed to capture whole classes of patho-
gens for immunological sampling. Lectin-carbohydrate rec-
ognition systems are widely used by bacteria to interact with 
eukaryotic cells, so these also may operate in M cell adher-
ence. The participating lectin could be a bacterial adhesin 
such as a pilus or fimbrial protein, or an M cell membrane 
protein analogous to the mannose or galactose recognition 
proteins of hepatocytes and macrophages. These possibilities 
have proven difficult to test in the absence of a system for 
culture of polarized functional M cells. 

Selective M cell adherence could be caused not by the 
presence of M cell-specific proteins but by the absence of 
"blocking" molecules. The possible blocking effect of the 
enterocyte glycocalyx was demonstrated in our laboratory 
using cholera toxin, a molecule that binds specifically to the 
glycolipid receptor GM1 that is present on apical membranes 
of M cells as well as enterocytes. When cholera toxin was 
applied to Peyer's patch mucosa as single toxin molecules 
tagged with a fluorescent probe, it bound to all cell surfaces 
as expected. When the toxin was applied as polyvalent com-
plexes on 15-nm colloidal gold particles, however, the parti-
cles failed to bind to enterocytes but still bound avidly to M 
cells (R. Weltzin, H. Amerongen, W. Lencer, and M. Neutra, 
unpublished observations). These results suggest that the 
thick glycocalyx of enterocytes prevents movement of the 
colloidal gold probe to GM1 binding sites on microvillar mem-
branes, whereas M cell GM1 is more accessible. Since viruses 
and bacteria also can be considered particulate polyvalent 
ligands, they too may find their receptors particularly accessi-
ble on M cells. 

G Binding of Immunoglobulins 

M cells also have binding sites for immunoglobulins on 
their apical membranes. Native milk secretory IgA ingested 
by suckling rabbits accumulates on M cell surfaces (Roy and 
Varvayanis, 1987). In studies in our laboratory, monoclonal 
IgA or polyclonal slgA as well as IgG antibodies were found 
to bind selectively to M cells and to compete with each other 
for binding sites (Weltzin et aL, 1989). Binding of immuno-
globulins appears not to be mediated by known Fc receptors, 
since antibodies against epithelial and macrophage Fc recep-
tors of other types failed to recognize any M cell component. 
This binding mechanism would allow M cells to endocytose 
and transport free IgA as well as IgA-antigen complexes 
(Weltzin et aL, 1989). The role of such transport is not clear; 
one possibility is that it promotes reuptake of small amounts 
of antigen into inductive sites. These antigens then might be 
sampled by intraepithelial or subepithelial antigen-presenting 
cells to boost an existing secretory immune response. Uptake 
of IgA also could have other modulatory effects in the muco-
sal immune system (Kraehenbuhl and Neutra, 1992a; also 
see Chapter 34). 
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D. Mechanisms of Antigen Uptake by M Cells 

Adherent macromolecules such as cationized ferritin and 
lectins are taken up by M cells via clathrin-coated pits and are 
delivered to tubulovesicular structures in the apical cytoplasm 
that bear morphological resemblance to early endosomes 
(Neutra et al., 1987). Early endosomes of other cell types 
contain a subset of lysosomal enzymes (Diment and Stahl, 
1985; Courtoy, 1991). Endosomes of most cells generate an 
acidic internal milieu (Maxfield and Yamashuro, 1991), al-
though specialized apical endosomes of some epithelial cells 
were found to be pH neutral (Lencer et al., 1990). In M 
cells, acid phosphatase-containing compartments were not 
detected in the apical transepithelial pathway (Owen et al., 
1986b), but one study has shown that M-cell endosomes are 
acidified and that some apical vesicles bear a membrane 
marker typical of late endosomes and lysosomes (Allan et al., 
1992). Viruses appear to be unaltered during transepithelial 
transport (Wolf et al., 1981; Amerongen et al., 1991). How-
ever, whether M cell apical endosomes contain endosomal 
hydrolases is not known. These enzymes are potentially im-
portant because if immunogens are processed by partial pro-
teolysis in the transepithelial pathway, such alteration could 
affect the specificity of the subsequent mucosal immune re-
sponse. Whether M cells are able to "present" foreign anti-
gens to cells of the immune system has been controversial, 
because MHC Class II molecules were detected by immuno-
cytochemistry in rat M cells but not in other species. EM 
immunocytochemistry has revealed that MHC II localize in 
apical endosomes of rat M cells (Allan et al., 1992), but the 
functional significance of this localization is not yet known. 

Dense "mature" lysosomes are present deeper in M cells 
(Owen et al., 1986a), but material taken up from the lumen 
has not been seen to enter this degradative compartment. 
Also striking is that transcytotic vesicle traffic in M cells is 
not directed toward the lateral or basal cell surfaces as it is 
in enterocytes. Rather, either the endosomal vesicles or the 
vesicles derived from them fuse directly with the modified 
invaginated basolateral subdomain lining the intraepithelial 
pocket (Owen, 1977; Neutra et al, 1987). The "pocket" 
membrane differs from other areas of the basolateral plasma 
membrane because it contains very low amounts of Na+ ,K+-
ATPase (Neutra et al., 1986) and presumably contains adhe-
sion molecules that serve as homing sites for a special subpop-
ulation of lymphocytes (Ermak et al., 1990). The nature of 
the pocket subdomain and the mechanisms by which endo-
somes are targeted directly to it are important areas for future 
study. 

The exact mechanism of uptake of adherent particles, vi-
ruses, and bacteria by M cells also deserves further scrutiny. 
Bacteria are taken up by a process that resembles phagocyto-
sis in macrophages. Vibrio cholerae, for example, forms 
broad areas of close interactions with M cells in which the 
bacterial and eukaryotic cell membranes are separated by a 
10- to 20-nm gap under which cytoplasmic actin is reorganized 
(J. Mack, M. Mekalanos, and M. R. Neutra, unpublished 
observations). This result implies that specific M cell mem-
brane components are recruited to the interaction site. Evi-
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dence from macrophages and nonpolarized cells suggests that 
adhesion molecules provide direct or indirect links to cy-
toskeletal elements and to the intracellular signaling machin-
ery that may control local calcium flux (Odin et al., 1992). 
For bacteria or viruses, which microbial gene products and 
which M cell membrane components play roles in binding 
and internalization are not known. The fact that adherent 
bacteria, viruses, and some macromolecules are released 
readily into the pocket at the basolateral side implies that 
initial binding may be accomplished through multiple low 
affinity interactions that can be reversed by a shift in ionic 
strength or pH, raising the possibility that the membranes of 
transport vesicles or the intraepithelial pocket may conduct 
active transport of protons or other ions. 

VI. CONCLUSION 

Design of new mucosal vaccines and rational strategies 
for enhancing tolerance to mucosal immunogens may be facil-
itated by a clearer understanding of transepithelial transport 
by both M cells and enterocytes. Such advances will require 
more information about the basic mechanisms that direct 
endocytosed antigens into enterocyte transepithelial path-
ways and about the nature of the interactions of such antigens 
with epithelial membrane proteins and with subepithelial and 
intraepithelial cells. In the case of the M cell, an important 
goal is elucidating the mechanisms of adherence of the patho-
gens that efficiently invade at this site and exploiting this 
information to produce "pseudopathogens" that can serve 
as efficient oral vaccines. 
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I. INTRODUCTION 

The primary function of the small intestine is to absorb 
nutrients into the circulation (Field and Frizzell, 1991). Dur-
ing the course of this activity, the intestine is exposed to a 
wide variety of antigens derived from foods, resident bacteria 
and invading microorganisms. These antigens must be limited 
by a barrier that will allow absorption of nutrient molecules. 
In addition, the intestine transports macromolecules that are 
important in growth and development, for example, epider-
mal growth factor (EGF; Weaver and Walker, 1988; Weaver 
et al., 1990; Carpenter and Wahl, 1991) and maternal IgG 
(Rodewaldand Kraehenbuhl, 1984; Simisterand Rees, 1985). 
Thus, any mechanism that acts as a barrier must also allow 
entry of physiologically important molecules the size of which 
is comparable to that of many antigens. 

The lumen of the intestine is capable of harboring harmful 
microorganisms (Snyder, 1991); to mount an immune re-
sponse against these potential pathogens, the mucosal im-
mune system must survey antigens in the lumen. Evidence 
suggests that immunosurveillance by the small intestine de-
pends on transport of antigens across the gut (Winner et al., 
1991). However, such transport must occur in a controlled 
manner to avoid harmful immune responses. Nevertheless, 
at times the control of antigen entry breaks down and this 
may lead to an excessive influx of antigens, which ultimately 
may cause disease (Sanderson and Walker, 1993). 

1. Macromolecular Absorption 

To maintain immunosurveillance, antigens are transported 
across the intestine in physiological amounts, but pathologi-
cal transport may occur when the mucosal barrier is 
breached. This barrier consists of two main components (Fig-
ure 1). Extrinsic mechanisms will limit the amount of antigen 
reaching the surface of the intestine. The intrinsic barrier 
consists of the structural and functional properties of the 
intestine itself. Both clinical and experimental evidence sug-
gests that antigens traverse the epithelium and enter the circu-
lation (Warshaw and Walker, 1974; Paginelli et al., 1979). 
For the most part, this transport is not harmful and may, at 
times, be beneficial. 

Production of immunoglobulins directed against luminal 
antigens depends on immunologically intact antigen inter-
acting with membrane-bound immunoglobulins on the sur-
face of B cells that are located beyond the intestinal epithe-

lium (Elson et al, 1986; Kagnoff, 1989). Mechanisms that 
allow passage of antigen through the intestinal epithelium in 
controlled amounts are, therefore, an essential prelude to B-
cell activation. 

T-cell responses, on the other hand, are initiated by presen-
tation of short peptides bound to major histocompatibility 
complexes (MHC; Unanue, 1984). Since luminal antigen can 
activate mucosal T cells (as occurs, for example, in celiac 
disease; Marsh, 1992), the intestine must process luminal 
antigen to peptides of the correct size to bind to MHC mole-
cules and, in turn, interact with T-cell receptors. Antigens 
could be processed in two ways by the intestine: first, peptide 
fragments could be generated during epithelial transport; sec-
ond, antigen could be processed from whole antigen that has 
traversed the epithelium and reached antigen-presenting cells 
in the mucosal immune system. In either case, uptake of 
antigen by the epithelium is essential. Moreover, the pathway 
by which the antigen or its product reaches the immune 
system of the gut may affect critically the type of immune 
reaction that ensues. Thus, an understanding of the mecha-
nisms by which antigen is handled is central to the study of 
the mucosal immune response. 

II. PHYSIOLOGIC TRANSPORT 

Sampling of luminal antigen by the mucosa is likely to be 
a physiological phenomenon that will result in appropriate 
immune responses by the gut. These responses will include 
the local production of secretory IgA and mechanisms that 
lead to oral tolerance (Thompson and Staines, 1991). Such 
reactions are beneficial and are described in other chapters 
of this volume. At times, however, excessive antigen crosses 
the intestine, causing more widespread immune reactions. 
These reactions could result in gastrointestinal disease or 
even systemic illness (Sanderson and Walker, 1993). 

Macromolecules cross intestinal epithelial cells in two 
ways of which we can be certain: they can be shuttled through 
absorptive cells on specific receptors, in which case only 
those macromolecules that bind to a receptor will pass, or 
they can pass through specialized epithelial cells called M 
cells (Chapter 2). An additional possibility is that antigenic 
fragments cross epithelial cells for presentation by MHC 
Class II molecules at the basolateral surface. Definitive evi-
dence for this mode of uptake is still awaited, but this would 
constitute a third form of macromolecular transport. 

Copyright © 1994 by Academic Press, Inc. 
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Figure 1 Barriers to macromolecular absorption. Antigen entry is 
prevented by nonspecific and immunologic mechanisms in the gastro-
intestinal tract as well as by the physical structure of the epithelium 
itself. [Reprinted with permission from Iyngkaran and Abidin (1981). 
Copyright © 1981 by Marcel Decker.] 

1. Receptor Bound Transport 

Most of the macromolecules that are required for transport 
can be made de novo; however, this is not always the case. 
For example, certain growth factors including EGF, trans-
forming growth factor a (TGFa), and nerve growth factor 
(NGF) are all polypeptides that are transported across the 
intestine (Chu and Walker, 1991). IgG also can be transported 
across the intestine at times (Simister and Rees, 1985). The 
newborn makes very little immunoglobulin, so most circulat-
ing antibody is IgG derived passively from the mother. In 
humans, IgG is transferred primarily by the placenta during 
late gestation, whereas in many animals the transfer occurs 
from maternal milk through the proximal small intestine. The 
transfer of IgG across the gut is mediated by receptors that 
are similar to those present in human placenta (Sedmark 
et al., 1991). These receptors bind the Fc portion of the 
immunoglobulin molecule. 

Macromolecules are transferred by a mechanism that is 
altogether different from those that transport nutrients such 
as glucose and amino acids. Nutrient molecules enter the 
intestinal cell cytoplasm at the apical membrane and exit the 

basolateral membrane. Macromolecules, on the other hand, 
transverse the cell (Figure 2) in membrane-bound compart-
ments that invaginate from the apical membrane. The first 
step in this process is attachment to receptors on the apical 
surface of enterocytes. 

In young mice, maternal IgG absorption shows features 
characteristic of membrane-receptor transport: IgG is ab-
sorbed selectively (Jones and Waldmann, 1972; Guy er et al., 
1976) and its absorption shows saturation kinetics (Brambell, 
1966). Binding is pH dependent, occurring at pH 6.5 but not 
at pH 7.4 (Rodewald, 1976). Since the contents of the upper 
jejunum are at low pH, the conditions are ideal for binding 
(Jones and Waldmann, 1972). Moreover, intracellular mem-
brane and components are acidic, so binding wound be main-
tained after invagination of surface membrane and formation 
of vesicles (Abrahamson and Rodewald, 1981). The IgG re-
ceptor has been isolated, its gene has been cloned, and the 
nucleic acid sequence has been determined. From this se-
quence, the amino acid sequence has been deduced (Mostov 
and Simister, 1985). This receptor is a molecule homologous 
to MHC Class I molecules and is bound in its active form to 
ß2 macroglobulin. Despite the homology, the two molecules 
have very different functions and their assembly is different. 

The machanisms involved in the transit of membrane-
bound ligands to the basolateral pole of the enterocyte are 
still poorly understood. In electron microscopic studies, the 
apical membrane of absorptive cells can be seen invaginating 
to form endosomes (Figure 2). On the inner aspect of these 
developing membrane compartments appear to be regular 
arrays of clathrin (Shibata et al., 1983; Gonnella and Neutra, 
1984; Knutton et al., 1974), a protein designed to form lattices 
around membrane vesicles. Clathrin has a central role in the 
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Figure 2 Macromolecular endocytosis in enterocytes. Plasma mem-
brane between microvilli invaginates to form vesicles. Clathrin, a 
protein that forms a membrane lattice, controls the curvature of the 
membrane. Macromolecules can enter the vesicle bound to sur-
rounding membrane by a particular receptor or by nonspecific at-
traction; they also can enter free in solution. After entry, the mole-
cules move to the tubulocystemae where they are sorted and pass 
either to vesicles that travel toward the lysosome or to vesicles that 
traverse the cell to the basolateral pole. Membrane bound molecules 
are more likely than those in solution to traverse the cell. [Reprinted 
with permission from Sanderson and Walker (1993). Copyright © 
1993 by American Gastroenterology Association.] 
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budding and fusion of membrane vesicles (Brodsky, 1984). 
In particular, clathrin assembly at the surface membrane of 
cells promotes the endocytosis of external receptors 
(Steinman^ö/., 1983). 

Transit further into the cell may occur by the movement of 
separated vesicles (Figure 2). Hopkins and colleagues (1990) 
have challenged this concept and favor a single transport 
compartment called the endosomal reticulum that extends 
from the cell surface. The shape and movement of these 
intracellular compartments will depend on the structural pro-
teins that make up the cytoskeleton of the cell. 

The Fc receptor is able to move across the epithelial cell. 
This transcytosis occurs in both directions. The receptor is 
carried with the membrane trafficking from lumen to serosa 
and returns by another membrane transport mechanism. 
Some membrane proteins contain specific amino acid se-
quences that direct the protein within the cell, for example, 
the polymeric IgA receptor (Casanova et al., 1991) that trans-
ports IgA from the basolateral membrane to the apical mem-
brane. However the amino acid sequences that determine 
the movement of the Fc receptor have not been elucidated. 

Transfer of maternal IgG in the neonatal rodent falls mark-
edly at weaning (after 21 days of age, a phenomenon known 
as closure). This event is now known to be caused by the 
decrease in the expression of the Fc receptor gene (Mostov 
and Simister, 1988). Thus, factors in breast milk may affect 
Fc receptor gene expression. The Fc receptor has been de-
tected in humans in the placenta, and transfers maternal 
immunoglobulin in utero during the later stages of gestation. 
An observation by Israel and colleagues (1993) suggests that 
the Fc receptor may be present on small intestinal epithelium 
in the first trimester and may function early in the transfer 
of maternal IgG from amniotic fluid to the fetus. 

2. Cells Specialized for Macromolecular Transport 

Generation of secretory immune responses by the intesti-
nal mucosa depends on transfer of antigens across the epithe-
lium. Any loss of the molecular structure of the antibody 
recognition sites (the epitopes) during transport would render 
them unrecognizable by B cells. The passage of intact macro-
molecules across the gut is at variance with the role of the 
gut as a macromolecular barrier. For macromolecules to 
cross the gut in a controlled manner, specialized epithelial 
cells have evolved that overlie lymphoid follicles (Bockman 
and Cooper, 1973; Owen, 1977). These "M" cells, discussed 
in detail in Chapters 2 and 3, have features that facilitate 
controlled entry of antigens and larger particles through the 
intestinal epithelium. 

3. Enterocytes as Antigen-Presenting Cells 

Effective immune responses to antigenic proteins require 
the help of T lymphocytes. Stimulation of T cells, in turn, 
depends on exogenous antigen being presented by antigen-
presenting cells (APCs; Unanue, 1984). The APC must inter-
nalize, digest, and link a small fragment of the antigen to a 
surface glycoprotein (the MHC Class II or HLA-D in humans) 
that interacts with a T-cell receptor. A number of cells of 

the immune system can act as APCs including B cells, macro-
phages, and dendritic cells. The ability of these cells to pre-
sent antigen depends on the expression of MHC Class II 
molecules on their surface (Unanue, 1984). MHC Class II 
determinants are also present in epithelia of the normal small 
intestine, particularly on villous cells, in humans (Wiman et 
al., 1978) and in rodents (Kirby and Parr, 1979). In vitro 
studies (Bland et al., 1986; Mayer and Shlien, 1987; Kai-
serlian et al., 1989) have demonstrated that isolated entero-
cytes from rat and human small intestine can present antigens 
to appropriately primed T cells, raising the possibility that, in 
the intestine, MHC Class II molecules might present peptides 
from cellular membrane compartments to cells of the immune 
system that are localized below the epithelium. In support 
of this concept, MHC Class II molecules have been detected 
in adult rat jejunum villi in association with intracellular or-
ganelles (Mayrhofer and Spargo, 1990). Class II molecules 
were not detected in microvillus brush border or in vesicles 
at the base of microvilli. However, organelles below the 
terminal web and throughout the apical cytoplasm were 
stained specifically. Basolateral membranes clearly showed 
MHC Class II molecules. These molecules are, therefore, in 
an ideal position for binding with polypeptides that may have 
been taken up by and processed within the epithelial cell 
(Figure 3). Interestingly, the expression of MHC Class II 
molecules in the gastrointestinal epithelium is increased in a 
number of diseases. In Crohn's disease (Selby et al., 1983; 
Mayer et al., 1991), enhanced expression occurs on entero-
cytes from inflamed areas. Moreover, the effect of entero-
cytes from inflamed tissue is to stimulate helper T lympho-
cytes (Mayer and Eisenhardt 1990). Increased expression of 
MHC Class II molecules is also evident in the small intestine 

Figure 3 Model of antigen presentation by enterocyte. Macromole-
cules can enter membrane-bound organelle of the enterocyte. Instead 
of binding to the surrounding membrane or being destroyed in lyso-
somes, antigen is processed within the endosomal component into 
fragments that can bind to Class II MHC on the inner membrane of 
the components. Then antigens are presented on the basolateral 
surface of the cell. Prepared with the help of L. Mayer. [Reprinted 
with permission from Sanderson and Walker (1993). Copyright © 
1993 by American Gastroenterology Association.] 
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in patients with autoimmune enteropathy (Hill et al., 1991) 
and in graft-versus-host disease (Mason et al., 1981). Certain 
gastrointestinal infections increase MHC Class II expression, 
for example, in the stomach infected with Helicobacter pylori 
(Engstrand et al., 1989) and in the intestine infested with 
nematode parasites (Masson and Perdue, 1990). If MHC 
Class II molecules transport peptides derived from luminal 
macromolecules, these diseases will lead to an increase in the 
presentation of these peptides to the gastrointestinal immune 
systems, which may cause further inflammation and further 
presentation of luminal antigens, leading to a vicious cycle. 
Some drugs used to treat inflammatory bowel disease reduce 
Class II expression in epithelial cells. 5-Aminosalicylic acid 
(5-ASA), for example, reduces the MHC Class II expression 
that occurs in cultured cells that express MHC Class II in 
response to interferon y (Crotty et al., 1992) 

III. BARRIERS PREVENTING 
PATHOLOGICAL TRANSPORT 

Physiological passage of macromolecules is essential for 
the development of immune responses by the intestine, but 
uncontrolled penetration of antigens could initiate pathologi-
cal processes that lead to gastrointestinal disease states. For 
antigen transport to be controlled, nonspecific entry into the 
circulation must be limited. This limitation is accomplished 
in two ways: first, by restricting the amount of antigen reach-
ing the surface of the intestine (extrinsic barrier) and, second, 
by the physical characteristics of the intestine itself (intrinsic 
barrier) (Figure 1). 

Many barrier mechanisms are not fully developed at birth. 
Evidence suggests that antigen transport in the neonatal pe-
riod is less restricted that in adults. In animals, the changes 
in antigen absorption form the newborn to the adult are partic-
ularly evident, a phenomenon known as closure. Initially, 
the phenomenon was applied to the transport of immunoglob-
ulins (Brambell, 1966), but significant changes in absorption 
have been documented for antigens that do not have specific 
transport receptors. Radiolabeled bovine serum albumin 
(BSA; Udall et al., 1981a) was fed in physiological amounts 
to rabbits at birth and at 1 week, 2 weeks, 6 weeks, and 1 
year of age and the plasma radioactivity measured. The study 
was designed to insure that the radioactivity measured corres-
ponded to protein absorption. From 1 week of age, a marked 
fall in the transport of BSA across the intestine was detected. 
Moreover, in a later study (Udall et al., 1981b) the develop-
ment of the mucosal barrier was found to depend on the type 
of feeding during the neonatal period. Naturally fed (breast-
fed) rabbits had lower plasma BSA levels that did formula-
fed rabbits, suggesting that breast milk affects the develop-
ment of the mucosal barrier. In this chapter, we review how 
different components of the barrier develop, particularly 
since a fall in antigen absorption has been demonstrated in 
humans also. Milk protein penetrates more readily in infants 
than in adults. In one study, α-lactalbumin absorption de-
creased with age in breast-fed babies (Axelson et al., 1989). 

In a second study, formula-fed neonates had greater levels 
of 0-lactoglobulin (BLG) than older infants (Roberton et al., 
1982). 

A. Extrinsic Barrier 

1. Proteolysis 

Antigen access to the epithelium will be limited in many 
ways (Figure 1). Proteolysis will destroy the structure of 
antigens and thus destroy epitopes for immunological recog-
nition. Altering the proteolytic capacity of the gastrointestinal 
tract affects macromolecular uptake. In everted gut sacs 
(Walker et al., 1975) of rats who had previously undergone 
ligation of the pancreatic duct, transport of horse radish per-
oxidase (HRP) was greater that in sacs from sham-operated 
animals. Further, prior feeding with pancreatic extract de-
creased the uptake of HRP. The effects of digestion on macro-
molecular uptake have been confirmed elegantly by feeding 
rats aprotinin (a trypsin inhibitor) with lysine vasopressin 
(Saffron et al., 1979). This peptide hormone, when fed orally, 
is absorbed through the intestine in sufficient quantities to 
have a noticeable effect on fluid retention. When given with 
aprotinin, however, the effects of vasopressin are more 
marked, implying that more has reached the surface of the 
intestine because of reduced proteolysis. 

Experiments show that neutralizing gastric acidity (which 
reduces the activity of gastric enzymes) also increases antigen 
transport. Sodium bicarbonate given to rats orally with BSA 
increases BSA found in the gut (Walker et al., 1975). These 
findings have important consequences because deficiencies 
of pancreatic enzymes occur in various diseases. In cystic 
fibrosis, in which pancreatic activity is affected severely, an 
increased incidence of cow milk allergy is seen, presumably 
because of increased antigen uptake. Also, gastric acidity 
(Hyman et al., 1985) and pancreatic activity (Lebenthal and 
Lee, 1982) may be less in the newborn, which may have 
consequences for the development of the mucosal barrier. 

2. Peristalsis 

The time available for absorption will depend on the speed 
of luminal contents down the bowel. A common experience in 
clinical gastroenterology is that uptake of nutrients in patients 
with limited absorptive capacity (for example, in short bowel 
syndrome) is improved by reduced intestinal motility with 
agents such as loperamide (Remington et al., 1983), providing 
good reason to believe that antigen absorption also will be 
limited by peristaltic action. An association between motility 
and antigen absorption has important implications. First, mo-
tility patterns change in development (Bisset et al., 1988), 
which may contribute to alterations in antigen uptake with 
age. Second, gastrointestinal disease can affect the motility 
of the intestine (Mayer et al, 1988) and may result in changes 
in antigen absorption, although such changes may be small 
relative to the effect that a disease has on the physical barrier 
created by the intestine itself. Nevertheless, antibody-anti-
gen complex formation in the mucus coat, coupled with peri-
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stalsis, causes rapid expulsion of antigens from small intestine 
(Snyder and Walker, 1987). 

3. Mucus Coat 

a. Structure of mucus coat. The mucus coat lining the intes-
tine is composed of a solution of glycoproteins (mucin) of 
molecular sizes ranging from one to several million Daltons. 
Intestinal mucin molecules are made up of carbohydrate side 
chains (70-80%) bound to a protein skeleton. This protein 
core has a high proportion of serine, threonine, and proline 
residues (Forstner, 1978; Allan, 1981); the carbohydrate moi-
eties are attached to it by means of N-acetylgalactosamine. 
Five carbohydrates moieties (N-acetylgalactosamine, N-
acetyglucosamine, fucose, galactose, and sialic acid) are ar-
ranged in side chains 2-22 sugars in length. 

The exact composition of the molecules of mucin can vary 
greatly. Clear differences are seen among animal species. 
Even within localized regions of the intestinal tract, mucus 
molecules appear to be a heterogeneous group. At least six 
different mucin species have been identified after separation 
on DEAE-cellulose chromatography, both from rat and from 
human (Podolsky, 1985). Each species has distinct carbohy-
drate and amino acid composition. Marked changes in the 
composition of mucin occur with development. The mucin 
from the small intestine of newborn rats contains more pro-
tein than does adult rat mucin (Shub et al., 1983). The carbo-
hydrate content also changes as the animals grow. Not only 
does the total carbohydrate ratio increase with age, but the 
types of sugar moieties change also: newborn rat mucin has 
less fucose and ΛΓ-acetylgalactosamine than does mucin from 
adult rats. 

b. Function of mucus coat 
/. Viscous coat. Mucus offers protection to the intestinal 

wall in a number of ways (Figure 4). First, it provides a 
mucus blanket. The physical characteristics of this blanket 
are determined by the chemical structure of the glycoprotein 

Mucus release Physical barrier 

Inhibitory binding sites Link to immune system 

Figure 4 Four proposed mechanism for mucus protection: rate and 
quantity of mucus release, viscous blanket (physical barrier), com-
petitive binding sites, and link to the intestinal immune system. 
[Reprinted with permission from Snyder and Walker (1981). Copy-
right © 1981 by Karger.] 

molecules themselves. The sticky quality of the mucus is an 
important mechanism for preventing penetration of organ-
isms. The motility of Entamoeba histolytica traphozoites 
(Leitch et al., 1985), for example, is decreased significantly 
by mucus. The increased viscosity that mucus provides to 
the luminal solution enhances the depth of the unstirred layer 
overlying the surface of the intestine, thus reducing the diffu-
sion of molecules toward the intestinal surface (Strocchi and 
Levitt, 1991). The effect is most marked for lager molecules, 
and will limit absorption of antigens rather than nutrient mol-
ecules, which are smaller. 

ii. Competitive binding. The carbohydrate moieties that 
constitute the majority of the structure of mucus are analo-
gous to the glycoprotein and glycolipid receptors that exist 
on the enterocyte membrane (Gibbons, 1981). Therefore, 
they could act as competitors to the binding of proteins and 
microorganisms at the enterocyte surface. Many infectious 
agents adhere to epithelial cells through cell-surface append-
ages (fimbria, pili, and flagella; Freter, 1981) that have carbo-
hydrate binding properties. Indeed, competition between sal-
ivary mucus glycoproteins and receptors on buccal 
epithelium already has been shown for binding of pathogenic 
streptococci (Williams and Gibbons, 1973). Further, the inva-
siveness of Shigella flexneri in primates, in part, may depend 
on the lack of barrier function of mucus (Denari et al., 1986). 
Guinea pig colonic mucus inhibits invasion of HeLa cells by 
Shigella, whereas monkey colonic mucus (and, by implica-
tion, human mucus) does not. 

«i. Mucin release. Release of mucus into the gastroin-
testinal tract will act as a barrier by generating a stream 
that draws luminal contents away from epithelial cells. Both 
nonspecific and immunological agents can initiate mucus re-
lease. The role of nonimmunological agents and their relation-
ship to endogenous agents that alter mucus secretion are 
not well understood (Snyder and Walker, 1987). Cholinergic 
agents (Specian and Neutra, 1980) and mustard oil (Neutra et 
al., 1982) cause goblet cell release, but a number of regulatory 
peptides (including histamine, serotonin, and a- and ß-adren-
ergic agents; Neutra et al., 1982) had no effect. Nevertheless, 
immunological phenomena cause goblet cells to release mu-
cus (see subsequent discussion). 

4. Immunologie Barrier 

The adequacy of immune function in the gastrointestinal 
tract affects the attachment and penetration of bacteria and 
toxins. This concept was illustrated elegantly (Winner et al., 
1991) by implantation of IgA-secreting hybridomas under the 
skin of infant mice who were then inoculated with cholera. 
IgA appeared in large amounts in the small intestine as secre-
tory IgA. When hybridomas are implanted that secrete IgA 
that interacts with the antigen on the surface of Vibrio chol-
erae, mortality form cholera is reduced dramatically. 

IgA is also likely to prevent the transfer of antigens across 
the gut. This hypothesis is supported by studies of patients 
with selective IgA deficiency. These patients have increased 
circulating immune complexes and precipitating antibodies 
to absorbed bovine milk proteins (Cunningham-Rundles et 
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al., 1978); peak concentrations occur between 1 an 2 hr after 
milk ingestion (Cunningham-Rundles et al., 1979). 

5. Combined Effects of Immunologie and 
Nonimmunologic Barriers 

Both oral and parenteral immunization with specific anti-
gens can reduce their uptake by the intestine (Walker et al., 
1972,1973). These observations may be a combined effect 
of immunological and nonimmunological components of the 
mucosal barrier. Proteolysis of intestinal antigens was consid-
erably greater in immunized animal that in nonimmunized 
controls (Walker et al., 1975). This enhanced proteolysis is 
likely to be the result of interaction of immune complexes 
in the mucus coat. This augmented protective process is 
illustrated in Figure 5. 

Another example of combined protection is the increased 
discharge of goblet cell mucus occurring in intestinal anaphy-
laxis. Lake and colleagues (1980) have shown, using radiola-
beled goblet cell mucus to quantitate release, that IgE-medi-
ated mast cell discharge of histamine results in enhanced 
mucus release into the intestinal tract, which may explain 
why parasites eventually are expelled from the intestine in 
conjunction with mucus (Miller and Nawa, 1979). Figure 4 il-
lustrates possible mechanisms of immune complex-mediated 
goblet cell mucus release on the intestinal surface. 

B. Intrinsic Barrier 

Once antigens have negotiated the many components of 
the extrinsic barrier mechanism, a considerable physical bar-
rier to further penetration exists. This barrier is formed by 
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Figure 5 Schematic representation of the processing of protein anti-
gen at the surface of the gut. Prior to immunization (left), a small por-
tion of ingested protein escapes intraluminal digestion and is taken up 
by the enterocyte and transported to the intercellular spaces. After im-
munization (right), antibodies present on the gut surface interact with 
antigen to form complexes, thereby preventing or decreasing the bind-
ing of antigen to, and subsequent pinocytosis of antigen by, intestinal 
epithelial cells. Antigens complexed with antibodies in the mucus 
coat (glycocalyx) may be degraded by pancreatic enzymes absorbed 
to the gut surface. Consequently, less antigen is available to intestinal 
epithelial cells. [Reprinted with permission from Walker et al. (1975). 
Copyright © of the American Gastroenterology Association.] 

the surface of the enterocytes and the tight junctions that 
are formed between the cells. However, this barrier is not 
impervious to the passage of antigens, as once was thought. 
The integrity of this barrier often is reduced in diseases of 
the gastrointestinal tract. 

1. Microvillous Structure 

Microvilli could constitute a significant barrier because of 
their size and charge. In the intestinal epithelium of children 
(Phillips et al., 1979) are 40 microvilli each of diameter 100 
nm every 5 μ,πι. Thus, if microvilli beat in unison, the distance 
between them is only 25 nm, which is the same order of 
magnitude as the dimensions of some macromolecules, for 
example, albumin at 3 x 13 nm. Microvilli also are nega-
tively charged (they stain easily with ruthenium red; Jacobs, 
1983); therefore a charged molecule may be inhibited signifi-
cantly even if its diameter is less than 25 nm. 

The site of invagination of apical plasma membrane has 
been demonstrated as being between microvilli (Shibata et 
al., 1983; Gonnella and Neutra, 1984; Knutton et al., 1974). 
Thus, antigens likely must pass the microvillus c'barrier" to 
enter the cell, a restriction that has direct relevance to disease 
processes, since any agent that strips off microvilli or affects 
their formation will alter the barrier function of the intestine. 
Microvillus structure is altered greatly by infections of cryp-
tosporidia (Phillips et al., 1992) or enteropathogenic Esche-
richia coli (Ulshen and Rollo, 1980). 

Additional support for the concept of a micro villous barrier 
comes from morphological studies on M cells. The function of 
these cells is macromolecular transport. Unlike absorptive cells, 
they do not have well-developed microvilli. Since every mor-
phological feature of these cells is in keeping with their func-
tion, microvilli are likely to constitute a significant barrier. 

2. Enterocyte Surface Membrane 

At the base of the microvilli, the surface of the enterocyte 
consists of plasma membrane. As in other cells, this mem-
brane is composed of a lipid bilayer through which are situ-
ated membrane-bound proteins. This bilayer presents a con-
siderable barrier to antigen transport because of its physical 
structure. In fact, that antigens can cross this lipid bilayer 
into the enterocyte cytosol is very unlikely. However, invagi-
nation of apical membranes occurs regularly, allowing macro-
molecules to be carried into the cell within membrane-bound 
compartments (Figure 2). Indeed, a large number of compart-
ments exists beneath the apical surface of the enterocyte into 
which antigens can be transferred. Some of this activity is 
physiological and has been described in an earlier section; 
however, bystander molecules can be carried into the cell 
by this process, as was demonstrated clearly in electron mi-
crographs that showed HRP inside membrane-bound com-
partments (Cornell et al., 1971). Stern and Walker (1984) 
have shown that binding to the surface of the enterocyte is 
an important determinant of whether macromolecules are 
transported across the cell. For both BSA and BLG, absorp-
tion was nonsaturable and correlated with binding to the 
intestinal surface. Membrane-bound macromolecular trans-
port can be distinguished from molecules moving freely in 
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the lumen of compartments of the enterocyte (Gonnella and 
Neutra, 1984) in newborn rat ileum. 

Binding to the surface of the cell depends on the structure 
of the antigen and the chemical composition of the microvil-
lous membrane. Both these factors can vary. The structure 
of the antigen depends on the actual antigen itself. BSA binds 
less efficiently to the surface of the intestine than BLG and, 
consequently, is transported less readily (Stern and Walker, 
1984). In addition, structural alterations in antigen caused by 
proteolysis also might affect its binding, since this activity 
will change the physicochemical characteristics of the mole-
cule. For example, the gliadin fraction B3 (Stern et al., 1988) 
binds less well to microvillous membrane protein than the 
pure gliadin peptide B3142. 

The composition of the microvillous membrane has a 
marked effect on antigen binding. Plasma membrane consists 
of both lipids and proteins, and changes in either will affect 
binding to antigen. Partial digestion of microvillous mem-
brane can alter binding to macromolecules (Stern and Geller-
man, 1988). Damage to the protein in membranes is unlikely 
to occur in healthy individuals since the intestinal surface is 
protected by mucus. However, if the mucus layer is affected 
by, for example, resident bacteria, some digestion of the 
surface membrane might occur, leading to increased antigen 
binding and transport; such an occurrence, however, is prob-
ably rare. Changes in lipid composition, on the other hand, 
are encountered regularly because lipid composition changes 
with development. Differences in membrane composition can 
be detected by electron spin resonance (ESR). In this tech-
nique, the movements of the lipid-soluble probe can be fol-
lowed by a spectrophotometer (Pang et al., 1983). Move-
ments of the probe in the membrane of the newborn rabbit 
were less confined than in membranes from adults, suggesting 
a more disorganized membrane structure. Indeed, chemical 
analysis of the membrane (Chu and Walker, 1988) demon-
strated changes in the phospholipid headgroups with age, as 
well as alterations in protein-lipid ratios (Pang et al., 1983). 
Changes in membrane fluidity noted by ESR were found to 
correlate with alterations in lectin binding (Pang et al., 1985). 
These changes were noted to be under hormonal control, 
since alterations in the fluidity were affected by both corti-
sone and thyroxine (Israel et al., 1987). 

3. Intracellular Organelles and Enzymes 

Antigens that enter enterocytes from the lumen are af-
fected by a number of different factors that will influence 
transport to the basolateral surface. Of primary importance 
is the rate of vesicular passage to the basolateral membrane, 
which will depend on the rate of endocytosis, the proportion 
of vesicles being directed toward the lysosome, and the speed 
of travel of membrane-bound compartments. The rate of 
breakdown of products held in membrane compartments is 
determined by lysosomally derived enzymes that include pro-
teases, such as cathepsin B and D, and enzymes that catalyze 
carbohydrate breakdown, such as acid phosphatase and man-
nosidase. The degree to which the organellar contents en-
counter such enzymes determines the rate of intracellular 
destruction of macromolecules. This encounter can be in the 
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lysosome or in endocytic vesicles (Dinsdale and Healy, 1982). 
We know that such enzymes are present in intestinal epithe-
lial cells at levels of activity that can influence macromolecu-
lar transport. In the rat (Davies and Messer, 1984), cathepsin 
B and D activity can be found throughout the length of intes-
tine, particularly in the mid and distal thirds. Interestingly, 
this activity peaks in the second week of age and then falls 
progressively. The ontogeny of macromolecular transport 
(Udall et al., 1981a) in no way reflects this pattern, emphasiz-
ing the importance of interaction between membrane-bound 
compartment flow and enzyme activity. This interaction is 
seen more clearly in the piglet, in which intestinal cathepsin 
B and D levels do not change with age (Ekstrom and Wes-
trom, 1991) but closure can be demonstrated clearly in the 
second day of life. 

Although cathepsins are capable of destroying macromo-
lecular biological activity, they may not digest the protein mol-
ecule completely so the final steps in digestion of peptides may 
be by peptidases (Vaeth and Henning, 1982) in the cytoplasm. 

4. Junctions between Cells 

The physical barrier that prevents penetration of antigen 
across the intestinal epithelium consists of two main compo-
nents: the epithelial cells (the transcellular route) and the 
spaces between cells (the paracellular route). The pathophys-
iology of this latter pathway has been reviewed (Powell, 1981; 
Gumbiner, 1987; Madara, 1989b, 1990). The pathway consists 
of the tight junctions (or zonulae occludentes) and the sub-
junctional space. 

The subjunctional space dose not act as a significant barrier 
since molecules as large as HRP can diffuse freely between 
the serosa and this space. However, the tight junctions offer 
a substantial barrier to diffusion of large molecules, although 
they are permeable to water and small ions (Frizzell and 
Schultz, 1972). Claude and Goodenough (1973) demonstrated 
a correlation between the structure of the tight junction as 
seen in freeze fracture preparations and passive electrical 
permeability in a number of epithelial preparations. The prep-
arations, when viewed under the electron microscope, show 
a network resembling anastomosing strands. The composi-
tion of these strands is unknown, but they are likely to be 
proteins of high tensile strength. In tight epithelia (such as 
gall bladder), many such strands are seen, whereas in more 
permeable epithelia (such as mammalian proximal small in-
testine), few are found. The relationship between strand den-
sity and epithelial resistance has been confirmed in intestinal 
epithelial cells (Madara and Dharmsathaphorn, 1985), T84 
cells, grow as confluent monolayers in culture. In the first 
10 days after passage, the junctions become increasingly 
tight, as judged by transepithelial resistance. This resistance 
was found to correlate with the number of strands formed 
between cells. 

The barrier formed by tight junctions is preserved even 
when epithelial cells themselves are extruded at the villous 
tip. The band from the tight junction moves away from the 
apex down the lateral aspect of the cell as the cell is extruded 
(Madara, 1990b). Eventually, younger cells beneath the ex-
truding cell form tight junctions at the very moment that the 
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old cell is lost. Thus, the preservation of the tight junction 
network is a function with importance that overrides that of 
epithelial cell viability. 

The tight junction is a dynamic structure with resistance 
that varies with events taking place in the epithelium and 
intestinal lumen. Changes in paracellular absorption occur 
during active transport of nutrients by epithelial cells, particu-
larly in relation to smaller molecules. Pappenheimer and col-
leagues (Madara and Pappenheimer, 1987; Pappenheimer, 
1987; Pappenheimer and Reiss, 1987) have calculated that 
the rate of uptake of molecules smaller than 5500 Daltons 
from the lumen was proportional to the rate of fluid absorp-
tion—a concept known as solvent drag. The application of an 
alternating current across isolated intestine, with and without 
mucosa, gave an estimate of the impedance of the intestinal 
mucosa. The impedance falls with the stimulation of sodium-
coupled solute transport across the enterocyte. Therefore, 
sodium-coupled solute transport may trigger contraction of 
cytoskeletal elements of the enterocyte, which in turn pulls 
open tight junctions. These predictions have been confirmed 
by electron microscopy (Madara and Pappenheimer, 1987). 
Sodium-dependent transport of solutes such as glucose and 
amino acids induces expansion of intercellular spaces associ-
ated with condensation of microfilaments of the actinomycin 
ring associated the tight junction. Although these observa-
tions have enormous importance for the physiology of ab-
sorption of nutrients, their impact on our understanding of 
macromolecular transport has yet to be fully assessed. The 
calculated pore radius of the open tight junction (5 nm) is 
similar to that of small macromolecules; sodium-assisted glu-
cose transport will, in fact, allow the passage of polypeptides 
11 amino acids long (MP-1; Atisook and Madara, 1991) but 
larger immunogenic proteins may not pass through this route 
under physiological conditions. HRP, for example, does not 
pass the tight junction (Atisook and Madara, 1991) even when 
these junctions have been rendered permeable to MP-1. 

However, pathological insults to the intestine may open 
these pores sufficiently to allow passage of antigens. The 
macromolecular permeability of the gut in disease models 
needs to be reexamined using Pappenheimer's methodology. 
Macromolecular markers of different sizes, charges, and hy-
drophilicity all have been used independently in vivo in ani-
mals and humans, but the physical characteristics of these 
molecules have not been used to predict pore size in disease. 
An important model of increased permeability caused by 
intestinal inflammation is the effect of mast cell dependent 
reactions in the rat intestine following Nippostrongylus bra-
siliensis infection. Increased amounts of BSA can be detected 
immunologically in the circulation after infection with the 
organism, following mild systemic anaphylaxis (Bloch et al., 
1979). Similarly, transfer of 51Cr-labeled EDTA and oval-
bumin is enhanced (Ramage et al., 1988). Estimating the 
physical characteristics of the paracellular pathway during 
inflammation should be possible. 

The permeability of the tight junction can be examined in 
vitro, enabling workers to study the effects of epithelial 
events that are seen in vivo. Monolayers of epithelial cells 
(T84) have effective tight junctions that produce a resistance 

of —1500 Ω cm2. Application of interferon y (Madara and 
Stofford, 1989) reduces the resistance and allows easier per-
meation of large sugars. Interferon y levels are increased in 
the mucosa of patients with Crohn's disease because of T-
cell activation. Bowel inflammation is characterized by the 
transepithelial passage of polymorphonuclear neutrophils 
(PMNs). This phenomenon has been reproduced in vitro by 
placing chemotactic agents and PMNs on different sides of 
the monolayer (Nash et al., 1987). The passage of neutrophils 
opens tight junctions, reducing the resistance of the mono-
layer resistance and allowing transfer of large sugars. 

VI. CONCLUSIONS 

The mucosal barrier, like the skin, defines the boundary 
between an animal and its environment. Unlike the skin, 
the mucosae of the gut and respiratory tract must absorb 
substances that are essential for life. To be selective, the 
intestinal mucosa has developed a complex network con-
taining elements that are extrinsic to the intestine itself and 
those defined by intestinal structure. The challenges for the 
future lie in defining the role of these barriers in the establish-
ment of gastrointestinal disease. Examining whether cellular 
elements in the mucosal immune system can recognize anti-
gens without their needing to penetrate the intestinal epithe-
lium will also be interesting. The observations that members 
of the immunoglobulin superfamily are found on the surface 
of the epithelium and that lymphocytes can pass into the 
intestinal lumen make this a tantalizing possibility. 
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Innate Humoral Factors 

Kenneth M. Pruitt · Firoz Rahemtulla · Britta Mansson-Rahemtulla 

I. INTRODUCTION 

We define the innate humoral factors as those proteins 
that are secreted onto mucosal surfaces by exocrine glands 
and are able to carry out their protective functions indepen-
dent of the presence of specific antibodies. The innate hu-
moral factors are important components of mucosal defense 
mechanisms. Two families of proteins that function as innate 
humoral factors—the acidic proline-rich proteins (PRP) and 
the histidine-rich proteins (HRP)—have not been included 
in this chapter because of space limitations. The PRPs and 
HRPs are present in high concentrations in mucosal secre-
tions and participate in a variety of defensive mechanisms. 
These proteins have been the subject of several reviews (PRP, 
Hay and Moreno, 1989; HRP, Oppenheim, 1989). 

II. LACTOFERRIN 

Lactoferrin (Lf) is found in the exocrine secretions, blood, 
and leukocytes of many species and has been the subject of 
numerous investigations. Mammalian Lfs show structural 
homologies and may have common antigenic determinants 
(Magnuson et al., 1990). Lfs from different species have 
similar properties (Shimazaki et al., 1991). A comprehensive 
review of the vast Lf literature is beyond the scope of this 
chapter. Here we focus on selected aspects of the biochemis-
try and biology of human Lf. Human Lf is an 80-kDa glyco-
protein composed of a single polypeptide chain of 691 resi-
dues. The three-dimensional structure of this molecule has 
been determined from X-ray crystallographic analyses (Baker 
et al., 1991). The complete cDNA nucleotide sequence has 
been reported (Powell and Ogden, 1990; Rey et al., 1990) 
and the amino acid sequence has been determined (Metz-
Boutique et al., 1984; Anderson et al., 1989). The amino acid 
sequence deduced from cDNA (Rey et al., 1990) was 98% 
identical to the reported sequence (Anderson et al., 1989). 
Lf binds Fe3+ reversibly but with great affinity (KB ~1020), 
but has much less affinity for Fe2+ (KB ~103). The molecule 
has an absolute requirement of binding one HC03~ with each 
Fe3+ 

Apolactoferrin (apo-Lf) and diferric Lf (both Fe3+ sites 
occupied) have different three-dimensional structures (Baker 
et al., 1991). In the diferric form, the molecule is folded into 
two globular lobes, the N lobe and the C lobe, representing 

the N-terminal and C-terminal halves with similar three-
dimensional structures. Each lobe contains one Fe3+ and one 
HC03~ binding site located in a deep cleft between two 
dissimilar domains. Thus, the molecule has a two-lobe four-
domain structure. Each lobe has one site of carbohydrate 
attachment. Although little is known about the structure of 
the carbohydrate components, one report (Kawasaki et al., 
1992) provided evidence that the terminal sialic acid residues 
in these components are important structural determinants 
for the Lf inhibition of the binding of cholera toxin to Chinese 
hamster ovary cells. The two lobes are connected by a three-
turn a helix. In apo-Lf, the N-lobe binding cleft is open wide 
whereas the C-lobe binding cleft is closed although no Fe3+ 

is bound. The molecule is quite flexible, and extensive folding 
is associated with the binding of Fe3+. Deferric Lf has in-
creased conformational stability and increased resistance to 
unfolding compared with apo-Lf (Harrington, 1992). 

An isoform of Lf, hmRNase with high ribonuclease activity 
against retroviral-like RNAs, has been identified in human 
milk (Furmanski et al., 1989). Lf and hmRNase comigrate on 
SDS-PAGE with calculated sizes of 80 kDa, stained similarly 
with periodic acid-Schiff reagent, had the same pi (8.7) as 
determined by isoelectric focusing, yielded identical peptide 
patterns after treatment with trypsin or papain, and had iden-
tical NH-terminal amino acid sequences (determined up to 
8 residues). Monospecific rabbit antihuman Lf reacted identi-
cally with Lf and with hmRNase. In spite of these striking 
similarities, Lf has no RNase activity and hmRNase does 
not bind iron. The biological origins of these isoforms of Lf 
are unknown. Another example of structurally similar and 
functionally distinct milk proteins, found in bovine, goat, 
sheep, and human milk in comparable quantities, is the lac-
toperoxidase enzyme and a nonheme lactoperoxidase that is 
enzymatically inactive (Allen and Morrison, 1963; Dumontet 
and Rousset, 1983). These two lactoperoxidase isoforms have 
the same apparent molecular weight, similar amounts of car-
bohydrate, similar peptide maps after subtilisin or trypsin 
treatment, and lines of identity in immunodiffusion experi-
ments. The origin and biological significance of these iso-
forms of lactoperoxidase are unknown as well. 

The iron-binding properties of Lf generally have been as-
sumed to be the basis for its biological functions. The low 
frequency of iron deficiency anemia in breast-fed infants has 
been attributed to the transport of iron to the intestinal mu-
cosa of the infant in a readily available Lf-bound form. A 
human Lf receptor has been isolated from human fetal intesti-
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nal brush border membranes (Kawakami and Lönnerdal, 
1991). The receptor specifically bound human Lf and showed 
little affinity for bovine Lf or for human transferrin. However, 
the data supporting the role of milk Lf in the bioavailability 
of iron are conflicting (Hurley and Lönnerdal, 1988). Studies 
of human infants (Roberts et al., 1992) have failed to estab-
lished a unique role for Lf in modulating the development of 
infant fecal flora. Reports (reviewed by Djeha and Brock, 
1992) of the effects of Lf on human T-lymphocyte prolifera-
tion are complex and conflicting. An interesting hypothesis 
is that the release of Lf by degranulation of neutrophils may 
preserve T-cell function at inflammatory sites. 

In contrast to the in vivo studies reviewed earlier, the in 
vitro antimicrobial properties of Lf have been confirmed by 
numerous reports. Lf kills or inhibits the growth of many 
species of microorganisms. The studies summarized in Table 
I show that, in general, dose-dependent killing or inhibition 
of microorganisms is caused by apo-Lf but not by iron-satu-
rated Lf. The specific kinetics and quantitative aspects of 
the dose response depend on the species of microorganism. 
Human and bovine Lf have similar properties. Both proteins 
bind to the surface of microorganisms in the apo- and iron-
saturated forms. Binding may or may not be correlated with 
the biological effects, depending on the species of microor-
ganism. Susceptibility of microorganisms to Lf depends on 
pH, growth phase, temperature, composition of the reaction 
medium, and methods used to determine viability. Suble-
thally injured cells of Escherichia coli apparently are able to 
repair damage caused by Lf when the cells are cultured on 
blood agar, but not when they are enumerated by the pour 
plate method (Rainard, 1987). Biological effects may be 
blocked by citrate, by iron salts, and by Ca2+ and Mg2+. 
Many of the observed biological effects are consistent with 
the hypothesis that Lf acts by interfering with microbial iron 
metabolism. However, Lf binding to microbial membranes 
produces other effects as well, including damage to the outer 
membrane of gram-negative bacteria resulting in subsequent 
release of lipopolysaccharides (LPS), increased cell perme-
ability (Ellison et al., 1988), and increased susceptibility to 
hydrophobic antibiotics (Ellison et al., 1990). 

Many bacteria are resistant to Lf. Under conditions that 
inhibit the growth of E. coli, six isolates of Streptococcus 
agalactiae and five isolates of Streptococcus uberis were 
unaffected (Rainard, 1986). Some strains of E. coli, Salmo-
nella wien, and Staphylococcus aureus are resistant to Lf 
inhibition (Dalmastri et al., 1988). This resistance may be 
correlated with the production of enterochelins or aerobac-
tins. Clinical isolates of E. coli that do not bind Lf are not 
inhibited by Lf (Visca et al., 1990). Virulence and Lf resis-
tance may be correlated (Arnold et al., 1980). 

The antibacterial properties of Lf are enhanced in the pres-
ence of other components of mucosal secretions. Suzuki et 
al. (1989) reported that the growth of E. coli strain Oil was 
inhibited moderately in the presence of egg white lysozyme 
alone and by bovine apo-Lf alone. No inhibition was ob-
served in the presence of iron-saturated Lf. The combination 
of lysozyme with either apo-Lf or iron-saturated Lf signifi-
cantly magnified the growth inhibition. However, these au-
thors also reported that the bacteria were agglutinated by the 

lysozyme and iron-saturated Lf mixture. Since these authors 
measured growth spectrophotometrically, the observed 
growth "inhibition" could have been a result of a reduction 
in absorbance as a consequence of agglutination. Ellison and 
Giehl (1991) found that human lysozyme and human Lf alone 
were bacteriostatic for strains of Vibrio cholerae, Salmonella 
typhimurium, and E. coli. However, in combination, lyso-
zyme and Lf were bactericidal for these bacteria. These au-
thors measured the antibacterial effects by serial dilution and 
plating of aliquots from the reaction mixtures. Therefore, 
agglutination could have contributed to the observed reduc-
tion in the cfu/ml. However, transmission electron micro-
scopic observations showed that E. coli cells exposed to the 
combination of lysozyme and Lf were enlarged and hypo-
dense. Large amounts of cell debris were also present. The 
latter observations suggest that killing was a consequence of 
osmotically induced swelling and lysis. This possibility was 
confirmed by the observation that the effects of lysozyme 
and Lf could be partially or totally blocked by increasing the 
media osmolarity. The bastericidal effects were dose depen-
dent, blocked by iron saturation of Lf, and inhibited by high 
concentrations of calcium. These authors also presented evi-
dence that Lf does not chelate calcium. They concluded that 
Lf interacts with the outer membrane of these gram-negative 
bacteria, causing LPS release and increasing membrane per-
meability. This increase in permeability increases the access 
of lysozyme to the bacterial cell wall and accounts for the 
synergistic killing of lysozyme and Lf mixtures. 

Increased killing of gram-positive microorganisms by mix-
tures of Lf and lysozyme also has been reported (Soukka et 
al., 1991a). Human apo-Lf and human lysozyme alone gave 
a dose-dependent reduction in viable counts of a strain of 
Staphylococcus mutans. No reduction was observed with 
iron-saturated Lf. Mixtures of apo-Lf and lysozyme showed 
an additive but not synergistic reduction in viable counts. 
The contribution of aggregation to the reduction in viable 
counts was minimized by subjecting mixtures to vortexing 
and ultrasonic treatment before plating. The killing of S. 
mutans by Lf and lysozyme was not as dramatic as that 
reported for gram-negative bacteria. An additive effect of the 
lactoperoxidase system on apo-Lf killing of S. mutans has 
been reported (Soukka et al., 1991b). These authors also 
reported that the lactoperoxidase system alone had a bacteri-
cidal effect on this bacterium at pH 5.5. Esaguy et al. (1991) 
reported that the 65-kDa heat-shock protein produced by 
Mycobacterium leprae and by Mycobacterium tuberculosis 
is recognized specifically by polyclonal antibodies directed 
against human Lf, suggesting that these Lf-mimicking bacte-
rial proteins may be responsible for the autoimmune reactions 
observed in individuals suffering from leprosy and tubercu-
losis. 

The hypothesis that Fe2+ and apo-Lf can generate hy-
droxyl radicals (OH*) via an H202 intermediate and that this 
reaction may contribute to the microbicidal activity of phago-
cytes is controversial (reviewed by Klebanoff and Wal-
tersdorph, 1990). These authors have described a series of 
experiments that show that the system is more complex than 
generally is realized and that the results of experiments in-
tended to generate OH* are critically dependent on experi-
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5 · Innate Humoral Factors 

mental conditions. Klebanoff and Waltersdorph reported that 
incubation of Fe2+ with apo-Lf resulted in the formation of 
oxidants that were toxic to E. coli. They obtained evidence 
for the formation of H202 and OH*. However, precise experi-
mental conditions were required to obtain these results. The 
microorganisms must be in the early log phase of growth 
and the following experimental conditions must be met: pH 
4.5-5.5, [Fe2+] ~ 10 μΜ, and [apo-Lf] ~ 0.3 μΜ. These 
investigators explained their results in terms of the following 
mechanism: 

2 Fe2+ + apo-Lf + 2 02 -+ (Fe3 + )2 - Lf + 2 02'- (1) 
2 ΟΓ + 2 H+ -> 02 + H202 (2) 
H202 + Fe2+ -> Fe3 + OH- + OH* (3) 

These authors found that the autooxidation of Fe2+ (reaction 
1) was accelerated greatly by apo-Lf at the pH they used (5.0). 
Formation of OH* was measured by electron paramagnetic 
resonance detection of the signal from the formation of the 
complex between the spin-trap DMPO (5,5-dimethyl-l-pyr-
rolidone-N-oxide) and the OH* radical. Evidence for forma-
tion of H202 was inhibition of the generation of the 
DMPO-OH* complex and of reduction of toxicity by the 
addition of catalase. The strict experimental conditions re-
quired for generation of OH* and for the observation of tox-
icity imply that OH* production by Lf may be restricted in 
vivo. The sensitivity of the reactions to experimental condi-
tions may explain why some authors find that Lf enhances 
OH* production (Ambruso and Johnston, 1981) whereas oth-
ers report that it does not (Baldwin et al., 1984). Britigan and 
Edeker (1991) reported that apo-Lf inhibits OH* formation by 
the hypoxanthine/xanthine oxidase/027H202 system. How-
ever, diferric transferrin and, to a much lesser extent, diferric 
Lf, when treated by Pseudomonas elastase, induce OH* radi-
cal formation by this system. Thus, at sites of Pseudomonas 
aeruginosa infection, alteration of transferrin and Lf by bac-
terial enzymes may contribute to tissue injury by increasing 
the local potential for OH' formation. Nakamura (1990) pre-
sented evidence that the Fe3+ bound to diferric Lf may be 
reduced to Fe2+ by the NADPH-cytochrome P450 reductase 
system in the presence of Superoxide dismutase, resulting in 
formation of OH* through reaction of H202 with Lf Fe2+. 
Britigan et al. (1991) reported that, when human monocytes 
were incubated with apo-Lf, cell-associated apo-Lf increased 
in proportion to apo-Lf concentration in the incubation me-
dium. These investigators estimated 3.4 x 107 Lf binding 
sites per monocyte. Similar results were obtained with difer-
ric Lf. These researchers stimulated OH* formation by 
exposing the cells to phorbol myristic acetate (PMA) in the 
presence of ferric nitrilotriacetic acid. The generation of OH* 
by apo-Lf-loaded monocytes was reduced by 50% compared 
with controls. Under these conditions, auto-oxidation of cell 
membranes was reduced 28% in the apo-Lf-loaded cells com-
pared with controls. These authors suggested that Lf may 
protect tissue in vivo from phagocyte-associated OH* genera-
tion. The various studies reviewed in this section show that 
apo-Lf and diferric Lf may contribute to or inhibit the forma-
tion of OH", depending on specific reaction conditions. The 
chemistry of these reactions is complex and speculations 
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relating the results of in vitro experiments to conditions ex-
isting in vivo must be considered carefully. 

Several studies have been undertaken to determine directly 
the possible in vivo significance of the antimicrobial proper-
ties of Lf. Human Lf was administered to 5 human patients 
receiving chemotherapy for acute myelogenous leukemia 
(Trumpler et al., 1989). The Lf did not delay the onset of 
enterogenic infection significantly but reduced its duration 
and severity. Compared with 9 matched untreated controls, 
Lf-treated patients had a lower incidence of bacteremia. In 
animal studies, calves experimentally infected with E. coli 
were treated with a preparation containing the lactoperoxi-
dase system and Lf (Still et al., 1990). Mortality and occur-
rence and duration of diarrhea were significantly lower in the 
treated animals than in infected but untreated controls. The 
latter study did not distinguish between the effects of the 
lactoperoxidase system and those of Lf. In another study 
(Zagulski et al., 1989), the survival of mice injected with a 
lethal dose of E. coli was improved significantly when either 
human or bovine Lf was administered intravenously 24 hr 
before challenge. Different results were obtained by Czirok et 
al. (1990). These authors confirmed the in vitro antibacterial 
effects of Lf against various strains of E. coli, S. typhimurium, 
and P. aeruginosa. However, when mice were injected with 
these same organisms and injected also with Lf using different 
routes of injection and different time schedules, the results 
did not establish a consistent pattern for the ability of Lf to 
protect mice from the lethal effects of injected microorgan-
isms. The latter was a complex study. Some of its conclusions 
did not seem to be supported clearly by the data presented. 

The in vivo significance of the many observations of the 
in vitro antimicrobial effects of Lf has yet to be firmly estab-
lished by direct observation. A comprehensive understanding 
of the in vivo significance of Lf must await the outcome of 
future studies. However, the evidence reviewed here sug-
gests that the biological activity of Lf must be considered 
within the context of the concomitant actions of other compo-
nents of mucosal secretions. 

III. LYSOZYME 

Human milk lysozyme appears to be identical to the forms 
of lysozyme found in other body fluids such as urine and 
pancreaticjuice(Canfieldeia/., 1971; Jollesand Jolles, 1971; 
Wang and Kloer, 1985). The concentration of lysozyme in 
human milk is higher than it is in the milk of most other 
species. In human milk, lysozyme concentrations are 3000 
times higher than in cow milk (Parry et al., 1968). Concentra-
tions vary during lactation. The mean concentration of human 
lysozyme during the first few days of lactation is approxi-
mately 80 μ-g/ml, falls to 20-25 /xg/ml at 1 month, and rises 
to 245 ^g/ml after 6 months of lactation (Goldman et al., 
1982,1983). 

Human lysozyme consists of a single polypeptide chain, 
composed of 129 amino acids, with a molecular mass of 14,600 
Da and a pi of 10.5. This protein is cross-linked by four 
disulfide bridges that give stability to the compact, roughly 
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ellipsoidal structure (for review, see Jolles and Jolles, 1984). 
Lysozyme isolated from different species and different or-
gans of the same individual shows the same type of biological 
activity. However, these enzymes differ in their chemical 
properties (Jolles and Jolles, 1984) and specific activity (Bal-
kejian et al., 1969). Human salivary lysozyme originates from 
the salivary glands and oral leukocytes present in the gingival 
crevices (Petit and Jolles, 1963; Senn et al., 1970; Raeste, 
1972; Korsrud and Brandtzaeg, 1982). The salivary concen-
tration of lysozyme ranges from 2 to 80 //,g/ml. Because of 
its higher specific activity, human lysozyme is considered a 
more potent antibacterial factor for oral microorganisms than 
hen egg white lysozyme (Iacono et al., 1980,1982). Human 
lysozyme exerts its antibacterial effects by hydrolyzing the 
peptidoglycans of the bacterial cell wall (muramidase activ-
ity) by cleaving the ß(l-4) glycosidic bond between N-
acetylmuramic acid and N-acetyl-D-glucosamine (Chipman 
and Sharon, 1969), by activating bacterial autolysins (Laible 
and Germaine, 1985), by aggregating bacteria (Pollock et al., 
1976) resulting in inhibition of bacterial adherence (Iacono 
et al., 1980), and by inhibiting acid production by oral strepto-
cocci (Twetman et al., 1986; Lumikari and Tenovuo, 1991). 
Originally, the antibacterial effects of lysozyme were as-
cribed only to the lytic activity. However, several studies 
(Laible and Germaine, 1985; Wang and Germaine, 1991) re-
ported that bactericidal and autolytic activities that are inde-
pendent of the enzymatic activity, as well as the cationic 
property (pi ~ 10.5) of the molecule, are essential for the 
bactericidal characteristic of the protein. Although oral strep-
tococci are not lysed directly by lysozyme, the cell walls are 
damaged by exposure to lysozyme to such an extent that a 
subsequent addition of anions or detergents results in immedi-
ate lysis (Goodman et al, 1981; Cho et al., 1982; Laible and 
Germaine, 1985; Pollock et al., 1987; Wang and Germaine, 
1991). Additionally, the major monovalent anions in saliva, 
namely bicarbonate, fluoride, thiocyanate, and chloride, all 
have been demonstrated to activate bacterial lysis at neutral 
pH, whereas only bicarbonate triggers lysis of oral strepto-
cocci at acidic pH (Wilkens et al., 1982; Pollock et al, 1983). 
Electron microscopic studies have demonstrated that, in the 
absence of salt or detergent, S. mutans treated with high 
concentrations of lysozyme exhibits areas of cell wall dissolu-
tion without cell lysis (Bleiweis et al., 1971; Cho et al., 1982; 
Iacono et al., 1985). Adsorption of lysozyme to oral bacteria 
is strongly dependent on pH and ionic strength. Bacteriolysis 
caused by this cationic molecule therefore may be of physio-
logical significance in an environment such as the oral cavity 
in which a continuous variation in pH and in ionic strength 
occurs. However, note that the susceptibility of various sero-
types of S. mutans to lysozyme varies considerably; for ex-
ample, Streptococcus rattus, serotype b, is highly sensitive 
whereas S. mutans, serotype c, is less sensitive (Iacono et 
al., 1980). 

Several studies have demonstrated a synergistic inhibitory 
effect of lysozyme and other nonimmunoglobulin defense 
factors in saliva (Arnold et al., 1984; Soukka et al., 1991a,b; 
Lenander-Lumikari et al., 1992). A combination of lysozyme 
and Lf had a bactericidal effect on S. mutans (Soukka et al., 
1991). Results from our laboratory (Lenander-Lumikari et 
al., 1992) showed that lysozyme alone slightly stimulated 

S. mutans glucose uptake. Incubation with 7-15 μπιοΐ/liter 
HOSCN + OSCN- resulted in 20-40% inhibition of glucose 
uptake. However, when S. mutans cells were incubated with 
lysozyme with subsequent addition of HOSCN and OSCN", 
glucose incorporation was inhibited completely. The inhibi-
tion could be reversed by addition of reducing agents such as 
2-mercaptoethanol and dithiothreitol, indicating dependence 
on the salivary peroxidase (SPO) system. The combined 
treatment with the peroxidase system and lysozyme did not 
affect the viability of the bacteria, since no differences in 
cfu/ml were found between treated and untreated S. mutans. 
When all the components of the SPO system were present 
with lysozyme in the bacterial suspension, the glucose incor-
poration of lysozyme-treated bacteria was inhibited totally. 
However, if the peroxidase enzyme was removed from the 
HOSCN/OSCN " preparation, the inhibition was reduced sig-
nificantly and was only slightly greater than the inhibition 
achieved by HOSCN/OSCN" alone. A possible explanation 
is that, when SPO and SCN" are present in excess in the 
bacterial suspension and minimal amounts of H202 are pro-
duced by S. mutans, the H202 produced would be sufficient 
for the continuous generation of HOSCN/OSCN-, resulting 
in the observed effects on the bacteria. 

The studies reviewed here show that the biological effects 
of lysozyme extend beyond the catalysis of the hydrolysis 
of cell wall components. In part because of its cationic nature, 
lysozyme is able to bind to bacterial cell surfaces and impair 
vital membrane functions. Membrane alterations may facili-
tate the diffusion of products of the SPO system into the 
cell and amplify oxidative damage to enzymes required for 
glucose metabolism. 

IV. PEROXIDASES 

Peroxidase activity has been measured in many mucosal 
secretions (for review, see Tenovuo, 1991): saliva, milk, 
tears, sweat, and mucus from cervix, intestine, and lung. 
The activity is derived from enzymes synthesized in exocrine 
glands and secreted onto mucosal surfaces by the glands. 
Contributions also come from polymorphonuclear leukocytes 
(myeloperoxidase) and eosinophils (eosinophil peroxidase). 
A comprehensive discussion of the numerous studies of the 
various members of the peroxidase family is beyond the scope 
of this chapter. We focus our attention on human salivary 
peroxidase (SPO), human lactoperoxidase (HLPO), and, for 
comparative purposes, bovine lactoperoxidase (LPO). The 
latter enzyme has been studied extensively because of its 
ready availability and has many properties in common with 
SPO and HLPO. 

Peroxidases protect mucosal surfaces from microorgan-
isms by catalyzing the peroxidation of halides (Cl-, Br" , 1 ) 
and the thiocyanate ion (SCN ") to generate reactive products 
that have potent antibacterial properties. Myeloperoxidase 
and eosinophil peroxidase will catalyze the peroxidation of 
C l , B r , I - and SCN-. However, LPO, HLPO, and SPO 
will not catalyze the peroxidation of Cl". In the absence of 
halides and SCN", peroxidases can behave as catalases. The 
catalase and peroxidase activities of these enzymes also pro-
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tect mucosal surfaces by preventing the accumulation of toxic 
products of oxygen reduction. 

Preparations of LPO from bovine milk are heterogeneous 
(reviewed by Paul and Ohlsson, 1985). A major fraction of 
LPO consists of a single polypeptide chain of 78.5 kDa. Sub-
fractions of lower molecular mass are derived by loss of 
carbohydrate groups and by deamidation of asparagine or 
glutamine residues. SPO from human saliva is also heteroge-
neous (reviewed by Mänsson-Rahemtulla et al., 1988). At 
least three major forms of 78, 80, and 280 kDa have been 
reported. Human milk contains at least two peroxidase en-
zymes (reviewed in Pruitt et al., 1992), HLPO and myeloper-
oxidase (MPO). The relative amounts vary widely from sam-
ple to sample and depend on the stage of lactation. The 
properties of HLPO are similar to those of SPO. The MPO 
is derived from milk leukocytes. 

The amino acid sequence of SPO has not been reported. 
However, Dull et al. (1990) used peptide sequences obtained 
from cyanogen bromide fragments of bovine LPO to design 
oligonucleotide probes for screening cDNA libraries con-
structed from bovine and human mammary tissue. The de-
duced amino acid sequence of bovine LPO was consistent 
with reported amino acid compositions and was homologous 
to those reported for myelo-, thyroid, and eosinophil peroxi-
dases. These investigators found that HLPO was homologous 
to bovine LPO. The C-terminal 324 amino acids of these two 
peroxidases showed 84% homology. The complete amino 
acid sequence of bovine LPO, determined by Cals et al. 
(1991), agrees with the deduced sequence reported by Dull 
et al. (1990), except that the latter authors reported aspartate 
at position 9 and asparagine at position 349 whereas the 
former reported aspartate or asparagine and arginine, respec-
tively, at these positions. The enzyme consists of a single 
polypeptide chain containing 612 amino acid residues, with 
15 half-cystines and 4-5 potential N-glycosylation sites. The 
odd number of half-cystines is consistent with other evidence 
suggesting a disulfide bond between the heme and the peptide 
chain. The sequence of LPO can be aligned with human 
peroxidases to give the following similarities: myeloperoxi-
dase, 55.4%; eosinophil peroxidase, 54%; and thyroid peroxi-
dase, 44.6%. In these four enzymes, 14 of 15 of the half-
cystines are located in identical positions. The sequences of 
SPO and HLPO are likely to show similar homologies with 
the other members of the peroxidase family. For comparative 
purposes, the amino acid compositions of LPO and SPO are 
listed in Table II. The compositions are generally similar, 
but significant differences exist. SPO apparently has fewer 
half-cystine, methionine, and isoleucine residues than does 
LPO. However, SPO has more alanine, glycine, proline, and 
serine residues than does LPO. These differences in amino 
acid composition may account for the differences in the bio-
chemical properties of the two enzymes (Pruitt, et al., 1988) 

LPO and SPO also differ in carbohydrate composition 
(Mänsson-Rahemtulla et al., 1988). SPO contains 4.6% and 
LPO 7% total neutral sugars by weight. The weight ratio of 
glucosamine to galactosamine is 2:1 in SPO and 3 :1 in LPO. 
The weight ratios of mannose: fucose: galactose in the two 
enzymes are 1.5:1.4:1.0 for SPO and 14.9:0.5:1.0 for LPO. 

No reports have been made of higher order structural stud-
ies of SPO and HLPO. Spectroscopic circular dichroism (CD) 

studies of bivine LPO suggest 65% ß structure, 23% a helix, 
and 12% unordered structure (Sievers, 1980). Bovine LPO 
probably has an ellipsoidal structure in solution (Paul and 
Ohlsson, 1985) and has properties in solution that are similar 
to those of other small globular proteins (Pfeil and Ohlsson, 
1986). However, inferences about the higher order structure 
of SPO can be made based on amino acid composition (Table 
II) and solution properties. SPO contains 50% nonpolar side 
chains. These nonpolar side chains exist in part as exposed 
clusters on the surface of the molecule, since hydrophobic 
chromatography is an effective means for purification of SPO. 
The molecule also has exposed positive charges on its sur-
face, as indicated by its affinity for negatively charged 
ion-exchange resins. The mosaic of hydrophobic and 
charged groups on the surface of SPO is responsible for 
its strong affinity for many different kinds of surfaces 
(Pruitt and Adamson, 1977; Pruitt et al., 1979; Honka et al., 
1982). 

Since absorbed SPO retains its enzyme activity, attach-
ment to surfaces does not block donor access to the heme 
group. Thus, the surface binding sites and the heme group 
are not in immediate proximity on the SPO surface. This 
separation is consistent with the domain structure proposed 
for LPO by Pfeil and Ohlsson (1986). Based on their observa-
tions and on the general structural similarities between LPO 
and SPO and HLPO, we may suggest that SPO and HLPO 
have at least two structural domains that differ in stability. 

The ultraviolet and visible spectra of bovine LPO and 
human SPO are identical (Mänsson-Rahemtulla et al., 1988). 
Therefore the two enzymes probably have the same pros-
thetic group located in similar environments. The prosthetic 
group of bovine LPO has been identified as protoheme IX 
(l,3,5,8-tetramethyl-2,4-divinylporphyrine-6,7-dipropionic 
acid; Sievers, 1979) and is covalently bound (Nichol et al., 
1987; Thanabal and La Mar, 1989; Modi et al., 1990) to the 
peptide backbone via a disulfide bond at the 8-CH2 group. 
The Fe3+ is held in the porphyrin ring by four bonds to 
nitrogen; the fifth and sixth axial ligands are thought to be a 
histidyl residue and a carboxylate ion (Sievers, 1980; Sievers 
etai, 1983). 

Peroxidase kinetics and reaction mechanisms are very 
complex (for review, see Pruitt and Kamau, 1991). The prod-
ucts of the reactions and the mechanisms depend on the 
particular enzyme; the particular donor; the relative concen-
trations of enzyme, peroxide, and donors; the pH; and the 
temperature. For mucosal defense mechanisms, the most 
significant peroxidase reactions are those related to catalase 
activity and to thiocyanate oxidation. The relevant enzymes 
are SPO (Mänsson-Rahemtulla etal., 1988; Pruitt et al., 1988) 
and HLPO (Pruitt et al., 1992). The actual reactions are 
complex and include multiple intermediates. The net reac-
tions follow: 

1. Catalase activity (occurs in the absence of sufficient 
donor concentrations) 

Native enzyme + 2 H202 —> ferrous enzyme 
+ 02 + H202 

Subsequent reactions may convert the ferrous enzyme 
back to the native enzyme. 
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Table II Amino Acid Composition of Bovine Lactoperoxidase and Human Salivary Peroxidase0 

Nonpolar j 

Alanine 

Cystine 

Glycine 

Isoleucine 

Leucine 

Methionine 

Phenylalanine 

Proline 

Tryptophan 

Valine 

Total 

side chains 

LPO* 

38 

15 

40 

27 

69 

11 

31 

42 

14 

29 

316 

SPOc 

45 

10 

47 

19 

72 

3 

31 

59 

ND* 

23 

(309)e 

Polar side chains 

LP 

Serine 32 

Threonine 32 

Tyrosine 15 

Total 142 

SP 

47 

30 

13 

162 

Basic side chains 

LPO SPO 

Arginine 39 35 

Lysine 33 31 

Histidine 14 11 

Total 86 77 

Acidic side chains 

LP 

Asparagine + aspartic acid 71 

Glutamine + glutamic acid 59 

Total 130 

SP 

72 

64 

136 

a Expressed as the nearest integer per 613 total residues. 
b LPO, Bovine lactoperoxidase. Data from Cals et al. (1991). 
c SPO, Human salivary peroxidase. Data from Mänsson-Rahemtulla et al. (1988). 
d ND, Not determined. 
' Does not include tryptophan. 

2. Peroxidation of SCN" (occurs under normal in vivo 
concentrations of SCN") 

Native enzyme + H202 —» Compound I + H20 
Compound I -I- SCN" —> OSCN" + native enzyme 

In Compound I, both oxidizing equivalents of peroxide 
have been transferred to the heme group. The OSCN" 
is in equilibrium with its conjugate acid (HOSCN, pKa 
= 5.3; Thomas, 1981). The net peroxidation reaction 
may be in an apparent state of dynamic equilibirum in 
vivo (Pruitt et al., 1986) that minimizes the 
concentration of H202 and maximizes the concentration 
of HOSCN and OSCN". 

Both sets of reactions consume toxic H202 and generate 
products that are harmless to the host. HOSCN and OSCN" 
inhibit the growth and metabolism of many species of bacteria 
(for review, see Pruitt and Reiter, 1985). 

The complex dependence of rates of peroxidation on donor 
concentrations and on pH are consistent with the following 
mechanism (Pruitt et al., 1988). 

1. Oxidation of the native enzyme by H202 to generate 
Compound I. This reaction is independent of pH. 

2. Oxidation of SCN by protonated Compound I to 
produce HOSCN and OSCN" and regenerate the native 
enzyme. This reaction is strongly pH dependent. 
Compound I must be protonated to react. A second 
protonation at low pH produces an inactive form. 

3. Binding of SCN" to the native enzyme to produce an 
inactive form. This reaction is enhanced by low pH. 

The major limiting factor for SCN" peroxidation in human 
saliva is the availability of H202, as has been shown by experi-

ments in which the addition of H202 to human saliva in vivo 
(Mänsson-Rahemtulla et al., 1983) and in vitro (Tenovuo et 
al., 1981) results in increased concentrations of HOSCN and 
OSCN". However, concentrations of SCN" below 0.6 mM 
also may be limiting (Pruitt et al., 1982). In human milk, the 
concentrations of SCN" are usually below this level. The 
low peroxidase concentration in human milk also may be a 
limiting factor (for review, see Pruitt and Kamau 1991; Pruitt 
et al., 1992). 

The peroxidase system enhances the antibacterial effects 
of lysozyme and Lf (discussed previously). The reduction of 
bacterial acid production by the peroxidase system is en-
hanced in the presence of secretory IgA (Tenovuo et al., 
1982a), but this effect does not depend on specific antibodies. 

In summary, secretory peroxidase systems in human saliva 
and in human milk are natural defense mechanisms that do 
not require specific antibodies for their effectiveness. They 
protect mucosal surfaces from infection by inhibiting the 
growth and metabolism of many species of microorganisms. 
They prevent damage to mucosal surfaces from toxic prod-
ucts of oxygen reduction by converting hydrogen peroxide 
into products that are nontoxic for host cells but inhibit the 
growth and metabolism of many species of microorganism. 

A. Thiocyanate 

The thiocyanate ion is a critical component of the SPO 
system. This anion is secreted by salivary, mammary, lacri-
mal, and gastric glands and can originate from several 
sources. The major source of SCN" is the detoxification 
reaction of CN~ (Burgen and Emmelin, 1961), which occurs 
primarily in the liver through conversion of CN~ to SCN" 
by the enzyme thiosulfate cyanide sulfur transferase. This 
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enzyme catalyzes the transfer of a sulfur atom from thiosul-
fate to a cyanide ion, the result of which is the far less toxic 
SCN" (for review, see Wood, 1975). Sources of cyanide 
are dietary, for example, from bitter almonds, cassava, or 
tobacco smoke. Certain vegetables of the genus Bras ska also 
contain appreciable amounts of SCN ~ (Weuffeneia/., 1984). 
Thiocyanate is found in parotid; submandibular, and whole 
saliva as well as in gingival crevicular and plaque fluids (for 
review, see Tenovuo, 1985) and milk (for review, see Pruitt 
and Kamau, 1991). Average values of SCN" in saliva of 
nonsmokers has been reported to be in the range of 0.35 to 
1.24 mM, whereas the reported range for smokers varies 
from 1.38 mM to 2.74 mM (Maliszewski and Bass, 1955; 
Courant, 1967; Tenovuo and Mäkinen, 1976; Azen, 1978; 
Lamberts et al., 1984; Olson et al., 1985). In human milk, 
mean values of 0.021-0.122 mM have been reported with 
large variations from sample to sample (for review, see Pruitt 
and Kamau, 1991). 

Thiocyanate is concentrated 10 to 20-fold from plasma into 
the salivary glands (Edwards et al., 1954; Fletcher et al., 
1956; Logothetopoulos and Myant, 1956; Bratt & Paul, 1983) 
in humans and animals. Competition experiments provide 
evidence that iodide, thiocyanate, perchlorate, and nitrate 
compete as substrates for receptors on the same protein that 
transports them across the salivary cells (Edwards et al., 
1954; Fletchers al., 1956; Stephen er al, 1973). The concen-
trating mechanism has been shown to be energy dependent 
(Fletcher et al., 1956). Thus, this mechanism appears to 
be active transport. Tenovuo et al. (1982b) showed that 
the concentration of SCN" in whole saliva rises on initial 
stimulation and then gradually declines. However, in no 
instance does the SCN" secretion (concentration of 
SCN" x secretion rate) in whole stimulated saliva drop be-
low that of unstimulated saliva. These observations indicate 
that the SCN" transport system is able to maintain SCN" 
levels despite the increased dilution resulting from stimula-
tion. Thus, active transport of SCN" may be increased by 
stimulation. Active transport of SCN" into saliva also may 
provide a recycling mechanism for this important ion. Saliva 
is swallowed continuously so SCN ~ would be brought back 
into the blood by the gastrointestinal transport system and 
concentrated again in the salivary glands. This recycling 
mechanism may explain the long half-life (6 days) of SCN" 
in blood (Junge, 1985). 

SCN" has been demonstrated to be extremely important 
in protecting a variety of tissues against tissue destruction 
that might occur as a result of peroxidase-catalyzed oxidation 
of Cl" and Br". For example, in a reaction that accompanies 
the respiratory burst of leukocytes, the oxidation of the Cl~ 
ion by MPO may generate toxic products. MPO, a major 
protein of polymorphonuclear leukocytes, will catalyze the 
oxidation of Cl" by H202 to form water and a highly reactive 
oxidizing agent, the hypochlorite ion (OCl~). Hypochlorite 
will activate latent collagenase, elastase, gelatinase, and ca-
thepsin that are present in leukocytes, and inactivate circulat-
ing protease inhibitors, causing tissue injury (Weiss, 1989). 
The cytocidal hypohalous acid oxidants also can be produced 
by eosinophil peroxidase (EPO) through oxidation of halides 
(Br", Cl", and I ~) in the absence of the pseudohalide SCN ". 

Although the hypohalous acid oxidants mediate the killing 
of bacteria and the extracellular destruction of invading hel-
minthic parasites (Gleich and Adolphson, 1986), these oxi-
dants are also extremely tissue destructive (Slungaard and 
Mahoney, 1991). However, SCN" has been shown to be the 
preferred substrate for both MPO and EPO, although it is 
present in serum in significantly lower concentrations than 
the other halides (Thomas and Fishman, 1986; Slungaard 
and Mahoney, 1991). This preference for SCN" results in 
generation of HOSCN and OSCN", which are nontoxic to 
human cells and tissues (Hänström et al., 1983; Tenovuo and 
Larjava, 1984; Thomas and Fishman, 1986; Slungaard and 
Mahoney, 1991). Note that SCN" is recognized as a useful 
therapeutic agent for the treatment of sickle-cell crises in 
sickle-cell anemia patients. The much greater incidence of 
sickle-cell anemia in African Americans than in tropical Afri-
cans has been attributed to the much greater SCN" content 
of African diets compared with American diets (Agbai, 1986). 

Work from our laboratory has shown that patients suffering 
from leukemia and undergoing chemotherapy have signifi-
cantly lower SCN " concentrations in saliva than do healthy 
control subjects. This reduction is correlated with a simulta-
neous reduction in the number of granulocytes (Mänsson-
Rahemtulla et al., 1991). These observations have led us to 
hypothesize that the reduction in SCN" concentration is 
related to the granulocytopenia resulting from chemotherapy 
and not from the disease itself. A decrease in SCN" may 
cause an accumulation of H202 and subsequent damaging 
effects on the oral mucosa. Hydrogen peroxide has been 
shown to be toxic to a variety of life forms by causing lysis 
of normal cells, for example, red blood cells (Weiss et al., 
1980), endothelial cells (Sacks et al., 1978), fibroblasts (Simon 
et al., 1981), lymphoma cells (Nathan et al., 1979), and gingi-
val fibroblasts (Hänström et al., 1983; Tenovuo and Larjava, 
1984; Bratt et al., 1991). 

B. Peroxidase Antibodies 

Comparative immunological studies of LPO and SPO have 
been published (Mänsson-Rahemtulla et al., 1990). In double 
immunodiffusion experiments, LPO and SPO showed partial 
identity to polyclonal antibodies raised against a highly puri-
fied preparation of LPO. However, in competitive radioim-
munoassays and enzyme-linked immunosorbent assays, LPO 
replaced the test antigen but SPO did not. The epitopes recog-
nized by the antibodies are present on the protein cores of 
LPO and SPO. N-Linked oligosaccharides were removed 
from LPO and SPO by treatment with N-glycanase. The 
deglycosylated peroxidases were subjected to SDS-PAGE 
and transferred to nitrocellulose on which immunodetection 
was performed. Deglycosylation had no effect on the binding 
of the antibodies to the protein cores. Structural differences 
in the core protein of the two enzymes were demonstrated 
by partial proteolytic digestion and subsequent immunode-
tection of the peptide fragments. The antibodies did not in-
hibit the catalytic activity of LPO but did cause partial inhibi-
tion of SPO enzyme activity, indicating that sites of the 
epitopes of the two enzyme were not identical or that they 
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were distributed differently on the enzyme surface relative 
to the location of the catalytic sites (Mänsson-Rahemtulla et 
al., 1990). Ongoing studies in our laboratory using a panel 
of monoclonal antibodies to probe the structures of various 
peroxidases have indicated that substantial cross-reactivity 
exists. Of five monoclonal antibodies raised against SPO, 
four cross-react with LPO, EPO, and MPO whereas one of 
the three anti-LPO monoclonal antibodies cross-reacts with 
SPO and EPO (Mänsson-Rahemtulla and Rahemtulla, 1989; 
Kiser et al., 1991). 

The studies reviewed here show that antibodies raised 
against a single peroxidase, for example, LPO, cannot be 
used for reliable quantitation of other peroxidases (SPO, 
MPO, EPO) in secretions (saliva and crevicular fluid) in which 
several peroxidases may be present. These studies also show 
that the secondary and tertiary structures of LPO and SPO 
reveal different epitopes and that, relative to the catalytic 
sites, these epitopes occupy different positions on the ex-
posed surfaces of the two enzymes. 

V. HIGH MOLECULAR WEIGHT 
GLYCOPROTEINS 

Functions that have been proposed for high molecular 
weight glycoproteins and mucins in saliva include tissue coat-
ing and formation of intraoral pellicles, formation of a lubri-
cating film at hard and soft tissue interfaces, selective clear-
ance and adherence of microorganisms and viruses, 
heterotypic complexing with other salivary proteins, and pro-
tection of the oral mucosa against desiccation (for review, 
see Cohen and Levine, 1989). High molecular weight glyco-
proteins found in saliva are synthesized and secreted by all 
major and minor salivary glands. However, high molecular 
weight mucinous glycoproteins have been localized to cells 
in the labial, submandibular, and sublingual glands by specific 
antibodies to these glycoproteins. Further, distinct acinus 
populations secrete these mucinous glycoproteins (Cohen 
and Levine, 1989; Cohen et al., 1990). All high molecular 
weight glycoproteins bear oligosaccharides that are O-glyco-
sidically linked through N-acetylgalactosamine-serine/thre-
onine linkages. However, mucinous glycoproteins also may 
contain iV-glycosidically linked oligosaccharides (for details 
see Tabak, 1990,1991). 

The agglutinating properties of the. high molecular weight 
glycoproteins have been studied extensively. The first report 
on salivary-induced aggregation of oral bacteria was by Gib-
bons and Spinell (1970), who demonstrated that saliva con-
tained a component that adhered to the tooth surface and 
caused agglutination of bacteria. This component later was 
isolated from whole saliva and partially characterized as a 
high molecular weight glycoprotein containing, of the dry 
weight of the isolated material, 33.3% protein, 19% anthrone-
positive carbohydrates, and 2.9% N-acetylneuraminic acid. 
The remaining components were not chemically character-
ized. Glucosamine and galactosamine were detected in sub-
stantial quantities but the proportions were not reported. The 
amino acid composition revealed that this component was 

rich in threonine, serine, and proline. This glycoprotein could 
cause aggregation of certain oral bacteria, had a high affinity 
for hydroxyapatite, and had similar properties to a compound 
isolated from dental plaque. Based on these observations, 
the authors suggested that the high molecular weight salivary 
glycoprotein played a significant role in the initial formation 
of the dental plaque, as well in further development of the 
bacterial plaque by facilitating binding of the oral microorgan-
isms to each other (Hay et al., 1972). 

Several other high molecular weight glycoproteins in saliva 
have the capacity to agglutinate and prevent oral bacteria 
from adhering to mucosal and hard tissue surfaces (Ericson 
et al., 1976; Levine et al 1978,1985; Eggert, 1980a,b,c,d; 
Ericson and Rundegren, 1983; Rundegren, 1986). These gly-
coproteins are dependent on calcium for their agglutinating 
activity (Gibbons and Spinell, 1970; Eggert, 1980b,c; Runde-
gren and Ericson, 1981). Agglutinating activity is abolished 
by removal of carbohydrate chains by beta elimination (Eric-
son et al., 1976), by removal of sialic acid (Levine et al., 
1978), and by treatment with hydrogen peroxide (Ericson 
and Bra«, 1987). These high molecular weight glycoproteins 
may modulate the oral microbial flora by favoring attachment 
and subsequent proliferation of certain microorganisms or 
by promoting clearance of others. An important question 
regarding the high molecular weight glycoproteins is whether 
the molecules partially characterized by investigators men-
tioned earlier are the same or belong to a family of glycopro-
teins that occur in several forms originating from transcrip-
tional, translational, and posttranslational modifications. 
Understanding the origin of the molecules requires a knowl-
edge of the biochemical structure. Work by Ericson and 
Rundegren (1983) has demonstrated that parotid saliva con-
tains a high molecular weight glycoprotein that can aggluti-
nate S. mutans serotype c strain. The chemical characteriza-
tion of this glycoprotein revealed that it was fucose rich; 
contained sialic acid, hexosamine, and hexose; and had a 
total carbohydrate content of 45%. The peptide core of this 
glycoprotein was rich in aspartic acid, serine, and threonine 
and low in proline residues. The molecular weight was esti-
mated at 5 x 106 Da. After treatment with SDS, the molecu-
lar mass was reduced to 4.4 x 105. The purified preparation 
of this glycoprotein showed agglutinating activity only in 
the presence of calcium; 0.1 μg caused aggregation of 108 

bacteria. Calculations based on these numbers show that 
only a few agglutinin molecules are required for aggregation 
of the bacteria. Assuming a molecular weight of 5 x 106 Da, 
0.1 μ-g corresponds to 2 x 109 agglutinin molecules. There-
fore, approximately 20 agglutinin molecules per bacterial cell 
can be estimated to produce aggregation of the cells. More 
recently, Streptococcus sanguis has been demonstrated to 
contain a receptor that binds purified salivary agglutinin. This 
protein is highly homologous to a surface antigen expressed 
by S. mutans. The interaction of this receptor was inhibited 
by neuraminidase digestion of the salivary agglutinin and also 
by simple sugars containing sialic acid, demonstrating that 
sialic acid is involved in the binding of this microorganism 
(Demuth ei a/., 1988,1990). 

The mucinous glycoproteins occur in at least two different 
forms, a high molecular weight glycoprotein designated MG1 
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and a low molecular weight glycoprotein MG2. Several stud-
ies have demonstrated that the two forms of mucinous glyco-
proteins are present in submandibular saliva obtained from 
a wide variety of species (reviewed in Tabak, 1990,1991). 
MGI and MG2 share common properties. Both are secreted 
from labial, sublingual, and submandibular glands. Their 
amino acid compositions are similar with a preponderance of 
serine, threonine, and proline and a small number of aromatic 
amino acids. Bovine mucins (Tabak, 1990) and porcine mu-
cins (Eckhardt et al., 1987;Timpteeia/., 1988) contain highly 
repetitive sequences dominated by serine, threonine, and 
proline. Both MG1 and MG2 have O-glycosidically linked 
oligosaccharides with 7V-acetylgalactosamine, N-acetylglu-
cosamine, galactose, fucose, and sialic acids. A small amount 
of N-glycosidically linked oligosaccharides has been reported 
to be present in submandibular mucins (Denny and Denny 
1980,1982; Levine et al., 1987). The oligosaccharide side 
chains of mucinous glycoproteins are sulfated; the sulfate 
groups are attached to galactose or C4 or C6 of N-acetylglu-
cosamine residues (Lombardt and Winzler, 1974; Embery 
and Ward, 1976; Tabak and Levine, 1981; Green and Embery, 
1987; Hof soy and Jonsen, 1987). The sulfation has been con-
firmed by demonstration of a sulfotransferase enzyme identi-
fied in rat sublingual and submandibular glands. This enzyme 
catalyzes the transfer of a sulfate ester group from 3'-phos-
phoadenosine-5'-phosphosulfate to the oligosaccharide 
chains. Structural studies of the sulfated oligosaccharides 
have revealed the presence of a sulfate residue on the C6 of 
N-acetylglucosamine (Slomiany et al., 1988,1989). Some of 
the oligosaccharide side chains of the mucins are related 
structurally to blood group antigens. The blood group reac-
tive glycoproteins in saliva have been demonstrated to cause 
aggregation of several strains of oral bacteria (Williams and 
Gibbons, 1975; Gibbons and Qureshi, 1978; Hogg and Em-
bery, 1979,1982; Ligtenberg et al., 1990a,b). 

The mucinous glycoprotein MG1 has a molecular weight 
in excess of 1 million Da. The molecule consists of several 
peptide subunits that are disulfide bridged. MG1 had 15% 
protein and contains only O-glycosidically linked oligosac-
charides that are distributed randomly on the protein core. 
The nonglycosylated regions, referred to as naked regions 
on the molecule, are highly susceptible to proteases. Approxi-
mately 80% of the carbohydrates are located in 292 oligosac-
charide side chains consisting of 4-16 monosaccharides per 
chain. The low molecular weight mucinous glycoprotein MG2 
has a molecular weight of 200-250 kDa and an estimated 
protein content of 30%. The large amount of carbohydrate 
(approximately 69%) is present as 170 oligosaccharide chains 
made up of 2-7 monosaccharide residues each. The oligosac-
charides are predominantly O-linked through serine/threo-
nine-N-acetylgalactosamine bonds, but small amounts of as-
paragine-linked oligosaccharides are also present (Cohen and 
Levine, 1989; Tabak, 1990,1991). 

The studies reviewed here show that the high molecular 
weight glycoproteins found in mucosal secretions are hetero-
geneous. The heterogeneity may arise from transcriptional 
variations and from translational and posttranslational modi-
fications. These glycoproteins have high affinity for mucosal 
surfaces and for the surfaces of microorganisms. This affinity 

is based on carbohydrate components. These components 
are probably responsible for the calcium-dependent bacterial 
clearance and selection, the tissue lubricating, and the protec-
tive properties of these glycoproteins. 
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I. INTRODUCTION 

Adhesion is a key to the organized functions of multicellu-
lar organisms. Adhesion between eukaryotic cells is a prereq-
uisite for the establishment of tissues and organs. During 
embryogenesis, tissues evolve from "founder" cells. The 
progeny remain attached to each other and show greater 
affinity for cells of the same origin than for other cells. 
Changes in adhesive properties often accompany the spread 
of cells to a new site and the development of new functions. 
Adhesion is also fundamental to the communication between 
cells that is required for the diversification of cellular func-
tions. For example epithelial cells have elaborate systems 
for cell-to-cell adhesion. These cells are held together by 
tight junctions that contribute to the barrier function of the 
epithelium by limiting the uptake of water-soluble molecules 
from the lumen. These junctions also maintain the polarity 
of the cells by limiting the flux of membrane proteins from 
the apical to the basolateral part of cell. 

Bacteria share with eukaryotic cells the requirement for 
adhesion. The tendency of bacteria to grow attached to sur-
faces first was observed in aquatic systems (Zobell, 1943). 
Bacteria that were attached to rocks in a stream multiplied 
faster than free-floating cells of the same species (Zobell, 
1943; Gibbons, 1973). Their likelihood of trapping nutrients 
was calculated to be enhanced by the attached state (Zobell, 
1943; Zafriri et aL, 1987). Subsequent studies have shown 
that attachment between bacteria is essential for the coopera-
tion of cells within a colony, as well as for the exquisitely 
regulated interactions that make complex bacterial habitats 
composed of different bacterial species resemble tissues com-
posed of several eukaryotic cell types (Savage, 1984,1988). 

The attachment of bacteria to human cells and tissues 
lacks the seemingly altruistic quality of adhesion between 
eukaryotic cells on the one hand and between bacteria on 
the other. The pro- and eukaryotic cells are unlikely to share 
any expectations of the outcome of this interaction. Attach-
ment is needed for the bacteria to remain in the human host 
and to enhance nutrient access. Unattached bacteria are elim-
inated from mucosal surfaces by the flow of secretions. At-
tachment also is needed to permit the establishment of the 
indigenous microflora for the host to benefit from its func-
tions. For example, the microflora has been proposed as a 
major driving force behind the evolution of genetic polymor-
phisms in the human host (for review, see Svanborg-Eden 
and Levin, 1988). 

In view of the mutual toxicity of bacteria and host cells, the 
consequences of attachment may be severe for both parties. 
Even members of the indigenous microflora contain potent 
toxins and activators of immunity and inflammation. Patho-
gens have evolved additional mechanisms to disrupt the orga-
nization and function of host tissues (Orskov and Orskov, 
1983). A large group of bacteria are considered ''coinciden-
tal' ' pathogens (Svanborg-Eden and Levin, 1988). They per-
sist as members of the indigenous flora at one site, apparently 
without causing damage, but induce disease when they reach 
a different site within the same host. 

The different mechanisms of bacterial adherence may have 
evolved as a way to reconcile the opposing needs of bacteria 
and host. The bacteria select habitats in which survival is 
optimal. This is achieved by the expression of surface mole-
cules—adhesins—that selectively recognize specific habi-
tats, permitting attaching cells to find the appropriate site in 
each new host and to expand their population there (Leffler 
et aL, 1983). The host directs the establishment of the indige-
nous flora by expressing variable receptor structures that 
define the different habitats. By specific attachment to these 
receptors, the flora is directed to these sites. The toxic effects 
of the flora may be reduced if the receptors are loosely associ-
ated with the cells (Svanborg-Eden et aL, 1988a). In contrast, 
pathogens express adhesins that recognize cell-bound recep-
tors that promote the access of toxin, the invasion of bacteria, 
and so on. In this way, the specificity as well as the architec-
ture of bacterial adherence will influence the outcome of 
host-parasite interactions. 

II. MECHANISMS OF ADHERENCE 

Adhesive bacterial surface proteins, adhesins, often act as 
lectins. They bind receptor epitopes provided by host cell 
glycoconjugates (for review, see Mirelman, 1986). All cells 
surround themselves with a shell of carbohydrates. Chemical 
analyses have revealed extensive differences in carbohydrate 
composition among species, individuals, and tissues within 
an individual (Berger et aL, 1982; Hakomori, 1983). Indeed, 
blood group antigens that distinguish one individual from the 
next are often carbohydrate in nature (Berger et aL, 1982; 
Hakomori, 1983). Bacterial cells also use carbohydrates to 
generate individuality. Isolates of Eseherichia coli that share 
the same lipopolysaccharide and capsular polysaccharide an-
tigens are genetically more alike than those with different 
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carbohydrate structures (Caugant et al, 1985). Polysaccha-
ride capsules help maintain the bacterial self, both as a de-
fense against inflammation and as a mechanism for evasion 
of the immune response. 

The extensive variability of oligosaccharide sequences 
makes them suitable as receptors for diverse bacterial li-
gands. Early studies of toxins and viruses showed that micro-
bial ligands can bind glycoconjugate receptors. The influenza 
virus hemagglutinin recognizes certain acetylneuraminic ac-
id-containing structures (van Heyningen, 1974). Cholera 
toxin binds specifically to GM1 ganglioside (Paulson, 1985). 
The fimbriae of gram-negative E. coli recognize a variety of 
host cell glycoconjugates. Adherence consequently might be 
achieved by the binding of a host lectin to a bacterial glyco-
conjugate. 

A. Escherichia coli P Fimbriae Bind to the 
Globoseries of Glycolipids 

Before the identification of glycolipid receptors, the in 
vitro attachment of bacteria to a given epithelial cell type 
was known to predict their ability to colonize a mucosal site in 
the individual. This ability was demonstrated for streptococci 
with affinity for different mucosal compartments within the 
oral cavity (Gibbons and van Houte, 1971,1975) and for 
uropathogenic E. coli that attached to uroepithelial cells 
but not to small intestinal cells (Leffler et at., 1983; Leffler 
and Svanborg-Eden, 1980). At the same time, biochemical 
analyses of intestinal epithelial glycolipids had shown that 
epithelial cells are highly glycosylated, and that the glyco-
lipid composition varies extensively among species, indi-
viduals, and tissues (see Berger et al., 1982; Hakomori, 1983; 
Leffler et al., 1983; Leffler and Svanborg-Eden, 1986; 
and references therein). The observation of variability 
of bacterial attachment and epithelial glycolipid composi-
tion led us to study and identify glycolipids as receptors 
for P fimbriated E. coli (Svanborg-Eden and Leffler, 1979; 
Leffler and Svanborg-Eden, 1980,1986). The symbol P was 
chosen for two reasons: (1) P fimbriated E. coli are accumu-
lated in patients with acute pyelonephritis (reviewed by 
Svanborg-Eden et al., 1988b; Johnson, 1991). (2) The glo-
boseries of glycolipids acts as both receptors for P fimbriae 
and antigens in the P blood group system (Källenius et 
ai, 1980; Bock et ai, 1985; Leffler and Svanborg-Eden, 
1980). 

The initial studies showed that the receptor activity of 
epithelial cells resided in the globoseries of glycolipids (Lef-
fler and Svanborg-Eden, 1980,1986). Attachment was inhib-
ited by pretreatment of E. coli with those glycolipids. The 
glycolipids also could induce binding to an inert surface or 
to a cell that lacked receptor-active glycolipids. Further, at-
tachment was P blood group dependent. Cells from individu-
als of blood group p, who lack the globoseries of glycolipids, 
did not interact with P fimbriated E. coli (Källenius et al., 
1980; Leffler and Svanborg-Edon, 1980). Additional studies 
have shown variation in receptor activity among members 
of the globoseries of glycolipids (Leffler and Svanborg-Eden, 
1981; Lund et al., 1988; Lindstedt et al., 1989; Strömberg et 
al., 1990). The P fimbriae constitute a family of adhesins 

that recognize the globoseries of glycolipids but differ in the 
preferred receptor epitope. 

The P fimbriae are encoded by the pap family of chromo-
somal gene clusters (Hull et al., 1981). pap gene clusters 
cloned from different E. coli strains show extensive sequence 
homology except for pap A, which encodes the major fimbril-
lin subnits, and papE, papF, and papG sequences, which 
encode the adhesin (Hull et al., 1981; Clegg, 1982; Väisänen-
Rhen et al., 1984; vanDie and Bergmans, 1984; Karr et al., 
1989). The adhesin complex papE-papG is located at the tip 
of the fimbriae (Lindberg et al., 1987; Hanson et al., 1988; 
Jann and Hoschützky, 1989). papG is present in the periplas-
mic space and has been proposed to act as a chaperone 
stabilizing the subunits papE and papG during the transport 
from the inner membrane to the outer membrane (Huttgren 
et al., 1989). papC has been proposed to form a pore through 
which the pilus is assembled (Norgren et al., 1987). papH 
terminates fimbrial assembly and helps anchor the fimbriae 
(Tennent et al., 1990). The roles of pap} and papK are less 
clear. The papJ gene product has been suggested to facilitate 
the assembly of pap A subunits into the pilus structure (Ten-
nent et al., 1990). The papK gene produce has been suggested 
to be a pilin-like protein located at the pilus tip (Tennent et al., 
1990). papB and papl encode regulatory proteins involved in 
positive transregulation of pap A transcription (Norgren et 
al., 1984; Uhlen et al., 1985). 

The G adhesins of thepa/?GIA2 type dominate in the virulent 
E. coli strains that cause acute pyelonephritis (Johanson et 
al., 1993). Their adhesins recognize most members of the 
globoseries of glycolipids, but appear to prefer globotetrao-
sylceramide (Johanson et al., 1992; Strömberg et ai, 1990). 
The G adhesins of the prsGm type are less prevalent among 
clinical isolates and show no clear-cut association with dis-
ease, except possibly acute cystitis (I. M. Johanson). These 
adhesins prefer a receptor epitope composed of an Af-acetyl-
galactosamine α-linked to a globoseries core (Karr et al., 
1989; Lindstedt etal., 1989; Strömberg et al, 1990). Although 
these adhesins also recognize globotetraosylceramide on 
thin-layer chromatogram plates, their binding to uroepithelial 
cells requires the Forssmann or globo-A glycolipids (Lind-
stedt et al., 1989; Johanson et al, 1992). 

B. Type Ί Fimbriae 

Type 1 or mannose-sensitive (MS) fimbrial adhesins recog-
nize mannose-containing receptors. Their binding is blocked 
by solutions of D-mannose or α-methyl-D-mannoside (Duguid 
et al, 1955,1979; Ofek et al, 1985). Receptors for type 1 
fimbriae are present on a variety of cells from many species 
(Duguid et al, 1979). Type 1 fimbriae bind mannose epitopes 
on secreted glycoproteins such as the Tamm-Horsefall pro-
tein and secretory IgA (Orskov et al, 1980; Svanborg-Eden 
et al, 1981; Parkkinen et al, 1988; Wold et al, 1990). When 
these substances coat uroepithelial cells, they may provide 
receptor epitopes for bacterial surface colonization. When 
secreted, they may eliminate type 1 fimbriated E. coli strains 
and prevent colonization or infection. Further, type 1 fim-
briae play a complex role in the interaction with human poly-
morphonuclear leukocytes (PMNs). The adhesion of type 1 
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fimbriated E. coli strains to PMNs may promote bacterial 
killing (Bar Shavit et aL, 1977; Öhman et aL, 1982; Svanborg-
Eden et aL, 1984). The type 1 fimbriae are encoded by the 
pil or fim genes of four clusters (Hull et aL, 1981; Klemm, 
1985). fimA encodes the fimbrial subunit protein and can be 
expressed independent of the^mH-encoded adhesin protein 
(Minion et aL, 1986). The^mA gene product must be present 
on the cells to confer the adhesive phenotype, in contrast to 
what has been found for the P fimbriae. 

The expression of fimbriae is subject to phase variation 
(Brinton, 1965; Eisenstein, 1981; Rhen et aL, 1983; Klemm 
1986). Changes in temperature, glucose concentration, and 
other experimental conditions may switch the fimbriae on or 
off (Uhlin et aL, 1985). Little is known about in vivo growth 
conditions that control fimbrial expression. Pere studied the 
expression of fimbriae in urine directly by immunofluores-
cence and found that the P fimbriae were expressed whereas 
the type 1 fimbriae occurred less frequently (Pere et aL, 
1987). 

C Other Fimbrial-Carbohydrate Interactions 

The fimbria-mediated attachment to oligosaccharide recep-
tor epitopes is common among gram-negative bacteria 
(Beachey, 1981; Mirelman, 1986). Haemophilus influenzae 
attaches to the respiratory tract mucosa via fimbriae that 
have been suggested to recognize N-acetylglucosamine 
ß(l-3)-galactose-containing glycolipids (van Alphen et aL, 
1986; Krivans et aL, 1988). Pseudomonas aeruginosa has 
both fimbria-associated and independent adherence. Attach-
ment of these cells to nasopharyngeal epithelium is fimbria-
mediated and inhibited by acetylneuraminic acid. The attach-
ment to respiratory tract cells is determined by alginate or 
proteins associated with the alginate that specifically recog-
nize gangliotri- and gangliotetraosylceramide, as well as lac-
tosylceramide (Baker and Svanborg-Eden, 1989; Baker et 
aL, 1990). The attachment of Vibrio cholerae to intestinal 
mucosa is inhibited by fucose, but the receptor epitope re-
mains to be identified (Jones and Feter, 1976). Neisseria 
gonorrhoeae binds to a subset of lactose-containing glycolip-
ids, as does the nonvirulent variant Neisseria subflava (Ny-
berg et aL, 1990). Actinomyces naeslundii and Actinomyces 
viscosus bind lactosyl ceramide (Strömberg and Karls son, 
1990). The adherence of Actinomyces to salivary pellicles 
was found to be sensitive to N-acetylgalactosamine ß, but 
with variation in affinity for different N-acetylgalactosamine-
containing glycoconjugates (Strömberg and Karlsson, 1990; 
N. Strömberg, T. Boren, A. Carlen, and J. Olsson, unpub-
lished observations). This list might be extended consid-
erably. 

III. FUNCTIONAL CONSEQUENCES 
OF ADHERENCE 

The simplest outcome of bacterial attachment is the me-
chanical association of bacteria with the receptor-bearing 
surface. This result may be sufficient if the attached state 
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promotes bacterial multiplication and permits the attached 
cells to reach higher numbers than the unattached bacteria, 
which are washed away by the flow of secretions (Zobell, 
1943; Gibbons, 1973; Zafriri et aL, 1987). Attachment is, 
however, also a way for pathogens to gain access to the host 
mucosal tissues. Further, attachment may trigger changes in 
the receptor-bearing target cell such as effacing lesions of 
microvilli, cytokine production, or invasion into or through 
epithelial cells (for review, see Gibbons, 1973; Beachey, 1981; 
Orskov and Orskov, 1983). 

A. Adherence and Toxicity 

The crucial role of adherence for virulence first was demon-
strated in two models—diarrhea caused by K88-bearing E. 
coli in piglets (Smith and Halls, 1967; Smith and Lingood, 
1972; Stirm et aL, 1967) and experimental cholera infection 
in mice (Freter, 1969). Escherichia coli causing diarrhea in 
newborn piglets carried a virulence plasmid encoding the K88 
fimbrial adhesin and the exotoxin. Deletion of the plasmid 
abolished virulence. Mutation of genes encoding the toxin 
or the K88 adhesin permitted experiments to assess their 
relative contribution to virulence. The toxin-negative mutant 
colonized the intestine and caused minor discomfort, but not 
overt disease, in the piglets. The K88-negative mutant did 
not colonize or cause disease. Consequently, both adherence 
and toxin production are required for disease to occur. 

Vaccination studies with V. cholerae gave similar results. 
Vaccinated animals were protected against cholera, but car-
ried the same number of V. cholerae in their large intestine. 
However, the bacteria were localized in the lumen rather 
than adjacent to the mucosal surface (Freter, 1969). Antibod-
ies that prevented adherence protected the animals. Simi-
larly, piglets that received anti-K88 antibodies in milk were 
protected from infection (Sellwood et aL, 1975). 

The synergy between adhesin and toxin since has been 
observed in a variety of models (Sansonetti, 1991; Burroughs 
et aL, 1992). Adherence is presumed to enhance toxicity by 
approaching the bacteria to the mucosal surface in such a 
manner that toxin delivery to the epithelial cells becomes 
more effective (Smith and Halls, 1967; Freter, 1969; Jones 
and Rutter, 1972; Smith and Lingood, 1972). Adherence also 
has been shown to enhance the effect of endotoxins. Whereas 
lipid A alone and P fimbriae alone can trigger a mucosal 
inflammatory response, the magnitude of the response is en-
hanced by the combination of P fimbriae and lipid A (Linder 
et aL, 1991). 

B. Attaching Bacteria Elicit Mucosal 
Cytokine Production 

Bacterial products stimulate cytokine production. Mole-
cules such as endotoxin can activate cytokine production 
in a variety of cells including fibroblasts, monocytes, and 
lymphocytes. Indeed, many of the clinical signs of gram-
negative septicemia may be prevented by compounds that 
inhibit tumor necrosis factor (TNF) and interleukin 1 (IL-1) 
(Tracey et aL, 1987; Michie et aL, 1988; Hirano et aL, 1990; 
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Starnes et al., 1990). Septicemia is, however, a rare event. In 
most cases, the indigenous gram-negative flora and pathogens 
are carried at the mucosal level, where they attach and exert 
the majority of their effects. 

The existence of a mucosal cytokine response to gram-
negative bacteria first was recognized in patients and in exper-
imental infection models. An IL-6 response occurred in mice 
within minutes of intravesial instillation of E. coli bacteria 
(de Man et al., 1989). Even mucosal exposure to dead bacteria 
or isolated P fimbriae elicited an IL-6 response (Linder et 
al., 1991). No elevation of the circulating cytokine levels was 
seen (de Man et al., 1989; Hedges et al., 1991). In humans, 
deliberate colonization of the urinary tract with E. coli bacte-
ria caused an increase in the urinary IL-6 and IL-8 levels 
(Hedges et al., 1991; W. Agace et al., 1993). No concomitant 
elevation of the serum cytokines was measured, however, 
and no induction of symptoms was noted. Patients with natu-
ral episodes of urinary tract infection also were found to 
secrete IL-6 into the urine (Hedges et al., 1992). Elevated 
urinary IL-6 levels were found in most individuals with bacte-
riuria, regardless of the type of bacteria that caused the infec-
tion. Children infected with P fimbriated bacteria had a higher 
cytokine response than other children (M. Benson, U. Jodal, 
A. Karlsson, A. Andreasson, and C. Svanborg, unpublished 
observations), but no significant difference in mucosal cyto-
kine production related to bacterial adherence was seen in 
adults. Elevated serum IL-6 levels were seen only in patients 
with systemic infections who had fever and acute phase re-
actants. These observations are consistent with the hypothe-
sis that attaching bacteria elicit a local cytokine response and 
that spread of cytokines from the mucosal site of infection 
to systemic sites can cause some of the symptoms associated 
with mucosal infections. 

Epithelial cells constitute one source of the mucosal cyto 
kines. Cytokine production was shown for epithelial cell lines 
in culture and for exfoliated epithelial cells. Their constitutive 
IL-6 secretion was up-regulated by in vitro stimulation with 
E. coli bacteria (Hedges et al., 1990). Cytokine production 
by epithelial cells has since been analyzed by a variety of 
techniques (Kvale et al., 1988; Hedges et al., 1990,1992a,b; 
Mayer et al., 1992; Moro et al, 1992; W. Agace et al, 1993.) 
Attaching bacteria elicited a higher cytokine response in epi-
thelial cell lines than did nonattaching bacteria. The IL-6 
response was stimulated even by isolated P fimbriae of the 
F7 type with the ability to bind the globoseries of glycolipids. 
These organisms triggered a significantly higher IL-6 re-
sponse than the same fimbriae that had lost the receptor-
binding domain (Hedges et al., 1992a). Type 1 fimbriae en-
hanced the IL-8 response of epithelial cell lines to E. coli 
(W. Agace et al., 1993). These observations suggest that 
the bacterial adherence properties influence the epithelial 
cytokine response. 

Epithelial cells also respond to cytokine stimulation. Inter-
feron y stimulation up-regulated the expression of secretory 
component and HLA-II antigens in HT29 cells (Kvale et al., 
1988; Moro et al., 1992). This secondary cytokine production 
may be relevant in at least two situations. First, the epithelial 
cell cytokines that are triggered by the bacteria and released 
at the local site may stimulate adjacent cells. Second, cells 

such as lymphocytes, granulocytes, and macrophages, which 
migrate to the site of infection and release their cytokines at 
this site, may influence the cytokine profile of the epithelial 
cells. Epithelial cells therefore play a more active role in the 
cytokine network than previously has been understood. 

IV. ANTI-ADHESIVE MUCOSAL 
DEFENSE MECHANISMS 

Early studies demonstrated that secretory IgA antibodies 
inhibit bacterial attachment. This property of IgA has been 
discussed as a major protective mechanism of mucosal anti-
bodies (Freter, 1969; Seilwood et al., 1975). Are individuals 
who lack mucosal antibody production or antibody responses 
in general overwhelmed by mucosal infections? Clinical ob-
servations in such patient groups do not support such an 
idea. Individuals with hypogammaglobulinemia mainly ac-
quire recurrent upper respiratory tract infections with encap-
sulated bacteria. IgA-deficient individuals have an increased 
morbidity in mucosal infections such as traveler's diarrhea 
but rarely suffer from recurrent mucosal infections (World 
Health Organization, 1992). 

This apparent contradiction probably reflects the fact that 
the mucosal surfaces are equipped with multiple defense sys-
tems that cooperate to control bacterial attachment. Not only 
slgA antibodies but also secreted molecules of a nonimmuno-
globulin nature interfere with bacterial adherence. Soluble 
glycoconjugates carry the same oligosaccharide epitopes as 
cell-bound receptors, but function as competitive inhibitors 
when secreted. By occupying receptor binding sites on the 
fimbriae, they prevent subsequent attachment to the cell-
bound receptors (Holmgren et al., 1981; Andersson et al., 
1986; Askenazi and Mirelman, 1987; Leffler and Svanborg-
Ed£n, 1990; Schroten et al., 1992). 

The anti-adhesive antibodies may act in either of two ways: 
(1) Antibodies to the receptor binding site of the adhesin 
competitively inhibit receptor interactions. (2) Antibodies to 
bacterial surface molecules that are not directly involved in 
adherence may interfere with the binding. This interference 
is illustrated by the immune response to bacterial fimbriae. 
The majority of antibodies elicited by fimbriated bacteria are 
directed against the antigenically variable fimbrial subunit 
protein and interferes with attachment only at concentrations 
high enough to cause agglutination (Svanborg-Eden et al., 
1981). A minor fraction of antibodies is directed against the 
receptor binding lectin and, when purified, such antibodies 
block adherence (de Ree et al., 1987; Hoschötzky et al., 
1989). In either case, the anti-adhesive activity of the anti-
body is attributed to the specificity of the antigen-combining 
site. 

IgA also can act as a soluble receptor for bacterial adhesins 
(Wold et al., 1990), a characteristic that is explained by man-
nose residues on oligosaccharide sequences on the heavy 
chain (Kornfeld and Kornfeld, 1976). The type 1 fimbriated 
E. coli agglutinates colostral IgA, with a higher titer for IgA2 
than IgAl. Type 1 fimbriated E. coli also agglutinate IgA2 
and IgAl myeloma proteins, which lack specific antibody 
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activity against E. coli (Wold et al., 1990). The IgA2 myelo-
mas that give the highest agglutination titer with type 1 fim-
briated strains were rich in high-mannose oligosaccharides. 
In contrast, the concentration of such oligosaccharides was 
low in the less active IgAl myeloma proteins. The agglutina-
tion was inhibited by mannose. Myeloma IgA2 as well as 
colostral IgA inhibits the attachment of type 1 fimbriated E. 
coli to epithelial cells, providing a mechanism for IgA to be 
broadly protective regardless of the antigen specificity of the 
antigen-combining site of the molecule. 

Human milk is rich in glycoconjugates and has been used 
as a source for the purification of nonimmunoglobulin glyco-
proteins with anti-adhesive activity. Holmgren et al. (1981) 
showed that the nonimmunoglobulin fraction of human milk 
was able to inhibit the colonization factor antigen-mediated 
agglutination of human erythrocytes by E. coli (Andersson 
et al., 1986). Askenazi and Mirelman (1987) found similar 
results for adhesion to guinea pig intestinal epithelia. Human 
milk was shown to inhibit the attachment of S fimbriated 
E. coli to buccal epithelial cells. The inhibition was suggested 
to be mediated by carbohydrate residues on secreted mucins 
of breast milk (Schroten et al., 1992). The molecular mecha-
nisms of these anti-adhesive interactions have, however, not 
been defined in detail. 

Andersson et al. (1983) showed that human milk inhibits 
the adherence of the respiratory tract pathogens Streptococ-
cus pneumoniae and H. influenzae to human respiratory tract 
epithelial cells. The anti-adhesive effect is retained after re-
moval of IgA by immunoabsorption. Further, milks from 
IgA-deficient donors block adherence. Several anti-adhesive 
components have been identified, including the free oligosac-
charides in the low molecular weight fraction and glycopro-
teins (Andersson et al., 1983) that coprecipitate with casein. 

V. MUCOSAL RECEPTOR REPERTOIRE 

Mucosal receptor expression can influence the susceptibil-
ity of infection, as was first documented in the E. coli K88 
piglet diarrhea model. Susceptibility to diarrhea was inherited 
as an autosomal recessive trait and was determined by the 
presence of receptors in the E. cö//-colonized intestine of 
piglets that expressed the receptors. These piglets were sus-
ceptible to infection. The piglets that did not express recep-
tors were not colonized and were resistant to infection (Sell-
wood et al, 1975). 

The double identity of the globoseries of glycolipids as 
blood group antigens and as receptors for P fimbriae has 
provided a basis to analyze the role of receptor expression 
in infection. Individuals of the p blood group phenotype lack 
a glycosyltransferase required to add the galactose a(l-4)-
galactose ß polysaccharide to glycoproteins and glycolipids. 
Cells from p individuals therefore lack functional receptors 
for P fimbriated E. coli. Unfortunately, the frequency of p 
individuals is too low to permit a direct evaluation of their 
relative morbidity and mortality in infections caused by P 
fimbriated E. coli. However, qualitative differences in recep-
tor expression exist among P blood group positive individu-

als. P, individuals have a higher intestinal carrier rate of P 
fimbriated E. coli than P2 individuals. Individuals of the Pj 
blood group run an ~ 11-fold higher relative risk of attracting 
recurrent kidney infections than P2 individuals (Lomberg et 
al., 1983). 

The subgroup of P fimbriated E. coli that carries the prs 
adhesin also shows host selectivity (Lindstedt et al., 1991). 
One subgroup of P fimbriae requires globo-A for binding. 
Although all except the p individuals express the P antigen, 
only Aj secretor individuals also express the globo-A glyco-
lipid. The P fimbriae that recognize this receptor structure, 
attach mainly to uro-epithelial cells from A! secretor individu-
als, and mainly infect Aj positive individuals (100% blood 
group A positive compared with 43% in the population at 
large). 
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Mucosal Immunoglobulins 

Brian J. Underdown · Jiri Mestecky 

I. INTRODUCTION 

Interest in mucosal immunology as a field of study acceler-
ated in the early 1960s with the discovery of Ig A and its 
predominance in mucosal secretions (reviewed by Heremans, 
1974; Tomasi, 1968). The subject has broadened considerably 
since that time, but the study of the structure and function 
of IgA, as well as the role of other antibody types in the 
external secretions, are still under active investigation. 

Researchers generally agree that antibodies in mucosal 
secretions, particularly IgA, combine with microorganisms 
to reduce their motility, growth, and adhesive properties 
within the mucosal lumen and at its surface (Williams and 
Gibbons, 1972; Fubara and Freter, 1973; Winner et al., 1991; 
see Chapter 11). These functions attenuate the ability of mi-
croorganisms to attach to the epithelium and subsequently 
enter the internal environment of the body. More recently, 
evidence has been presented that indicates that, during their 
transport to the mucosal lumen, poly IgA (pigA) antibodies 
can combine with antigens and viruses that have entered 
mucosal epithelial cells (Kaetzel et al., 1991; Mazanec et al. 
1992). 

The function of IgA within the blood circulation and lymph 
is less well established. IgA antibodies are capable of neu-
tralizing viruses and agglutinating bacteria, but the extent to 
which these antibodies interact with inflammatory cells and 
the complement system to enhance the elimination and de-
struction of microorganisms is still under active investigation. 
Evidence even suggests that in systemic Neisseria meningi-
tidis infections, serum IgAl antibodies to polysaccharide an-
tigens actually may attenuate IgG and complement-mediated 
destruction of bacteria (Jarvis and Griffiss, 1991). An addi-
tional property of circulating IgA appears to be the removal 
of antigen via the liver (Socken et al., 1981; Russell et al., 
1981,1983). 

This chapter reviews current knowledge on the structure 
and function of IgA, as well as highlighting features of the 
other immunoglobulin isotypes as they pertain to mucosal 
secretions. 

II. IMMUNOGLOBULINS OF THE 
EXTERNAL SECRETIONS 

The predominance of IgA in most mucosal secretions com-
pared with blood is now well established. Table I summarizes 

some of the data reported in the literature for humans. In 
general, IgA is present in mucosal secretions in greater con-
centrations than are other immunoglobulin isotypes. How-
ever, note that marked species differences exist with respect 
to the preponderance of IgA in certain mucosal secretions, 
notably bile and mammary secretions. These differences (see 
Section II,C) may be important in the function of the mucosal 
immune system in particular species and may influence ap-
proaches to the study of mucosal immunity in experimental 
animals. 

A. Secretory IgA 

The importance of immunoglobulin A in mucosal secre-
tions was based on two important discoveries: (1) the predom-
inance of immunoglobulin A in intestinal secretions and saliva 
of humans and (2) the presence of an additional antigenic 
structure in secretory IgA that came to be known as secretory 
component (SC; Brandtzaeg, 1985). Subsequently, SC was 
recognized to be part of the poly Ig receptor (plgR) that 
transports IgA from mucosal tissue to its secretions (Mostov 
et al., 1984). During their ground-breaking work, (Tomasi 
and Bienenstock, 1968) noted that the IgA in human serum 
was primarily monomeric whereas in mucosal secretions it 
was primarily polymeric. Studies of other species indicate 
that the proportion of serum IgA that is polymeric can vary 
between less than 10 and 60% (Section II,C). (A schematic 
representation of the various forms of human serum and 
secretory IgA is provided in Figures 4 and 5 and is described 
more fully in Sections VI and VII.) 

The majority of secretory IgA in humans is derived from 
local synthesis and not from the circulation (Jonard et al., 
1984). A relatively high proportion of Ig-producing cells in 
the mucosal lymphoid tissue is committed to the IgA isotype 
(Table I). This fact, in conjunction with the presence of the 
specific plgR expressed on mucosal epithelial cells (Apodaca 
et al., 1991), accounts for the high relative concentration of 
IgA in mucosal secretions. 

B. Other Immunoglobulins in Secretions 

IgM in the external secretions also is associated with SC, 
which results from its transport to the secretions by the plgR 
(Brandtzaeg, 1985). However, the concentration of secretory 
IgM is substantially lower than that of secretory IgA because 

Copyright © 1994 by Academic Press, Inc. 
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Table I Isotype Distribution of Immunoglobulin and Cells in Selected Human Fluids and Tissue0 

Fluid 

Serum 

Milk 

Parotid saliva 

Jejunal fluid0 

Hepatic bile 

Tears 

Immunoglobulin concentration 
(mg/ml) 

IgG 

12.0 

0.1 

0.004 

0.005 

0.09 

0.007 

IgA 

3.0 

1.5 

0.04 

0.05 

0.07 

0.19 

IgM 

1.5 

0.4 

0.006 

0.002 

0.02 

0.006 

Tissue 

Bone marrow 

Mammary gland 

Parotid gland 

Jejunum 

Lacrimal gland 

IgG 

55 

4 

5 

3 

6 

Distribution of Ig+ cells6 

IgA IgM 

30 15 

86 10 

87 6 

79 18 

77 7 

a Data are from Brown et al, 1975; Delacroix et al, 1982,1985; Brandtzaeg, 1983a,b; Jonard et al, 1984; AUansmith et al, 1985; Kett et 
al, 1986. 

b Determined by immunofluorescence. 
c The concentration is influenced by the amount of perfusate fluid added to the secretion. In some studies, IgG concentration —IgA. 

of the lower proportion of IgM-producing cells in mucosal 
tissue. IgM also may not be transported as well as plgA 
because of a molecular weight restriction in SC-dependent 
transport (Schiffe/ al, 1983). On the other hand, a compensa-
tory increase of IgM is observed in mucosal tissue and secre-
tions of IgA-deficient individuals (Plebani et al, 1983). In 
some species such as rodents and rabbits, SC-dependent 
transport of IgM may not occur (Underdown et al, 1992). 

In most species, the concentration of IgG in mucosal secre-
tions is approximately the same as or somewhat greater than 
that of IgM. IgG is thought to enter the mucosal secretions 
nonspecifically via paracellular transport or fluid phase endo-
cytosis. A notable exception is found in the ungulates (i.e., 
sheep, goats, cows) which, in addition to plgA, selectively 
transport the IgGl isotype from serum into selected secre-
tions such as colostrum, milk, and saliva (Cripps and Lascel-
les, 1976; Butler, 1983). 

IgE has been detected in relatively low concentrations in 
the respiratory and gastrointestinal secretions and often is 
associated with allergic responses at the mucosae (Brown et 
al, 1975; Mygind et al, 1975; Jonard et al, 1984). Little 
evidence suggests that IgE is transported specifically to mu-
cosal secretions. Perhaps increases in permeability of muco-
sal tissue as a result of allergic reactions increase the concen-
tration of IgE in mucosal secretions. 

Several reports indicate that low concentrations of IgD 
are found in milk and saliva; this may reflect selective synthe-
sis but not facilitated transport to the mucosal secretions 
(Leslie and Teramura, 1977). 

C. Species Variability with Respect 
to Mucosal Immunoglobulin 

The information provided in Table I reflects data for hu-
mans. Several noteworthy differences exist among species. 

i. Serum. In contrast to humans and nonhuman primates, 
the bone marrow in other mammals synthesizes negligible 
amounts of IgA. Instead, gastrointestinal tissue appears to 
be the primary source of serum IgA as well as secretory IgA 

(Vaerman et al, 1973). Therefore, in most mammals the level 
of serum IgA is approximately 10-fold less than that observed 
in humans and nonhuman primates. In addition, the propor-
tion of serum IgA that is polymeric is often higher in mammals 
such as mice, dogs, and guinea pigs, reflecting the contribu-
tion of the gastrointestinal tissue to serum IgA as well as 
the degree to which the plgR is expressed on hepatocytes 
(Kaartinen et al, 1978; Delacroix et al, 1983). 

//. Bile. As reviewed previously (Underdown and Schiff, 
1986), only a few species such as rabbit, rat, chicken, and 
mouse express plgR on hepatocytes and have a highly active 
transport system to remove plgA from blood to bile. The 
bile of these species is a rich source of secretory IgA and 
free SC, with concentrations in the range of 0.5-1.5 mg/ml. 
IgA is predominantly polymeric (Lemaitre-Coelho et al, 1977; 
Roseeitf/., 1981). In contrast, other species including humans 
have lower concentrations of biliary IgA; the proportion of 
polymer to monomer is closer to unity. The mouse appears 
to be intermediate with respect to the level of hepatic trans-
port of pig A from serum. Clearly antibody-producing cells 
in the liver can contribute to bile IgA (Nagura et al, 1983; 
Manning et al, 1984; Jackson et al, 1984; Altorfer et al, 
1987). 

Hi. Mammary gland secretions. The ungulates such as 
sheep, goats, and bovines express, in addition to plgR, a 
receptor for the IgGl istoype on mammary epithelium that 
transports considerable amounts of IgGl from blood to colos-
trum or milk (Butler, 1983). Evidence also suggests IgGl is 
transported selectively into sheep saliva (Cripps and Lascel-
les, 1976). The secretion of large amounts of IgGl in these 
species is thought to reflect the requirement of neonates to 
obtain serum IgG from mother's milk early in life. 

D. Secretory Ig in Serum 

Immunoassay of serum indicates that secretory IgA and 
secretory IgM can be detected at relatively low levels (~10 
μg/ml) in serum (Iscaki et al, 1979; Delacroix and Vaerman, 
1981; Kvale and Brandtzaeg, 1986). These levels are elevated 
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in patients with liver disease. The reasons for the elevation 
of secretory immunoglobulin in liver disease are not entirely 
known, but could be (1) release of SC from damaged biliary 
epithelial cells, which would complex with pig in blood, or 
(2) defective clearance of secretory Ig A and secretory IgM, 
which might enter the blood after retrograde transport from 
mucosal tissue. 

E. Hormonal Control of Secretory Ig 

Several investigators have reported hormonal control of mu-
cosal immunoglobulin production or secretion in the repro-
ductive tract. Estradiol in female rats regulates the mucosal 
immune system by controlling IgA and IgG movement from 
blood to tissue, as well as by influencing the number of IgA-
committed cells and the expression of plgR in the reproduc-
tive tract (McDermott et al., 1980; Wira et al., 1980; Sullivan 
and Wira, 1983; Parr and Parr, 1989). The mucosal epithelium 
of the male reproductive tract expresses plgR under the in-
fluence of androgens (Parr et al., 1992). Interestingly, synthe-
sis and secretion of SC in the lacrimal gland are also under 
the control of androgens (Sullivan et al., 1984). 

III. IgA: STRUCTURE AND ARRANGEMENT 
OF COMPONENT CHAINS 

The function of IgA in both serum and secretions depends 
on the primary structure of its component chains, as well as 
on the conformation these chains assume in monomeric and 
polymeric IgA. 

A. a Chains 

1. Domain Structure of a Chains 

Mammalian a chains have three constant region domains 
(Cal-Ca3) similar to the number of constant region domains 
in γ and δ heavy chains whereas avian a chain has four 
constant region domains as do μ and ε chains. Based on 
the similarities in structure of IgM and IgA, IgA has been 
proposed to have evolved after IgM but before IgG. The fact 
that avian μ chains have four constant region domains would 
be consistent with this hypothesis (Mansikka, 1992). Evolu-
tion of the mammalian a chains may have involved the loss 
of the avian Ca2 domain to yield a three-domain structure. 
The hinge region in IgAl molecules has been suggested to 
consist of remnants of the avian Ca2 domain (Mansikka, 
1992). 

Investigators generally assume that the Ca domains are 
folded in a manner similar to the Cy structure that has been 
determined at the atomic level by X-ray crystallographic tech-
niques. Based on this assumption, each a chain domain is 
thought to be composed of seven β strands in a four-three 
configuration with intervening ''loops" to create a ß-barrel 
conformation typical of other members of the Ig superfamily 
(Williams, 1986; Hunkapiller and Hood, 1989). Unfortu-
nately, the Fca structure has not been determined at the 

atomic level by X-ray crystallography and the extent to which 
the arrangement of the a chain domains in Fca mimics Fey 
is uncertain. 

2. Primary Structure of a Chains 

Figure 1 presents the amino acid sequences of a number 
of a heavy chain constant regions that have been obtained 
by amino acid or DNA sequence analysis. The variable region 
domains of the a chains are obviously important to the anti-
gen-binding function of IgA antibodies, but will not be dis-
cussed further. 

The degree of amino acid similarity among a chains of 
different species increases from N- to C-terminal domains; 
the greatest homology is observed among the Ca3 domains 
(Ca4 of chicken). Some of the common amino acid residues 
found in the Ca constant region domains are highly invariant 
in all immunoglobulin molecules and presumably are critical 
in maintaining the structural features common to all Ig iso-
types. Typical examples that are cited often are the highly 
apolar intraheavy-chain disulfide bonds that are almost (but 
not uniformly) characteristic of the Ig fold and tryptophan 
residues, most of which also are buried strategically within 
each domain. Other residues are highly conserved among 
IgM and IgA molecules. The relatively high degree of homol-
ogy between IgA and IgM presumably reflects their close 
evolutionary origin and the importance of certain residues in 
maintaining common structural and functional characteris-
tics. One such structure is the characteristic 18-amino-acid 
extension or "tail" that, during synthesis of IgM and IgA, 
associates with J chain, a 15-kDa protein synthesized in 
plasma cells (Section ΙΙΙ,Β). 

In humans, nonhuman primates, and rabbits, multiple a 
chain isotypes have been described that define IgA subclasses 
(for review, see Chapter 9). Two IgA subclasses have been 
described in humans (reviewed by Mestecky and Russell, 
1986), two in hominoid primates (gorilla, and chimpanzee; 
Kawamura et al., 1992), and 13 in lagomorphs (see Burnett 
et al., 1989). In all other species studied, only one IgA isotype 
has been observed. 

Within a given species, the a chains belonging to each of 
the subclasses are highly homologous in amino acid sequence 
(Figure 1). A major difference between the two human iso-
types or subclasses occurs in the hinge region. IgA2 mole-
cules lack a 13-amino-acid segment found in the hinge region 
of IgAl molecules that contains five carbohydrate moieties 
O-linked to serine. The presence of this extended hinge region 
has been postulated to confer greater segmental flexibility 
on IgAl molecules (Pumphrey, 1986), but renders IgAl mole-
cules susceptible to IgAl-specific proteases produced by bac-
terial pathogens at mucosal surfaces (see Chapter 12). The 
absence of the hinge region in IgA2 molecules makes them 
resistant to the IgAl-specific proteases, which presumably is 
advantageous to IgA2 antibody function at mucosal surfaces. 
Based on the criteria that IgA2 molecules do not possess the 
extended hinge region characteristic of IgAl molecules and 
generally do not bind the lectin Jacalin (Skea et al., 1988; 
Aucouturier et al., 1989), murine IgA appears to be similar 
to the IgA2 isotype of humans. In addition to the differences 
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Figure 1 Amino acid sequence of a chains from various species. The isotypes shown are human IgAl (HU 1), human 
IgA2 m(l) (HU 2-1), human IgA2 m(2) (HU 2-2), gorilla IgAl (GO 1), gorilla IgA2 (GO 2), mouse IgA (MO), rabbit 
IgAl (RA 1), rabbit IgA8 (RA 8), and chicken IgA (AV). The prototype sequence chosen was HU 1 and the numbering 
of amino acid residues was after Tsuzukida et al., (1979). Sequences were aligned for maximum homology. Dashes 
indicate identity with the prototype sequence. In human IgA, the sites of N-glycosylation for IgAl are residues 263 
and 459. For IgA2m(l), sites of N-glycosylation are residues 166, 263, 337, and 459. For IgA2m(2), sites of N-
glycosylation are residues 166, 211, 263, 337, and 459. Sites of O-glycosylation in human IgAl are residues 224, 230, 
232, 238, and 240. The bonds that are susceptible to IgAl-specific proteases are shown by arrows. Residues that are 
common to all IgA molecules are printed in boldface. Data are from Knight et al. (1984), Kratzin et al. (1975), Torano 
et al. (1977), Torano and Putnam (1978), Putnam et al. (1979), Tsuzukida et al. (1979), Yang et al. (1979), and Tucker 
et al. (1981). Where differences in the literature existed, the data base of Kabat et al. (1987) was used to construct 
the prototype sequence. 
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noted in the hinge region, the human IgA subclasses differ 
at 14 amino acid positions in the a chain sequence (Fig-
ure 1). 

The human IgA2 subclass exists in two allotypic forms. 
A major structural difference between these two allotypes 
concerns the arrangement of inter α-L chain disulfide bridges. 
In IgA2 of the A2m(l) allotype, the a and L chains are not 
covalently linked and therefore can be separated by exposure 
to dissociating agents without cleavage of disulfide bonds 
(Grey et al, 1968). The absence of the L-H disulfide bond 
presumably relates to the exchange of cysteine at residue 
133 for aspartic acid. Interestingly, this exchange does not 
prevent IgA2m(2) molecules from having the typical a-L di-
sulfide-linked configuration, presumably by linking the L 
chain to a cysteine residue at another location in the a chain. 
The A2m(2) allotype differs from the A2m(l) allotype and 
the Al isotype in six positions, two of which are in the Cal 
domain (residues 212 and 222) and four of which are located 
in the Ca3 domain (residues 411, 428, 458, and 467). Thus, 
the Ca3 domains of the Al and A2m(l) chains are identical 
and the Ca2 domains of the A2 allotypes are identical and 
differ from that of Al. The A2m(l) allotype is a hybrid of 
Al and A2m(2) and may have arisen by a gene conversion 
event (Tsuzukida et al, 1979; Tucker et al, 1981). 

The Cal domain is the least homologous among IgA mole-
cules but one feature, the presence of multiple ' 'extra" intra-
chain disulfide loops, is common to most IgA molecules (see 
Figure 4). Among the 13 rabbit a chain isotypes, the number 
of "extra" cysteine residues varies from 5 to 13 with 11 
possible disulfide bond distribution patterns. These extra cys-
teines also may be present in the reduced (free SH) form 
(Burnett et al, 1989). 

The Cal domain of chickens is the least related domain 
and is thought to have been deleted in mammals (Mansikka, 
1992). 

The Ca2 domain of mammals (analogous to the Ca3 do-
main of chickens) also contains intrachain disulfide bridges 
not found in the other Ig isotypes (e.g., in human IgA: Cys 
196-Cys 220; Cys 242-Cys 301) as well as interheavy-chain 
disulfide bonds that are unique to this isotype (i.e., between 
Cys 311 and Cys 299 on each a chain). The cysteine at residue 
311 within Ca2 is involved in a disulfide bond with SC in 
secretory IgA (Fallgren-Gebauer et al., 1992). 

The Ca3 domain of mammals (Ca4 of chickens) has fewer 
distinguishing features, except for the extended 18-amino-
acid "tail". The penultimate residue of the a chain is a cys-
teine that is linked covalently to J chain in IgA polymers 
(Garcia-Pardo et al, 1981; Bastain et al, 1992; Mestecky et 
al, 1974b). 

3. Carbohydrate Moiety of a Chains 

Generally, carbohydrates contribute 6-7% of total molecu-
lar mass in human IgAl and 8-10% in human IgA2 myeloma 
proteins (Tomana et al, 1976). The higher carbohydrate con-
tent in IgA2 proteins is the result of additional AMinked oligo-
saccharide side chains [two in A2m(l) and three in A2m(2)]. 
However, the primary structures of carbohydrate side chains 
have been determined for very few myeloma proteins and 

the considerable variability in the content, composition, and 
number of oligosaccharide side chains among various my-
eloma proteins appears quite remarkable (Wold et al, 1990). 
The carbohydrate side chains that have been characterized on 
a chains of both human subclasses demonstrate statistically 
significant differences in the amount fucose, mannose, and 
N-acetylglucosamine. The most striking difference is the 
presence of N-acetylgalactosamine in IgAl proteins and its 
absence in IgA2. Differences in galactose and sialic acid are 
not significant (Baenziger and Kornfeld, 1974a,b; Tomana et 
al, 1976; Torano et al, 1977; Mestecky and Russell, 1986; 
Wold et al, 1990). 

The hinge region of IgAl contains five short chains con-
taining ΛΓ-acetylgalatosamine, galactose (Baenziger and Korn-
feld, 1974b), and, in some proteins, sialic acid (Field et al, 
1989) connected by O-glycosidic linkages to serine residues. 
Interestingly only a few serum proteins contain O-linked side 
chains, This unique property of IgAl has been exploited in 
an efficient isolation of IgAl proteins by affinity chromatog-
raphy employing the lectin Jacalin (Roque-Barreira and 
Campos-Neto, 1985). This procedure is not absolutely spe-
cific for IgAl proteins since a small proportion of IgA2 pro-
teins also binds Jacalin (Aucouterier et al, 1989). 

The total carbohydrate content of secretory IgA is higher 
than that of serum IgA because of the carbohydrate-rich SC 
(subsequent discussion). 

B. J Chain 

In the early 1970s, comparative studies of the polypeptide 
chain composition of polymeric Ig (secretory IgA, polymeric 
serum IgA, and IgM) with that of IgG revealed an additional 
polypeptide chain in pig with a fast electrophoretic mobility 
(for review, see Inman and Mestecky, 1974; Koshland, 1985). 
Subsequent studies revealed that this chain was glycosylated, 
with a molecular mass of 15-16 kDa, and was linked by 
disulfide bridges to the Fc fragment of polymeric IgM or IgA 
of secretory and serum (myeloma) origin. Based on the given 
criteria (molecular mass, fast electrophoretic mobility, char-
acteristic amino acid composition, and immunochemical 
cross-reactivity), the presence of J chain has been estab-
lished, with varying degrees of confidence, in polymeric Ig 
from many vertebrate species including mammals (human, 
monkey, rabbit, mouse, pig, dog, goat, cat, cow, horse, rat, 
guinea pig, and sheep), birds (chicken and pheasant), reptiles 
(turtle), amphibians (frog and toad), and fishes (catfish and 
sharks) (Kobayashi et al, 1973; Inman and Mestecky, 1974; 
Koshland, 1985; Mikoryak et al, 1988). Most recent studies 
using molecular biological approaches combined with immu-
nochemical techniques revealed that J chain also is expressed 
in invertebrates (earthworm, slug, clam, and silkworm) and 
additional vertebrate species (African clawed frog, lamprey, 
and newt) (Takahashi et al, 1993). 

Sequence analyses of mouse genomic DNA reveal that J 
chain-encoding information is contained in four exons of a 
single gene located on chromosome 5; in humans, the J chain 
gene is on chromosome 4. 
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1. Domain Structure of J Chain C. Secretory Component 

Despite the low degree of sequence homology with H and 
L chains, studies of the secondary structure of J chain have 
been interpreted to suggest that it folds into an eight-stranded 
antiparallel ß barrel (with 35% ß sheet and the remainder 
in random coil; Zikan et al., 1985; Pumphrey, 1986). An 
alternative model suggests a two-domain model in which the 
first domain consists of a six-stranded antiparallel ß-barrel 
and the second domain (folded under the first) is a two-
stranded ß barrel (Frutiger et al., 1992). 

2. Primary Structure of J Chain 

The primary structure of J chain has been determined in 
human, mouse, and rabbit (Figure 2). J chain consists of 137 
amino acid residues and displays a high degree of sequence 
homology (70%) among species (Koshland, 1985; Hughes et 
al., 1990). Incomplete sequence studies of earthworm J chain 
reveal a high degree of homology with both human and mouse 
J chains (Takahashi et al., 1993). These findings, in conjunc-
tion with remarkable similarity in physicochemical properties 
and interspecies cross-reactivities (Kobayashi et al., 1973), 
suggest that many of the features of J chain are conserved 
through evolution. J chains are rich in acidic (aspartic, glu-
tamic) amino acid residues and low in glycine, serine, and 
phenylalanine; tryptophan is absent (Inman and Mestecky, 
1974). Six of the eight cysteine residues form three intrachain 
disulfide bridges; the other two residues close to the N termi-
nus are involved in disulfide bonds that link J chain to the 
penultimate cysteine residues of a and μ chains (Mestecky 
and McGhee, 1987; Frutiger et al, 1992). 

3 . Carbohydrate of J Chain 

Approximately 8% of the molecular mass of J chain is 
contributed by a single carbohydrate side chain linked to 
asparagine residue 48 by an N-glycosidic bond. This chain 
consists of fucose, mannose, galactose, glucoamine, and si-
alic acid (Niedermeier et al., 1972; Baenziger, 1979). 

Identification of SC as part of the transport receptor for 
secretory IgA began with immunohistochemical studies in 
which specific antisera to the (secretion-specific) " secretory 
piece" established its presence not only within the secretory 
IgA molecule but as a component of mucosal epithelial cells 
(South et al, 1966; Brandtzaeg, 1978; Crago et al, 1978; 
Nagura et al., 1979). Subsequently, SC was isolated free in 
mucosal secretions as well as associated with secretory IgA. 
The exquisite binding specificity for polymeric but not mono-
meric Ig was established (Mach, 1970; Radi et al., 1971; 
Brandtzaeg, 1974; Weiker and Underdown, 1975). 

1. SC Domain Structure 

In most species, SC (molecular mass, —70 kDa) consists 
of five Ig-like domains with definite but relatively low homol-
ogy to the λ chain variable region (Mostov et al., 1984). 
In addition to the five-domain form, rabbits synthesize a 
truncated three-domain form (Frutiger et al., 1987). Within 
the basolateral membrane of mucosal epithelial cells, SC 
consists of five extracellular domains, a transmembrane seg-
ment, and a cytoplasmic domain. The term poly Ig receptor 
was proposed to differentiate between the membrane form 
of the transport receptor and the cleaved soluble form known 
as SC (Mostov et al., 1984). For a more complete discussion 
of the plgR, see Chapter 10. 

2. Primary Amino Acid Sequence of SC 

The amino acid sequences of plgR have been determined 
completely for three species and are shown in Figure 3. In 
addition to the intrachain disulfide bonds that are thought to 
be buried within each domain, several of the domains have 
"extra" disulfide bonds. One of these, located in the fifth 
domain, is susceptible to disulfide interchange. Data from 
Hilschmann and colleagues (Fallgren-Gebauer et al., 1992) 
suggest that only one cysteine residue from this labile disul-

1 t 20 40 ■ 
HU QEDERIVLVDNKCKCARITSRIIRSSEDPNEDIVERNIRIIVPLNNRENIS 
MO D — A T I - A M-T-V P-T V 
RA ST Q-V DPDN-S T 

60 t 80 100 
HU DPTSPLRTRFVYHLSDLCKKCDPTEVELDNQIVTATQSNICDEDSAT ETC 
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RA E-K-N-AN 1 VF--S PD-DYS 

110 130 
HU YTYDRNKCYTAWPLVYGGETKMVETALTPDACYPD 
MO -M TM R-H QA S 
RA TL—ITHR-V-R—KAT S 

Figure 2 Amino acid sequence of J chain from human (HU), mouse (MO), and rabbit (RA). The 
two cysteine residues that join J chain to the penultimate amino acid cysteine residue in a chains 
(Cys 471) are shown by arrows. Site of N-glycosylation is shown by filled square. Data are from 
Max and Kornsmeyer (1985), Frutiger et al. (1986), Matsuuchi et al. (1986), and Hughes et al. 
(1990). 
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fide bond (see Figures 3 and 4) is linked to one Cys 311 in 
the Ca2 domain. 

3. Carbohydrate of SC 

Approximately 22% of the total molecular mass of SC is 
contributed by carbohydrates (Tomana et al., 1978). The 5-7 
oligosaccharide side chains contain N-acetylglucosamine, fu-
cose, mannose, galactose, and sialic acid attached by N-
glycosidic bonds (Mizoguchi et al., 1982). Studies of rabbit 
SC indicate one common glycosylation site at the asparagine 
residue at position 400 and a second site in the N-terminal 
domain that varies among different allotypes (Frutiger et al., 
1988). 

D. Structure of Monomeric and Polymeric Ig A 

As shown schematically in Figure 5, IgA exists in both 
monomeric and polymeric forms. Dimers, trimers, and tetra-
mers are found commonly, although the dimer is the predomi-
nant form in most mucosal secretions. A distinguishing fea-
ture of pig A, as well as of IgM (which is generally 
pentameric), is the presence of J chain, a polypeptide synthe-
sized by antibody-producing cells of all isotypes, which is 
incorporated into plgA and IgM just prior to their secretion 
from plasma cells (Parkhouse and Delia Corte, 1973). Chemi-
cal analysis indicated that each polymer (IgM or IgA) con-
tains one mole of J chain (Zikan et al., 1986). In native 
molecules of polymeric Ig, the antigenic determinants of J 
chain are poorly exposed; further, J chain is highly suscepti-
ble to proteolysis. These findings may explain failure to detect 
J chain in some polymeric Ig. Cleavage of interchain disulfide 
bonds usually is sufficient to release it from Ig, suggesting 
that only weak noncovalent interactions exist between J chain 
and the Fc region of polymeric Ig. 

The arrangement of disulfide bonds and the manner in 
which J chain is linked within the polymeric structure has 
been a matter of debate. Two models have been presented 
(Figure 5). In one model, dimeric IgA consists of two mono-
mer subunits linked end to end with J chain attaching or 
bonding both monomeric subunits at one cysteine residue 
(471) of each monomer subunit. The two remaining Cys 471 
residues link directly to each other. Direct experimental data 
have been presented to support this hypothesis (Bastian et 
al., 1992). A second model (Figure 5) takes into account the 
fact that electron micrographs present IgA dimers that appear 
to be shorter than would be predicted based on the expected 
length of each of the monomer subunits (Svehag and Bloth, 
1970), as well as data that indicate that Cys 311 could be 
linked to Cys 471 (Underdown and Schiff, 1986). Naturally 
occurring as well as genetically engineered IgM, which lacks 
J chain, will form polymers but these are often mixtures of 
various oligomeric forms including hexamers, in contrast 
with the majority of naturally occurring IgM polymers that 
are primarily pentameric, suggesting that J chain may regulate 
the degree of polymerization of IgM and, possibly, of IgA. 
In so doing, J chain may be responsible for creating a confor-
mation within pig A and IgM that binds plgR (Section ΙΙΙ,Ε). 

E. Structure of Secretory IgA 

The single most important distinguishing feature of secre-
tory IgA with respect to serum IgA is the presence of SC. 
In addition to its crucial role in the transport of plgA to 
mucosal secretions, SC has been shown to confer resistance 
to proteolysis on secretory IgA, presumably an added advan-
tage in the gastrointestinal milieu (Brown et al., 1970). 

In vitro experiments convincingly demonstrated that SC 
binds only to polymeric IgA or IgM (Weiker and Underdown, 
1975; Brandtzaeg, 1981). The discovery of J chain in these 
immunoglobulins led to the postulation that this small poly-
peptide is instrumental in SC binding. Brandtzaeg (1985) has 
maintained that SC binding by polymeric IgA and IgM is 
dependent on the presence of J chain: Pentameric IgM that 
lacks J chain did not bind SC efficiently and the ability of 
polymeric IgA to bind SC in solution or on the surface of 
SC-bearing epithelial cells was related to the J chain content. 
However, how the presence of J chain leads to such remark-
able enhancement of SC binding is not clear. Previous struc-
tural studies of human SIgA cleaved by cyanogen bromide 
indicated that J chain and SC are bound to different fragments 
of the a chain and are not connected by disulfide bridges 
(Mestecky et al., 1974a). This result does not rule out the 
possibility that J chain is required to create a conformation 
in pig that generates the SC binding site. 

Results concerning the structure of IgA, SC, and J chain 
indicate that both SC and J chain display immunoglobulin 
domain-like folding of their polypeptide chains and belong 
to the immunoglobulin superfamily (Mostov et al., 1984; 
Zikan et al., 1985; Pumphrey, 1986). Therefore, the mutual 
interactions between the Fc portion of dimeric IgA, J chain, 
and SC are likely to be based on the complementarities of 
their domain-like structures. 

Binding of plgR to plgA begins with a high affinity nonco-
valent association that is followed by the formation of disul-
fide bonds through which SC links to only one of the IgA 
monomer subunits (Underdown et al., 1977; Garcia-Pardo et 
al., 1979; Figure 5). Several groups have reported association 
constants on the order of 108M~l for the noncovalent interac-
tion, but these data in all likelihood underestimate the affinity 
of noncovalent binding (Schiff et al., 1983). More important, 
however, is the fact that dissociation of the complex is much 
slower than the time required (30 min) for the plgA-pIgR 
complex to cross the epithelial cell, during which time plgA 
must stay bound to its receptor to insure that it reaches the 
apical face of the cell and is discharged into the lumen. 

The heavy chains of plgA and IgM, respectively, are likely 
to contribute to the binding site for plgR (Geneste et al., 
1986). In some species, notably those that display plgR on 
hepatic parenchymal cells, IgM binds homologous SC with 
little affinity (Underdown et al., 1992). In these species, high 
affinity binding between IgM and plgR has been argued to 
be detrimental to the host, since IgM would be lost via hepatic 
transport from the blood where it is known to function. Thus, 
the rat, rabbit, and chicken may have given up their ability 
to transport IgM in return for a highly active biliary transport 
system for plgA. The exact nature of the binding site for 
plgR on plgA and IgM is still under study, but evidence 
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Figure 3 Amino acid sequence of poly Ig receptor from human (HU), rat (RT), and rabbit (RA). The number system is 
after Krajöi et al. (1991). The location of the domains (D1-D5) are according to Eiffert et al. (1984,1991). The location 
of the proposed pig-binding site is based on the work of Frutiger et al. (1986), Beale (1987), and Bakos et al. (1991). Up 
arrows represent cy steine involved in linking SC to Ca2 (Cys311) Down arrows indicate postulated site of cleavage that 
releases SC and secretory IgA from the apical face of the mucosal epithelial cell. Sequence data based on Eiffert et al. 
(1984), Mostov et al. (1984), Banting et al. (1989), and Krajtt et al. (1992). 
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Secretory 
Piece 

Figure 4 Model of secretory IgA according to Fallgren-Gebauer and 
colleagues (1992). SC is bound noncovalently to the IgA dimer (model 
I, Figure 5) and is linked at domain five by a disulfide-bond to Cys311 
in C<*2 in only one monomer subunit. This figure was provided by 
N. Hilschmann and is based on the work of Fallgren-Gebauer et al. 
(1992). 

suggests that both the heavy chains and the J chain are in-
volved. 

IV. BIOSYNTHESIS AND ASSEMBLY OF IgA 

A Monomeric IgA 

The light and a chains that become assembled intracellu-
larly into monomeric IgA (mlgA) molecules are synthesized 
on separate sets of polyribosomes and are assembled into 
the monomeric unit through several pathways (Heremans, 
1974). Depending on the cell type studied, various types of 
pairings of H and L chains occur early on polyribsomes, but 
the final core-glycosylated molecule of mlgA is assembled 
in the Golgi apparatus. Additional carbohydrate residues are 
attached during the intracellular passage of mlgA from Golgi 
to the cell surface and ultimate secretion into the medium. 

B. Polymeric IgA 

Early investigations of the biosynthetic pathways of mouse 
IgA suggested that, in cells secreting polymeric IgA, a major-
ity of intracellular IgA was present as monomers and that 
polymerization occurred shortly before or at the time of se-
cretion (Parkhouse, 1971). This hypothesis is supported by 
subsequent comparative biochemical studies of the molecular 
forms of intracellular versus secreted IgA in cell lysates and 
tissue culture supernatants of cell derived from various hu-
man tissues, which indicated that, although small amounts 
of polymeric IgA were detected in some cell lysates, most 
intracellular IgA occurred in a monomeric form (even when 
the predominant form of secreted IgA was polymeric) (Bux-
baum et al., 1974; Moldoveanu et al., 1984). 

C Distribution of Cells Synthesizing Monomeric 
and Polymeric IgA 

Analyses of molecular forms of IgA in perfusates and su-
pernatants of in vitro cultured tissue explants as well as immu-

nohistochemical studies of mucosal tissues and glands clearly 
demonstrated that separate populations of plgA- and mlgA-
secreting cells exist that display a characteristic tissue distri-
bution (for review, see Brandtzaeg, 1983a; Mestecky and 
McGhee, 1987; Mestecky et al., 1991). Typically, the major-
ity of IgA-producing cells in the normal human bone marrow 
are monomeric (they do not express J chain and do not bind 
SC) whereas the majority of such cells in the intestinal lamina 
propria produce plgA, express J chain, and bind SC. The 
spleen and lymph nodes from different locations display a 
variable proportion of plgA- and mlgA- secreting cells. Under 
pathological conditions (e.g., IgA multiple myeloma), the 
bone marrow may contain predominantly J chain-positive 
cells; concurrently, high levels of plgA are present in blood 
(Mestecky et al., 1980). 

D. Role of J Chain in the Polymerization of Ig 

The association of J chain with pig but not mlg in serum 
and secretions raised the possibility that J chain either initi-
ated or regulated the formation of polymers intracellularly. 
The following observations seem consistent with this hypoth-
esis: (1) Ig-producing cells in the submucosae of the gastroin-
testinal and respiratory tracts, as well as in the interstitium of 
mammary, salivary, and lacrimal glands, prominantly display 
the presence of intracellular J chain and primarily secrete 
plgA; (2) in contrast, IgA- or IgG-containing plasma cells 
from the normal bone marrow that secrete monomeric IgA 
are uniformly J chain negative (Brandtzaeg, 1985). 

Since a small proportion of intracellular Ig is linked to J 
chain, this chain has been proposed to initiate polymerization 
by binding first to a monomeric molecule of intracellular 
IgA or IgM that subsequently is linked to another monomer, 
forming a dimeric molecule (for reviews, see Brandtzaeg, 
1983a, 1985; Koshland, 1985; Mestecky and McGhee, 1987). 

However, Stott (1976) observed that polymeric IgM could 
be detected in lysates of certain mouse cell lines in a tetra-
meric form lacking J chain. This polypeptide, linked to mono-
meric IgM, was added as a last step in the process of polymer-
ization. Site-directed mutagenesis of cysteine residues of a 
or μ chains involved in J chain binding, and transfection of 
a and L chain genes into J chain-negative cells, further dis-
putes the necessity for J chain in polymerization (Cattaneo 
and Neuberger, 1987; Davis et al., 1989). In vitro studies 
concerning the role of J chain in polymerization also were 
reported in which covalently linked IgM polymers were syn-
thesized in vitro in good yield in the absence of J chain 
(Bouvet et al., 1987). 

These data suggest that J chain may not initiate polymeriza-
tion but may regulate the degree and form of polymerization 
in pig. In support of this hypothesis is the observation that, 
in the absence of J chain, polymers of Ig may form in vitro 
or in vivo but the preferred conformation observed under 
natural conditions often is not produced quantitatively. Thus, 
under normal conditions, J chain may act to regulate the 
formation of polymers which, in the case of IgA, are dimers, 
trimers, and tetramers and rarely become pentamers, 
whereas the pentamer is the preferred configuration for IgM. 
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Figure 5 Schematic diagram of IgA monomer and two models of IgA dimer (I and II). The circles in the IgAl monomer 
represent the O-linked carbohydrate side chains in the hinge. This region is deleted in IgA2 molecules. The squares 
represent N-linked carbohydrate side chains that are placed in a position consistent with their location in the Ig-domain 
fold. The disulfide bonds (S-S) shown in the monomer are the inter-a-L bond in IgAl (also present in IgA2 m(2), 
inter-α bonds Cys241-Cys241, Cys299-Cys299, Cys311-Cys311, and Cys471-Cys471, and intraaa bonds Cysl96-Cys220 
and Cys242-Cys301. In models I and II of the dimer, the inter-L bond in IgA2 m(l) is shown. In model I, the monomer 
subunits are joined end to end with cysteine residues from J chain linking a Cys471 from each monomer; the remaining 
two Cys471 residues are joined directly together (Bastian et al. 1992). In model II, the dimer is shown forming a more 
compact structure based on data presented by Svehag and Bloth (1970) and Abel and Grey (1968). The monomeric subunits 
are joined via two Cys311 residues from the Ca2 domains of one monomer subunit to two Cys471 residues from the 
"extended tail" of the other monomer subunit. J chain is joined within the former monomer subunit via two Cys471 
residues of the "extended tail". 

E. J-Chain Expression in Β Cells Not Producing 
Polymeric Ig 

In the bone marrow of patients with multiple myeloma, J 
chain frequently is detected by immunofluorescent staining 
of plasma cells synthesizing monomeric Ig such as IgG (Mes-
tecky et al., 1980). Similarly, J chain has been detected in 
IgG plasma cells from inflammatory sites and in mitogen-
stimulated peripheral blood lymphocytes (Mestecky et al., 
1980; Brandtzaeg, 1985). The expression of J chain in cells 

that are not engaged in the synthesis of polymers has been 
interpreted as a sign of clonal immaturity. Extensive studies 
of human cells from leukemic patients, established lymphoid 
cell lines, and Epstein-Barr virus (EBV)-transformed fetal 
bone marrow cells (depleted of surface Ig-positive cells) re-
veal that J chain may be expressed in the cytoplasm of lym-
phocytes from the earliest stages of their differentiation along 
the B-cell axis (McCune et al., 1981; Hajdu et al., 1983; Max 
and Korsmeyer, 1985; Kubagawa et al., 1988). Thus, cells 
phenotypically characterized as null or pre-B cells contain J 
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chain, frequently in the absence of μ chain. EB V-transformed 
fetal bone marrow cells or cells from a few patients with a 
clinically established diagnosis of multiple myeloma display 
the morphological features of plasma cells but contain no 
intracellular Ig; in the former, the cells exhibit a germ-line 
configuration or abortive VDJ rearrangement of H chain gene 
segments (Kubagawa et al., 1988). J chain expression in B 
cells at early stages of differentiation is apparently different 
in mice in which J chain is detectable only in Ig-secreting 
cells but not in pre-B or B cells (Koshland, 1985). 

The presence of J chain in non-pig-producing cells is an 
enigma, but suggests that this protein may have an additional 
role in B cells that is unrelated to polymer formation. In this 
regard, work by Takahashi et al. (1993) indicates that J chain 
may be present in species as primitive as the earthworm. 

V. IgA METABOLISM 

The metabolism of IgA has not been studied extensively. 
In human plasma and cerebral spinal fluid, IgG is found in 
concentrations that are higher than those of the other iso-
types. However, the levels of individual Ig isotypes in these 
fluids are not reflective of their biosynthetic rates. Consider-
ing the distribution in various body fluids of the major Ig 
isotypes and their catabolic rates, clearly IgA is synthesized 
in quantities (—66 mg/kg body weight/day) that exceed by 
far the combined daily synthesis of all other Ig isotypes (for 
reviews, see Mestecky et al., 1986; Conley and Delacroix, 
1987). 

The lower concentration of IgA than IgG in human serum 
is the result of the more rapid catabolism of IgA (half-life of 
IgA is 6 days vs 20-25 days for IgG), in conjunction with 
the fact that cells engaged in IgA synthesis in humans are 
found both in mucosal (e.g., gastrointestinal tract, salivary 
gland) and systemic (e.g., bone marrow and, to a lesser ex-
tent, spleen and lymph nodes) tissue. 

A. Liver as a Major Site of IgA Metabolism: SC-
Dependent Clearance 

The importance of the liver in IgA metabolism was estab-
lished by a series of studies performed in animals and in 
humans with liver diseases. Experiments by Jackson et al. 
(1978) pointed out that the liver transported pig A from blood 
to bile in rats. Vaerman and Delacroix (1984) proposed that, 
in rodents, the liver functions as an "IgA pump" that regu-
lates serum levels of IgA by transporting circulating plgA 
into the bile. By this mechanism, significant quantities of IgA 
are delivered into the intestinal tract of rodents. SC present 
on the surface of rat hepatocytes was identified as the recep-
tor for pig A, and is the most important receptor responsible 
for its selective and efficient transport into bile in several 
species in which plgA is the primary form of circulating IgA 
(Underdown and Schiff, 1986). 

Interactions between plgA and hepatocytes are strongly 
species dependent. SC has been found on hepatocytes of 
many species (rat, rabbit, and mouse), but not on human 

hepatocytes (for reviews, see Vaerman and Delacroix, 1984; 
Mestecky and McGhee, 1987; Brown and Klöppel, 1989). 
Consequently, the extent to which SC-mediated clearance 
of pig A occurs is highly species dependent. 

B. Role of Other Receptors in Hepatic Clearance 

IgA interactions with hepatocytes also can be mediated 
through hepatic receptors specific for asialoglycoproteins 
[asialoglycoprotein receptor (ASGP-R) or hepatic binding 
protein (HBP); Stockert et al., 1982; Tomana et al., 1988]. 
The presence and properties of ASGP-R have been described 
for hepatocytes from several species (Ashwell and Harford, 
1982). ASGP-R recognizes terminal galactose residues of de-
sialylated glycoproteins and has been proposed, in addition 
to SC, to play an important role in the endocytosis of IgA 
by hepatocytes (for reviews, see Brown and Klöppel, 1989; 
Mestecky et al., 1991). The binding of glycoproteins, includ-
ing IgA, to ASGP-R depends on Ca2+ and is therefore inhibit-
able by chelating agents. Bound IgA is internalized and the 
IgA-containing vesicles fuse with lysosomes, resulting in in-
tracellular degradation. 

Thus, the liver is involved in regular catabolism of immuno-
globulins, including pig A and mlgA (Moldoveanu et ai, 
1988,1990; Tomana et al., 1988). However, in humans only 
negligible amounts (approximatley 1 mg/kg/day) of the total 
IgA produced in the bone marrow, spleen, and lymph nodes 
(approximately 20 mg/kg/day) reach the external secretions 
(Conley and Delacroix, 1987). 

The site of catabolism of IgA was studied in animal models 
(Moldoveanu et al., 1988,1990). Mice and monkeys (Macaca 
fuscata) were used as representatives of species with SC-
positive and SC-negative hepatocytes, respectively; how-
ever, both species display ASGP-R on hepatocytes. In both 
species, the liver was identified as the organ with the highest 
uptake of mlgA and pig A. Although both parenchymal (hepa-
tocytes) and nonparenchymal cells were involved in the ca-
tabolism, the hepatocytes were more active. Other tissues 
and organs, including muscles, kidneys, skin, and spleen, 
also catabolized IgA, although to a much lower degree than 
the liver. 

VI. BIOLOGICAL SIGNIFICANCE OF THE 
HUMAN IgA SUBCLASSES 

As described in Section III,A,2, two IgA isotypes have 
been described in humans (for reviews, see Mestecky and 
Russell, 1986; Mestecky et al., 1986,1989) as well as in homi-
noid primates (Kawamura and Ueda, 1992; Kawamura et al., 
1992); 13 IgA isotypes have been reported in rabbits (Burnett 
et al., 1989; see Chapter 9). These isotypes have been identi-
fied by sequence analysis or, in some cases, by serologic and 
structural studies. 

Allotypic determinants specified by allelic genes have been 
described only in the IgA2 subclass and are now designated 
A2m(l) and A2m(2). The major structural difference between 
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these two allotypes concerns the arrangement of α-L in-
terchain disulfide bridges. In IgA2 of the A2m(l) allotype, 
the a and L chains are not covalently linked and therefore 
can be separated by exposure to dissociating agents without 
cleavage of disulfide bonds (Grey et al., 1968). 

Population studies of the IgA2 allotypes revealed a charac-
teristic racial and ethnic distribution. In Caucasians, the over-
whelming proportion of IgA2 is of the A2m(l) allotype, 
whereas in Africans and in African Americans, the A2m(2) 
allotype dominates (Wang and Fudenberg, 1974; van 
Longhem and Biewenga, 1983). Interestingly, American Indi-
ans, Australian Aborigines, and Eskimos resemble Cauca-
sians in this respect. 

A. Distribution of Human IgA Subclasses in 
Various Body Fluids and Tissues 

Using polyclonal and monoclonal antibodies specific for 
human IgAl and IgA2, several groups of investigators deter-
mined that serum IgA is represented primarily by the IgAl 
subclass (—85% of total serum IgA) (for reviews see Mes-
tecky and Russell, 1986; Conley and Delacroix, 1987). This 
value mirrors the proportion of IgAl- and IgA2-secreting 
cells in the bone marrow (Skvaril and Morell, 1974; Crago 
et al., 1984) and, in conjunction with additional data (Alley 
et al., 1982), indicates that almost all serum IgA originates 
from this source. 

The proportion of IgAl to IgA2 varies in individual secre-
tions. Because almost all secretory IgA in humans is of local 
origin, this IgAl: IgA2 ratio apparently reflects the character-
istic distribution of IgAl- and IgA2-secreting cells in various 
tissues (Crago et al., 1984; Kett et al., 1986; Kutteh et al., 
1988). Although IgAl cells predominate in most mucosal 
tissues and glands, in the large intestine and in the female 
genital tract the IgA2 cells equal or outnumber IgAl-positive 
cells. Lymph nodes contain a mixed proportion of IgAl and 
IgA2 cells, depending on the source. 

B. Functional Differences between IgA Subclasses 

Despite the high degree of identity between the primary 
structures of human IgAl and IgA2 molecules, an under-
standing of the functional differences among the IgA sub-
classes is just beginning to emerge and is related to the struc-
tural differences between the two isotypes. 

The extended hinge region in IgAl molecules renders them 
highly susceptible to unique IgAl-specific proteases pro-
duced by several bacterial species, including many important 
human pathogens (see Chapter 12). Conversely, the absence 
of this region in IgA2 molecules makes them resistant to 
the IgAl proteases (see Chapter 12). The extended hinge 
theoretically confers added segmental flexibility and in-
creased antigen-binding ability on IgAl molecules compared 
with IgA2 molecules, although this hypothesis has not been 
demonstrated experimentally (Pumphrey, 1986). 

A second and profound structural difference between the 
human al and oil chains concerns the composition and distri-
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bution of the oligosaccharide side chains described in Section 
III,A,3. Human IgAl and IgA2 myeloma proteins differ in the 
total amount and proportion of component carbohydrates, as 
well as in the number and distribution of oligosaccharide side 
chains (Niedermeier et al., 1972; Tomana et al., 1972, 
1976,1978; Baenziger and Kornfeld, 1974a,b; Torano et al., 
\911\ Baenziger, 1979; Mizoguchi et al., 1982; Wold et al., 
1990). 

Differences in the carbohydrate composition of human 
IgAl and IgA2 antibodies would be expected to influence a 
number of important properties of these molecules, some of 
which have been demonstrated experimentally. For example, 
the removal of terminal sialic acid substantially shortens 
the half-life of IgA molecules in the circulation because 
of the exposure of galactose residues that are recognized by 
ASGP-R on hepatocytes (Stockert et al, 1982; Tomana et 
al., 1988). Because of the availability of terminal galac-
tose residues, IgAl proteins bind better than IgA2 to the asi-
aloglycoprotein receptor expressed on hepatocytes or on 
the human hepatoma cell line HepG2 (Tomana et al., 
1988). 

More recent analysis indicates that some IgA myeloma 
proteins, especially those belonging to the IgA2 subclass 
(which also is represented in the mucosal secretions), display 
a high degree of carbohydrate heterogeneity as well as trun-
cated oligosaccharide side chains with terminal mannose resi-
dues (Wold et al., 1990). Such proteins effectively interact 
with gram-negative bacteria of the family Enterobacteriaceae 
that express type 1 fimbrial lectin. Since IgA2-producing cells 
predominate in the colon and vagina (Crago et al., 1984; Kett 
et al, 1986; Kutteh et al., 1988), which are colonized by 
gram-negative bacteria expressing mannose-specific lectins, 
IgA2 may function in these areas independent of specific 
antibody activity. This type of carbohydrate-mediated inter-
action could form the basis for a broad antibacterial function 
of secretory IgA against enterobacteria, regardless of the 
antigenic specificity of antibody molecules, in conjunction 
with other immune elements. 

Mildly aggregated IgAl proteins have been demonstrated 
to attach to fibronectin-coated plates in greater amounts than 
similarly treated IgA2 proteins (Mestecky et al., 1987). Al-
though the biological significance of these in vitro observa-
tions is unclear at present, one may speculate that such inter-
actions may be important in the catabolism and distribution 
of IgA molecules and possibly of IgA-containing immune 
complexes. 

IgAl and IgA2 myeloma proteins also have been compared 
with respect to their ability to influence biological functions 
of cells, such as natural killer (NK) cells or eosinophils. 
Secretory IgA and IgA2, but not IgAl myeloma proteins 
significantly inhibit, in a concentration-dependent fashion, 
the NK activity of peripheral blood HNK-1+ cells against K 
563 target cells (Komiyama et al., 1986). In the eosinophil 
degranulation assay, IgAl and IgA2 myeloma proteins and 
secretory IgA display a comparable activity (Abu-Ghazaleh 
et al., 1989). Thus, IgA may be a principal immunoglobulin 
that mediates effector functions of eosinophils at mucosal 
surfaces in infections with parasites and in hypersensitivity 
diseases. 
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C Distribution of Naturally Occurring or 
Vaccination-Induced Ig A Ί and lgA2 Antibodies 

Specific for Various Types of Antigens 

Studies of the IgA subclass association of naturally or 
artificially induced serum and secretory antibodies specific 
for different types of antigens revealed several potentially 
important findings. In colostrum (Ladjeva et aL, 1989) or 
saliva (Brown and Mestecky, 1985), antibodies specific for 
protein antigens were found predominantly in the IgAl sub-
class. In contrast, antibodies to bacterial lipopolysaccharide 
and lipoteichoic acid in these fluids were of the IgA2 subclass. 
However, in serum, such antibodies were present as IgAl 
(Russell et al., 1986; Moldoveanu et aL, 1987), suggesting 
that they were derived from another tissue, probably bone 
marrow, and were induced by a different stimulatory path-
way. The differences in the IgA subclass distribution of spe-
cific antibodies were even more pronounced in response to 
local or systemic infection or immunization. Although low 
levels of IgAl and IgA2 antibodies to influenza A virus were 
detected before infection, IgAl accounted for most of the 
rise in antihemagglutinin levels seen after infection (Brown 
et aL, 1985). However, in serum, almost all IgA antibodies 
were of the IgAl subclass before and after the infection. 
Systemic immunization with pneumococcal polysaccharide 
vaccine induced a vigorous serum response in IgG and IgA 
isotypes. However, when analyzed by an ELISPOT assay 
for specific antibody-secreting cells, IgA-producing cells pre-
dominated in the peripheral blood (Lue et al., 1988). Further, 
examination with monoclonal anti-IgAl and anti-IgA2 re-
agents revealed the predominance of IgA2 cells producing 
specific antipolysaccharide antibodies. Comparable results 
were obtained in another concurrent, although independent, 
study (Heilman et al., 1988). Subsequent immunizations of 
another group of young adult volunteers with tetanus toxoid 
or with polysaccharides from Haemophilus influenzae or N. 
meningitidis led to the transient appearance of antigen-spe-
cific antibody-secreting cells in the peripheral blood (Tarkow-
ski et al., 1990). Low frequencies of IgA-secreting cells, 
predominantly of subclass IgAl, were detected against teta-
nus toxoid. In contrast, the antipolysaccharide response was 
dominated by IgA2-producing cells. 

Collectively, these results indicate that the character of 
an antigen greatly influences the outcome of the immune 
response with respect to the IgA subclass. Similar conclu-
sions were reached in studies of the distribution of specific 
IgG subclass antibodies induced by systemic immunizations 
with protein or polysaccharide antigens (Hammerström and 
Smith, 1986). The mechanisms that regulate the isotype re-
sponses to various types of antigens remain speculative. Pro-
cessing of different antigens and the involvement of different 
types of T helper cells and lymphokines (McGhee et al., 
1989) represent attractive avenues for future investigations. 

D. Phylogenetic Aspects of the Human 
IgA Subclasses 

Kawamura et al. (1992) reported elegant work in which 
they obtained genomic sequences of a chain genes from a 
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Figure 6 Primate immunoglobulins. A phylogenetic tree tracing the 
origins of the IgA subclasses in hominoids and humans. The model 
is adapted from that of Kawamura et al. (1992). 

series of hominoid species (Figure 6). Their data show clearly 
the presence of IgAl and IgA2 molecules in some of the 
hominoid species, although all features (e.g., the extended 
hinge in IgAl) were not always present. These authors sug-
gest that gene conversion was a major avenue to creating the 
IgA subclasses in humans and their immediate predecessors. 

VII. SUMMARY 

Mucosal immunoglobulins represent a family of immuno-
globulin isotypes that function to protect the host from mole-
cules and microorganisms to which the mucosal surfaces are 
exposed continually. Transcytosis of the major isotype, IgA, 
is mediated by poly Ig receptor and provides mucosal secre-
tions with a highly avid antibody. 

Functional differences among the multiple IgA isotypes are 
just beginning to be understood. As these unfold, vaccination 
strategies may have to be designed to direct immune re-
sponses toward particular IgA isotypes. Preliminary findings 
indicate that the IgA subclass response in humans may be 
antigen dependent. 
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I. INTRODUCTION 

The concept of a secretory immune system is based on 
the well-defined secretory immune systems of human, mouse, 
and rabbit. Essential components of these systems are a 
secretory immunoglobulin isotype (IgA or IgM) and a recep-
tor-transporter system such as the polymeric IgA (or IgM) 
receptor (plgR) or secretory component (SC) and J chain. 
This chapter summarizes the evidence for the presence of 
secretory IgA and SC or plgR in various species of mammals, 
birds, reptiles, amphibians, and fish but does not include 
data on J chain, which has been well identified in cartilag-
inous primitive fish (Klaus et al., 1971; Hagiwara et al., 
1985). 

Unambiguous identification of an IgA molecule requires 
comparison of the amino acid sequence of the constant part 
of the heavy chain of the putative IgA with the amino acid 
sequences of the prototype IgA sequences of human, mouse, 
and rabbit. Putative IgA molecules also can be identified 
clearly by cross reaction with antisera specific for the proto-
typic a chains. In the absence of such data, several other 
characteristics of the well-characterized IgA molecules have 
been used to identify putative IgA molecules, including 
(1) the predominant expression, relative to IgG, in exocrine 
secretions, (2) the differential expression of monomeric forms 
in serum, (3) the ability to associate in J chain-containing 
polymers with high affinity for SC and the formation of addi-
tional serological determinants by these associations, and 
(4) the abundant synthesis in mucosal plasmacytes. 

The identification of putative SC components has been 
more difficult. IgA-bound SC is poorly immunogenic and few 
serological cross reactions have been reported. Further, free 
SC is sensitive to protease digestion and is about the same 
size as some immunoglobulin heavy chains. 

II. MAMMALS 

IgA has been identified in all mammals examined on the 
basis of immunodiffusion analysis of cross reactions using 
mammalian or chicken antisera specific for mammalian or 

chicken a chains (Vaerman et al., 1969; Orlans and Feinstein, 
1971; Neoh et al., 1973). Researchers now accept that even 
primitive mammals such as insectivores (mole, Orlans and 
Feinstein, 1971; European hedgehog, Vaerman et al., 1969), 
monotremes (echidna), and marsupials (opossum, quokka, 
Bell et al., 1974) possess a typical secretory IgA immune 
system. 

As described earlier, the identification of SC or plgR has 
been more difficult. However, these components have been 
identified in humans, dogs (Reynolds and Johnson, 1971; 
Delacroix et al., 1983), cows (Mach et al., 1969) goats and 
sheep (Pahud and Mach, 1970), pigs (Bourne, 1969a,b; 
Baumgarth et al., 1990), horses (Pahud and Mach, 1972), 
rabbits (Cebra and Small, 1967; O'Daly and Cebra, 1971), 
guinea pigs (Vaerman et al., 1975a), rats (Vaerman et al., 
1975b; Acosta-Altamirano et al., 1980), and mice (Lemaitre-
Coelho et al., 1977a; Pierre et al., 1993). 

III. BIRDS 

A. Galliforms 

1. IgA 

Lebacq-Verheyden et al. (1972a,b) first reported a putative 
analog of mammalian IgA in chicken serum and secretions. 
In addition to light chain-specific common determinants, this 
IgA expressed antigenic determinants that were distinct from 
IgM and IgG (or IgY). In serum, the IgA was predominantly 
polymeric and represented a minor component. In contrast, 
the IgA was abundant in intestinal fluids, especially in gall 
bladder bile (Lebacq-Verheyden et al., 1974). The secre-
tion : serum concentration ratio was also larger for IgA than 
for IgG and IgM in saliva, tears, and semen (Lebacq-Ver-
heyden et al., 1974). Finally, in contrast to fluorescent anti-
μ and anti-γ antibodies, fluorescent anti-chicken a chain anti-
bodies revealed a wealth of IgA plasmacytes in duodenal, 
jejunal, ileal, cecal, oviduct, and bronchial lamina propria, 
with fewer IgA-positive cells in the spleen (Lebacq-
Verheyden et al., 1974). 
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Bienenstock et al. (1972,1973a) also identified chicken IgA 
using antibiliary IgA antibodies that had been absorbed with 
IgG. These studies confirmed (Bienenstock et al. 1973b) the 
abundance of IgA in several chicken secretions and, using 
fluorescent-labeled antibodies, demonstrated many IgA-
positive cells in the gut and other mucosae but not in the 
spleen. In addition, these researchers demonstrated a high 
level of incorporation of 14C-labeled amino acids into IgA, 
but not IgG and IgM, molecules that were secreted during 
short-term cultures of intestinal and other mucosae. Indepen-
dently, Orlans and Rose (1972) and Rose et al. (1974) de-
scribed a putative chicken IgA by its antigenic differences 
from IgM and IgG, and by higher IgA/IgG ratios in secretions 
than in serum. Leslie and Martin (1973) and Katz et al. (1974) 
also identified chicken IgA using similar criteria. 

IgA has been identified in galliforms other than chickens by 
similar immunochemical, immunohistological, and biological 
techniques. In addition, cross reactions with anti-chicken 
IgA have been shown for turkey (Goudswaard et al., \9ΊΊ&), 
pheasant, Japanese quail, and guinea fowl (Parry and Aitken, 
1975) but not pigeon, a member of Columbiformes in which 
only the former criteria were met (Goudswaard et al., 1977b). 

The data described were all consistent with the hypothesis 
of chicken IgA as a precursor of mammalian IgA. However, 
Hädge and Ambrosius (1983,1984,1986) used inhibition of 
radioimmunoassays to determine cross-reactivities and to 
screen for immunoglobulins resembling chicken bile IgA in 
concentrated serum globulins of diverse species. Since no 
cross-reactivities or related immunoglobulins were found, 
these investigators concluded that chicken bile immunoglob-
ulin was not the precursor of mammalian IgA. These re-
searchers termed chicken bile Ig IgB, for dominant immuno-
globulin in bile of some birds, although clearly shown in 
chicken serum. Based on their radioimmunoassays and im-
munodiffusion studies, these investigators concluded that 
IgY is the precursor of mammalian IgA (Hädge and Ambro-
sius, 1987). However, these data have not been confirmed 
independently, weak cross reactions in sensitive radioimmu-
noassays must be interpreted with caution, and some of the 
data presented were contradictory (outlined by Ng and Hig-
gins, 1986). 

More recent data may settle this controversial point. Man-
sikka (1992) has obtained an amino acid sequence of the 
constant portion of the heavy chain that is different from IgG 
(or IgY) and IgM. Three nucleic acid probes including the 
chicken VH1 probe, a ϋμ probe, and a Cy probe were used 
to screen 20,000 recombinant clones from a cDNA library 
prepared from Harderian glands, which are rich in IgA, IgM, 
and IgY plasmacytes. Nine clones hybridized only with VH1. 
One of these clones (Al) had an insert of —1900 base pairs. 
The deduced amino acid sequence showed that it encoded a 
leader sequence identical to the VH1 leader followed by a 
V region that was 92% identical to the known germ-line VH1. 
Most of the differences were in the three complementary 
determining regions. Frameworks of Al-V and germ-line 
VH1 differed only by three nucleotides. After a D region, 
Al-J was identical to the single germ-line J sequence, fol-
lowed by a C region consisting of 1329 base pairs or 443 
amino acids before the stop codon. Al-C fit with four immu-
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noglobulin C domains, with correctly spaced invariant cyste-
ine-cysteine and tryptophan residues. Al is thus a full-length 
H chain cDNA that is isotypically different form μ and y 
chains. The fowl Ca was 37% identical to mouse Ccx; identity 
to mouse Cμ, Gy 1, and C8 was much lower (29, 30, and 26%, 
respectively). Homology with human and rabbit a chains 
was high. The C terminal -Cys-Tyr sequence and the Ca2 
glucosamine binding site that are typical of mammalian a 
chains were both present. A major difference was the pres-
ence of four C domains in chicken a chain, as in chicken y 
chain, suggesting that the fowl Ce*2 had been deleted from 
the human a chain during evolution. 

These data clearly identify an IgA isotype in chickens and 
suggest that it is the precursor to mammalian IgA. Whether 
the amino acid sequence of H chains from fowl bile IgA will 
correspond to the nucleotide-derived sequence remains to 
be determined. 

2. SC 

Additional studies have been concerned with the associa-
tion of SC with IgA and with the identification of different 
forms of IgA. Bienenstock et al. (1973b) first showed binding 
of radiolabeled human free SC to a chicken serum immuno-
globulin that was precipitable by anti-IgA, but did not observe 
binding to chicken biliary IgA, suggesting the presence of 
SC in this chicken immunoglobulin. Rose et al. (1974) demon-
strated that egg white contained a major 16.2S IgA that, on 
reduction and SDS-PAGE analysis, released a polypeptide 
with molecular mass of 50-70 kDa; this protein was identified 
tentatively as chicken SC. Antibodies that had been raised 
against oviduct fluid and absorbed with adult serum gave an 
identical reaction with egg white IgA and a soluble protein 
that was retained in immunoglobulin-depleted egg white and 
may represent SC. However, this antibody did not detect 
SC in chicken biliary or intestinal IgA. Leslie and Martin 
(1973) suggested that SC was associated with biliary IgA 
(—350 kDa) and not with serum IgA, but this hypothesis was 
not demonstrated convincingly. 

Katz et al. (1974) found no antigenic differences between 
IgA in sera and secretions, and concluded that the equivalent 
of mammalian SC does not exist in chicken. However, other 
investigators continued the search. Watanabe and Kobayashi 
(1974) compared bile and intestinal IgA from chicken. Bile 
IgA resembled serum IgA from chickens, was of high molecu-
lar mass (800-900 kDa), and was without SC. In contrast, 
intestinal IgA resembled mammalian secretory IgA, had a 
molecular mass of —400 kDa, and was associated with SC. 
Subsequently, Watanabe et al. (1975) isolated a 70-kDa glyco-
protein from gut fluid that was reactive with antibodies to 
intestinal but not biliary IgA. Using an antibody specific for 
this putative free SC, prepared by immunizing with gut SIgA 
and absorbing with bile IgA, these researchers determined 
that free gut SC was deficient compared with SC in gut SIgA. 
However, this finding could reflect sensitivity of the antibod-
ies to conformational changes or to proteolysis in the gut. 
The anti-SC reacted with IgA in intestinal but not in other 
secretions; labeled free SC did not combine in vitro with 
biliary IgA or IgG. In these studies, Watanabe and Kobayashi 
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(1974) found the molecular mass of the IgA to be 350 kDa 
in gut secretions but 650-710 kDa in bile, tears, saliva, ovi-
duct fluid, and urine. In later studies, Kobayashi and Hirai 
(1980) stated that chicken bile and intestinal IgA had the same 
size (—560 kDa) and found no evidence for SC in intestinal or 
bile IgA by SDS-PAGE and immunodiffusion of reduced or 
native proteins. The interpretation of these data is compli-
cated by the poor immunogenicity of SC in chicken IgA and 
the similarity in size to the reduced a chains in SDS-PAGE. 

Porter and Parry (1976) isolated a putative SC with molecu-
lar mass of —68 kDa from intestinal secretions but not from 
bile. Significantly, antibodies to bile IgA reacted identically 
with bile and intestinal IgA and partially with the 68-kDa 
protein. The major 15S serum IgA spurred (SC?) over the 
7.5S serum IgA, as did pure bile and gut SIgA. Reduced bile 
IgA released a —70-kDa protein that resembled free intestinal 
SC. Free SC also was identified in gut fluids from 20-day-
old germ-free chicks with no IgA cells in their gut. As has 
been observed for mammalian SC, fluorescent labeled anti-
SC antibodies stained only gut epithelium—mostly crypts in 
the supranuclear region, apical cytoplasm, and along basolat-
eral membranes. However, these data seem incompatible 
with those of Bienenstock et al. (1972). Labeled human SC 
would not be expected to combine with polymeric chicken 
serum IgA bearing SC (Parry and Porter, 1978) nor with 
monomeric chicken serum IgA, which probably lacks J chain 
and thus would be unable to bind SC. 

More recent experiments have concentrated on the use of 
functional criteria to elucidate the role of SC in galliforms. 
As in rats and rabbits (Lemaitre-Coelho et al., 1977b; Dela-
croix et al., 1982), the levels of IgA were much higher in 
cannulated chicken hepatic bile than in plasma (Rose et al., 
1981). Again, as in rats and rabbits (Lemaitre-Coelho et al., 
1978; Delacroix et al., 1982), ligation of chicken bile ducts 
led to a fourfold increase in plasma IgA. Thus, the chicken 
liver quickly clears plasma chicken polymeric IgA by trans-
porting it into bile. Rose et al. (1981) confirmed these findings 
by determining a high recovery in the bile of intravenously 
(iv) injected human labeled dimeric but not monomeric IgA, 
again as in rats and rabbits (Lemaitre-Coelho et al., 1978; 
Delacroix et al., 1982). 

Peppard et al. (1983) biolabeled chicken glycoproteins by 
iv injection of [14C]fucose in bile duct cannulated chickens, 
followed by iv injection of human cold dimeric IgA 30 min 
later. The human IgA recovered in the bile was labeled, 
presumably by binding to chicken SC. [14C]IgA collected 
from bile, when reinjected iv into a new recipient, did not 
repass into the bile. Moreover, 125I-labeled human milk and 
chicken bile IgA injected iv were not recovered in chicken 
bile. Thus, as has been found in rats, IgA already combined 
with SC is not actively cleared by the chicken liver (Vaerman 
and Lemaitre-Coelho, 1979; Lemaitre-Coelho et al., 1981). 

Finally, Peppard et al. (1986) purified human dimeric IgA 
by antihuman light chain immunoadsorption chromatography 
after its transport into chicken bile. Approximately half this 
IgA had increased in size by —80 kDa, suggesting that it had 
bound chicken SC. After mild reduction of this immunopuri-
fied IgA, isoelectric focusing, SDS-PAGE, transfer to nitro-
cellulose, and reaction with rabbit antichicken bile antibod-

ies, these investigators identified a protein of —80 kDa with 
an isoelectric point of 4.6 that is thought to be chicken SC. 

The data just discussed suggest that chicken IgA and SC 
have been reasonably well identified, although the case for 
chicken SC is less clear. Unfortunately, no serological cross 
reactions were reported between mammalian IgA and SC 
and their putative chicken equivalents. SC has not been iden-
tified in galliforms other than chickens. Since nucleic acid 
probes are now available for human, rabbit, and rat SC/pIgR, 
future identification of this elusive molecule (Peppard et al., 
1983) will probably rely on methods involving molecular biol-
ogy as well. 

B. Anseriforms 

Analogs to mammalian (or chicken) IgA have not been 
identified in anseriforms (Ng and Higgins, 1986; Higgins et 
al., 1987). Ducks and geese also differ from chickens by the 
presence of a 5.7S Ig in the serum, as found in reptiles and 
lungfish. Hädge and Ambrosius (1988a,b) found no radioim-
munoassay cross reactions between bile immunoglobulins of 
galliforms and anseriforms. None of the biliary anseriform 
immunoglobulins resemble mammalian IgA by radioimmuno-
assay cross reaction, but anseriform biliary immunoglobulins 
do resemble human and carp IgM by such criteria. Thus, the 
secretory immune system of anseriforms may be related more 
closely to that of reptiles, apparently relying on a predomi-
nance of IgM in secretions. In ducks, biliary IgM spurred 
(SC?) over serum IgM with anti-bile IgM antiserum but not 
with anti-serum IgM antiserum (Higgins et al., 1987). How-
ever, gut secretions and immunohistological sections were 
not examined with antibodies specific for the spur, and no 
additional peptide was found in biliary IgM after reduction 
and SDS-PAGE. The ontogeny of IgM and IgY in bile and 
serum, and the kinetics of antiviral antibodies, additionally 
supports a secretory immune system in anseriforms (Ng and 
Higgins, 1986; Higgins et al., 1987). 

IV. REPTILES AND AMPHIBIANS 

As in ducks, three serum immunoglobulin isotypes occur 
in reptiles: 19S IgM and two smaller immunoglobulins, a 7.8S 
IgY and a 5.7S immunoglobulin. IgM predominates in the 
bile and gut fluids of snakes, turtles, and bullfrogs (Portis 
and Coe, 1975). No evidence for SC was presented in these 
studies. In tortoise bile and gut secretions, IgM largely pre-
dominated over the 7.8S IgY and the 5.7S immunoglobulin; 
fluorescent anti-μ and anti-light chain antibodies stained simi-
lar numbers of plasmacytes in intestinal mucosae (Vaerman 
et al., 1975c), suggesting that no other major IgA-like immu-
noglobulin existed in the gut. 

Fellah et al. (1992) reported that the serum of developing 
axolotls lacked an IgY-like immunoglobulin (11.9S dimer, 
Fellah and Charlemagne, 1988). However, the gut epithelium 
of the immature axolotls stained both with fluorescent mono-
clonal anti-axolotl IgY and some anti-mammalian SC antibod-
ies. After Western blotting with anti-mammalian SC, the axo-
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lotl stomach and intestinal extracts revealed 78-kDa and 
occasional 120 to 130-kDa bands that may represent axolotl 
SC and plgR. These data require confirmation. 

V. FISH 

Oral immunization of plaice with Vibrio anguillarum anti-
gens resulted in higher antibody titers in gut extracts and 
skin mucus than in sera, whereas the serum titers were higher 
than those of secretions after parenteral injections (Fletcher 
and White, 1973). Antibodies in mucus and serum were simi-
lar to IgM in size. In sheepshead (Lobb and Clem, 1981a,b), 
biliary immunoglobulin was a noncovalent dimer that was 
antigenically identical to serum IgM. The heavy chains were 
smaller (—55 kDa) than those of serum μ chains (70 kDa), 
but the light chains were of similar molecular mass (25 kDa). 
SC-like peptides were not found. Skin mucus immunoglobu-
lins were composed of serum-like IgM and some dimers, 
some of which were associated covalently and, on reduction, 
released peptides with molecular mass of 70 kDa (H), 25 kDa 
(L), and 95 kDa (SC?). The only evidence for a secretory 
immune system in rainbow trout was the finding by St. Louis-
Cormier et al. (1984) of serum IgM-like antibodies in mucus 
and immunoglobulin-containing cells in skin dermis and mu-
cus. Local immune responses in the posterior gut of trout 
receiving oral human IgG were determined by immunohistol-
ogy and by antibody secretion from cells of the intestine 
(Georgopoulou and Vernier, 1986). Oral and anal administra-
tion of V. anguillarum into carp (Rombout et al., 1986) also 
suggested a local immune response, mostly in the hindgut. 
Oral bacteria elicited no serum antibody, whereas anal injec-
tion induced higher serum titers, with lower titers in bile 
and intestinal and skin mucus. Bath immunizations of catfish 
(Lobb, 1987) against dinitrophenyl (DNP)-albumin induced 
anti-DNP antibody in skin mucus of 5 of 6 fish, but induced 
serum antibody in only 1 of 6. The affinity-purified skin mucus 
antibody resembled IgM-like tetrameric serum antibody. 
Thus, some indication exists for a local secretory system in 
fish, but better characterization is required (Hart et al., 1989). 

VI. CONCLUSION 

The emergence of a classical primary, primarily SlgA-
related, secretory humoral immune system seems to have 
occurred first in the galliform branch of birds, but we have 
adopted a mammalian viewpoint for this survey. In more 
primitive animal species (fish, amphibians, reptiles), whether 
such a viewpoint is acceptable is not clear at all. A completely 
different set of criteria from those used for mammals and 
galliforms may be required to define a mucosal immune sys-
tem; the cellular components could be much more important, 
as could nonspecific defense factors such as complement-
like proteins and mucus components. Clearly, the mucosal 
SIgA immune system is probably efficient, with minor varia-
tions (see, for example, the huge predominance of IgGl in 
ruminant milk throughout lactation), in all mammals, as well 

as in galliform birds. However, these are the limits of possible 
conclusions without too much risk of error. 
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Genes: Organization and Expression of IgA 
Heavy-Chain, Polymeric Immunoglobulin Receptor, 

and J-Chain Genes 
Katherine L Knight 

I. INTRODUCTION 

In Chapter 8, Vaerman described evidence for the presence 
of secretory IgA and a receptor-transporter (SC or plgR) in 
various species of mammals, birds, reptiles, amphibians, and 
fish. Genes encoding these molecules are cloned principally 
from mammals. This chapter addresses the structure and 
expression of these genes. 

II. IgA HEAVY-CHAIN GENES 

Genes encoding Ca regions are cloned from the genomes of 
human, mouse, cow, rabbit, and several nonhuman primates 
including gorilla, chimpanzee, orangutan, gibbon, and Old 
World monkey (Tucker et aL, 1981; Flanagan et al., 1984; 
Knight et al., 1988; Ueda et aL, 1988; Burnett et aL, 1989; 
Kawamura et aL, 1989,1990). With the exception of rabbits, 
all mammals studied have one or two IgA subclasses; corre-
spondingly, they have one or two Ca genes in their germ 
line. As do other CH genes, the Ca genes of each species 
studied have a separate exon that encodes each do-
main—Cal, Ca2, and Ca3—as diagrammed in Figure 1. The 
hinge region is not encoded as a separate exon, as it is in Cy 
and C6 genes, but is encoded at the 5' end of the Ca2 exon. 
The hinge regions of human Cal and Ca2 genes contain 
tandem 15-bp repeat units. Kawamura et al. (1990) showed 
that the Cal and Ca2 genes of chimpanzee, gorilla, and gib-
bon have hinge structures similar to those of the human Cal 
and Ca2 genes, respectively. In contrast, the hinge region 
of the Ca gene of Old World monkeys does not contain the 
15-bp repeat unit and, in general, its structure is markedly 
different from that of any hominoid Ca gene examined. 

The 19-amino-acid extension found at the C-terminal end 
of the secreted form of a heavy chains is encoded at the 3' 
end of the Ca3 exon. The transmembrane and cytoplasmic 
tail sequences found at the C-terminal end of the membrane 
form of a heavy chains are encoded by one small exon, aM, 
located approximately 2-4 kb downstream (3') of the Ca3-

encoding exon (Word et al., 1983; S. K. Zhai, and K. L. 
Knight, unpublished data). Approximately 2-6 kb upstream 
(5') of the Ca genes is the switch region that undergoes 
recombination in B lymphocytes during isotype switching. 

A. Ca Genes of Mouse, Bovines, and Primates 

The Ca gene of mouse is the 3'-most CH gene of the H-
chain gene cluster 5'-JH-C8-Cy3-Cyl-Cy2b-Cy2a-C8-Ca-3' 
(Shimizu et al., 1982). In humans, the CH gene order differs 
slightly from that in mice, presumably because of the duplica-
tion of a cluster of two Cy genes, one Cs, and one Ca gene 
(Figure 2). In this case, the gene order is 5'-JH-C^-C6-Cy3-
Cyl-pseudo Ce-Cal-pseudo Cy-Cy2-Cy4-Ce-Ca2-3' (Flana-
gan and Rabbits, 1982; Hofker et aL, 1989). The bovine 
Ca gene is 3' of CE, but has not been linked by overlap-
ping phage or cosmid clones to Cμ or Cy (Knight et al., 
1988). 

B. Ca Genes of Rabbit and Other Lagomorphs 

Rabbits are highly unusual because their germ line has 13 
nonallelic Ca genes (Burnett et aL, 1989). The 13 Ca genes 
span a minimum of 160 kb of DNA. Three of the Ca 
genes—Ca4, Ca5, and Ca6—have been linked to the Ομ, 
Cy, and Ce genes by overlapping cosmid clones (Figure 3; 
Burnett et al., 1989). The remaining 10 Ca genes are in sepa-
rate or overlapping phage or cosmid clones. Isolating phage 
or cosmid clones that link these 10 genes to the 5'-JH-C//,-Cy-
Ca4-Ca5-Ca6-3' cluster has been difficult, although multiple 
genomic phage and cosmid libraries were screened for clones 
that would link the 13 Ca genes. Clearly, some genomic DNA 
segments of the Ca gene cluster are difficult to clone. We 
suggest that, because the Ca chromosomal region seems to 
have a high content of repeated elements, some DNA is 
deleted repeatedly during construction of the genomic librar-
ies, making cloning the entire region difficult. Another possi-
ble reason for not being able to link the 13 Ca genes together 
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Figure 1 Intron-exon structure of Ca genes. The boxes represent 
the exons that encode the Cal domain, the hinge (H) and Ca2 do-
main, the Ca3 domain and secreted tail, and the membrane/cyto-
plasmic domain (aM). The smaller open box represents 3'-untrans-
lated region of the RNA. 

is that some of them are not within the heavy chain chromo-
somal region; this possibility, however, seems unlikely. 

Because of the large number of Ca genes in rabbit com-
pared with other mammals, Burnett et al. (1989) investigated 
whether multiple copies of Ca also were found in other lago-
morphs. Southern blots of DNA from members of the two 
families of lagomorphs—Leporidae and Ochotonidae—hy-
bridized with rabbit Ca probes revealed multiple hybridizing 
fragments in each sample of DNA (Figure 4). These data 
indicate that multiple Ca genes are found in animals through-
out the order Lagomorpha and that the expansion of Ca 
genes occurred in a common ancestor. Similar attempts to 
identify multiple Ca genes in mammals that belong to an 
order other than Lagomorpha have been unsuccessful to date. 
Thus we do not yet know, in evolutionary terms, when the 
expansion of Ca occurred. 

C Ca Gene of Chicken 

As described in Chapter 8, IgA-like molecules have been 
identified in chicken serum and secretions, but the evolution-
ary relationship between the heavy chains of these molecules 
and mammalian a heavy chains is not clear. Mansikka (1992) 
cloned a ηοη-μ-, ηοη-γ-encoding H chain cDNA from a library 
derived from mRNA of chicken Harderian gland, a tissue 
rich in plasma cells. On the basis of the deduced amino acid 
sequence, the constant region of the H chain encoded by the 
cDNA was 37% identical to murine Ca chains and only 29% 
and 30% identical to murine IgM and IgGl, respectively. The 
data show that chickens have a third Ig isotype that is distinct 
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Figure 3 Organization of 13 rabbit germline Ca genes. Ca genes are 
indicated by solid boxes; the vertical lines to the left of each gene 
indicate S regions. Arrows indicate transcriptional direction. 
(A) Cluster 1 obtained from overlapping cosmid and phage clones 
(Burnett et al., 1989), showing linkage of Ca4, Ca5, and Ca6 genes 
to the CH genes, Cy, and Ce. (B) Cluster 2 obtained from overlapping 
cosmid and phage clones. (C) Cluster of two Ca genes, Ca8 and 
Ca9, and two individual clones on nonoverlapping phage clones. 
Reprinted with permission from Burnet et. al. (1989). 
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Figure 4 Southern analysis of lagomorph genomic DNA with the 
rabbit Ca cDNA probe. DNA samples, domestic rabbit (R), cotton-
tail rabbit (C), jackrabbit (J), and pika (P), were restricted with Bam 
HI. Lambda Hin dill size standards are indicated. Reprinted with 
permission from Burnett et al. (1989), and Oxford University Press. 
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from IgM and IgG, and that this isotype is most likely the 
homolog of mammalian IgA. Of particular interest is that 
these heavy chains have four CH domains. By comparing the 
similarity of the sequences of each chicken Ca domain with 
mammalian Ca domains, Mansikka (1992) showed that the 
chicken Ca2 domain was the least similar to mammalian a 
chains and concluded that the Ca2 domain was deleted in 
mammals during evolution. 

D. Expression of Ca Genes 

In humans, IgAl and IgA2 are expressed differentially in 
various tissues (Brandtzaeg et al., 1986; Kett et al., 1986; 
Mestecky and Russell, 1986). For example, IgAl represents 
80-95% of the IgA in serum whereas, in external secretions, 
it generally represents 30-50% of the IgA. The factors respon-
sible for this differential expression are not known. In rabbits, 
the 13 germ-line Ca genes were examined for their expressi-
bility by nucleotide sequence analysis and by transfection 
studies. Burnett et al. (1989) analyzed the nucleotide se-
quences and found that each of the 13 Ca genes was express-
ible. Schneiderman et al. (1989) ligated each of the Ca genes 
to a murine VDJ gene, transfected murine L-chain-producing 
SP2/0 cells with each of the chimeric rabbit-mouse a heavy 
chain gene constructs, and showed that most, if not all, of 
the Ca genes could be expressed in vitro in these cells. Using 
probes specific to each of the 13 Ca genes, RNase protection 
studies of mRNA from mucosal tissues, including gut and 
mammary tissue, identified mRNA representing 10 of the 
Ca genes (Spieker-Polet et al., 1993). These data show that 
rabbits express 10 Ca genes in the mucosae. Presumably, 
then, 10 IgA isotypes will be found in rabbit mucosal secre-
tions. The functional significance of multiple IgA isotypes 
remains to be elucidated. Serologically, only two isotypes of 
IgA, fand g, are well defined (Knight and Hanly, 1975). The 
chimeric rabbit-mouse IgA molecules generated by Schnei-
derman et al. (1989), which represent each of the IgA iso-
types, can be used as immunogens to develop antibodies 
specific to each of the 10 isotypes. Using such antibodies, 
or using the RNase protection assay, the relative expression 
of each IgA isotype in various mucosal tissues can be deter-
mined. Considering the differential expression of the two IgA 
isotypes IgAl and IgA2 in various human mucosal tissues 
(Brandtzaeg et al, 1986; Mestecky and Russell, 1986) the 10 
IgA isotypes in rabbit are likely to be expressed differentially 
in various mucosal tissues. 

III. CLASS SWITCHING 

IgA expression results from class switching, by which in 
IgM-IgD-bearing B lymphocytes a Ca gene is rearranged to 
the region downstream of the rearranged VDJ gene. During 
isotype switching to IgA, the Cμ, C8, Gy, and Ce genes 5' 
of the switched Ca gene and 3' of the VDJ gene are deleted 
from the germ line (Rabbits et al., 1980; Yaoita and Honjo, 
1980; Kataoka et al., 1981; von Schwedler et al., 1990). The 
isotype switch generally occurs by recombination between 
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the tandem direct repeat sequences, that is, switch se-
quences, that are found 5' of each CH gene except C8 (Davis 
et al., 1980; Obata et al., 1981). Switching may be regulated 
by the accessibility of switch regions to a recombinase that 
presumably is involved in the switch recombination; such 
recombinases are not yet identified. The induction of IgA 
isotype switching has been studied extensively; of particular 
interest are the results of Coffman and colleagues, who 
showed that the addition of transforming growth factor ß 
(TGF/3) to lipopolysaccharide (LPS)-stimulated cultures of 
murine splenic and Peyer's patch B cells resulted in an ap-
proximately 10-fold increase of IgA production (Coffman et 
al., 1989; Lebman et al., 1990a). In their experiments, TGF/3 
stimulated SIgA" cells to express IgA; the authors suggest 
that TGF/3 acts as an isotype-specific factor for IgA. Stav-
nezer and her colleagues also studied isotype switching in a 
murine B-lymphoma cell line (1.29), which switches from 
IgM to IgA (Stavnezer et al., 1985; Severinson et al., 1990). 
These investigators found a germ-line Ca transcript from 
unrearranged Ca genes that spanned the Ca gene and a region 
5' of the switch site; this sterile transcript did not have VH 

or JH gene sequences (Stavnezer et al., 1988; Radcliffe et 
al., 1990). Lebman et al. (1990b) cloned sterile Ca transcripts 
from TGFß-induced LPS-stimulated B cells and also found 
that the transcripts contain germ-line sequences 5' to the a 
switch site as well as Ca sequences. The results suggest that 
switching to IgA is preceded by transcription of unrearranged 
Ca genes. The function of these transcripts remains un-
known, but Stavnezer et al. (1988) suggested that transcrip-
tion may promote recombination. To date, however, we do 
not understand how a particular CH gene, especially Ca, 
would be selected for transcription nor how this transcription 
would promote the switch recombination process. 

IV. POLYMERIC IMMUNOGLOBULIN 
RECEPTOR/SECRETORY 
COMPONENT GENES 

Polymeric immunoglobulin receptor (plgR) mediates the 
transport of polymeric Ig across the epithelia into secretions. 
Polymeric Ig binds to plgR at the basolateral cell surface 
and is internalized via receptor-mediated endocytosis. The 
complex then is transcytosed to the apical cell surface, where 
the polymeric Ig is secreted with a portion of the plgR (called 
SC; Brandtzaeg, 1974; Mostov and Blobel, 1982; Solari and 
Kraehenbuhl, 1984). Mostov et al. (1984) first cloned the plgR 
gene from a rabbit cDNA library; subsequently, Deitcher and 
Mostov (1986) isolated the genomic plgR gene from a rabbit 
genomic DNA library. By analyzing the deduced amino acid 
sequence, Deitcher and Mostov (1986) identified five extra-
cellular domains with structural similarity to immunoglobulin 
domains, suggesting that plgR is a member of the immuno-
globulin superfamily (Mostov et al., 1984; Hunkapiller and 
Hood, 1989). The sixth domain has a highly hydrophobic 
region and is believed to be the region that spans the cell 
membrane. The seventh, or cytoplasmic, domain is unusually 
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large, having 103 amino acids. This domain does not appear 
to be a member of the immunoglobulin superfamily. 

Two forms of SC are found in rabbit secretions, a high 
molecular weight form (HMW; Mr ~81,000) and a low molec-
ular weight form (LMW; Mr -55,000) (Mostov et al., 1980; 
Kuhn and Kraehenbuhl, 1981; Kuhn et al, 1983). Deitcher 
and Mostov (1986) showed that these two forms probably 
arise from differential RNA splicing. One unusual feature 
of the genomic plgR gene is that the immunoglobulin-like 
domains 2 and 3 are encoded by the same exon (Deitcher 
and Mostov, 1986). The HMW form of SC contains all seven 
SC domains, whereas LMW SC contains five SC domains; 
domains 2 and 3 are absent because of alternative splicing 
of the primary RNA transcript. Hanly (1992) identified repeti-
tive sequence elements on both the 5' and the 3' side of 
exon 2-3, and suggests that these elements may mediate the 
alternative splicing event resulting in LMW SC. 

The human plgR gene also has been cloned from both a 
cDN A library (Krajöi etal.,\989) and a genomic phage library 
(Davidson et al., 1988). Analysis of human x mouse somatic 
cell hybrids localized the plgR gene to the long arm of chro-
mosome 1. The intron-exon organization of the human plgR 
gene is similar to that of rabbit (Hanly et al., 1989; Krajci et 
al., 1992; W. C. Hanly, unpublished data), but no mRNA 
encoding LMW SC was found in human secretory tissues 
(Krajdi et al., 1989), indicating that the plgR transcript is not 
alternatively spliced. 

plgR has been used as a model system to investigate intra-
cellular protein traffic. The availability of the cloned plgR 
gene allows systematic analysis of regions of the protein 
required for specific biological functions (for example, see 
Mostov et al., 1986; Breitfeld et al., 1989; Schaerer et al., 
1990; Apodaca et al., 1991; Casanova et al., 1991). Banting 
et al. (1989) cloned the rat plgR gene as cDNA and showed 
that the cytoplasmic domain was conserved remarkably with 
the cytoplasmic domain of rabbit and human plgR genes. 
Further comparison of the amino acid sequence similarities 
among species may help identify functionally important 
amino acid residues in the cytoplasmic domain. 

V. J-CHAIN GENES 

J chain, a protein of 137 amino acid residues, is associated 
with polymeric Ig A and IgM (see review by Koshland, 1985). 
The J-chain gene first was cloned from a murine plasmacy-
toma cDNA library (Mather et al., 1981; Cann et al., 1982) 
and subsequently was cloned from murine and human geno-
mic libraries (Max and Korsmeyer, 1985; Matsuuchi et al., 
1986). Analysis of human x rodent somatic cell hybrids lo-
cated the human J-chain gene on the long arm of chromosome 
4 (Max et al., 1986); the J-chain gene in mouse is located 
on chromosome 5 (Yagi et al., 1982). J chains are highly 
conserved: the sequences of these mouse and human genes 
are 77% identical. Analysis of the amino acid sequence and 
circular dichroism measurements led Zikan et al. (1985) to 
propose that the J chain may be a member of the immunoglob-
ulin superfamily, since it has a single-domain antiparallel ß 

pleated sheet bilayer structure. Previously, Cann et al. (1982) 
had proposed a two-domain structure for J chain, which was 
unlike that of an immunoglobulin-like fold. Although the data 
are more consistent with the single-domain structure for J 
chain, X-ray crystallographic analysis of J-chain-containing 
polymers will establish which model more accurately depicts 
the structure of J chain. 

The J-chain gene consists of four exons distributed over 
7.3 kb. Unlike immunoglobulin heavy- and light-chain genes, 
the J-chain gene does not undergo rearrangement during B 
cell differentiation (Yagi and Koshland, 1981; Matsuuchi et 
al., 1986). A single primary transcript of the J-chain gene 
appears to be produced. Unlike CH and plgR gene transcripts, 
this transcript does not seem to undergo alternative splicing. 
However, like immunoglobulin light- and heavy-chain genes, 
the region 5' of the translational start site includes a TATA 
sequence as well as two tissue-specific decanucleotide and 
pentadecanucleotide elements that are common to human 
and mouse VK genes, mouse V\ genes, and heavy-chain 
enhancers (Mills et al., 1983; Falkner and Zachau, 1984; 
Parslow et al., 1984; Mage et al., 1989). The presence of 
these elements in the J-chain gene suggests that its transcrip-
tion may be controlled in a manner similar to that of light-
and heavy-chain genes. 

Expression of the J-chain gene during B-cell differentiation 
was studied in mouse and humans, but the results do not 
establish the stage in the differentiation pathway at which J-
chain synthesis is initiated. In mouse, J chain was not found 
in μ heavy chain producing pre-B or B lymphoma cell lines 
but was highly expressed in Ig-secreting B-lineage cells 
(Mather et al., 1981; Koshland, 1985). These data indicated 
that J-chain expression occurred after the synthesis of μ 
heavy chains. However, in human, several investigators 
(McCune et al., 1981; Mason and Stein, 1981; Hajdu et al., 
1983; Max and Korsmeyer, 1985) showed that J chain was 
expressed in pre-B and null lymphocytic leukemias. Subse-
quently, Kubagawa et al. (1988) showed that some Ep-
stein-Barr virus-transformed human B-cell progenitors ex-
pressed J chain in the absence of immunoglobulin gene 
rearrangements. These data indicate that J-chain expression 
precedes μ,-chain expression. The discrepancy between the 
J-chain expression in mouse and human B-lineage cells may 
reflect that most data were obtained from transformed cells 
(Max and Korsmeyer, 1985). Additional studies using normal 
untransformed cells may resolve this discrepancy. 

Koshland and colleagues studied the activation of the J-
chain gene in mitogen-stimulated IgM-secreting murine lym-
phocytes (Minie and Koshland, 1986) and in a cloned murine 
B-cell line (BCLj) that was stimulated by interleukin 2 (IL-
2) to synthesize J-chain RNA and to secrete pentameric IgM 
(Blackman et al., 1986). In both examples, the chromatin 
structure 5' to the J-chain gene was altered. Blackman et al. 
(1986) suggest that these changes make the promoter region 
accessible to regulatory elements that, in turn, activate tran-
scription of the J-chain gene. The ability to activate J-chain 
gene transcription by stimulating BCLi cells with IL-2 pro-
vides us with a model system in which to identify and charac-
terize regulatory elements involved in signal-induced gene 
activation. 
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VI. CONCLUSIONS 

A secretory immune system is present in most, if not all 
mammals, including primitive mammals such as insectivores, 
monotremes, and marsupials (see Chapter 8). Of nonmamma-
lian species, a clear description of an IgA-like molecule has 
been given only for chicken. Most mammalian species seem 
to have one or two IgA isotypes expressed in secretions, but 
rabbits have at least 10 secretory IgA isotypes. The presence 
of 10 secretory IgA isotypes in rabbits is intriguing; evaluating 
their individual roles in secretory immunity will be important. 

Genes encoding IgA heavy chains are cloned from several 
mammals, including humans, mice, rabbits, and bovines. 
These Ca genes are highly similar to each other and, in the 
future, can be used easily as probes to clone Ca genes of 
other mammals. In fact, the mammalian Ca probes probably 
can be used to identify Ca genes in nonmammalian species. 
For example, segments of Ca3 domains are highly conserved 
among mammals, and regions of the mammalian Ca3 domains 
are even highly similar to the chicken Ca chain. We suggest 
that probes derived from these conserved regions of the Ca3 
domain-encoding region of mammalian Ca genes would hy-
bridize with the Ca genes of nonmammalian species and aid 
in their cloning. 

Genes encoding plgR and J chain are cloned from rabbit 
and human and mouse and human, respectively. Experiments 
with the J-chain gene will help elucidate the role of J chain 
in polymeric immunoglobulins, including secretory IgA. Ex-
periments with the plgR gene will elucidate the means by 
which IgA is transcytosed across the epithelium. 
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I. INTRODUCTION 

Mucous membranes generally are protected by a physi-
cally vulnerable monolayer of epithelium that covers an enor-
mous surface area, perhaps 300-400 m2 in adult humans. 
Most of this area is bombarded continuously by potentially 
infectious agents such as bacteria, viruses, fungi, and para-
sites, in addition to soluble dietary and environmental sub-
stances. 

The first observations suggesting that the gastrointestinal 
mucosa has its own humoral immune system were published 
at the beginning of this century (Besredka, 1919; Davies, 
1922). The molecular basis for the antibody activity found in 
exocrine secretions was described much later when Tomasi 
et al. (1965) characterized secretory Ig A (SIgA) as an Ig A 
dimer linked to an epithelial glycoprotein of —80 kDa. This 
"secretory piece" is now called the secretory component 
(SC) and its transmembrane counterpart (—100 kDa) often is 
referred to as the polymeric immunoglobulin receptor (plgR). 
Both bound SC (present in SIgA) and the structurally identi-
cal free SC found in most exocrine fluids (Brandtzaeg, 1973a) 
are generated by cleavage from the transmembrane compo-
nent (Chapter 7). 

In the early 1970s, dimers and larger polymers of Ig A 
(collectively called polymeric IgA; pig A) first were shown 
to be produced mainly by plasma cells adjacent to exocrine 
glands, especially in the gastrointestinal mucosa (Brandtzaeg, 
1973b). These cells also produce the "joining" or J chain 
(Brandtzaeg, 1974a, 1985), a peptide of —15 kDa that becomes 
incorporated into the quaternary structure of both plgA and 
pentameric IgM (Mestecky and McGhee, 1987). The J chain 
appears to determine the pig structure that enables SC to 
complex noncovalently with pig A and pentameric IgM, 
thereby being crucial to their transport through SC-express-
ing epithelium (Brandtzaeg and Prydz, 1984). 

Thus, an interesting cooperation occurs between local 
plasma cells and secretory epithelia in the generation of SIgA 
and secretory IgM (SIgM). The gut mucosa contains most 
Ig-producing cells and is, therefore, quantitatively the major 
effector organ of humoral immunity (Chapter 21). The selec-
tivity and capacity of the SC-mediated pig transport mecha-
nism are remarkable (Figure 1); more SIgA (40 mg/kg body 
weight) than the total daily production of IgG appears in the 
gut lumen every day (Conley and Delacroix, 1987). 

II. COMMON EPITHELIAL POLYMERIC Ig 
TRANSPORT MECHANISM 

Various models have been proposed for the external trans-
location of IgA (Brandtzaeg, 1985). The common transport 
mechanism proposed in the early 1970s suggested that pig A 
and pentameric IgM both are translocated through secretory 
epithelia by receptor-mediated endocytosis; this notion im-
plied that SC performs this function as an integrated plasma 
membrane protein (Brandtzaeg 1973a,b, 1974b, 1985). The 
model also implied that the J chain is a key protein in this 
process by generating the SC binding site in the pig structure 
(Brandtzaeg, 1974a,b). The obvious biological significance of 
the striking J-chain expression shown by immunocytes in 
secretory tissues (Brandtzaeg, 1985) is, therefore, that locally 
produced plgA and pentameric IgM become readily available 
for external transport (Figure 2). This important functional 
goal in terms of mucosal defense is necessarily reflected by a 
clonal maturation stage of B cells homing to secretory sites com-
patible with high J-chain-expressing potency (Chapter 21). 

III. EVIDENCE THAT 
SECRETORY COMPONENT IS A 

POLYMERIC Ig RECEPTOR 

A. Epithelial Localization of SC, IgA, and IgM 

Immunohistochemical staining of different human exo-
crine tissues has demonstrated firmly the widespread epithe-
lial distribution of SC; no convincing documentation of pri-
mary SC deficiency is available (Brandtzaeg and Baklien, 
1977a; Brandtzaeg, 1985). SC is expressed mainly by serous 
types of epithelial cells in gastrointestinal mucosa; salivary, 
lacrimal, and mammary glands; the exocrine pancreas; the 
renal tubules; and the fallopian tube and endocervix of the 
female reproductive tract. The most prominent expression 
is seen in crypt cells of the large bowel and in mammary 
glands during late pregnancy (Brandtzaeg, 1974b, 1983). Im-
munoelectron-microscopic studies have substantiated that 
not only do serous secretory cells synthesize SC, but they 
also clearly express SC in the basolateral plasma membrane 
(Brown et al., 1976). 
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Normal human Colostrum 
serum (first milk) 

Stimulated "Unstimulated" Duodenal 
nasal secretion whole saliva secretion 

G:A 
0.13 

G:M 
8.1 

G:A 
0.33 

G:M 
0.5 

G A M G A M G A M G A M 

Immunoglobulin (Ig) classes 
G A M 

Figure 1 Average levels of IgG (G), IgA (A), and IgM (M) in various 
normal human body fluids. The concentration ratios (G: A and G: M) 
are indicated also to show the strikingly preferential appearance of 
IgA and, to a lesser extent, IgM in external secretions. This selectiv-
ity is particularly remarkable for colostrum, which is obtained di-
rectly from the duct opening, thus avoiding substantial contamination 
of IgG from interstitial fluid by leakage through surface epithelia. 
Modified from Brandtzaeg (1973a). 

IgA and IgM can be traced with a distribution similar to 
that of SC, both in the cytoplasm and in relation to the 
basolaterai borders of serous-type secretory epithelial cells 
(Brandtzaeg, 1974b, 1975a; Brown etal., 1976). Nevertheless, 
the detailed staining patterns revealed by paired immunoflu-
orescence staining are not completely congruent; free SC is 
concentrated selectively in a granular pattern corresponding 
to the Golgi zone, whereas bound SC is seen mainly apically 
in the cytoplasm together with IgA and IgM (Brandtzaeg, 
1974b; Poger and Lamm, 1974). Ultrastructural studies have 
confirmed these observations (Kraehenbuhl et al., 1975; 
Brown et al., 1976). 

In the human hepatobiliary system, SC generally is found 
to be expressed only by the gall bladder and portal bile duct 
epithelia (Nagura et al., 1981; Brandtzaeg, 1985; Tomana et 
al., 1988), in contrast with the rat, rabbit, and some other 
species in which abundant SC expression is shown by hepato-
cytes (see subsequent discussion). Some reports have 
claimed such expression for human hepatocytes as well (Hsu 
and Hsu, 1980; Foss-Bowman et al., 1983). Perez et al. (1989) 
reported positive staining with one of several monoclonal 
antibodies to SC, but in our hands this antibody reacted 
only with biliary duct epithelium (P. Brandtzaeg, unpublished 
observations). 

B. Interactions between Polymeric Ig and SC 

Transmembrane sc - V*1- ' - - - - - - - _ Secretory epithelium 
Free or bound SC - 3 τ 

J chain = ► 

Figure 2 Model for the generation of human secretory IgA (SIgA) 
and secretory IgM (SIgM) via SC-mediated epithelial transport of J 
chain-containing plgA and pentameric IgM produced by local plasma 
cells. (1) Synthesis and core glycosylation (-) of transmembrane SC 
in rough endoplasmic reticulum (RER) of secretory epithelial cell. 
(2) Terminal glycosylation (- · ) in Golgi complex. (3) Phosphoryla-
tion (♦) at some later step. (4) Complexing of SC with J chain-
containing pig on basolaterai cell membrane. (5) Endocytosis of 
complexed and unoccupied SC. (6) Transcytosis of vesicles. 
(7) Cleavage and release of SIgA, SIgM, and excess free SC. The 
cleavage mechanism and the fate of the cytoplasmic tail of transmem-
brane SC are mainly unknown. During the external translocation, 
covalent stabilization of the IgA-SC complexes regularly occurs 
(two disulfide bridges indicated in SIgA), whereas an excess of free 
SC in the secretion stabilizes the noncovalent IgM-SC complexes 
(dynamic equilibrium indicated for SIgM). Modified from Brandtzaeg 
(1985)-

1. Binding Affinity and J-Chain Dependency 

The apparent association constant (Ka) of pig with free 
SC in solution is about 108M-1 (Brandtzaeg, 1985). This value 
is similar to that observed for a variety of antigen-antibody 
reactions but probably is underestimated for interactions with 
SC-expressing epithelial cells. In the latter case, a Ka of about 
109 M"1 has been suggested (Kühn and Kraehenbuhl, 1979). 
Both free and transmembrane SC molecules appear to depend 
on the presence of J chain in plgA and pentameric IgM for 
the binding of these ligands (Brandtzaeg and Prydz, 1984). 
A crucial role of J chain in the formation of the SC binding 
site was, nevertheless, questioned by Schiff et al. (1986a), 
who claimed that some J chain-containing polymeric fractions 
of a human myeloma IgA lacked affinity for SC; however, 
these investigators did not formally prove the presence of J 
chain in the actual polymers. 

Much stronger noncovalent interactions occur between 
pentameric IgM and SC than between plgA (both subclasses) 
and SC; the Ka is several times higher for the former ligand 
(Brandtzaeg, 1985). Whether a' 'bonus effect" of a potentially 
higher molar J-chain content in pentameric IgM than in plgA 
might explain this disparity remains to be clarified. In contrast 
to the notion that one J chain is found per polymer regardless 
of its size (Mestecky and McGhee, 1987), immunochemical 
quantitations have suggested the presence of two J chains in 
native dimeric IgA and two to four J chains in pentameric 
IgM (Brandtzaeg, 1985). The tendency for spontaneous di-
merization shown by J chains obtained from plgA by mild 
reduction could reflect that this peptide exists as a dimer in 
its native bound form (Brandtzaeg, 1985). Such isolated J-
chain dimers show a marginal but significant affinity for free 
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SC. Antibody to J chain blocks the binding of SC to pig A 
and pentameric IgM completely (Brandtzaeg, 1985). All these 
observations support the idea that the J chain contributes to 
the SC binding site. 

2. Molecular Topography of Interactions 

The reduction-sensitive "I determinant" region of SC 
(Brandtzaeg, 1971), apparently corresponding to its N-termi-
nal or first Ig-like domain (Section IV,A), is likely to mediate 
the initial noncovalent interactions with pig (Brandtzaeg, 
1975b; Frutiger et al., 1986; Geneste et al., 1986a). The first 
binding step may depend on the highly conserved 15-37 
amino-acid sequence that shows affinity not only for pig but 
also for monomeric IgA and IgG (Bakos et al., 1991). This 
step may be followed by further noncovalent interactions, 
apparently extending beyond the first domain at least in some 
species (Beale, 1989; Bakos et al., 1991). Both the Ca2 and 
Ca3 domain of pig A seem to take part (Geneste et al., 1986b) 
although the exact site initially contacting the conserved SC 
region remains undefined. The subsequent covalent stabiliza-
tion, which occurs selectively for SlgA, apparently depends 
on disulfide exchange reactions between one Ca2 domain and 
the fifth domain of SC (Figure 3). However, other possibilities 
have not been excluded (Mestecky and McGhee, 1987). Co-
valent binding between plgA and the first domain of bovine 
domain of bovine SC was proposed (Beale, 1989). The disul-

tion appears to occur mainly in a late transcytotic compart-
ment, at least in rat hepatocytes (Chintalacharuvu, et al., 
1993). 

Computer-assisted analyses of human and murine J chains 
suggested that they may show an Ig domain-like folding de-
spite a low degree of amino-acid sequence homology (Zikän 
et al., 1985). Therefore, the noncovalent binding of SC to the 
Fc portion of plgA and pentameric IgM may be determined by 
progressive complementary interdomain interactions (Figure 
3), both with the J chain and with the constant region domains 
of a or μ chains. With regard to pig A, such noncovalent 
interactions occur also secondarily to the disulfide bonding 
of SC and result in a remarkable ' 'packing" of the SlgA 
molecule (Brandtzaeg, 1971). This topic has been further 
discussed by Pumphrey (1986) and by Mestecky and McGhee 
(1987). 

3. Role of Interactions in Endocytosis 
of Polymeric Ig 

Endocytosis of pig by epithelial cells might start with 
ligand-induced active clustering of the plg-SC complexes 
(Brandtzaeg, 1978; Gebhart and Robenek, 1987). However, 
the possibility that SC becomes clustered in coated pits even 
without ligand complexing was suggested by immunoelec-
tron-microscopic studies of intestinal glands from immunode-
ficient patients (Nagura et al., 1980). An inherent tendency 

Cytoplasmic 
tail 

Membrane 

Cleavage 

Figure 3 Putative domain interactions between J chain, Ca2, Ca3, SCI, and SC5 in the formation of human SlgA. 
Noncovalent interactions (J) are shown with only one IgA subunit. Only one J chain is depicted, although this is probably 
an oversimplification. Also, a recent report suggests that the J chain links the two IgA monomers (Bastian et al., 1992). 
N, amino terminus; C, carboxyl terminus; V, variable region; CL and Cal-3, constant regions; L, light chain; H, heavy 
chain; SCI-5, Ig-like domains of human SC; S-S, covalent interactions. 



116 Per Brandtzaeg et al. 

of SC to migrate in endocytic vesicles from the basolateral 
plasma membrane to the apical face of glandular cells could, 
in fact, explain that the concentration of free SC in secretions 
from subjects with hypogammaglobulinemia amounts to ap-
proximately the sum of free and bound SC secreted in normal 
individuals (Brandtzaeg, 1973a). 

In rat hepatocytes, the plgA-SC complexes are taken up 
via the same clathrin-coated pits and endosomes as other 
imported proteins (Geuze et al., 1984). The sorting for deliv-
ery to lysosomes or transport to the bile canalicular face 
apparently takes place in the acidic compartment of uncou-
pling of receptor and ligand (CURL; Geuze et al., 1984; Perez 
et al, 1988). 

IV. MOLECULAR BIOLOGY 
OF SECRETORY COMPONENT 

A. Homology among Species and Relation to the 
Ig Supergene Family 

Sequencing of human free SC isolated from colostrum 
(Eiffert et al., 1984) and cloning of rabbit transmembrane 
SC cDNA (Mostov et al, 1984) showed five extracellular 
homologous domains with considerable similarity to Ig do-
mains (particularly Ig V/c and Ig VH domains), each 100-115 
residues long and stabilized by disulfide bridges between 
paired cysteines. Subsequent cloning of human transmem-
brane SC cDNA (Figure 4) made it possible to deduce the 

complete amino-acid sequence of this receptor (Krajöi et al., 
1989,1991), including the peptide signal (18 residues) and 746 
amino acids (the mature SC) extending 187 residues more at 
the C terminus than the sequence of free SC as reported by 
Eiffert et al. (1984). This extension includes the membrane-
spanning segment and the cytoplasmic tail. These cloning 
results subsequently were confirmed by Piskurich et al. 
(1993). 

The mature human SC shows an overall similarity of 56% 
with the 755-amino-acid-long-rabbit SC (Mostov et al., 1984), 
65% with the 751-amino-acid-long rat SC (Banting et al., 
1989), 79% with the 739-amino-acid-long bovine SC (Kulseth 
et al., 1993), and 66% with the 753-amino-acid-long mouse 
SC (J. F. Piskurich, M. Hsieh, K. R. Youngman and C. S. 
Kaetzel, unpublished observations). As mentioned earlier 
(Section IH,B,2), the amino-acid residues 15-37 of human SC 
apparently initiate its noncovalent interactions with Ig; this 
stretch represents a highly conserved sequence homology 
showing only one to five amino-acid differences among the 
five species; that is, the identity amounts to 78-96%, with 
the rat counterpart most similar to the human, followed by 
the mouse, bovine, and rabbit in that order. Except for this 
stretch, the five species show a striking increase in homology 
from the extracellular to the membrane-spanning and cyto-
plasmic parts, which is interesting in relation to the intracellu-
lar sorting of SC (Section IV,E,2). 

Mostov et al. (1984) proposed a sixth domain in rabbit SC 
that includes the membrane-spanning part. However, this 
region shares low similarity with Ig domains and is not stabi-
lized by a disulfide bridge. In this chapter, this region will 

SC protein 

Signal 

D1 
r-S—S-, rS—Sn rS—S-, rS—S-, ,-S-Sn &l 
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Cytoplasm 
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Figure 4 (Top) Schematic representation of extracellular homologous human SC domains 
(D1-D5) with their disulfide bridges (-S-S-), segment including the membrane-spanning 
portion (S6), and cytoplasmic segment (S7). The serine residue known to be phosphorylated 
in rabbit SC is indicated (©). (Bottom) Schematic representation of the organization of 
exons (El-Ell) in human SC mRNA. Modified from Krajei et al. (1992a). 
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be referred to simply as the sixth segment, and the cyto-
plasmic tail will be called the seventh segment (Figure 4). 
Compared with the rabbit counterpart, the first part of the 
sixth segment in the other species lacks 12-15 amino acids, 
suggesting that this region has little functional importance. 
Conversely, the second half (positions 584-643) is well con-
served, especially the postulated membrane-spanning part 
(rabbit positions 630-652) (Mostov et al., 1984). This part 
constitutes a hydrophobic region that contains 23 uncharged 
residues (human positions 621-643), dividing transmembrane 
SC into an extracellular receptor portion and an intracy-
toplasmic tail. 

Three putative cleavage sites have been proposed for rab-
bit SC, localized to Ala-Glu dipeptides that occur three times 
(positions 563-564, 597-598, and 605-606) in the sixth seg-
ment just upstream from the membrane-spanning portion 
(Kühn et al, 1983; Mostov et al., 1984). One of these is 
conserved in the rat and human sequences (Banting et al., 
1989; Krajöi et al., 1989), but not in those of mouse and 
cattle. 

B. Exon-lntron Organization of the SC Gene 

Cloning and characterization of the human SC gene (Fig-
ures 4 and 5) revealed its exon-intron organization in relation 
to the domain structure of the protein (Krajöi et al., 1992a). 
Domains 1, 4, and 5 were shown to be confined to one exon 
each. Domains 2 and 3, however, were found to be encoded 
by exon 4, corresponding to the rabbit exon that is involved in 

Restriction Map 

alternative splicing that results in the generation of a smaller 
transcript which, nevertheless, translates a functional recep-
tor protein (Deitcher and Mostov, 1986). With this exception, 
the SC gene accords with the "one domain-one exon" rule 
characteristic of the Ig superfamily (Williams and Barclay, 
1988). Also, within the cytoplasmic tail of human SC, en-
coded by the four distal exons (Krajöi et al., 1992a), a striking 
correspondence is seen between exon boundaries and the 
structural determinants proposed to be responsible for the 
intracellular routing of SC in the rabbit (Section IV,E,2). 

C. Restriction Fragment Length Polymorphism and 
Chromosomal Localization of the Human SC Gene 

The human SC gene exhibits a two-allelic restriction frag-
ment length polymorphism (RFLP; Figure 6) caused by a 
polymorphic restriction site (for Pvu II) confined to its third 
intron (KrajSi et al., 1992a). This RFLP shows an autosomal 
codominant expression pattern and allelic frequencies of 0.63 
and 0.37 among 370 unrelated Norwegians chromosomes 
(Krajöi^fl/., 1991,1992b). 

In situ hybridization on metaphase chromosomes and dis-
cordance analysis of human-rodent somatic hybrids have 
assigned the human SC gene (locus PIGR) to region q31-q41 
on chromosome 1 (Davidson et al., 1988; Krajöi et al., 1991). 
Genetic linkage was demonstrated between the SC gene and 
the polymorphic DNA markerpYNZ23 (locus D1S58), which 
is linked to other markers residing in lq32 (Krajöi et al., 
1992b). This linkage suggested a close relationship of PIGR 
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Figure 5 Schematic representation of the gene encoding human transmembrane SC. {Top) Partial 
restriction map: Bam HI (B), Eco RI (E), Pvu II (P) (only the three sites involved in Pvu II RFLP 
are indicated; the polymorphic site is labeled by an asterisk). {Middle) Exon-intron organization: 
El -El l . TATA and CAT boxes are indicated. {Bottom) Schematic representation of SC mRNA 
with coding region indicated. Modified from Krajöi et al. (1992a). 
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Figure 6 Schematic representation of the gene encoding human transmembrane SC. {Top) 
Exon-intron organization, with three restriction sites for Pvu II (P) involved in RFLP 
indicated. The polymorphic site is labeled by an asterisk. (Bottom left) Southern blot of 
Pvu II-digested genomic DNA hybridized with the 0.67-kb Pvu II cDNA probe, heterozy-
gotic (+-) or homozygotic for the absence (—) or presence (++) of the polymorphic 
cleavage site. (Bottom right) Schematic enlargement of the 2.0-kb Pvu II fragment of the 
gene showing the suggested location of the polymorphic Pvu II site. Modified from Krajöi 
et al. (1992a). 

to loci encoding the decay accelerating factor and the comple-
ment receptors CR1 and CR2, all involved in complement 
regulation. 

D. Expression of SC mRNA 

Northern blot analysis demonstrated only one human 
(-3.8 kb) and one rat (-3.5 kb) SC mRNA (Banting et al, 
1989; Krajei et al., 1989,1991), whereas rabbit was shown 
to express two transcripts (—3.8 kb and —3.1 kb) that are 
produced by alternative splicing (Mostov et al., 1984; 
Deitcher and Mostov, 1986), as discussed earlier. 

The relative distribution of SC mRNA in human exocrine 
tissues (Figure 7) corresponds with earlier immunohisto-
chemical findings (Section III,A); the highest level is seen in 
the gut, whereas only weak expression appears in the liver, 
probably reflecting inclusion of biliary duct epithelium (Krajoi 
et al., 1989). Conversely, SC mRNA is expressed by hepato-
cytes in rabbits and rats (Mostov et al., 1984; Banting et al., 
1989). This remarkable disparity with respect to hepatic SC 
correlates with the fact that about 90% of IgA in the upper 
duodenal fluid is derived from bile in rats but less than 15% 
is so derived in humans (Conley and Delacroix, 1987). 

E. Intracellular Routing of SC 

1. Transcytosis and Cleavage of the 
Polymeric Receptor 

Cell biology studies first showed that rabbit SC is produced 
as a transmembrane protein 25-30 kDa larger than the se-
creted free or bound form (Mostov et al., 1980). Subsequent 
experiments with the adenocarcinoma cell line HT-29 demon-
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Figure 7 Northern blot analysis of SC mRNA extracted from various 
human tissues as indicated. Total RNA (20 μ%) was separated by 
electrophoresis and hybridized with a nick-translated human trans-
membrane SC probe. 

strated that human SC also is produced as a transmembrane 
precursor (-95 kDa) that, following terminal glycosylation, 
becomes -20 kDa larger than the ~80-kDa secreted form 
(Mostov and Blobel, 1982). 

After synthesis and core glycosylation in the rough endo-
plasmic reticulum, maturation of transmembrane SC takes 
place in the Golgi complex (see subsequent discussion), as 
shown by the acquisition of Endo H resistance (30-60 min). 
This modification probably represents the rate-limiting step 
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in its intracellular routing (Solari and Kraehenbuhl, 1984). 
SC becomes phosphorylated near or in the basolateral plasma 
membrane (Larkin et al., 1986; Casanova et al., 1990). Lig-
and-complexed or unoccupied SC then is endocytosed and 
transcytosed toward the luminal (or, in the liver, bile canali-
cular) plasma membrane (Brown et al., 1976; Brandtzaeg, 
1978; Crago et al., 1978; Hoppe et al., 1985). Pig-bound and 
free SC molecules finally are generated by cleavage from the 
membrane-spanning portion of the receptor and released into 
the secretions (Figure 2). The cleavage apparently takes place 
at the apical cell surface (Solari et al., 1989; Schaerer et al., 
1990) and involves unknown enzymes that are sensitive to 
leupeptin (Musil and Baenziger, 1988). The fate of the mem-
brane-spanning and cytoplasmic parts of SC is largely un-
known, but an ~34-kDa fragment derived from them has 
been detected in the rat liver cytosol; smaller degradation 
products are released into rat bile (Solari et al., 1989). 

2. Signals Determining Migration and Sorting of SC 

The intracellular sorting of SC is still poorly understood, 
but several putative determinants within its relatively long 
cytoplasmic tail (-15 kDa) have been identified by experi-
ments with mutant rabbit receptor (Bomsel and Mostov, 
1991). A 14-amino-acid segment (655-668) distal to the mem-
brane-spanning segment apparently directs SC to the basolat-
eral surface (Figure 8). Phosphorylation of serine at position 
664 seems to afford the signal for sorting from basolateral 
early endosomes into the transcytotic pathway under the 
guidance of microtubules (Casanova et al., 1990). Deletion 
of residues 670-707 causes increased degradation of receptor-
bound pig after endocytosis, whereas deletion of the C-
terminal 30 amino acids (726-755) (or mutation of the tyrosine 
at position 668 to serine, and/or the tyrosine at position 734 
to cysteine, particularly the latter) reduces the rate of inter-
nalization (Breitfeld et al., 1990; Okamoto et al., 1992). All 
these regions are highly conserved among the five species 
studied (Section IV, A), except that the latter tyrosine men-
tioned above is lacking in bovine SC. This homology suggests 
that the structural sorting signals possessed by the cyto-
plasmic tail, as well as their intracellular recognition appara-
tus, are quite similar. Moreover, good correspondence exists 
between the putative sorting determinants and the identified 
human exons encoding the cytoplasmic tail (Figure 8). 

V. MODULATION OF SECRETORY 
COMPONENT EXPRESSION 

A. Ontogenic Aspects 

Human bronchial epithelium was reported to express SC 
at 8 weeks gestation (Ogra et al., 1972), in contrast to the 
somewhat later expression (18-29 weeks) observed for intes-
tinal and salivary gland epithelium (Brandtzaeg et al., 
1991,1992). Occasional J-chain-positive IgA immunocytes 
and some epithelial IgA also can be seen in parotid glands 
after 30 weeks gestation, suggesting that pig transport may 
take place during the fetal period (Hayashi et al., 1989; 
Thrane et al., 1991). SC shows a strikingly increased expres-

119 

Figure 8 Schematic depiction of extracellular homologous human 
SC domains (D1-D5) with the membrane-spanning portion and cyto-
plasmic tail. The shaded areas and boxes at the bottom represent 
extensions of the corresponding 11 exons (Kraj£i et al., 1992a). 
Exons 8-11 are lined up in relation to the different functional parts 
of the cytoplasmic tail recognized for rabbit SC, including the phos-
phorylated serine residue (©) and the C-terminal tyrosine residue 
(Tyr) (Bomsel and Mostov, 1991). Carbohydrate-binding sites (-·) 
and disulfide bridges (-S-S-) are shown also. The amino-acid resi-
dues 15-37 of Dl (· ·) is likely to be involved in the initial noncova-
lent binding to pig. The cysteines believed to be involved in the 
formation of disulfide bridges between SC and IgA are indicated by 
arrows (Mestecky and McGhee, 1987). A possible cleavage site for 
generation of free and pig-bound SC is indicated by //. 

sion in salivary gland epithelium after the second postnatal 
week but decreases to the perinatal level in or near the 6th 
month (Hayashi et al., 1989; Thrane et al., 1991). This tempo-
rarily raised expression, which is reflected in relatively large 
amounts of free SC in saliva shortly after birth (Burgio et al., 
1980), suggests that the secretory epithelium in the immediate 
postnatal period is exposed to stimulatory factors that en-
hance constitutive SC expression (Section V,C). This result 
correlates with the rapid accumulation of Ig-producing cells 
in exocrine tissues after birth (Chapter 21). In the intestinal 
crypts, adult levels of SC expression and signs of external 
IgA and IgM transport are seen at 1-2 weeks (Brandtzaeg 
etal., 1991,1992). 

Victims of sudden infant death syndrome (SIDS) often 
have been claimed to have suffered from mild upper respira-
tory tract infection with various viruses shortly before death. 
In agreement with this possibility, we found a significantly 
elevated number of IgA, IgM, and IgG immunocytes in sali-
vary glands of such infants (Thrane et al., 1990). Intensified 
local immunostimulation also was supported strongly by the 
fact that the salivary glands from the same SIDS victims 
showed significantly raised numbers of interstitial leukocytes 
and enhanced epithelial MHC Class II and SC expression 
(Brandtzaeg et al., 1992). 

B. Aberrant Up-Regulation of SC in Vivo 

Immunohistochemical observations in chronic gastritis 
demonstrated increased SC expression and enhanced uptake 
of IgA in fundic and antral glands surrounded by dense infil-
trates of mononuclear cells (Valnes et al., 1984). Similar 
epithelial features have been seen in celiac disease and sial-
adenitis (Brandtzaeg et al., 1992), and most likely can be 
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explained by local cytokine release (Section V,C). In keeping 
with this suggestion, interferon-γ (IFNy) placed in the uterine 
cavity of rats induced raised levels of SC in uterine secretions 
(Wira et al, 1991). Conversely, reduced expression of SC 
has been reported for regenerating and dysplastic colonic 
epithelium in inflammatory bowel disease (Brandtzaeg and 
Baklien, 1977; Rognum et al, 1987). 

Enhanced external pig transport associated with mu-
cosal immune responses probably explains why the serum 
levels of plgA and IgM generally are increased only margin-
ally despite the markedly expanded jejunal IgA- and 
IgM-producing cell populations in untreated celiac disease 
(Brandtzaeg, 1991). Nevertheless, the SC-dependent trans-
port capacity may be insufficient in certain patients with an 
unusual intestinal IgA-producing cell proliferation, resulting 
in excessive amounts of plgA in serum (Brandtzaeg and 
Baklien, 1977b; Colombel et al, 1988). 

C Effect of Cytokines 

Recombinant IFNy causes a time- and concentration-
dependent accumulation of SC mRNA in the human adeno-
carcinoma cell line HT-29, detectable 6 hr after stimulation 
(Krajöi et al, 1993; Piskurich et al, 1993). A strikingly en-
hanced expression of SC mRNA likewise is seen by in situ 
hybridization (Krajöi et al, 1993). Cycloheximide abolishes 
this effect with a time course that suggests that regulatory 
proteins with a turnover shorter than 6 hr are required for 
accumulation of SC message (Krajöi et al, 1993). This re-
tarded mRNA response is in agreement with an even longer 
delay (6-12 hr) observed for enhancement of the intracellular 
pool and membrane expression of functionally active SC 
(Sollid et al, 1987; Kvale et al, 1988a,b). 

Co-incubation with 5,6-dichloro-l-jS-ribofuranosyl benz-
imidazole (DRB), a selective inhibitor of RNA polymerase 
II, indicated a half-life of about 1 hr for IFNy-induced SC 
mRNA (Krajöi et al, 1993). These findings, in conjunction 
with the identification of two consensus motifs for IFN-y-
responsive elements upstream of the first exon of the SC gene 
(P. Krajöi and P. Brandtzaeg, unpublished results), suggested 
transcriptional activation in addition to posttranscriptional 
stabilization of SC mRNA, as previously observed for MHC 
gene products (Williams, 1991). 

Also, tumor necrosis factor-α (TNFa) (Kvale et al, 
1988a,b) and interleukin 4 (IL-4) (Phillips et al, 1990) have 
been found to enhance SC expression in HT-29 cells; IFNy 
and TNFa in combination showed an additive effect, whereas 
IFNy and IL-4 acted synergistically. IL-2, IL-3, IL-5, and 
IL-6 have not been found to stimulate SC (Phillips et al, 
1990), whereas the results for IL-1 are controversial. Kvale 
and Brandtzaeg (1992) observed enhancing effects of IL-1 
and TNFa that, in combination with IFNy, were increased 
markedly in HT-29 cells differentiated by exposure to buty-
rate. Conversely, the effect of IL-4 alone or in combination 
with IFNy was decreased in these cells, which might be 
more comparable to the gut epithelium in vivo. In addition, 
transforming growth factor-ß (TGFß) has been reported to 
enhance SC expression in the IEC-6 rat intestinal cell line 
(McGee et al, 1991). 

Although SC both in humans (Section V,A) and in rats 
(Buts et al, 1992) clearly is expressed constitutively, the 
above results suggest that various cytokines may be involved 
in its in vivo modulation. IFNy, TNFa, IL-1, IL-4, and TGF/3 
all are produced by activated mononuclear cells and, to some 
extent, by other cell types. The in vivo (Section V,B) and 
the in vitro results imply that macrophages and T cells, which 
most likely contribute to terminal differentiation of J-chain-
positive B cells that appear at exocrine sites, also are involved 
in enhancing SC-dependent external transport of the local 
pig product. Epithelial translocation of IgA and IgM can, 
in this way, be adapted to the degree of mucosal immuno-
stimulation. 

D. Effect of Hormones 

Several in vivo studies have demonstrated hormonal regu-
lation of humoral immunity in the rat uterus (Sullivan and 
Wira, 1983; Wira and Sullivan, 1985). Estradiol and proges-
terone increase IgA translocation to the uterine secretions, 
involving enhanced serum IgA and IgG transudation as well 
as SC transport (Sullivan et al, 1983; Wira et al, 1991). 
However, the IgA level is suppressed by glucocorticoids such 
as dexamethasone, both in cervicovaginal and in salivary 
secretions (Sullivan et al, 1983; Wira and Rossoll, 1991), 
although SC production by rat hepatocytes in vivo is in-
creased by this steroid hormone (Wira and Colby, 1985; Buts 
et al, 1992). Testosterone increases the external transloca-
tion of SC and IgA by lacrimal glands in rats; both proteins 
are found at higher levels in tears from males than in those 
from females (Sullivan and Allansmith, 1987). Obviously, 
hormonal influence on the SIgA system is complex and may 
vary among different secretory sites. 

VI. HEPATIC IgA TRANSPORT AND 
CATABOLISM 

A. Role of SC in Hepatocytes and Bile Duct 
Epithelium 

The molecular biology of SC-dependent plgA transport 
has been explored in liver cells from the rat to a great extent. 
This model system has contributed significantly to the under-
standing of intracellular protein trafficking. Translocation of 
serum-derived plgA into bile was described first in this spe-
cies as a rapid SC-mediated process performed by the hepato-
cytes (Jackson et al, 1978; Fisher et al, 1979; Orlans et 
al, 1979). This transport was shown to follow a vesicular 
pathway to the canalicular face (Mullock etal.,\979; Renston 
etal, 1980;Takahashi^ß/., 1982; Hopped«/., 1985;Limet 
et al, 1985), where release into bile took place by proteolytic 
cleavage of transmembrane SC (Mullock et al, 1980; Solari 
et al, 1986). A similar, although less efficient, SC-dependent 
hepatocytic pathway has been described in mice (Jackson 
et al, 1977; Phillips et al, 1984) and rabbits (Delacroix et 
al, 1982,1984), in contrast with the situation in humans 
(Section ΙΙΙ,Α; Figure 7). In fact, hepatobiliary plgA secre-
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tion appears to correlate with hepatocyte expression of SC 
in the species under study (Delacroix et al, 1984). Transport 
across the biliary epithelium is likely to represent only a 
secondary pathway including primarily plgA produced 
by plasma cells within the portal tract and gall bladder mu-
cosa (Dooley et al, 1982; Nagura et al, 1983; Brandtzaeg, 
1985). 

Studies on hepatic transcytosis of plgA have focused on 
molecular modifications of transmembrane SC during its bio-
synthesis and transport, as well as on the nature of the vesicu-
lar carriers. Pulse labeling of rat liver with [35S]cysteine fol-
lowed by immunoprecipitation with antibodies to SC revealed 
that newly translated and core-glycosylated SC in the endo-
plasmic reticulum has an Mr ~ 105,000 kDa (Sztul et al, 1985; 
Buts et al., 1992). After 15-30 min of chase with unlabeled 
cysteine, the ~105-kDa form is converted successively to 
two molecular species of -115,000 and -120,000 kDa, the 
former representing terminal glycosylation of SC in the Golgi 
complex (Sztul et al, 1985; Solari et al, 1986) and the latter 
representing phosphorylated mature SC (Larkin et al, 1986). 
The fact that only terminally glycosylated SC is a target for 
phosphorylation is consistent with the demonstration that 
phosphorylation of a serine residue on its cytoplasmic tail is 
a critical signal for endocytosis and transcytosis (Section 
IV,E,2). 

Evidence that hepatic transcytosis of SC-pIgA complexes 
is vesicular in the rat was obtained initially by quantitative 
electron-microscopic autoradiography (Renston et al, 1980) 
and immunoelectron microscopy (Takahashi et al, 1982; 
Courtoy et al, 1983; Hoppe et al, 1985). A distinct popula-
tion of vesicular carriers from rat liver has been isolated using 
antibodies to the cytoplasmic tail of SC (Sztul et al, 1991). 
These vesicles are enriched in the mature ~120-kDa form of 
SC as well as in plgA and are depleted in elements of the 
secretory pathway, Golgi, sinusoidal plasma membrane, and 
early endosomal components. Apparently these vesicles rep-
resent a unique compartment specialized for transcytosis to 
the bile canaliculus. This conclusion is supported by the 
observation that transcytotic vesicular carriers containing 
mature phosphorylated SC and plgA accumulate in the peri-
canalicular cytoplasm of rat hepatocytes after bile duct liga-
tion (Larkin and Palade, 1991). 

B. Role of Other IgA Binding Activities 

Although hepatobiliary transport of pig A appears to corre-
late best with SC expression on the hepatocytes (Delacroix 
et al, 1984), other cell surface receptors also may participate 
in the uptake of IgA by the liver parenchyma. For example, 
purified asialoglycoprotein receptor (ASGP-R) from rat liver 
was shown to bind IgA from normal human serum (Stockert 
et al, 1982). The ASGP-R recognition site on IgA appears 
to be the O-linked oligosaccharides in the hinge region of the 
IgAl subclass. Human monomeric IgAl as well as SIgAl 
(which cannot bind SC) was as effective as plgA from serum 
in binding to ASGP-R (Tomana et al, 1985). Further, binding 
of asialoorosomucoid by rat or mouse liver in vivo (Schiff et 
al, 1984), or by plasma membrane-enriched fractions from 
rat, monkey, and human liver (Daniels et al, 1989), was 

inhibited by human IgAl but not by rat IgA, which lacks 
O-linked oligosaccharides. 

Hepatic uptake by ASGP-R generally results in delivery 
of the ligand to lysosomes for degradation. Nevertheless, 
Schiff et al (1986b) demonstrated in rat liver that human 
IgA endocytosed via this receptor could dissociate within 
endosomes to become associated with transmembrane SC in 
this compartment, and thus be targeted to the transcytotic 
pathway for translocation as SIgA into bile. Because the 
expression of SC by human hepatocytes is extremely low or 
absent (Section III,A; Figure 7), endocytosis of IgAl by 
ASGP-R may represent an important pathway for hepatic 
clearance of this major IgA subclass in human serum. 
Whereas the bulk of endocytosed IgA presumably would be 
catabolized in lysosomes, some of the plgA could end up as 
biliary SIgA. However, experiments in nonhuman primates 
did not reveal any difference in hepatic clearance of intrave-
nously injected human IgAl and IgA2, although polymers 
were favored strikingly over monomers (Moldoveanu et al, 
1990). Thus an as yet undefined binding site for IgA is likely 
to exist on hepatocytes that is distinct from ASGP-R and has 
preferential affinity for plgA, regardless of subclass. This 
binding site has been suggested previously on the basis of in 
vitro experiments with rat and human hepatocytes (Tolles-
haug et al, 1981; Brandtzaeg, 1985; Tomana et al, 1988). 

In addition, the carbohydrate moieties on human IgA have 
been shown to bind to galactosyltransferase enzymes, either 
in free form in colostrum and serum (McGuire et al, 1989) 
or on the surface of hepatocytes and a variety of cultured 
cell lines (Tomana et al, 1991). In the absence of UDP-
galactose, cell-surface galactosyltransferase acts as a lectin 
and binds both IgG and IgM, as well as monomeric IgA, 
plgA, and SIgA, with relatively high association constants. 
Because ligands bound to galactosyltransferase on cells are 
apparently not internalized (Tomana et al, 1991), the possible 
role of this binding in the physiology of IgA remains unclear. 

Kupffer cells and murine hepatocytes have been shown 
to express receptors for the Fc region of both monomeric 
IgA and plgA (Sancho et al, 1986). The contribution of these 
receptors to hepatic clearance of IgA is unclear, but nonpa-
renchymal cells do contribute significantly to making the liver 
of nonhuman primates (and therefore probably humans) the 
major site of uptake and catabolism of circulating IgA (Moldo-
veanu et al, 1990). 

VII. CLEARANCE OF IgA-CONTAINING 
IMMUNE COMPLEXES 

A. Role of the Liver 

Clearance of IgA-containing immune complexes (IC) has 
been studied primarily with respect to systemic mechanisms 
relevant for circulating IC. In humans (Rifai et al, 1989) and 
rodents (Russell et al, 1981; Socken et al, 1981; Harmatz 
et al, 1982), intravenously administered IgA IC or heat-
aggregated IgA are cleared primarily by the liver, presumably 
via the same receptors that mediate uptake of IgA (Section 
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VI). Thus, SC-mediated hepatobiliary transport of circulating 
IgA IC is probably of little or no significance in humans. 
Phagocytosis by Kupffer cells contributes to the clearance 
of IC (Rifai and Mannik, 1984); for IgA IC also containing 
IgG, Fey and complement receptors on these cells apparently 
are involved (Roccatello et al., 1992). Because the systemic 
mechanisms for clearance of IgA IC are saturable (Russell 
et al., 1981; Rifai and Mannik, 1984), high concentrations of 
IgA IC in the circulation may lead to their deposition in 
extrahepatic tissues, as has been implicated in the pathogene-
sis of IgA nephropathy (Emancipator and Lamm, 1989). 

B. Role of Mucosal Epithelia 

IgA antibodies are produced mainly by plasma cells in the 
lamina propria of mucous membranes (Chapter 21), where 
significant amounts of IgA IC most likely form when antigens 
penetrate the epithelial barrier. Thus, in addition to its role 
as SIgA performing immune exclusion, locally produced IgA 
antibodies within the mucosa may trap antigens derived from 
the environment, diet, and luminal microbiota or synthesized 
in the mucosal tissue during infections. Such IgA-mediated 
trapping would, by itself, be an antiinflammatory mechanism 
in competition with the formation of potentially harmful im-
mune complexes containing IgM or IgG antibodies (Figure 9). 
Moreover, external transport of IgA IC by mucosal epithelia 

Lamina propria Epithelium Lumen 
J chain 

Mucus 

IgG ^ ? IgA C = complement C = activated C ■ antigen 

Figure 9 It is postulated that humoral immunological homeostasis is 
maintained in mucous membranes through a critical balance between 
available immunoglobulins (for simplicity, only IgG and IgA are 
depicted). Secretory IgA acts in a "first line" of defense by per-
forming antigen exclusion in the mucus layer at the epithelial surface 
(to the right). Antigens by-passing this barrier may meet correspond-
ing serum-derived IgG antibodies in the lamina propria. The resulting 
immune complexes will activate complement, and inflammatory me-
diators probably are formed continuously in the mucosa. An adverse 
inflammatory and tissue-destructive development is most likely in-
hibited by blocking antibody activities exerted in the lamina propria 
by serum-derived monomeric IgA and locally produced monomeric 
or dimeric IgA. Moreover, antigens may be returned efficiently in 
a noninflammatory way to the lumen by the SC-mediated transport 
mechanism after being bound to dimeric IgA antibodies. 

could be an efficient and potentially less harmful clearance 
mechanism than systemic elimination of these complexes 
after they reach the circulation. 

SC-expressing epithelial cells transport vectorially in vitro 
IC with plgA from the basolateral surface to the apical face 
where release occurs (Figure 9); the antigen remains unde-
graded and bound to the plgA antibody throughout trans-
cytosis (Kaetzel et al., 1991). Interestingly, monomeric IgA 
and IgG antibodies, when cross-linked via antigen to plgA, 
also can participate in SC-mediated epithelial trancystosis 
(Kaetzel et al., submitted). Secretory epithelium might, 
therefore, participate in vivo in the clearance of IgA IC di-
rectly at sites at which they are most likely to be formed. 
This antiinflammatory mechanism probably is enhanced in 
disease states with immunological activation as a result of 
cytokine-induced up-regulation of SC (Section V,C). Direct 
clearance of locally formed IgA IC by SC-expressing epithelia 
could afford an important, but hitherto unappreciated, de-
fense function mediated by pig A. 

Evidence from in vitro studies also suggests that IgA IC 
can form within secretory epithelial cells infected with virus 
if these cells are simultaneously transporting specific plgA 
antibody (Mazanec et al., 1992). In such cases, the antibody 
can neutralize the virus intracellularly. Although the intracel-
lular compartment localization and efficiency of this neutral-
ization are currently unclear, these results could reflect still 
another important defense function of pig A. On the other 
hand, the possibility has been suggested from similar in vitro 
experiments that SC may promote viral infection of usually 
resistant epithelial cells by mediating uptake of virus bound 
to plgA antibody (Sixbey and Yao, 1992). 

VIM. CONCLUSIONS 

Transmembrane SC is quantitatively the most important 
receptor of the immune system because it is responsible for 
external translocation of the major product of humoral immu-
nity, that is, pig A. SC also may be involved in mucosal 
clearance of immune complexes containing pig A and, in ro-
dents, in hepatic elimination of such complexes from periph-
eral blood. The molecular biology of SC is complicated and 
interesting; its function as a receptor is the best defined part 
of mucosal immunity and has thrown considerable light on 
intracellular trafficking of proteins in general. The cleavage 
of this receptor to release free or pig-bound SC into the 
secretions is a unique process. This continuous sacrifice of 
large amounts of receptor protein appears biologically justi-
fied to stabilize secretory antibodies. Such stabilization is 
particularly successful for SIgA, in which covalent bonding 
takes place between SC and plgA by disulfide exchange reac-
tion during epithelial transcytosis; the noncovalent stabiliza-
tion of SIgM apparently depends on an excess of free SC in 
the secretions. 
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I. INTRODUCTION 

A. Immunoglobulin Isotypes at Mucosal Surfaces 

Although the predominant isotype of Ig-secreting cells in 
most human secretory tissues is IgA, significant but variable 
numbers of IgM, IgG, and IgD immunocytes also occur 
(Brandtzaeg et al., 1986b; see Chapter 21). Among the immu-
noglobulin isotypes present on mucosal surfaces (Table I) as 
a result of active secretion or of transudation, secretory IgA 
(SIgA) is particularly stable and well suited to function in 
the enzymatically hostile environment that prevails at these 
locations. This stability is ascribed largely to the secretory 
component (SC) which renders the SIgA molecule less sus-
ceptible to attack by metabolic and microbial enzymes. In 
contrast to SIgM, the complex of polymeric IgA (plgA) and 
SC is stabilized by covalent linkages (see Chapter 7), which 
may contribute to its resistance to proteolytic enzymes. 
Moreover, SIgA has been shown to bind trypsin and chymo-
trypsin in an antibody-independent manner that inactivates 
the enzymes (Shim et al., 1969). 

The mucosal environment in which SIgA operates is very 
different from the circulation and tissues in which other Igs, 
including plasma IgA, operate, both physicochemically and 
in terms of the presence or absence of ancillary factors (nota-
bly the complement system, phagocytic or other cells, and 
nonspecific defense factors) and of other macromolecules. 
The host defense problems in the two situations are com-
pletely different: mucosal surfaces are not normally sterile 
but are colonized by a commensal flora that must be held in 
check without compromising the mucosal barrier, whereas 
the internal presence of a microorganism indicates a poten-
tially life-threatening invasion. SIgA and the mucosal immune 
system therefore can be considered as having evolved to 
maintain a balance with the normal microbial flora. An im-
portant aspect of this balancing act may be the role of mater-
nal milk SIgA antibodies in promoting the establishment of 
an appropriate intestinal microflora in the neonate (see Chap-
ter 52). 

B. Protective Potential of SIgA Antibodies 

Numerous studies in animal models and in humans have 
provided convincing evidence that protection against a vari-
ety of viral and bacterial mucosal pathogens can be obtained 

by oral or intranasal immunization (see Chapter 31). Although 
protection generally is correlated with levels of IgA antibod-
ies in relevant secretions, the participation of other classes 
of antibody or of antiviral T cells cannot be excluded, but 
the protective significance and superiority of SIgA antibodies 
has been demonstrated in several systems. Monoclonal IgA 
antibodies (without SC) to Sendai virus hemagglutinin-neur-
aminidase passively administered to the mouse respiratory 
tract confer significant protection against the virus (Mazanec 
et al., 1987). Intranasal administration of affinity-purified hu-
man SIgA antibody to M protein protects mice against nasal 
inoculation with group A streptococci, whereas locally ap-
plied serum opsonizing antibodies are not protective (Bessen 
and Fischetti, 1988). In an elegant model of mucosal immunity 
(Winner et al., 1991), plgA antibody to Vibrio cholerae lipo-
poiysaccharide (LPS), secreted into the circulation by "back-
pack" tumors of mouse hybridoma cells and transported into 
intestinal secretions, provides serotype-specific protection 
against oral challenge with V. cholerae. In a conceptually 
similar model (Renegar and Small, 1991), intravenously ad-
ministered monoclonal plgA against influenza virus hemag-
glutinin is transported into nasal secretions of mice and 
protects against nasal challenge, whereas monoclonal 
monomeric IgA (mlgA) or IgG antibodies do not. 

II. BIOLOGICAL PROPERTIES OF IgA 

As for IgG and IgM antibodies, although some biological 
properties of IgA antibodies may be the simple consequence 
of antigen binding, most depend on structures within the Fc 
region and, in the case of SIgA, on the attached SC and 
on the interactions of these structures with other molecules 
(Kilian et al., 1988). Among the unusual structural features 
of human IgA is the presence of O-linked oligosaccharides 
in the hinge region of IgA subclass 1 (see Chapter 7). Whereas 
the biological significance of these sugar moieties is not fully 
understood, they have been implicated in carbohydrate-
dependent interactions of IgA with cellular receptors (Tomana 
et al., 1988) and may impart resistance to many proteolytic 
enzymes. Further, such oligosaccharides, which are found 
more typically in mucins, probably confer a stiff and extended 
conformation on the peptide chain (Jentoft, 1990), limiting 
the segmental flexibility of IgAl antibodies and restricting 
their ability to bind to adjacent epitopes. IgA2 antibody often 
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Table I Isotypes and Functions of 
Mucosal Immunoglobulins 

Isotype 

SIgA 

(S)IgM 

IgG 

IgA 
(plasma 
type) 

IgD 

IgE 

Occurrence 

Major form of Ig in most 
secretions of humans and 
many other mammals 

Second most abundant Ig in 
most secretions; SIgM 
compensates for lack of 
SIgA in IgA deficiency 

Normally minor component, 
but relatively abundant in 
nasal and respiratory tract 
secretions; probably 
transudes from plasma; 
increased in pathological, 
especially inflammatory, 
conditions 

Found in human bile and 
possibly other secretions; 
transudes from plasma, or 
transported by alternative 
secretion mechanisms 

Significant minor 
component of nasal 
secretions, milk 

Normally insignificant; 
elevated in atopic allergies 
and helminthic infections 

Functions 

Noninflammatory mucosal 
protection0 

Probably similar to plasma 
IgM or SIgA; activates 
complement 

Neutralization; potentially 
inflammatory; activates 
complement and 
phagocytes 

Possibly similar to SIgA; 
poor complement 
activation, or 
inhibitory0 

Unknown 

Adverse hypersensitivity 
states (atopy); parasite 
expulsion 

a See test for additional discussion. 

is directed against polysaccharide antigens, which typically 
have repeating epitopes, but whether its hinge region (al-
though shorter but with five consecutive proline residues) 
allows greater flexibility for divalent binding to adjacent epi-
topes is not known. 

A. Molecular Mechanisms of Protection by SIgA at 
Mucosal Surfaces 

1. Inhibition of Adherence: Agglutination 

Concomitant with the recognition that adherence of a mi-
croorganism to a mucosal surface is a critical first step in 
colonization (see Chapter 6) has been the concept that inhibi-
tion of adherence by antibodies is a major protective function 
of mucosal immunity (Abraham and Beachey, 1985). Al-
though the molecular nature of the adhesin-receptor interac-
tions may not have been well defined, SIgA antibodies to 
microbial surfaces have been demonstrated to inhibit adher-
ence to pharyngeal, intestinal, and genitourinary tract epithe-
lia as well as to tooth surfaces (Williams and Gibbons, 1972; 
Tramont, 1977; Svanborg-Eden and Svennerholm, 1978; 
Hajishengallis et al, 1992). 

Whereas any antibody may be capable of inhibiting adher-
ence, SIgA antibodies have advantageous properties that are 

not shared by other isotypes because of the hydrophilic and 
negatively charged Fc · SC part of the molecule (Kilian et 
al., 1988; see Chapter 7). In contrast IgG, with considerably 
fewer carbohydrate residues, is more hydrophobic and less 
charged in the Fc region and may substitute the specific 
adhesin-receptor binding with other (less specific) hydropho-
bic interactions. Thus, SIgA appears to surround a microbe 
with a hydrophilic shell that repels attachment to a mucosal 
surface. Presumably SIgM, which compensates for SIgA in 
many IgA-deficient subjects, can exert a similar effect, but 
specific evidence of this ability is not available. Although 
plgA and SIgA antibodies are particularly adept at agglutinat-
ing microorganisms, mlgA antibodies agglutinate and precipi-
tate poorly (Heremans, 1974), possibly because their hydro-
philic Fc (or Fc2 · SC) regions are less able to form Fc-Fc 
interactions. However, information on the composition and 
nature of IgA antibody-antigen complexes and precipitates 
involving the different molecular forms of IgA has not been 
obtained to test this assumption. 

It is speculated that SIgA may be able to form particular 
associations with mucins, possibly through interactions be-
tween mucin and the mucin-like hinge region of IgAl, or 
even by forming disulfide bonds (Clamp, 1977). Since the 
binding of SIgA to bacteria renders them more "mucophilic" 
(Magnusson and Stjernström, 1982), this mucin affinity would 
help entrap the microbes within the mucus layer. High molec-
ular weight fractions of saliva contain mucins and small 
amounts of SIgA, suggesting an interaction between them; 
binding of SIgA to the salivary mucin MG2 has been reported 
(Biesbrock et al., 1991). An interaction between the Fc2 · SC 
region of SIgA and mucus also is implied by the finding that 
spermatozoa coated with SIgA show impaired penetration of 
cervical mucus, but that treatment of the coated spermatozoa 
with IgA protease restores this ability (Bronson et al., 1987). 

In addition to specific antibody-mediated inhibition of ad-
herence, human IgA and especially IgA2,*which can aggluti-
nate Escherichia coli through its type 1 (mannose-dependent) 
pili by means of mannose-rich glycan chains, also may act 
in this way to inhibit type 1 pilus-dependent adherence of E. 
coli to epithelial cells (Wold et al., 1990). 

2. Virus Neutralization 

A considerable body of evidence shows that SIgA antibod-
ies to various viruses can neutralize them effectively and, 
although inhibition of viral binding to cellular receptors seems 
plausible, neutralization may occur by other mechanisms, 
depending on the epitope specificity, isotype, and concentra-
tion of antibody and the virus and cells involved (reviewed 
by Childers et al., 1989). High concentrations of SIgA or IgM 
antibodies to influenza virus hemagglutinin inhibit cellular 
attachment, whereas IgG or lower concentrations of plgA 
antibodies that permit attachment may inhibit internalization 
or intracellular replication (Armstrong and Dimmock, 1992). 
The isotype of antiviral antibody may be especially important 
because one mechanism of cellular uptake can be replaced 
by another. Human antibodies of any isotype to the surface 
gp340 of Epstein-Barr virus neutralize its infectivity for B 
cells (via complement receptor CR2), but plgA antibodies 
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promote infection of SC-expressing HT-29 colonic carcinoma 
cells, thereby changing the tissue tropism of the virus (Sixbey 
and Yao, 1992). The general extent of this phenomenon is 
unknown although potentially important, particularly in con-
nection with HIV infection in which antibodies to gpl60 may 
inhibit CD4-mediated uptake by T cells but promote uptake 
by other cells with opsonic receptors. 

One publication (Mazanec et al., 1992) proposes a novel 
mechanism of viral neutralization mediated by plgA antibod-
ies during SC-mediated transit through epithelial cells. This 
mechanism was demonstrated in an elegant in vitro system 
using Sendai virus-infected Madin-Darby canine kidney 
(MDCK) cells expressing the transfected SC gene. The plgA-
bearing transcytotic vesicles are suggested to interact with 
secretory vesicles in which the replicated virus is assembled 
and thereby inhibit this process. Sendai virus, like other 
paramyxoviruses (e.g., measles, mumps, parainfluenza, and 
respiratory syncytial viruses), can induce membrane fusion, 
which may be instrumental in the interaction of the two types 
of vesicle. Determining the extent to which such intracellular 
viral neutralization occurs in vivo will be important since this 
hypothesis implies that plgA antibody can promote recovery 
from viral infections of mucosae, as well as provide initial 
protection against them. 

3. Neutralization of Enzymes and Toxins 

Antibody-mediated inhibition of enzyme or toxin activity 
has been demonstrated in several systems. If this effect is 
simply caused by steric blocking of binding to the substrate 
or target molecule (or cell), or by a conformational change 
in the antigen molecule that affects its biological function, it 
may be independent of the Fc region or of antibody isotype. 
Specific examples of SIgA antibodies that neutralize enzymes 
or toxins include intestinal antibodies to cholera and related 
heat-labile enterotoxins (Majumdar and Ghose, 1981; Lycke 
et al., 1987); salivary antibodies to the glucosyltransferases 
of Streptococcus mutans and Streptococcus sobrinus, which 
synthesize adherent glucans from sucrose and enable these 
cariogenic bacteria to adhere to tooth surfaces (Smith et al., 
1985); and antibodies that neutralize IgA proteases (see Sec-
tion ΙΙΙ,Α). 

4. Immune Exclusion and Inhibition 
of Antigen Absorption 

The intestinal uptake of antigenically intact food sub-
stances (see Chapter 4) is diminished by SIgA antibodies 
arising from prior enteric exposure to them (Walker et al., 
1972). Absorption of antigen instilled into the airway is inhib-
ited by the simultaneous administration of IgA antibody 
(Stokes et al., 1975). The importance of immune exclusion 
for the protection of the host against excessive antigenic 
challenge from environmental macromolecules is suggested 
by the findings that IgA-deficient subjects show increased 
absorption of food antigens and formation of circulating im-
mune complexes (Cunningham-Rundles et al., 1978), as well 
as statistically increased susceptibility to atopic allergies or 
autoimmune disease. 

In contrast, enteric SIgA antibodies have been suggested 

to promote uptake of antigen through the M cells of Peyer's 
patches and, consequently, enhance the mucosal immune 
response to that antigen (Weltzin et al., 1989). Further elabo-
ration of the mechanism involved, especially the receptor, 
seems necessary to substantiate this intriguing possibility. 

5. Interaction with Nonspecific Antibacterial Factors 

The secretions of most mucosal surfaces contain an array 
of nonspecific defense systems that are highly effective in 
killing or inhibiting a broad range of bacteria and fungi (see 
Chapter 5). Because SIgA is able to interact with some of 
the protein components of these systems, ample opportunity 
exists for synergism in which SIgA antibodies might intro-
duce an element of specificity. However, few such interac-
tions have been described in molecular detail. 

a. Lactoferrin. The bacteriostatic synergy of lactoferrin 
and SIgA antibodies (Stephens et al., 1980) may be the result 
of antibody-mediated interference with alternative channels 
of iron uptake possessed by many mucosal organisms. Lac-
toferrin is a frequent contaminant of SIgA purified from secre-
tions, but whether the implied interaction or formation of 
covalent complexes between lactoferrin and SIgA (Watanabe 
et al., 1984) is important for synergy is not known. 

b. Peroxidases. An enhancement of the inhibitory effect of 
lactoperoxidase-H202-SCN" on S. mutans metabolism by 
myeloma IgAl and IgA2 proteins and by SIgA but not IgG 
or IgM has been attributed to binding of lactoperoxidase to 
IgA, presumably by the Fc region, and a subsequent stabiliz-
ing effect on enzyme activity (Tenovuo et al., 1982). 

c. Lysozyme. Two reports of lytic activity against E. coli 
by human or porcine colostral SIgA antibody, complement, 
and lysozyme have not been confirmed in other studies. Al-
though most secretions contain lysozyme, they generally lack 
a functional complement system, and the ability of IgA to 
activate complement is controversial. Thus, the significance 
of this lytic system remains uncertain. 

B. Molecular Mechanisms of Protection by 
Circulatory IgA in Tissues 

1. Interaction with Complement 

The question of whether and how IgA activates comple-
ment is a controversial issue that has not yet been completely 
resolved. Early findings that IgA is incapable of binding Clq 
and activating the classical complement pathway (CCP) gen-
erally have been accepted; IgA molecules do not have the 
Clq-binding motif found in IgG. In contrast, some research-
ers believe that IgA activates the alternative complement 
pathway (ACP), but in reality the situation is more compli-
cated. Several reports have demonstrated that artificially ag-
gregated, chemically cross-linked, or denatured human se-
rum polyclonal or monoclonal (myeloma) IgA or colostral 
SIgA can activate the ACP (Hiemstra et al., 1987; for discus-
sion, see Russell and Mansa, 1989). A chimeric human 
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IgA2-rat antibody produced in a mouse transfectoma cell line 
shows ACP activation when complexed with a haptenated 
protein antigen (Lucisano Valim and Lachmann, 1991). How-
ever, human monoclonal and polyclonal plgAl or mlgAl 
antibodies, when complexed with corresponding antigen, fail 
to activate the ACP whereas the same antibodies, interfa-
cially aggregated on a plastic surface or complexed with anti-
gen after chemical cross-linking, can activate the ACP (Rus-
sell and Mansa, 1989). Naturally occurring human IgA 
immune complexes also fail to activate the ACP (Imai et al., 
1988). Note that heat-aggregated mixtures of human IgG and 
IgA activate the ACP in proportion to the content of IgG, 
and analysis of the C3b-containing complexes shows that 
C3b is linked to the IgG and not to the IgA component (Waldo 
and Cochran, 1989). 

Several studies on animal (mouse, rat, rabbit) IgA antihap-
ten antibodies have shown that, when complexed with a 
haptenated protein antigen, IgA antibodies activate the ACP 
(Pfaffenbach et al, 1982; Rits et al, 1988; Schneiderman et 
al, 1990). However, certain reservations persist regarding 
denaturation of the IgA in purification, abnormal glycosyla-
tion of proteins produced in hybridoma or transfectoma cells, 
and the direct role of heavily haptenated proteins in ACP 
activation, all of which could materially affect the outcome. 
Nevertheless, human and animal IgA—which have structural 
differences in terms of amino acid sequence, especially in 
the hinge region, as well as in glycosylation (see Chapter 
7) and display other important physiological differences in 
vivo—could differ also in ACP-activating properties. Addi-
tional work is necessary to clarify these issues. 

In contrast, IgA antibody to the capsular polysaccharide 
inhibits IgG or IgM antibody-dependent complement-medi-
ated lysis of Neisseria meningitidis, thereby possibly ac-
counting for the exacerbation of meningococcal infection in 
certain patients (Griffiss et al, 1975). Similarly, murine IgA 
antibodies inhibit IgG antibody-dependent complement-
mediated hemolysis in vitro and the Arthus reaction in vivo 
(Russell-Jones et al., 1980,1981). Human monoclonal and 
polyclonal IgAl antibodies inhibit IgG antibody-dependent 
CCP activation in vitro. Further, Fab fragments of IgAl anti-
bodies possess the same inhibitory activity as intact IgA 
antibodies (Russell et al., 1989). Fab fragments of IgA anti-
bodies to meningococci, which produce IgAl protease (see 
Section III,A), also inhibit IgG- and complement-mediated 
cytolysis of these bacteria (Jarvis and Griffiss, 1991). 

Overall, human IgA antibodies appear to have poor to no 
complement-activating ability by either pathway when bound 
physiologically to antigen, whereas the ACP-activating prop-
erties of IgA depend on some degree of denaturation or con-
formational change that does not ensue directly from binding 
to antigen, or possibly on abnormal structure. Whether such 
changes can occur in physiological or pathological conditions 
in vivo, or as a result of aberrant synthesis, and thereby 
contribute to inflammatory conditions in which IgA is impli-
cated (for example, IgA nephropathy; see Chapter 53) re-
mains to be elucidated. In contrast, the anti-inflammatory 
property of IgA antibodies with respect to CCP may be of 
physiological significance in controlling inflammation at or 

beneath mucosal surfaces on which IgA is abundant and 
where maintenance of the mucosal barrier is important. 

2. Interaction with Phagocytic Cells 

Several studies indicate that IgA has a negative or inhibi-
tory effect on phagocytosis, bactericidal activity, or chemo-
taxis by neutrophils and monocytes or macrophages (Kilian 
et al., 1988). In some cases, results obtained with specific 
IgA antibody suggest that it competes with IgG antibody 
for binding to the target antigen, but in most experiments 
myeloma IgA proteins or colostral SIgA, regardless of anti-
body activity, were used. Other studies, particularly using 
neutrophils or monocytes derived from a mucosal environ-
ment (the gingival crevice) or cultured in vitro with purified 
myeloma IgA or colostral SIgA, reveal an opsonizing effect 
of IgA antibodies especially in synergy with IgG antibodies 
(Fanger et al., 1983; Goiter et al., 1987). Several instances 
of heat-stable (i.e., complement-independent) opsonization 
or antibody-dependent cell-mediated cytotoxicity by IgA an-
tibodies (reviewed by Kerr, 1990), including the postphagocy-
totic respiratory burst and intracellular killing as well as de-
granulation of eosinophils (Abu-Ghazaleh et al., 1989), have 
been reported to date. Generally, pig A antibodies are more 
effective than mlgA; in some cases, the effect is demonstrably 
dependent on an intact Fca region, which implies the involve-
ment of an Fca receptor (FcaR) on the cells (Ken* et al., 
1990). 

An FcaR has been demonstrated on human neutrophils, 
monocytes/macrophages, and eosinophils (Maliszewski et 
al., 1990; Mazengera and Kerr, 1990; Monteiro et al., 1990). 
The Mx of the mature polypeptide chain (deduced from the 
cloned gene) is —29,900, but the observed MT of the extracted 
FcaR (50,000-70,000; 90,000 on eosinophils) implies exten-
sive and possibly variable patterns of glycosylation (Monteiro 
et al., 1992). Immunoprecipitation of the deglycosylated pro-
tein with monoclonal antibody reveals two bands of Mr 32,000 
and 36,000 that could arise from differential mRNA splicing 
or mRNA processing, posttranslational modification, or even 
two separate, possibly allelic, genes. The neutrophil FcaR 
has an apparent affinity for mlgA (~5 x 107 M~l) that is 
comparable with that of FcyRII for IgG. This receptor binds 
both subclasses of IgA and SIgA equally. Approximately 
104 molecules are found per cell. The FcaR is expressed 
constitutively on neutrophils and monocytes, but culture with 
IgA, phorbol esters, or calcitriol enhances expression. The 
report that granulocyte-monocyte and granulocyte colony-
stimulating factors decrease the number and increase the 
affinity of FcaR on neutrophils (Weisbart et al., 1988) awaits 
further explanation in molecular terms. 

Despite some evidence to the contrary, human IgA can 
mediate phagocytosis and related processes by neutrophils 
and monocytes/macrophages and can induce postphagocy-
totic intracellular events, although the biological significance 
of this ability remains unclear. IgA-mediated killing of bacte-
ria by intestinal T cells also has been described (Tagliabue 
et al., 1986). The finding that activated murine γδ Τ cells 
express FcaR (Sandor et al., 1992) raises the possibility that 
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γδ CD8+ intraepithelial cells are involved. Since IgG antibod-
ies strongly activate complement but IgA antibodies do not 
(and may inhibit IgG-mediated complement activation), the 
opsonizing effects of IgA and IgG antibodies in vivo in the 
presence of complement are probably different. At least with 
normal neutrophils, IgG antibodies effectively opsonize only 
at high concentration unless bound C3b enhances binding 
of the particle by engaging CR3 receptors, and IgM-mediated 
opsonization depends on complement activation. Moderate 
amounts of IgA antibodies that are insufficient to activate 
FcaR therefore may inhibit IgG (or IgM)- and C3b-mediated 
phagocytosis. Similar concentration-dependent properties 
and interactions with other agonists have been observed in 
the biphasic effects of IgA on chemotaxis or chemokinesis 
of neutrophils exposed to other chemoattractants in vitro 
(Sibille et al., 1987). 

At mucosal surfaces, where SIgA is the predominant Ig, 
however, functionally active complement and phagocytes are 
not normally present. Consequently, SIgA does not have the 
opportunity to activate either system. Where the mucosal 
barrier is breached or inflammation occurs, both mucosal 
SIgA and submucosal plgA secreted by resident plasma cells 
could have an important anti-inflammatory regulatory activ-
ity in a complex interplay of immunological effectors that may 
provide not only immune defense but also damage-limiting 
capability. 

3. Interaction with Epithelial Cells 

IgA-mediated elimination of antigen from the circulation 
by hepatobiliary transport (Russell et al., 1981) has been 
demonstrated to occur notably in certain rodents and rabbits, 
in which rapid active transport of plgA from the circulation 
to the bile occurs by means of SC expressed on the sinusoidal 
surface of hepatocytes (see Chapter 9). However, despite a 
few reports to the contrary, it is now accepted that human 
hepatocytes do not express SC or transport plgA and IgA 
immune complexes in this manner. Nevertheless, other re-
ceptors such as the asialoglycoprotein receptor (or possibly 
membrane galactosyltransferase), which normally mediates 
the vesicular uptake of IgA and other desialylated glycopro-
teins for catabolism by hepatocytes (Mestecky et al., 1991), 
may allow a proportion of the IgA that is taken up, in conjunc-
tion with any complexed antigen, to be diverted into the 
biliary secretory pathway instead of the lysosomal degrada-
tive pathway. Polarized monolayer cultures of SC-expressing 
epithelial cells also can transport plgA and IgA-bound antigen 
from the basal to the luminal surface (Kaetzel et al., 1991). 

III. MICROBIAL EVASION 
OF IgA FUNCTIONS 

The importance of IgA in host-parasite relationships at 
mucosal membranes is revealed further by the fact that sev-
eral microbial species have evolved various ways of evading 
its functions. The most convincing evidence in this respect 
involves bacterial IgAl proteases, which have evolved inde-

pendently in several mucosal pathogens and members of the 
normal flora of the respiratory tract, apparently with the 
principal function of cleaving IgAl. 

A. Microbial Proteases 

1. IgAl Proteases 

Since the original detection of an IgAl protease in the 
oral commensal Streptococcus sanguis (Plaut et al., 1974), 
comprehensive screening of numerous species of bacteria 
and a few fungi, parasites, and viruses has shown that IgAl 
proteases are produced by limited groups of bacteria that 
successfully colonize or infect mucosal membranes of hu-
mans. These pathogens include the three leading causal 
agents of bacterial meningitis, important respiratory tract and 
ear pathogens, some urogenital pathogens, and anaerobic 
gram-negative rods implicated in the pathogenesis of peri-
odontal diseases (Table II). In addition, three commensals 
of the human oral cavity and pharynx that are responsible for 
initiating plaque formation on teeth produce IgAl proteases. 

All known IgAl proteases are constitutively expressed, 
extracellular, postproline endopeptidases (Mr —100,000). 
These enzymes attack one of the Pro-Ser (type 1 proteases) 
or Pro-Thr (type 2 proteases) peptide bonds within the dupli-
cated O-glycosylated octapeptide Thr-Pro-Pro-Thr-Pro-
Ser-Pro-Ser present in the hinge region of the al chain but 
absent from the al chain (see Chapter 7). Cleavage of IgAl 
thus results in monomeric Fab fragments that retain antigen-
binding properties and Fc fragments or Fc2 · SC when SIgA 
is the substrate (for reviews, see Kilian and Reinholdt, 1986; 
Mulks, 1985; Plaut, 1983). 

Until recently, IgA Is from humans, chimpanzee, and go-
rilla were the only known substrates for IgAl proteases. 
However, studies by Pohlner et al. (1987a) revealed that, 
during the secretion process, the 165-kDa precursor of the 
IgAl protease of Neisseria gonorrhoeae undergoes autopro-
teolysis at several sites within a sequence similar but not 
identical to that of the hinge region of IgAl. Synthetic deca-
peptides based on the sequences of two of these autoproteo-
lytic sites (B and C) are cleaved by the N. gonorrhoeae type 
2 protease (Wood and Burton, 1991). Homology searches 
identified similar sequences in the CD8 molecule of cytotoxic 
T lymphocytes and in granulocyte-macrophage colony-
stimulating factor (Pohlner et al., 1987b), but cleavage of 
these proteins in their natural configuration has not been 
demonstrated. Shoberg and Mulks (1991) showed that the 
type 2 IgAl protease from N. gonorrhoeae cleaves several 
proteins in preparations of cytoplasm and outer membranes 
of gonococci, suggesting the possibility that IgAl proteases 
may play an additional role in modulating proteins of the 
microorganism itself. 

Some of the IgAl proteases have been cloned in E. coli. 
The genes and their products have been fully characterized 
(Pohlner et al., 1987a; Poulsen et al., 1989; Gilbert et al., 
1991). The IgAl proteases from N. gonorrhoeae, N. menin-
gitidis, and Haemophilus influenzae, which show significant 
sequence homology, are all serine proteinases. IgAl prote-
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Table II IgA-Cleaving Activity in Microorganisms 

Disease Species Cleavage specificity0 Fragments produced 

IgAl protease 
Meningitis and 

respiratory tract 
infections 

Conjunctivitis 

Urethritis 

Periodontitis 

Initial dental 
plaque 
formation 

Miscellaneous 

IgAl/A2m(l) Protease 
Normal gut flora 

IgA-cleaving proteases 
Urethritis 

Periodontitis 

Mucosal infections 

Haemophilus influenzae 
Neisseria meningitidis 
Streptococcus pneumoniae 

Haemophilus aegyptius 

Neisseria gonorrhoeae 
Ureaplasma urealyticum 

Prevotella species (all) 
Capnocytophage species (all) 

Streptococcus sanguis 
Streptococcus oralis 
Streptococcus mitis 

Haemophilus 
parahaemolyticus 

Gemella haemolysans 

Clostridium ramosum 

with broad substrate specificity 
Proteus mirabilis 
Proteus vulgaris 
Proteus pennei 
Serratia marcescens 
Escherichia coli 
Klebsiella pneumoniae 
Acinetobacter calcoaceticus 

Porphyromonas gingivalis 
Porphyromonas 

asaccharolyticus 

Candida albicans 
Candida tropicalis 
Torulopsis glabrata 

Fab and Fc (or Fc2SC) 
Pro-Ser (231-232) or Pro-Thr (235-236) 
Pro-Ser (237-238) or Pro-Thr (235-236) 
Pro-Thr (227-228) 
Pro-Ser (231-232) 

Pro-Thr (237-238) or Pro-Thr (235-236) 
Pro-Thr (235-236) 

Pro-Ser (223-224) 
Pro-Ser(223-224) 

Pro-Thr (227-228) 
Pro-Thr (227-228) 
Pro-Thr (227-228) 

Pro-Thr (235-236) 

Not determined 

Pro-Val (221-222) 

Between CH2 and CH3 of both IgAl and IgA2 
Not determined 
Not determined 
Near hinge region of IgAl (and IgGl and IgG3) 
Not determined* 
Not determined6 

Not determined6 

Between CH2 and CH3 of both IgAl and IgA2 
Same 

Fab and Fc (or Fc2SC) 

Complete degradation 
Complete degradation 

a Numbers refer to the residues between which the peptide bond is cleaved (see Kilian and Reinholdt, 1986). 
b See text for additional discussion. 

ases from pneumococci and the oral streptococcal species 
are metalloproteinases and show no homology with the 
serine-type IgAl proteases. Finally, the IgAl protease of 
Prevotella (Bacteroides) melaninogenica is a cysteine pro-
teinase (Mortensen and Kilian, 1984). Thus, bacterial IgAl 
proteases with virtually identical activity have developed 
convergently through at least three independent evolutionary 
lines, thereby attesting to their biological significance. 

2. Antigenic Polymorphism of IgAl Proteases 

Among H. influenzae, N. meningitidis, and N. gonorr-
hoeae strains, IgAl proteases of two distinct cleavage speci-
ficities (Pro-Ser or Pro-Thr) have been observed (Kilian and 
Reinholdt, 1986; Mulks, 1985). Enzyme-neutralizing anti-
bodies reveal at least 16 antigenic variants ("inhibition 
types") among H. influenzae IgAl proteases (Kilian et at, 
1983), whereas antigenic variation is less pronounced among 
pathogenic Neisseria (Lomholt et al., 1992) and virtually 
absent among oral streptococci and Prevotella and Capnocy-
tophaga species (Frandsen et al., 1987; Reinholdt et al., 

1990). Sequence analyses of IgAl protease genes (iga) of 
H. influenzae and N. gonorrhoeae have disclosed that the 
antigenic diversity is a result of genetic exchange and recom-
bination between and within these species (Halter et al., 
1989; Poulsen et al., 1992). This antigenic diversity among 
some of the IgAl proteases may increase their immune escape 
potential. 

3. Other Microbial Proteases 
with IgA-Cleaving Activity 

Among IgA-cleaving proteases with broader substrate 
specificities, one is of particular interest. Fujiyama et al. 
(1985) demonstrated an EDTA-sensitive protease in Clostrid-
ium ramosum that cleaves a Pro-Val peptide bond present 
in the a chain of both IgAl and the A2m(l) allotype of IgA2 
in the transition between the CH1 domain and the hinge re-
gion. The A2m(2) allotype of IgA2 lacks the susceptible se-
quence. The specificity of this Clostridium protease may re-
flect the equal proportions of the two subclasses in the lower 
gut, which is the natural habitat of this bacterium. Although 
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the original IgAl/A2m(l) protease-producing strain of C. ra-
mosum was isolated from a patient with ulcerative colitis, 
subsequent studies have not confirmed that the species plays 
a pathogenic role in inflammatory bowel diseases (Senda et 
al, 1985). 

Several microbial broad-spectrum proteases can degrade 
IgA among other proteins: strictly speaking, such enzymes 
should not be called IgA proteases. Their exact cleavage sites 
have not been determined but appear to lie outside the hinge 
region of IgA. Few such enzymes have been characterized; 
in some cases, their wide activity spectrum may be the result 
of several enzymes working in concert as, for example, in 
the case of the putative periodontal pathogen Porphyromonas 
gingivalis (Bacteroides asaccharolyticus), which degrades 
IgAl and IgA2 as well as other immunoglobulin isotypes and 
many other host proteins into small fragments (Kilian, 1981). 
Pseudomonas aeruginosa, a notable opportunistic pathogen 
that has significant hydrolytic activity, cleaves IgA, SIgA, 
SC, and IgG. Among several proteases secreted by this bacte-
rium, the elastase completely degrades the Fab fragment of 
IgA (Döring et al, 1981; Heck et al, 1990). 

Of potential importance is the finding that some members 
of the family Enterobacteriaceae are capable of cleaving hu-
man IgA (Table II; Mehta et al, 1973; Milazzo and Delisle, 
1984). This activity has been detected only in fresh isolates 
from feces or urinary tract infections and is lost on subcultiva-
tion of the bacteria. Similar strains from culture collections 
have not disclosed IgA-cleaving activity, nor has restoration 
of lost activity been possible. Hence, nothing is known about 
the specificity of the enzyme(s) involved. An exception is an 
IgA-cleaving protease from Proteus mirabilis, which is sta-
ble, has a pepsin-like activity on IgA, and cleaves initially 
between the CH2 and CH3 domains, whereas it cleaves IgG 
initially on either side of the hinge region (Loomes et al., 
1990). 

Protease activity that cleaves IgA of both subclasses be-
tween the CH2 and CH3 domains, as well as SIgA and SC, also 
has been demonstrated in several Candida species including 
Candida albicans (Table II; Reinholdt et al., 1987; Rückel, 
1984). Finally, trophozoites of the protozoan parasite Enta-
moeba histolytica have been noted to induce electrophoretic 
changes in IgA that are suggestive of proteolytic cleavage 
(Quezada-Cavillo and Lopez-Revillo, 1987). 

4. Cleavage of IgA in Vivo 

IgAl proteases are not inhibited by physiological protease 
inhibitors. Ample evidence is available for their activity in 
vivo. Characteristic fragments of IgA (Fab, Fc, Fc2 · SC) 
have been observed in intestinal fluids, vaginal secretions of 
women with gonorrhoea, cerebrospinal fluid of patients with 
Haemophilus meningitis, and nasopharyngeal secretions of 
certain children (for review, see Kilian and Reinholdt, 1986). 
Further, in samples from the oral cavity including dental 
plaque, monomeric Faba fragments have been demonstrated 
on the surface of bacteria (Ahl and Reinholdt, 1991). Frand-
sen et al. (1991) have provided evidence for cleavage of IgAl 
in periodontitis patients by demonstrating serum antibodies 
specific for a neoepitope exposed on Faba released from 

IgAl after cleavage by Prevotella or Capnocytophaga IgAl 
proteases. IgA cleavage products similar to those obtained 
in vitro and active protease have been demonstrated in the 
urine of patients with P. mirabilis urinary tract infection 
(Senior et al, 1991). 

As are other microbial enzymes, IgAl proteases and other 
IgA-cleaving proteases are subject to inhibition by specific 
neutralizing antibodies. Antibodies capable of inhibiting the 
activity of IgAl proteases can be induced in rabbits (Kilian 
et al., 1983). Naturally occurring neutralizing antibodies to 
proteases from H. influenzae, N. meningitidis, N. gonorr-
hoeae, and Streptococcus pneumoniae have been detected 
in colostral SIgA and in serum IgG and IgA (Gilbert et al., 
1983; Kobayashi et al., 1987). High titers of neutralizing 
antibodies to IgAl proteases of oral streptococci also have 
been detected in serum from patients with subacute endocar-
ditis caused by the respective bacteria (Reinholdt et al., 
1990), whereas very low inhibitory antibody activity against 
S. sanguis IgAl protease is present in pooled colostrum (Gil-
bert et al., 1983). Neutralizing antibodies to the IgAl/A2m(l) 
protease of C. ramosum have not been detected, even in sera 
of subjects whose bowels are colonized by this bacterium 
(Kobayashi ei al., 1987). 

5. Biological Significance of Proteolytic 
IgA Degradation 

Since the protective functions of IgA in its different forms 
depend on the integrity of the immunoglobulin molecule, 
any significant degradation of IgA is likely to influence its 
functional activity. Cleavage of IgA in the hinge region will 
interfere with all its Fc-dependent properties described ear-
lier. However, the specific IgAl and IgAl/A2m(l) proteases 
are uniquely adept in counteracting the effects of IgA antibod-
ies as well as perhaps other immune effector mechanisms. 
Both in vivo and in vitro studies have shown that monomeric 
Fab fragments of antibodies, in spite of their antigen-binding 
activity, do not inhibit adherence and colonization of bacteria 
(Steele et al, 1975; Reinholdt and Kilian, 1987; Ma et al, 
1990; Hajishengallis et al, 1992). Although cross-linking and 
agglutination of bacteria may be a factor here, these findings 
indicate the importance of structures in the Fc (or Fc2 · SC 
of SIgA) for mucosal protection. It is furthermore postulated 
that the binding of Faba fragments to the surface of bacteria 
protects them from the host immune system by blocking 
access of intact antibodies of the same or other isotypes and 
of immunocompetent cells as, for example, in the inhibition 
of IgG and complement-mediated bacteriolysis described pre-
viously. These processes have been hypothesized to play a 
role in the pathogenesis of invasive infections caused by IgAl 
protease-producing bacteria (Kilian and Reinholdt, 1987). 
Thus, IgAl proteases appear to represent a subtle way of 
turning a specific immune response against a pathogen to its 
advantage, which may be effective no matter what other 
immune effector mechanisms remain intact. 

Because cleavage of IgA by IgAl proteases is not restricted 
to antibodies against the bacteria that secrete them, IgAl 
proteases may affect host-parasite interactions involving 
other microorganisms. Further, cleavage of IgAl mayjeopar-
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dize the immune barrier of the respiratory tract to potential 
allergens, as suggested by the significantly increased inci-
dence of IgAl cleavage in nasopharyngeal secretions of chil-
dren with a history of atopic diseases (S0rensen and Kilian, 
1984). 

The biological consequences of cleavage of IgA by prote-
ases that remove the CH3 domain remain unclear, partly 
because of our limited knowledge concerning individual Fc 
domains in the secondary effector functions of IgA. 

B. Other Potential Evasion Strategies 

1. Glycosidases 

IgAs, in particular SIgA, are heavily glycosylated with 
both N-linked and O-linked glycan chains (see Chapter 7) that 
may be attacked by bacterial glycosidases. As an example, 
S. pneumoniae and certain oral streptococci are capable of 
stripping IgA molecules of all their carbohydrate moieties 
(Kilian et al, 1980; Reinholdt et al., 1990). Studies involving 
IgG have disclosed dramatic effects of carbohydrate deple-
tion (Nose and Wigzell, 1983). However, the biological conse-
quences of such an event for IgA remain unclear, except that 
the ability of IgA to agglutinate E. coli via lectin-carbohy-
drate interactions (Wold et al., 1990) would be lost. 

2. IgA Binding Proteins 

Some strains of pathogenic streptococci of groups A (S. 
pyogenes) and B (S. agalactiae) are capable of interacting 
with IgA of both subclasses in an antibody-independent man-
ner. The phenomenon is the result of expression of Fca 
binding proteins on the streptococcal surfaces (Brady and 
Boyle, 1990; Lindahl et al., 1990). By analogy with the IgG-
binding protein A on Staphylococcus aureus, researchers 
speculate that the streptococcal IgA Fc receptors serve an 
immune escape function at mucosal surfaces. 

IV. IgA AND HOMEOSTASIS 

Despite the considerable advances that have been made 
in unraveling the complexities of the immune system, the 
biological activities and physiological functions of the major 
isotype of human Ig are still poorly understood. This lack of 
understanding is especially obvious for the circulating plasma 
form of IgA, which remains an enigma. The role of plasma 
IgA has been suggested to be that of the ''discrete house-
keeper," implying a background regulatory activity that is 
supported by a good deal of evidence. SIgA can be viewed 
in a similar way, except that perhaps it is the "discrete gate-
keeper" whose job is to keep undesirables out. Nevertheless, 
clearly situations exist in which IgA function is less than 
discrete, since it can be involved in pathological conditions 
under circumstances that suggest it has a pro-inflammatory 
effect, for example, in IgA nephropathy and IgA immune 
complex-induced lung injury. Are these, however, manifesta-
tions of a derangement of normal IgA structure and function, 
or the exaggerated result of normal physiological IgA activ-
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ity? Conversely, other mucosal diseases are associated 
with an apparent failure of IgA to maintain adequate anti-
inflammatory control, which might be the case in inflamma-
tory bowel disease (see Chapter 38). In this context, the 
balance between IgA and IgG antibodies may be the im-
portant factor (Tolo et al., 1977; Lim and Rowley, 1982). An 
analogous situation may occur in periodontal disease, which 
involves chronic inflammatory destruction of the structures 
supporting the teeth. These situations raise the question of 
whether the anti-inflammatory effects of IgA can be exploited 
to ameliorate these conditions. 

Deficiency of IgA might be expected to manifest itself in 
profound disturbances, but these generally do not occur. 
Selective IgA deficiency occurs in Western populations with 
a frequency as high as 1 in 400 individuals, yet the subjects 
usually do not suffer serious consequences, although they 
have statistically increased tendencies to develop upper re-
spiratory tract and oral infections, atopy, autoimmunity, and 
neoplasia (Hong and Amman, 1989). However, most IgA-
deficient subjects compensate by the production of secretory 
IgM at their mucosal surfaces, whereas noncompensators 
frequently suffer problems. Moreover, IgA deficiency may 
have much more serious consequences in populations lacking 
modern hygienic facilities, so the antigenic and infectious 
challenge to mucosal surfaces is much greater. A lower preva-
lence of IgA deficiency in Africa and elsewhere is consistent 
with this concept. Curiously, significant numbers of IgD-
secreting plasma cells also occur in certain submucosae such 
as the nasal passages (Brandtzaeg et al., 1991), but no mecha-
nism is known for the secretion of this poorly understood 
isotype. Further, IgD is highly susceptible to proteolysis, 
thus placing it at a disadvantage in secretions in which prote-
ases occur; apparently IgD cannot compensate for lack of 
IgA in IgA deficiency (Brandtzaeg et al., 1986a). 

IgA is a phylogenetically ancient Ig and has been found 
in plasma and secretions of all mammals examined. However, 
the concentration and relative physiological significance of 
this Ig vary markedly in different mammalian orders and 
families. Most notably in ruminants, although SIgA occurs, 
the dominant mucosal Ig is a subclass of IgG (IgGl) that is 
transported selectively into secretions by a mechanism that 
involves a receptor other than SC. Interestingly, ruminant 
IgGl is less effective than the other IgG subclass of these 
animals (IgG2) in complement-mediated and opsonic effector 
functions, and so may share some of the noninflammatory 
or anti-inflammatory properties of IgA that are deemed im-
portant for mucosal protection. 
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I. INTRODUCTION 

Lymphoid tissue can be identified early in phylogeny in 
the gills and guts of species more advanced than cyclostomes 
(Good and Papermaster, 1964; Marchalonis, 1974). Evidence 
that this local immune system protects mucosal surfaces inde-
pendent of circulating antibodies first was suggested by ex-
periments in rabbits that were immunized orally with killed 
Shigella bacteria. These animals were resistant to experimen-
tally induced bacillary dysentery (Besredka, 1927). In hu-
mans with dysentery, fecal antibodies can be detected before 
serum antibodies develop (Davies, 1922). Similar evidence 
exists for specific local immunity in other mucosal tissues 
such as the respiratory tract and the female reproductive 
tract (Amoss and Taylor, 1917; Byrne and Nelson, 1939; 
Tomasi and Bienenstock, 1968). We have come to appreciate 
that the lymphoid elements distributed in different mucosal 
tissues are part of a unique immune system that confers local 
immunity in a regulated fashion. This immunity protects a 
large and fragile epithelium, preventing the disruption of the 
normal physiological function of these mucosal tissues. 

Technical advances in cellular and molecular biology over 
the last 10 years have changed our ability to probe and exam-
ine the nature and function of the mucosa-associated 
lymphoid tissue (MALT). New concepts have emerged and 
notions previously considered incorrect have been rekindled. 
In this chapter, we highlight some of these findings as a 
prelude to the chapters that follow in this section. 

A. Definitions 

MALT can be separated into several components (see 
Table I), a few of which are described here. 

1. Gut-Associated Lymphoid Tissue 

The gut-associated lymphoid tissue (GALT) is the most 
extensively studied component of MALT. This tissue con-
sists of organized lymphoid aggregates represented by the 
Peyer's patches, the appendix, mesenteric lymph nodes 
(MLN), and solitary lymphoid nodules. In addition, the non-
organized lymphoid elements in the epithelium—the intra-
epithelial lymphocytes (IEL)—and in the lamina propria— 
the lamina propria lymphocytes (LPL)—are considered 

part of GALT. Collectively, this mass of lymphoid tissue 
easily would challenge other lymphoid organs in size (see 
Figure 1). 

In the chicken, an additional specialized organ can be 
found at the end of the intestine and is referred to as the 
bursa of Fabricius. This organ has been shown to be the site 
of primary B-cell development in the chicken (Cooper et al., 
1966; Perey et al., 1968), a function that remains difficult to 
localize to any one organ in mammals. 

2. Bronchus-Associated Lymphoid Tissue 

Burdon-Sanderson first described the lymphoid tissue in 
the lung in 1867 and noted that "these lymphoid follicles in 
the bronchial walls are therefore in every respect analogous 
to the lymph follicles found in other mucous membranes, 
e.g., tonsils, and in the intestine" (Klein, 1875). Similarities 
between the organized lymphoid tissue in the lung and GALT 
led to the term bronchus-associated lymphoid tissue (BALT; 
Bienenstock et al., 1973a,b). As reviewed elsewhere in this 
book, BALT consists of lymphoid aggregates distributed in 
the larger passageways of the respiratory tract. As in GALT, 
specialized antigen sampling structures represented by 
lymphoid follicles with overlying follicle-associated epithelia 
(FAE) that contain specialized epithelial cells referred to as 
M cells are seen (Bienenstock and Johnson, 1976). In addi-
tion, lymphocytes are distributed in the subepithelial spaces 
as well as within the epithelium of the bronchi (Bienenstock, 
1984). This organization suggests a functional role for BALT 
that is not dissimilar from that of GALT. 

3. Mucosa-Associated Lymphoid Tissue 

The term "mucosa-associated lymphoid tissue" (MALT) 
arose from the realization that not only did mucosal surfaces 
share organizational similarities in their lymphoid elements, 
but also functional ones (Bienenstock et al., 1978). As dis-
cussed subsequently, MALT is characterized by the predomi-
nance of local IgA production and by the finding that activated 
lymphocytes derived from one mucosal surface can recircu-
late and localize selectively to other mucosal surfaces. This 
connection between different mucosal surfaces permits im-
munity initiated at one anatomical site to protect other muco-
sal sites. Therefore, the tissues that are considered part of 
MALT include the middle ear, parts of the urogenital tract, 
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Table I Components of the Mucosa-
Associated Lymphoid Tissue 

Intestine (GALT) 
Bronchial tree (BALT) 
Nasopharyngeal area (NALT) 
Mammary gland 
Salivary and lacrimal glands 
Genitourinary organs 
Inner ear 

the mammary gland, the conjunctiva, the salivary glands, 
and the tonsils [as part of the nasopharyngeal lymphoid tissue 
(NALT); Kuper et al., 1992], as well as BALT and GALT 
(see Figure 2). 

II. ONTOGENY 

Significant species differences exist in the ontogeny of 
mucosal lymphoid tissues that suggest possible differences 
in function. In humans, lymphoid aggregates are present at 
birth whereas in rodents they develop after the first few weeks 
of life. In humans Peyer's patches develop in utero and in-
crease in size and number with the exposure to gut flora, but 
then decrease with age (Cornes, 1965). T and B cells are found 
in clusters by 14 weeks gestation and increase in number 
thereafter; the early B cells express IgM, IgD, and CD5 
(Spencer et al., 1986a). Germinal centers only develop after 
birth (Bridges et al., 1959). 

In the mouse, follicles are first identified as a cluster of 
reticular cells that, by day 3 after birth, become populated 
by lymphocytes (Joel et al., 1971; Ferguson and Parrott, 
1972a). Primary nodules then appear between 3 and 7 days 

and germinal centers between 4 and 5 weeks of age (Ferguson 
and Parrott, 1972a), but not in germ-free mice (Pollard and 
Sharon, 1970). Interestingly, no germinal centers are seen in 
the Peyer's patches of the nude mouse, suggesting a T-cell 
dependence (Parrott, 1976). Therefore, in humans a signifi-
cant degree of Peyer's patch development appears to occur 
independent of gut flora. 

In humans, lymphoid cells including CD4+ T cells appear 
in the lamina propria by 14 weeks gestation, whereas B cells 
appear by 22 weeks gestation. Plasma cells, on the other 
hand, only develop 12 days after birth (Perkkio and Savilahti, 
1980; Spencer et al., 1986a), whereas plasma cells in the 
lamina propria appear only after day 10 in the mouse. In 
humans, IELs can be identified in the fetal intestine by 11 
weeks gestation (Spencer et al., 1986b), whereas in mice IEL 
are found only by the third week of life (MacDonald and 
Spencer, 1990). Although this event is coincident with wean-
ing in the mouse, it is not antigen-dependent (Ferguson and 
Parrott, 1972b; Ferguson, 1977). On the other hand, the gut 
flora does influence the number and phenotype of IELs (Fer-
guson and Parrott, 1972a; Leigh et al., 1985). Clearly, luminal 
antigen has a great influence on the development of several 
compartments of GALT in humans and in rodents. 

III. FUNCTION OF MUCOSA-ASSOCIATED 
LYMPHOID TISSUE 

The function of MALT can be divided into three main 
categories (Table II). The induction of the local immune 
response and the effector mechanisms of local immunity have 
been the focus of much of the experimental work on MALT. 
In addition, however, the role that MALT may play as a 
primary immune organ, as suggested long ago, has become 
the focus of more recent work. 

• # ANTIGEN 

B Cells 

T-Dependent 
area 

Nerves 

Mucosal Mast Cell 

Epithelial Leukocytes 
- T Cells 
- Mast Cells 
- NK Cells 

B + T Cells 

Nerves 

Traffic of Cells 
via Blood 

Figure 1 The compartmentalized anatomy of GALT and its constituent immune cells. Although differences exist 
between different tissues, the general organization of MALT is similar to that depicted for GALT. 
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Figure 2 Lymphoid elements in GALT from the bone marrow or 
thymus enter the mucosa through specific high endothelial venules 
to occupy the different compartments. Thymic-independent mucosal 
T cells may arise in the fetal liver or bone marrow or develop within 
the intestine itself. Primary antigen exposure can occur within the 
Peyer's patches or possibly in the draining lymph nodes. In the 
Peyer's patches, B cells committed to IgA production and sensitized 
to foreign antigen are stimulated to proliferate. Lymphoblasts emi-
grate via the efferent lymphatics and mesenteric lymph nodes to the 
thoracic duct to recirculate via the blood stream. T lymphoblasts, 
detected in the thoracic duct lymph, also can recirculate. These 
cells can repopulate various mucosa-associated lymphoid tissues 
selectively undergo terminal differentiation. 

A. Primary Lymphoid Development 

1. Bursa of Fabricius 

One of the most intriguing organs of the mucosal immune 
system is the bursa of Fabricius. Found in chickens, the 
bursa is a specialized organ that contains a major collection 
of lymphoid follicles in a hollow pouch-like outgrowth dorsal 
to the cloaca at the end of the gut. This outgrowth is attached 
to the cloaca by a long thin duct. The mucosal surface within 
this pouch is folded and contains numerous lymphoid folli-
cles. The epithelium overlying these follicles does not lie on 
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Table II Functions of the Mucosa-
Associated Lymphoid Tissue 

Primary lymphoid development 
Induction and amplification of the mucosal immune 

responses 
Effector mechanisms of local immunity 

a basement membrane and is part of a stratified network of 
stellate cells that forms the medulla of each follicle. This 
medulla is bounded by the basal lamina, and the cortex of 
the follicle lies outside this basal lamina. Lymphocytes infil-
trate the medulla and epithelium overlying the follicle and 
may form clumps (Owen and Bhalla, 1983). This "lymphoepi-
thelium" represents the site of primary B-cell development 
in the chicken (Owen and Bhalla, 1983). The bursa also can 
serve in antigen sampling. 

2. Mammalian Bursa Equivalent 

In mammals, the absence of a bursa or any other clearly 
identifiable organ of primary B-cell development has led to 
a search for the 4'mammalian bursa equivalent." The fact 
that the bursa of Fabricius is part of the intestine led to 
speculation that mammalian GALT might serve as a site of 
primary lymphoid development. The features of the bursa 
that are characteristic of a primary lymphoid organ include 
a follicular structure that develops independent of antigenic 
stimulation, the absence of fully differentiated plasma cells; 
the presence of rapid cellular proliferation, thymic indepen-
dence, essential nature with respect to the development of 
follicles in other secondary lymphoid organs, and identifica-
tion as the first site of immunoglobulin synthesis (Perey, 
1971). Mammalian GALT does not fulfill all these character-
istics. 

In 1963, Archer first suggested that the rabbit appendix 
might represent the bursa homolog (Archer et al., 1963), an 
idea that was supported by others (Perey et al., 1970). Several 
groups have shown that X irradiation and removal of the 
appendix, Peyer's patches, and sacculus rotundus in rabbits 
leads to a selective defect in antibody production (Cooper et 
al., 1966; Perey et al, 1970; Heatley et al., 1982). On the 
other hand, the lymphoid aggregates, associated with the 
epithelium, such as the tonsil and Peyer's patches, do not 
appear to have a true lymphoepithelium in which primary 
B-cell development occurs (Perey, 1971). Further, Peyer's 
patches are found in the chicken, in which the bursa is clearly 
the site of B-cell development (Befus et al., 1980). Therefore, 
the existence of a mammalian bursa equivalent in the intestine 
remains controversial (Archer et al., 1963; Fichtelius, 1966; 
Meuwissen et al., 1969; Perey et al., 1970). More recent 
studies now point to the fetal yolk sac, liver, spleen, and bone 
marrow as sites of primary B-cell development in mammals 
(Owen et al., 1974). 

However, this issue has been re-examined in the lymphoid 
follicles of the proximal colon in rodents and in the Peyer's 
patches in sheep (Perry and Sharp, 1988; Motyka and Rey-
nolds, 1991). In sheep Peyer's patches, for example, antigen-
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independent B-cell proliferation and local apoptosis occur, 
and evidence suggests that immunoglobulin diversity is gen-
erated in situ (Griebel et al., 1991; Motyka and Reynolds, 
1991; Reynaud et al., 1991). The CD5 or Lyl B-cell lineage 
also has been shown to develop in lymphoid aggregates, 
referred to as milk spots, that are found in the omentum of 
human and mouse (Solvason and Kearney, 1992; Solvason 
etal., 1992). Collectively, these data suggest that some degree 
of early differentiation of B-cell elements can occur in mam-
malian GALT. The advantage of the local development of 
the B-cell repertoire is not clear, although one could speculate 
that it might be involved in the generation of oral tolerance. 

T-cell differentiation in the intestine also differs from that 
of peripheral thymus-derived T cell. Evidence is now emerg-
ing that suggests that intestinal T cells, particularly the IELs, 
can develop independent of thymic processing (Lefrancois 
et al, 1990; Mosley et al., 1990; Guy-Grand et al., 1991; 
Barrett et al., 1992; Croitoru and Ernst, 1992). Although the 
process of repertoire selection could occur in the intestinal 
mucosa (Bonneville et al., 1990; Bandeira et al., 1991; Rocha 
et al., 1991), this event has not been demonstrated directly. 
The presence of a diffuse primary lymphoid organ in the 
intestinal epithelium, albeit for B cells, was suggested first 
by Fichtelius (1968). If the mucosal T-cell repertoire does 
indeed develop in the intestinal environment, the local anti-
genic milieu could influence the reactivity of these cells. 

B. Afferent Limb of the Local Immune Response 

1. Peyer's Patch 

The Peyer's patches are lymphoid aggregates, first de-
scribed by Johanni Conradi Peyeri in 1677 in his thesis entitled 
"De Glandulis Intestinorum Earumque Usu et Affectionibus 
Cui Fubjungitur Anatome Ventriculi Gallinacei." These clus-
ters are found on the antemesenteric side of the distal small 
bowel (ileum) and colon and extend through the lamina pro-
pria and submucosa. The patches appear as mounds protrud-
ing between the intestinal villi and, on the serosal surface, 
as a group of small bulges. In humans, Peyer's patches in-
crease in number and size progressively down the distal small 
intestine. 

Peyer's patches differ from lymph nodes elsewhere in the 
body because they lack afferent lymphatics. This characteris-
tic is in keeping with the notion that antigen is sampled from 
the lumen via the overlying epithelium. The efferent lymphat-
ics drain to the mesenteric lymph nodes. In the normal adult, 
Peyer's patches contain germinal centers with B cells and 
internodular zones that are predominantly T cells (Faulk et 
al., 1970; Parrott, 1976; Mayrhofer, 1984). The lymphocytes 
in the central areas of the follicle include IgM-, IgG-, Ig A-, 
and IgE-producing B cells, although IgA-producing cells pre-
dominate. Interspersed are T cells, predominately CD4 
helper T cells, and macrophages that function as antigen-
presenting cells (APCs). 

2. Antigen Uptake and Presentation 

The Peyer's patches are considered a major site of initia-
tion of the local immune response in the gut, although some 
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researchers suggest that these clusters serve more as an am-
plification system in which B cells primed elsewhere are 
exposed to antigen (Waksman and Ozer, 1976). In this regard, 
investigators have suggested that the site in which priming 
of mucosal B-cell responses may occur is the draining lymph 
nodes (Craig and Cebra, 1971; Gearhart and Cebra, 1979; 
Cebra et al., 1991). Nonetheless, in the Peyer's patches, 
antigen can be taken up and presented to mucosal lympho-
cytes. The epithelium overlying these lymphoid follicles sam-
ples and transports antigen from the lumen to the adjacent 
APCs and lymphoid cells (Owen and Nemanic, 1978). Re-
ferred to as the FAE, this epithelium is devoid of goblet 
cells and consists of specialized cuboidal cells derived from 
adjacent crypts (Owen and Jones, 1974; Bockman and Coo-
per, 1975; Bhalla and Owen, 1982). Among the FAE are 
further specialized cells, the M cells, that have a decreased 
number of small apical microvilli. The microvilli actually 
are replaced by microfolds, hence the name "M cell." In 
addition, M cells have increased numbers of cytoplasmic 
vesicles in which particulate antigen is transported across 
the cell from luminal to basement membrane surface (Owen 
and Jones, 1974; Owen, 1977; Smith and Peacock, 1992). 
Some viruses and bacteria have been shown to bind to M 
cells specifically (Inman and Cantey, 1971; Carter and Col-
lins, 1974; Wolf er ai, 1981), making this a preferential route 
of entry. Given the concentration of antigen uptake at this 
site one should note that erosion of the FAE over the surface 
of Peyer's patches, (the aphthous ulcer) is the earliest lesion 
seen in Crohn's disease (Rickert and Carter, 1980). 

The antigen transported into the Peyer's patches is then 
taken up by macrophages, which process and present antigen 
to the local T cells (MacDonald and Carter, 1982). The under-
lying progenitors of IgA-secreting plasma cells found in the 
Peyer's patches are then the first lymphocytes to be exposed 
to these foreign antigens (Craig and Cebra, 1975; Befus et 
al., 1978). 

3. Absorptive Epithelial Cells 

The absorptive epithelial cells on the luminal two-thirds 
of the villi of the small bowel of rat and human express the 
major histocompatibility complex (MHC) Class II antigen 
(Scott et al., 1980; Mayrhofer et al., 1983). The FAE overly-
ing the Peyer's patches, on the other hand, are devoid of 
MHC Class II expression (Owen, 1977), suggesting that the 
intestinal epithelial cells may have a role in antigen presenta-
tion distinct from that of the FAE. Interestingly, the epithelial 
cells have been shown to stimulate the CD8 or cytotoxic/ 
suppressor T cell preferentially (Mayer and Schlien, 1987; 
Bland, 1988; Bland and Kambarage, 1991). This preference 
may represent a mechanism that down-regulates the local 
immune response, preventing unwanted inflammatory re-
sponses to food antigens and normal gut flora. 

C. Effector Arm of MALT 

1. Humoral Immunity—IgA 

IgA, first discovered by Heremans (Heremans et al., 1959), 
was shown to exist in the unique form of secretory IgA (SIgA) 
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as the predominant immunoglobulin in external secretions 
(Chodirker and Tomasi, 1963; Tomasi et aL, 1965). In addi-
tion to IgA, IgG-, IgM- and IgE-secreting cells exist in the 
intestinal lamina propria, albeit at a much lower frequency. 
Phylogenetically, IgA is not found in some lower life forms 
such as cold-blooded animals. IgA deficiency in humans is 
associated variably with significant disease or morbidity, sug-
gesting that IgA is not necessary for survival. However, IgA 
does represent a considerable advance in the adaptation of 
the local immune response to the rather hostile environment 
encountered in mucosal secretions. Certain functional prop-
erties of IgA make it ideal for protecting mucosal surfaces. 
First, IgA is more resistant to proteolytic degradation than 
IgG or monomeric IgA (Shuster, 1971; Underdown and Dor-
rington, 1974). Second, a specific mechanism exists for the 
transport of polymeric IgA (or IgM) from the lamina propria 
into the lumen via the epithelial cell receptor, secretory com-
ponent (SC) (Brandtzaeg et aL, 1988). Finally, IgA does not 
activate complement via the classical pathway and, therefore, 
tends not to induce potentially damaging inflammatory reac-
tions (Colten and Bienenstock, 1974), but functions to neu-
tralize toxins and viruses (Ogra et aL, 1968; Holmgren et aL, 
1975) and to prevent bacterial adherence to epithelial cells 
(Williams and Gibbons, 1972). 

IgE-producing cells are found in the mucosal tissues, in-
cluding Peyer's patches, as well. Durkin et al. (1981), in fact, 
showed that the numbers of IgE-bearing cells were increased 
in neonatal and germ-free mice and that, on conventionaliza-
tion, this reverted to IgA synthesis. 

The predominance of IgA in mucosal secretions is thought 
to be the result of the collection of IgA-selective regulatory 
T cells. For example, in the Peyer's patches, regulatory 
helper T cells are involved in switching IgM+ B cells to IgA+ 

B cells as well as in the terminal differentiation of IgA B 
cells (Kawanishieia/., 1983a,b;Beagleyeftf/., 1989;McGhee 
et aL, 1989). As discussed subsequently, when these lympho-
cytes encounter antigen and become activated, they leave 
the Peyer's patches, since antigen specific Ig cannot be de-
tected in Peyer's patches after oral immunization (Dolezel 
and Bienenstock, 1971). These lymphocytes recirculate back 
to the mucosa, occupying the lamina propria, where the B 
cell differentiates into IgA-secreting plasma cells (Befus et 
aL, 1978). Therefore, the presence of dimeric IgA has become 
synonymous with MALT. 

2. Cellular Immunity 

Within the epithelium, above the basement membrane, is 
a heterogenous population of mononuclear cells referred to 
as IELs. These cells include a large population of T cells 
expressing T-cell receptor and CD8. The nature of these 
cells, their function, and their lineage relationship to thymic-
dependent T cells is not clear (Croitoru and Ernst, 1992). In 
addition, IELs contain mast cells and their precursors, as well 
as antitumor and antiviral natural killer (NK) cells (Arnaud-
Battandier et aL, 1978; Tagliabue et aL, 1982; Schrader et aL, 
1983; Ernsts aL, 1985; Carman etaL, 1986). This population, 
therefore, has both natural cytolytic activity and classical 
MHC-restricted cytotoxic T cells (Ernst et aL, 1986). The 
granules of IELs contain proteases that may play a role in 

influencing epithelial cell function (Guy-Grand et aL, 1991). 
In fact, a possible biological function of the IELs may be 
regulating the absorptive and secretory function of the epithe-
lial cells in response to antigenic stimuli. This regulation 
could occur through the release of the contents of these 
granules or through the release of cytokines, and would be 
important to consider when examining the pathogenesis of 
inflammatory diseases of the bowel. 

Within the lamina propria are lymphocytes with cytotoxic 
potential as well as T cells with the ability to produce cyto-
kines. The cytotoxic T cells include cells that can be activated 
by stimulation of the T-cell receptor to produce tumor necro-
sis factor a (TNFa) or interferon γ (IFNy) (Elson et aL, 
1986; James and Strober, 1986; Deem et aL, 1991). These 
cytokines have been shown to affect epithelial cell growth and 
function, including the expression of MHC Class II molecules 
used for antigen presentation (Kvale et aL, 1988; Lundin et 
aL, 1990). Such interactions between elements of GALT and 
the structural elements of the intestine are emerging as im-
portant functions to examine in our attempt to understand 
the control of the physiological function of the gut. 

3. Neural Control 

The regulation of these effector functions is, in part, influ-
enced by the local nervous tissue. The mucosal tissues, be-
cause they are highly innervated, have a major accumulation 
of neurotransmitters such as substance P, somatostatin, and 
vasointestinal polypeptide (VIP). These neurotransmitters 
have been shown to interact with and regulate the local im-
mune response. Substance P, for example, can influence lym-
phocyte proliferation, antibody secretion, and even mucosal 
NK activity (Stanisz et aL, 1986; Croitoru et aL, 1990). Fur-
ther, VIP has been shown to influence the selective trafficking 
of lymphocytes to mucosal tissues (Ottaway, 1984). These 
and other influences of neuropeptides and the local immune 
cells provide a mechanism for important interactions between 
the central nervous system and the local immune response 
(Steady«/., 1987). 

4. Lymphocyte Traffic 

As discussed earlier, mucosal lymphocytes can recirculate 
and traffic between different mucosal tissues (see Figure 2). 
The MLN, for example, contains precursors for IgA plasma 
cells that, when adoptively transferred, will repopulate the 
lamina propria within 24 hr (Gowans and Knight, 1964). Tho-
racic duct lymphocytes also recirculate and enter the lamina 
propria (Gowans and Knight, 1964); this movement appears 
to be antigen independent (Ferguson, 1974; Halstead and 
Hall, 1992). Both Peyer's patch lymphocytes and BALT con-
tain precursors for IgA-secreting plasma cells (Craig and Ce-
bra, 1975) that could seed the intestinal lamina propria (Bie-
nenstock et aL, 1978). More recent work has examined the 
interactions that occur between the circulating lymphocytes 
and the vascular endothelium in the mucosa and Peyer's 
patches that allow for the selective homing to mucosal tissues 
(Gallatin et aL, 1983; Navarro et aL, 1985; Jalkanen et aL, 
1988). 

This homing highlights the communication that exists be-
tween different mucosal sites, and allow specific antigen reac-
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tivity to extend quickly over all these tissues (Bienenstock 
and Dolezel, 1971). Thus, the common mucosal immune sys-
tem or MALT functionally behaves as one immune organ 
(Bienenstock et al., 1978; McDermott and Bienenstock, 
1979). The value of this function is exemplified by the success 
of oral vaccination with poliovirus, for which immunization 
at one mucosal site leads to protection at a second. 

One of the mysteries of mucosal immunology has been the 
fate of the IEL population. Considered by some as terminally 
differentiated cells, IELs have been speculated to cross the 
basement membrane in both directions (Marsh, 1975). In 
fact, work in Eimeria-intected chicken has shown that IELs 
containing the parasite acquired in the epithelium can return 
to the tissues (Lawn and Rose, 1982). On the other hand, 
IELs have poor migratory ability (Bacq et al., 1987) and 
turnover at quite a different rate than the adjacent epithelium 
(Darlington and Rogers, 1966). 

Details of the molecular interactions and adhesion mole-
cules involved in the selective trafficking of mucosal lympho-
cytes are discussed in other chapters. 

IV. CONCLUSION 

MALT is a complex immune organ spread over a large 
noncontiguous tissue that is the major barrier between the 
external and internal environments. This organ has evolved 
to protect the host without inducing potentially damaging 
local inflammatory responses. How this tightly regulated re-
sponse is altered and how the integrity of mucosal surfaces 
is maintained is the key to understanding these tissues, and 
may be the key to the treatment of disease involving these 
tissues. 
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I. ROLE OF GUT-ASSOCIATED LYMPHOID 
TISSUE IN THE INDUCTION OF A 

HUMORAL MUCOSAL IMMUNE RESPONSE 

A. Effector Arm 

For decades, researchers have appreciated that specific 
resistance to a variety of bacterial and viral pathogens that 
infect via the respiratory or gastrointestinal tract was better 
correlated with antibody titers in local exocrine secretions 
than with those in serum (Francis, 1940; Smith et al., 1966; 
Fubara and Freter, 1973). The independent findings of Han-
son (1961) and Tomasi (1965) and their co-workers that secre-
tory IgA (slgA) was the most prevalent Ig in the exocrine 
secretions of most mammalian species rapidly led to the rec-
ognition of this isotype as the principal mediator of virus 
neutralization and blocker of bacterial adhesion at the sur-
faces of the wet epithelium and, hence, as the main element 
of the humoral mucosal immune response. The partitioning 
of slgA into exocrine secretions rather than blood could be 
explained in part by (1) local synthesis and secretion of IgA by 
plasma cells in lamina propria and the interstitia of exocrine 
glands at sites proximal to the appearance of slgA in secre-
tions and (2) the selective receptor-mediated transport of IgA 
dimer across epithelial cell barriers and into secretions. These 
mechanisms for enriching slgA in secretions raised questions 
concerning (1) the origins and characteristics of the precur-
sors for IgA plasma cells, (2) the sites of their specific antigen-
dependent priming and commitment to IgA expression, and 
(3) the trafficking of these cells to secretory tissue and their 
selective lodging there, relative to plasmablasts making other 
isotypes of Ig. 

B. Inductive Arm 

Again, researchers have known for decades that a humoral 
mucosal immune response could be potentiated by exposure 
of mucosal surfaces to antigens, especially infectious replicat-
ing ones (see Smith et al., 1966), although the efficacy of 
nonliving antigens given by this route as well as the value 
of parenteral priming to induce such a response have been 
controversial. A role for Peyer's patches, clusters of 
lymphoid follicles in the wall of the small intestine, in ini-

tiating this response was indicated strongly by analyses of tis-
sues from lapine radiation chimeras (Craig and Cebra, 1971). 
Cells from a variety of lymphoid tissues—including spleen, 
peripheral blood, lymph nodes, appendix, and Peyer's 
patches—were adoptively transferred from donor rabbits 
into lethally irradiated, allogeneic recipients differing in Ig 
allotype (Craig and Cebra, 1971,1975). Only cells from gut-
associated lymphoid tissue (GALT), appendix, or Peyer's 
patches gave rise to a preponderance of donor-derived IgA 
plasma cells in both the spleen and the gut lamina propria of 
the recipients. These observations, in conjunction with simi-
lar ones on comparison of lymphoid cells from different 
sources after in vitro culture with pokeweed mitogen (Jones 
et al., 1974), suggested that Peyer's patches were enriched 
sources of precursors for IgA plasma cells. Subsequently, 
lymphoid cells containing equivalent numbers of B cells from 
different tissue sources were transferred into histocompati-
ble, congeneic, sublethally irradiated murine recipients dif-
fering in Ig allotype (Cebra et al, 1977; Tseng, 1981). Again, 
Peyer's patch cells were quantitatively most effective at tran-
siently repopulating the intestinal lamina propria with donor-
derived IgA plasma cells. However, all lymphoid cell sources 
tested in this histocompatible system, including peritoneal 
cavity cells (Kroese et al., 1989), had the potential to contrib-
ute IgA plasma cells to the lamina propria of temporarily 
immunocompromised recipients. 

The importance of Peyer's patches in the actual induction 
of a humoral mucosal immune response was supported by 
surgical construction in rabbits of pairs of externalized intesti-
nal loops, which either had a Peyer's patch or lacked one 
(Robertson and Cebra, 1976). Introduction of antigens into 
the lumen of one loop resulted in the appearance of slgA 
antibodies in both loops over a similar time course, but only 
if the immunized loop bore a Peyer's patch. If the immunized 
loop lacked a Peyer's patch, no appreciable response could 
be detected in the luminal secretions of either loop, irrespec-
tive of whether the nonimmunized loop contained a Peyer's 
patch. These observations are consistent with the importance 
of Peyer's patches in uptake of antigen from the gut lumen 
(see Chapters 2 and 3) or as a site where antigen-specific 
IgA-committed B cells are generated. The latter role was 
supported by an elegant rat model developed to analyze a 
humoral mucosal immune response by Pierce and Gowans 
(1975). Low doses (10-50 μg) of cholera toxin, one of the 
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most efficacious nonreplicating mucosal immunogens known, 
was introduced intraduodenally twice with a fortnightly inter-
val. Within 3-5 days of the challenge injection, a wave of 
cholera toxin-specific IgA plasmablasts was detected in tho-
racic duct lymph, followed by their accumulation in intestinal 
lamina propria. Using this model with extirpation of either 
Peyer's patches or mesenteric lymph nodes, researchers 
demonstrated that the presence of intact Peyer's patches but 
not mesenteric lymph nodes was required for the appearance 
of the IgA plasmablasts in thoracic duct lymph (Husband 
and Gowans, 1978). 

II. PHENOTYPIC AND FUNCTIONAL STATUS 
OF PEYER'S PATCH B CELLS: 

PERTURBATIONS ASSOCIATED WITH 
COMMITMENT TO IgA AND INDUCTION 

OF A HUMORAL MUCOSAL 
IMMUNE RESPONSE 

A. Correlation of Plasma Membrane (Surface) 
Phenotype of Peyer's Patch B Cells with Potential 

to Express Various Ig Isotypes 

Adoptive transfer of subsets of Peyer's patch B cells, puri-
fied by fluorescence-activated cell sorting (FACS), to irradi-
ated rabbit recipients indicated that the richest source of 
precursors for IgA plasma cells contained slgM- slg+ B cells 
that bore allotype markers for IgA (Jones and Cebra, 1974; 
Craig and Cebra, 1975). Later, the potential of Peyer's patch 
B cells from mice not deliberately immunized was compared 
with that of B cells from other sources in a T-cell dependent 
antigen-dependent assay that scored individual B cells based 
on the output of antibody isotypes expressed by their clones 
(Gearhart and Cebra, 1979). Limited numbers of B cells from 
different sources were transferred into lethally irradiated 
mice that had been primed previously with a protein carrier 
to generate an excess of TH cells in the recipients. Within 1 
day, spleens were removed and cut into fragments that were 
cultured with various antigenic determinants conjugated to 
the protein carrier. The major findings were that frequencies 
of B cells of certain specificities were much higher than those 
of B cells with other specificities and that, often, B cells with 
specificities in the former group gave much higher propor-
tions of clones that solely expressed IgA when taken from 
Peyer's patches than when taken from other lymphoid tissues 
(Gearhart and Cebra, 1979; Cebra et al., 1980). These IgA-
committed B cells from murine Peyer's patches commonly 
had specificities against molecules such as phosphocholine, 
02-1 fructosyl-groups, and ß galactosyl groups associated 
with bacterial antigens found on members of the intestinal 
flora (Cebra et al., 1980). For this reason, it was not surprising 
to learn that Peyer's patches of gnotobiotic or neonatal mice 
lack IgA-committed B cells, but such cells appear after bacte-
rial colonization of the gut (Cebra et al., 1980,1986; Shahin 

and Cebra, 1981). Finally, separation of subsets of Peyer's 
patch B cells by FACS and assessment of their isotype poten-
tial by clonal analysis in splenic fragment cultures indicated 
that IgA-committed cells from Peyer's patches are sIgA+ 

(Lebman et al., 1987) and sIgM"sIgD" (Gearhart and Cebra, 
1981). Because such sIgA+ B cells appear to arise after gut 
mucosal stimulation with antigen but require specific TH cells 
and antigen to generate clones exclusively expressing the 
IgA isotype, we considered them operationally to represent 
IgA memory cells. Primary B cells, which can be isolated by 
FACS as sIgM+sIgD+ cells, yield clones in specific fragment 
(Gearhart and Cebra, 1981) or single B cell clonal microcul-
tures (Schrader et al., 1990) that can express any or all Ig 
isotypes, including IgA (see Cebra et al., 1984). Such primary 
B cells predominate in all lymphoid tissue and probably ac-
count for the potential of all sources to contribute IgA plas-
mablasts to gut lamina propria via intraclonal isotype switch-
ing to IgA, emigration of IgA blasts to exocrine tissue, and 
selective accumulation at these sites (see Cebra et al., 1977; 
Tseng, 1981; Kroese et al., 1989). 

B. Antigenic Stimulation of the Gut Mucosa Leads 
to Priming for a Subsequent Humoral Mucosal 

Immune Response 

Much controversy existed for many years over whether 
or not a mucosal challenge with antigen (pathogen) could 
elicit a secondary mucosal IgA response—more slgA sooner 
and of higher affinity than a primary slgA response. Much 
of the confusion was likely the result of frequently ineffective 
priming for this humoral mucosal immune response. Study 
of the rat model for secondary responses to intraduodenal 
application of cholera toxin clearly showed that the challenge 
with cholera toxin resulted in a substantially increased num-
ber of specific IgA plasma cells in intestinal lamina propria 
over the number that appeared following initial gut exposure 
to cholera toxin (Pierce and Gowans, 1975). Acute intraduo-
denal or oral administration of cholera toxin, embryonated 
Ascaris eggs, or reovirus to mice resulted in 10- to 50-fold 
increases in antigen-specific B cells in Peyer's patches and 
a dominant contingent of specific IgA memory cells there 
(Fuhrman and Cebra, 1981; Clough and Cebra, 1983; London 
etal., 1987). If the cholera toxin-primed mice were challenged 
intraduodenally in vivo with cholera toxin, a significant 
(2-5%) proportion of specific IgA plasma cells appeared in 
gut lamina propria (Fuhrman and Cebra, 1981). Although 
intraperitoneal priming with cholera toxin increased the fre-
quency of cholera toxin-specific B cells in Peyer's patches 
as did intraduodenal priming with cholera toxin, it did not 
result in appreciable IgA-committed cells. A subsequent in-
traduodenal challenge with cholera toxin of intraperitoneally 
primed mice did not result in a significant appearance 
of specific IgA plasma cells in gut lamina propria. Thus, 
the appearance of IgA memory cells in Peyer's patches 
after intraduodenal priming correlates with an effective 
humoral mucosal immune response after gut mucosal chal-
lenge. 
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C Generation of slgA+ Cells Within the Peyer's 
Patch—Is the Peyer's Patch a Source or a Sink for 

IgA-Committed B Cells? 

In conventionally reared (non-germ-free) mice, the great-
est number of sIgA+ B cells is found in Peyer's patches, 
compared with any other organized lymphoid tissue (Butcher 
et al., 1982; Lebman et ai, 1987). At least half these sIgA+ 

B cells are dividing, compared with about 15% of all B cells 
(Lebman et al., 1987). Thus, sIgA+ B cells are being gener-
ated in Peyer's patches. Currently, researchers question 
whether B cells committed to switch to IgA expression else-
where accumulate in Peyer's patches to receive proliferative 
and differentiative signals (Peyer's patch is a sink) or whether 
uncommitted primary B cells are recruited by antigen and 
specific TH cells to undergo proliferation and preferential 
switching to IgA in the Peyer's patch microenvironment (Pey-
er's patch is a source)? 

III. DO B CELLS PREFERENTIALLY ISOTYPE 
SWITCH TO THE EXPRESSION OF IgA IN 
PEYER'S PATCHES AND DO GERMINAL 

CENTERS PROVIDE THE 
MICROENVIRONMENT FOR THIS PROCESS, 
SERVING AS SITES FOR THE GENERATION 

OF IgA PREPLASMABLASTS AND IgA 
MEMORY CELLS? 

A. Typical Characteristics of Germinal Centers 
and Their Putative Role in B Cell Differentiation 

Germinal centers are histologically defined, roughly spher-
ical regions that appear transiently at the base of B-cell folli-
cles in lymph nodes and spleen after acute, often local, stimu-
lation by antigens (see Kroese et al., 1990). These centers 
consist mainly of B lymphoblasts, mostly dividing or dying 
by apoptosis, enmeshed in a network of follicular dendritic 
cells that also contain tingible-body macrophages and rela-
tively few, mostly CD4+, T cells (Rouse et al., 1982; Szakal 
et ai, 1989; see Kosco, 1991). Typically, the germinal center 
reaction waxes and wanes over 3-4 weeks, reaching a maxi-
mum size about 10-14 days after antigenic stimulation (Coico 
et al., 1983). However, rather large germinal centers are 
chronically present in all B-cell follicles of Peyer's patches 
in conventionally reared mammals (Butcher et al., 1982; 
Weinstein et al., 1991). The germinal center reaction appears 
to be dependent on CD4+ T cells, does not occur in response 
to thymus-independent antigens in euthymic mice or to any 
antigen in athymic mice, and is much diminished in mice 
treated with anti-CD4 antibodies perinatally (Davies et ai, 
1970; de Sousa and Pritchard, 1974; Tolaymat et al., 1990). 
The follicular dendritic cell meshwork is particularly efficient 
at trapping antigen (Nossal and Ada, 1971), especially as 
antigen-antibody-complement complexes via FcR and com-

plement receptors on the cell surface (Klaus and Humphrey, 
1977). Follicular dendritic cells may express high levels of 
surface major histocompatibility complex (MHC) Class II 
antigens, possibly containing immunogenic peptide and pas-
sively acquired from B lymphoblasts (Humphrey et al., 1984; 
Gray et al., 1991). Follicular dendritic cells and germinal 
center B lymphoblasts can present antigen to T cells and 
stimulate them (Kosco et al., 1988). A mechanism has been 
proposed that is analogous to positive selection in the thymus, 
by which dividing germinal center B lymphoblasts are res-
cued from apoptosis via higher affinity interactions of their 
slg receptors with antigens and their CD40 molecules with 
ligands on the surface of follicular dendritic cells (Liu et al., 
1989,1991a). This hypothesis requires affinity maturation of 
slg receptors on germinal center B cells and, possibly, various 
B-cell growth factors such as soluble CD23 provided by the 
follicular dendritic cells that may up-regulate expression of 
the bcl-2 gene in germinal center B cells, thus somehow 
forestalling apoptosis (Hockenbury et al., 1990,1991; Liu et 
al., 1991a). 

Current dogma is that recirculating B cells are recruited 
by antigen or antigen-antibody complexes and CD4+ T cells 
into a germinal center reaction as they pass through the co-
rona of follicles; these B cells give rise to oligoclonal prolifera-
tion (Kroese et al., 1987). Whether memory B cells rather 
than the more likely primary B cells can participate in germi-
nal center reactions is still unknown (see Kroese et al., 1991). 
Ig isotype switching appears to accompany B-cell prolifera-
tion in germinal centers; the earliest antigen-specific sIgG+ 

cells that can be detected after antigenic stimulation bear a 
germinal center marker (Kraal et ai, 1982). The most encom-
passing germinal center marker for B cells of mice and several 
other mammalian species is the capacity to bind relatively 
high levels of the lectin peanut agglutinin (PNAhi8h) (Rose et 
al., 1980). Regretably, this property is shared with other cell 
types such as cortical thymocytes and goblet cells, and often 
must be defined quantitatively rather than qualitatively by 
analysis using FACS. 

In addition to Ig isotype switching, another molecular ge-
netic process peculiarly associated with memory B cells has 
been detected among germinal center B lymphoblasts: point 
mutations in the productive VDJ and VJ segments encoding 
the variable regions of their H and L chains, respectively 
(Apel and Berek, 1990; Jacob et al., 1991). Using either hy-
bridomas formed by splenic PNAhigh partners (Apel and Be-
rek, 1990) or polymerase chain reaction products from small 
numbers of cells dissected from sections of splenic germinal 
centers (Jacob et al., 1991), sequencing of gene segments 
for variable regions has indicated that point mutations arise 
with high frequency during B-cell division in germinal cen-
ters. Although hybridomas expressing variants of germ-line 
V-region genes that no longer bind the putative provoking 
antigen have been detected (Apel and Berek, 1990), variants 
expressing the sequences commonly associated with higher 
affinity antigen-specific memory cells have not yet been re-
covered (Jacob et al., 1991). 

Generally, germinal center B cells do not secrete detect-
able amounts of antibody, but immunohistochemical methods 
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have revealed cytoplasmic specific antibody (Szakal and 
Tew, 1991;Terashimaeia/., 1991). Nevertheless, a consider-
able variety of circumstantial and direct evidence indicates 
that preplasmablasts are generated in germinal centers and 
that some of these emigrate to secrete antibody elsewhere 
(see subsequent discussion). Certainly, adoptive transfer of 
germinal center B cells, enriched by binding to PNA, results 
in specific antibody responses in recipients (Coico et al., 
1983; Kraal et al., 1988). However, requisite criteria for the 
transferred response being mediated by memory B cells—an-
tigen and specific Th-cell dependence for restimula-
tion—were not satisfied. Nevertheless, detection of point 
mutations in variable region genes from germinal center cells, 
especially their greater prevalence in complementarity de-
termining regions, suggesting antigen selection (Apel and Be-
rek, 1990), establishes the occurrence of a process in germinal 
centers that is required for the generation of memory B cells. 
Functional evidence for the development of memory B cells 
in germinal centers is awaited (see Cebra et al., 1991). 

B. Preferential Switching to IgA Expression by 
Peyer's Patch Germinal Center B Cells and 

Antigen-Specific Precursors of Antibody-Secreting 
Cells Is Likely the Result of the Intrinsic Influence 

of Their Microenvironment 

Our previous working hypothesis was that the physiologi-
cal status of the chronically present Peyer's patch germinal 
centers differed from the state of the transient centers in 
lymph nodes and that this disparancy could account for the 
apparent differences in isotype preference exhibited by B 
cells responding at the two sites to a new local antigenic 
stimulus (Cebra et al., 1977). In other words, a novel antigenic 
stimulus of Peyer's patches would be superimposed on vari-
ous prior environmental stimuli and would, perhaps, benefit 
from an unusual level or pattern of cytokines not ordinarily 
present in the lymph node germinal center microenviron-
ment. One simple benefit might be an increased number of 
divisions—greater clonal burst size—without maturation to 
plasma cells by B cells in Peyer's patch germinal centers 
(Cebra et al., 1977). Larger burst sizes stochastically might 
lead eventually, through consecutive isotype switching, to 
VDJ recombination to the Ca gene, the most 3' of the murine 
CH gene cluster (Shimizu et al., 1982). Alternatively, Peyer's 
patch germinal centers may differ intrinsically from those of 
lymph nodes in their content of particular kinds of antigen-
presenting cells, stromal cells, or regulatory T cells and, 
hence, in the particular kinds of cytokines or switch factors 
available. To test these different hypotheses to explain IgA 
isotype preference in Peyer's patches, we sought to initiate 
acute germinal center reactions de novo in both Peyer's 
patches and lymph nodes, to analyze Ig isotype expression 
in germinal centers as well as the functional potential of B 
cells from the two types of sites to produce antibody of 
various isotypes within similar time intervals after local anti-
genic stimulation. Our approach (Weinstein and Cebra, 1991) 
was to initiate acute de novo germinal center reactions in 
Peyer's patches of germ-free mice by orally infecting with 

reovirus serotype 1 (see London et al., 1987) or in lymph 
nodes of conventionally reared mice by footpad injection of 
the infectious virus. If the formerly germ-free mice infected 
orally with reovirus are kept in isolators under otherwise 
germ-free conditions, the germinal center reactions in Peyer's 
patches wax and wane while the intestinal virus infection 
is resolved completely. The germinal center reactions and 
antibody expression by B cells from Peyer's patches of these 
mice were compared with those from lymph nodes of mice 
injected in footpads with infectious virus. Initially, prior to, 
and for 3 days after oral infection, the Peyer's patch B-cell 
follicles of germ-free mice contain no germinal centers, unlike 
those of conventionally reared mice (see Figure 1). The devel-
opment of germinal centers in either Peyer's patches or lymph 
nodes was followed after local infection using both FACS 
analysis for PNAhi*h B cells and immunohistochemical stain-
ing of tissue sections. Typically, germinal center B cells ap-
peared first at day 6, reached maximum numbers by days 
10-12, and declined during the period of days 14-21 after 
infection at both Peyer's patch and lymph node sites. The 
earliest and most persistent germinal center cells displayed 
the phenotype PNA^s/c1"«11 at both sites, whereas cells with 
the PNAhighsicIow phenotype were only prevalent around the 
time of maximal germinal center reaction (Weinstein and 
Cebra, 1991). These two phenotypes of germinal center B 
cells have been equated with centrocytes and centroblasts, 
respectively (Raedler et al., 1981). Whereas the time courses 
of the acute reactions were similar at the two sites, the two 
types of reactions differed conspicuously in several respects: 
(1) B lymphoblasts appeared with the phenotype sIgA+ by 
day 6 and persisted through day 19 in Peyer's patches but 
not in lymph nodes, and most of these were PNAhighsIgA+ 

and occurred in germinal centers. A very small component 
of slgGl+ cells was detected in lymph nodes but not in Peyer's 
patches. (2) On secondary local reinfection with reovirus, 
the germinal center reactions in Peyer's patches and lymph 
nodes again exhibited similar time courses, but in the lymph 
nodes they were exaggerated whereas in the Peyer's patches 
they were attenuated compared with the primary reactions. 
(3) More sIgA+ cells that were PNA,ow appeared in Peyer's 
patches and many more sIgGl+ cells, both PNAhigh and 
PNAlow, appeared in lymph nodes after reinfection, but not 
vice versa. 

To assess the functional significance of these perturbations 
in subsets of Peyer's patch and lymph node B cells detected 
by surface phenotyping, lymphoid tissue fragment cultures 
(Logan et al., 1991) were initiated in vitro using Peyer's patch 
or lymph node samples taken at different times during the 
course of the germinal center reactions after acute in vivo 
local infection with reovirus. Supernatants from the cultures 
were analyzed for both reovirus-specific antibody and total 
Ig of each isotype secreted during 7-10 days of culture. We 
found that acute local infection of mice with reovirus resulted 
in Peyer's patch fragment cultures that secreted exclusively 
IgA and IgM in vitro or in lymph node cultures that secreted 
IgM, IgGl, and IgG2 antibodies. Cultures initiated 3 days 
after infection from either source of tissue secreted only IgM, 
but by day 6 cultures could be initiated that progressed to 
the expression of non-IgM isotypes of antibody (Weinstein 
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Figure 1 Consecutive sections of B-lymphocyte follicles in Peyer' s patches from formerly germ-free mice after oral infection 
with type 1 reovirus 3 or 11 days previously. The sections were analyzed immunohistochemically using biotinylated peanut 
agglutinin (PNA) or biotinylated anti-IgM, -IgD, or -IgA, followed by avidin/peroxidase and its substrate (see Weinstein 
and Cebra, 1991, for experimental details). The sections taken at day 3 after infection are similar to those from noninfected 
germ-free mice. 

and Cebra, 1991). In general, fragment cultures initiated after 
secondary local reinfections quantitatively and qualitatively 
reflected the secondary germinal center reactions: Peyer's 
patch fragment cultures produced less antibody but mostly 
IgA, whereas lymph node fragment cultures produced more 
antibody and mostly IgGl, compared with cultures initiated 
after primary in vivo local infection. The prompt switching to 
the expression of different non-IgM/IgD isotypes in Peyer's 
patches rather than lymph nodes during acute de novo germi-
nal center reactions at the two types of sites suggests differ-
ences in their microenvironments as the basis for isotype 
preference rather than differences in the physiological states 
that commonly prevail in conventionally reared animals. A 
possible molecular basis for the observed preference for IgA 
expression by B cells stimulated in Peyer's patches may be 
the prevalence of direct IgM-to-IgA isotype switching there, 
compared with a perhaps more typical consecutive or sequen-
tial isotype switching in lymph nodes, eventually leading to 
some IgA-committed cells. Such a distinction remains to be 

supported, perhaps by seeking evidence for switch-γ (Sy) 
footprints within the recombined S regions of IgA-expressing 
cells developed from or at different lymphoid sites (see Yo-
shida et al., 1990). 

C Molecular Genetic Features and Functional 
Potential of Germinal Center B Cells from Peyer's 
Patches Also Reflect the Preference for Ig Isotype 

Switching to IgA in GALT 

Evaluating the functional potential of germinal center B 
cells, including those from Peyer's patches, by in vivo or 
in vitro methods has proven difficult. Essential frequency 
analyses for specificity and isotype potential of germinal cen-
ter B cells in vitro have been unsuccessful to date—germinal 
center cells usually die rapidly in culture—and assessment 
of their functional potential by adoptive transfer has been 
confounded both by the lack of homing receptors on most 
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germinal center B cells and by the difficulty of establishing 
a germinal center precursor-Ig-secreting progeny relationship 
in the host (Reichert et al., 1983; Lebman et al., 1987). For 
instance, adoptive transfer of PNAhigh B cells from Peyer's 
patches yields no clonal precursors in the splenic fragment 
assay, whereas all IgA memory cells that give IgA-only secre-
ting clones are found in the PNA,ow fraction of Peyer's patch 
cells (IgA memory cells) (Lebman et al., 1987). Thus, we 
sought to assess the possible functional potential of germinal 
center B cells from Peyer's patches by in situ hybridization 
for mRNA encoding the various isotypes of Ig heavy chains 
using riboprobes (Weinstein et al., 1991). We have identified 
a novel phenotype characteristic of germinal center B cells 
from the Peyer's patches of conventionally reared mice un-
dergoing natural chronic intestinal stimulation by environ-
mental antigens. The major subset of germinal center cells 
that is PNA^SK 1 ™ contains levels of cytoplasmic mRNAa 
or mRNΑμ, that are easily detectable by in situ hybridization 
at levels that are intermediate between those of plasma cells 
and small resting B lymphocytes. About 40% of this germinal 
center subset has easily detectable mRNAa and about 50% 
contains mRNA/u,. Enrichment of sIgA+ and slgA" cells by 
FACS led to the recovery of essentially all the cells with 
moderate levels of mRNAa in the sIgA+ fraction of cells 
(48% positive). The sizes of the cytoplasmic mRNAs, deter-
minable by Northern analysis, were similar to those encoding 
the membrane and secretory forms of the μ and a chains. 
Thus, much of the mRNA for Ig heavy chains in germinal 
center cells is likely to be mature, potentially productive 
message. 

To determine whether most Peyer's patch germinal center 
B cells that were sIgA+ and expressed mRNAa had under-
gone switch recombination of the VDJ gene segment to Ca 
gene, we determined their relative content of C/A, Cyl, and 
Ca genes. Restriction enzyme digestion and Southern analy-
sis of genomic DNA from the PNAhighs/clow and the sIgA+ 

cells prepared by FACS indicated that these subsets had lost 
about 25% and 80% of their CJU, and Cyl genes relative to 
Ca genes, respectively (Weinstein et al., 1991). Thus, irre-
versible isotype switching, with deletion of intervening CH 

genes, occurs in germinal centers. Most Peyer's patch germi-
nal center cells are not expressing slgA or mRNAa via pro-
cessing of polycistronic mRNA or transplicing of mRNAs 
while in some intermediate, possibly reversible, stage of the 
switching process. 

We have developed a single B cell clonal microculturing 
technique, using alloreactive cloned Th cells and dendritic 
cells, that is supportive of IgA expression (Schrader et al., 
1990). These cultures permit IgA expression by clones from 
IgA memory cells and from sIgM+sIgD+ primary B cells after 
intraclonal isotype switching (Schrader et al., 1990; George 
and Cebra, 1991). However, although effective T, B, and 
dendritic cell interactions presumably do not require B cells 
to have competent homing receptors, germinal center B cells 
did not develop into secretory plasma cells in microculture, 
despite their extensive proliferation. Because proliferation 
and differentiation often have been observed to be seemingly 
antagonistic processes (see Bishop and Haughton, 1987), we 
assessed the effect of blocking division on Ig secretion by 
germinal center B cells from Peyer's patches (George and 

Cebra, 1991). If division of germinal center B cells is blocked 
by either X irradiation (1600 rad) or aphidicolin, a specific 
inhibitor of DNA polymerases, a high proportion of the Ig-
positive microcultures (60-70%) exclusively would express 
IgA. About 30-40% of the division-blocked germinal center 
B cells responded with Ig secretion; both dendritic cells and 
Th cells were required for such expression. We propose that 
our microculture assay of germinal center B cells from Pey-
er's patches reveals a subset of cells, preplasmablasts, that 
are committed to secretion. Such cultures indicate that, al-
though many germinal center B cells die in situ by apoptosis, 
death need not be their immediate fate if their division is 
blocked and they are provided with necessary supportive 
cells and cytokines. These cultures also emphasize the ex-
traordinary preference for the expression of IgA by the pre-
plasmablasts in the germinal centers of Peyer's patches. 

D. Does Switch Recombination to Ca Gene 
Commence and Proceed in the Germinal Centers 

of Peyer's Patches? 

The expression of transcripts initiated 5' of Sa of the Ca 
gene in germ-line context has been found to precede and be 
predictive of subsequent recombination of an active VDJ 
gene segment with the Ca gene in sIgM+ cell lines cultured 
in vitro to give rise to IgA-secreting progeny (Stavnezer et 
al., 1988). Using the p5'Sa probe developed for these studies, 
we analyzed total cytoplasmic RNA from unfractionated, 
PNAhi*h, and PNA,ow Peyer's patch cells collected at various 
times after acute oral infection of germ-free mice with reovi-
rus (Weinstein and Cebra, 1991). Dot-blotting and Northern 
analyses showed that Ca germ-line transcripts could be de-
tected by day 3 and persisted through at least day 12 after 
infection. Transcripts of 1.7 and 6.0 kb predominated that 
were detected readily only in the RNA from unfractionated 
and PNAhigh Peyer's patch cells as early as 2-3 days before 
slgA expression was observed on germinal center B cells. 
No germ-line Ca transcripts could be detected in cells from 
lymph nodes undergoing germinal center reactions. Thus, 
our observations on normal B cells developing in vivo in 
Peyer's patch germinal centers indicate that the switch re-
combination process to Ca gene proceeds at that site and 
likely begins there. However, we cannot formally exclude the 
selective accumulation of precursors already biased toward 
expression of Ca germ-line transcripts in the germinal centers 
of Peyer's patches. 

E. Are Germinal Centers in Peyer's Patches a 
Source of IgA Memory Cells? 

Analogous to the earliest appearance of sIgG+ cells in the 
germinal centers of locally stimulated lymph nodes (Kraal et 
al., 1982), sIgA+ B cells are detected first in the developing 
germinal centers of Peyer's patches from orally infected 
germ-free mice (Weinstein and Cebra, 1991). B cells with 
the phenotype of IgA memory cells—PNA,owsIgA+—appear 
later in the Peyer's patches of these formerly germ-free mice 
after acute gut mucosal infection. However, a precur-
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sor-product cell relationship still has not been established 
between germinal center B cells and functional memory B 
cells from any lymphoid source (see Cebra et al., 1991), 
although distinct pathways leading to either preplasmablasts 
or memory B cells have been hypothesized for germinal cen-
ter cells (Liu et al., 1991a). VX genes from B cells isolated 
from perinatal ovine ileal Peyer's patches have been analyzed 
for variants of germ-line genes (Reynaud et al., 1991). Molec-
ular genetic analysis has indicated that variation of a sort 
consistent with the occurrence of point mutations begins 
before birth in ileal Peyer's patches but becomes extremely 
prevalent after birth, when clustering of changes in nucleotide 
sequence in the complementarity determining regions, indi-
cating antigen selection, may be occurring. Thus, as do 
splenic germinal centers (Apel and Berek, 1990), ovine ileal 
Peyer's patch germinal centers exhibit a genetic process of 
change that is required for the affinity maturation of Ig recep-
tors that characteristically has occurred in typical memory 
B cells. 
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I. INTRODUCTION 

In this chapter, we consider the process that governs the 
emergence of IgA B cells in mucosal follicles and thus deter-
mines why IgA antibodies dominate the mucosal humoral 
immune response. This process, known as IgA switch differ-
entiation, is the most used of the possible pathways that B 
cells follow as they transform into cells producing the various 
Ig isotypes, yet in some ways it is the most poorly understood: 
in contrast to the switch differentiation resulting in the vari-
ous IgG isotypes and IgE, IgA switch differentiation has not 
been reproduced in vitro satisfactorily to date and the various 
cell-cell interactions or cytokines involved have not yet been 
identified clearly. IgA switch differentiation is also the most 
unique and seemingly the most vulnerable of the switch pro-
cesses, unique because it is the only form of B-cell switching 
that clearly is tied to a specific site, the mucosal lymphoid 
environment, and vulnerable because in various congenital 
and acquired immunodeficiencies it is often the form that is 
most affected by the disease. 

In summarizing the very considerable body of research 
that relates to IgA switch differentiation, we hope to clarify 
some of the advances that have informed this field and to 
focus on the problems that remain to be solved. Our approach 
is to consider first B-cell switch differentiation in general, 
drawing attention to the ways in which IgA switching is one 
example of a process that characterizes all B cells. We then 
turn to IgA switch differentiation in particular, dwelling on 
the phenomena that set this form of switching apart from 
other forms. In this discussion, we highlight the information 
that is solid and unassailable in this area, as well as the 
information that is uncertain and requires further support. 
Finally, we abstract from the studies already presented the 
information necessary to create as complete a picture of IgA 
switch differentiation as currently possible. 

I I . MOLECULAR FEATURES O F Ig 
CLASS S W I T C H I N G 

A. Switch Differentiation—5 Regions 

B cells undergo a complex developmental process that 
can be divided roughly into antigen-dependent and antigen-

dependent phases (reviewed by Kishimoto and Hirano, 1989). 
The task of the first phase is the selection and assembly of 
the genes encoding the variable region of the Ig molecule, a 
process that allows the B cell to gain its definitive specificity. 
Such selection and assembly occur as a result of a random 
recombination process by which selected V, D, and J gene 
segments come together to form a single VDJ gene complex. 
At this point, the Ig gene has all the elements in place for 
VDJ-C/u, transcription: 5' promotor, rearranged VDJ gene 
segment, VDJ-C/x intron containing various enhancer sites, 
and, finally, the C/x gene. A very similar series of molecular 
events now can take place with respect to the various seg-
ments of one of the light chain genes. The task of the second 
phase of B-cell development is either terminal differentiation 
into IgM-producing plasma cells or switch differentiation into 
B cells producing another Ig isotype, followed again by termi-
nal differentiation. Switch differentiation involves a second 
recombination event, this time leading to replacement of the 
€μ gene with a downstream (3') CH gene. In this way, the 
downstream CH gene assumes the position formerly occupied 
by the Ομ, gene and the new VDJ-CH gene complex formed 
can be transcribed. 

The process of switch differentiation, in its simplest form, 
involves a recombination between specialized DNA seg-
ments known as switch regions (S regions) that lie ~2 kb 
upstream (5') of their respective CH genes. These S regions 
are structurally similar DNA segments composed of tandem 
repeats of short (5-bp) units organized into 20- to 80-bp larger 
units, depending on the CH gene with which they are associ-
ated. Despite this organization, rearrangement does not occur 
at conserved recombination splice sites (as in the case of 
VDJ recombination) and, thus, is not likely to involve Ig 
class-specific recombinases capable of recognizing particular 
S-region target sequences. However, the repetitive structure 
of the switch region implies that the recombination machinery 
involved in switching relies on an array of generic splice sites 
and end-region joining interactions. 

The recombination process, involving the joining of the 
upstream and downstream S-region sites, would be expected 
to generate a loop of DNA that is excised when the S-region 
segments are joined. That this actually occurs was inferred 
initially from the molecular analysis of the S-region splice 
sites in clonal B cells that have undergone switching and 
from the fact that CH gene order is usually, if not always, 
preserved, indicating that recombination is intra (not inter)-
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chromosomal. However, recombination via looping-out of 
intervening DNA has been shown directly by the fact that 
switch recombination is accompanied by the elaboration of 
circular DNA excision products that contain the 3' segment of 
the upstream S region and the 5' segment of the downstream S 
region (Iwasato et al., 1990; Matsuoka et al., 1990; Yoshida 
et al, 1990). 

One of several insights to emerge from the study of such 
DNA circles is that they can contain 3' Sy rather than 3' 
S/u, linked to a more downstream 5' S-region segment. For 
example, in the case of cells undergoing IgE switch differenti-
ation, DNA circles containing Syl-Se and $μ-$ε fragments 
are found, indicating that IgE switch rearrangement is accom-
panied by intermediate rearrangements between S//, and Syx 

and Se. Similarly, in the case of switching to IgA, circles 
containing Sy-Sa as well as S/x-Sa fragments are found, 
showing that switching to IgA is accompanied by intermedi-
ate rearrangement between Ξμ and Sy or Sy and Sa (Matsu-
oka et al, 1990; Iwasato et al., 1992). Although these data 
indicate that the switch process may proceed by steps, they 
do not invalidate the concept that switch differentiation al-
ways involves the differentiation of an sIgM+ B cell into a 
B cell expressing a single downstream isotype. Stated differ-
ently, the data do not necessarily imply that cells bearing a 
downstream isotype, such as one of the IgG subclasses, 
switch to an even more downstream isotype, such as IgE or 
IgA. Thus, although dual-positive B cells bearing two iso-
types such as slgM and slgG may appear transiently during 
switch differentiation, no evidence exists that the dual-posi-
tive B cells actually have undergone a recombination event. 
As discussed subsequently, they may be producing two iso-
types simultaneously as the result of a process known as 
transsplicing. Thus, at the moment, regarding intermediate 
S-S recombination as a transient intracellular phenomenon 
that accompanies B cell switching and acknowledging that 
sequential switching at the molecular level is not reflected 
by stepwise switching at the cellular level is best. 

B. Influence of Cytokines on Switch Differentiation 

A considerable body of data has now accumulated that 
indicates that the molecular processes just described that 
underlie switch differentiation are not random or " stochas-
tic" events, but are processes that are induced by influences 
acting from outside the cell. This external control first became 
apparent when researchers discovered that, whereas lipo-
polysaccharide (LPS)-stimulated mouse B cells produce 
mainly IgG3 and IgG2b (Yuan and Vitetta, 1983; Lutzker et 
al., 1988; Rothman et al., 1990), the same cells cultured in 
the presence of interleukin 4 (IL-4) produced large amounts 
of IgGl and decreased amounts of IgG3 and IgG2b (Isakson 
et al., 1982). In later studies, IL-4 was shown to (1) induce 
purified sIgM+ B cells to produce IgG 1,(2) increase the pre-
cursor frequency of IgGl-secreting B cells in limiting dilution 
studies, and (3) induce molecular events involving the Cyl 
gene segment that precede the onset of B-cell proliferation 
(see below) (Vitetta et al., 1985; Coffman et al., 1986; Berton 
et al., 1989; Esser and Radbruch, 1989). These studies rule 

out the possibility that IL-4 merely promotes the selective 
proliferation of B cells that already had switched to IgGl 
expression, and focus attention on the ability of this lympho-
kine to induce IgGl switch differentiation. Finally, note that 
IL-4 (at high concentrations) also induces IgE switch differen-
tiation (Coffman and Carty, 1986; Coffman et al., 1986; Leh-
man and Coffman, 1988). Although this effect is quantita-
tively small in comparison to the IgGl effect, it is critical to 
IgE production since mice treated with anti-IL-4 have greatly 
reduced or even absent IgE responses when challenged with 
an IgE antibody-inducing stimulus. 

In other studies, interferon y (IFNy) and transforming 
growth factor ß (TGF/3) also were shown to act as switch 
factors. IFNy induces mouse B cells to switch to IgG3 and 
IgG2a, the former when anti-IgD (coupled to dextran) is the 
proliferative stimulus, the latter when LPS is the proliferative 
stimulus (Snapper and Paul, 1987; Snapper et al., 1992). Of 
interest is that these IFNy effects are inhibited by IL-4 and, 
in turn, IL-4 effects are inhibited by IFNy; thus, IL-4 and 
IFNy appear to be two lymphokines that have opposing func-
tions with respect to induction of switch differentiation. 
TGF/3, on the other hand, induces LPS-stimulated B cells to 
switch to IgA (Coffman et al., 1989; Sonoda et al., 1989). In 
this case, studies parallel to those conducted with IL-4 
showed that TGF/3 acts on purified slgM + B cells and induces 
IgA-specific molecular events prior to B-cell proliferation; 
thus, TGF/3 is promoting a true switching event rather than 
inducing selective IgA B-cell proliferation. 

The effects of lymphokines and cytokines on switch differ-
entiation also could be appreciated at the molecular level, 
since treatment of B cells with LPS plus IL-4 could be shown 
to enhance the occurrence of DNA circles containing S^-Sy 1 
fragments and, correspondingly, suppress the occurrence of 
S^-Sy3 and S/u,-Sy2b fragments (Iwasato et al., 1990,1992; 
Matsuoka et al., 1990; Yoshida et al., 1990). Similarly, treat-
ment of cells with LPS plus TGF/3 favored the occurrence 
of DNA circles containing 8μ-8α (or Sy-Sa) fragments (Mat-
suoka et al., 1990; Iwasato et al., 1992). Therefore, these 
data provide direct molecular evidence that cytokines induce 
certain types of isotype switching. 

C. Role of B-Cell Activation in 
Switch Differentiation 

The capacities of lymphokines and cytokines to act as 
inducers of B-cell switch differentiation, as just described, 
usually are demonstrated in activated B cells. Researchers 
generally have assumed that cell activation is a necessary 
(if not sufficient) condition for B-cell switch differentiation. 
Thus, although early molecular events of switch differentia-
tion can be initiated by lymphokines and cytokines in resting 
B cells (see subsequent discussion), no evidence exists that 
these substances can cause resting B cells to complete the 
switch process, that is, undergo switch recombination in the 
absence of a proliferative stimulus. Also, the type of prolifera-
tive stimulus causing B-cell activation may influence certain 
kinds of switching, either directly or indirectly via induction 
of cytokine production by B cells. LPS, for instance, induces 
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sIgM+ B cells to switch to IgG3- and IgG2b-producing B 
cells in the absence of T cells (Yuan et al., 1983; Lutzker et 
al., 1988; Rothman et al., 1990). However, whereas the 
switch to IgG3-producing B cells seems to be induced by the 
proliferative stimulus alone, the switch to IgG2b-producing 
cells actually is mediated via TGF/3 production by the LPS-
stimulated B cells (Snapper and Mond, 1993). Similarly, anti-
IgD (coupled with dextran) supports IFNy-induced switching 
to IgG2a and TGF/3-induced switching to IgA, but does not 
support IL-4-induced switching to B cells producing IgE 
(Snapper et al., 1991). Finally, several observations show 
that IFNy or TGF/3 effects on B-cell differentiation vary with 
the type of B-cell stimulus used. For instance, IFNy inhibits 
IgG3 secretion in LPS-stimulated sIgM+ B-cell cultures but 
enhances IgG3 secretion in anti-IgD and T cell-stimulated 
sIgM+ B-cell cultures (Snapper et al., 1992); in a similar vein, 
TGF/3 enhances IgA secretion only in LPS-stimulated sIgM+ 

B-cell cultures, not in T cell-stimulated cultures (Ehrhardt 
et al., 1992). Note, however, that the characteristic measured 
in these cases was immunoglobulin secretion rather than the 
number of B cells bearing the downstream isotype, so the 
different effects seen could relate to terminal differentiation 
rather than to switch differentiation. This latter point actually 
was proven in the TFGß example, in which both LPS and 
T-cell stimulation were found to induce a similar amount of 
sIgA+ B cells but very different amounts of IgA secretion 
(Ehrhardt et al., 1992). 

An even better case for the role of B-cell activation in 
switch differentiation has emerged from studies of B-cell 
activation via cell-cell interaction. That B cells can be acti-
vated via the latter mechanism was shown initially by the 
fact that activated T-cell clones or cell membranes derived 
from such clones induce resting B cells to proliferate and to 
differentiate (Kupfer et al., 1986; Sanders et al., 1986; Swain 
and Dutton, 1987; Vitetta et al., 1987; Whalen et al., 1988; 
Hodgkinet al., 1990;Noelle^a/., 1992). Later, such prolifer-
ation and differentiation was shown to involve the binding 
of CD40 ligand on the T cell to the CD40 molecule on the B 
cell; the latter was shown to be the major signaling pathway 
through which T cells stimulate B cells during cognate/non-
cognate cell interactions (Banchereau et al., 1991). 

In the same studies, of more direct interest to this discus-
sion, the activation signal delivered by the CD40 ligand was 
shown to be quite different from that delivered by more 
conventional proliferative signals. Thus, in studies of human 
cells, stimulation of B cells with anti-CD40 antibodies was 
found to lead to stimulation of B cells in such a way that 
they are maintained in culture for weeks rather than days. 
Further, it was shown whereas Staphylococcus aureus Co-
wen I (SAC) induces B cells to produce only negligible 
amounts of IgM, this stimulus in conjunction with anti-CD40 
induces B cells to produce large amounts of IgM as well as 
considerable amounts of IgG and IgA; in addition, whereas 
SAC or anti-IgM plus TGF/3 and IL-10 produces very little 
IgA, these stimuli given with anti-CD40 give rise to large 
amounts of IgA (Rousset et al., 1991; Defrance et al., 1992). 
Thus, the CD40 proliferative signal may prepare the cell for 
switch and/or terminal differentiation much better than anti-
IgM or SAC can. This last conclusion is punctuated by the 

finding that patients with the hyper-IgM syndrome, whose B 
cells synthesize IgM but not IgG or IgA, appear to have a 
defective or absent CD40 ligand on their T cells, suggesting 
that B-cell signaling via CD40 is a necessary precondition 
for switch and/or terminal differentiation (Aruffo et al., 1993; 
Cutler Allen et al., 1993). 

To complete the discussion of the role of proliferation 
signals on B-cell differentiation we mention that, in the stud-
ies with anti-CD40, mere cross-linking of CD40 was not suffi-
cient to stimulate the B cell; the anti-CD40 had to be pre-
sented by an antigen-presenting cell (a mouse L cell 
transfected with a human Fc receptor gene) (Banchereau et 
al., 1991; Rousset et al., 1991), suggesting that the CD40 
signal is "incomplete" without certain as yet undefined ac-
cessory signals. In this context, note that CD45 cross-linking 
has been shown to regulate LPS-induced IgG3 switching and 
that LyB-2 (CD72) cross-linking has been shown to regulate 
LPS plus IL-4-induced IgGl switching (Ogimoto et al., 1992). 
These studies provide tangible evidence that the cell-cell 
interactions necessary for switch differentiation involve a 
complex series of signals that may modify the switch and 
also terminal differentiation. 

D. Molecular Events Accompanying Cytokine 
Induction of Switch Differentiation 

The ability of various proliferation signals, cell-cell in-
terations, and cytokines to influence switch differentiation 
raised the immediate question of how such stimuli function 
at the molecular level. If we assume at this point that switch 
differentiation is indeed a directed event, as the data on the 
effect of cytokines in B-cell switch differentiation strongly 
imply, then two broad molecular mechanisms can be sug-
gested to explain such direction. The first is that the factors 
directing switch differentiation induce CH-specific recombi-
nases that act only on particular CH gene segments to bring 
about switch rearrangement. Evidence in favor of this view 
derives from the analysis of DNA circles generated during 
switch recombination (Iwasato et al., 1990; Matsuoka et al., 
1990; Yoshida et al., 1990). Such analyses show that S^-Syl 
breakpoints are dispersed in both the 8μ and Syl regions, 
whereas S^-Sa breakpoints occur in the 3' half of S/A and the 
5' half of Sa; thus, one might postulate that the recombinases 
mediating C^-^C^ switches and Ĉ i—»Ca switches are differ-
ent because the former is promiscuous in its selection of 
donor and acceptor S-region splice sites whereas the latter 
is fastidious. However, these data also can be explained by 
assuming that S-region accessibility to a common recombi-
nase is more or less complete in Cμ-^Cγ1 switching whereas 
it is limited in C/*—»Ca switching. 

Evidence against the view that Ig-specific recombinases 
are induced by particular cytokines comes from data obtained 
by Marcu and his associates, showing that the presence of 
recombinases does not insure that recombination will occur 
(Ott et al., 1987). In the relevant studies, these authors have 
demonstrated that, when Abelson virus-transformed pre-B 
cells are transfected with a retroviral vector containing S/i, 
and Sy2b inserts separated by a selectable marker that is lost 
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on S/i,-Sy2b recombination (thereby allowing isolation and 
study of cells containing recombined vector segments), au-
thentic S/u,-Sy2b recombination occurs in cells that have not 
rearranged their endogenous CH genes. Thus, the presence 
of a recombinase is necessary but not sufficient for recombi-
nation; further, recombinases exist in cells (pre-B cells) prior 
to induction by cytokines and, by implication, the latter do 
not act by inducing recombinase synthesis or activation. 

A second possible molecular mechanism that has been 
proposed to explain directed switch differentiation is that 
directing factors acting on B cells render particular CH gene 
segments accessible to recombinases (and other necessary 
proteins) that secondarily mediate the switch process. The 
earliest evidence in favor of this view was the observation 
that certain B-cell lines were capable of elaborating tran-
scripts originating from a CH gene to which the cell eventually 
would switch. For example, Yancopoulos et al. (1986) 
showed that, in Abelson murine leukemia virus-transformed 
pre-B cell lines switching to cells expressing y2b, the switch 
was preceded by transcription of an mRN A originating 2 kb 
upstream of the Sylb region and terminating at the 3' end of 
the Cy2b gene segment. Additional work showed that this 
"germ-line" or "sterile" transcript has an exon located 2 kb 
upstream of the Cy2b gene segment which, during transcrip-
tion, is spliced to the CH1 domain of the Cylb gene segment. 
At about the same time, Stavnezer and co-workers showed 
that similar germ-line transcripts occur in 1.29 B-cell 
lymphoma cells that switch under the influence of LPS to 
cells expressing IgA or, to a far lesser extent, IgG2a or IgE 
(Stavnezer et al., 1985; Shockett and Stavnezer, 1991). 
Again, germ-line transcripts relating to each of the expressed 
Ig genes were found; in addition, the genes in question were 
shown to be hypomethylated (an indication that they were 
available to mRNA polymerase) and displayed DNA hyper-
sensitivity (an indication that they were associated with ex-
posed chromatin). 

With the demonstration that transcriptional activity of 
downstream genes preceded class switching, a series of stud-
ies quickly followed that showed that the very factors that 
induce class switching at the cellular level induce germ-line 
transcription at the molecular level. Thus, in a series of stud-
ies involving pre-B cells (Abelson virus-transformed B-cell 
lines), B-cell lymphomas, and normal B cells, Lutzker et al. 
(1988) showed that various switch factors induce the produc-
tion of germ-line transcripts corresponding to the Ig genes 
to which the cells switch. IL-4, for instance, induces IgGl 
germ-line transcripts and Ce germ-line transcripts in 
lymphoma or normal B cells; such induction is inhibited by 
IFNy. Similarly, IFNy induces Cy3 germ-line transcripts in 
association with anti-IgD cell stimulation and Cy2b germ-
line transcripts in association with LPS stimulation (Lutzker 
et al., 1988; Gerondakis, 1990). Finally, Stavnezer and col-
leagues showed that TGF/3 induces increased Ca germ-line 
transcripts in 1.29 lymphoma B cells in an amount roughly 
equivalent to the increase in cells induced to express IgA. 
Additionally, in this case, the effect of the cytokine increase 
was shown by nuclear run-on analysis to be the result of 
increased mRNA transcription rather than decreased mRNA 
turnover (Shockett and Stavnezer, 1991). Note that, in 1.29 

B cells and CH12.LX B cells, that is, cell lines that spontane-
ously undergo IgA switch differentiation, IL-4 also induces 
increased IgA switching, albeit to a lesser extent than TGF/3, 
and that such switching also is accompanied by increased 
Ca germ-line transcription that is inhibited by IFNy (Stav-
nezer et al., 1985; Kunimoto et al., 1988). 

A common associated finding in the studies of cytokine-
induced germ-line transcription just cited is that the latter 
temporarily precedes switch differentiation. This fact, along 
with the fact that germ-line transcription can be considered 
a marker of upstream CH gene accessibility, strongly implies 
that the mechanism of cytokine-induced switch differentia-
tion relates, at least in part, to the ability of cytokines to 
change the ability of recombination machinery to gain access 
to 5' regulatory regions of CH genes. Stated another way, 
these data strongly support the accessibility theory of di-
rected switch differentiation. 

E. Dual-Positive B Cells Occurring during 
Switch Differentiation 

Another important advance in the understanding of Ig class 
switching, one that interrelates with the expanding knowl-
edge of germ-line transcription, concerns the fact that B cells 
undergoing switch differentiation pass through a stage in 
which they can express surface IgM as well as one of the 
downstream Ig isotypes. This phenomenon was noted first by 
Perlmutter and Gilbert (1984), who reported that normal 
mouse spleen contains sIgM+ sIgGl+ dual-positive B cells 
that contain nuclear mRNA transcripts for both these Ig 
classes. Later, Snapper and Paul found that B cells stimulated 
by LPS and IL-4 develop (at a reasonably high frequency) 
into cells expressing slgM and slgGl or into cells expressing 
surface IgM and IgE (Snapper et al., 1988). Similarly, Yaoita 
et al. (1982) showed that mice stimulated with Nippostrongy-
lus braziliensis (a potent inducer of T cells producing IL-4) 
develop cells that bear both slgM and slgE. These dual-
positive B cells could, of course, be transient cells that are 
dual-isotype expressing because of the persistence of mRNA 
message characteristic of an earlier stage of development. 
This idea, however, is not supported by the finding that the 
downstream gene in the dual-positive cells studied by both 
Perlmutter and Gilbert (1984) and Yaoita et al. (1982) had 
not undergone rearrangement. 

Similar and complementary results were obtained in the 
study of dual-positive cell lines. Chen et al. (1986) showed 
that, in a sIgM+sIgGl+ dual-positive variant of the BCL1 
murine B-cell line, both the IgM and IgGl produced by the 
cell had the same idiotype and utilized a single JH gene seg-
ment; in addition, extensive analysis of the entire Ig gene in 
this cell showed no evidence of CH rearrangement. Similar 
findings were obtained in slgM+slgG + and slgM+slgE + dual-
positive Epstein-Barr virus (EBV)-transformed B-cell lines. 
Finally, Kunimoto and Strober showed that the lymphoma 
cell line CH12.LX, a line that spontaneously switches from 
slgM cells to slgA cells at a low frequency and increases 
such switching when cultured with IL-4 and/or TGF/3, gives 
rise to a sIgM+sIgA+ dual-positive cell during the switch 
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process (Kunimoto etal., 1988). These authors also analyzed 
a stable dual-positive clone of this line and showed rather 
unequivocally that both Cμ and Ca mRNA were utilizing the 
same VDJ segment, and that the Ca gene in both alleles was 
not juxtaposed to the rearranged VDJ segment, that is, the 
μ mRNA and a mRNA were arising from a single Ig gene 
on a single chromosome. These studies thus established that 
dual-positive unrearranged B cells are a regular occurrence 
during switch differentiation. Whether they are an obligate 
pathway of such differentiation remains to be seen. 

The molecular mechanism explaining the occurrence of 
dual-positive but unrearranged B cells is not yet resolved. 
As mentioned earlier, Perlmutter and Gilbert (1984) showed 
that dual-positive cells contain nuclear mRNA for both Ig 
species. These authors postulated that the mRNAs may arise 
from alternative splicing of long mRNA transcripts that span 
multiple Ig genes. This view, however, seems unlikely in 
view of the instability of such transcripts and of the fact that 
certain cell lines seem precommitted to a particular isotype. 
Another explanation is that VDJ mRNA may be 
"transpliced" to CH gene mRNA, the latter presumably aris-
ing from germ-line transcripts, as discussed previously. That 
transplicing does, in fact, occur is supported by several obser-
vations. First, in earlier studies rabbits were shown to be 
heterologous for VH and CH allotype Ig markers, although 
the VH markers and CH genes are encoded by different chro-
mosomes. Second, Shimizu has shown that, in B cells of 
transgenic mice carrying a human Cμ transgene, a hybrid 
message may occur containing transgene VDJ mRNA spliced 
to endogenous CH gene mRNA (Shimizu et al., 1989). Since, 
in these studies, the transgene was not located in the JH and 
CH gene regions, the splice was presumed to be a transplice. 
One possible alternative explanation of this finding is that 
the trans-mRNA occurred via S-S recombination, that is, 
intrachromosomal splicing. Indeed, Gerstein et al. (1990) 
have presented evidence that, in hybridoma B-cell lines con-
taining a mouse VDJ-CH transgene on one chromosome, the 
transgene can give rise to mRNA that is linked to mRNA 
derived from endogenous Ca gene. In this case, the authors 
provide good evidence that this mixed product is generated 
by transgene isotype switching and that actual joining of VDJ 
of the transgene with Ca occurred at the DNA rather than 
at the mRNA level. Despite these findings, intrachromosomal 
splicing and S-S recombination do not seem to explain the 
trans-mRNA in the transgenic model of Shimizu et al., 
(1989,1991), these authors have provided evidence that in, a 
lymphoma B cell derived from the transgenic mouse and 
containing the transgene, no evidence was found of S-S 
rearrangement. 

Additional support for transplicing also comes from the 
studies of Nolan-Willard and colleagues (1992), who have 
shown, using the double-isotype expressing BCL1 lymphoma 
B cells mentioned previously, that the cells produce a pre-
RNA in their nuclei that contains μ and y\ linked sequences. 
The pre-RNA is about 15 kb long, rather than 150 kb as one 
might expect from a long transcript; thus, in these double-
isotype producing cells, the synthesis of the linked mRNA 
must have occurred by a transplicing mechanism or, as the 
authors suggest, by 4'discontinuous transcription." 

F. Induction and Function of Germline Transcripts 

As discussed earlier, various cytokines induce germ-line 
transcription in the process of bringing about switch differen-
tiation (Stavnezer-Nordgren and Sirlin, 1986; Lutzker et al., 
1988; Stavnezer et al., 1988). The question therefore arises 
about the molecular mechanism involved in such induction. 
To begin to answer this question, Stavnezer and colleagues 
have analyzed the regulatory regions 5' to the la gene seg-
ment in the 1.29 B-cell line, that is, the start site of Ca germ-
line transcript in this cell (Lin and Stavnezer, 1992). These 
studies have shown that, although this site contains neither 
a TATA box nor an Spl element near the possible mRNA 
initiation sites, it does contains DNA sequences with homo-
logy to a variety of known target sites of DNA binding pro-
teins that are involved in regulation of transcription of 
mRNA, for example, AP-2, NF-III, and ATF/CRE sites. 
Further, in a series of studies in which the 5' la sequences 
were fused to a reporter gene and the resulting constructs 
transfected into permissive B-cell lymphomas, the ATF/CRE 
sequence was shown to be important for constitutive expres-
sion of the germ-line transcript. On the other hand, TGF/3 
induction of transcription depended on the presence of se-
quences present at position -128 to -106 and position -41 
to -30 relative to the upstream-most mRNA initiation site. 
This region, subsequently termed the TGF-RE, contains tan-
dem repeats of the 5' CACAG(G) and CCAGAC 3' motifs. 
Stavnezer and colleagues suggest that up-regulation of Ca 
germ-line transcripts may occur as a result of TGF/3 induction 
of a DNA binding factor that competes with suppressor fac-
tors for occupation of the TGF-RE (Lin and Stavnezer, 1992). 

The ATF/CRE just mentioned binds a family of transcrip-
tion factors that is involved in the induction of many different 
mRNAs, including the major histocompatibility complex 
(MHC) Class II A(a) mRNA. The TGF-RE, on the other 
hand, is homologous with sequences in the promotors of the 
mouse and human TGF/31 genes and in the ß-actin gene. 
Thus, the various regulatory sequences mediating TGF/3 ef-
fects are not specific for Ca germ-line transcription. Indeed, 
these elements have been found upstream of several of the 
CH genes, a fact that correlates with the discovery that TGF/3 
induces IgG2a switch differentiation in LPS-stimulated mu-
rine B cells (Mclntyre et al, 1993). 

Assuming that the regulation of Ca germ-line transcripts 
in 1.29 cells by TGFß, as just described, can be considered 
a model for regulation of germ-line transcripts generally, the 
data just presented suggest that lymphokines and cytokines 
influence germ-line transcription via the induction of regula-
tory DNA binding factors. In this context, that different lym-
phokines and cytokines have different effects (induce differ-
ent types of switch differentiation) seems reasonable because 
they induce different DNA binding factors. Indeed, even in 
cases in which two different cytokines induce the same germ-
line transcript, for example, IL-4 and TGF/3 induction of Ca 
germ-line transcripts, the molecular mechanism underlying 
induction is likely to involve a distinct array of DNA binding 
factors, since these cytokines have been shown to induce 
Ca germ-line transcripts at different rates and magnitudes. 
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Finally, whether induction of DNA binding factors also ac-
counts for lymphokine and cytokine effects on the earliest 
steps of switch differentiation, such as accessibility itself, and 
whether such induction is the same as germ-line transcript 
induction, is still unknown. 

The emerging data relative to the regulation of germ-line 
transcription beg the question of the function of the germ-
line transcripts. One possibility is that they have no function 
and occur merely because of the accessibility of the region 
5' to the CH genes to transcriptional factors and enzymes. 
This possibility is unlikely, however, because the germ-line 
transcripts have specific start sites in the I region as well as 
specific splice sites and, thus, seem too highly structured to 
be random (opportunistic) transcriptional products. Another 
possibility is that germ-line transcripts play a necessary role 
in switch recombination, either directly via the function of 
the germ-line transcript itself or indirectly via a translation 
product of the transcript. Wakatsuki and Strober addressed 
this possibility by transfecting plasmids producing antisense 
oligonucleotides specific for sequences in the la region into 
CH12.LX B cells in an attempt to down-regulate Ca germ-
line transcription in such cells. These investigators found 
that such transfection did, in fact, down-regulate Ca germ-
line transcription and, in doing so, led to a decrease in the 
appearance of dual-positive (sIgM+sIgA+) B cells and IgA 
synthesis (Wakatsuki and Strober, 1993). From this result, 
germ-line transcripts appear to be a necessary if not a suffi-
cient condition for switch differentiation. 

G. Molecular Mechanisms Related to Human 
Switch Differentiation 

To this point in our discussion, we have been concerned 
mostly with studies relating to mouse Ig switch differentia-
tion. We now turn our attention to what is known about 
switch differentiation in human cells. 

The human Ig heavy-chain gene is far more complex 
than the murine Ig gene because it is composed of two 
separate units, one containing an initial group of CH 

genes—Cy3-Oyl-t//C6-Cal—followed by a second group 
of CH genes—i/fCH-cy2-Cy4-C6-Ca2—that are presumed 
to have arisen as a result of gene duplication events. Despite 
this increased complexity, the fine structure of human CH 

genes is remarkably similar to that of mouse CH genes with 
respect to S regions and regions upstream of the S regions 
extending into the I regions. This similarity includes an evolu-
tionarily conserved region 5' to and overlapping the human 
Iy4 and Ιε gene segments and the mouse lylb gene segments 
that includes the regulatory regions of these human and 
mouse I region gene segments (Flanagan and Rabbitts, 1982; 
Hofker et al., 1989). 

This structural homology is reflected in important func-
tional similarities relating to molecular events occurring dur-
ing human and murine switch differentiation. In particular, 
human B cells that are about to undergo switch differentiation 
first produce germ-line transcripts initiating 5' to the CH gene 
to which the cell is switching. That these transcripts are under 
the transcriptional control of cytokines was shown in relation 
to IgE switch differentiation, for which IL-4-treated B cells, 

in the absence of other stimuli, were found to produce Ιε 
germ-line transcripts, and in relation to IgA switch differenti-
ation, for which TGF/3 was shown to induce la germ-line 
transcripts (Berton et al, 1989; Lebman et al., 1990). The 
need for proliferative stimuli in such induction was studied 
in relation to Ιε germ-line transcription. No such stimuli were 
found to be necessary, although T cells or other stimuli such 
as anti-CD40 antibody were necessary for IgE secretion (i.e., 
Ce switch differentiation). Whether TGF0 alone can induce 
la germ-line transcripts (in the absence of other stimuli) is 
less clear; however, we know that not every proliferative 
stimulus acts in conjunction with TGFß to bring about IgA 
secretion: anti-CD40 antibody and certain antigens have this 
ability but anti-Ig cross-linking antibodies do not (Defrance 
et al., 1992). 

With respect to IgG subclass germ-line transcripts, studies 
have shown that germ-line transcripts associated with Oy 
genes in the first duplication unit (Cy3 and Oyl) require prolif-
eration stimuli for induction, for example, SAC or SAC plus 
IL-2 (alone or in combination with other cytokines), whereas 
the germ-line transcripts associated with the Cy genes in the 
second duplication unit (Cy2 and Cy4) can be induced by 
cytokines alone (IFNy and IL-4, respectively; Kitani and 
Strober, 1993, in press). Other effects of proliferation stimuli 
and cytokines on \y germ-line transcript expression were 
that, whereas I-yl germ-line transcripts were induced by SAC 
alone and such induction was not enhanced by cytokines, 
Ιγ3 germ-line transcripts required both SAC and IL-4. In 
addition, whereas Iy2 germ-line transcript was induced by a 
proliferation stimulus or by IFNy alone, Iy4 germ-line tran-
script was not induced by a proliferation stimulus and only 
by IL-4 alone. Thus, the germ-line transcripts associated 
with each of the Cy genes are unique in their regulatory 
requirements. Finally, IFNy and IL-4, as in murine systems, 
have opposing actions because IFNy down-regulates both 
Iyl and Iy4 germ-line transcripts induced by IL-4. 

The new data concerning \y germ-line transcript regulation 
have certain implications regarding the two duplication units 
in the Ig gene region. First, the regulation of \y germ-line 
transcripts arising from the first and second duplication units 
appears to be governed by somewhat different mechanisms, 
since transcription of germ-line transcripts from CH genes in 
the first unit requires a proliferation signal whereas transcrip-
tion from those in the second does not (Kitani and Strober, 
1993). This functional difference appears to be imbedded in 
a structural difference since, in human B-cell malignancies, 
c-myc translocation has been found mainly in the S regions 
of the first duplication unit (Hamlyn and Rabbitts, 1983; Care 
et al., 1986). 

Second, based on the capacity of Cy genes to response to 
IL-4 and IFNy induction, evolutionary relationships between 
human Gy2/Cy4 and murine Cy3/Cyl can be assigned, sug-
gesting that these gene pairs define a unit that underwent 
duplication or deletion during evolution. For instance, dupli-
cation of a pair of primordial Cy genes could have led to the 
CH gene format present in the mouse, whereas duplication 
of the entire CH array (including the Ce and Ca genes) led 
to the CH gene format in humans (Flanagan and Rabbitts, 
1982; Hofker et al., 1989). 



14 · Regulation of IgA B Cell Development 165 

Third, these studies lead to the possibility that human B 
cells are separable into two lineages that express either of 
the genes in the Cy3/Cyl gene pair of the Cy2/Cy4 gene pair. 
This concept is based on the fact that human B-cell leukemia 
lymphoma cell lines can express simultaneously Oy 1 and Cy3 
germ-line transcripts originating from the first duplication 
unit exclusively (Sideras et al., 1992). In addition, several 
groups have described switchable IgM-producing human B-
cell lines that constitutively produce Cyl and Oy3 germ-line 
transcripts and switch to IgGl and IgG3 B cells, respectively 
(Sideras et al, 1992; Kuze et al., 1991; Mizuta et al, 1991). 
These cells are thus similar to normal B cells that switch to 
IgGl and IgG3 B cells when stimulated by SAC and IL-4 or 
SAC alone. The fact that these cells do not produce Oyl and 
Cy3 germ-line transcripts when stimulated with IFNy or IL-
4 alone suggests that they represent a lineage only capable 
of differentiating into B cells expressing the isotypes corre-
sponding to the CH genes in the first duplication unit. 

Fourth, and finally, the fact that lymphoma B cells can 
express simultaneously Cyl and Cy3 germ-line transcripts 
from the first duplication unit leads to the further suggestion 
that Ig genes in a given unit are under the control of factors 
that affect all Ig genes in that unit. This possibility could 
explain the observation that human B-cell lines differ from 
mouse B-cell lines by the fact that the gene rearrangement 
of the Ig gene on the unexpressed allele frequently does not 
correspond to that of the Ig gene on the expressed allele. 
This observation now can be explained on the assumption 
that, in humans, the entire duplication unit rather than the 
specific Ig gene becomes accessible after the cell is subject 
to a particular induction signal. Thus, directed switch differ-
entiation only requires that the unexpressed CH allele be in 
the same duplication unit as the expressed allele. 

Molecular analyses of regulatory sequences 5' to the I 
gene segments in humans are only now becoming available. 
As in murine systems, initiation sites at I gene segments 
are heterogeneous and lack classic 5' promoters. Structural 
studies initiated to date reveal enhancer and repressor regions 
in the region 5' to the Ιγ3 gene segment, as well as binding 
sites for known transcription factors. However, much addi-
tional work will be necessary to gain even a skeletal picture 
of the molecular regulation of these human I gene segments. 

III. CELLULAR BASIS OF IgA 
B-CELL DIFFERENTIATION 

A. Peyer's Patches, Loci of IgA 
B-Cell Development 

Studies of the cellular basis of IgA B-cell differentiation 
can be said to begin with the landmark experiments of Craig 
and Cebra (1981), who showed that adoptively transferred 
Peyer's patch cell populations could repopulate the intestinal 
lamina propria and spleen of X irradiated rabbits with IgA 
B cells far more efficiently than could lymph node cell popula-
tions. Earlier, Rudzik and his colleagues (1975) extended 
these findings by showing in a very similar system that adop-

tively transferred bronchial lymph node cells were also very 
efficient in repopulating intestinal lamina propria. These find-
ings, eventually verified in a syngeneic cell transfer system 
in mice, were the first to show that Peyer's patches are a 
major site of IgA B-cell development (Tseng, 1981). In addi-
tion, these studies presaged a great number of studies that 
established that IgA B cells developing in Peyer's patches 
and bronchial lymph nodes migrate through the draining mes-
enteric lymph node and also through the spleen on their way 
to the lamina propria of the various mucosal surfaces. 

These studies establishing the origin of IgA B cells in 
Peyer's patches correlate with those focused on the cellular 
architecture of the Peyer's patches. Peyer's patches contain 
germinal centers characterized by a high proportion of sIgA+ 

B cells (75-80%), whereas germinal centers in peripheral 
lymph nodes contain very low numbers of such cells (Butcher 
et al., 1982). The sIgA+ germinal center B cells are rapidly 
dividing cells that, for the most part, die by apoptosis before 
leaving the center. However, when their proliferation is inhib-
ited chemically or physically or they are cultured with compe-
tent T cells, these cells develop into IgA-secreting cells (see 
subsequent discussion). A related finding is that Peyer's 
patches contain memory IgA B cells, a B-cell population 
specific for a particular antigen and expanding rapidly when 
restimulated with that antigen. The precise localization of 
such B cells in the patch is unknown, but suggesting that 
they are part of the recycling B-cell population in the germinal 
centers is tempting. Finally, note that memory B cells, what-
ever their location, should be distinguished from terminally 
differentiated IgA plasma cells. The latter are only rarely 
found in Peyer's patches and develop from the subpopulation 
of sIgA+ B cells that escape from the Peyer's patch germinal 
centers and migrate to other sites such as the bone marrow 
or the lamina propria. The factors that allow slgA B cells to 
migrate out of germinal centers, and thus to pursue a terminal 
differentiation pathway, are still poorly understood. 

Whereas IgA B-cell development is one of the predominant 
features of Peyer's patches of rodents (and humans), IgM B-
cell development may characterize this lymphoid site in other 
species. Thus, as shown by Reynolds and his colleagues, 
neonatal sheep contain ileal Peyer's patches that contain 
a rapidly proliferating sIgM+ B-cell population and differ 
from more conventional sIgA+ B cell-containing 
Peyer's patches in jejunal areas (Pabst and Reynolds, 1986; 
Reynolds, 1986; Reynolds and Kirk, 1989). These ileal 
patches involute as the sheep matures and contain cells that, 
for the most part, undergo cell death in the patch rather than 
migrate to other lymphoid tissues; thus, these regions may 
be a kind of "bursal equivalent," that is, a generation of pro-
B, pre-B, and immature B cells. 

Other cells found in the Peyer's patches are T cells, which 
are numerous in both the follicular and interfollicular areas. 
The follicular T cells are almost all CD4+ T cells, whereas 
the interfollicular T cells are CD4+ T cells interspersed with 
small numbers of CD8+ T cells. A unique feature of the 
Peyer's patch CD4+ T-cell population is that it contains a 
subset of Thy 1" cells (about 15% of the total) located mainly, 
if not exclusively, in the follicles (Harriman et aL, 1990). The 
latter rarely are found in other lymphoid organs (—5%) and 
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when they are, they are Thydu11 rather than Thyl". Various 
in vitro studies reveal that this population arises from Thy 1+ 

T cells as a result of cell activation; thus, their presence in 
Peyer's patches is an indication of a high state of T-cell 
activation in this lymphoid site. 

Finally, Peyer's patches contain various types of dendritic 
cells, including interdigitating dendritic cells that are highly 
efficient antigen-presenting cells capable of addressing T 
cells, as well as follicular dendritic cells capable of addressing 
B cells (Spalding et al., 1983; Tew et al., 1990). The precise 
localization of these cells within the Peyer's patch is unknown 
although, on the basis of information from other lymphoid 
organs, interdigitating dendritic cells are in the interfollicular 
areas whereas follicular dendritic cells are in germinal cen-
ters. As we shall see, evidence is emerging that interdigitating 
dendritic cells may play an important role in the T-cell activa-
tion processes occurring in Peyer's patches and, secondarily, 
in the IgA switch differentiation process. What role, if any, 
follicular dendritic cells have in IgA switch differentiation is 
unknown. 

B. B Ceil- and T Cell-Centered Theories of IgA 
Switch Differentiation 

The identification of the Peyer's patches and bronchial 
lymph nodes as major sites of B-cell development and IgA 
switch differentiation focused attention on conditions at those 
sites that make such development possible there but not at 
other lymphoid sites. Historically, two competing hypotheses 
describing these conditions have been proposed. In one hy-
pothesis, IgA switch differentiation is visualized as a B cell-
centered process that occurs when B cells are subjected to 
intense antigen-driven stimulation. In this view, although T 
cell interaction with B cells is assumed to occur in the usual 
antigen-mediated (cognate) fashion, the T cells themselves 
(or, indeed, other accessory cells) play no role in B-cell devel-
opment other than the facilitation of B-cell activation and 
terminal differentiation. This theory, originally put forward 
by Cebra and his colleagues, took advantage of the fact that 
B cells entering the Peyer's patches (presumably sIgM+ B 
cells) encounter an environment in which cells are more ex-
posed to all sorts of antigens (and mitogens). Assuming that 
the latter would subject the B cells to a unique inductive 
influence that results in progressive switch differentiation 
was reasonable. In addition, the theory took advantage of 
the fact that, in mice, the Ca gene is the most 3' of the CH 

genes. Thus, any process that favored progressive switch 
differentiation would lead inevitably to the emergence of IgA 
B cells. 

Several facts, both theoretical and experimental, now have 
led to the abandonment of this theory, at least in its sim-
plest form. First, the theory does not explain the fact that 
direct stimulation of B cells with any of a variety of T cell-
independent mitogens or antigens does not lead to significant 
IgA switch differentiation and IgA secretion. Second, the 
theory would predict that, under active stimulation leading 
to more 3' switch differentiation, the Cy2a and Ce genes, the 
penultimate CH genes (and the equivalent genes in humans), 

also would be overexpressed in Peyer's patches; However, 
no evidence exists that this is true. Third, the theory presup-
poses intermediate switching from the various Cy genes (or 
Ce gene) to the Ca gene. Although we have seen evidence 
that this can occur at the molecular level and, indeed, dual-
positive cells appear that can switch to more downstream 
isotypes, no evidence exists that stable sIgG+ or sIgE+ B 
cells are switchable to more downstream isotypes such as 
IgA. Moreover, even progressive switching at the moelcular 
level occurs under the influence of cytokines, that is, not as 
a result of stimulation of B cells in the absence of T cells or 
other cells. 

The latter point introduces the fourth and main problem 
with the B cell-centered theory of IgA switch differentiation, 
the fact that it is "out of synch" with the entire thrust of 
current concepts of isotype differentiation, which consis-
tently relate a particular form of switch differentiation to a 
particular cytokine influence. In this regard, we have little 
reason to believe that sIgA+B cells are different from B cells 
expressing other isotypes in being the end result of an external 
inductive influence. Interestingly, Cebra and his colleagues 
have, themselves, provided a persuasive argument against B 
cell-centered IgA switch differentiation. These authors have 
shown that de novo induction of a germinal center reaction 
in Peyer's patches by infection of germ-free mice with reovi-
rus is sufficient to induce high numbers of Peyer's patch B 
cells expressing slgA (Weinstein and Cebra, 1991). This study 
shows that, even in a Peyer's patch containing B cells not 
chronically exposed to a multitude of the antigens present in 
the normal gut, IgA switch differentiation in Peyer's patches 
is favored. 

Whereas the B cell-centered theory of IgA switch differen-
tiation clearly is untenable as originally proposed, it may 
contain a germ of truth. IgA switch differentiation in Peyer's 
patches may be B cell-centered in the sense that the B cells 
undergoing this process have been committed to it partially 
before they enter the patch and thus do not require a specific 
inductive influence to complete their differentiation program. 
One might speculate that the partially committed cells are 
either sIgM+ B cells or dual-positive sIgM+sIgA+ B cells 
that are producing Ca germ-line transcripts and thus have 
an accessible region 5' to the Ca gene segment. One might 
speculate further that such cells arise via random (stochastic) 
switch differentiation at some site of early B-cell development 
and then migrate to Peyer's patches via a patch-specific hom-
ing mechanism. 

Several scraps of data can be marshaled to support this 
theory. First, the idea that some sIgM+ B cells present in 
Peyer's patches are precommitted to IgA switch differentia-
tion is supported by the knowledge that such B cells do, in 
fact, exist in the form of lymphoma B-cell lines such as 
CH12.LX B cells and 1.29. Such cells maybe present normally 
in a more transient form at certain lymphoid sites and migrate 
from the latter to the Peyer's patches. Worth mentioning in 
this context is that CH12.LX B cells arose in animals sub-
jected to systemic immunization and thus did not necessarily 
arise in mucosal tissues. Second, this idea is favored by the 
knowledge that, at least in humans, a considerable number 
of IgA-producing B cells develops in a lymphoid organ other 
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than the Peyer's patch—the bone marrow. Although such 
bone marrow IgA B cells may have originated in Peyer's 
patches and are merely undergoing terminal differentiation 
in the bone marrow, the reverse also may be true: the bone 
marrow may be the site of initiation of IgA B-cell develop-
ment and the Peyer's patches the site where such develop-
ment is completed. Third, putative partially committed IgA+ 

B cells, dual-positive sIgM+SIgA+ B cells (5-7%) are found 
in Peyer's patches in substantial numbers (R. Ehrhardt, 
Gregory R. Harriman, John K. Inman, and W. Strober, 
unpublished observations). Although such cells usually are 
thought to arise secondary to a process inductive of IgA 
switch differentiation, this need not be the case; these cells 
may be the starting point of Peyer's patch IgA B-cell develop-
ment rather than the intermediate point. Finally, some data 
show that certain B cells bear surface receptors that allow 
interaction with high endothelial venules in Peyer's patches 
and thus would facilitate selective entry of B cells into this 
lymphoid site (as opposed to peripheral lymph nodes); thus, 
some support is available for the possibility that cells precom-
mitted to IgA switch differentiation preferentially accumulate 
in Peyer's patches. 

The data in favor of a resurrected B cell-centered theory 
of IgA B-cell differentiation cannot be considered sufficient 
to establish its validity. Additional evidence, such as the 
demonstration that at least some B cells entering Peyer's 
patches are, in fact, partially committed to IgA switch differ-
entiation at the molecular level (i.e., are synthesizing Ca 
germ-line transcripts), will be necessary. Further, demonstra-
ting that such partially committed B cells do not require 
specific inductive signals at their site of origin or in the patch 
will be essential; otherwise, the B-cell centeredness is more 
apparent than real since, in this case, only the nature or 
location of the external signal is changed, not its existence. 
Finally, why and how a cell undergoing IgA switch differenti-
ation on a random basis also acquires a cell surface protein 
that enables specific homing to the Peyer's patch must be 
explained. These additional requirements for proof of the 
theory emphasize the distance that must be traveled before 
it is accepted; nevertheless, the theory must be kept in mind, 
since at least some elements untimately may prove to be true 
(see further discussion). 

A second hypothesis concerning IgA switch differentiation 
and one that, as mentioned, is more consonant with processes 
that govern differentiation of B cells of other Ig isotypes, is 
that such differentiation is a directed process in which B 
cells in the Peyer's patch are induced to undergo IgA switch 
differentiation by Ig class-specific inductive cells or factors 
derived from such cells. Early evidence in support of an 
essential role of T cells in IgA B-cell differentiation was the 
observation that thymectomized rabbits have decreased IgA 
antibody responses and normal IgM and IgG responses; simi-
larly, nude mice manifest a selective IgA deficiency (Clough 
et al., 1971; Pritchard et al., 1973). These observations in 
studies of whole animals eventually were related to Peyer's 
patch T-cell function by Elson and Strober who showed that, 
whereas antigen-activated T cells derived from Peyer's 
patches enhance LPS-driven IgA synthesis, they suppress 
LPS-driven IgM and IgG synthesis; on the other hand, spleen 

T-cell populations activated in the same way suppress LPS-
driven responses of any isotype (Elson et al., 1970). Since 
in titration studies in which increasing numbers of spleen T 
cells were cultured with a fixed number of Peyer's patch B 
cells, IgM, IgG, and IgA responses were equally susceptible 
to the suppressive influence of concanavalin A (Con A) acti-
vated spleen T cells, the enhancing effect of Peyer's patch 
T cells could not be. the result of an inherent inability of 
Peyer's patch IgA B cells to respond to a suppressive influ-
ence. In parallel studies, Mongini et al. (1983) studied isotype 
switching of B cells using a splenic focus technique in which 
isotype switching in clonal B-cell populations of adoptively 
transferred, irradiated mice was evaluated. In this study, the 
addition of T cells to the inoculum of cells used to replete 
4'indicator" mice was shown to enhance the frequency of 
IgA-expressing clones and such clones usually did not co-
express the various IgG subclasses. Collectively, these initial 
studies of IgA B-cell differentiation established the point that 
such differentiation is regulated by T cells in a manner that, 
at least in part, is distinct from that governing IgG B-cell 
differentiation. 

From the data gathered by Elson et al. (1979), whether 
the regulatory effect of Peyer's patch T cells was operating 
at the level of switch differentiation or terminal differentiation 
could not be determined since the Peyer's patch B cells under 
study contained, at least in part, sIgA+ B cells that already 
had undergone isotype switching. To address this question, 
Kawanishi et al. (1983) prepared cloned Thy 1+ T-cell popula-
tions from the spleen and Peyer's patches and found that 
LPS-stimulated sIgM+ B cells cocultured with Peyer's patch 
T-cell clones either remained as sIgM+ B cells (-36%) or 
differentiated into sIgA+ B cells (-40-45%); very few (-3%) 
differentiated into sIgG+ B cells. This result was in striking 
contrast with LPS-stimulated sIgM+ B cells cultured alone 
or with spleen T-cell clones. In this case, the resulting cells 
were either sIgM+ or sIgG+ B cells and very few of the cells 
were sIgA+ B cells (0.3-0.4%). Other findings emerged from 
these studies: (1) The Peyer's patch-derived T-cell clones did 
not induce LPS-stimulated sIgG+ B cells to become sIgA+ 

B cells, indicating that they were not inducing progressive 
and stepwise switching. (2) The Peyer's patch-derived cloned 
cells did not augment B-cell proliferation in general, or IgA 
B-cell proliferation in particular, over that induced by LPS, 
so their effect cannot be attributed to preferential prolifera-
tion of preformed sIgA+ B cells. (3) Neither Peyer's patch-
derived nor spleen-derived T-cell clones induced significant 
numbers of plasma cells capable of producing either IgG 
or IgA. In fact, both types of clones greatly decreased the 
occurrence of IgM or IgG plasma cells, and only the Peyer's 
patch-derived clone caused an increase in IgA plasma cells 
compared with B cells stimulated by LPS alone. This result 
suggested that the processes of switch differentiation and 
terminal differentiation are separate phenomena. Finally, 
sIgA+ B cells (or, indeed, sIgG+ B cells), once having 
switched, could be induced to undergo terminal differentia-
tion into Ig-secreting plasma cells if they were cocultured 
with appropriate helper T cells (i.e., T cells producing cyto-
kines that induce terminal B-cell differentiation). Collec-
tively, the results of these studies suggested that IgA B-cell 
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switch differentiation was indeed a Peyer's patch T cell-
directed process and therefore provided an explanation why 
IgA switch differentiation occurs predominantly in Peyer's 
patches. 

The general concept that switch T cells of the type de-
scribed by Kawanishi and colleagues do, in fact, exist was 
supported by subsequent studies by Mayer and his colleagues 
(1985,1986) relating to a human lymphoma T-cell line derived 
from a patient with the Sezary syndrome. These authors 
showed first that the lymphoma T cells, when cocultured 
with normal B cells (non-T cells) and pokeweed mitogen, 
induced IgG and IgA secretion but little or no IgM secretion, 
and induced normal sIgM+ tonsillar B cells to produce IgG 
and IgA. They then showed that this T-cell line induced cells 
from patients with hyper-IgM syndrome, that is, patients 
with an immune defect in which only IgM is secreted (in 
increased amounts), to produce IgG and IgA. On the basis 
of these data, the investigators concluded that the lymphoma 
cell line was composed of ''switch" T cells that induced, 
in this case, both IgG and IgA switching; in addition, they 
postulated that the patients with hyper-IgM syndrome had a 
defect in their switch T cells. As already mentioned, this 
latter hypothesis has received support from the finding that 
the hyper-IgM syndrome is caused by a CD40-ligand defect. 

Yet other evidence for the existence of switch T cells was 
obtained by Benson and colleagues, who derived Con A-
induced T-cell clones from gastrointestinal tissues and 
showed that these lines had a far greater propensity to induce 
IgA secretion than similar lines obtained from peripheral 
blood (Benson and Strober, 1988). More precisely, these 
researchers showed that several of these lines had a greater 
capacity to increase IgA production in sIgM+ slgA" B cells 
rather than in slgM" sIgA+B cells, suggesting that some of 
the lines were acting as switch T cells. 

These studies in support of the concept that switch T cells 
present in Peyer's patches account for IgA switch differentia-
tion (and perhaps other types of switching, as well) must be 
considered in light of subsequent studies that are, at best, 
highly equivocal in their support of this concept. Phillips-
Quagliata and colleagues showed, in several studies, that T 
cells from various organs were equally efficient in induc-
ing IgA responses (Al Maghazachi and Phillips-Quagliata, 
1988a,b; Arny et al., 1984). In one study, for example, 
antigen-primed peripheral lymph node T cells induced as 
good an IgA response as antigen-primed Peyer's patch T cells 
in in vitro cultures of hapten-primed B cells containing the T-
cell priming antigen (Arny et al., 1984). Similarly, in another 
study, this group of investigators found that (KLH)-specific 
T-cell clones were capable of inducing IgA responses regard-
less of their tissue of origin, that is, KLH-induced T cell 
clones derived from peripheral lymph nodes, spleen, and 
Peyer's patches all helped (TNP-KLH) primed B cells to 
produce IgA anti-TNP antibody when the latter were cultured 
with T-cell clones from these sources and TNP-KLH (Al 
Maghazachi and Phillips-Quagliata, 1988b). These data, tend-
ing to undermine the concept that IgA-specific switch T cells 
exist in Peyer's patches, are mitigated by the fact that the 
study design used makes it difficult to distinguish the effects 

of T cells on switch differentiation from the effects on termi-
nal differentiation: plaque-forming cell responses were mea-
sured and the starting B-cell population contained B cells 
that already had expressed IgG. Further, a larger fraction of 
Peyer's patch T-cell clones was found to support high IgA 
responses than clones from other tissues, and representative 
Peyer's patch T-cell clones were shown to support IgA but 
not IgG responses when B cells were stimulated with low 
doses of antigen. Overall, these attempts to demonstrate IgA-
specific switch T cells in Peyer's patches in an antigen-
specific system were not fully convincing. 

C. Role of Dendritic Cells in 
IgA B-Cell Differentiation 

At the same time, Kawanishi and colleagues were pursuing 
the idea that T cells were the key cell in the Peyer's patch 
necessary for IgA switching, other investigators were pursu-
ing the possibility that the Peyer's patch cell necessary for 
IgA-specific switching is a dendritic cell. In initial studies of 
the latter cell type, Spalding and co-workers (1984) showed 
that mixtures of periodate-activated T cells and dendritic 
cells (T cell-dendritic cell clusters) derived from Peyer's 
patches induced either whole spleen or Peyer's patch B-cell 
populations to produce IgA in amounts that were equal or 
even greater than that of IgM. In contrast, whereas T cell-
dendritic cell clusters from spleen had an equal capacity to 
induce IgM, they induced 10 to 100-fold less IgA. These 
data could be explained by the ability of Peyer's patch T 
cell-dendritic cell clusters to induce terminal B-cell differen-
tiation, since the B-cell population induced did not consist 
of purified sIgM+ B cells and may have contained substantial 
numbers of sIgA+ B cells. However, Spalding et al. (1986) 
followed these studies with ones in which the capacity of a 
T cell-dendritic cell clusters to induce a pre-B cell line to 
switch to IgA was determined. These researchers showed 
that T cell-dendritic cell clusters obtained from Peyer's 
patches induced pre-B cells to produce mainly IgA (plus small 
amounts of IgM and IgG), whereas clusters obtained from 
the spleen induced the pre-B cells to produce IgM and little 
or no IgG and IgA. Surprisingly, in these experiments the 
source of the T cells seemed less important than the source 
of the dendritic cells: mixtures of Peyer's patch dendritic 
cells with either Peyer's patch T cells or spleen cells resulted 
in substantial amounts of IgA secretion (and lesser amounts 
of IgG or IgM secretion), whereas mixtures of spleen den-
dritic cells and either Peyer's patch or spleen T cells, resulted 
in mainly IgM secretion. Thus, Spalding and co-workers sug-
gested that either the dendritic cell rather than the T cell was 
the cell in Peyer's patches critical for IgA switch differentia-
tion or the Peyer's patch dendritic cell was necessary for the 
activation of T cells in a manner that endows the latter with 
IgA switch capability. 

Additional studies on the role of dendritic cells in IgA 
B-cell switch differentiation were performed by Cebra and 
colleagues. In these studies, Peyer's patch B-cell populations 



14 · Regulation of IgA B Cell Development 169 

were primed with an antigen, enriched for cells responding 
to the antigen, and cultured at limiting dilution in the pres-
cence of priming antigen, dendritic cells, and conalbumin-
activated T cells of the clonal T-cell line D10, a TH2-type T 
cell responsive to conalbumin (George and Cebra, 1991). 
These investigators found that, whereas B cells cultured with 
T cells alone gave rise to a small number of clones that 
produce only IgM antibodies, B cells cultured with T cells 
plus dendritic cells gave rise to clones that produced IgG 
and IgA antibody as well as IgM antibody (including clones 
producing only IgA or only IgG antibody). Moreover, addi-
tional studies showed that dendritic cell-T cell mixtures 
could induce purified sIgD+ B cells to give rise (again under 
limiting dilution conditions) to clones producing mixtures 
of immunoglobulins, including IgA. Although these studies 
appear to show that dendritic cell-T cell mixtures do indeed 
induce isotype switching (IgA as well as IgG), the magnitude 
of the switch is unclear since the measurement was of the 
percentage of clones giving rise to IgA secretion and not the 
percentage of sIgA+ B cells. Under these conditions, low 
levels of IgA switch differentiation would be considered a 
positive indicator for switching. 

One key difference between the study by Cebra and col-
leagues and the earlier work by Spalding and colleagues is 
that, in the Cebra studies, the dendritic cell-T cell clusters 
inducing IgAB-cell differentiation could be derived from ei-
ther the Peyer's patch or the spleen whereas, in the Spalding 
studies, they could be derived only from the Peyer's patch. 
Cebra and colleagues reasoned that this critical difference is 
explained by the assumption that, in the Spalding studies, 
the dendritic cells taken from Peyer's patches had been acti-
vated by environmental antigens (prior to isolation) and there-
fore were able to induce T-cell activation, whereas dendritic 
cells from spleen were not so activated and did not induce 
T-cell activation. On the other hand, in the Cebra system, 
antigen was added to the cultures so both spleen and Peyer's 
patch dendritic cells were equally stimulatory. Note, how-
ever, that this explanation of the Spalding observation fails 
to give an explanation for why IgA switch differentiation 
does not occur in the spleen during the course of an infection. 

D. Role of TGFß and Other Switch Factors in IgA 
B-Cell Differentiation 

One question that might be raised in relation to the role of 
either T cells and dendritic cells in IgA B-cell differentiation is 
whether either of these cell types acts via a switching factor. 
In the earlier studies of Kawanishi et al. (1983), a factor 
inducing IgA B-cell differentiation was not found in superna-
tants of cloned Peyer's patch T cells, nor was IgA switch 
factor found in T cell-dendritic cell cluster supernatants by 
Spalding et al. or Cebra et al. On one hand, Spalding and 
colleagues emphasized that T cell-dendritic cell clusters re-
quired direct contact with B cells to achieve their effects 
and on the other hand, Phillips-Quagliata et al. did obtain 
evidence for the presence of an IgA switch factor (Al Magha-
zachi and Phillips-Quagliata, 1988a). Phillips-Quagliata and 

co-workers identified at least one Con A-stimulated clonal 
T-cell population that produced a factor that helped IgG and 
IgA responses but not IgM responses (Al Maghazachi and 
Phillips-Quagliata, 1988a). Curiously, although this clone in-
duces B-cell differentiation, it fails to induce B cell prolifera-
tion. This observation raises an interesting question regarding 
the relationship of switch differentiation to B-cell prolifer-
ation. 

Far more solid evidence for the presence of an IgA switch 
factor came with the demonstration by two groups that TGFjS 
could induce LPS-activated mouse splenocytes to switch 
from IgM to IgA production (Coffman et al., 1989; Sonada et 
al., 1989). In the relevant studies, these investigators showed 
that TGFjS augmented LPS-induced IgA production 10-fold 
or more, particularly in cultures also containing terminal dif-
ferentiation factors such as IL-5 and IL-2. Thus, while IgA 
constitutes only 0.1% of the total Ig produced by LPS-
stimulated B cells cultures in the absence of TGFjS, the per-
centage increases to 15-25% in LPS-stimulated cultures 
containing TGFjS plus IL-2. This striking finding in murine 
B-cell systems was confirmed by others (Kim and Kagnoff, 
1990; Lebman et al., 1990a,b; Ehrhardt et al., 1992) and, 
in addition, was extended to human B-cell systems (Islam 
et al., 1991; Nilsson et al., 1991; Defrance et al., 1992; van 
Vlasselaer et al., 1992), in which B cells were stimulated 
with pokeweed mitogen in the presence of CD4+ T cells. 

From the outset, strong evidence was presented that this 
TGFjS effect is manifest at the level of isotype switch differen-
tiation rather than terminal differentiation. First were the 
findings that TFGjS acts on slgA" B cells rather than sIgA+ 

B cells and that TGFjS increases the frequency of B-cell 
clones secreting IgA rather than the number of IgA B cells 
per clone. Second came evidence that TFGjS induces the 
production of Ca germ-line transcripts which, as noted ear-
lier, is an early molecular step in the IgA switch process. 
Third, and finally, was the observation that TGFjS has no 
selective effect on B-cell viability and produces its maximal 
effect on IgA production if added early in the culture period 
and then removed isotype; and, in fact, TGFß inhibits IgA 
production by already switched IgA+ B cells (Kim and Kag-
noff, 1990; Ehrhardt et al., 1992). Collectively, these data 
establish beyond question that, under in vitro conditions, 
TGFjS does act as an IgA switch factor. The data fall short, 
however, of providing a clear picture of the role of this cyto-
kine in overall IgA B-cell differentiation as it occurs in vivo. 
To approach this more fundamental question, such issues as 
the precise stage of B-cell differentiation at which TFGjS acts, 
its class and, tissue specificity, the magnitude of its effect, 
and, finally, its collateral properties must be explored more 
completely. 

With respect to data on the stage of B-cell development 
at which TGFjS acts, the fact that this cytokine induces Ca 
germ-line transcripts in sIgM+ B cells localizes the effect to 
an early stage of IgA switch differentiation. This early action 
does not necessarily imply, however, that TGFjS initiates 
IgA switch differentiation since, as discussed at some length 
previously, the first step of isotype differentiation involves 
the processes that lead to an increase in the accessibility to 
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transcriptional enzymes of the regions 5' to CH genes rather 
than to germ-line transcription, the latter being viewed as a 
secondary event. Data on whether TGF/3 can induce Ca 
accessibility (as well as Ca germ-line transcription) is equivo-
cal at best (Lebmanei al., 1990a,b; Islams al., 1991;Nilsson 
et al., 1991; Lin and Stavnezer, 1992). In murine systems, 
studies of TGF/3 switch effects on normal B cells always 
have been conducted in the presence of a B-cell stimulant 
such as LPS, leaving open the possibility that the B-cell 
stimulant induces Ca accessibility (albeit at a low level) and 
that the action of TGF/3 is limited to its effect on Ca germ-line 
transcription occurring after induction of Ca accessibility. In 
this context, the accessibility induced by the B-cell stimulant 
is assumed to be nonspecific with respect to Ig class and, 
indeed, may relate to all Ig classes; thus, the fact that TGF/3 
seems to have a specific effect on IgA switching could arise 
from the fact that it has an Ig-specific effect on Ca germ-
line transcription. Also relevant to the discussion of whether 
TGF/3 induces Ca accessibility in murine B-cell systems is 
the fact that TGF/3 does not induce CHI B cells, a murine 
lymphoma sIgM+ B-cell line that is not demethylated at the 
Ca locus (i.e., does not have an accessible Ca locus), to 
produce Ca germ-line transcripts or to secrete IgA (Whitmore 
et al., 1990). However, CHI B cells may be inherently un-
switchable, as are most immortal B-cell lines. 

Data on human B cells are similar to those on murine B 
cells. Again, the effect of TGF/3 effects on Ca germ-line 
transcription were evaluated on resting slgA" B cells with 
a sensitive reverse transcriptase-polymerase chain reaction 
(RT-PCR) assay; researchers found that, whereas induction 
of Cal germ-line transcription required TGF/3 plus mitogen, 
induction of Ca2 transcription required only TGF/3 (Islam et 
al., 1991). Thus, in this instance TGF/3 may act as a factor 
inducing both accessibility and germ-line transcription. 

A final possibility relative to TGF/3 effects on early molecu-
lar events of IgA switch differentiation is that, although TGF/3 
induces some level of Ca accessibility, this effect is marginal 
and, in any case, subordinate to its effect on Ca germ-line 
transcription. Indirect evidence for this hypothesis comes 
from studies of CH12.LX B cells, a sIgM+ lymphoma B-cell 
line mentioned earlier that is demethylated in the Ca locus 
(i.e., has an accessible Ca gene segment) and undergoes 
spontaneous switching to sIgA+ B cells at low frequency 
(Arnold et al, 1988; Kunimoto et al., 1988). Presumably, 
such cells are "preswitched" B cells, meaning they have 
received an initial switch signal that set them on a pathway 
of IgA B-cell differentiation before they were immortalized. 
In studies of the effects of cytokines on these B cells, Strober 
and colleagues have shown that a particular subclone of these 
cells that switches only to IgA can be induced by LPS and 
IL-4, LPS and TGF/3, or LPS and IL-4/TGF/3 to increase 
greatly Ca germ-line transcription and the frequency of 
switching to IgA (Kunimoto et al., 1988). In this case, 
whereas the spontaneous switching to IgA B cells is 2%, in 
the presence of IL-4/TGF/3 the frequency of switching is 
50-70%. These data in addition to data obtained with another 
preswitched lymphoma B-cell line (1.29), indicate that, al-
though TGF/3 induction of IgA switch differentiation in nor-
mal B cells is modest (see subsequent discussion), this cyto-

kine has a profound effect on already switched B cells, 
suggesting that the true stage at which this cytokine acts is 
after the initial switch event (Shockett and Stavnezer, 1991). 

Additional studies relative to this point were done by 
Whitmore et al. (1990), who showed that CH12.LX B cell 
subclones capable of switching to a number of Ig isotypes, 
but mainly IgA (i.e., clones that differ to some extent from 
those studied by Kawanishi et al., 1983, which switch only 
to IgA), are induced by TGF/3 to switch to various Ig isotypes 
as well as to IgA and that, in general, TGF/3 does not affect 
the relative frequency of IgA switching, only the absolute 
frequency. Thus, TGF/3 appears not to have an isotype-
specific effect on preswitched B cells and appears to facilitate 
switching to all isotypes in such cells. This result, in turn, 
implies that TGF/3 is a general or non-isotype-specific inducer 
of germ-line transcription and that its IgA-specific effects on 
normal B cells are the result of selective antiproliferative 
activity on non-IgA B cells, as discussed previously. This 
view is supported by molecular findings that show that TGF/3-
responsive elements are found in several Ig regulatory re-
gions, not only in the IgA regulatory region, again suggesting 
that the primary effect of TGF/3 is on regulation of germ-line 
transcription rather than on accessibility (Lin and Stavnezer, 
1992). 

A second consideration relevant to the role of TGF/3 in 
isotype switching, one that complements the discussion on 
the locus of the TGF/3 effect, relates to the magnitude of 
this effect. In the earliest studies by Lebman and colleagues 
relating to the ability of TGF/3 to affect IgA switching, TGF/3 
was shown to induce only a small fraction of LPS-stimulated 
sIgM+ B cells to switch to sIgA+ B cells (3.2%). From these 
data one might conclude that, although TGF/3 does indeed 
induce IgA switching, it does so only at a minor and nonphysi-
ological rate that is in no way comparable to the rate observed 
at in vivo IgA induction sites, at which the frequency of 
Ig switching is at the 70-85% level (Butcher et al., 1982). 
However, LPS is not a physiological B-cell stimulant so one 
can argue that, when B cells are stimulated in other ways, 
a more significant TGF/3-mediated IgA induction can be seen. 
To examine this question, Ehrhardt et al. (1992) stimulated 
highly purified sIgM+sIgD+ B cells (containing <0.2% sIgA+ 

B cells) in a T cell-independent fashion, that is, with LPS or 
with anti-IgD-dextran (T cell-independent B cell mitogens), 
and in a T cell-dependent fashion, that is, with T cells in a 
cognate interaction (using a T-cell clone that recognized 
rabbit Ig determinants and B cells treated with IgG rabbit 
anti-IgM) or in a noncognate interaction (using irradiated 
anti-CD3-activated T-cell clones in the absence of additional 
mitogens or antigens), all in the presence and absence of 
TGF/3. These investigators found that, regardless of the 
method of B-cell stimulation, TGF/3 induced only a small 
fraction of B cells (1-3%) to undergo IgA switch differentia-
tion. Note that this low frequency of TGF/3-induced switching 
to IgA contrasts with the high frequency of IL-4-induced 
switching to IgG (Snapper and Paul, 1987) or, as mentioned, 
with the high frequency of switching to IgA observed in the 
germinal centers of Peyer's patches (Butcher et al., 1982). 
Therefore, we must conclude that TGF/3 is either a weak, 
that is, nonphysiological IgA switch signal or, alternatively, 
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that TGF/3 is a secondary signal that only operates effectively 
in the context of a more primary signal that prepares cells 
to respond to TGF/3 with Ca germ-line transcripts and switch 
signals. Of these two views, the latter seems more reasonable 
in light of the observation already mentioned that high levels 
of IgA switching (20-70%) can be obtained in cultures of 
CH12.LX B cells, that is, B cells that are precommitted 
to IgA switching. However, more physiological methods of 
inducing high level IgA switch differentiation in normal B 
cells must be found before this question can be answered 
definitively. 

Note that the magnitude of IgA switch differentiation in-
duced by TGF/3, as assessed by the appearance of sIgA+ B 
cells (2-3%), seems too low to account for the amount of 
IgA secreted after 7-10 days (20% of total Ig secreted). The 
reason for this paradox became apparent in studies also con-
ducted by R. Ehrhardt, G. R. Harriman, Y. K. Inman, and W. 
Strober, (unpublished observations), who stimulated purified 
sIgA+ B cells (>95% pure) in a highly efficient fashion to 
undergo terminal differentiation into IgA-secreting plasma 
cells by incubating the B cells with T cells in a cognate or 
noncognate fashion. In this case, an excess of 2 x 105 ng 
IgA were produced per 105 B cells, indicating that the 
2000-6000 ng IgA produced in LPS-stimulated sIgM+ B-cell 
cultures containing TGF/3 really does represent the differenti-
ation of only 2-3% of the B cells present. In view of these 
findings, the TGFß-induced switching is quantitatively mi-
nor, even if the amount of IgA secreted is considered. In 
retrospect, this amount was only impressive when TGFß-
induced IgA secretion was compared with IgA secretion in 
the absence of this lymphokine. 

A third consideration concerning the role of TGF0 in IgA 
switch differentiation concerns its overall role in physiologi-
cal IgA switching as opposed to switching that occurs in 
vitro. More specifically, we must reconcile the fact that IgA 
B-cell development is site specific, that is, a characteristic 
of Peyer's patch lymphoid follicles, with the fact that TGF/3 
production is widespread and occurs in many, if not all, 
lymphoid tissues. Thus, although the data indicates that all 
kinds of lymphoid cells are important producers of this cyto-
kine, no evidence suggests that such production itself creates 
a situation in which TGF/3 plays a unique role in B-cell devel-
opment in lymphoid tissues in general or in Peyer's patches 
in particular. Overall, the most likely conclusion to be drawn 
from the fact that TGF/3 secretion is widespread, and proba-
bly sufficient in many tissues to support IgA switching, is 
that TGF/3 is best viewed as a cofactor that acts on B cells 
that already have received signals to commit to IgA switch 
differentiation. 

A final consideration relating to the physiological role of 
TGF/3 in IgA switch differentiation relates to the inhibitory 
effect of this cytokine on lymphoid cells. Even before the 
effect of TGF/3 on IgA switching was known, TGFß had been 
shown to have a profound negative effect on both B- and T-
cell proliferation, including LPS-induced B-cell proliferation 
(Kehrl et aL, 1986,1987,1991; Wahl et aL, 1988; Moses et 
aL, 1990). This suppressive effect was most evident for IgG 
and IgM secretion, but was seen also for IgA secretion. We 
have shown that, although TGF/3 clearly enhances LPS-

induced IgA synthesis, such enhancement is obtained most 
clearly by addition of anti-TGF/3 to the culture 1-2 days after 
the start of the culture, suggesting that the positive effect of 
TGF/3 on IgA B-cell switch differentiation can be mitigated 
subsequently by the negative effect of TGF/3 on B-cell termi-
nal differentiation (Ehrhardt et aL, 1992). In addition, in cells 
activated by other more physiological signals such as cognate 
or noncognate T-cell interactions, TGF/3 either has no effect 
on overall IgA secretion or actually inhibits IgA secretion 
unless anti-TGF/3 is added to the 48-hr cultures. Finally, B 
cells in cultures containing low doses of TGF/3 (0.1 ng/ml) 
secrete more than 15 times the amount of IgA than do B cells 
in cultures containing high doses of TGF/3 (1.0 ng/ml), despite 
an increase in sIgA+ B cells in the high-dose TGF/3 cultures. 
These data, plus the fact that the inhibitory effect of TGF/3 
is much more evident in the T-cell activation systems than 
in the LPS activation system, strongly suggest that IgA secre-
tion is not a sensitive indicator of IgA switch differentiation, 
especially when B-cell stimulation by a factor other than LPS 
is used. In general, the presence of TGF/3 in a lymphoid 
milieu is a double-edged sword. We are prompted to postulate 
that, if TGF/3 plays a physiological role in IgA B-cell differen-
tiation, that role requires the B cell to receive the TGF/3 
signal at a particular induction site (the mucosal follicle) and 
then to migrate rapidly to another site (the lamina propria) 
where TGF/3 effects are, attenuated. Finally, note that the 
capacity of TGF/3 to exert an antiproliferative effect on B 
cells may be one of the ways in which this cytokine influences 
IgA switching. The concept applicable here is that TGF/3, 
by preventing cells from entering the Gx phase of the cell 
cycle while favoring cell-cell interaction via induction of 
MHC Class II determinant expression (Moses et aL, 1990), 
increases the interval of time that an isotype-nonspecific dif-
ferentiation signal can be applied without leading to cell divi-
sion and terminal differentiation. Thus, a greater chance 
exists that Ca accessibility will occur and that other, more 
IgA-specific differentiation effects can supervene and move 
the system in favor of IgA B-cell differentiation. 

Evidence has appeared that another B-cell differentiation 
factor, IL-10, also plays a role in IgA B-cell differentiation. 
In the relevant studies conducted by Banchereau and col-
leagues, human B cells stimulated with anti-IgM plus anti-
CD^ antibody in the presence of TGF/3 and IL-10 were 
shown to produce impressive amounts of IgA (Defrance et 
aL, 1992). Since, in these studies, IgA secretion rather than 
the frequency of sIgA+ B cells was measured, the question 
remains whether IL-10 is acting as a terminal differentiation 
factor in this case. 

IV. OVERVIEW OF IgA B CELL 
SWITCH DIFFERENTIATION 

Having discussed at some length the molecular and cellular 
factors involved in B-cell isotype differentiation generally, 
as well as the cellular and humoral factors involved in IgA B-
cell switch differentiation particularly, we can draw together 
various pieces of evidence to create a more-or-less coherent 
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outline of the processes that govern the emergence of IgA B 
cells in mucosal tissues. 

IgA B-cell differentiation probably can be said to begin 
when inductive T cells interact with slgM + B cells and initiate 
the molecular processes that lead to IgA switch differentia-
tion. What are the characteristics of these "switch" T cells? 
In the first place, these cells are likely to be activated T cells 
that have gained the ability to bring about IgA switching 
after antigen-specific interaction with Peyer's patch antigen-
presenting cells, (i.e., interdigitating dendritic cells). The 
working hypothesis here is that the dendritic cells in Peyer's 
patches unique in their capacity to induce IgA "switch" T 
cells by some as yet undefined cell-cell interaction or cyto-
kine effect. However, we cannot rule out the possibility that 
the stimulatory interaction is not unique and that T cells in 
Peyer's patches are not intrinsically different from cells at 
other sites. 

The bases for saying that a T cell and not a dendritic cell 
provides the key switch signal to B cells undergoing IgA 
switch differentiation are several. First, T cells alone seem 
able to induce isotype switch differentiation under appro-
priate conditions, whereas dendritic cells alone have not been 
shown to have this ability (Kawanishi et al, 1983; Mayer et 
al, 1986). Evidence to the contrary, such as that of Spalding 
et al, showing that the ability of T cell-dendritic cell clusters 
to induce IgA switching seemed to be associated with the 
dendritic cell rather than the T cell, can be explained by 
assuming that (1) T cells from any tissue can act as IgA-
specific switch cells, provided they are activated in an appro-
priate way, and (2) such activation is brought about by Pey-
er's patch dendritic cells rather than by spleen dendritic cells, 
because the former develop in a characteristic way in the 
mucosal environment. Indeed, in the studies by Cebra and 
colleagues, Peyer's patch and spleen dendritic cells were 
able to support IgA switch differentiation to an equal extent, 
presumably because external stimulation of dendritic cells 
was provided in this case (Schrader et al., 1990; George and 
Cebra, 1991). 

A second and perhaps more cogent reason to posit the 
primacy of a T-cell signal in IgA switch differentiation comes 
from work showing that B-cell switch differentiation, regard-
less of isotype specificity, occurs more readily during T 
cell-B cell interactions. Thus, as reviewed earlier, purified 
sIgM+sIgD+ B cells stimulated with conventional B-cell mi-
togens such as anti-IgM or SAC (in the presence of TGF/3) 
have been shown to produce little IgA, whereas the same 
cells stimulated by one of these mitogens plus anti-CD40 
antibody (again in the presence of TGF/3) produce large 
amounts of IgA (Defrance et al., 1992). These data suggest 
that T-cell signaling via CD40 is necessary for IgA switch 
differentiation and that high levels of CD40 ligand expression 
may, in fact, be one of the defining features of an IgA-specific 
switch T cell. 

Although the CD40 ligand-CD40 interaction may be neces-
sary for IgA switch differentiation, it is almost certainly not 
sufficient, since little evidence suggests that this interaction 
does anything more than prepare the cell for "generic" switch 
differentiation. As reviewed in the discussion on the role of 
cytokines in switch differentiation, a cytokine with a now 

well-described ability to induce IgA switch differentiation 
under a variety of B-cell activation conditions (Coffman et 
al, 1989; Sonada et al., 1989; Kim and Kagnoff, 1990; Leh-
man et al, 1990a,b; Islam et al, 1991; Ehrhardt et al, 1992). 
However, in suggesting TGFß as the directing cytokine in 
IgA B-cell switch differentiation, at least two caveats must 
be remembered. First, the magnitude of IgA switch differenti-
ation induced by TGF/3, including that induced in B cells 
activated by T cells via a CD40 ligand-CD40 interaction, is 
quite modest (<3%). Second, TGFß is secreted in many 
tissues in addition to the Peyer's patches, so this cytokine 
hardly can account for the unique relationship between Pey-
er's patches and IgA B-cell development. Based on these 
caveats, TGF/3 is best looked on as a cofactor in IgA switch 
differentiation that acts opportunistically on sIgM+B cells in 
Peyer's patches while the latter are receiving additional IgA-
specific switch signals. The concept that TGF/3 plays only a 
limited role in IgA switch differentiation leaves us with the 
necessity of considering other possible switch T-cell influ-
ences that account for the large-scale IgA switch differentia-
tion actually observed in Peyer's patches. Such other influ-
ences could involve as yet undefined cell-cell interactions 
that are accessory to the CD40 ligand-CD40 interaction or 
to other cytokines. 

Another point to consider in relation to other possible IgA 
switch differentiation signals is that these signals may consist 
of an inhibitory signal that negatively regulates switching 
to more 3' CH genes, rather than an enhancing signal that 
positively regulates Ca switching. At the moment, support 
for this inhibition mechanism of IgA switching is scant. One 
piece of evidence is that the switch T-cell clones identified 
by Kawanishi et al (1983), despite being capable of inducing 
high frequency IgA switch differentiation, fail to induce IgA 
secretion. Similarly, although TGFß suppresses IgA secre-
tion (as well as IgA and IgM secretion), at the same time it 
induces IgM B cells to undergo switch differentiation to IgA 
(Ehrhardt et al, 1992). 

So far in this discussion, we have assumed that the B cell 
acted on initially by switch T cells is a completely unswitched 
sIgM+ B cell that does not have accessible regions 5' to the 
Ca gene and does not produce Ca germ-line transcripts. At 
this point, however, we also should consider the possibility 
that the B cells acted are, in reality, B cells that are partially 
committed to IgA switch differentiation (i.e., partially 
switched B cells) and, thus, are capable of responding to 
"switch" signals with high-frequency IgA switching. One 
fact in favor of this concept is that partially switched B cells 
already exist in the form of several B-cell lymphoma lines 
such as CH12.LX B cells and 1.29 B cells (Arnold et al, 
1988; Kunimoto et al, 1988; Shockett and Stavnezer, 1991). 
As described earlier, these B cells are largely sIgM+ B cells 
that spontaneously switch to sIgA+ B cells at a low rate. In 
keeping with this fact, they have accessible regulatory regions 
5' to the Ca gene segment and continually are synthesizing 
Ca germ-line transcripts. Other properties of these CH12.LX 
cells that are germane to this discussion are that (1) in under-
going isotype switch, they appear to become dual-positive 
sIgM+sIgA+ B cells that have not yet rearranged their pro-
ductive CH genes (and thus still retain the Cμ gene segment), 
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and (2) CH12.LX B cells, in contrast to normal sIgM+ B 
cells, respond to TGFß (and, to a lesser extent, to IL-4) with 
high-frequency switch to sIgA+ B cells. Thus, as indicated 
earlier, such precommitted cells are much more responsive 
to the switch impetus of TGF/S than are normal sIgM+ B 
cells. 

If we consider these partially switched B-cell lines models 
of B cells in Peyer's patches that are capable of responding 
to IgA-specific switch signals, we can postulate that partially 
switched B cells of this kind initially develop in bone marrow 
during the course of VDJ gene arrangement, possibly as a 
result of intracellular conditions occurring during this pro-
cess. These cells, although still expressing surface IgM or 
perhaps expressing slgM and slgA, then migrate to Peyer's 
patches as a result of as yet poorly understood cell homing 
patterns. Alternatively, they migrate to many or most 
lymphoid organs, but only receive a secondary switch signal 
in Peyer's patches. The main evidence for this hypothesis, 
already alluded to previously, is that the partially switched 
B cells (of the CH12.LX type) respond with greater alacrity 
to TGF0 than do normal sIgM+ B cells. Another kind of 
evidence relates to the fact that, to date, demonstrating high-
frequency IgA switch differentiation in vitro has been diffi-
cult, possibly because, in the studies conducted to date, the 
subpopulation in Peyer's patch B cells that is susceptible to 
switching has not been identified. Relevant here is the fact 
that the switch T-cell clone studies by Kawanishi and col-
leagues caused 3-4 times more switching of Peyer's patch B 
cells than of spleen B cells, suggesting that B cells in the 
patches may be more "switchable" than B cells in the spleen 
(Kawanishi et al, 1982,1983). Finally, the idea that IgA 
switch differentiation is initiated in the bone marrow is fa-
vored by the fact that mature IgA B cells are unusually plenti-
ful in human and mouse bone marrow. More study of Peyer's 
patch B-cell populations for evidence of the presence of an 
4"immature" partially switched B-cell population is necessary 
to bring this theory to more serious consideration. 

In summary, this discussion has emphasized that, although 
we can be reasonably sure that IgA switch differentiation 
requires the influence of a T cell as well as the probable 
influence of one or more isotype-directing cytokines, much is 
still unknown about this differentiation process. In particu-
lar, whether the B-cell target is an uncommitted B cell 
or a B cell partially committed to IgA switch differentia-
tion and whether additional as yet undefined cyto-
kines or cell-cell interactions are necessary for either of 
these targets to become fully differentiated IgA B cells is 
still unknown. Further studies using newer in vitro culture 
techniques and cells from different lymphoid sites are neces-
sary to decide these issues. 

References 

Al Maghazachi, A., and Phillips-Quagliata, J. M. (1988a). Con A-
propagated, auto-reactive T cell clones that secrete factors pro-
moting high IgA responses. Int. Arch. Allergy Appl. Immunol. 
86(2), 147-156. 

Al Maghazachi, A., and Phillips-Quagliata, J. M. (1988b). Keyhole 
limpet hemocyanin-propagated Peyer's patch T cell clones that 
help IgA responses. J. Immunol. 140(10), 3380-3388. 

Arnold, L. W., Gordina, T. A., Whitemore, A. C , and Haughton, 
G. (1988). Ig isotype switching in B lymphocytes. Isolation and 
characterization of clonal variants of the murine Ly-1 + B cell 
lymphoma, CH12, expressing isotypes other than IgM. Proc. 
Natl. Acad. Sei. U.S.A. 85(20), 7704-7708. 

Amy, M., Kelly-Hatfield, P., Lamm, M. E., and Phillips-Quagliata, 
J. M. (1984). T-cell help for the IgA response: The function of T 
cells from different lymphoid organs in regulating the proportions 
of plasma cells expressing various isotypes. Cell. Immunol. 89, 
95-112. 

Aruffo, A., Farrington, M., Hollenbaugh, D., Li, X., Milatovich, 
A., Nonoyama, S., Ledbbetter, J. A., Francke, U., and Ochs, 
H. D. (1993). The CD40 ligand, gp39, is defective in activated T 
cells from patients with X-linked hyper-IgM syndrome. CW/72(2), 
291-300. 

Banchereau, J., de Paoli, P., Valle, A., Garcia, E., and Rousett, F. 
(1991). Long-term human B cell lines dependent on interleukin-
4 and antibody to CD40. Science 251, 70-72. 

Benson, E. B., and Strober W. (1988). Regulation of IgA secretion 
by T cell clones derived from the human gastrointestinal tract. 
J. Immunol. 140(6), 1874-1882. 

Berton, M. T., Uhr, J. W., and Vitetta, E. S. (1989). Synthesis of 
germline y\ immunoglobulin heavy-chain transcripts in resting B 
cells: Induction by interleukin-4 and inhibition by interferon y. 
Proc. Natl. Acad. Sei. U.S.A. 86, 2829-2833. 

Butcher, E. C , Rouse, R. V., Coffman, R. L., Nottenburg, C. N., 
Hardy, R. R., and Weissman I. L. (1982). Surface phenotype of 
Peyer's patch germinal center cells: Implications for the role of 
germinal centers in B cell differentiation. J. Immunol. 129, 
2698-2707. 

Care, A., Cianetti, L., Gianpaolo, A., Sposi, N. M., Zappavigna, 
V., Mavilio, F., Alimera, G., Amadori, S., Mandelli, F., and 
Peschle C. (1986). Translocation of c-myc into the immunoglobulin 
heavy chain locus in human acute B cell leukemia: A molecular 
analysis. EMBO J. 5, 905. 

Chen, Y.-W., Word, C. J., Dev. V., Uhr, J. W., Vitetta, E. S., and 
Tucker, P. W. (1986). Double isotype production by a neoplastic 
B cell line. II. Allelically excluded production of μ and y\ chain 
without CH gene rearrangement. J. Exp. Med. 164, 562. 

Clough, J. D., Mims, L. H., and Strober. W. (1971). Deficient IgA 
antibody responses to arsonilic acid bovine serum albumin (BSA) 
in neonatally thymectomized rabbits. J. Immunol. 106, 
1624-1629. 

Coffman, R. L., and Carty, J. (1986). A T cell activity that enhances 
polyclonal IgE production and its inhibition by interferon-gamma. 
J. Immunol. 136(3), 949-954. 

Coffman, R. L., Ohara, J., Bond, J. W., Carty, J., Zlotnick, A., and 
Paul, W. E. (1986). B eel stimulatory factor-1 enhances the IgE 
response of lipopolysaccharide-activated B cells. J. Immunol. 
136(12), 4538-4541. 

Coffman, R. L., Lebman, D. A., and Schrader, B. (1989). Trans-
forming growth factor β specifically enhances IgA production 
by lipopolysaccharide-stimulated murine B lymphocytes. J. Exp. 
Med. 170, 1039-1044. 

Craig, S. W., and Cebra, J. J. (1981). Peyer's patches: An enriched 
source of precursors for IgA-producing immunocytes in the rabbit. 
J. Exp. Med. 134, 188-200. 

Cutler Allen, R., Armitage, R. J., Conley, M. E., Rosenblatt, H., 
Jenkins, N. A., Copeland, N. G., Bedell, M. A. Edelhoff, S., 
Disteche, C. M., Simoneaux, D. K., Fanslow, W. C , Belmont, 
J., and Spriggs, M. K. (1993). CD40 ligand gene defects responsi-
ble for X-linked hyper IgM syndrome. Science 259, 990-993. 

Defrance, T., Vanbervliet, B., Briore, F., Durand, I., Rousett, F., 
and Banchereau, J. (1992). Interleukin-10 and transforming 
growth factor ß cooperate to induce anti-CD40-activated naive 



174 Warren Strober · Rolf O. Ehrhardt 

human B cells to secrete immunoglobulin A. J. Exp. Med. 175, 
671-682. 

Ehrhardt, R. O., Strober, W., and Harriman, G. R. (1992). Effect 
of transforming growth factor (TGF)ß, on IgA isotype expression 
TGF-0! induces a small, increase in slgA + B cells regardless of 
the method of B cell activation. J. Immunol. 148, 3830-3836. 

Elson, C. C , Heck, J. A., and Strober, W. (1979). T-cell regulation 
of murine IgA synthesis. J. Exp. Med. 149, 632-643. 

Esser, C , and Radbruch, A. (1989). Rapid induction of transcription 
of unrearranged s-yl switch regions in activated murine B cells 
by interleukin 4. EMBO J. 8, 4832-4888. 

Flanagan, J. G., and Rabbitts, T. H. (1982). Arrangement of human 
immunoglobulin heavy chain constant region genes implies evolu-
tionary duplication of a segment containing γ, ε, and a genes. 
Nature (London) 300, 709. 

George, A. and J. J. Cebra (1991). Responses of single germinal-
center B cells in T-cell-dependent microculture. Proc. Natl. Acad. 
Sei. U.S.A. 88, 11-15. 

Gerondakis, S. (1990). Structure and expression of murine germline 
immunoglobulin heavy chian transcripts induced by interleukin 
4. Proc. Natl. Acad. Sei. U.S.A. 87(4), 1581. 

Gerstein, R. M., W. N. Frankel, C. L. Hsieh, Durdik, J. M, Rath, 
S., Cottin, J. M., Nisonott, A, and Seising, E. (1990). Isotype 
switching of an immunoglobulin heavy chain transgene occurs by 
DNA recombination between different chromosomes. Cell 63, 
537-548. 

Hamlyn, P. H., and T. H. Rabbitts (1983). Translocation of c-myc 
and immunoglobulin y 1 genes in a Burkitt lymphoma revealing 
a third exon in the d-myc oncogene. Nature (London) 304, 190. 

Harriman, G. R., N. S. Lycke, L. J. Elwood, and W. Strober (1990). 
T lymphocytes that express CD4 and the αβ-Ί cell receptor but 
lack Thy-1. J. Immunol. 145, 2406-2414. 

Hodgkin, P. D., L. C. Yamashita, R. L. Coffman, and M. R. Kehry 
(1990). Separation of events mediating B cell proliferation and Ig 
production by using T cell membranes and lymphokines. 
J. Immunol. 145(7), 2025-2034. 

Hofker, M. H., M. A. Walter, and D. W. Cox (1989). Complete 
physical map of the human immunoglobulin heavy chain constant 
region gene complex. Proc. Natl. Acad. Sei. U.S.A. 86, 5567. 

Isakson, P. C , E. Pur£, E. S. Vitetta, and P. H. Krammer (1982). 
T cell-derived B cell differentiation factor(s). Effect on the isotype 
switch of murine B cells. J. Exp. Med. 155, 734-748. 

Islam, K. B., L. Nilsson, P. Sideras, L. Hammarström, and C. I. 
Edvard Smith (1991). TGF-01 induces germ-line transcripts of 
both IgA subclasses in human B lymphocytes. Int. Immunol. 3, 
1099-1106. 

Iwasato, T., A. Shimizu, T. Honjo, and H. Yamagishi (1990). Circu-
lar DNA is excised by immunoglobulin class switch recombina-
tion. Cell 62, 143-149. 

Iwasato, T., H. Arakawa, A. Shimizu, Honjo, T., and Yamagishi, 
H. (1992). Biased distribution of recombination sites within A 
regions upon immunoglobulin class switch recombination induced 
by transforming growth factor ß and lipopolysaccharide. J. Exp. 
Med. 175, 1539-1546. 

Kawanishi, H., L. E. Saltzman, and W. Strober (1982). Characteris-
tics and regularly function of murine con A-induced, cloned T cells 
obtained from Peyer's patches and spleen. Mechanisms regulating 
istoype-specific immunoglobulin production by Peyer's patch B 
cells. J. Immunol. 129, 475-483. 

Kawanishi, H., L. Saltzman, and W. Strober (1983). Mechanisms 
regulating IgA class-specific immunoglobulin production in mu-
rine gut-associated lymphoid tissues. I. T cells derived from Pey-
er's patches that switch slgM B cells to SlgA B cells in vitro. 
J. Exp. Med. 157, 437-450. 

Kehrl, J. H., A. B. Roberts, L. M. Wakefield, S. Jakowlew, M. B. 
Sporn, and A. S. Fauci (1986).Transforming growth factor beta 
is an important immunomodulatory protein for human B lympho-
cytes. / . Immunol. 137, 3855. 

Kehrl, J. H., L. M. Wakefield, A. B. Roberts, S. Jakowlew, M. 
Alvarez-Mon, R. Derynck, M. B. Sporn, and A. S. Fauci (1987). 
Production of transforming growth factor beta by human T lym-
phocytes and its potential role in the regulation of T cell growth. 
J. Exp. Med. 163, 1037. 

Kehrl, J. H., C. Thevenin, P. Rieckmann, and A. S. Fauci (1991). 
Transforming growth factor-beta suppresses human B lymphocyte 
Ig production by inhibiting synthesis and the switch from the 
membrane form to the secreted form of Ig mRNA. J. Immunol. 
146, 4016. 

Kim, P. H., and M. F. Kagnoff (1990). Transforming growth factor 
ß\ increases IgA isotype switching at the clonal level. / . Immunol. 
145, 3773. 

Kishimoto, T. and T. Hirano (1989). B lymphocyte activation, prolif-
eration and immunoglobulin secretion. In "Fundamental Immu-
nology" (W. E. Paul, ed.), 2d Ed. pp. 385-413. Raven Press, 
New York. 

Kitani, A., and W. Strober (1993). Regulation of Oy subclass germline 
transcripts in human peripheral blood B cells. J. Immunol., in 
press. 

Kunimoto, D. Y., G. R. Harriman, and W. Strober (1988). Regulation 
of IgA differentiation in CH12.LX B cells by lymphokines: IL-4 
induces membrane IgM-positive CH12.LX cells to express mem-
brane IgA and IL-5 induces membrane IgA-positive CH12.LX 
cells to secrete IgA. J. Immunol. 141, 713-720. 

Kupfer, A., S. L. Swain, C. A. Janeway, Jr., and S. J. Singer (1986). 
The specific direct interaction of helper T cells and antigen-pres-
enting B cells. Proc. Natl. Acad. Sei. U.S.A. 83, 6080. 

Kuze, K., A. Shimizu, and T. Honjo (1991). Characterization of 
the enhancer region for germline transcription of the y3 constant 
region gene of human immunoglobulin. Int. Immunol. 7, 647. 

Lebman, D. A., and R. L. Coffman (1988). Interleukin 4 causes 
isotype switching to IgE in T cell-stimulated clonal B cell cultures. 
J. Exp. Med. 168(3), 853-862. 

Lebman, D. A., F. D. Lee, and R. L. Coffman (1990a). Mechanism 
for transforming growth factor ß and IL-2 enhancement of IgA 
expression in lipopolysaccharide-stimulated B cell cultures. 
J. Immunol. 144, 942-959. 

Lebman, D. A., D. Y. Nomura, R. L. Coffman, and F. D. Lee 
(1990b). Molecular characterization of germline immunoglobulin 
A transcripts produced during transforming growth factor type 
/3-induced isotype switching. Proc. Natl. Acad. Sei. U.S.A. 87, 
3962-3966. 

Lin, Y.-C. A., and J. Stavnezer (1992). Regulation of transcription 
of the germ-line Iga constant region gene by an ATF element and 
by novel transforming growth factor-/31 -responsive elements. 
J. Immunol. 149, 2914-2925. 

Lutzker, S., P. Rothman, R. Pollock, R. Coffman, and F. W. Alt 
(1988). Mitogen- and IL-4-regulated expression of germline Ig y2b 
transcripts: Evidence for directed heavy chain class switching. 
Cell 53, 177-184. 

Mclntyre, T. M., Klinman, D. R., Rothman, P., Lugo, M., Dasch, 
J. R., Mond, J. J., and Snapper, C. M. Transforming growth 
factor ßi selectivity stimulates immunoglobulin G2b secretion by 
lipopolysaccharide-activated murine B cells. J. Exp. Med. 177, 
1031-1037. 

Matsuoka, M., K. Yoshida, T. Maeda, S. Usuda, and H. Sakano 
(1990). Switch circular DNA formed in cytokine-treated mouse 
splenocytes: Evidence for intramolecular DNA deletion in immu-
noglobulin class switching. Cell 62, 135-142. 



14 · Regulation of Ig A B Cell Development 175 

Mayer, L., D. N. Posnett, and H. G. Kunkel (1985). Human malig-
nant T cells capable of inducing an immunoglobulin class switch. 
J. Exp. Med. 161, 134-144. 

Mayer, L., S. P. Swan, C. Thompson, H. S. Ko, Chiorazzi, N., 
Waldmann, T., and Roseu, F. (1986). Evidence for a defect in 
"switch" T cells in patients with immunodeficiency and hyperim-
munoglobulinemia M. N. Eng. J. Med. 314, 409-413. 

Mizuta, T. R., N. Suzuki, A. Shimizu, and T. Honjo (1991). Dupli-
cated variable region genes account for double isotype expression 
in a human leukemic B cell line that gives rise to single isotype-
expressing cells. J. Biol. Chem. 266(19), 12514-12521. 

Mongini, P. K. A., W. E. Paul, and E. S. Metcalf (1983). IgG subclass 
IgE, and Ig A anti-trinitrophenol antibody production within 
trinitrophenol-Ficoll-responsive B cell clones. Evidence in sup-
port of three distinct switching pathways. J. Exp. Med. 157,69-85. 

Moses, H. L., E. Y. Yang, and J. A. Pietenpol (1990). TFG-0 stimula-
tion and inhibition of cell proliferation: New mechanistic insights. 
Cell 63, 245-247. 

Nilsson, L., K. B. Islam, O. Olafsson, I. Zalcberg, et al. (1991). 
Structure of TGF-/31 -induced human immunoglobulin Cal germ-
line transcripts. Int. Immunol. 3, 1107-1115. 

Noelle, R. J., D. M. Shepherd, and H. P. Fell (1992). Cognate 
interaction between T helper cells and B cells. VII. Role of contact 
and lymphokines in the expression of germ-line and mature yx 

transcripts. J. Immunol. 149, 1164-1169. 
Nolan-Willard, M., M. T. Berton, and P. Tucker (1992). Coexpres-

sion of μ and y 1 heavy chains can occur by a discontinuous 
transcription mechanism from the same unrearranged chromo-
some. Proc. Natl. Acad. Sei. U.S.A. 89, 1234-1238. 

Ogimoto, M., K. Mizuno, G. Täte, H. Takahashi et al. (1992). Regu-
lation of lipopolysaccharide- and IL-4-induced immunoglobulin 
heavy chain gene activation: differential roles of CD45 and Lyb-
2. Int. Immunol. 4, 651-659. 

Ott, D. E., F. W. Alt, and K. B. Marcu (1987). Immunoglobulin 
heavy chain switch region recombinant within a retroviral vector 
in murine pre-B cells. EMBO J. 6, 577-584. 

Pabst, R., and J. D. Reyonlds (1986). Evidence of extensive lympho-
cyte death in sheep Peyer's patches. II. The number and fate of 
newly-formed lymphocytes that emigrate from Peyer's patches. 
J. Immunol. 136, 2011-2017. 

Perlmutter, A., and Gilbert, W. (1984). Antibodies of secondary re-
sponse can be expressed without switch recombination in normal 
mouse B cells. Proc. Natl. Acad. Sei. U.S.A. 81,7189. 

Phillips-Quagliata, J. M., and A. Al Maghazachi (1987) T cell 
clones that help IgA responses. Adv. Exp. Med. Biol. 216A, 
101-117. 

Pritchard, H., Riddaway, J., and H. S. Micklem (1973). Immune 
responses in congenitally thusmusless mice. II. Quantitative stud-
ies of serum immunoglobulin, the antibody responses to sheep 
erythrocytes, and the effect of thymus allografting. Clin. Exp. 
Immunol. 13, 125-138. 

Reynolds, J. D. (1986). Evidence of extensive lymphocyte death in 
sheep Peyer's patches. I. A comparison of lymphocyte production 
and export. J. Immunol. 136(6), 2005-2010. 

Reynolds, J. D., and D. Kirk (1989). Two types of sheep Peyer's 
patches: Location along gut does not influence involution. Immu-
nol. 66(2), 308-311. 

Rothman, P., Y.-Y. Chen, S. Lutzker, S. C. Li, Stewart, V., Cott-
man, R., and Alt, F. W. (1990). Structure and expression of germ-
line immunoglobulin heavy-chain ε transcripts: Interleukin-4 plus 
lipopolysaccharide-directed switching to Ce. Mol. Cell. Biol. 10, 
1672-1679. 

Rousset, F., E. Gracia, and J. Banchereau (1991). Cytokine-induced 
proliferation and immunoglobulin production of human B lympho-

cytes triggered through their CD40 antigen. J. Exp. Med. 173, 
705-710. 

Rudzik, R., R. L. Clancy, D. Y. Perey, R. P. Day, and J. Bienenstock 
(1975). Repopulation with IgA-containing cells of bronchial 
and intestinal lamina propria after transfer of homologous 
Peyer's patch and bronchial lymphocytes. J. Immunol. 114, 
1599-1604. 

Sanders, V. M., J. M. Snyder, J. W. Uhr, and E. S. Vitetta (1986). 
Characterization of the physical interaction between antigen-
specific B and T cells. J. Immunol. 137, 2395. 

Schrader, C. E., A. George, R. L. Kerlin, and J. J. Cebra (1990). 
Dendritic cells support production of IgA and other non-IgM iso-
types in clonal microculture. Int. Immunol. 2, 563-570. 

Shimizu, A., M. C. Nussenzweig, T.-R. Mizuta, Leder, P., and 
Honjo, T. et al. (1989). Immunoglobulin double-isotype expres-
sion by trans-mRNA in a human immunoglobulin transgenic 
mouse. Proc. Natl. Acad. Sei. U.S.A. 86, 8020-8023. 

Shimizu, A., M. C. Nussenzweig, H. Han, Sanchez, M., and Honjo, 
T. (1991). Trans-splicing as a possible molecular mechanism for 
the multiple isotype expression of the immunoglobulin gene. 
J. Exp. Med. 173, 1385-1393. 

Shockett, P., and J. Stavnezer (1991). Effect of cytokines on switch-
ing to IgA and a germline transcripts in the B lymphoma Ι.29μ. 
Transforming growth factor-/3 activates transcription of the unre-
arranged Ca gene1. J. Immunol. 147, 4374-4383. 

Sideras, P., L. Nilsson, K. B. Islam, I. Z. Quintana, L. Freihff, 
Rosen, G. Juliusson, L. Hammarström, and C. I. Edward Smith 
(1992). Transcription of unrearranged Ig H chain genes in human 
B cell malignancies. Biased expression of genes encoded within 
the first duplication unit of the IgH chain locus. J. Immunol. 149, 
244. 

Snapper, C. M., and J. J. Mond (1993). Towards a comprehensive 
view of immunoglobulin class switching. Immunol. Today 14(1), 
15-17. 

Snapper, C M . , and W. E. Paul (1987). Interferon-gamma and B cell 
stimulatory factor-1 reciprocally regulate Ig isotype production. 
Science 236(4804), 944-947. 

Snapper, C. M., F. D. Finkelman, D. Stefany, D. H. Conrad, and 
W. E. Paul (1988). IL-4 induces co-expression of intrinsic mem-
brane IgGl and IgE by murine B cells stimulated with lipopoly-
saccharide. J. Immunol. 141, 489-498. 

Snapper, C. M., L. M. T. Peganha, A. D. Levine, and J. J. Mond 
(1991). IgE class switching is critically dependent upon the nature 
of the B cell activator, in addition to the presence of IL-4. 
J. Immunol. 147(4), 1163-1170. 

Snapper, C. M., T. M. Mclntyre, R. Mandler, etal. (1992). Induction 
of IgG3 secretion by interferon y: A model for T cell-independent 
class switching in response to T cell-independent type 2 antigens. 
J. Exp. Med. 175, 1367-1371. 

Sonada, E., R. Matsumoto, Y. Hitoshi, T. Ishii, M. Sugimoto, S. 
Araki, A. Tominaga, N. Yamaguchi, and K. Takatsu (1989). 
Transforming growth factor ß induces IgA production and acts 
additively with Interleukin 5 for IgA production. J. Exp. Med. 
170, 1415. 

Spalding, D. M., and J. A. Griffin (1986). Different pathways 
of differentiation of pre-B cell lines are induced by dendritic 
cells and T cells from different lymphoid tissues. Cell 44, 507-
515. 

Spalding, D. M., W. J. Koopman, J. H. Eldridge, J. R. McGhee, 
and R. M. Steinman (1983). Accessory cells in murine Peyer's 
patch. I. Identification and enrichment of a functional dendritic 
cell. J. Exp. Med. 157, 1646-1659. 

Spalding, D. M., S. I. Williamson, W. J. Koopman, and J. R. McGhee 
(1984). Preferential induction of poly clonal IgA secretion by mu-



176 Warren Strober · Rolf O. Ehrhardt 

rine Peyer's patch dendritic cell-T cell mixtures. J. Exp. Med. 
160, 941-946. 

Stavnezer-Nordgren, J., and S. Sirlin (1986). Specificity of immuno-
globulin heavy-chain switch correlates with activity of germline 
heavy chain genes prior to switching. EMBO J 5, 95-102. 

Stavnezer, J., S. Sirlin, and J. Abbot (1985). Induction of immuno-
globulin isotype switching in cultured 1.29 B lymphoma cells. 
Characterization of the accompanying rearrangements of heavy 
chain genes. J. Exp. Med. 161, 577-601. 

Stavnezer, J., G. Radcliffe, Y.-C. Lin, J. Nietupski, L. Berggren, 
R. Sitia, and E. Severinson (1988). Immunoglobulin heavy-chain 
switching may be directed by prior induction of transcripts from 
constant-region genes. Proc. Natl. Acad. Sei. U.S.A. 85, 
7704-7708. 

Swain, S. L., and R. W. Dutton (1987). Consequences of the direct 
interaction of helper T cells with B cells presenting antigen. Immu-
nol. Rev. 99, 263. 

Tew, J. G., M. H. Kosco, G. F. Burton, and A. K. Szakal (1990). 
Follicular dendritic cells as accessory cells. Immunol. Rev. 117, 
185-211. 

Tseng, J. (1981). Transfer of lymphocytes of Peyer's patches between 
immunoglobulin allotype congenic mice: Repopulation of the Ig A 
plasma cells in the gut lamina propria. J. Immunol. 127, 
2039-2043. 

van Vlasselaer, P., J. Punnonen, and J. E. de Vries (1992). Trans-
forming growth factor-0 directs IgA switching in human B cells. 
J. Immunol. 148, 2062-2067. 

Vitetta, E. S., A. Bossie, R. Fernandez-Botran, C. D. Myers, 
K. G. Oliver, V. M. Sanders, andT. L. Stevens (1987). Interaction 
and activation of antigen-specific T and B cells. Immunol. Rev. 
99, 193. 

Wahl, S. M., D. A. Hunt, H. L. Wong, S. Dougherty, N. McCartney-
Francis, L. M. Wahl, L. Ellingsworth, J. A., Schmidt, G. Hall, 
A. B. Roberts (1988). Transforming growth factor-beta is a potent 

immunosuppressive agent that inhibits IL-1-dependent lympho-
cyte proliferation. J. Immunol. 140, 3026. 

Wakatsuki, Y., and W. Strober (1993). Effect of down-regulation of 
germline transcripts on IgA isotype differentiation. J. Exp. Med. 
178, 7. 

Weinstein, P. D., and J. J. Cebra (1991). The preference of switching 
to IgA expression by Peyer's patch germinal center B cells is 
likely due to the intrinsic influence of their microenvironment. 
J. Immunol. 147, 4126-4135. 

Whalen, B. J., H.-P. Tony, and D. C. Parker (1988). Characterization 
of the effector mechanism of help for antigen-presenting and by-
stander resting B cell growth mediated by IA-restricted Th2 helper 
T cell lines. J. Immunol. 141, 2230. 

Whitmore, A. C , D. M. Prowse, G. Haughton, and L. W. Arnold 
(1990). Ig isotype switching in B lymphocytes. The effect of T 
cell-derived interleukins, cytokines, cholera toxin, and antigen 
on isotype switch frequency of a cloned B cell lymphoma. Int. 
Immunol. 3, 95-103. 

Yancopoulos, G. D., R. A. DePinho, K. A. Zimmerman, S. G. 
Lutzker, N. Rosenberg, and F. W. Alt (1986). Secondary gemonic 
rearrangement events in pre-B cells; VHDJH replacement by a 
LINE-1 sequence and directed class switching. EMBO J. 5(12), 
3259-3266. 

Yaoita, Y., Y. Kumagai, K. Okumura, and T. Honjo (1982). Expres-
sion of lymphocyte surface IgE does not require switch recombi-
nation. Nature (London) 297, 697. 

Yoshida, K., M. Matsuoka, S. Usuda, Mori, A., Ishizaka, K., and 
Sakano, H. (1990). Immunoglobulin switch circular DNA in the 
mouse infected with Nippostrongylus brasiliensis: Evidence for 
successive class switching from μ to ε via y\. Proc. Natl. Acad. 
Sei. U.S.A. 87(20), 7829-7833. 

Yuan, D., and E. S. Vitetta (1983). Structural studies of cell surface 
and secreted IgG in LPS-stimulated murine B cells. Mol Immunol. 
20, 367. 



15 
Diversity and Function of Antigen-Presenting 

Cells in Mucosal Tissues 
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I. OVERVIEW OF ANTIGEN PRESENTATION 

The most important feature of the immune system is its 
ability to distinguish between self and nonself. The network 
of defense against nonself is maintained by an intricate com-
munication system between specialized cells that are sta-
tioned throughout the body. These cells, T and B lympho-
cytes, interact to fight off foreign pathogens that gain access 
to the host. T cells and B cells possess specialized receptor 
molecules on their surfaces that are capable of recognizing 
and responding to foreign antigens, B cells by their surface 
immunoglobulin and T cells by their antigen receptor. Surface 
immunoglobulin (slg) is capable of binding to antigen (Ag) 
in solution. However, unlike B cells, T cells can interact only 
with antigen that is cell bound and presented in association 
with products of the major histocompatibility complex 
(MHC) on an antigen-presenting cell (APC) (Ziegler and 
Unanue, 1981). One group of MHC glycoproteins, known as 
Class I molecules, arms the immune system to help eradicate 
cells that have been altered secondary to infection or malig-
nant degeneration. These molecules are expressed on virtu-
ally all nucleated cells in the body. The other group of MHC 
glycoproteins, known as Class II molecules, binds processed 
peptides that had been taken up exogenously by APCs and 
presents them to helper T cells. In peripheral blood, lymph 
nodes, and spleen, helper T cells (CD4+) recognize antigen 
bound to MHC Class II molecules on macrophages and B 
cells. Cytotoxic T cells (CD8+), on the other hand, are re-
stricted to recognizing antigen bound to MHC Class I mole-
cules. 

Given the general characteristics of this system, we must 
realize that regulation of immune responses depends on the 
nature of antigen handling by the APCs through appropriate 
cellular and molecular mechanisms. 

A. Types of Antigen-Presenting Cells 

Several distinct cell types have been documented to func-
tion as APCs for T-cell activation (Rosenthal and Shevach, 
1973; Nussenzweig and Steinman, 1980; Ziegler and Unanue, 
1981;Pobere/a/., 1983; Geppert and Lipsky, 1985). Although 
most of our knowledge is limited to in vitro systems, clearly 
differences exist among various APCs relating to their mecha-

nism(s) of antigen presentation as well as to other accessory 
functions. Monocytes and macrophages are the principal 
APCs located in blood, lymph nodes, spleen, and intersti-
tium. These cells are large, with active lysosomes, endo-
somes, and hydrolytic enzymes. These phagocytes are not 
only vital for the initiation of immune responses, but also 
play a crucial role in T-cell activation through their ability 
to produce potent accessory cytokines. B cells, apart from 
their major function as antibody-producing cells, also possess 
phagocytic capacity, most effectively via interaction of spe-
cific Ag with slg receptors. When antigen is encountered by 
slg on the B cell, the antigen is internalized in an endocytic 
vacuole and subsequently processed and presented, com-
plexed to MHC Class II determinants, to the helper T cell. 
This activated T cell in turn secretes the necessary cytokines 
required for B cells to become antibody-producing plasma 
cells. Steinman and Cohn (1973) described a novel cell iso-
lated from the mouse spleen that appears to be one of the 
most potent APCs—the dendritic cell. Distinct from the mac-
rophages and B cells, dendritic cells are irregularly shaped 
cells with abundant Class II antigens but no Fc receptors 
(Steinman and Nussenzweig, 1980). These cells are potent 
stimulators in a mixed lymphocyte reaction and, on a cell 
per cell basis, are probably the most effective APCs described 
to date. Dendritic cells are not phagocytic and therefore re-
quire accessory cells to process proteins into peptides that 
can complex with MHC molecules. These cells are ubiqui-
tous, however, and are found within lymph nodes, spleen, 
thymus, and the gastrointestinal tract. Depending on loca-
tion, dendritic cells are part of a family of APCs that promote 
local immune responses. In the skin, these are the classical 
Langerhans cells; in the gut, they are represented by the 
44veiled cells" in the Peyer's patch (see subsequent dis-
cussion). 

These three cell types (B cells, monocytes, dendritic cells) 
constitute the group termed the ''professional APCs," since 
they express Class II molecules, typically process and pres-
ent Ag to T cells, and, as will be described, provide the 
conventional accessory signals required for T-cell activation. 
However, several investigators have described other cells 
capable of expressing Class II molecules (when activated) 
and presenting peptides to T cells. However, the results of 
T-cell interactions with these "nonprofessional APCs" are 
quite distinct from the interactions described previously. Ac-
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tivated human T cells are such a cell type that can express 
Class II molecules (Lanzarecchia et al., 1988; Siliciano et 
al., 1988). These cells are capable of taking up, processing, 
and presenting human immunodeficiency virus (HIV) gpl20 
protein to other T cells and presenting mouse monoclonal 
antibodies (mAbs) against the T-cell receptor (TcR), CD3, 
CD4, and CD8 molecules that bind to the T cell surface. 
However, in contrast to professional APCs, activated T cells 
are unable to present soluble antigen (e.g., tetanus toxoid) 
(Lanzavecchia et al., 1988) and generally result in the induc-
tion of anergy (La Salle et al., 1992). Class II Ag expression 
has been induced on fibroblasts, endothelial cells, and a vari-
ety of epithelial cells and, although the Class II molecules 
can be recognized by the T-cell receptors, these cells are 
either poorly stimulatory or evoke a unique type of immune 
response. The neoexpression of Class II molecules on epithe-
lial cells in the thyroid or the pancreatic islets has been in-
voked to explain the induction of autoimmunity (Botazzo et 
al., 1983; Piccinini et al., 1987), with the presentation of self 
peptides to previously tolerized self-reactive T cells. Clearly 
this area of research is growing rapidly, and our knowledge 
base relating to the regulation of immune responses using 
such cells is expanding. One such cell, the intestinal epithe-
lial cell, is described in greater detail in a subsequent sec-
tion. 

II. MECHANISMS OF ANTIGEN UPTAKE 

For foreign antigen to be placed into a form that can be 
recognized by the T-cell Ag receptor, it must be taken up 
and processed within intracytoplasmic organelles. Mecha-
nisms of antigen uptake include those that are nonspecific, 
random, and therefore less efficient and those mediated by 
receptor interactions, which have higher efficiency. First we 
discuss receptor-mediated uptake, which is different for vari-
ous APCs. 

A. slg-Mediated Uptake of Antigen 

Antigen uptake by B cells was reported first by Chesnut 
and Grey (1981). In this study, these investigators demon-
strated the capacity of rabbit IgG-specific B cells to present 
processed rabbit IgG to T cells. Clearly this way of generating 
a specific immune response is extremely effective. If antigen-
specific B cells are presenting to antigen-specific T cells, help 
for clonal growth or differentiation (specific or nonspecific) 
can be focused on these activated B cells. In such an antigen-
driven system, the requirement for high concentrations of 
antigens needed to activate T cells would be less. Studies by 
Rock and colleagues (1984) have demonstrated that hapten-
specific B lymphocytes are extremely efficient at presenting 
hapten to T cells via hapten binding to surface Ig molecules. 
In contrast to the nonspecific antigen uptake by B cells, 
maximal stimulation of responding T lymphocytes can be 
achieved with a minimum of antigen (Chesnut et al., 1982). 
Thus, within a lymph node, antigen carried to the primary 
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follicles may interact with slg on B cells and be presented 
as peptides to parafollicular T cells. 

B. Fc Receptor-Mediated Antigen Uptake 

With the exception of dendritic cells, which are nonphago-
cytic, all professional APCs express Fc receptors (FcR). 
These receptors are specific for distinct Ig isotypes and vary 
in their ability to bind immune complexes. FcR appears to 
play a major role in the immune response by facilitating 
antigen uptake after binding to an immune complex. In 
this respect, initial evidence was provided by Cohen and co-
workers (1973), who showed that cytophilic antibodies in 
the serum of immune animals could enhance the antigen-
presenting capacity of naive macrophages. Further, a similar 
phenomenon was demonstrated by Celis and Chang (1984), 
documenting that the presence of FcR+ APCs could reduce 
10- to 100-fold the concentration requirement of hepatitis B 
virus surface antigen (HBsAg) to trigger an HBsAg-specific 
T-cell clone. This phenomenon was supported further by 
studies by Kehry and Yamashita (1990), in which they de-
scribed that presentation of trinitrophenol (TNP) carrier con-
jugates by mouse B cells could be enhanced 100- to 1000-
fold if TNP-specific IgE is bound to FceRII on mouse B cells. 

C. Uptake by Complement Components 

Complement is the clearest example of the incorporation 
of the innate (nonspecific) immune system with adaptive (spe-
cific) immunity. Bacterial products can trigger the alternative 
pathway of complement activation, resulting in the genera-
tion of C3b fragments. C3b fragments coat bacteria, rendering 
them accessible to complement receptors on B cells and 
monocytes. Thus, in the absence of an adaptive immune 
response (i.e., antibody), bacteria can be opsonized by mac-
rophages, processed, and presented to T cells, initiating a 
specific immune response. 

Immune complexes also can bind complement (IgG and 
IgM), and therefore be susceptible to uptake through C3b 
receptors. Studies by Daha and van Es (1984) demonstrated, 
in a guinea pig model, that receptors for C3b are present 
on red blood cells, which seem to bind complement-coated 
immune complexes and deliver them to the Kupffer cells in 
the liver. Arvieux and colleagues (1988) showed that trig-
gering of tetanus toxoid antigen-specific T cells by Epstein-
Barr virus (EBV)-transformed B cells can be enhanced by 
binding C3b or C4b components to the antigen. Thus, through 
a number of interactions, complement can play an important 
role in Ag uptake. 

D. Antigen Uptake by Phagocytosis 

To this point we have discussed specific mechanisms for 
antigen uptake, yet a very important mechanism is the one 
that occurs before any immune response has been gener-
ated—nonspecific phagocytosis. As the term suggests, B 
cells and monocytes can sample their environment by en-
gulfing macromolecules through pinocytosis or by uptake of 
molecules in clathrin-coated pits. By either mechanism, the 
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process is relatively inefficient; only a small fraction of the 
antigen is taken up. However, by any of these processes, 
Ag is incorporated into the endosomal compartment, where 
processing begins in an effort to generate a specific response. 

III. MECHANISMS OF 
ANTIGEN PROCESSING 

As mentioned in the introduction, antigens must be pro-
cessed before they are presented to and recognized by T 
cells. Conventionally, APCs (monocytes, B cells) internalize 
exogenous antigens through phagocytosis (a phenomenon 
first described by Metchnikoff in 1884) as described earlier. 
Within the endosome, limited proteolysis results in the gener-
ation of fragments that subsequently are expressed on the 
cell surface in combination with MHC Class II molecules 
(Germain, 1986). Endogenous Ags (viral proteins) utilize a 
distinct pathway described subsequently and typically associ-
ate with Class I molecules. 

The numerous steps and mechanisms of these cytosolic 
phenomena (processing) are not completely understood. The 
endosomal compartment develops an acidic pH that facili-
tates proteolytic enzyme activity that digests pinocytosed 
material (Braciale et al., 1987). After digestion in the endo-
some, the antigen fragments have one of two fates: they can 
bind to Class II molecules in multivesicular bodies and be 
recycled back to the membrane as a complex or the endosome 
can fuse with a lysosome, resulting in further proteolysis and 
loss of immunogenicity or potential recycling to the surface. 
The signals that direct the choice of one pathway or the other 
are unknown. However, Class II molecules produced in the 
Golgi are associated with a third chain, the invariant chain 
(Cresswell, 1992). This chain stabilizes the Class II molecule 
so it can exit the Golgi, but will dissociate in an acidic com-
partment allowing peptide to bind to the MHC molecule. 
Once dissociated, the Class II molecule is targeted to the 
surface. Fusion of multiple endosomes or Golgi vesicles with 
endosomes forms multivesicular bodies that may be im-
portant in signaling recycling. 

Peptides generated by processing associate with the 
antigen-binding groove in the MHC. Typically, for macro-
phage- and B cell-derived peptides, these peptides between 
8 and 14 amino acids in length (Sette and Grey, 1992). Thus, 
potential differences in processing machinery may alter the 
types of immune response generated. Association of peptides 
with MHC Class I molecules is different than association 
with Class II. Class I molecules formed in the endoplasmic 
reticulum (ER) associate with cytoplasmic peptides that are 
carried to the ER by peptide transporters (Monaco, 1992). 
Peptides of shorter length (compared with Class II MHC) 
are generally the rule (8 to 10-mers) (Braciale, 1992). Class 
I-peptide complexes traffic to the membrane, where they 
can be recognized by TcRs on CD8+ T cells. One additional 
intracytoplasmic transporter has been identified that may be 
relevant in the gastrointestinal tract. The family of heat-shock 
proteins bind peptides and can transfer these peptides to 
Class I (and maybe Class II) molecules within the cell (Van-
buskirk et al., 1989). 

IV. ANTIGEN-PRESENTING CELLS PRESENT 
IN THE MUCOSAL TISSUES 

Because of differences in the antigenic microenvironments 
of the different organs, the responsibilities of the local im-
mune systems also must be different. To coordinate these 
diverse responsibilities, the mechanisms of antigen handling 
also must be diverse. Among the mucosal tissues, the intesti-
nal mucosa is the largest and is exposed continuously to food 
antigens, viruses, bacteria, parasites, or the by-products of 
these organisms. For this reason, it is appropriate that antigen 
presentation, interactions between immunocompetent T cells 
and APCs, and other immunological phenomena also are very 
specialized. 

Although other mucosal sites (lung, bladder) also are ex-
posed chronically to Ag, the volume of antigens is much less. 
Therefore, let us first discuss mechanisms of antigen entry 
into the gastrointestinal mucosa. Early reports suggested that 
specialized epithelial cells, M cells, were responsible for anti-
gen handling in the gut. M cells are believed to derive from 
epithelial cells and reside over Peyer's patches (Shimizu and 
Andrew, 1967; Wolf and Bye, 1984). Some variability has 
been seen in the reports that these cells express Class II 
molecules on their surface (Bjerke and Brandtzaeg, 1988; 
Bland and Kambarage, 1991). Large particulate Ags seem 
particularly well suited for uptake by M cells (Owen, 1977) 
and some viruses bind to M cells via a specific receptor (e.g., 
poliovirus, reovirus III) (Wolf et al., 1981; Sicinski et ai, 
1990). However, the number of M cells in the intestine is 
limited when compared to the vast array of immunogenic 
substances encountered in the lumen. M cells appear to trans-
port antigen by transcytosis without any processing of the 
antigen (Owen et al., 1986), so the immune response relies 
on macrophages lying below the M cells. Major evidence for 
this concept has been provided by the studies of Owen and 
Jones (1974) documenting that these cells lack lysosomes, an 
important source of proteolytic enzymes in their cytoplasm. 

The transport of large macromolecules has been demon-
strated clearly by many researchers. Although controversy 
exists over whether M cells express Class II molecules (Hir-
ata et al., 1986; Bjerke and Brandtzaeg, 1990), the general 
feeling is that these cells do not interact with T cells in the 
lamina propria. Instead, antigens pass through in pinocytotic 
vesicles untouched or unprocessed. One group of investiga-
tors has documented the presence of acidic vesicles (lyso-
somes ?) in these cells, but formal proof is still required 
(Allen et al., 1992). M cells predominate in the small bowel, 
where Ag entry is greatest, but also exist in the colon and 
rectum. In fact, some investigators have suggested that these 
cells may be the site of entry for HIV (Lehner et al., 1991). 

The next obvious question is what happens to Ag after 
passage through the M cell. This question raises the issue of 
the role of macrophages in the gastrointestinal tract. Macro-
phages are quite heterogeneous, and subpopulations localize 
to distinct areas in the gastrointestinal tract, where they ex-
press different functional properties. Much of the information 
regarding intestinal macrophages comes from immunohisto-
chemical studies, unfortunately with some degree of dispar-
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ity. However, the disparate findings can be explained. Most 
studies come to a general consensus on location and func-
tional properties. Researchers generally agree on the location 
of intestinal macrophages: the villous core of the small bowel, 
the subepithelial space in the crypt, under the dome (M cell) 
epithelium overlying Peyer's patches, and in the patch itself 
(GolderandDoe, 1983;Selby^a/., 1983; Winters al., 1983; 
Berken et al., 1987; Harvey and Jones, 1991). Most groups 
report that macrophages are greater in number in the small 
bowel, underscoring a role in Ag sampling, detoxification 
via release of chemical mediators (Superoxides, etc.), and 
scavenging of potentially harmful substances (with possible 
release into the lumen). This latter point has been suggested 
by the finding of large amounts of carbon particles in carbon-
fed mice within subepithelial macrophages, and little free 
carbon elsewhere (including the patch) (Joel et al., 1978). 
Several types of material have been found within macro-
phages, including DNA from damaged cells (Sawicki et ai, 
1977). Colonic macrophages may be increased because of 
the numbers of enteric Ags that pass through or between the 
epithelium. 

With respect to M cell transport of Ag, subepithelial macro-
phages take up the transported Ag and presumably 4'carry'' 
it to the Peyer's patch. The actual transfer of Ag has not 
been elucidated, especially since the number of macrophages 
within the patch is limited and Ag transfer has never been 
visualized. Within the villous core, the observations have 
been more clear. Macrophages reside near plasma cells in 
the subepithelial layer. Non-M cell-transported Ag may be 
processed and presented by the macrophage, although formal 
proof of this behavior is required. Macrophages in the small 
and large bowel have been reported to be suppressive, secre-
ting prostaglandin E2 (PGE2), and inhibiting immune re-
sponses (Pavli et al., 1990) in a manner similar to alveolar 
macrophages (in a mixed lymphocyte reaction). These cells 
do express nonspecific esterase and acid phosphatase, consis-
tent with conventional APCs, but the level of expression is 
lower than that of peripheral monocytes in some studies 
(Mahida et al., 1989). These enzymes, however, render the 
cells functional as APCs. 

Functionally, gut macrophages are also quite heteroge-
neous. Generally, they are poorly adherent to plastic although 
this characteristic may relate to isolation by Ficoll-hypaque 
(Verspaget and Beeken, 1985). These cells do adhere to 
fibronectin-coated plates, however, and can be enriched by 
this method. Gut macrophages express FcR and take up 
immune complexes (coated red blood cells, toxin-antitoxin 
complexes). Phagocytosis can stimulate the respiratory 
burst, which is less active than that of peripheral monocytes 
but present nonetheless. Finally, these cells produce comple-
ment components C3 and C4 and express complement recep-
tors. However, as stated earlier, they may be suppressive in 
mixed lymphocyte reactions; macrophages within the patch 
are poorly stimulatory (Le Fevre et al., 1979). This latter 
point is important because, with the potential for a large 
antigen load in the patch, priming but not active immune 
response is consistent with the histology of the patch, which 
differs from a reactive lymph node. Thus, in summary, much 
is still unknown about intestinal macrophages. Our knowl-

edge has been limited by the lack of good reproducible meth-
ods for purification of large populations of these cells, coupled 
with the marked heterogeneity evident within the gut. 

If the macrophages do not play a key role in immune 
responses in the gut, what cell fills this role? As discussed 
earlier, the most potent APC described to date is the dendritic 
cell. For these cells too, we are hampered by heterogene-
ity—interdigitating cells in the lymph node, Langerhans cells 
in the skin, and so on all fall into this category. Two popula-
tions of dendritic cells have been described in the gut. The 
classical dendritic cell is esterase negative, acid phosphatase 
negative, FcR negative, fibronectin nonadherent, and 
strongly DR positive with dendritic extensions that are ac-
tively involved in T-cell interactions (Sminia and Jeunssen, 
1986; Nahida et al., 1988; Marsetyawan et al., 1990; Bland 
and Kambarage, 1991). This type of dendritic cell, also called 
the ' 'veiled cell" in the gut, is found in the lamina propria 
throughout the small bowel, predominantly in subepithelial 
tissue. Functionally, these cells are potent stimulators of the 
mixed lymphocyte reaction (MLR; Mahida et al., 1988). A 
second type of dendritic cell is the interdigitating cell found 
in Peyer's patches. These cells, isolated by several groups, 
are effective APCs but, interestingly, in one study appear to 
promote IgA-specific responses [possibly related to trans-
forming growth factor ß (TGF/3) production] (Spalding and 
Griffith, 1986; Spalding et al., 1984). These cells likely prime 
the Ag-specific response in the patch and generate IgA-
specific responses. However, these cells fail to explain the 
dichotomy of immune responses in the gastrointestinal tract 
(active immunity vs. tolerance). 

We are, therefore, left with one cell (B cells have not been 
studied carefully for their APC function in the gut) that has 
been proposed as a major player in antigen presentation in 
the gut—the intestinal epithelial cell (IEC). Several groups 
studying different model systems have documented that in-
testinal epithelium, especially in the small bowel, constitu-
tively expresses Class II molecules (Wiman et al., 1978; 
Masons«/., 1981; Selby etal., 1981; Kaiserlian *tf a/., 1990; 
Mayer et al., 1990). Further, subsequent studies revealed 
that these cells could function as APCs, processing and pres-
enting Ag to primed T cells (Bland and Warren, 1986a,b; 
Mayer and Shlien, 1987; Kaiserlian et al., 1989). However, 
the unique feature is that these cells appear to activate CD8+ 

suppressor T cells selectively by direct activation (Bland and 
Warren, 1986a,b; Mayer and Shlien, 1987) or by suppression 
by soluble factors (PGE2) (Santos et al., 1990). Such findings 
concur with the phenomenon of oral tolerance, in which the 
mechanisms of suppressor cell activation were previously 
unclear. However, epithelial cells are capable of stimulating 
CD4+ T cells as well (Kaiserlian et al., 1989; Mayer and 
Eisenhardt, 1990) via classical Class II-mediated pathways. 
Under most circumstances, suppression would predominate 
whereas in other situations (e.g., inflammatory states), helper 
T cell activation could occur. 

The expression of Class II molecules by IECs has been 
somewhat controversial. Although researchers generally 
agree that small bowel IECs constitutively express Class II 
molecules, identification of these molecules on colonocytes 
has been more variable. With sensitive techniques, Class II 
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molecules can be detected with expression that may be 
patchy. Expression appears to relate to the presence of intra-
epithelial lymphocytes (IELs) (Cerf-Bensussan et aL, 1984) 
and is enhanced in states in which interferon y is produced 
or passively administered (Quyang et aL, 1988; Steiniger et 
aL, 1989; Masson and Perdue, 1990; Zhang and Michael, 
1990). The distribution of Class II molecules on the IECs 
is also of interest. Presumably because of the overlapping 
membranes on the microvillous border, Class II molecules 
are highly expressed on the luminal side. Intuitively, this 
situation makes little sense since cell interactions (i.e., T 
cell-IEC) do not occur in the lumen. However, Bland (1990) 
has suggested that the Class II molecules may serve as "pep-
tide receptors" for predigested (or preprocessed) peptides 
that result from proteolysis within the stomach and upper 
small bowel. Peptides bound to Class II molecules then would 
be internalized and presented to lamina propria T cells (via 
fenestrations in the basement membrane) or even potentially 
to IELs. 

Several unresolved issues remain. The first relates to the 
ability of IECs to take up and process large macromolecules 
into a form recognized by the TcR. Small di- and tripeptides 
(predigested) are taken up by IECs, but little evidence exists 
for larger macromolecular transport. However, some data 
suggest that at least malignant epithelial cell lines take up 
large proteins (tetanus toxoid, transferrin) and incorporate 
them into multivesicular bodies (L. P. So, K. Pelton, G. 
Small, and L. Mayer, unpublished observations). Bland and 
colleagues have shown that rat IECs take up ovalbumin, but 
processing is limited; fixed conventional APCs fail to present 
IEC-processed Ags (suggesting that distinct peptides are gen-
erated; Bland and Whiting, 1989). Further, the I -E molecules 
expressed on murine IECs may be altered, potentially reduc-
ing the potency of these molecules as restriction elements. 

A second major issue is the fact that a Class II molecule-
bearing cell stimulates CD8+ T cells, especially if one as-
sumes that IECs are stimulating IELs (typically CD8+). The 
data on this topic are only now becoming available; some 
suggest a non-class II-CD8 interaction between IECs and T 
cells (Mayer et aL, 1990), and potentially a nonclassical Class 
I molecule such as CD Id or TL, demonstrated to be present 
on human and murine IECs (Bleicher et aL, 1990; Hershberg 
et aL, 1990; Blumberg et aL, 1991). The interaction of a 
Class I-like molecule with CD8+ T cells may overshadow 
the "typical" interaction of Class II with CD4. These specula-
tions are just that and, although IECs are tempting cells to 
evoke in normal antigen presentation in the gut, no in vivo 
model has been generated and no clear evidence exists that 
these cells function as APCs in a physiological system. 

V. SUMMARY 

Given the nature of the gastrointestinal tract and its contin-
uous Ag exposure, obviously unique systems of Ag handling 
must be developed. Clearly typical APCs do not function 
typically in the gastrointestinal tract and atypical (nonprofes-
sional) APCs may play a more dominant role. However, a 
clear understanding of this entire process awaits the develop-
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ment of physiological model systems in which these hypothe-
ses can be tested. 
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16 
Oral Tolerance and Regulation of Immunity to 

Dietary Antigens 
Allan Mel. Mowat 

I. INTRODUCTION 

The diet of all animals consists of a complex mixture of 
animal and vegetable products, most of which are nonself in 
immunological terms and, hence, are potentially antigenic. 
As other chapters in this volume describe, the gut-associated 
lymphoid tissues (GALT) are the largest in the body and 
contain a wide array of different effector mechanisms to 
counter continual bombardment by potential pathogens. Mo-
bilization of this powerful battery of responses against food 
antigens would be undesirable, partly because it would limit 
their uptake and metabolic usefulness but more importantly 
because hypersensitivity to foods can produce intestinal pa-
thology, as typified by celiac disease and other food sensitive 
enteropathies (FSE). 

These conditions are rare, not because intestinal digestion 
destroys all immunologically relevant food antigens, but be-
cause the intestinal immune system can discriminate actively 
between food antigens and those of pathogenic importance. 
Contrary to the widespread belief among immunologists, a 
substantial proportion of ingested protein is absorbed intact 
in an immunologically relevant form. Thus, each meal results 
in the absorption of significant amounts of intact protein that 
certainly are within the range capable of stimulating immune 
responses if administered by other routes (Swarbrick et al., 
1979; Kilshaw and Cant, 1984; Husby et al., 1987; Harmatz 
et al., 1989). The purpose of this chapter is to review the 
immunoregulatory mechanisms that prevent the induction of 
hypersensitivity by this formidable antigenic challenge. 

II. IMMUNE RESPONSES TO 
DIETARY ANTIGENS 

The immune system can react in three principal ways when 
a novel antigen is present in food (Figure 1). First, a local 
secretory IgA antibody response may occur in the intestine; 
second, the systemic immune system may be primed, with 
evidence of serum antibodies and cell mediated immunity 
(CMI); finally, a state of systemic immunological tolerance 
may develop, preventing the induction of active immunity 
when the offending antigen is encountered on subsequent 
occasions. 

Experimental evidence suggests that the production of lo-
cal IgA antibodies to food antigens may mediate a specific 
immune exclusion mechanism that, thereafter, prevents the 
uptake of the appropriate antigen (Swarbrick et al., 1979; 
Challacombe and Tomasi, 1980). That this mechanism is one 
means of preventing clinical food hypersensitivity is consis-
tent with the higher frequency of antibodies and hypersensi-
tivity to food proteins that occur in individuals with selective 
IgA deficiency (Crabbo and Heremans, 1967; Walker, 1987). 
Nevertheless, most patients with this extremely common 
form of immune deficiency are entirely normal and have no 
evidence of food sensitivity. The relative importance of intes-
tinal IgA in the prevention of food sensitivity is challenged 
further by the fact that stimulating IgA antibodies by immu-
nizing normal animals orally with conventional protein anti-
gens is difficult (Elson and Ealding, 1984; Lycke and Holm-
gren, 1986; Wilson et al., 1989; van der Heijden et al., 1991; 
McGhee et al., 1992; Mowat et al., 1993. Further, normal 
humans have little or no intestinal IgA antibody against food 
antigens (O'Mahony et al., 1991). Thus, production of secre-
tory IgA antibodies alone is unlikely to account for the ab-
sence of hypersensitivity reactions to food antigens, although 
this mechanism seems likely to provide a useful back-up to 
other, more potent immunoregulatory mechanisms. 

III. ORAL TOLERANCE 

Tolerance is a state of specific immunological unrespon-
siveness to antigens that, under other circumstances, are 
capable of inducing an active immune response. One of the 
most reliable means of inducing immunological tolerance in 
experimental animals is presenting the antigen by the oral 
route. Tolerance is the usual result of administering a novel 
antigen to a naive animal by this route. Oral tolerance has 
been described best in laboratory rodents, but its presence 
has been implied in many other species including humans 
(Korenblatt et al., 1968; Lowney, 1968; Walker, 1987), pigs 
(Miller et al., 1984; Stokes et al., 1987), dogs (Cantor and 
Dumont, 1967), guinea pigs (Heppell and Kilshaw, 1982), and 
rabbits (Bhogal et al., 1986). Species differences do occur, 
however. Inducing oral tolerance in rabbits or guinea pigs 
(Peri and Rothberg, 1981; Heppell and Kilshaw, 1982) is 
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Feed Protein Antigen SPECIFIC INCREMENT IN FOOTPAD THICKNESS (mm x ΙΟ'2) 

10 20 30 

Systemic Priming 

Systemic Tolerance 

Local Production 
of IgA 

Figure 1 The immunological consequences of feeding antigen. De-
pending on the antigen, the animal model, and the circumstances 
involved, oral administration of antigen may stimulate production 
of secretory IgA antibodies in the intestine, may induce a primary 
systemic immune response, or may result in systemic unrespon-
siveness to subsequent challenge with the antigen. In practice, this 
systemic tolerance is the usual result of feeding a novel protein 
antigen to a naive mature animal. 

relatively difficult, whereas ruminants may not develop sig-
nificant tolerance to dietary materials at all (Stokes, 1984). 

The phenomenon is illustrated readily by feeding mice a 
single dose of a few milligrams of a protein such as ovalbumin 
(OVA) some time before immunizing the animals with the 
antigen in adjuvant via an immunogenic route. In most experi-
ments of this type, antigen-fed animals have almost complete 
suppression of their immune response to the challenge immu-
nization (Figure 2). In this discussion, we focus on oral toler-
ance to protein antigens and address the hypothesis that this 
mechanism is the principal means of preventing food hyper-
sensitivity. 

A. Background 

The possibility that ingestion of antigen might have immu-
nological consequences different from those associated with 
systemic imunization was raised first in an anecdotal report 
by Dakin (1829), who described how South American Indians 
ate poison ivy in an attempt to prevent what we now under-
stand as contact hypersensitivity to the plant (Dakin, 1829). 
Subsequently, the author and scientist H. G. Wells conducted 
a large series of experiments that showed that anaphylactic 
reactions to OVA and other proteins in guinea pigs could be 
inhibited by prior feeding of the appropriate material (Wells 
and Osborne, 1911). The immunological nature of the phe-
nomenon first was established by the much later experiments 
of Chase (1946), using contact sensitizing agents. Exploiting 
the knowledge that was emerging at that time on cellular 
immunity and on the induction of tolerance in other systems, 
Chase's work demonstrated the antigen specificity of oral 
tolerance and recognized how readily the immune system 
could be down-regulated by what came to be known as the 
Sulzberger-Chase phenomenon. Since then, the protocols of 
inducing oral tolerance and the mechanisms involved have 
attracted considerable attention, not only from mucosal im-
munologists but also from individuals interested in using this 
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Figure 2 Induction of tolerance by feeding the protein antigen oval-
bumin (OVA) to normal adult mice. A dose-dependent suppression 
of systemic delayed type hypersensitivity (DTH) (A) and IgG anti-
body (B) responses to subcutaneous challenge with OVA in adjuvant 
in mice fed OVA. Systemic T cell responses (DTH) are more sensitive 
to the effects of antigen feeding and also show evidence of priming 
when the lowest doses of OVA are used. 

system as a model of immunoregulation or as a means of 
artificially inhibiting immune responses to antigens of immu-
nopathological importance. 

B. Scope 

The induction of systemic tolerance by feeding antigen 
has been demonstrated with a wide range of nonreplicating 
antigens. In addition to the many proteins that have been 
studied, these antigens include contact sensitizing agents 
(Galister, 1973; Asherson et al, 1977,1979; Newby et al, 
1980; Gautam and Battisto, 1985), heterologous red blood 
cells (Kagnoff, 1978a, 1980; Mattingly and Waksman, 1980; 
Kiyono et al, 1982;MacDonald, 1983), allogeneic leukocytes 
(Sayegh et al, 1992), and inactivated viruses or bacteria 
(Stokes et al, 1979; Challacombe and Tomasi, 1980; Rubin 
et al., 1981). Although the majority of immunological studies 
have concentrated traditionally on familiar model antigens 
such as sheep red blood cells (SRBC) and OVA, more recent 
work also has used proteins of immunopathological impor-
tance, including myelin basic protein (MBP), uveal S antigen, 
and collagen (Nagler-Anderson et al., 1986; Higgins and 
Weiner, 1988; Lider et al, 1989; Nussenblatt et al, 1990; 
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Zhang et al., 1990; see Thompson and Staines, 1990, for 
review). The results obtained using different protein antigens 
are often similar, indicating the reproducibility of the phe-
nomenon. However, the exact dose required for optimal in-
duction of tolerance may differ, perhaps reflecting size- or 
charge-related differences in uptake by the intestine as well 
as inherent differences in immunogenicity. 

Virtually all proteins examined have been found to induce 
oral tolerance, although some controversy exists over 
whether this also applies to proteins with unusual abilities 
to bind to and be absorbed by the intestinal mucosa, for 
example, cholera toxin. Cholera toxin has an almost unique 
ability to stimulate primary secretory IgA antibody responses 
after feeding and also has been shown to stimulate systemic 
antibody and CMI responses by the oral route (Elson and 
Ealding, 1984; Lycke and Holmgren, 1986; Wilson et al., 
1991; McGhee et al., 1992). In addition, cholera toxin acts as 
an adjuvant for other orally administered proteins, allowing 
them to provoke both systemic and local immunity rather 
than the tolerance found after feeding the protein alone. 
These results suggest that cholera toxin overcomes the immu-
noregulatory mechanisms that normally produce oral toler-
ance, but whether this characteristic reflects its ability to 
bind specifically to enterocytes or its pharmacological effects 
on cell activation is not clear. 

In contrst to the similarities between different proteins, 
the oral tolerance induced by antigens such as SRBC and 
contact sensitizing agents may be regulated in quite distinct 
ways (see subsequent discussion). In the case of SRBCs, this 
difference may reflect, in part, their particulate nature and 
the fact that these antigens have a thymus-independent com-
ponent. 

C. Immunological Consequences 
of Oral Tolerance 

All aspects of the immune response can be rendered toler-
ant by feeding antigen. A single feed of protein antigen will 
tolerize subsequent systemic IgM, IgG, and IgE antibody 
responses (Vaz et al., 1977; Ngan and Kind, 1978; Richman 
et al., 1978; Swarbrick et al., 1979; Challacombe and Tomasi, 
1980; Titus and Chiller, 1981; Mowat et al., 1982; Thompson 
and Staines, 1990), as well as CMI responses measured by 
lymphocyte proliferation (Challacombe and Tomasi, 1980; 
Titus and Chiller, 1981; Higgins and Weiner, 1988; Lider et 
al., 1989), cytokine production (Whitacre et al., 1991), and 
delayed-type hypersensitivity (DTH) or contact sensitivity 
in vivo (Asherson et al., 1977,1979; Miller and Hanson, 1979; 
Newby et al., 1980; Titus and Chiller, 1981; Mowat et al., 
1982; Gautam and Battisto, 1985; Kay and Ferguson, 
1989a,b). CMI responses are much easier to tolerize than 
are humoral immune responses, requiring less antigen and 
persisting much longer after feeding (Figure 2; Heppell and 
Kilshaw, 1982; Mowat et al., 1982; Mowat et al., 1986; Stru-
bel and Ferguson, 1987; Kay and Ferguson, 1989a,b). This 
finding extends to primed animals, in whom DTH responses 
can be suppressed fairly readily by feeding OVA after sys-
temic immunization whereas serum antibody repsonses re-
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main relatively unaffected (Lamont et al., 1988a; Peng et al., 
1989a). In parallel, oral tolerance to proteins exhibits classical 
carrier specificity (Hansons«/., 1977; Richman et al., 1978; 
Titus and Chiller, 1981; Cowdrey and Johlin, 1984) and toler-
ance of antibody production in vivo can be broken if the 
defective helper T cells are bypassed using an unrelated car-
rier or are stimulated with lipopolysaccharide (LPS) (Titus 
and Chiller, 1981; Mowat et al., 1986). When B cells are 
tolerized by feeding antigen, they recover much more quickly 
than T cells (Vives et al., 1980). 

One exception to the general rule that antibody responses 
are relatively difficult to tolerize is IgE production, which is 
remarkably sensitive to inhibition by feeding antigen before 
or after parenteral immunization (Ngan and Kind, 1978; Jar-
rett and Hall, 1984; Saklayen et al., 1984). Interestingly, 
similar findings have been made in the experimental tolerance 
that can be induced by exposing animals to aerosols of protein 
antigen (Holt et al., 1981). In conjunction with the fact that 
IgE and DTH responses are the mechanisms most frequently 
associated with pathological food hypersensitivity (Mowat, 
1993), these results suggest that prevention of food-specific 
IgE and DTH responses may be the most important biological 
role of oral tolerance. 

The status of mucosal immune responses in orally tolerized 
animals is less clear. Initial reports suggested that the degree 
of tolerance of systemic immunity induced by feeding antigen 
correlated directly with the concomitant development of se-
cretory IgA antibody responses and IgA-mediated immune 
exclusion (Swarbrick et al., 1979; Challacombe and Tomasi, 
1980). In addition, mice fed antigen were reported to have 
concomitant induction of Peyer's patch T cells that sup-
pressed IgG production but helped the synthesis of IgA anti-
bodies (Richman et al., 1981). However, strain differences 
in immune exclusion among protein-fed mice do not correlate 
with their susceptibility to oral tolerance (Stokes et al., 
1983a). In addition, several investigators using both protein 
and nonprotein antigens have shown that intestinal IgA pro-
duction is tolerized by feeding antigen (Kiyono et al., 1982; 
MacDonald, 1983). These latter findings are consistent with 
the apparent absence of IgA antibodies against food antigens 
in normal individuals and indicate that local IgA production 
probably is regulated in the same way as systemic immunity 
in orally tolerant animals. 

D. Time Course and Duration of Oral Tolerance 

Systemic tolerance can be demonstrated very soon after 
a single feed of protein. Significantly suppressed responses 
to systemic challenge with OVA are observed within 2 days 
of feeding the antigen (Challacombe and Tomasi, 1980). The 
maximum degree of unresponsiveness then occurs during the 
first weeks after feeding; in most experimental protocols, a 1-
to 2-week gap between feeding and challenge has been found 
to be the most appropriate. The resulting tolerance is then 
remarkably persistent, although its exact duration depends 
on the nature of the systemic immune response under study. 
Work with OVA has shown that, although tolerance of serum 
IgG antibody responses had almost disappeared by 6 months 
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after a single feed of OVA, the DTH tolerance remains essen-
tially intact up to at least 18 months (Strobel and Ferguson, 
1987). In view of the fact that the average life-span of a 
laboratory mouse is little more than 2 years, these findings 
highlight the potency and stability of this immunoregulatory 
phenomenon. In addition, these data are further evidence 
that systemic T-cell responses are affected more readily by 
feeding antigen than is humoral immunity. 

Tolerance induced by feeding other antigens such as heter-
ologous red cells may not develop so rapidly, since multiple 
feeds of SRBCs over a period of >2 weeks often are required 
for unresponsiveness to be demonstrable. This result may 
reflect the fact that SRBCs may induce a primary immune 
response when given orally and that this priming first must be 
overcome before tolerance ensues (Kagnoff, 1978a,b; David, 
1979; Mattingly and Waksman, 1980). 

IV. FACTORS THAT INFLUENCE THE 
INDUCTION AND MAINTENANCE 

OF ORAL TOLERANCE 

A. Nature of Antigen 

As we have discussed, a wide range of antigens is capable 
of inducing oral tolerance. Although differences in dose re-
sponse, time course, and the exact mechanisms involved may 
exist, the eventual effects on the systemic immune response 
are generally similar, irrespective of the antigen. However, 
certain types of antigen are more likely to provoke active 
immunity rather than tolerance by the oral route, particularly 
viable organisms such as viruses and bacteria (Stokes et al., 
1979; Rubin et al., 1981). This difference in response is not 
dependent on the nature of the antigens involved, since the 
same organisms will induce oral tolerance if killed or inacti-
vated (Rubin et al., 1981). In addition, soluble proteins ex-
pressed as gene products in live bacteria are immunogenic 
when given orally (Dahlgren et al., 1991). 

Inducing tolerance by feeding thymus-independent anti-
gens also is generally impossible (Stokes et al., 1979; Titus 
and Chiller, 1981), even if these are administered in associa-
tion with a thymus-dependent antigen. Thus, mice fed killed 
Escherichia coli develop tolerance to the thymus-dependent 
K antigen but acquire local and systemic immunity to the 
thymus-independent O antigen on the same organism (Stokes 
et al., 1979). Particulate antigens are also less able than solu-
ble antigens to induce oral tolerance, since OVA coated onto 
polyglycoside microspheres stimulates active immunity by 
the oral route (McGhee et al., 1992). 

These findings may help explain the ability of the intestinal 
immune system to discriminate between dietary and patho-
genic antigens, since many potentially invasive bacteria will 
present a large amount of thymus-independent antigen (e.g., 
LPS) in particulate form and, of course, a large proportion 
of this material will be viable. How the intestinal immune 
system can distinguish between immunogenic and tolerogenic 
materials is not known, but may relate to the ability of viable 

organisms to provide a persistent stimulus to the immune 
system or to invade lymphoid tissues beyond the intestinal 
mucosa. Particulate antigens also may be taken up and pro-
cessed by the intestine more efficiently, perhaps because 
such antigens may target M cells in Peyer's patches (Owen, 
1977; Pappo and Ermak, 1989), whereas soluble materials 
may enter diffusely across the villus epithelium. 

B. Antigen Dose 

A wide range of antigen doses will induce significant oral 
tolerance; a single feed of a few milligrams of protein is 
sufficient in mice (Figure 2; Hanson et al., 1977; Mowat et 
al., 1986). The exact dose required for the optimal effect 
depends on the protein under study. The different limbs of 
the systemic immune response are differentially susceptible. 
Maximal immune suppression after feeding OVA occurs with 
doses ranging from 1 to 20 mg protein, but DTH responses 
can be tolerized reproducibly by doses of as little as 100 /*g 
OVA, whereas at least 5-10 mg are necessary to inhibit 
humoral immunity (Figure 2). 

At doses immediately below those that induce tolerance, 
feeding antigen has no effect on systemic immunity, whereas 
even lower amounts actually may prime the immune response 
(Figure 2; Lamont et al., 1989). In mice, systemic priming 
occurs during doses of 1-50 μ% protein and affects T-cell 
repsonses more than humoral immunity. A similar phenome-
non has been noted in piglets, in which large amounts of 
weaning diet produce tolerance and low amounts prime the 
animals to develop food sensitivity (Miller et al., 1984). Inter-
estingly, initial exposure to low amounts of food antigens 
also has been suggested to predispose to eczema in children 
(Jarrett, 1984). 

C. Genetic Background of Host 

Since celiac disease is linked closely to the HLA-DQw2 
locus of the human major histocompatibility complex (MHC; 
Howell et al., 1986), determining how genetic factors influ-
ence the regulation of immune responses to fed protein anti-
gens under experimental conditions is important. Several 
early studies noted strain differences in the susceptibility of 
mouse stains to the induction of oral tolerance by feeding 
OVA, although these differences were not investigated sys-
tematically and their basis was not addressed (Lafont et al., 
1982; Stokes et al., 1983a; Tomasi et al., 1983). Similar differ-
ences have been observed in the induction of oral tolerance 
in primed animals (Lafont et al., 1982). In a more detailed 
analysis of oral tolerance to OVA, we found that the majority 
of mouse strains was tolerized readily by feeding this antigen 
(Lamont et al., 1988b). Few consistent genetic influences 
could be identified, including those encoding the idiotypic 
regions of immunoglobulins. Interestingly, the susceptibility 
to induction of oral tolerance did not correlate with differ-
ences in tolerance induced by the intravenous route, under-
scoring the possibility that tolerance to fed antigens involves 
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mechanisms distinct from those that control immunity to 
parenterally administered antigen (see subsequent text). 

One important aspect to emerge from this work was that 
mice carrying the H-2d MHC haplotype were particularly 
susceptible to the induction of tolerance, whereas the H-
2b haplotype frequently was associated with less profound 
tolerance. Of particular note, BALB/B mice were much more 
difficult to tolerize than the congenic BALB/c strain (Figure 
3; Mowat et al., 1987; Lamont et al., 1988b). Since these 
mice differ only at the MHC, these data support a possible 
role for MHC genes in regulating oral tolerance to protein 
antigens. These strain differences did not reflect differences 
in the processing of protein in the intestine, but were the 
result of the inability of the BALB/B immune system to be 
regulated by tolerogenic protein coming from the intestine 
(Mowat et al., 1987). The immunological basis of this MHC-
linked effect remains to be established. Note that other non-
MHC-linked genes have been 'mplicated in oral tolerance, 
both to OVA and to human y globulin (Tomasi et al., 1983). 
These background genes do not appear to operate via the 
immune exclusion function of secretory Ig A antibody, but 
resistance to tolerance induction correlated with unusually 
rapid clearance of absorbed antigen from the circulation 
(Stokes et al., 1983a). Thus, oral tolerance induction may be 
under the control of several genes that may influence both 
specific immune responsiveness and nonspecific factors such 
as protein clearance and catabolism. 

One additional level of genetic control that has been noted 
is that strains of mice with genetically determined systemic 
lupus erythematosus (SLE)-like autoimmune disease are un-
usually resistant to the induction of tolerance by feeding 
certain protein antigens (Cowdrey et al., 1982; Miller et 
al., 1983; Carr et al., 1985). These well-established experimen-
tal models could provide useful means of investigating the 
immunological basis of antigen-specific regulation of immu-
nity to fed proteins. 
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Figure 3 Genetic differences in oral tolerance. BALB/B (H-2b) mice 
are resistant to the induction of tolerance by feeding doses of oval-
bumin (OVA) that suppress delayed type hypersensitivity (DTH) 
and antibody responses in congenic BALB/c (H-2d) mice. 

D. Influence of Host Age on Susceptibility 
to Oral Tolerance 

Food hypersensitivities are most common in infants, par-
ticularly at or near the time of weaning. Note, therefore, that 
neonatal and weaning mice exhibit defects in the induction 
of tolerance by feeding protein antigens. Mice fed OVA on 
the first day or two of life do not develop the tolerance of 
systemic immunity found in adults fed the same weight-
related dose. Indeed, OVA-fed infant mice show evidence of 
systemic priming when challenged parenterally as adults, 
particularly with respect to systemic DTH responses (Han-
son, 1981; Strobel and Ferguson, 1984). Similar findings have 
been reported in neonatal mice exposed early in lactation to 
gluten present in the milk of mothers fed a gluten-containing 
diet (Troncone and Ferguson, 1988). In addition, the ability 
to sensitize calves or piglets by feeding antigen during the 
preweaning period further supports an age-related defect in 
oral tolerance at this time (Miller et al., 1984; Stokes, 1984; 
Barratt etal., 1987; Stokes etal., 1987). 

This defect in tolerance does not correlate with differences 
in the amount of protein absorbed by the neonatal intestine 
and can be corrected by transfer of mature lymphocytes 
(Hanson, 1981; Peng et al., 1989a). Thus, the infant response 
may reflect an inability of the immature immune system to 
respond appropriately to intestinally derived tolerogen. The 
adult pattern of susceptibility to tolerance develops after 4 
days of age and is established fully around 7 days. However, 
an additional transient defect in tolerance induction occurs 
in the days around weaning (Hanson, 1981; Strobel and Fer-
guson, 1984). This latter phenomenon is not related to the 
age of the animal, but is influenced by the process of weaning 
itself and is likely to be determined by the alterations in 
intestinal microenvironment or in systemic hormone levels 
associated with weaning. 

At the other end of the age spectrum, aging mice have been 
reported to become increasingly resistant to the induciton of 
oral tolerance by feeding OVA (S. J. Challacombe, personal 
communication). Since this observation seems unusual in 
view of the apparent preservation of the intestinal immune 
system in aged animals, its significance is unclear. 

E. Influence of Intestinal Flora 

Evidence from both human and veterinary work suggests 
that clinical food sensitive enteropathy may develop subse-
quent to intestinal infection. As we have noted, the changes 
in gut flora at the time of weaning may be associated with a 
period of defective oral tolerance. One of several possible 
explanations for these findings is that bacterial products may 
influence the regulation of immune responses to dietary an-
tigens. 

The immunomodulatory effects of LPS and other bacterial 
products are well known. Substantial evidence suggests that 
germ-free mice have defective systemic immune competence 
(MacDonald and Carter, 1979; Collins and Carter, 1980). That 
these effects may extend to mucosal immunoregulation was 
suggested by the fact that germ-free mice cannot be tolerized 
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by feeding SRBC (Wannemuehler et al., 1982b). In addition, 
inducing tolerance by feeding SRBC to C3H/HeJ mice that 
have a genetically determined inability to respond to LPS is 
impossible (Kiyono et al., 1982;Michaleke/a/., 1982; Mowat 
et al., 1986; Kitamura et al., 1987). Unlike normal congeneic 
C3H mice, LPS-unresponsive animals are primed by feeding 
SRBC and develop systemic antibody and DTH responses 
as well as local IgA antibodies. These effects were associated 
with a defect in the induction of suppressor T cells (Ts) and 
a parallel appearance of contrasuppressor T cells (Suzuki et 
al., 1986a,b; Kitamura et al., 1987; Fujihashi et al., 1989). 

Although these results support an important role for LPS 
in mucosal immunoregulation, subsequent work by ourselves 
and others has shown that LPS has no influence on immune 
responses to fed protein antigens. Oral tolerance to proteins 
is entirely normal in LPS-unresponsive C3H/HeJ mice, and 
exogenous LPS has no effect on T-cell tolerance in normal 
mice fed OVA (Saklayen et al., 1983; Mowat et al., 1986). 
Thus, bacterial LPS seems unlikely to play an important 
role in the regulation of immunity to the majority of dietary 
antigens, which are protein in nature. However, the possibil-
ity that other bacterial products may influence these re-
sponses cannot be excluded. Clearly, LPS may influence 
responsiveness to certain antigens, particularly those with a 
strong thymus-independent component such as SRBCs. 

F. Role of Intestinal Absorption 
and Antigen Uptake 

As we shall discuss, oral tolerance to protein antigens 
reflects the manner in which the protein is processed in the 
intestine (see subsequent text). Thus, we might predict that 
any factor that alters either the amount or the chemical nature 
of the antigen absorbed from the intestine also will influence 
the immunological consequences of this material. This idea 
is supported by the high levels of food-specific antibodies 
that occur in individuals with disorders that cause increased 
intestinal permeability to macromolecules, for example, 
Crohn's disease and celiac disease (Cunningham-Rundles, 
1987; Walker, 1987). Although increased permeability to anti-
gen may explain in part the absence of tolerance in mice fed 
OVA incorporated in lipophilic immune stimulating com-
plexes (ISCOM) containing the detergent saponin (Quil A; 
Figure 4), a firm correlation between antigen uptake and 
tolerance or priming remains to be established. 

G. Nutritional Influences on Oral Tolerance 

The function of the immune system is highly dependent 
on the nutritional status of the host. Several reports have 
been made that protein-calorie malnutrition compromises the 
ability of animals to make mucosal immune responses (Chan-
dra et al., 1987). Nutritional deficiencies are most likely to 
occur in the early neonatal period, when the risk of disordered 
regulation of immunity to fed antigens is also at its highest. 
However, little is known of the influence of nutrition on oral 
tolerance, partly because distinguishing between the effects 
of malnutrition itself and those that are the result of secondary 
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Figure 4 Incorporation in immune stimulating complexes (ISCOMS) 
prevents the induction of oral tolerance. (A) Mice fed a dose of 
ovalbumin (OVA), which in soluble form induces tolerance of sys-
temic delayed type hypersensitivity (DTH) responses, are not toler-
ized if OVA is incorporated into ISCOMS. (B) Feeding ISCOMS 
increases the speed and amount of OVA uptake into serum after a 
test feed. 

complications, such as intestinal abnormalities or infection, 
is frequently difficult. One carefully controlled study has 
shown that mice on an isocaloric low-protein diet have defec-
tive induction of tolerance after feeding OVA and that this 
defect is related to a primary effect of malnutrition on the 
immune system (Lamont et al., 1987). If this finding extends 
to other forms of malnutrition, particularly in developing 
animals, poor nutritional status could predispose to food hy-
persensitivity in infancy. 

H. Immunological Status of the Host 

For many years, researchers have known that inducing 
systemic tolerance in animals that previously have been 
primed to the antigen is difficult or impossible. Although 
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initial work suggested that a similar effect of priming extended 
to oral tolerance (Hanson et al, 1979a), several investigators 
have since shown that oral tolerance can be induced in paren-
terally primed mice (Lafont et al, 1982; Higgins and Weiner 
1988; Lamont et al, 1988b; Lider et al, 1989; Peng et al, 
1989b; Thompson and Staines, 1990). Larger doses of fed 
antigen or more frequent feeds may be required to obtain 
degrees of tolerance equivalent to those found in naive ani-
mals; also, only a short time window after systemic priming 
may exist during which oral tolerance is inducible. These 
findings may help explain why multiple feeds of relatively 
large amounts of antigen are required to induce tolerance to 
SRBCs, since these contain antigens to which mice frequently 
are primed via cross-reacting intestinal flora; a primary im-
mune response can be detected before tolerance ensues (see 
preceding discussion). As is seen in naive hosts, tolerance 
to protein antigens in primed animals affects T-cell responses 
more than humoral immunity (Lamont et al, 1988b; Peng et 
al, 1989b) and exhibits clear strain differences. However, 
whether similar immunoregulatory mechanisms govern the 
tolerance in the two types of host is not clear (see subsequent 
discussion. Interestingly, studies have shown that feeding 
specific antigen also can be used to inhibit established autoim-
mune diseases such as experimental autoimmune enceph-
alomyelitis and collagen-induced arthritis (Higgins and 
Weiner, 1988; Lider et al, 1989; Thompson and Staines 
1990). Thus, the oral route may be potentially useful for 
immunotherapeutic intervention in antigen-specific immuno-
pathology. The relatively good ability of oral tolerance to 
overcome systemic priming also may explain the fact that 
several clinical food sensitivities, including cow milk protein 
intolerance and eczema, are transient in nature; affected pa-
tients apparently acquire specific tolerance. 

V. MECHANISMS OF ORAL TOLERANCE 

A. Introduction 

Most mechanistic studies in oral tolerance were performed 
during the late 1970s and early 1980s, at a time when the 
immune system was not understood at the molecular or cellu-
lar level. Several different mechanisms were suggested to be 
responsible for the ability of fed antigen to inhibit immune 
responsiveness but, as with many other immunoregulatory 
phenomena, this result usually was seen as a manifestation 
of Ts activity. Considerable efforts were made to establish 
the nature and origin of these cells and to understand how 
fed antigen could induce their activation preferentially. How-
ever, Ts have proved resistant to the major advances in mo-
lecular and cell biology that have elucidated the basis of most 
other T cell functions. As a result, researchers now consider 
Ts unlikely to exist as a discrete population of lymphocytes. 
The basis of immunoregulation has undergone a period of 
reexamination. Before reviewing the evidence for Ts and 
other immunoregulatory mechanisms in oral tolerance, we 
first discuss briefly how current views have altered our under-
standing of other forms of tolerance (Table I). 
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Table I Current Concepts in 
Systemic Tolerance0 

Clonal deletion-immature T cells; self-antigens 
Clonal anergy-mature T cells; mature/immature 

B cells 
Cytotoxic T cell lysis of APC or of specific B cells 
Inhibitory cytokines 

a Mechanisms that are believed to mediate toler-
ance to self or parenterally administered antigens. 

B. Mechanisms of Peripheral Tolerance 
and Immunoregulation 

Clonal deletion and anergy of antigen-reactive T cells now 
are believed to be the principal mechanisms responsible for 
most forms of tolerance induced by parenteral routes 
(Schwartz, 1989; Holan et al, 1991). Clonal deletion occurs 
predominantly in the thymus of developing animals, where 
immature T cells undergo apoptosis after encountering self-
antigens on medullary antigen-presenting cells (APC). Clonal 
deletion also may occur during tolerance induction in the 
periphery of mature animals, but this event probably reflects 
a state of specific cellular hyporesponsiveness at the level 
of antigen-specific T cells. This "anergy" occurs when the 
molecular signaling events that normally produce T-cell acti-
vation after presentation of antigen on APCs are altered and 
further stimulation by antigen is prevented (Mueller et al, 
1989). 

Several conditions favor the induction of anergy rather 
than immune activation, including the amount and nature of 
the antigen. In addition, growing evidence suggests that 
clonal anergy is particularly likely when antigen is presented 
on "nonprofessional" APC which, although expressing ap-
propriate MHC antigens, do not produce the co-stimulatory 
mediators necessary for T-cell activation (Mueller et al, 
1989). APC of this type include a variety of MHC Class II-
expressing epithelial cells, indicating the possible importance 
of this mechanism in regulating immunity in a tissue such as 
the intestine, where epithelial expression of MHC Class II 
antigens is a normal event. 

Our current understanding of immunoregulation has been 
increased further in recent years by the discovery that the 
immune response is controlled by a series of interacting cy-
tokines. Of particular note is the proposal that the outcome 
of immunization is dependent on the activation of discrete 
populations of CD4+ helper T cells (TH), which can be dis-
criminated on the basis of their pattern of cytokine produc-
tion. TH1 cells produce interleukin 2 (IL-2), interferon y 
(IFNy), and tumor necrosis factor ß (TNF0; lymphotoxin), 
and are responsible for DTH responses and cytotoxicity, 
whereas TH2 cells produce interleukins 4, 5, 6, 9, and 10 and 
are classical helper cells for antibody production (Mossmann 
and Coffman, 1989). The induction of these T-cell subsets 
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by antigen appears to depend on the natue of the APC in-
volved. In addition to playing quite distinct effector roles in 
the immune system, each of these T-cell subsets can inhibit 
the functions of the other. The nature of the immune response 
that eventually occurs reflects the outcome of the interactions 
between competing cytokines. That production of individual 
cytokines also can influence whether administration of anti-
gen produces tolerance or immunity is suggested by the find-
ings that antibodies to IFNy can prevent the induction of 
tolerance to intravenously administered OVA (Hayglass and 
Stefura, 1991) as well as the induction of antigen-specific T-
cell anergy in vitro (Liu and Jane way, 1990). Analogous stud-
ies have implicated similar roles for IL4 and transforming 
growth factor ß (TGFß) in parenterally induced tolerance 
(Schurmans et al., 1990; Karpus and Swanborg, 1991). 

Collectively, these studies indicate that the regulation of 
immune responses is determined by the way in which antigen 
is presented to the immune system and that the nature of 
the eventual response may reflect production of individual 
cytokines. Ascertaining the relevance of these recent devel-
opments to the existing knowledge on oral tolerance dis-
cussed in the following sections will be important. 

C. Suppressor T Cells and Oral Tolerance 

Ts have been implicated in virtually all models of oral 
tolerance in experimental animals. Early studies in guinea 
pigs fed contact sensitizing agents noted the presence of an 
active suppressor mechanism in vivo (Chase and Battisto, 
1955), and the ability of T cells to transfer tolerance first 
was reported in 1976 in rats fed bovine serum albumin (BSA; 
Thomas and Parrott, 1974). Support for a role for Ts came 
from two approaches. First, the induction of oral tolerance 
by feeding OVA, cholera toxin, or contact sensitizing agents 
could be prevented by treating mice with drugs that were 
believed to be specifically toxic to Ts, for example, cyclo-
phosphamide and 2'-deoxyguanosine (Mowat et al., 1982; 
Kay and Ferguson, 1989b; Mowat, 1986). By abrogating oral 
tolerance, cyclophosphamide also allows the development 
of immune complex glomerulonephritis in mice fed multiple 
doses of bovine gamma globulin (BGG; Gesualdo et al., 
1990). Second, transferable Ts were found after feeding a wide 
range of experimental antigens, including proteins, contact 
sensitizing agents, and SRBC as well as several antigens 
of pathological importance (Ngan and Kind, 1978; Kagnoff, 
1978a; Miller and Hanson, 1979; Kiyono et al., 1982; Mac-
Donald, 1983; Gautam and Battisto, 1985; Mowat, 1985,1986; 
Lider et al., 1989; Nussenblatt et al., 1990; Thompson and 
Staines, 1990). Interestingly, most evidence showed that Ts 

could inhibit only systemic T-cell responses in antigen-fed 
animals, whereas humoral immune responses remained unaf-
fected by Ts activity. 

In virtually all cases examined, these suppressor cells were 
CD8+ T cells that acted in the afferent phase of the immune 
response. In addition, reports were made of networks in 
which a number of Ts interacted to produce inhibition of the 
response (Mattingly and Waksman, 1980; MacDonald, 1982; 

Gautam and Battisto 1985). As in many other systems, the 
nature of the T-cell receptor (TcR) expressed on the Ts during 
oral tolerance has never been elucidated. Nevertheless, one 
study has proposed that the Ts induced by aerosol expo-
sure of mice to OVA carry the unusual γδ form of the 
TcR (McMenamin et al., 1991). In view of the fact that 
γδ+ Τ cells may accumulate in the gut, examining 
whether these findings extend to oral tolerance would be of 
interest. 

The effector Ts found in antigen-fed animals were believed 
to originate in the Peyer's patches soon after feeding antigen, 
before migrating to the mesenteric lymph nodes and then to 
systemic lymphoid tissues (Asherson et al., 1977,1979; Ngan 
and Kind, 1978; Mattingly and Waksman, 1978, MacDonald, 
1982). This behavior was not shown directly and the site of 
the interaction between antigen and Ts was never determined. 
Subsequent studies proposed that the induction of Ts required 
presentation of fed antigen by specialized APC that differed 
from conventioanl APC in their expression of molecules 
thought to be encoded by "I-J" genes found within the MHC 
Class II locus. In vivo treatment with antibodies against I-J 
molecules prevented the induction of tolerance in mice fed 
OVA, whereas similar treatment with antibodies against 
classical MHC Class II antigens had no effect (Mowat et 
al., 1988). Since the Ts induced by feeding OVA did not 
themselves express I-J markers, these experiments were in-
terpreted to show that fed antigen associated preferentially 
with I-J+ APCs that then stimulated Ts. This hypothesis was 
entirely compatible with contemporary studies in which a 
network of "I-J-restricted" APCs and Ts appeared to be 
responsible for a number of other models of tolerance (Green 
et al., 1983; Granstein and Green, 1985). However, the sig-
nificance of these findings is now unknown, since the bio-
chemical and genetic nature of the I-J molecule has not been 
elucidated and its very existence is controversial. Elucidating 
the molecular basis of the interactions between APCs and 
regulatory T cells in antigen-fed animals is a major challenge 
to mucosal immunologists. 

An additional layer of complexity in the groups of regula-
tory T cells found in antigen-fed animals comes from sugges-
tions that, under certain circumstances, apopulation of "con-
trasuppressor T cells" (Tcs) may counteract the effects of Ts 

(Suzuki et al, 1986a,b; Kitamura et al, 1987). These Tcs first 
were described as responsible for the lack of oral tolerance 
in LPS-unresponsive mice fed SRBC and appeared to act by 
interfering with the ability of Ts to inhibit specific antibody 
production. Evidence also was presented that the Tcs had 
selective effects on Ig A production. More recently, Tcs func-
tion has been reported to be associated with a small popula-
tion of spleen and intestinal intraepithelial T lymphocytes 
(IEL) that express the γδ TcR (Fujihashi et al, 1989,1990). 
Although these findings raise many intriguing issues concern-
ing the possible role of mucosal lymphocytes in regulating 
immunity to dietary antigens, note that the reports of Tcs in 
antigen-fed animals have been made only with SRBC and in 
an extremely limited number of mouse strains. Further, the 
existence of these cells is now considered even more unlikely 
than that of Ts themselves. 
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D. Other Immunoregulatory Mechanisms 

1. Clonal Anergy and Deletion of T Lymphocytes 

No studies of clonal deletion or anergy in oral tolerance 
have been published. However, several workers have re-
ported that T-cell tolerance in antigen-fed mice does not 
necessarily correlate with the presence of Ts (Titus and 
Chiller, 1981; Hanson and Miller, 1982; Tomasi et al., 1983). 
Further, as we have noted, humoral immunity in antigen-fed 
animals may not be regulated by Ts. Studies using limiting 
dilution analysis have suggested that individual antigen-
specific effector T cells from mice fed MBP are anergic in the 
absence of Ts (Whitacre et al., 1991). In addition, one report 
in abstract form has presented evidence for specific absence 
of T cells expressing the V/38.2 TcR in SJL mice fed MBP 
(Whitacre et al., 1990). Since the immune response to MBP 
in this strain is dominated by Vß8.2+ T cells, these results 
support the possibility that clonal deletion of antigen-specific 
T cells may occur during oral tolerance. Confirming and ex-
tending these findings, perhaps using the superantigen-based 
approaches that have proved successful in other models of 
tolerance, is now important. 

2. Role of Cytokines 

As we have noted, increasing evidence suggests that pref-
erential induction of individual cytokines may be of critical 
importance in a number of forms of immunoregulation. That 
this mechanism may be involved in oral tolerance is suggested 
by the differential effects of antigen feeding on systemic cellu-
lar and humoral immunity, as well as by the possibility that 
local IgA responses are relatively preserved during oral toler-
ance. One report has suggested that "Ts" from rats fed MBP 
can inhibit responses of primed T cells to a third party antigen, 
a phenomenon that has been ascribed to the involvement of 
nonspecific soluble mediators released by the Ts after contact 
with the antigen (Miller et al., 1991a). The cytokines involved 
have yet to be identified with certainty, but administration 
of IFNy interferes with the induction of oral tolerance in 
mice (Zhang and Michael, 1990), and preliminary studies 
indicate that in vivo depletion of TGF0 (Miller et al, 1991b) 
or IL-4 (Figure 5) can substantially prevent tolerance in mice 
fed OVA. These findings indicate the need for more extensive 
studies of the relationship between cytokine production and 
oral tolerance. 

3. Role of B Lymphocytes and Antibody 

Although oral tolerance has been ascribed most frequently 
to the induction of Ts, several other regulatory mechanisms 
have been reported. Suppressor B cells have been found in 
mice fed contact sensitizing agents (Asherson et al, 
1977,1979), and oral tolerance to these antigens can be en-
hanced by administration of polyclonal B cell activators 
(Newby et al, 1980). 

Transferring tolerance using serum-derived material from 
protein-fed animals is not possible (Hanson et al., 1979b). 
However, isolated reports suggest that tolerance to SRBCs 

Group 
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Figure 5 A role for interleukin 4 in oral tolerance. Mice treated with 
anti-IL4 antibody 1 day before feeding ovalbumin (OVA) do not have 
the significant tolerance of systemic delayed type hypersensitivity 
(DTH) responses seen in untreated OVA-fed controls. 

and certain contact sensitizing agents can be transferred using 
serum from antigen-fed mice (Andre et al, 1975; Kagnoff, 
1978b; Chalon et al., 1979; Bhogal et al., 1986). The material 
responsible appears to be IgG and is likely to be an anti-
idiotypic antibody rather than an antibody directed at the 
antigen itself. Regulation of immunity by anti-idiotypic anti-
body also has been described in mice tolerized by portal vein 
inoculation of allogeneic lymphocytes (Sato et al, 1988). 
Although the significance of these findings for more usual 
forms of oral tolerance has not been established, note that 
milk from mice tolerized orally or parenterally during preg-
nancy can induce tolerance in the neonate by transfer of anti-
idiotypic antibody (Wannemuehler et al., 1982a; Jarrett and 
Hall, 1984). Thus, the possibility remains that this mechanism 
provides a means of conferring tolerance on the neonate at 
a time when susceptibility to food sensitivity is high. 

£. Role of Intestinal Processing in Oral Tolerance 

The ability of orally administered antigen to modulate sys-
temic immune responses requires the absorption of small 
amounts of immunologically intact material from the intes-
tine. Substantial evidence exists that intestinal processing 
events are critical for oral tolerance to proteins. Serum re-
moved from mice fed OVA 1 hr beforehand induces systemic 
tolerance when transferred intraperitoneally to naive synge-
neic recipients. The tolerance selectively inhibits systemic 
DTH responses in the recipients and is related to the activa-
tion of cyclophosphamide-sensitive Ts by OVA-fed serum 
(Strobel et al., 1983; Bruce and Ferguson, 1986a,b). Similar 
findings have been made with other protein antigens (Kay 
and Ferguson, 1989b; S. Strobel, unpublished observations). 
The processing event necessary for the generation of the 
serum tolerogen appears to occur in the intestine itself, since 
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serum taken from mice given equivalent doses of protein by 
other parenteral routes is never able to reproduce appropriate 
tolerance in naive recipients (Bruce and Ferguson 1986a). 
However, the site of this processing is unknown and the 
relative roles of the intestinal epithelium or local lymphoid 
cells have not been ascertained. The precise nature of the 
tolerogen present in OVA-fed serum is also unclear. The 
tolerogenic material appears in serum within 20-30 min of 
feeding and therefore is unlikely to involve any immunologi-
cally active molecule (Peng et al., 1990). In addition, this 
result argues against a need for proteolytic digestion. This 
idea is supported by the fact that the tolerogen reacts with 
antibodies directed at native OVA (Bruce and Ferguson, 
1986b) and elutes on gel filtration columns or high perfor-
mance liquid chromatography (HPLC) with the native mole-
cule (Bruce and Ferguson, 1986b; H. J. Peng and S. Strobel, 
personal communication). These findings suggest that a sim-
ple filtration mechanism in the intestine may produce 
deaggregated monomers of protein that are known to be toler-
ogenic in other systems. However, since the ability of serum 
to transfer tolerance is not related directly to the absolute 
amount of protein present (Peng et al., 1990), intestinal pro-
cessing may cause subtle changes in the charge or conforma-
tion of the antigen that influence its immunogenicity. 

Proteolytic digestion is unlikely to generate selected pep-
tide fragments containing "suppressor determinants" that 
can prevent responsiveness to the intact antigen, as suggested 
in other models (Kölsch, 1984). Feeding artificial peptides 
usually induces the same degree of tolerance as that found 
after feeding the intact antigen (Higgins and Weiner, 1988). 
Rectal administration of proteins also induces tolerance, and 
in vivo inhibition of pancreatic enzyme activity has no effect 
on induction of oral tolerance (Strobel, 1984). Thus, proteins 
do not need to undergo proteolysis to induce tolerance by 
the oral route. 

Collectively, these findings support the view that tolero-
genic moieties of proteins produced during intestinal pro-
cessing are responsible for the induction of systemic toler-
ance, at least for T-cell responses. Since this material has 
little or no effect on humoral immune responses, however, 
additional mechanisms must influence the hyporespon-
siveness of antibody responses in protein-fed mice. 

F. Role of Antigen Presentation in Oral Tolerance 

Virtually all immune responses require the activation of 
T cells by short peptides bound in the surface groove of MHC 
molecules. Complex nonviable antigens, such as those that 
induce oral tolerance, first must be taken up by accessory 
cells in the immune system, processed intracellularly within 
endosomes, and presented as a complex with MHC Class II 
antigens. As we have discussed, evidence shows that these 
APC functions not only control the specificity and level of 
the resulting immune response but also determine whether 
active immunity or tolerance occurs after administration of 
antigen (Mueller et al., 1989). 

Therefore, that APC activity appears to be critical in regu-
lating the immunological consequences of feeding antigens 

is not surprising. This ability first was suggested by the finding 
that feeding one antigen to naive mice causes transient activa-
tion of the reticuloendothelial system (RES) and interferes 
with the induction of tolerance by feeding a second antigen 
(Stokes et al., 1983b). Oral tolerance in mice fed OVA also 
can be prevented by in vivo administration of a number of 
agents that activate the accessory cell functions of the RES, 
including estrogen, muramyl dipeptide (MDP), and a graft-
versus-host reaction (GvHR; Mowat and Parrott, 1983; Stro-
bel et al., 1985; Strobel and Ferguson, 1986). Once again, 
tolerance of DTH responses was more susceptible to modula-
tion by activating the RES. Further work showed that, al-
though these agents affected many functions of the RES, 
their effects on oral tolerance correlated specifically with 
enhanced APC activity in the spleen (Figure 6). In contrast, 
bacterial LPS, which did not influence DTH tolerance (see 
preceding discussion), had no ability to enhance antigen pre-
sentation. More recently, in vivo administration of IFN-y has 
been shown to prevent the induction of oral tolerance in 
mice, reinforcing the possible role of agents with the capacity 
to activate APC (Zhang and Michael, 1990). 

The basis of these effects remains to be established, but 
could include increased expression of MHC Class II antigens, 
enhanced production of co-stimulatory factors, or alterations 
in the intracellular processing pathways themselves. The re-
sulting effect may be to alter the balance between distinct 
populations of APCs so that a larger proportion of fed antigen 
is presented by APCs with a conventional ability to stimulate 
T cells, rather than by the putative Ts-activating "I-J+" 

OVA Fed control 
% Enhancement % Tolerance j 

20 20 40 60 80 100 
I I I I I 1 J 

Prevention Carbon APC Mucosal 
of tolerance clearance activity DTH 

Estradiol Yes f f f Yes 

MDP Yes ► f Yes 

GvHR Yes *» f Yes (?) 

LPS No ► f (?) 

Figure 6 Role of antigen presenting cells in oral tolerance. Treatment 
of mice with estradiol, muramyl dipeptide (MDP), or a graft versus 
host reaction (GvHR) prevents the induction of oral tolerance by 
feeding ovalbumin (OVA) and enhances the ability of splenic adher-
ent cells to present OVA to primed T cells. Bacterial LPS has no 
effect on oral tolerance to OVA and does not enhance antigen-
presenting all (APC) activity in vivo. 
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APCs discussed earlier. Although this hypothesis has yet 
to be tested in oral tolerance, a differential effect on APC 
populations of this type may explain the ability of UV light 
to modulate immune responses in vivo (Green et al., 1983). 

The influence of the RES on oral tolerance may be of 
particular relevance in explaining the high incidence of clini-
cal food sensitivity during the period of weaning. As we 
have discussed, feeding one novel antigen may interfere with 
tolerance to those encountered subsequently. In addition, a 
number of products from intestinal flora must have the poten-
tial to activate APCs. Thus, modulation of APC function by 
the rapid exposure to new food antigens and bacterial flora at 
weaning may help predispose the infant to potentially harmful 
defects in oral tolerance. 

G. Role of the Liver in Oral Tolerance 

A large proportion of the antigens absorbed from the intes-
tine will travel directly to the liver via the portal venous 
system. The liver is the largest tissue of the RES, raising the 
possibility that this organ may be a major site of the antigen 
processing events that determine the immunological conse-
quences of antigen feeding. 

For many years, researchers have known that administra-
tion of antigen directly into the portal system induces a state 
of tolerance that has many similarities to oral tolerance (Qian 
et al., 1985; Fujiwara et al, 1986; Sato et al, 1988). An early 
study in rats indicated that oral tolerance was unaffected 
when the liver was bypassed by a porto-caval shunt (Thomas 
et al, 1976), but the many side effects of this surgical maneu-
ver make interpretation of the results difficult. The inability 
of intravenously injected protein to generate the serum tolero-
gen found after antigen feeding (Strobel et al, 1983; Bruce 
and Ferguson, 1986a) also argues against a critical involve-
ment of the liver in oral tolerance, since we might anticipate 
that intravenously injected antigen also will accumulate rap-
idly in this organ. Nevertheless, intestinally derived material 
entering by the portal tracts may be processed by accessory 
cells distinct from those in contact with the systemic circula-
tion. Thus, a role for the liver in oral tolerance cannot be 
excluded entirely. 

H. Conclusions 

Based on the foregoing discussion, clearly multiple mecha-
nisms may be responsible for the induction and maintenance 
of tolerance to orally administered antigens, presumably re-
flecting the importance of regulating immune responses to 
dietary antigens. The role played by individual mechanisms 
depends on the antigen, the nature of the host animal, and 
the aspect of the systemic immune response that is under 
investigation. We have emphasized the view that oral toler-
ance may be the result of intestinally derived moieties that 
are presented by specialized APCs to Ts. However, most of 
the evidence for this mechanism has come from studies of 
tolerance to protein antigens, and its effects are exerted 
mainly on systemic cellular immunity. In addition, many of 
these phenomena have yet to be examined in light of the more 
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recent developments in cellular and molecular immunology. 
Considerable work remains to be done if the mechanisms 
regulating immunity to the full range of dietary antigens are 
to be elucidated. 

VI. CLINICAL AND PRACTICAL RELEVANCE 
OF ORAL TOLERANCE 

A. Consequences of Breakdown in Oral Tolerance 

We already have discussed the concept that the strength 
and persistence of oral tolerance indicate its importance in 
preventing hypersensitivity to food proteins. This idea is 
based both on the relative infrequency of naturally occurring 
immunological responsiveness to dietary antigens and on a 
substantial amount of experimental evidence (Table II). 

As we have seen, oral tolerance to proteins in normal mice 
can be prevented by depleting Ts in vivo and by activating 
APCs. In addition, tolerance does not occur after feeding 
very low doses of antigen or in animals during the immediate 
neonatal or weaning periods. In all these cases, subsequent 
oral challenge of the mice with antigen results in the develop-
ment of mucosal pathology in the jejunum consisting of crypt 
hyperplasia, crypt hypertrophy, and increased infiltration of 
the epithelium by lymphocytes (Mowat and Ferguson, 1981; 
Mowat and Parrott, 1983; Mowat, 1986; Strobel and Fergu-
son, 1986; Stokes et al, 1987; Lamont et al, 1988). These 
features are accompanied by a local cell-mediated immune 
response in the draining mesenteric lymph nodes (Mowat and 
Ferguson, 1982; Mowat and Parrott, 1983) and are identical to 
the early stages of mucosal immunopathology found in other 
experimental forms of intestinal cell-mediated immunity, in-
cluding GvHR and allograft rejection (Mowat and Felstein, 
1990). Since the intestinal damage in these conditions is 
caused by the production of T cell-dependent cytokines, a 
breakdown in oral tolerance is likely to allow the priming of 
local cytokine-producing T cells that have the capacity to 

Table II Factors That Prevent the Induction 
of Oral Tolerance under Experimental 

Conditions and Allow the Development of 
Mucosal Cell-Mediated Immunity and 

Pathology on Oral Challenge with Antigen0 

Depletion of Ts 
Cyclophosphamide 
2' -Deoxyguanosine 

Activation of APC 
Estradiol 
Muramyl dipeptide 
Graft-versus-host reaction 

Host factors 
Immaturity 

Low dose of antigen 

a See text for references. 
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produce pathology on re-exposure to antigen. Note that the 
ability of an immunomodulatory agent to allow mucosal DTH 
is predicted by its effects on tolerance of systemic DTH 
responses, rather than humoral immunity, thus underlining 
the importance of preventing T-cell responses to food an-
tigens. 

The features of the mucosal immunopathology induced 
experimentally in the absence of oral tolerance are also quali-
tatively similar to those found in naturally occurring FSE 
(Mowat, 1984; Ferguson, 1987). That a defect in oral toler-
ance may account for the development of FSE under natural 
conditions is suggested by studies in weaning piglets that 
have shown that the development of postweaning diarrhea 
is influenced markedly by the age of introduction of novel 
antigens and can be prevented by artificially inducing oral 
tolerance to the antigens to be fed at weaning (Miller et aL, 
1984; Stokes et aL, 1987). Neonatal calves exhibit a similar 
susceptibility to developing systemic hypersensitivity and 
enteropathy in response to dietary proteins such as soy pro-
tein (Barratt et aL, 1987). The mechanisms underlying the 
naturally occurring conditions have yet to be established, but 
experimental studies suggest that these may be genetically 
or maturationally dependent alterations in APCs, intestinal 
processing, and immunoregulatory T cells. 

B. Oral Tolerance and Immunotherapy 

Table III Use of Oral Tolerance to Prevent 
Antigen-Specific Immunopathology0 

Immunopathology Antigen 

Arthritis 
Encephalomyelitis 
Uveoretinitis 
Glomerulonephritis 
Allograft rejection 

Collagen 
Myelin basic protein 
Uveal S antigen 
Various proteins 
Allogeneic leukocytes 

a Feeding a range of antigens of pathological sig-
nificance has been found to prevent the induction 
of associated immunopathological disease. See text 
for references. 

tive transplant recipients is therefore an attractive, if long-
term, proposition. These and other clinical applications of 
oral tolerance may be helped dramatically by the develop-
ment of transgenic cattle, whose milk may provide a source 
of large quantities of specific antigens in an ideal form for 
oral administration in bulk (Gershon, 1991). 

C Development of Oral Vaccines 

The oral route offers a convenient and highly acceptable 
means of administering therapeutic agents. In recent years, 
interest has developed in the possibility of exploiting oral 
tolerance to modulate antigen-specific immunopathology (Ta-
ble III; see Thompson and Staines, 1990, for review). Sev-
eral experimental immunological diseases can be prevented 
by prior feeding of appropriate protein antigens, including 
experimental autoimmune encephalomyelitis (Higgins and 
Weiner, 1988; Lider et aL, 1989; Nussenblatt et aL, 1990), 
collagen-induced arthritis, adjuvant arthritis (Zhang et aL, 
1990), experimental autoimmune uveoretinitis (Nussenblatt 
et aL, 1990), and immune complex-mediated glomerulone-
phritis (Devey and Bleasdale, 1984; Gesualdo et aL, 1990). 

Oral tolerance in these pathological systems shows many 
phenomenological and mechanistic similarities to that using 
model protein antigens, affecting T-cell responses predomi-
nantly and involving populations of Ts. Encouragingly, in 
some cases, suppressing established disease by feeding anti-
gen has also proved possible, indicating the possible use-
fulness of this approach in clinical practice. Although as yet 
no published reports are available of oral tolerance being 
exploited for treating clinical disease, a trial of feeding brain-
derived material as a means of inhibiting multiple sclerosis 
is currently underway in the United States (Marx, 1991). 
Given the increasingly successful identification and purifica-
tion of autoantigens, similar trials soon could be considered 
for a variety of organ-specific autoimmune diseases. In addi-
tion, feeding allogeneic leukocytes has been reported to sup-
press specifically the subsequent rejection of cardiac allo-
grafts (Sayegh et aL, 1992). The possibility of using the oral 
route to induce specific tolerance to alloantigens in prospec-

A major goal of current vaccine research is the construc-
tion of orally active vaccines that contain recombinant pro-
teins or peptides as the immunogen. Such vaccines clearly 
will be unsuccessful unless the induction of oral tolerance 
can be overcome. An understanding of the principles in-
volved will assist the design of appropriate vectors. From 
the foregoing discussion, we can predict that a successful 
vaccine should be particulate in nature (viable or not) and 
should contain adjuvant moieties capable of modulating ei-
ther the uptake of the associated proteins by the intestine or 
their presentation by APCs within the immune system. 

Several approaches that fulfill these conditions have been 
developed, including attenuated mutant strains of Salmonella 
as vectors for foreign genes and the use of cholera toxin as 
a mucosal adjuvant (McGhee et aL, 1992). Although these 
vectors have been successful, there are several reasons hav-
ing nonantigenic vectors that do not themselves induce active 
immune responses (which could limit the use of multiple 
immunization). Coating proteins onto polyglycoside micro-
spheres is one possible answer to this problem (McGhee et 
aL, 1992), but these agents have no adjuvant properties. We 
have shown that incorporation of proteins into ISCOMs con-
taining Quil A (saponin) overcomes the induction of oral 
tolerance and allows the development of primary immune 
responses both in the intestine and the systemic immune 
system (Mowat and Donachie, 1991; Mowat et aL, 1991; 
Mowat, et aL 1993). The effectiveness of these small particles 
(30-40 nm) partly reflects increased uptake of antigen from 
the intestine, possibly because of the relative stability of 
ISCOMs in the harsh environment of the gut or because the 
detergent properties of Quil A potentiate transfer of protein 
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across the epithelium. In addition, Quil A itself is an orally 
active adjuvant (Chavali and Campbell, 1987) that may en-
hance APC activity. The success of ISCOMs encourages the 
belief that continued study of oral tolerance will allow the 
development of other orally active vaccines. 
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Functional Aspects of the Peptidergic Circuit in 

Mucosal Immunity 
David W. Pascual · Andrzej M. Stanisz · Kenneth L Bost 

I. INTRODUCTION 

When considering the processes of immune protection, we 
distinguish between those events that govern antigen recogni-
tion by lymphoid cells and those that govern nonspecific 
elimination by macrophages and polymorphonuclear cells. 
These defense mechanisms are mediated by a cascade of 
events requiring cell-cell interactions and subsequent release 
of their soluble products, for example, cytokines, antibodies, 
and receptor molecules, to regulate these responses. How 
the nervous system can intervene in such processes, particu-
larly at mucosal sites or mucosa-associated lymphoid tissue 
(MALT) where these neural mediators have been shown to 
concentrate, is addressed in this chapter. The contribution 
of the sensory neurons is examined, particularly the contents 
of the peripheral nerve fibers (peptidergic fibers) containing 
the neuropeptides (stored in secretory vesicles) substance P, 
vasoactive intestinal peptide, somatostatin, gastrin-releasing 
polypeptide, and calcitonin gene-related peptide. 

When considering such cross-communication between the 
nervous and immune systems, we must examine the intrinsic 
properties of their mediators. Neuropeptides will, most 
likely, affect a localized area rather than induce a systemic 
effect. This property complements the inherent mobility of 
leukocytes and enhances the opportunity for neural-immune 
interactions, suggesting that leukocytes may be innervated 
transiently, especially in light of the ultrastructural studies 
with rat spleens demonstrating synaptic-like contacts be-
tween sympathetic nerve fibers and lymphocytes (Feiten and 
Olschowka, 1987). Further, the close approximation between 
lymphoid sites and nerve fibers (Feiten et al., 1985; Ottaway 
et al., 1987; Stead et al., 1987b), in particular in mucosal sites 
of the gut, poses the unique question of whether mediators 
of one system can induce functional alterations of another 
system. One manifestation of such neuroimmune communi-
cation by which the central nervous system (CNS) can alter 
the immune system was evident when lesions in the hypothal-
amus decreased the levels of thymocytes and splenocytes 
(Roszman et al., 1985). Conversely, an example of immune 
modification of neural elements is illustrated in the study in 
which the stimulation of cultured neonatal rat superior cervi-
cal ganglion (SCG) with interleukin 1/3 (IL-lß) resulted in an 
increase in preprotachykinin (PPT) message with subsequent 
increase in substance P (SP) production (Jonakait and Schot-

land, 1990; Hart et al., 1991). Interferon y (IFNy) and prosta-
glandin synthesis inhibitors could reduce both PPT message 
and SP production induced by IL-1/3 stimulation. In a similar 
fashion, when rat SCG were cultured with unstimulated 
splenocytes (Barbany et al., 1991), tyrosine hydroxylase 
mRNA diminished by 50% but 400% enhancement of 
PPT mRNA and 50% enhancement of neuropeptide Y (NPY) 
were observed. In the presence of concanavalin A (Con A), 
mitogen-stimulated splenocytes decreased tyrosine hydroxy-
lase mRNA and NPY mRNA expression by 75% and 70%, 
respectively. PPT mRNA was unaffected by this stimulation. 
Collectively, these studies suggest that elements from the 
immune and nervous systems are shared, that is, neurotrans-
mitters, neuropeptides, and neuroendocrine hormones can 
affect lymphoid function and, conversely, cytokines can 
affect neural function. Obviously, to grant biological signifi-
cance to these studies, a mode of uptake of such neuro-
immune modifiers by the cells in question must be dem-
onstrated. In this regard, an intriguing aspect of this 
neuroimmune network is the expression of neuropeptide and 
neuroendocrine hormone receptors on leukocytes. Over 20 
such neuropeptide and neuroendocrine hormone receptors 
(Bost, 1988) have been identified on normal mononuclear and 
polymorphonuclear leukocytes and on tumor cell lines (Table 
I). The expression and regulation of these receptors by leuko-
cytes is energy demanding; therefore, we must assume that 
their expression is important and not the result of indiscrimi-
nate mRNA transcription, that is, these events are regulated. 
The expression of these receptors by various subpopulations 
of leukocytes on their cell surfaces provides the means to 
receive neuronal signals that can alter immune function. 
Thus, the focus of this chapter is to describe the attributes of 
the nervous system that contribute to governing the immune 
surveillance of MALT. 

II. MUCOSA-ASSOCIATED LYMPHOID 
TISSUE NEUROPEPTIDES 

A. Substance P and Tachykinins 

The CNS-derived 11-amino-acid neuropeptide substance 
P (SP; Chang and Leeman, 1971) is a product of the sensory 

Copyright © 1994 by Academic Press, Inc. 
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Table I Neuropeptide Receptor Expression by Mononuclear Cells 

Neuropeptide 
receptor0 

SP-R 

SP-R 

SP-R 

SP-R 

SP-R 

SP-R 

SP-R 

SP-R 

SP-R 

VIP-R 

VIP-R 

VIP-R 

CGRP-R 

VIP-R 

VIP-R 

SOM-R 

SOM-R 

SOM-R 

CGRP-R 

CGRP-R 

CGRP-R 

Cell 

Guinea-pig macrophages 

IM-9 B lymphoblasts 

CH12.LX.C4.4F10 B lymphoma 

CH12.LX.C4.5F5 B lymphoma 

BCL, 

Murine Peyer's patch B cells 

Murine splenic B cells 

Murine Peyer's patch T cells 

Murine splenic T cells 

Murine Peyer's patch 
lymphocytes 

Murine splenic lymphocytes 

Murine lymph node T cells 

Murine lymph node T cells 

Molt 4b T lymphoblasts 

U266 IgE myeloma 

U266 IgE myeloma 

Jurkat leukemic T cells 

MOPC 315 myeloma 

Rat splenic B cells 

Rat splenic T cells 

P388Dj macrophages 

(nM) 

19 

0.65 

0.69 

0.69 

0.36 

0.92 

0.64 

0.50 

0.62 

0.24 

0.22 

0.19 

0.35 (high) 
48 (low) 

7.3 

7.6 

0.005 (high) 
100 (low) 

0.003 (high) 
66 (low) 

1.6 

0.39 

0.87 

1.8 

Receptor number 

ND* 

22,641 

632 

540 

430 

975 

190 

647 

195 

490 

880 

3770 

265 
13,000 

15,000 

41,200 

1245 
>105 

150 
>105 

40,000 

745 

775 

ND 

Reference 

Härtung et al. (1986) 

Payan et al. (1984a) 

Pascual et al. (1991b) 

Pascual et al. (1991b) 

Pascual et al. (1992) 

Stanisz et al. (1987) 

Stanisz et al. (1987) 

Stanisz et al. (1987) 

Stanisz et al. (1987) 

Ottaway and Greenberg (1984) 

Ottaway and Greenberg (1984) 

Ottaway and Greenberg (1984) 

Umeda and Arisawa (1989) 

Beed et al. (1983) 

Finch et al. (1989) 

Sreedharan et al. (1989a) 

Sreedharan et al. (1989a) 

Scicchitano et al. (1988b) 

McGillis^a/. (1991) 

McGillis i7 a/. (1991) 

Abello^fl/ . (1991) 

a SP-R, Substance P receptor; VIP-R, vasoactive intestinal peptide receptor; CGRP-R, calcitonin gene-related peptide receptor; SOM-R, 
somatostatin receptor. 

b ND, Not determined. 

ganglion cells, and is transported to peripheral sites where 
it is stored and released on noxious stimulation (Pernow, 
1983). Classically, SP is recognized for its ability to contract 
ileum smooth muscle cells and to act as a pain signal neuro-
transmitter (Pernow, 1983). The SP amino acid sequence 
(Table II) is conserved among mammals (bovine, human, 
and rat sequences) and belongs to a family of related pep-
tides called tachykinins (Erspamer, 1981), each of which 
bears a common C-terminal amino acid sequence 
(Phe-X-Gly-Leu-Met-NH2, where X is a branched ali-
phatic or aromatic amino acid). An additional feature intrinsic 
to many of the enteric neuropeptides is the amidation of its 
C-terminal residue. The two mammalian tachykinin genes 
encode preprotachykinin A (PPT-A), which generates SP and 
substance K (SK; neurokinin A), and preprotachykinin B 
(PPT-B), which produces neurokinin B (neuromedin K). Al-
ternate RNA splicing of the PPT-A gene produces three SP-
encoding mRNAs (Nawa et al., 1984; Krause et al., 1987): 
the a transcript encodes SP only; the ß transcript encodes SP, 
SK, SK(3-10), and neuropeptide K (SK-containing peptide); 
and the y transcript encodes SP, SK, SK(3-10), and neuro-

peptide y (variant of neuropeptide K). Expression of the 
different PPT-A mRNAs is both species and tissue dependent 
(Heike et al., 1990). For instance, in bovine tissues, a-PPT 
mRNA is predominant in the brain whereas ß-PPT mRNA 
is predominant in the intestine, in contrast to the rat, in which 
y- >β- ><*-ΡΡΤ mRNA in all tissues. 

Outside the brain, SP is found in greatest concentrations 
(nanomolar and subnanomolar levels) in the gut (Pernow, 
1983). The SP-containing nerve fibers are a major component 
of the enteric nervous system. Neurons containing SP also 
innervate lymphoid tissues, that is, spleen and lymph nodes 
(Feiten et al., 1985; Popper et al, 1988; Lorton et al., 1991). 
Consequently, the presence of SP at nanomolar concentra-
tions is suggestive of an SP contribution to the regulation of 
immune function in gut-associated lymphoid tissues (GALT). 
Anatomical data have provided direct evidence for interac-
tions between gut mast cells and nerve fibers containing SP 
(Stead et al., 1987b). In the Peyer's patches, some evidence 
suggests that SP-containing nerve fibers infiltrate T-cell zones 
and associate with macrophages, a result that contrasts with 
what is observed in the lamina propria. Here, IgA plasma 
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Table II Sensory Neuropeptide Sequences 

Gene Translated products Amino acid sequences 

Preprotachykinin A 

Preprotachykinin B 

Vasoactive intestinal 
polypeptide 

Somatostatin 
Gastrin-releasing 

polypeptide (humans) 

Bombesin (frog) 

Calcitonin 

Calcitonin gene-related 
peptide ß 

Substance P (SP) 
Substance K (SK) 

Neurokinin B (NKB) 

Vasoactive intestinal 
peptide (VIP) 

Peptide histidine 
isoleucine amide (PHI) 

Peptide histidine 
methionine (PMI) 

Somatostatin 

Gastrin-releasing 
polypeptide (GRP) 

Bombesin 

Calcitonin 

Calcitonin gene-related 
peptide a (CGRP-a) 

Calcitonin gene-related 
peptide ß (CGRP-/3) 

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2 

His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2 

Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH2 

His-Ser-Asp-Ala-Val-Phe-Thr-Asp-Asn-Tyr-Thr-Arg-Leu-Arg-Lys-
Gln-Met-Ala-Val-Lys-Lys-Tyr-Leu-Asn-Ser-Ile-Leu-Asn-NH2 

His-Ala-Asp-Gly-Val-Phe-Thr-Ser-Asp-Phe-Ser-Arg-Leu-Leu-Gly-
Gln-Leu-Ser-Ala-Lys-Lys-Tyr-Leu-Glu-Ser-Leu-Ile-NH2 

Positions 1-27 identical with PHI 
Ser-Leu-Met-NH2 

Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys 

Val-Pro-Leu-Pro-Ala-Gly-Gly-Gly-Thr-Val-Leu-Thr-Lys-Met-Tyr-
Pro-Arg-Gly-Asn-His-Tφ-Ala-Val-Gly-His-Leu-Met-NH2 

Pyr-Gln-Arg-Leu-Gly-Asn-Gln-Tφ-Ala-Val-Gly-His-Leu-Met-NH2 

Cys-Gly-Asn-Leu-Ser-Thr-Cys-Met-Leu-Gly-Thr-Tyr-Thr-Gln-Asp-
Leu-Asn-Lys-Phe-His-Thr-Phe-Pro-Gln-Thr-Ser-Ile-Gly-Val-Gly-
Ala-Pro-NH, 

T i - Π Ser-Cys-Asn-Thr-Ala-Thr-Cys-Val-Thr-His-Arg-Leu-Ala-Gly-Leu-
Leu-Ser-Gly-Gly-Val-Val-Lys-Asp-Asn-Phe-Val-Pro-Thr-Asn-Val-

Gly-Ser-Glu-Ala-Phe-NH2 

Positions 1-34 identical with CGRP-a 
Lys-Ala-Phe-NH2 

cells can be found in densely innervated areas, suggesting 
that these cells may be more likely to be influenced by neuro-
peptides (Stead et aL, 1987a). 

Although limited evidence exists demonstrating peptider-
gic fibers coming into close association with B-cell follicles 
in mammalian lymphoid tissues, the chicken is potentially 
the best experimental model to delineate the linkage between 
the nervous system and B-cell differentiation. The extent of 
infiltration by peptidergic fibers into the bursa of Fabricius 
was examined (Zentel and Weihe, 1991). SP, in addition to 
other enteric neuropeptides—vasoactive intestinal peptide 
(VIP), calcitonin gene-related peptide (CGRP), and ga-
lanin—was found distributed throughout the bursa of Fa-
bricius and bordering B cells in the follicle cortex in three 
distinct fiber subpopulations: SP-containing, SP + CGRP-
containing, and VIP + galanin-containing fibers. VIP-
containing fibers were the only such peptidergic fibers that 
came in contact with some macrophages. However, this asso-
ciation between peptidergic nerve fibers and B cells was not 
evident with human tonsillar B cells as it was with those B 
cells in the bursa of Fabricius. SP-containing fibers in human 
tonsil were seen primarily in the perivascular plexus with 
low level expression in the interfollicular areas and adjacent 
to T cells and macrophages (Weihe and Krekel, 1991). In the 
mesenteric lymph nodes, SP innervation was sparse and was 
found associated with 5-10% of the arterioles and venules 
in the medulla adjoining the T-cell region, as well as in the 
capsule (Popper et aL, 1988). In the same study, SP receptor 
binding sites were examined by quantitative receptor autora-
diography. Between 25 and 35% of the germinal centers ex-
pressed SP binding sites, whereas limited binding sites were 

found on arterioles and venules in the T-cell region and in-
ternodular region near the capsule. SP-containing fibers also 
are found in the bronchus-associated lymphoid tissue 
(BALT). In the rat BALT, SP-containing fibers were local-
ized to the subepithelial zone (Inoue et aL, 1990). 

To endow biological significance for the expression of SP 
receptors (SP-R) on lymphocytes and other accessory cells 
(Bost, 1988; Bost and Pascual, 1992), SP-R expression has 
been shown by radiolabeled ligand binding studies. Such 
studies have demonstrated the presence of SP-R on surfaces 
of B cells and T cells isolated from the spleen and Peyer's 
patches that have binding characteristics similar to SP-R in 
neural tissues (Nakata et aL, 1988). Evidence to this effect 
is based on the following observations: (1) similar dissociation 
constant; (2) similar rank-order displacement by related ta-
chykinins; and (3) identification of 58-kDa protein that binds 
SP, and (4) the expression of brain SP-R mRNA sequence 
by CD4+ T lymphocytes isolated from Schistosomiasis 
mansoni-mauQta granulomas (Elliott et aL, 1993). SP-R ini-
tially was shown to be expressed by the human B lymphoblas-
tic cell line IM-9 (Payan et aL, 1984a); much of our current 
understanding of the physical characterization of SP-R has 
been derived from extensive studies of this cell line (Payan 
et aL, 1986). By radiolabel binding studies, these cells have 
been demonstrated to bind SP with a dissociation constant 
of 0.65 nM and to exhibit a single class of SP-R. IM-9 
lymphoblasts preferentially bound SP over other tachykinins 
via the C terminus since SP fragment (1-4) failed to inhibit 
radiolabeled SP binding competitively whereas SP fragment 
(4-11) could compete effectively. Using radiolabeled SP in 
cross-linking studies (Payan et aL, 1986), the SP-R was deter-
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mined to be a 53,000-58,000 dalton protein. Antireceptor 
antibodies (Pascual et al., 1989; van Ginkel et al., 1993) have 
confirmed this finding, which fully supports studies with SP-
R in neural tissues. The binding domain for SP-R appears to 
involve the putative first and third extracellular regions since 
antibodies directed to peptide sequences to these domains 
inhibited radiolabeled SP binding to SP-R (van Ginkel et al., 
1993). The advent of cloning the rat brain SP-R (Hershey 
and Krause, 1990) and bovine brain SK-R (Masu et al., 1987) 
has demonstrated that these receptors belong to G-protein 
coupled receptor family with seven putative transmembrane 
spanning regions. This same SP-R exists on lymphocytes as 
well based on the confirmations by two independent labora-
tories. Each have shown that murine mononuclear cells ex-
press authentic SP-R. A portion of the murine macrophage 
SP-R was cloned using reverse transcriptase polymerase 
chain reaction (RT-PCR), and demonstrated complete homol-
ogy with murine brain SP-R (Bost, 1993). Applying similar 
strategy, the cDNA for authentic SP-R was cloned and se-
quenced from liver granulomas isolated from Schistosomiasis 
mtfAW0fl/-infected mice, and no mRNA for SK-R or neuroki-
nin B could be detected (Elliott et al., 1993). These findings 
confirm the presence of SP-R on lymphocytes and macro-
phages, and that the lymphoid SP-R is identical to brain SP-
R as opposed to being a separate SP-R isoform. 

Functional attributes of SP have been studied best with 
B lymphocytes and macrophages (Bost and Pascual, 1992; 
Pascual et al., 1992). Early studies had suggested that SP 
behaves as a B-cell differentiation factor. When mononuclear 
fractions from the murine spleen, mesenteric lymph nodes, 
and Peyer's patches were co-stimulated with 1.0 μg/ml Con 
A and 10 nM SP, IgA production increased by 70, 40, and 
300%, respectively (Stanisz et al., 1986). To a lesser extent, 
IgM levels were altered significantly by 20-40%. Using these 
culture conditions, no significant increases in IgG secretion 
by mononuclear cells isolated from these tissues were ob-
served. Consequently, this study does suggest that SP may 
stimulate IgA secretion preferentially or, alternatively, may 
indicate that SP is an IgA switching factor (Xu-Amanu et al., 
1993). The ramifications of such possibilities are intriguing in 
light of the abundance of SP-containing neurons in the gut 
(Hokfelt et al., 1980). Alternatively, SP may stimulate selec-
tively the proliferation of one surface Ig phenotype as op-
posed to another. Examination of the proliferative effects of 
SP on these mixed cultures revealed that SP induced 60% 
increase in the amount of [3H]thymidine incorporated versus 
cultures treated in the absence of neuropeptide. Although 
substantial enhancement in IgA production was observed, 
which mononuclear cell subpopulation or combination was 
affected most greatly by SP was unclear from this study since 
each cell subpopulation is known to exhibit SP receptors. 
Thus, to evaluate SP effects on lymphoid function effectively, 
SP function had to be assessed with purified lymphoid cell 
subpopulations. 

In an attempt to delineate the mechanisms of how SP 
behaves as a B-cell differentiation factor (Pascual et al., 
1991b, 1992; Bost and Pascual, 1992), the direct effect of SP 
on CD5+ B-lymphoma cell lines CH12.LX.C4.4F10 (an IgA 
producer) and CH12.LX.C4.5F5 (an IgM producer) was as-

sessed. From radiolabel binding experiments, these CH12LX 
subclones were shown to bear SP receptors (between 500 
and 600 receptors/cell) similar to those levels found on normal 
B lymphocytes, with binding affinities (Kd ~0.69nM) similar 
to those found on normal B lymphocytes (Stanisz et al., 1987) 
and IM-9 B lymphoblasts (Payan et al., 1984a) as well. On 
direct SP stimulation of CH12.LX.C4.4F10 cells, IgA produc-
tion could be enhanced by 35% at subnanomolar concentra-
tions whereas a similar stimulation on CH12.LX.C4.5F5 cells 
resulted in no significant change in the amount of IgM pro-
duced. SP had no effect on cell proliferation when ascertained 
by [3H]thymidine uptake. The biological significance for the 
expression of SP-R on B lymphocytes was enhanced by the 
observation that SP, in the presence of a secondary signal, 
could augment immunoglobulin synthesis. The addition of a 
suboptimal dose of lipopolysaccharide (LPS; 50 ng/ml) with 
varying concentrations of SP to CH12.LX.C4.5F5 cells re-
sulted in a 172% increase in IgM production at 0.1 nM and 
1.0 nM SP doses, μ Chain message was enhanced only moder-
ately (50-60%) by this mode of stimulation. Modest increases 
in IgM production also were observed with picomolar con-
centrations of SP. High doses of SP (100 nM) were not as 
effective in enhancing IgM production as were subnanomolar 
concentrations of SP suggesting SP-R desensitization at these 
higher SP concentrations. Moderate increases in IgA produc-
tion were observed for CH12.LX.C4.4F10 cells stimulated 
in a similar fashion, as for the IgM-producing CH12 clone. In 
the presence of suboptimal dose of LPS, again subnanomolar 
concentrations of SP were most effective in enhancing IgA 
production by 50%; no differences in a chain message were 
observed. Further evidence to support that these events are 
receptor mediated was provided when duplicate cultures 
were performed in the presence of 1000-fold excess SP antag-
onist (D-Pro2-D-Phe7-D-Trp9-SP), resulting in the specific inhi-
bition of SP-induced IgM and IgA enhancement and no effect 
on the enhancement induced by LPS alone. Similar effects 
mediated by SP also could be shown with purified B cells 
isolated from the spleen. In one study (Pascual et ai, 1991a), 
>99% slg+ B lymphocytes isolated from mouse spleens cul-
tured with varying concentrations of SP (0.1 pM-100 nM) 
had no effect on Ig production. Again, the presence of a co-
stimulating triggering mechanism was required, similar to 
those required for IL-4 and IL-5 co-stimulation assays. The 
addition of 10 μg/ml LPS to optimal doses of SP resulted in 
substantial enhancement of IgM and IgG3 production, as 
much as 500 and 1000% increase, respectively (Pascual et 
al., 1991a). Even picomolar concentrations of SP could in-
crease IgM levels significantly. IgA production was enhanced 
significantly, but only moderately. The significance of this 
study is twofold. First, SP could stimulate B cells directly 
in the absence of accessory cells. Second, physiologically 
relevant concentrations of SP could enhance Ig synthesis 
by purified B cells. This observation is in agreement with 
previous reports (Stanisz et al., 1986) about the ability of SP 
to modify Ig synthesis, although optimal stimulatory concen-
trations of SP differed. At doses optimal for Ig production, 
SP in the presence of LPS was antiproliferative for purified 
B cells, and more inhibitory at higher SP concentrations 
(Pascual et al., 1991a). An antiproliferative effect of SP also 
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was observed with isolated splenic mononuclear cells treated 
simultaneously with LPS and SP (Krco et al., 1986); however, 
the extent of inhibition or the dose effect was not observed. 
The enhanced antibody production induced by SP in B cells 
could be explained by the possibility that selected B-cell 
subpopulations are responsive to SP stimulation. Using the 
ELISPOT assay, purified splenic B cells subjected to LPS/ 
SP co-stimulation were determined to show increased num-
bers of spot-forming cells. From these studies analyzing the 
modulation of Ig synthesis by B cells, we conclude that, 
despite the differences in the experimental conditions, in 
each case SP requires a coactivation signal to achieve an 
augmentation in Ig production. Normal Peyer's patch B lym-
phocytes are also sensitive to SP stimulation (Pascual et al., 
1993). As with splenic B cells, Peyer's patch B cells required 
a coactivation signal, and in this case, suboptimal dose of 
recombinant IL-6 was used. Nanomolar concentrations of 
SP induced 150% increase in Ig A, 175% increase in IgG, and 
25% increase in IgM. Clearly, these studies suggest differen-
tial expression of SP-R on B lymphocyte subpopulations. 

Although we have discussed the potential significance of 
SP as a neuroimmune modulator in various in vitro studies, 
some intriguing aspects to SP in vivo function exist. One of 
the first in vivo studies that suggested a possible correlation 
between SP and Ig production was performed by Helme et 
al. (1987). The premise for this study takes advantage of the 
selective action of the neurotoxin capsaicin, which destroys 
unmyelinated sensory neurons present in peripheral tissues 
when rats are treated neonatally (Buck and Burks, 1986). As 
a consequence of such treatment, neuropeptides such as SP 
are depleted from peripheral sites (Nagy et al., 1981,1983; 
Buck and Burks, 1986). Neonatally capsaicin-treated rats 
were allowed to mature and were subjected to sheep red 
blood cells challenge. This treatment resulted in greater than 
80% reduction in IgM and IgG plaque-forming cell response 
by popliteal lymph nodes compared with plaque-forming cell 
response in SRBC-challenged rats. Clearly, these results de-
note the significance of neuronal input, particularly the pres-
ence of neuropeptides, for the development of antibody re-
sponses. This lack of antigen responsiveness or suppression 
exhibited by capsaicin-pretreated rats was determined to be 
reversible on coadministration of SP with SRBC. In a subse-
quent study (Eglezos et al., 1990), a similar magnitude of 
inhibition in antibody responses was obtained in rats treated 
with the SP antagonist Spantide during antigen priming. 
Whereas these studies examined the contribution of SP deple-
tion to antigen challenge, the direct in vivo significance of 
SP for immune function was examined in a study in which 
the administration of SP via miniosmotic pump for 7 days 
was examined (Scicchitano et al., 1988a). After a 1-week 
infusion, lymphocytes from the Peyer's patches were cul-
tured for 7 days in the presence of Con A, and subsequently 
assessed for Ig production by isotype-specific plaque-forming 
cell response. A preferential enhancement of IgA-secreting 
cells (260% increase) in contrast to no significant changes for 
IgM- and IgG-secreting cells could be demonstrated. When 
similar analysis was performed with lymphocytes isolated 
from the spleen, IgA-producing cells were the predominant 
cell type expressed (—380% increase) although enhancement 

of IgM-secreting cells also was noted (—190% increase). En-
hanced cell-proliferative responses by Peyer's patch and 
splenic lymphocytes also were observed as a consequence 
of this in vivo SP administration. Similarly, in an antigen-
specific system, mice were infused with SP for 1 week via 
miniosmotic pumps and simultaneously immunized with UV-
inactivated rotavirus (Ijaz et al., 1990). Increased levels of 
antirotavirus antibody in the milk of lactating females as well 
as in the serum were shown. Using Western blot analysis, 
increased levels of antibodies to rotaviral antigens VP4, VP6, 
and VP7 were observed. In summary, in vivo infusion of SP 
stimulates the development of Ig-producing cells whereas in 
vivo SP depletion reduces the number of Ig-producing cells. 

In addition to B cells, macrophages have been shown to 
express receptors for SP and be influenced in their function 
by SP. Härtung et al. (1986) demonstrated the expression 
of a single class SP-R on guinea pig macrophages with a 
dissociation constant of 19 nM. This binding was mediated 
via the C terminus. Both human monocytes and guinea pig 
peritoneal macrophages stimulated with SP at nanomolar 
concentrations evoked increased chemotaxis (Wiedermann 
et al., 1989). Further, SP stimulation of monocytes and mac-
rophages enhances the release of cytokines. SP, as well as 
related tachykinins, induced the release of IL-1-like activ-
ity from the mouse macrophage cell line P388D1 in a dose-
dependent fashion (Kimball et al., 1988). Human peripheral 
blood monocytes also could be stimulated by SP to release 
IL-1, IL-6, and tumor necrosis factor a (TNFa; Lotz et al., 
1988). The mode of action in both studies was similar because 
stimulation was via the SP C terminus, since SP(4-11), SK, 
and neurokinin A each could induce cytokine release. 
Whereas these studies show that macrophages are responsive 
to SP, other studies have found macrophages to be a mobile 
source of SP, which can be produced by peritoneal macro-
phages (Pascual and Bost, 1990a) as well as by P388D1 cells 
(Pascual and Bost, 1990b). Macrophage-derived SP regulates 
thymocyte proliferation activity, presumably that mediated 
by IL-1 and IL-6, in an autocrine/paracrine fashion. By cul-
turing P388D1 cells in the presence of a monoclonal anti-SP 
(N terminus specific) antibody, 40-50% reduction of mouse 
thymocyte proliferation activity was noted. Peritoneal 
macrophage-derived SP and its related SP mRNA were later 
shown to be upregulated by LPS (Bost et al., 1992). An 
intriguing observation of the relationship between SP and 
macrophages is that SP can regulate the production and re-
lease of cytokines, particularly those responsible either di-
rectly or indirectly for Ig A production by Peyer's patch lym-
phocyte cultures. IL-1 (Cowdery et al., 1988) and IL-6 
(Beagley et al., 1989) have been shown to promote IgA re-
sponses; both of these cytokines are inducible by SP stimula-
tion. In conjunction with anatomical evidence of its vasodila-
tory properties and histamine releasing abilities, SP at 
mucosal sites such as gut (Furness and Costa, 1980; Feiten 
et al., 1987; Makhlouf, 1990) and lung (Lundberg and Saria, 
1987; Wiederman et al., 1987) represents an additional factor, 
particularly at localized sites, that can regulate immune func-
tion and contribute to inflammation (Payan, 1989). As a result 
of its association with inflammation and macrophages, SP 
can be referred to as a pro-inflammatory peptide. Clinical 
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manifestations of SP as a pro-inflammatory peptide are sup-
ported by its increased presence at concentrations up to 
3 ng/ml in inflammatory exudates (Tissot et al., 1988; Schio-
golev et al., 1989). Its presence in synovial fluids isolated 
from human arthritic patients (Marshall et al., 1990; Argo et 
al., 1992). Examination of SP-R function from rheumatoid 
arthritis patients indicates an apparent SP-R desensitization 
by systemic and synovial fluid lymphocytes. This was evident 
by the lack in change in SP-mediated lymphocyte prolifera-
tion and an associated increase in GM-CSF production (Argo 
and Stanisz, 1992). With experimental animals, studies (Le-
vine et al, 1984; O'Byrne et al., 1992) suggests that SP 
contributes to the exacerbation of arthritis. Increased SP 
and SP receptor expression also has been demonstrated in 
patients with Crohn's disease and colitis (Koch et al., 1987; 
Mantyh et al., 1988). In other models of intestinal inflamma-
tion, Trichinella-infected rats exhibit increased levels of SP 
inflamed jejunum (Swain et al., 1992), and treatment with 
anti-SP antibodies result in reduced gastrointestinal inflam-
mation and restored SP-induced cell proliferation by Con A-
stimulated lymphocytes (Argo and Stanisz, 1993). 

Limited reports are available of SP modulation of T-cell 
function. In the one report previously described (Stanisz et 
al., 1986), Con A stimulation of splenic mononuclear cells 
suggests that SP may be co-stimulating T cells to release B-
cell differentiating cytokines. We have been able to demon-
strate that SP promotes Th2-type cytokine production. The 
addition of SP to Con A-stimulated murine splenic and Pey-
er's patch CD4+ T cells result in enhanced number of IL-5 
producing cells, whereby three- to five-fold increases were 
noted, while the number of IFN-γ producing cells remain 
unchanged (D. W. Pascual, submitted). In contrast, SP pro-
motes Thl-type response in murine schistomiasis (Elliott et 
al., 1993), where increased IFN-γ levels were shown, and 
no change in IL-5 levels were observed. Obviously, these 
represent different experimental paradigms, but suggest the 
influence of SP in T cell-dependent immune responses (Figure 
1). In one of the first reports (Payan et al., 1983) describing 
SP stimulation of lymphocytes, researchers demonstrated 
that SP behaved as a cell proliferation factor for T cells, yet 
this proliferation-enhancing ability was not observed with B 
cells (Pascual et al., 1991a,b). SP co-stimulation of Con A-
treated lamina propria lymphocytes (LPL; 64% CD3+ and 
11% CD19+) derived from human colon specimens dimin-
ished [3H]thymidine incorporation over 50% in a dose-
dependent fashion, with maximal effect at nanomolar concen-
trations (Elitsur and Luk, 1990). Natural killer (NK) activity 
by murine intestinal intraepithelial leukocytes (IELs) was 
shown to be enhanced by SP in in vitro assays from normal 
mice as well as in mice infused with SP (Croitoru et al., 
1990). As much as a 10-fold increase in NK activity by Thy 1 " 
cells was observed when 10 nM SP was incubated with IEL 
effector cells and Yac-1 target cells. 

B. Vasoactive Intestinal Peptide 

First identified for its potent vasodilatory properties (Said 
and Mutt, 1970), VIP is a 28-amino-acid peptide with C-
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Figure 1 SP participates in the promotion of IgA responses either 
directly on IgA producing B cells or indirectly on Th2-type cells or 
macrophages. SP acts as a co-stimulatory signal for B cells activated 
by antigen or cytokines to elicit an enhanced IgA response, or SP 
can also provide a co-stimulatory signal to Th2 cells to produce IL-
5, an IgA-promoting cytokine. To activated macrophages, SP can 
induce the production of IL-6, an additional late-acting differentiating 
factor for IgA and IgG responses. Interestingly, activated macro-
phages also produce SP, and in an autocrine/paracrine fashion can 
regulate constitutive IL-l/IL-6 production. Thus, macrophage-
produced SP may be important for localized regulation of cytokine-
induced inflammation. In addition, SP can also stimulate Thl cells 
to produce IFN-γ; however, evidence to this effect has only been 
shown for schistosomiasis-induced granulomas since no change in 
the number of IFN-y-producing cells was observed when normal 
CD4+ T cells are stimulated with SP and mitogen. Thus, these obser-
vations most likely represent separate models of SP induction. 

terminal amidated asparagine (Table II). No deviation among 
bovine, rat, human, canine, and porcine sequences was evi-
dent, but variations were seen in guinea pig and chicken 
sequences (McDonald, 1991). VIP is cotranslated from a 1.8-
to 2.1-kb mature mRNA that encodes another C-terminal 
amidated peptide designated PHI (peptide histidine isoleu-
cine amide) and, in humans, PHM (peptide histidine methio-
nine amide) (Gozes et al., 1987; Linder et al., 1987) as the 
VIP-PHI/PHM preprohormone 170 amino acids in length. 
The preprohormone is processed into a prohormone of 
18 kDa. Further processing generates both VIP and PHI/ 
PHM. Known for its ability to induce vasodilation and act 
as a potent mediator of smooth muscle relaxation (Said, 
1984), VIP is found in the central nervous system as well as 
in peripheral nerves (Larsson et al., 1976), particularly in the 
peptidergic nerves (Schultzberg et al., 1980; Ekblad et al., 
1987; Makhlouf, 1990). These types of nerve fiber are found 
abundant in mucosal tissues: gastrointestinal tract, male and 
female genital tract, upper respiratory and nasal mucosa, and 
salivary glands (Larsson et al., 1976; Polak and Bloom, 1982). 
In the gastrointestinal tract, nerve fibers containing VIP are 
present in both the small and large intestine, with extensive 
innervation in all layers (Ekblad et al., 1987,1988). VIP also 
can be found coexisting with SP in similar enteric neurons 
of the myenteric plexus and submucosal plexus (Makhlouf, 
1990). VIP-containing nerve fibers also have been found in 
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lymphoid tissues including the thymus, spleen, and Peyer's 
patches (Feiten et al, 1985; Ottaway et al, 1987). 

The presence of VIP receptors (VIP-R) on leukocytes has 
been determined by radiolabel binding studies (Table I). 
From these studies and cross-linking experiments, VIP-R has 
been shown on human MOLT-4b T lymphoblasts (Beed et 
al., 1983). These cells express a single class VIP-R with an 
apparent size of 47,000 daltons (Wood and O'Dorisio, 1985), 
which correlates closely with VIP-R found on liver (Couvi-
neau et al., 1986) and pancreatic acinar cells (McArthur et 
al, 1987). The VIP-R on the MOLT-4b T cells appears to 
activate cAMP via a stimulatory guanine nucleotide binding 
protein (O'Dorisio et al, 1985). Maximum effect was ob-
tained with nonphysiological doses of VIP, but increased 
cAMP production still was observed at nanomolar concentra-
tions and could synergize with forskolin. The human my-
eloma cell line U266 also expresses a single class receptor 
with a Kd of 7.6 nM (Finch et al, 1989), similar to what has 
been observed with MOLT-4b lymphocytes (Kd = 7.3 nM). 
Normal mouse lymphocytes also have been shown to express 
VIP-R. These receptors were found primarily on T cells (Otta-
way and Greenberg, 1984). VIP-R density was greatest, in 
descending order, on lymphocytes isolated from subcutane-
ous lymph nodes, mesenteric lymph nodes, spleen, and Pey-
er's patches. In one report (Sreedharan et al, 1991), the 
authors suggested that they have cloned the human VIP-R 
gene with libraries derived from the pre-B Nairn 6 cell line, 
which shares >90% nucleic acid and amino acid sequence 
homology with the G-protein coupled canine orphan receptor 
previously cloned by a separate group of investigators (Libert 
et al, 1989,1990). The deduced sequence of 362 amino acids 
exhibits a hydropathy profile common to G-protein coupled, 
seven transmembrane-region type receptors. Cos-6 cells 
transfected with the cDNA clone for human VIP-R bound 
radioiodinated VIP with a dissociation constant of 2.5 nM. 

The first evidence for VIP mediation of immune function 
was the finding that polymorphonuclear leukocytes produce 
VIP (O'Dorisio et al, 1980), but the functional significance 
of this finding remains to be elucidated. Subsequent studies 
have shown VIP to inhibit mitogenic-induced proliferation 
of murine lymphocytes reversibly (Ottaway and Greenberg, 
1984; Krco et al, 1986; Stanisz et al, 1986) as a consequence 
of decreased IL-2 production, but not to affect T suppressor 
cell activity (Ottaway, 1987; Boudard and Bastide, 1991). 
Maximum inhibition of mitogen-induced cell proliferation by 
VIP occurred within the first 24 hr of neuropeptide exposure, 
and did not appear to be cAMP-dependent (Boudard and 
Bastide, 1991). Prepro-VIP, synthesized from the preprohor-
mone sequence that encodes three neuropeptides [VIP, PHM 
(27-mer), and peptide histidine valine (PHV; 42-mer)], also 
inhibited the proliferation of Con A-stimulated murine 
lymphoid cells from Peyer's patches, spleen, and mesenteric 
lymph nodes (Yiangou et al, 1990). Human peripheral blood 
lymphocytes and human jejunal IEL proliferation responses 
to Con A were not affected by VIP (Roberts et al, 1991), 
but LPL proliferation from human colonic specimens was 
inhibited by nanomolar concentrations of VIP (Elitsur and 
Luk, 1990). 

Short-term (24-hr) Con A stimulation of mesenteric 
lymphnode cells reduced the number of VIP binding sites 
(Ottaway, 1987), an indication that VIP receptors on lympho-
cytes can be regulated. Depletion of L3T4+, but not Lyt2 + , 
mesenteric lymph node cells resulted in diminished radiola-
beled VIP binding (Ottaway, 1987), suggesting the preferen-
tial expression of VIP receptors on T helper cells. Interest-
ingly, VIP was shown to enhance IgM production ( + 70%) 
while preferentially diminishing IgA production ( - 70%) by 
Con A-stimulated Peyer's patch mononuclear cells (Stainsz 
et al, 1986). However, in this study, ascertaining whether 
VIP was acting directly on VIP-R on B cells (Finch et al, 
1989; O'Dorisio et al, 1989) or mediating its effects via VIP-
R on T cells and macrophages (Ottaway, 1984; Segura et 
al, 1991), which in turn stimulated the secretion of cyto-
kines promoting B-cell differentiation, was difficult. VIP-
containing neurons have been demonstrated to extend into 
the T-cell regions of the Peyer's patches (Ottaway et al, 
1987), most likely to affect the CD4+ T cells. This population 
of T cells bears VIP receptors whereas CD8+ cells do not 
(Ottaway, 1987). Thus, stimulation of CD4+ T cells can mod-
ulate Ig synthesis. In this regard, finding that, in the presence 
of Th2 cells and derived cytokines, VIP could affect B-cell 
differentiation would not be unexpected. In addition to these 
activities, VIP has been found to reduce NK cell cytotoxic 
activity (Rola-Pleszczynski et al, 1985) and to have mast 
cell secretagogue activity (Piotrowski and Foreman, 1985). 
VIP can affect lymphocyte migration, since VIP-treated lym-
phocytes tend to migrate less into mesenteric lymph nodes 
and Peyer's patches than into spleen, lung, or peripheral 
blood (Ottaway, 1984). Inhibition of lymphocyte migration 
out of sheep popliteal lymph nodes also was observed 
(Moore, 1984). Again, using the murine schistomiasis model, 
eosinophils in the induced granulomas were found to produce 
VIP (Mathew et al, 1992), which induces granuloma T cells 
to generate IL-5. It was also observed that the IL-5-producing 
T cells were not reactive with soluble ova antigen. Thus, this 
study suggests that eosinophil-derived VIP can invoke IL-5 
release by a T-cell receptor-independent mechanism. In an 
attempt to understand the endocrine and neuronal contribu-
tion to immune protection of the eye, one study (Kelleher 
et al, 1991) assessed the contribution of various endocrine 
hormones and neuropeptides to lacrimal secretory compo-
nent (SC) levels. VIP concentrations of 1.0 μ,Μ, but not 
peptide concentrations from 1.0 nM to 100 nM, were effective 
in stimulating rat lacrimal gland acinar cells to release SC. 
This increase in SC output was time dependent, requiring 
the presence of VIP for 4-7 days, whereas short-term expo-
sure (<24 hr) had no effect. 

C. Somatostatin 

Widely distributed in the central and peripheral nervous 
system, the 14-amino-acid peptide somatostatin (growth hor-
mone release-inhibiting hormone; Table II) is present 
throughout the gastrointestinal tract in nerve cells of the 
myenteric plexus and submucous plexus (Schultzberg et al, 
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1980) as well as in endocrine cells (Eide and Hokfelt, 1979; 
Hokfelt et al., 1980). Its mRNA encodes a preprohormone 
of 12,800 daltons; after posttranslational processing, somato-
statin 14 is generated (Funckes et al., 1983). 

The first evidence of lymphocytes expressing somatostatin 
receptors (Table I) was reported by Bhathena et al., (1981). 
Somatostatin binding sites were evident on lymphocytes and 
monocytes, as determined by radiolabel binding studies. Two 
classes of somatostatin receptors later were identified on 
human T-cell lines and on an Epstein-Barr virus-transformed 
B-cell line: high-affinity receptors displayed dissociation con-
stants with picomolar values and low-affinity receptors 
showed dissociation constants in the nanomolar range (Naka-
mura etal., 1987). Likewise, examination of the Jurkat human 
leukemic T-cell line and U266 human IgE myeloma cell line 
by radiolabel binding studies for the expression of somato-
statin receptors showed that these cells exhibited biphasic 
binding characteristics with high-affinity receptors and 
Kd values of 3 pM (—150 receptors/cell) and 5 pM (—1150 
receptors/cell), respectively (Sreedharan et al., 1989a). 
Low-affinity receptors expressed by the Jurkat T cells 
and U266 myeloma cells displayed binding constants of 
66 nM and 100 nM, respectively. In contrast, only a single 
class binding receptor for somatostatin was found on the 
mouse IgA myeloma cells MOPC 315 (Scicchitano et al., 
1988b). A dissociation constant of 1.6 nM with —40,000 recep-
tors/cell was obtained. When compared with human 
lymphoid somatostatin receptors, this evidence suggests that 
the Kd for this murine somatostatin receptor resembles the 
low-affinity receptor. 

Somatostatin inhibits the release of a variety of hormones 
including growth hormone, insulin, and VIP (Reichlin, 1986). 
Similar inhibitory action also is observed in the immune sys-
tem. Somatostatin at picomolar concentrations inhibited the 
proliferation of phytohemagglutinin (PHA)-stimulated T lym-
phocytes and the MOLT-4 T lymphoblasts at the DNA and 
protein levels (Payan et al., 1984b); nanomolar concentra-
tions were inhibitory for the proliferation of human colonic 
LPL (Elitsur and Luk, 1990). To obtain similar inhibitory 
effects, nanomolar (Stanisz et al., 1986) and micromolar 
(Argo et al., 1991) concentrations of somatostatin were re-
quired to inhibit Con A-stimulated murine Peyer's patch and 
splenic mononuclear cells. However, the in vivo administra-
tion of somatostatin via miniosmotic pump for constant deliv-
ery for 7 days resulted in enhanced suppressive effect with 
Peyer's patch mononuclear cells were assayed subsequently 
in vitro. A 70% reduction of mitogen-induced cell prolifera-
tion was observed with splenocytes from in wuo-treated mice, 
but the addition of somatostatin to these same in vitro cultures 
resulted in greater inhibition, exceeding 90% of cell prolifera-
tion. Further examination of the ability of somatostatin to 
modulate lymphoid function revealed that this neuropeptide 
exerted an inhibitory effect on IgA (20-50% reduction) and, 
to lesser degree, on IgM (10-30% reduction) production by 
murine mononuclear cells from the spleen and Peyer's 
patches (Stanisz et al., 1986). Similarly, IgA production by 
MOPC 315 cells was inhibited at nanomolar concentrations 
of somatostatin by as much as 60% (Scicchitano et al., 1988b). 
However, at 10" 12M somatostatin, as much as a 40% increase 

in IgA production was observed. Further investigation is 
required to understand the significance of this latter obser-
vation. 

D. Gastrin-Releasing Polypeptide and Bombesin 

The term bombesin refers to a family of peptides that share 
a conserved 7-amino-acid C terminus (Trp-Ala-Val-Gly-
His-Leu-Met-NH2) that is the minimal fragment required 
for bombesin-like activity. This tetradecapeptide (Table II) 
was identified first in frog skin extracts (Anastasi etal., 1971); 
subsequently, mammalian and avian 27-mer counterparts 
were identified from gastrointestinal extracts and referred 
to as gastrin-releasing polypeptide (GRP) (Spindel, 1986). 
In mammalian gut, GRP is restricted solely to the neurons 
(Moghimzadeh et al., 1983) and found predominantly in those 
neurons of the large intestine, whereas fewer neurons are 
found in the small intestine (Moghimzadeh et al., 1983; Ek-
blad et al., 1987, 1988). Bombesin/GRP can elicit gastric 
acid and pancreatic enzyme secretion as well as induce gall 
bladder and intestinal smooth muscle contraction (Fave et 
al., 1985; Spindel, 1986). The human GRP gene is 10 kb in 
length and gives rise to three different mRNA species as a 
result of alternate splicing. However, the full-sized form is 
the predominant species (Spindel et al., 1987). The human 
preprohormone is a 148-amino-acid polypeptide that under-
goes posttranslational processing to produce GRP. 

Limited reports have been made examining the effects of 
bombesin/GRP on lymphoid cells. In one study, the prolifera-
tive ability of bombesin was assessed and shown to have 
little or no effect on Con A- or LPS-induced lymphoid cell 
proliferation (Krco et al., 1986), but was antiproliferative for 
human colonic LPL (Elitsur and Luk, 1990). However, as 
an IgA releasing factor, bombesin was shown to enhance 
effectively the in situ release of antigen-specific IgA and IgG 
antibodies from perfused rat intestine (Jin et al., 1989). The 
rapid release of these antibodies may be, in part, the result 
of the evocation of cholecystokinin and gastrin (Freier et al., 
1987), which also have been shown to induce the release of 
IgA and IgG antibodies from the intestine. 

E. Calcitonin Gene-Related Peptide 

The spontaneous switch in a rat medullary thyroid carci-
noma that resulted in diminished calcitonin production led 
to the discovery of a novel mRNA product that was larger 
than the calcitonin mRNA (Amara et al., 1982). This new 
mRNA was shown to result from alternate RNA processing. 
After posttranslational processing of the 16-kDa prohormone, 
a novel peptide was generated. This neuropeptide, which 
was called calcitonin gene-related peptide (CGRP), shared 
little homology with calcitonin. The alternative gene pro-
cessing of the calcitonin gene for the production of calcitonin 
and CGRP appeared to be tissue specific (Rosenfeld et al., 
1983). CGRP is a 37-amino-acid peptide (Table II) and shares 
similar C-terminal amidation with the other sensory neuro-
peptides. This peptide has the additional feature of a disulfide 
linkage between cysteine residues at positions 2 and 7. A 
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second CGRP was discovered from a separate gene (Amara 
et al., 1985) and referred to as ß-CGRP, differing from a-
CGRP by a conservative amino acid substitution at position 
35 (lysine for glutamic acid). CGRP exhibits both potent 
vasodilatory (Brain et al., 1985) and intestinal smooth muscle 
relaxant (Bartho et al., 1987) properties. Similar to SP, CGRP 
is disseminated throughout the central and peripheral nervous 
systems (Clague et al., 1985; Hanko et al., 1985; Tschopp et 
al., 1985). During capsaicin treatment, CGRP is co-depleted 
with SP from unmyelinated sensory neurons (Nagy et al., 
1981; Sternini et al., 1987). Immunoreactive nerve fibers con-
taining CGRP have been localized in the medulla and T-cell 
zone in the mesenteric lymph nodes (Popper et al., 1988). 
Nerve fibers containing immunoreactive CGRP were de-
tected in arterioles and venules with extensions entering the 
parenchyma of the mesenteric lymph nodes. By quantitative 
receptor autoradiography, distinct sites of CGRP binding 
were determined to be distributed throughout the mesenteric 
lymph nodes, with the greatest concentration of CGRP bind-
ing in -25% of the germinal centers. Binding sites also were 
observed on 50% of the arterioles and venules in the medulla, 
T-cell region, and internodular region. 

Mouse splenocytes have been shown to express binding 
sites (Table II) for CGRP. Half-maximal inhibition of radioio-
dinated CGRP binding to splenocytes was achieved with 
0.4 nM unlabeled CGRP (Umeda et al., 1988). Subsequent 
analysis (Umeda and Arisawa, 1989) performed on T cell-
enriched fractions (nylon wool nonadherent cells) revealed 
a biphasic binding curve with a high-affinity binding site (Kd 

of 0.35 nM; 265 sites/cell) and a low-affinity binding site (Kd 

of 48 nM; 13,000 sites/cell). Binding of radiolabeled ligand 
was unaffected by salmon or human calcitonin. Radioiodin-
ated CGRP binding to T-cell lymphocyte membranes could 
be dissociated in part by the nucleotide analog Gpp(NH)p, 
suggesting that the mouse T lymphocyte CGRP receptor may 
be coupled to the stimulatory guanine nucleotide regulatory 
binding protein. In contrast to murine lymphocytes, rat lym-
phocytes (McGillis et al., 1991) demonstrated a single class 
of high-affinity receptors for radioiodinated CGRP with a 
dissociation constant of 0.81-0.87 nM for splenocytes (970 
receptors/cell) and enriched T cells (750 receptors/cell). B 
cells displayed a similar Κά of 0.39 nM and similar numbers 
of receptors as T cells. Affinity labeling studies cross-linking 
lymphocytes with radioiodinated CGRP produced three 
bands when analyzed on SDS-PAGE, all of which could be 
inhibited specifically with unlabeled CGRP: a high molecular 
weight form, a 220-kDa protein, and a 75-kDa protein. Macro-
phages also express CGRP receptors. Plasma membranes 
prepared from the P388D1 murine macrophage cell line were 
found to exhibit, minimally, a high-affinity receptor for radio-
labeled CGRP with a dissociation constant of 1.8 nM (Abello 
et al., 1991). This CGRP was coupled to adenylate cyclase 
since nanomolar concentrations of CGRP were effective in 
stimulating P388D1 adenylate cyclase activity in a dose-
dependent fashion. 

CGRP inhibited both Con A- and PHA-induced but not 
LPS-induced proliferation of mouse splenocytes in a dose-
dependent fashion, with maximal inhibition seen at a concen-
tration of 10"8 M (Umeda et al., 1988) within the first 24 hr 

(Boudard and Bastide, 1991). In contrast to VIP, CGRP had 
no effect on IL-2 production by Con A-stimulated spleno-
cytes (Boudard and Bastide, 1991), but CGRP increased 
cAMP levels in enriched murine T cells (Umeda et al., 1988; 
Boudard and Bastide, 1991). As had been shown with murine 
T cells, rat lymphocytes stimulated with CGRP also could 
elicit maximal cAMP production at concentrations near the 
Kd for the CGRP receptor (McGillis et al., 1991). CGRP 
also could inhibit macrophage function. Using an ovalbumin-
specific T-cell line, CGRP-stimulated peritoneal macro-
phages inhibited antigen presentation when measured by the 
decrease in cell proliferation by these T cells (Nong et al., 
1989). In the same study, human monocytes pretreated and 
not co-stimulated with CGRP at nanomolar concentrations 
could inhibit IFNy-induced H202 production effectively. Al-
though the studies examining the immunomodulatory of 
CGRP are still limited, learning the development of CGRP 
functional attributes and assessing whether this neuropeptide 
will enhance or antagonize SP immunostimulatory effects 
will be interesting since these neuropeptides coexist in peptid-
ergic nerve fibers in lymphoid tissues. 

III. PEPTIDERGIC-IMMUNE CIRCUIT 

We have provided here the experimental evidence for the 
existence of the communication system between the nervous 
and immune systems. Having determined that various neuro-
peptides do play a role in the modulation of the function of 
various arms of the cellular and humoral immune network, 
determining the intracellular mechanisms involved becomes 
increasingly significant. Further, the shared expression of 
neuropeptide and cytokine receptors by elements of the im-
mune and nervous systems, as well as the ability to respond 
to these diametric molecules, supports the existence of such a 
neural-immune circuit. In view of these observations, efforts 
were put forth to investigate the possibility that neuropep-
tides were generated by cells other than those of neuronal 
origin. Consequently, leukocytes were shown to synthesize 
SP (Pascual and Bost, 1990b), VIP (Matthew et al., 1992), 
and somatostatin (Sreedharan et al., 1989b). These findings 
led some researchers to speculate that the neural-immune 
network is functionally bidirectional (Spector and Goetzl, 
1989). If the neural-immune network is bidirectional as pro-
posed, leukocyte-derived neuropeptides could act at neu-
ronal or endocrine sites, even those at distant sites, in a 
systemic fashion. However, no in vivo evidence exists to 
support this hypothesis. In fact, even if leukocyte-derived 
neuropeptides could reach their respective neuronal recep-
tors, the concentrations of leukocyte-derived neuropeptides 
generally have been found to be 1000-fold less than neuronal 
concentrations. Thus, at these concentrations, leukocyte-
derived neuropeptides seem unlikely to compete effectively 
with neuronal production and release. 

One aspect of the studies addressing leukocyte-derived 
neuropeptides that has failed to gather consideration is why 
these neuropeptides are produced by leukocytes. Whereas 
intricate studies have shown the production of neuropeptides 
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by leukocytes, studies of the purpose of such production 
have been minimal. One possibility for their production is 
that low level production of neuropeptides may represent 
a mechanism for maintaining the expression of their respec-
tive receptors on the leukocyte cell surface. In the case of 
macrophage-derived SP (Pascual and Bost, 1990b), investiga-
tors suggested that macrophages produced SP in a paracrine/ 
autocrine fashion to regulate cytokine production. Likewise, 
eosinophil-derived VIP may be important for nonspecific acti-
vation of T cells during schistomiasis. Thus, if leukocyte-
synthesized neuropeptides can affect their own function, we 
must consider them functionally similar to cytokines. It may 
be important for them not to function at neuronal or endocrine 
sites; they may, instead, exhibit properties not previously 
considered. Consequently, leukocyte-derived neuropeptides 
introduce a novel regulatory circuit to immune regulation. 
Such an additional regulatory pathway also may have its own 
mode of neuropeptide release. Previous studies have shown 
the sensitivity of neural elements to cytokine stimulation to 
induce the release of neuropeptides (Jonakait and Schotland, 
1990; Hart et al., 1991), but these same cytokines may not 
affect leukocyte-derived neuropeptide release. 

Much must still be learned about the mechanisms used by 
the peptidergic circuit to regulate immune function in MALT. 
We are beginning to learn about the ability of lymphocytes 
and macrophages to respond to neuropeptides. Subsequent 
studies should provide insight into the modulation of neuro-
peptide receptors on leukocytes, particularly understanding 
the regulatory mechanisms and events responsible for the 
expression of neuropeptide receptors. This expression can 
be especially significant in mucosal tissues, where the pres-
ence of neuropeptides is associated greatly with leukocytes. 
The consequence of understanding the relationship between 
the nervous system and the immune system will provide a 
basis for future treatment of mucosal inflammatory diseases, 
Crohn's disease and colitis, autoimmune diseases, arthritis, 
and multiple sclerosis (myelin basic protein), as well as for 
the development of new vaccines to mucosal pathogens. In 
general, this new field offers additional therapeutic strategies 
in the manipulation of immunity in various pathological 
states. Assessing the neuronal component will become more 
prevalent when addressing immune regulation in MALT. 
Thus, with the development of cDNA probes and monoclonal 
antibodies to neuropeptide receptors, the regulation of these 
receptors on lymphoid cells and macrophages can be ad-
dressed readily, providing a functional understanding of the 
neural-immune network. 
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The Role of B-l Cells in Mucosal Immune Responses 

Frans C. M. Kroese · Aaron B. Kantor · Leonore A Herzenberg 

I. INTRODUCTION 

The intestinal lamina propria of the gut contains numerous 
plasma cells that characteristically secrete IgA. This IgA is 
transported across the epithelium into the gut lumen to pre-
vent invasion of microorganisms. The high level of IgA in 
mucosal secretions testifies to its importance as part of the 
first line of defense of an animal. In fact, approximately 15 
million IgA-secreting cells are found in the intestine of the 
mouse, which is 10 times more than the total number of IgM-
secreting cells in lymphoid tissues (Van der Heijden et aL, 
1987). Given the estimated half-life of 5 days for the vast 
majority of intestinal IgA plasma cells (Mattioli and Tomasi, 
1973), many IgA plasma cells must develop daily from B cells 
to guarantee a continuous supply of cells. According to the 
prevailing paradigm, intestinal IgA plasma cells are derived 
from conventional B cells located mainly in the Peyer's 
patches of the small intestine (for review, see Phillips-
Quagliata and Lamm, 1988; Tseng, 1988). 

In this chapter, we review analyses of irradiated and nonir-
radiated B-cell lineage chimeras and μ,κ transgenic mice from 
our laboratories that indicate that many intestinal IgA plasma 
cells arise from Ly-1 B cells that predominate in the peritoneal 
cavity (Ly-1 B cells are now designated B-l cells; Kantor et 
aL, 1991). Data from several other laboratories that support 
this finding are also discussed. Finally, the mucosal IgA 
plasma cells are considered in the context of the layered 
immune system (Herzenberg and Herzenberg, 1989). 

II. CURRENT VIEW ON THE ORIGIN OF 
INTESTINAL IgA PLASMA CELLS 

Peyer's patches (and appendix) are well known to contain 
enriched numbers of precursor cells for intestinal IgA plasma 
cells (Craig and Cebra, 1971,1975; RudziketaL, 1975;Tseng, 
1981,1984). This conclusion was reached mainly after short-
term (up to 2 weeks) transfer experiments with various cell 
populations to X-irradiated animals, and was initiated in the 
early 1970s by the classic rabbit experiments by Craig and 
Cebra (1971,1975). Collectively, these (and other) repopula-
tion studies led to the following working model (for reviews, 
see Phillips-Quagliata and Lamm, 1988; Tseng, 1988). Anti-
gen probably enters the Peyer's patches through specialized 
epithelial cells (M cells) with short microvilli and an intracel-

lular vesicular transport system, located in the epithelium 
covering each follicle (Owen, 1977). In the Peyer's patches, 
antigen is processed by macrophages and presented to T 
helper cells, leading to the activation of B cells. Committed 
B cells leave the Peyer's patches, migrate to the mesenteric 
lymph nodes, and enter the blood circulation by way of the 
thoracic duct. These cells may expand and differentiate fur-
ther in the spleen and, after some time, migrate into the gut 
lamina propria, where they mature to IgA-producing plasma 
cells. This differentiation process from Peyer's patch precur-
sor B cell to mature IgA-secreting plasma cell in the intestinal 
lamina propria takes approximately 1 week. 

Analysis of the phenotype of the IgA precursor cells lo-
cated in the murine Peyer's patch shows that the majority 
of them express slgM, slgD, and complement (C3) receptor 
(Tseng, 1984). Tissue-section staining indicates that these 
cells are located in the lymphocyte corona of the lymphoid 
follicle (Butcher et aL, 1982). A second but minor population 
of IgA plasma cell precursors consists of surface/cytoplasmic 
IgA+ blastoid cells that are likely to be derived from the 
IgM+IgD+ cells, and are found in the Peyer's patches and, 
in higher numbers, in the mesenteric lymph nodes and tho-
racic duct lymph (Guy-Grand et aL, 1974; McWilliams et 
aL, 1975; Pierce and Gowans, 1975; Roux et aL, 1981). In 
repopulation studies, this last population of IgA precursors 
homes immediately after transfer to the gut lamina propria 
(<24 hr). In Peyer's patches, sIgA+ cells are located almost 
exclusively in the germinal centers of the lymphoid follicles 
(Butcher et aL, 1982). In the germinal centers, antigen-
triggered B cells expand, undergo isotype switching, intro-
duce somatic mutations in their VH genes, and differentiate 
into memory cells (for review, see Kroese et aL, 1990). There-
fore, the (conventional) IgA plasma cell precursors in the 
Peyer's patches may acquire somatic mutations in their VH 

genes, resulting in high affinity antibodies with a narrow 
specificity. 

III. B-l CELL LINEAGE 

B-l cells (Ly-1 B cells) constitute a small but functionally 
very important subset of murine B cells that produces much 
serum immunoglobulin, including autoreactive and antibacte-
rial antibodies. B-l cells are distinguished from conventional 
B cells by phenotype, development, anatomical localization, 
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and function (for reviews, see Hardy and Hayakawa, 1986; 
Herzenberg et al., 1986; Hayakawa and Hardy, 1988; Kipps, 
1989; Kantor and Herzenberg, 1993). B-l cells are virtually 
absent from lymph nodes and Peyer's patches and are present 
at low frequency in spleen; however, they constitute a major 
fraction of the B cells in the peritoneal and pleural cavities. 
B-l cells express high levels of slgM but low levels of slgD 
and B220 (RA3-6b2; Coffman and Weissman, 1981). Figure 
1 shows the predominance of B-l cells in the BALB/c perito-
neal cavity and the absence of these cells in the Peyer's 
patches. Conventional B cells, which are dull for IgM and 
bright for IgD, predominate in Peyer's patches and other 
secondary lymphoid organs. In the peritoneal and pleural 
cavities, B-l cells also express CDllb (Mac-1). B-l cells can 
be divided into two independently self-replenishing popula-
tions: B-la cells, which express detectable levels of CD5, 
and B-lb (formerly called "sister" cells), which do not. Both 
populations are present in the peritoneal and pleural cavities. 

Extensive adoptive transfer studies have shown that B-l 
cells and conventional B cells have different developmental 
pathways and have distinct progenitor cells that develop inde-
pendently of each other. In essence, B-l cells arise early 
during ontogeny from progenitor cells located in the fetal 
omentum (Solvason et al., 1991) and fetal liver (Solvason et 

PerC Peyer's Patches 

1 10 100 1 10 100 

IgM 
Figure 1 Comparison of Peyer's patch (right) and peritoneal cavity 
{left) B cells. Representative plots are shown for untreated Balb/c 
mice. The FACS phenotype of conventional B, B-la, and B-lb cells 
are indicated. Reagents: fluorescein conjugated anti-IgM (DS1); allo-
phycocyanin-conjugated anti-CD5 (53-7); and anti CDllb (Ml/70); 
and biotin-conjugated anti-IgD (AMS9.1) followed by Texas 
Red-Avidin. The percentages of cells within the boxed populations 
are given per total number of live lymphocytes after gating on forward 
and side scatter and propidium iodide. All the plots presented have 
5% probability contours. 
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al., 1991; Hardy and Hayakawa, 1992; Kantor et al., 1992). 
After weaning, B-l cells maintain themselves by self-
replenishment and are independent of the bone marrow. Con-
ventional B cells, in contrast, arise later in ontogeny and are 
replenished by de novo production from adult bone marrow. 

Although their overall numbers are low (<5% of the periph-
eral B cells), B-l cells produce much of the serum Ig, includ-
ing half the IgM and IgA in radiation chimeras (Kroese et 
al., 1989); however, they express a limited repertoire (Förster 
etal., 1988a; Fenneletal., 1988;Tarlintonera/., 1988) includ-
ing near exclusive use of VH11 and VH12, which are specific 
for phosphatidylcholine (PtC; Hardy et al., 1989; Pennell et 
al., 1989; Carmack et al., 1990). B-l cells produce autoanti-
bodies to Fey (rheumatoid factor; Casali et al., 1987; Hardy 
et al., 1987; Burastero et al., 1988) and thymocytes (Haya-
kawa et al., 1990), and antibodies that react with microorgan-
ismal coat antigen such as a 1-3 dextran (Förster and Rajew-
sky, 1987), PtC, and undefined determinants on Escherichia 
coli (Pennell et al., 1985; Mercolino et al., 1986). These B-
1 cell antibodies tend to have low affinity and broad specificity 
(Lalor and Morahan, 1990). In contrast, B-l cells respond 
poorly to commonly used exogenous antigen such as sheep 
erythrocytes and TNP-KLH; Hayakawa et al., 1984). The 
majority of B-l cell antihapten antibodies does not show the 
high affinity binding or fine specificity of conventional B cells 
(Lalor and Morahan, 1990). Thus, an apparent dichotomy 
exists in the expressed repertoire of conventional and B-l 
cells. Little is known about the subdivision between B-la 
and B-lb cells. 

Although mature B-l cells are only a minor population of 
B cells, their functional properties suggest that these cells 
play a crucial role in the first line of protection of the animal 
against common microorganisms, including those that are 
ubiquitous in the gut. This hypothesis raises the question of 
whether B-l cells could be involved in mucosal IgA immune 
responses. 

IV. PERITONEAL RESERVOIR OF 
PRECURSORS FOR GUT IgA PLASMA CELLS 

We examined the possible role of B-l cells in the mucosal 
immune response by using stable long-term B lineage chime-
ras (Kroese et al., 1989,1992). These chimeras exploit the 
self-replenishing properties of B-l cells and their poor repop-
ulation by adult bone marrow, especially in the presence of 
mature B-l cells. Lethally irradiated mice are reconstituted 
with syngeneic bone marrow (BM) and peritoneal washout 
cells (PerC) from immunoglobulin (Ig) allotype (Igh-C) con-
geneic donors (Figure 2). In these mice, B cells, plasma 
cells, and serum immunoglobulins derived from either donor 
population can be distinguished on the basis of the allotype 
they express. 

Multiparameter flow cytometry (fluorescence-activated 
cell sorting; FACS) analysis of these chimeras (>2 months 
after transfer) demonstrates that essentially all B cells in 
Peyer's patch (Figure 3), spleen, and lymph node are conven-
tional B cells derived from the bone marrow donor (b allo-
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Peritoneal Cells 
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650 

Lethally Irradiated Recipient 
(BM - donor allotype) 

B-l cells express PerC-donor allotype (a) 
Conventional B cells express BM-donor allotype (b) 

Figure 2 Preparation of radiation chimeras. Recipients [here, b allo-
type BAB/25 (Igh-Cb)] mice are X-irradiated and reconstituted with 
peritoneal cells from an a allotype Balbc/Hz and syngeneic (BAB) 
bone marrow. 

type). B cells derived from the PerC donor (a allotype) belong 
exclusively to the B-l cell lineage. PerC-derived B-l a and 
B-lb cells are abundant again in the peritoneal (Figure 3) and 
pleural cavities of the recipient mouse and are found only at 
low frequencies in peripheral lymphoid tissues. 

Immunohistological analysis of lymphoid organs confirms 
the FACS data. Specifically, in Peyer's patches only rare 
surface IgM-, IgD-, or IgA-positive cells of PerC donor allo-
type are detected in the lymphocyte corona of the lymphoid 
follicle. However, despite the low overall numbers of PerC-
derived B cells in these PerC/BM chimeras, approximately 
40% of the IgA plasma cells in the gut lamina propria and 
half the IgM plasma cells in the spleen are derived from PerC 
donor cells, even up to 1 year after transfer. Consistently, 
half the IgA and IgM in the serum are of the PerC donor 
allotype (Kroese et al., 1989). 

Similar data are obtained with nonirradiation B lineage 
chimeras (Kroese et al., 1989). For example, neonatal chime-
ras were prepared by transfer of PerC into Igh-C conge-
neic neonatal homozygotes treated from birth with anti-IgM 
allotype-specific antibodies (Lalor et al., 1989b). This proce-
dure depletes host B cells but does not affect the injected 
donor B cells. After stopping the antibody treatment, devel-
opment of host B-l cells is suppressed permanently, although 
host conventional B cells return to normal levels. In these 
chimeras, B-l cells are derived exclusively from the PerC 
donor, and many IgA plasma cells in the gut express the 
PerC donor Ig allotype (Kroese et al., 1989). 

The production of IgA plasma cells from B-l cells in the 
nonirradiated chimeras indicates that the repopulation of the 
lamina propria by PerC-derived cells in the irradiation chime-
ras is not likely to be the result of nonspecific and immediate 
homing of cells. Such an aberrant migration pattern could, 
for example, be induced by the X-irradiation procedure, 
which may lead to short-term inflammation of the intestine. 

Immediate nonspecific homing is also unlikely, since PerC-
derived IgA plasma cells appear in the intestinal lamina pro-
pria of the recipients at least 1-2 weeks after transfer (Kroese 
et al., 1989). 

These findings challenge the prevailing view that the vast 
majority of IgA plasma cells in the intestinal lamina propria 
originates from (conventional) B cells located in the Peyer's 
patches. Instead, the data demonstrate that the murine perito-
neal cavity may serve as a huge reservoir of B cells that are 
capable of differentiating into IgA-secreting plasma cells. 
Further, given the observation that, even up to 1 year after 
transfer, PerC-derived IgA plasma cells are seen in the intesti-
nal lamina propria, these PerC-derived plasma cells must be 
either extremely long-lived (which is rather unlikely; Mattioli 
and Tomasi, 1973) or derived from self-replenishing precursor 
cells. Since FACS analysis shows that all PerC-derived 
sIgM+ cells in these long-term stable chimeras are self-
replenishing B-l cells, the data strongly indicate that B-l 
cells present in the peritoneal cavity are responsible for high 
numbers of intestinal IgA plasma cells. 

V. IgA PLASMA CELLS IN μ,κ TRANSGENIC 
MICE BELONG TO THE B-l CELL LINEAGE 

In a second distinct approach, we examined the lineage 
origin of intestinal IgA plasma cells in IgM transgenic mice. 
The introduction of a functionally rearranged immunoglobu-
lin μ heavy-chain transgene interferes with the normal devel-
opment of the B-cell pool and antibody repertoire (Herzen-
berg et al., 1987; Herzenberg and Stall, 1989; Müller et al., 
1989; Forni, 1990; Grandien et al., 1990; Iacomini et al., 
1991). These transgenic mice have severely reduced numbers 
of B cells. As expected by the principle of allelic exclusion, 
the rearranged transgene inhibits further endogenous immu-
noglobulin heavy-chain gene rearrangements and subsequent 
expression. This inhibition, however, does not occur in all 
cells. Some B cells express endogenous IgM molecules, often 
concomitant with the transgenic IgM. FACS analysis and 
transfer studies with the transgenic mouse lines M54 and 
M95 have shown that the transgene selectively affects the 
two B cell lineages: only conventional B cells are depleted 
in these mice and expression of endogenous immunoglobulins 
is restricted totally to the B-l cell lineage (Herzenberg et al., 
1987; Herzenberg and Stall, 1989). Endogenous immunoglob-
ulin and transgenic IgM can be distinguished from each other 
by Igh-C allotype. Despite the loss of endogenous conven-
tional B cells, these mice have almost normal levels of endog-
enous serum immunoglobulin. Most significantly, serum IgA 
is near normal in these animals (Grandien et al., 1990). 

Similar to the findings with the M54 mice, we have shown 
that the majority of B cells in the peripheral lymphoid organs 
of B6-SP6 (μ,,κ transgenic) mice expresses only transgenic 
IgM, whereas many peritoneal B cells express endogenous 
IgM (either alone or in combination with transgenic IgM; 
Kroese et al., 1992). These endogenous IgM+ peritoneal B 
cells nearly all belong to the B-l cell lineage as determined 
by FACS phenotype. Furthermore, transgenic BM poorly 
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Figure 3 FACS analysis of radiation chimeras. BAB recipients of Balb/c PerC and BAB bone marrow were 
analyzed 10 wk after transfer. PerC-derived (a allotype) B-la and B-lb cells are found in the recipient peritoneal 
cavity (PerC) but not Peyer's patches. Bone marrow-derived (b allotype) conventional B cells predominate in the 
Peyer's patches and other secondary lymphoid organs. Allotype specific reagents: fluorescein conjugated anti-
Igh-6a (IgM of the a allotype, DS1); fluorescein conjugated anti-Igh-6b (IgM of the b allotype, AF6-78); biotin-
conjugated anti-Ig5a (IgD of the a allotype, AMS9.1); and biotin-conjugated anti-Ig5b (IgD of the b allotype, AF6-
122) (b allotype Mab). 

reconstitutes endogenous IgM+ B cells, just as adult BM 
from normal mice poorly reconstitutes B-l cells. Most sig-
nificantly, IgA plasma cells are found in the intestinal lamina 
propria of these B6-Sp6 mice and approximately 25% of them 
also contain transgenic IgM in their cytoplasm. Since the 
constant part of this IgA can be derived only from endogenous 
heavy-chain genes in these mice and the majority of IgA 
positive cells do not express the transgenic idiotype, these 
IgA plasma cells must be the result of an isotype switch 
from an endogenous IgM-expressing cell. Endogenous IgM 
is expressed almost exclusively by B-l cells in these 
transgenics, suggesting that essentially all IgA plasma cells 

in the gut lamina propria of these mice belong to the B-l cell 
lineage. 

VI. ROLE FOR B-l CELLS IN 
MUCOSAL IMMUNITY 

The two different sets of experiments described earlier 
(i.e., B lineage chimeras and μ,κ transgenic mice) strongly 
indicate that B-l cells generate many IgA plasma cells in the 
lamina propria. Several other lines of evidence also support 
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our notion that B-l cells contribute significantly to the gut 
IgA response. (1) Elegant experiments by Solvason et al. 
(1991) have shown that grafts of fetal omentum into adult 
severe combined immunodeficiency (SCID) mice reconsti-
tute B-l cells (both B-l a and B-lb) but not conventional B 
cells. These grafts also lead to the appearance of IgA plasma 
cells in the gut and IgM plasma cells in the spleen. (2) Several 
B-l cell lymphomas (CH12.LX, CH27, and 1.29) preferen-
tially switch in vitro from IgM expression to IgA expression 
(Stavnezer et al., 1985; Arnold et al., 1988; Whitmore et al., 
1991). (3) Virtually all B cells in autoimmune viable moth-
eathen mice are B-l cells; the serum of these mice contains 
extremely high levels of IgM, IgG3, and IgA (Sidman et al., 
1986). (4) CBA/N Xid mice almost completely lack B-l cells 
(Herzenberg et al., 1986) and have a defective immune re-
sponse to certain antigens such as phosphorylcholine and 
Salmonella typhimurium (Mond et al., 1977; O'Brien et al., 
1979). However, CBA/N Xid mice populated with B-l cells 
from the peritoneum of responsive CB A/CA mice have strong 
serum and mucosal IgA responses after oral immunization 
with S. typhimurium (Pecquet et al., 1992). 

Collectively, these findings are reconciled most easily with 
the hypothesis that B-l cells play a significant role in the 
generation of IgA plasma cells in the intestinal lamina propria. 
This view is also consistent with the finding that intraperito-
neal priming of animals is the most effective route to enhanc-
ing mucosal IgA immune responses (Pierce and Gowans, 
1975; Pierce and Koster, 1980). In addition, this hypothesis 
also may explain how surgical removal of Peyer's patches 
and prolonged thoracic duct cannulation (to deplete Peyer's 
patch-derived cells) fail to result in a significant drop in num-
bers IgA plasma cells in the gut lamina propria (Mayrhofer 
and Fisher, 1979; Heatley et al., 1981; Enders et al., 1988). 

Formal proof for a role of B-l cells in the mucosal immune 
response requires further study. Rare sIgA+ memory cells 
in the PerC may be responsible for the repopulation of gut 
IgA plasma cells after transfer (Kroese et al., 1989). Transfer 
experiments with sorted B-cell populations into allotype con-
geneic hosts could clarify this point, as well as distinguish 
the relative roles of B-l a and B-lb cells. 

VII. MUCOSAL IgA RESPONSES AND THE 
LAYERED IMMUNE SYSTEM 

The developmental pattern of the B and T cell lineages 
can be considered in the context of an evolutionarily layered 
immune system (Herzenberg and Herzenberg, 1989; Her-
zenberg et al., 1992; Kantor et al., 1992). In this view, the 
lymphocyte lineages that develop at different overlapping 
times during ontogeny of mammals reflect the progressive 
emergence of layers of hematopoietic progenitor cells during 
evolution. B-l cells and some γδ Τ cells that arise earliest in 
ontogeny (Havran and Allison, 1988; Ito et al., 1989) would 
represent the evolutionarily most primitive layer of the verte-
brate immune system. This view is supported by evidence 
showing that some γδ Τ cells (Tonegawa, 1989) and B-l cells 
share many characteristics, such as predominant localization 
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outside lymphoid tissues including the mucosal epithelium 
and restricted repertoires. Conventional B cells and aß T 
cells arise later in ontogeny and are considered more recent 
evolutionary developments. 

Functional considerations indicate that B-l cells and early 
γδ Τ cells, by nature of their repertoire and anatomical loca-
tion, may create a first line of defense against invading patho-
gens. B-l cells tend to produce a restricted set of low-affinity 
broad-specificity germ-line antibodies that react with com-
mon antigens on ubiquitous microorganisms. In contrast, 
conventional B cells produce a larger more diverse set of 
antibodies capable of specific high-affinity interactions with 
particular pathogens. 

The B-l cell repertoire is established shortly after birth, 
in part by positive selection, at a time when the animal en-
counters common exogenous (microorganismal) antigens for 
the first time. Feedback inhibition from mature B-l cells 
(Lalor et al., 1989a,b) and decreased progenitor activity 
(Hayakawa et al., 1985; Kantor et al., 1992) restrict changes 
in the B-l cell antibody repertoire, beginning near adoles-
cence. Thus, the B-l cell antibody repertoire provides an 
efficient and early first line of defense against many common 
bacteria that challenge the animal at birth and throughout 
life. 

Conventional B cells produce a larger more diverse set of 
antibodies because of continuous generation from stem cells 
in bone marrow throughout life. These antibodies are capable 
of specific high-affinity interactions with particular patho-
gens. The conventional B cell repertoire thus is potentially 
able to combat any microorganisms, including those that are 
less common, that escape through the barrier created by the 
B-l cell antibodies. 

The mucosae are attacked continuously by numerous mi-
croorganisms and require a sophisticated immune system 
that benefits from both layers of the immune system. The 
importance of a mucosal immune system is indicated by the 
extremely high numbers of IgA plasma cells in the lamina 
propria and by the fact that the mucosal immune system is 
evolutionarily old (Phillips-Quagliata and Lamm, 1988). The 
layered immune system is clearly evident in the mucosae, as 
reflected by differentiation into IgA plasma cells from both 
B-l cells located in the peritoneal cavity and conventional B 
cells located in the Peyer's patches. Antigen can be processed 
by macrophages and presented to T helper cells; the T cells, 
with antigen, activate the conventional Peyer's patch B cells. 
These cells leave the patches by way of the mesenteric lymph 
nodes and thoracic duct into the circulation to migrate back 
to the gut lamina propria for their final differentiation to IgA-
producing plasma cells. 

As we have shown in this chapter, some of the gut IgA 
plasma cells belong to the B-l cell lineage. B-l cells reside 
primarily within the peritoneal and pleural cavities and have 
not been demonstrated in sizable numbers in the intestinal 
lamina propria (F. G. M. Kroese, A. B. Kantor, and A. M. 
Stall, unpublished observations). Where and how these cells 
receive their initial antigenic stimulus, where these cells 
switch from IgM expression to IgA expression, and where 
these cells expand is virtually unknown. Cell kinetics data 
demonstrate that B-l cells within the peritoneal cavity do 
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not divide extensively and turn over only approximately 1% 
per day (Förster et al., 1988b; Deenen and Kroese, 1993). 
Thus, proliferation of antigen-triggered B-l cells must take 
place outside the peritoneal cavity before they differentiate 
into IgA-secreting cells to give rise to the large number of 
IgA plasma cells required every day. Perhaps B-l cells leave 
the peritoneal cavity through draining lymph nodes or the 
pleural cavity into the circulation (Kroese et al., 1992). 

The relative contribution of the two lineages to the IgA 
response in normal animals is not known, nor do we know 
whether both B-l a and B-lb cells could be involved in the 
production of IgA plasma cells. Importantly, whether the 
two types of IgA-producing plasma cells exert different func-
tions and have different antibody repertoires remains to be 
determined. For example, the IgA plasma cells from the B-
1 cell lineage might produce low-affinity multireactive IgA 
to commensal microorganisms and give the animal a baseline 
level of protection by these antibodies. This IgA might play 
a role in the maintenance of the gut flora. IgA produced by 
plasma cells derived from the Peyer's patch, in contrast, 
could be responsible for producing specific high-affinity anti-
bodies with somatic mutations that are essential to combat-
ting more pathogenic bacteria in the gut. An advanced and 
layered humoral immune system such as this would be highly 
practical because it would combine the effective components 
common to more primitive vertebrates, which are provided 
by B-l cells, with the more recently evolved and sophisticated 
components that are provided by conventional B cells. 
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I. INTRODUCTION 

Protection of the mucosae of the gastrointestinal, respira-
tory, and urogenital tracts, which interface with the environ-
ment, is a major preoccupation of the mammalian immune 
system. The total surface area of these tracts is much greater 
than that of the skin, and their moist nutrient-rich secretions 
provide an ideal milieu for the proliferation of many poten-
tially pathogenic microorganisms. The mucosae would con-
tinually be infected by viruses, bacteria, and other parasites 
were they not protected by a variety of competent T cells 
and natural killer (NK) cells as well as by secretory immuno-
globulin (Ig) capable of preventing microbial adhesion. The 
Ig of major importance in protecting the mucosae is secre-
tory Ig A. 

II. DISTRIBUTION OF EFFECTOR CELLS IN 
THE MUCOSA 

A. IgA-Producing Plasma Cells 

In the gastrointestinal and upper respiratory tracts, nose, 
middle ear, gall bladder, uterine mucosa, and biliary tree, as 
well as in the salivary, lactating mammary, prostate, and 
lacrimal glands, Ig A is produced locally (reviewed by Scicchi-
tano et al, 1988). In all these locations, the numbers of 
plasma cells producing IgA greatly exceed those producing 
other isotypes, emphasizing the importance of IgA in their 
defense and, indeed, in the defense of the whole body. Calcu-
lations from data of Brandtzaeg et al. (1989) indicate that 
~ 5 x 1010 IgA-producing immunocytes populate the adult 
human small bowel alone, compared with a total of approxi-
mately 2.5 x 1010 immunocytes producing Ig of all isotypes 
in the bone marrow, spleen, and lymph nodes. If estimates 
of the numbers of IgA plasma cells in other mucosal sites 
are added, approximately 75% of all Ig-producing immuno-
cytes in the body make IgA. 

Humans have two subclasses of IgA: IgAl and IgA2; cells 
producing these subclasses show regional differences in dis-
tribution. For example, IgAl cells predominate over IgA2 in 
the spleen, peripheral and mesenteric lymph nodes, tonsils, 
stomach, and duodenum; the numbers of cells producing 
the two subclasses are more nearly equivalent in the lac-
rimal and salivary glands, and IgA2-containing cells predom-

inate in the large intestine (Crago et al, 1984; Kett et al., 
1986). 

B. T Cells 

Although secretory immunoglobulins provide a major pro-
tective element, the presence of unique populations of T 
cells in mucosae such as that of the small intestine strongly 
suggests that they, too, play an important role in local protec-
tion. The two major populations of T cells in the small intes-
tine are intraepithelial T (IEL) and lamina propria T (LPL) 
lymphocytes. 

In mice, IEL consist of a mixed population. About 45% are 
conventional thymus-processed Thyl+T lymphocytes that 
express T-cell receptor (TCR)aß. About 10% of these bear 
CD4 whereas 90% bear classical CD8 molecules, that is, 
these cells are mostly of the suppressor/cytotoxic phenotype. 
The other 55% are thymus-independent T cells that arise 
from bone marrow progenitors migrating directly to the gut. 
Many of these cells express little or no Thy 1 and bear either 
TCRaß or TCRyö and CD8 molecules made only of homodi-
meric a chains rather than the usual a and ß (Lyt 2 and Lyt 
3) chains (Parrott et al, 1983; Klein, 1986; Bonneville et al, 
1988, 1990; Goodman and Lefrancois, 1988, 1989; Takagaki 
et al, 1989; De Geus et al, 1990; Guy-Grand et al, 1991a,b; 
Rocha et al, 1991). These T cells are present in nude and 
germ-free mice (Guy-Grand et al, 1991a) and do not undergo 
negative selection against superantigens such as Mis in mouse 
strains expressing them (Rocha et al, 1991). In all species 
examined, including humans (Cerf-Bensussan et al, 1985), 
mice (Guy-Grand et al, 1978), rats (Mayrhofer 1980), and 
rabbits (Rudzik and Bienenstock, 1974), a high percentage 
of the IELs contain intracytoplasmic granules with sulfated 
proteoglycans like those of mucosal mast cells and also con-
tain perform and the granzymes usually present in cytotoxic 
T cells. IEL have been shown to be highly cytotoxic in "redi-
rected" cytotoxicity assays involving the TCR-CD3 com-
plex, designed to circumvent the problem of their unknown 
specificity (Guy-Grand et al, 1991b). The fact that these cells 
are already cytotoxic, in contrast to peripheral CD8+ T cells 
which must be activated before they will differentiate into 
cytotoxic cells, implies that inductive stimuli (presumably 
including bacterial antigens and lymphokines) available in 
the intestinal microenvironment keep them in a constant state 
of readiness to kill potential targets. This idea is supported 
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by the finding of Lefrancois and Goodman (1989) that IELs 
from germ-free mice are not cytolytic but become cytolytic 
when the mice are adapted to nonsterile conditions. 
In mice (Wu et al., 1991) and humans (Balk et al., 1991), un-
usual nonpolymorphic major histocompatibility complex 
(MHC) Class I antigens QA, TL, and CD1 are present on 
enterocytes. Evidence suggests that at least some cytotoxic 
IELs might be restricted by these antigens rather than by 
conventional Class I antigens. Natural cytotoxicity against 
classical NK targets also is expressed by intraepithelial cells 
that contain large granules (Tagliabue et al., 1981, 1982), but 
whether the cells responsible are genuine NK cells, lacking 
the TCR, or are members of one of the IEL populations 
described earlier is controversial. Monoclonal antibodies 
(MAb) that recognize human (Cerf-Bensussan et al., 1987), 
mouse (Kilshaw and Murant, 1990), and rat (Cerf-Bensussan 
et al., 1986) IELs are available. These MAbs stain virtually 
all IELs and a fraction of LPLs in the appropriate species, 
but whether the epitopes recognized are involved in migration 
of the T cells to the intraepithelial site or are induced by 
some factor(s) produced by or in the vicinity of the intestinal 
epithelial cells is not clear. Indirect evidence (Kilshaw and 
Murant, 1990) favors the latter hypothesis, since the determi-
nant recognized on murine IELs is up-regulated by culturing 
them in the presence of transforming growth factor ß (TGF/3). 
Messenger RNA for TGF/3 is known to be present in intestinal 
epithelial cells, suggesting that they produce this cytokine 
(Barnard et al., 1989). 

T cells and mucosal mast cells, which differ from mast cells 
in other tissue locations by their lack of serotonin (Enerbäck, 
1966), are scattered among the Ig A plasma cells in the lamina 
propria (Guy-Grand et al., 1978). In humans, 95% of LPLs 
express TCRa/3; approximately 50% are of the helper/inducer 
phenotype, expressing CD4, and 35% are of the suppressor/ 
cytotoxic phenotype, expressing CD8. Many appear to be 
memory T cells since they are CD45RO positive (Zeitz et 
al., 1991). In mice, more than 50% of CD3+ LPLs are CD4+ 

(Mega et al., 1991). Clear evidence has been presented that 
human (Kanof et al., 1988) and mouse (Mega et al., 1991) 
LPLs provide helper function to B cells. 

III. IMMUNIZATION OF THE MUCOSA-
ASSOCIATED LYMPHOID TISSUES 

Because the mucosae interface with the environment and 
are moist, they are constantly exposed to antigens of micro-
bial origin. In addition, the intestinal mucosa is exposed to 
antigens derived from food and the respiratory mucosa is 
exposed to inhaled antigens. During the evolution of the 
mammalian mucosal immune system, the mucosal lymphoid 
tissues have become adapted to fulfill several functions neces-
sary for immunological protection: they have developed 
means of sampling antigens in the environment and of pre-
venting induction of harmful allergic immune responses; they 
have developed means of optimizing production of protective 
IgA antibody against pathogens and of passing it into the 
secretions, where it can act to prevent penetration of mucosae 

by the pathogens; and they have developed means of distrib-
uting effector T and B cells to local and distant mucosal sites. 

A. Uptake of Antigen: Role of Epithelial and 
Dendritic Cells 

The apical surfaces of the columnar absorptive cells of the 
intestinal villus epithelium are bathed in antigen and express 
MHC Class II antigens. These cells might expected to be 
capable of taking up antigen and presenting it to local T cells 
and, indeed, they have been shown, at least in vitro, to act 
as antigen-presenting cells for both murine (Kaiserlian et al., 
1989) and human T cells (Mayer and Shlien, 1987). Presenta-
tion of antigens by these cells generally, however, leads to 
the induction of suppressor T cells rather than the T helper 
cells required for IgA immune responses (Mayer and Shlien, 
1987). In vivo, these cells may participate in the induction 
of suppression that often is seen when antigens are delivered 
by the enteric route (Ngan and Kind, 1978; Richman et al., 
1978,1981). Presumably the adaptive advantage of these sup-
pressor mechanisms is to prevent induction of allergy to food 
proteins and commensal bacteria living within the lumen of 
the intestine. That immune responses to potential pathogens 
be actively induced is essential however, to the protection 
of the mucosae and this induction requires penetration of the 
mucosae by antigen in a form in which it can stimulate the 
immune system. 

To induce IgA immune responses in the intestinal muco-
sae, the work of several investigators (Robertson and Cebra, 
1976; Cebra et al., 1977; Husband and Gowans, 1978), who 
have inoculated antigen into sections of small intestine 
(Thirty-Vella loops) containing or not containing Peyer's 
patches, demonstrates that antigen must enter the nodular 
lymphoid tissue of the gut-associated lymphoid tissue 
(GALT) at some stage of the immunization process. Under 
physiological conditions, antigen enters these nodules from 
the lumen of the intestine by way of the specialized epithelium 
that covers them. 

The nodular tissues of GALT and their analogs in 
bronchus-associated lymphoid tissue (BALT) consist of 
lymphoid follicles (Figure 1), found singly in the oral mucosa 
(Nair and Schroeder, 1986), intestine (Burbige and Sobky, 
1977; Keren et al., 1978), and bronchi (Racz et al., 1977); 
van der Brugge-Gamelkoorn et al., 1985) or in clusters in the 
nose-associated lymphoid tissue of mice and rats (Belal et al., 
1977; Spit et al., 1989) and in the tonsils, adenoids, Peyer's 
patches, and appendix (Bockman and Cooper, 1973; Waks-
man and Ozer, 1976; Owen and Nemanic, 1978). The follicle-
associated epithelium (FAE) is usually quite distinct from 
the surrounding glandular epithelium and appears to have 
little glandular or secretory activity (Bockman and Cooper, 
1973; Bockman et al., 1983; Owen and Jones, 1974; Owen, 
1977), with few goblet cells and few columnar absorptive 
cells. Within the FAE are cells with short irregular microvilli 
and many tubules, vesicles, and vacuoles in the cytoplasm; 
these cells are commonly called M cells. In the small intes-
tine, M cells appear to develop from the same crypt epithelial 
cell precursors as the villus epithelial cells (Schmidt et al., 
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Lymphatic channels T-dependent area 
with HEV 

Figure 1 Diagram of MALT nodule with adjacent villi. The numbers of circles representing 
Ig A, IgM, and IgG plasma cells reflect the approximate proportions of these cells in the 
lamina propria of the small intestine. 

1985) but mature more rapidly (Roy, 1987) and bear unique 
surface antigens (Roy et al., 1987). M cells have been shown 
to take up and transport various macromolecules intact from 
the lumen of the intestine (Bockman and Cooper, 1973; Owen 
and Jones, 1974; Owen, 1977) or bronchi (Richardson et al., 
1976; van der Brugge-Gamelkoorn et al., 1985) to the 
lymphoid cells lying within the "domes" of the nodules im-
mediately beneath them. M cells in the GALT can also trans-
port larger particles such as bacteria (Shimizu and Andrew, 
1967; Carter and Collins, 1974) and carbon and latex particles 
(LeFevre et al., 1978; Owen and Nemanic, 1978), but those 
in the BALT apparently do not (Bienenstock et al., 1973a,b). 
GALT M cells also take up and transport immune complexes, 
using a novel Ig receptor capable of binding either IgA or 
IgG (Weltzin et al., 1989). A major feature distinguishing 
molecules capable of inducing strong mucosal immune re-
sponses from those that do not is likely to be the presence 
of an element that promotes binding to GM1 and GM2 gangli-
osides on the surface of intestinal epithelial cells (Pierce and 
Koster, 1980; Pierce et al., 1982; Aizpuruaand Russell-Jones, 
1991), but no clear evidence exists that such gangliosides are 
restricted to FAE. 

Relatively large numbers of CD4+T cells lie in clusters 
within and immediately beneath the FAE (Bjerke et al., 1988), 
but that much antigen is presented directly to them by M 
cells, which are mostly MHC Class II (HLA-DR)-negative, 
seems unlikely (Hirata et al., 1986; Bjerke et al., 1988). How-
ever, many subepithelial DR-positive dendritic cells exist 
(Brandtzaeg, 1985). Dendritic cells reaching the thoracic duct 
lymph of mesenteric lymphadenectomized rats have been 
shown to bear antigens injected into the lumen of the intestine 
and to present them to primed T cells (Liu and Macpherson, 
1991). Presumably such dendritic cells participate in pres-
enting intestinal antigen to GALT T cells, but precisely where 
presentation takes place is unknown. This event probably 
occurs within the domes, which contain both B and T cells 
(Tseng, 1988), and the regional lymph nodes. Dendritic cells 
have been shown to be extremely supportive of IgA responses 
in clonal microcultures of primed Peyer's patch B cells and 
cloned T cells (Schrader et al., 1990). Whether the dendritic 
cells, macrophages, or even B cells carry antigen down to 
the B cells in the corona and germinal center is unknown. 
In GALT nodules, the germinal centers are said to contain 
macrophages but they lack reticular dendritic cells, which 
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are present in germinal centers in peripheral lymph nodes 
and spleen (Waksman et al, 1973). Antigen localization in 
splenic follicles has been shown to be complement dependent 
(Papamichail et al, 1975; Klaus and Humphrey, 1977), and 
may require lymphocytes bearing complement receptors 
(Gray et al, 1984). 

B. Lymphatic Drainage 

The nodules lack afferent lymphatics. Fluid capable of 
carrying dissolved antigen and of flushing out unattached 
cells including dendritic cells and lymphocytes percolates via 
interstitial spaces across the domes and through the follicle 
away from the lumen of the mucosal organ. Experiments 
with dye (Carter and Collins, 1974) have shown that some 
slight lateral movement of fluid and, presumably, of cells into 
the lamina propria immediately surrounding the follicle can 
occur, but is minimized by the pattern of lymphatic drainage 
of the lymphoid nodules. Most of the fluid is collected into 
discrete efferent lymph channels that form basket-like struc-
tures around the bases of the follicles. From these it passes 
into the lymphatic network in the wall of the mucosal organ. 
In this network, the fluid coming from the nodule is mixed 
with lymph from the surrounding mucosa and drains into the 
afferent lymphatics of a regional lymph node. In the case of 
the respiratory mucosae, the regional lymph nodes are the 
mediastinal (bronchial) lymph nodes; in the case of the small 
intestine, these are the mesenteric lymph nodes. Lympho-
cytes in the fluid pass into the regional lymph node where 
they mature and subsequently are dispersed throughout the 
body in the blood. 

C. Structure-Function Relationships 
in MALT Nodules 

The domes of GALT follicles contain both T lymphocytes 
and medium-to-large IgM+IgD+B lymphocytes and may be 
equivalent to the marginal zone of the spleen (Nieuwenhuis 
et al, 1974), whereas the coronas contain mainly small 
IgM+IgD+B lymphocytes and may be equivalent to the man-
tle zone of the follicles in spleen and lymph nodes (Tseng, 
1988). Between the follicles are thymus-dependent areas with 
many small T cells and conventional high endothelial venules 
(HEV) through which circulating lymphocytes gain access 
to the lymphoid nodule. 

In the base of the follicle in conventionally reared mammals 
is always a germinal center containing large DNA-synthesiz-
ing B cells that, because they bear on their surface plentiful 
terminal galactosyl residues, can be stained strongly with 
fluorescent conjugates of the lectin peanut agglutinin. About 
60% of the germinal center cells in GALT express surface 
IgA (Butcher et al, 1982; Lebman et al, 1987), in contrast 
to germinal center cells in peripheral lymph nodes, which 
bear mainly IgM during a primary immune response or IgG 
during a secondary response (Kraal et al, 1982). Germinal 
centers in peripheral lymphoid tissue have long been thought 
to be sites at which B-cell memory and secondary IgG and 
IgA plasma cell responses are generated (Thorbecke et al, 

1974; Klaus and Kunkl, 1981; Nieuwenhuis et al., 1981; Tsi-
agbe and Thorbecke, 1991); researchers commonly suppose 
that, in conventional mammals, GALT and BALT germinal 
centers are maintained by enteric and inhaled antigens re-
spectively. Cebra et al. (1991) have discussed the possibility 
that the precursors of Peyer's patch germinal center cells 
switch to IgA under the influence of local stimuli, but cannot 
formally exclude the possibility of selective accumulation 
of precursors already committed to IgA expression in the 
germinal centers of Peyer's patches. Studying this problem 
is difficult because germinal center cells tend to die rapidly 
in culture and lack "homing" receptors (Reichert et al., 
1983), so they cannot reliably be examined by adoptive trans-
fer in vivo. The relationship, if any, between the B cells in 
the domes and the B cells in the coronas and germinal centers 
of the nodules is unknown. Even with regard to the peripheral 
lymphoid system, whether primary and memory B cells have 
the same precursors is still a matter for debate. Some investi-
gators have hypothesized that, when virgin splenic B cells 
are stimulated with antigen and appropriate T-cell help, they 
undergo unequal division giving rise both to antibody-forming 
cells and to secondary or ''memory" B cells (Williamson et 
al., 1976). Work with B cells separated on the basis of their 
expression of an epitope recognized by the Jl Id MAb (Bruce 
et al., 1981) has, instead, indicated that the B cells that give 
rise to secondary responses may have different precursors 
from those responsible for primary responses (Linton et al., 
1989). Tseng (1988) suggests that the small IgM+IgD+B cells 
in the corona of the Peyer's patch might be virgin B cells 
that, after encountering their specific antigen, eventually 
would give rise to IgA plasma cells in the lamina propria at 
mucosal sites. The B cells in the domes, which are larger 
than those in the corona and bear the LECAM-1 (MEL 14) 
antigen (Tseng, 1988) that permits them to migrate through 
peripheral lymph node HEV (Gallatin et al., 1983), might be 
memory B cells originally generated in germinal centers and 
now capable of responding rapidly to a second encounter 
with specific antigen. However, although MALT nodules 
clearly are involved in the development of mucosal IgA re-
sponses, researchers have not firmly established that this is 
where priming takes place. In fact, that B cells can be effi-
ciently primed here seems unlikely since very little help (Arny 
et al., 1984; Dunkley and Husband, 1986) and a great deal 
of suppression (Ngan and Kind, 1978; Richman et al., 
1978,1981) and systemic tolerance induction (Thomas and 
Parrott, 1974; Hanson et al., 1977; Vaz et al., 1977; Arny 
et al., 1984; Challacombe and Tomasi, 1.987) are the usual 
responses of Peyer's patch T cells when mice and rats are 
primed enterically with soluble antigens, although some T-
cell help is induced in Peyer's patches by particulate antigens 
such as sheep erythrocytes (Arny et al., 1984). Inducing an 
immune response in the mucosa by administering antigen 
solely via the enteric route is generally difficult, except when 
viruses (Orgra et al., 1968), cholera toxin (Elson and Ealding, 
1984; Lebman et al., 1988; Liang et al, 1988; Chen and 
Strober, 1990), invasive microorganisms (Carter and Collins, 
1974), or repeatedly administered particulate antigens 
(Crabbe et al., 1969; Andre et al, 1978; Weisz-Carrington 
et al, 1979) are used. Immediately after enteric priming, 
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antigen-specific B (Kagnoff, 1977) and T (Kagnoff and Cam-
bell, 1974; Issekutz, 1984) cells usually disappear from the 
Peyer's patches. Their numbers are then expanded in the 
regional mesenteric lymph node, suggesting that they actively 
emigrate, perhaps in association with antigen-coated den-
dritic cells. Inducing an immune response in the mucosa by 
first priming via the intraperitoneal route and then boosting 
with the same antigen via the enteric route is relatively easy 
(Pierce and Go wans, 1975), that is, the follicles of Peyer's 
patches may function more as sites of secondary expansion 
of B cells primed in other lymphoid organs than as sites at 
which priming occurs. Some antigen injected via the intra-
peritoneal route might penetrate Peyer's patches from its 
serosal surface (Dunkley and Husband, 1986), but most of it 
probably passes into the mediastinal (Carter and Collins, 
1974) and perhaps mesenteric lymph nodes, conceivably in 
conjunction with B cells that are members of the population 
resident in the peritoneal cavity, as described in a subsequent 
section. Under natural conditions, T and B cells are likely 
to be primed in mesenteric lymph nodes by intestinal antigen 
carried there by macrophages or dendritic cells in the lymph 
coming from the Peyer's patches. Once primed, the T and 
B cells can migrate to Peyer's patches and mount secondary 
responses to antigen retained at that site. Substances such 
as cholera toxin that act as mucosal adjuvants may not only 
promote induction of help rather than suppression, but may 
facilitate penetration of antigen past the Peyer's patch to the 
mesenteric lymph nodes. 

IV. COMMITMENT TO IgA AND 
MATURATION OF B LYMPHOCYTES IN THE 

MUCOSAL IMMUNE SYSTEM 

A. Factors Affecting Commitment 
to IgA Production 

The mucosal nodules in conventional mammals must have 
some special characteristic that accounts for the fact that 
many B cells maturing within them eventually produce IgA. 
The nature of the special nodular influence is still unclear, 
although a great deal is now known about cytokines that can 
influence IgA production. Over the years, most work has 
been based on the hypothesis that factors available or pro-
duced in the mucosal nodules cause preferential switching 
of immunoglobulin genes downstream from Ομ to Ca or 
proliferation and eventual differentiation of those B cells that 
do switch to IgA. The prime mover in producing the relevant 
factors has generally been supposed to be the nodular T cell. 
Some evidence suggests that T cells derived from Peyer's 
patches and activated with concanavalin A produce factors 
that promote greater IgA responses by splenic B cells than 
do factors produced by similarly activated splenic T cells 
(Elson et al, 1979; Kawanishi et al, 1982,1983; Arny et 
al, 1984). Evidence also exists that IgA Fc receptors up-
regulated on the surface of T helper cells derived from Peyer's 
patches may help these cells focus on B cells bearing surface 
IgA (Kiyono et al, 1982,1984). No good evidence exists, 
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however, that recently primed Peyer's patch-derived T cells 
capable of interacting in a cognate manner with hapten-
primed B cells are more likely to contain T-cell clonal precur-
sors capable of helping IgA responses than are similarly 
primed T cells derived from peripheral lymphoid tissue 
(Teale, 1983; Arny et al, 1984; Phillips-Quagliata and Al 
Maghazachi, 1987; Al Maghazachi and Phillips-Quagliata, 
1988). In mucosal nodules, cytokines produced by local by-
stander T cells activated by repeated encounters with envi-
ronmental antigens or, perhaps, bacterial superantigens (Her-
man et al, 1991) are likely to help drive B cells toward an 
almost exclusive commitment to IgA. In agreement with this 
idea is the observation that interleukin 4 (IL-4) and IL-5, 
which are of great significance in helping IgA responses, are 
produced by Th2 rather than Thl cells (Mosmann et al, 1986) 
and multiple contacts with antigen are known to be required 
for generation of Th2 cells (Swain et al., 1988). Peyer's patch 
and, to a lesser extent, mesenteric lymph node T-cell popula-
tions are known to produce much higher ratios of IL-4 to II-
2 than spleen and peripheral lymph node populations (Daynes 
et ai, 1990). Cytokines known to be of importance in promot-
ing IgA responses in vitro include TGF/3 (Coffman et al., 
1989; Sonoda et al., 1989; Kim and Kagnoff, 1990; Lebman 
et al., 1990a; Kunimoto, 1991), which may promote switching 
by inducing transcription of the germ-line Ca gene (Lebman 
et al., 1990b; Lin et al., 1991); IL-4 and IL-5 (Coffman et 
al., 1987; Murray et al., 1987; Beagley et al., 1988; Harriman 
et al., 1988), which respectively promote activation of B cells 
potentially able to make IgA as well as differentiation of 
those that have already switched from surface IgA expression 
to the secretory state; and IL-6, which promotes high level 
secretion of IgA (Beagley et al., 1989; Kunimoto et al., 1989). 
Although these cytokines promote IgA responses, they are 
not produced solely by mucosal T cells. TGFß is made by 
many ubiquitous cell types, so the problem of the uniqueness 
of mucosal nodules with respect to commitment to IgA pro-
duction is not solved. Stromal cells unique to the mucosal 
nodules could be producing crucial factors or the population 
of B cells on which the factors act could be preselected in 
some way, so switching to IgA is more likely to occur. The 
B cells in mucosal nodules are, indeed, selected by virtue of 
the fact that, to arrive in the mucosal nodule, their precursors 
must at some time have expressed a surface molecule (Holz-
mann and Weissman, 1989; Holzmann et al., 1989) necessary 
for binding to a receptor on the nodular HEV (Streeter et 
al., 1988). Expression of this molecule may be in some way 
coupled to the tendency to switch to IgA: For example, the 
same nuclear factors might be involved. 

B. Commitment of Cells to Migration within the 
Mucosal Immune System 

The origins of the effector lymphocytes in the mucosae 
and the mechanisms by which they arrive there and acquire 
the properties that distinguish them from cells of the same 
general type in other locations are under intense investiga-
tion. The T-cell pool that contributes to the IELs contains 
both "conventional" and "unconventional" precursors. 
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Conventional T-cell precursors include thymus-processed T 
cells with TCR aß and either CD4 or classical CD8 molecules. 
These cells are derived from cells that encounter antigen in 
the Peyer's patches and migrate by way of the thoracic duct 
and blood to colonize the intestinal mucosa (Guy-Grand et 
al., 1978). Unconventional T cells comprise the cells with 
TCRaß or γδ that, in mice, lack Thy 1 and have homodimeric 
CD8. Without prior antigenic stimulation, these cells migrate 
directly from bone marrow to the gut epithelium which, for 
them, may in some way resemble the thymic epithelium (Guy-
Grand et al., 1991a). Conventional and unconventional T 
cells are likely to use different trafficking signals. 

The B-cell pool that contributes to the IgA plasma cells 
similarly may contain conventional and unconventional B 
cells. For many years, researchers have known that the 
lymphoid follicles of both BALT and GALT in mice (Tseng, 
1981,1984a) and rabbits (Craig and Cebra, 1971,1975; Rudzik 
et al., 1975a,b) are highly enriched in precursor B cells that, 
on intravenous transfer, are capable of replacing the mucosal 
IgA plasma cell population of recipients after depletion by 
irradiation. The cells responsible seem to be conventional B 
cell precursors, now provisionally called B-2 cells (Kantor, 
1991a,b). These cells are fetal liver or bone marrow derived, 
and mature through stages at which they express high levels 
of surface IgD (Tseng, 1988). Work by Kroese et al. (1989) 
shows, however, that in chimeric mice constructed by recon-
stituting lethally irradiated mice with mixtures of peritoneal 
cells and bone marrow cells from congeneic pairs of mice 
differing in immunoglobulin allotype, 30-40% of the IgA 
plasma cells appearing in the intestinal lamina propria after 
about 12 days bear the allotype of the peritoneal cell donor, 
that is, they appear to be derived from the recycling popula-
tions of unconventional B cells, now sometimes called co-
elomic or B-l cells (Kantor, 1991a,b), that predominate in the 
peritoneal and pleural cavities (Hayakawa et al., 1983,1986; 
Herzenberg et al., 1986) and apparently descend from precur-
sors in the fetal liver and omentum rather than the bone 
marrow (Solvason et al., 1991). These unconventional B cells 
express only low levels of IgD and may or may not bear CD5 
(Hardy and Hayakawa, 1986; Herzenberg et al., 1986). Very 
few of the B cells in the Peyer's patches of the recipients of 
the mixed populations express the allotype of the peritoneal 
cell donor; these cells seem to be derived mostly from B-2 
cells (Kroese et al., 1989). Interpreting the numbers of intesti-
nal IgA plasma cells derived from B-l rather than B-2 cell 
populations in the experiments of Kroese et al. (1989) is 
somewhat difficult because when mixed populations of B-l 
and B-2 cells are injected into immunodeficient mice, B-l 
cells actually seem to suppress the Ig secretory activity of 
B-2 cells (Riggs et al., 1990). Further, whether the peritoneal 
precursors of the IgA plasma cells appearing in the lamina 
propria were unprimed (virgin) cells at the time of transfer, 
which seems likely from the fact that they take 12 days to 
appear in lamina propria, or were memory B cells, already 
primed to intestinal antigens but present for some unknown 
reason in the peritoneal cavity at the time of transfer, is not 
certain. In addition, whether the peritoneal IgA plasma cell 
precursors were or were not contained in the approximately 
1% of cells in the population already bearing surface IgA at 
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the time of transfer is unclear. Despite these caveats, the 
finding is of tremendous interest and potential importance 
because many B-l cells make germ-line ''natural" antibodies 
that react both with autoantigens and with common microbial 
epitopes. Such antibodies are thought to constitute a first 
line of defense against infection, and a contribution to local 
immunity in the lamina propria makes good evolutionary 
sense. 

C. Routes of Migration of IgA B Cells 

In broad outline, the pattern of immunization, isotype-
switching, maturation, and migration of the B cells in the 
mucosal immune system has, until recently, been thought 
to be fairly well understood, but the information currently 
available may be applicable only to conventional B-2 cells. 
The overall scheme may have to be modified in light of the 
possibility that the coelomic B-l cell population contributing 
to the lamina propria IgA plasma cell population may not 
pass through MALT nodular lymphoid tissue or lymph nodes. 

B-cell proliferation and commitment to IgA production 
both appear to take place in the lymphoid nodules of BALT 
and GALT (Jones and Cebra, 1974; Jones et al., 1974; Cebra 
et al., 1977,1983; Roux et al., 1981; Tseng, 1981,1984a). The 
cells then leave the lymphoid nodules and pass into 
the regional lymph nodes, that is, the mesenteric lymph 
nodes in the case of GALT (Griscelli et al., 1969; Guy-
Grand et al., 1974; McWilliams et al., 1975,1977 and the 
mediastinal lymph nodes in the case of BALT (McDermott 
and Bienenstock, 1979). In the regional lymph nodes, IgA-
committed and mucosa-committed B cells continue to prolif-
erate and mature into blast cells capable of migration. At this 
stage, they leave the lymph node in its efferent lymph and 
are transported to the thoracic duct (Gowans and Knight, 
1964; Griscelli et al., 1969; Hall et al., 1972; Guy-Grand et 
al., 1974; Pierce and Go wans, 1975). From the thoracic duct, 
these cells pass into the blood, which carries them to the 
lamina propria of various mucosal organs. 

In irradiated rabbits, most IgA plasma cells appearing in 
the spleen 7 days after transfer of Peyer's patch cell popula-
tions have been shown to develop from a μ chain-negative 
population (Jones et al., 1974) that contains a chain-bearing 
cells (Jones and Cebra, 1974), but no direct evidence exists 
that the a chain-bearing cells are the precursors. In mice, 
Peyer's patch cell populations clearly contain two sets of 
intestinal IgA plasma cell precursors: resting IgM+IgD+ dou-
ble-bearing, complement receptor-positive cells that give rise 
to IgA plasma cells in the intestines of irradiated recipients 
about 12 days after intravenous transfer of normal or 
lymphoblast-depleted Peyer's patch cell populations (Tseng, 
1984a) and DNA-synthesizing surface IgA-bearing B cells 
that, in double transfer studies done in unirradiated mice, 
take about 3 days to mature into intestinal IgA plasma cells 
(Tseng, 1981). The data suggest that the IgM+IgD+ popula-
tion may represent the corona B cells whereas the DNA-
synthesizing IgA-bearing cells may come from germinal cen-
ters, but this idea is difficult to prove because germinal center 
B cells lack surface molecules that would permit them to 
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migrate to lymphoid tissues, and tend to be removed from 
the circulation in the lungs and liver (Reichert et aL, 1983). 

Very few cells in radiolabeled Peyer's patch populations 
have the ability to migrate to lamina propria within 24 hr of 
intravenous transfer, in contrast to the plentiful numbers of 
lymphoblasts in mesenteric lymph nodes (Griscelli et aL, 
1969; Guy-Grand et aL, 1974; McWilliams et aL, 1975,1977) 
and thoracic duct lymph (Gowans and Knight, 1964; Hall et 
aL, 1972; Guy-Grand et aL, 1974; Pierce and Gowans, 1975; 
McDermott and Bienenstock, 1979) that do so with alacrity. 
The Peyer's patch cells that survive intravenous injection 
seem to require time to mature and develop the surface mole-
cules necessary to allow them to migrate before they can 
settle in lamina propria. After intravenous injection, these 
cells generally do so in a nonphysiological site, the spleen 
(Tseng, 1981); normally, cells leaving the Peyer's patch would 
be transported by lymph into the regional mesenteric lymph 
node. After intravenous injection, some radiolabeled DNA-
synthesizing Peyer's patch cells can, in fact, cross the walls 
of blood vessels in the small intestine, reach the intestinal 
lymph, and be carried into the marginal sinus of the mesen-
teric node (Roux et aL, 1981). Whether they leave from blood 
vessels in the Peyer's patch or the lamina propria is not 
known. To study the question, the distribution of IgA-con-
taining radiolabeled Peyer's patch and mesenteric lymph 
node blasts 30 min after intravenous injection into syngeneic 
recipients was examined by autoradiography and immuno-
fluorescence in transverse sections of small intestine cut 
through the center of Peyer's patches (Phillips-Quagliata et 
aL, 1983). More than 90% of the IgA-containing Peyer's 
patch-derived blasts in each section were located in the Pey-
er's patch portion of the section, although it only occupied 
about half the area. The other 10% was found in the lamina 
propria of the intestine, like the majority of mesenteric lymph 
node-derived lymphoblasts. The data suggest that Peyer's 
patch blasts that are sufficiently mature to be capable of 
migrating to GALT after intravenous injection tend to do so 
through the HEV of the patch rather than through the walls 
of vessels in the lamina propria. The ability of mesenteric 
node versus Peyer's patch IgA-committed blasts to discrimi-
nate between the lamina propria and the Peyer's patch 
strongly suggests that the recognition signals used by B 
lymphoblasts in these two locations are not the same, al-
though small T lymphocytes may recognize lamina propria 
vessels by the same molecule used on Peyer's patch HEV 
(Streeter et aL, 1987). Lamina propria IgA-containing B-cell 
populations have been isolated and shown to be capable of 
returning to lamina propria after intravenous injection 
(Tseng, 1984b). The nature of the population with this ability 
to go back to lamina propria is unclear, but these cells could 
represent recently arrived mesenteric lymph node blasts that, 
left undisturbed, would settle down and become plasma cells. 
Alternatively, these cells could represent a population that 
actually recirculates through lamina propria. Such a popula-
tion might be related to the peritoneal B-l cell population. 

Under physiological conditions, maturation of Ig A B cells 
derived from GALT and BALT nodules into blast cells capa-
ble of migrating into lamina propria clearly takes place in 
the draining mesenteric and mediastinal nodes, respectively. 

Suggested but not proven is the idea that the lymph nodes 
of the head and neck similarly serve as maturation sites for 
cells derived from the lymphoid follicles in the lymphoid 
tissue of the oropharynx (Nair and Schroeder, 1986) and nose 
(Belal et aL, 1977; Spit et aL, 1989). By the time they are 
ready to migrate, the cells are actively synthesizing DNA 
(Gowans and Knight, 1964; Griscelli et aL, 1969; Hall et aL, 
1972; Guy-Grand et aL, 1974; McWilliams et aL, 1975,1977; 
Pierce and Gowans, 1975; McDermott and Bienenstock, 
1979), bear surface IgA (Guy-Grand et aL, 1974; McWilliams 
et aL, 1975,1977), and lack complement receptors (McWill-
iams et aL, 1975) known to be present on their IgM+IgD+ 

precursors in the Peyer's patch (Tseng, 1984a). Populations 
of GALT-derived T (Guy-Grand et aL, 1974,1978; Parrott 
and Ferguson, 1974; Rose et aL, 1976; Sprent, 1976) and 
IgG-committed B (McDermott and Bienenstock, 1979) 
lymphoblasts also follow the same path. 

The route by which GALT-derived IgA-committed B cells 
return to the lamina propria of the gut has been termed the 
IgA cell cycle (Lamm, 1976). A similarly circular route is 
apparently followed by BALT-derived IgA-committed B 
lymphoblasts to the lamina propria in the respiratory tract. 
Both GALT and BALT nodules, however, contain the pre-
cursors of cells eventually capable of migrating to the lamina 
propria of either the intestine or the respiratory tract (Rudzik 
et aL, 1975a,b). Indeed, the migratory cells derived from 
GALT and BALT can evidently recognize and settle in both 
local and distant mucosal sites, leading to the inference that 
there is a common mucosal immune system with shared endo-
thelial cell markers or chemotactic signals, permitting emigra-
tion of the lymphoblasts from the vasculature at several loca-
tions. Populations of IgA-committed B lymphoblasts, 
expanded as a result of immunization in GALT or BALT, 
are known to be able to settle not only in the intestinal (Guy-
Grand et aL, 1974; McWilliams et aL, 1975,1977; McDermott 
and Bienenstock, 1979) and bronchial (McDermott and Bie-
nenstock, 1979) lamina propria but also at sites such as the 
lactating mammary gland (Roux et aL, 1977; McDermott and 
Bienenstock, 1979), uterine cervix (McDermott and Bienen-
stock, 1979), and salivary and lacrimal glands (Montgomery 
et aL, 1983). However, a certain regional preference exists, 
since mesenteric lymph node cells localize much better in 
the small intestine than in the lungs and the reverse is true 
of cells from the mediastinal lymph nodes (McDermott and 
Bienenstock, 1979). Further, intravenously injected labeled 
cells, taken from the thoracic duct after intraduodenal im-
munization, lodge preferentially in the jejunum whereas 
those taken after intracolonic immunization lodge preferen-
tially in the colon (Pierce and Cray, 1982). Cells immunized 
at proximal rather than distal sites within the small intes-
tine, however, show no preference for localizing at the 
site of immunization (Husband and Dunkley, 1985). 
The extent of localization depends on regional blood 
flow and so can be increased in regions of local inflammation 
(Rose et aL, 1976; Ottaway et aL, 1983), but localization is 
initially independent of local specific antigen, that is, the 
lymphoblasts are not migrating toward their specific antigen 
sequestered in lamina propria (Guy-Grand et aL, 1974; Par-
rott and Ferguson, 1974; Hall et aL, 1977; Husband, 1982). 
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The presence of antigen within the lamina propria does, how-
ever, influence the outcome of migration: without it, IgA 
plasma cell precursors that initially localize to lamina propria 
disappear; with it, they remain (Husband, 1982; Husband 
and Dunkley, 1985) and proliferate (Husband, 1982; 
Mayrhofer and Fisher, 1979). The presence of immune T 
cells is also necessary for optimal localization of these cells 
(Dunkley and Husband, 1991). 

V. MECHANISMS OF 
MUCOSAL MIGRATION 

Compared with our understanding of the pathways of mi-
gration of the lymphocyte precursors of mucosal IgA plasma 
cells, little is known about the underlying mechanisms. For 
leukocytes in general, including lymphocytes, interactions 
between reciprocal sets of homing receptors on the circulat-
ing cells and so-called vascular addressins on endothelial 
cells are believed to be critical (Butcher, 1991; Chin et al., 
1991; Picker and Butcher, 1992). Some of these sets are 
expressed constitutively whereas others are induced by local 
activating signals such as cytokines acting on both circulating 
and endothelial cells. No individual set by itself is likely to 
account for a particular regional mode of lymphocyte homing, 
but the net effect of the expression of multiple interacting 
sets that individually vary in their binding affinity probably 
determines the preferential anatomic localization of a particu-
lar class of leukocytes. 

The best studied vascular addressin relevant to MALT is 
a receptor on the endothelium of HEV of Peyer's patches 
and mesenteric lymph nodes and, much less prominently, on 
the flat-walled venules of mucosal lamina propria (Streeter 
etal., 1988;Jalkaneneitf/., 1989; Picker and Butcher, 1992). 
This addressin, for which a corresponding lymphocyte hom-
ing receptor has not yet been identified, is likely to be particu-
larly relevant to the circulation of small lymphocytes through 
the Peyer's patch and mesenteric lymph node HEV, and 
possibly through the venules of mucosal lamina propria. Evi-
dence for its role in the highly efficient, directed migration to 
the lamina propria of the lymphoblasts that are the immediate 
precursors of mucosal plasma cells is less compelling. For 
example, the degree of expression of the mucosal addressin is 
inversely proportional to the homing tendency of mesenteric 
lymph node-derived IgA plasmablasts, that is, this addressin 
is expressed much less in lamina propria, to which IgA plas-
mablasts efficiently home, and much more in Peyer's patches, 
to which mesenteric node-derived IgA plasmablasts show no 
directed movement. 

In addition to the putative lymphocyte receptor for the 
mucosal addressin, several other lymphocyte surface moie-
ties have been suggested for accessory roles in homing to 
MALT, including CD44, integrins, and the high endothelial 
binding factor for Peyer' s patches (Picker and Butcher, 1992). 
In addition to components of endothelium, local chemoattrac-
tants, perhaps including products of the differentiated muco-
sal epithelium, may play an important role in lymphocyte 
homing to lamina propria (Czinn and Lamm, 1986). Such a 
possibility would fit nicely into current multifactorial con-

cepts of cell homing. In turn multifactorial regulation of hom-
ing, including local factors, could explain the final localization 
of B and T lymphoblasts, which segregate themselves after 
entry into lamina propria. B lymphoblasts initially accumu-
late around the crypts before distributing themselves in the 
villi; T lymphoblasts go directly to the lamina propria high 
in the villi or to the villus epithelium (McDermott et al., 1986). 
Expression of lymphoblast homing signals is constitutive in 
the lamina propria of the small intestine, but under hormonal 
control in the female genital tract (McDermott et al., 1980) 
and lactating mammary gland (Weisz-Carrington etal.,\978). 

We hypothesize (Figure 2) that commitment of the majority 
of the B cells in MALT both to IgA production and to seeking 
lamina propria at the plasmablast stage is most likely the 
end result of antigen- and T cell-driven expansion of B-cell 
populations initially selected for their ability to cross the 
endothelium in the MALT nodule or the lamina propria. This 
ability probably is controlled by different moieties that may 
or may not, on a stochastic basis, be expressed on cells of 
the same lineage. Cells that can gain access to the mucosal 
lymph by extravasating from blood in either the MALT nod-
ule or the lamina propria will eventually arrive via the afferent 
lymphatics and marginal sinus in the regional lymph node, 
where they may be primed and expanded in number. Whereas 
those initially extravasating in the MALT nodule may or may 
not eventually express lamina propria-seeking tendencies, 
those extravasating in lamina propria presumably continue 
to be able to do so after priming and differentiation. After 
priming and maturation, the cells leave the lymph node in 
efferent lymph and are carried through the thoracic duct to 
the blood. Primed B cells that are destined to become plasma 
cells and fail to express molecules permitting them to cross 
the endothelium in lamina propria may end up in the spleen 
or bone marrow. Those cells that express a moiety allowing 
them to penetrate lamina propria do so and settle there, 
providing, after the first exposure to a mucosal antigen, an 
IgM plasma cell response in lamina propria. Primed B mem-
ory cell precursors that express the moiety that allows them 
to cross the HEV of MALT nodules can migrate to these 
nodules, where they come under the influence of nodular 
cytokines that drive them toward expansion and the switch 
to IgA production. Their progeny mature within the draining 
lymph node into IgA-producing plasmablasts capable of pop-
ulating the lamina propria. Primed B memory cells derived 
from lamina propria-seeking precursors that express periph-
eral lymph node rather than MALT nodule HEV binding 
moieties may (especially in situations of artificial immuniza-
tion) encounter their antigen and T-cell help in nonmucosal 
lymph nodes. If they do, they may give rise to lamina propria 
IgG rather than IgA plasma cells because only the mucosal 
nodules contain the T-cell and accessory-cell populations 
that drive preferential switching to IgA. 

Coelomic B-l cells, which seem not to recirculate through 
lymph nodes via HEV, may recirculate through lamina pro-
pria, reaching regional lymph nodes in the afferent lymph 
via the marginal sinus. If these cells do not encounter their 
antigen, they may simply pass through the lymph nodes via 
their medullary sinuses and return in the efferent lymph to 
the blood through the thoracic duct. Conceivably, vessels in 
the peritoneal cavity may share an addressin with lamina 
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Figure 2 Hypothetical model for the migration of B cells in the mucosal immune system. 
Open vessels in the MALT nodule and adjacent villi represent lymphatics; solid vessels 
represent the venous system. (1) Antigen crosses the epithelium of the MALT nodule 
through the M cells and makes contact with dendritic cells, B cells, and T cells that 
have entered the nodule through its HEV. Cytokines available in the nodule promote 
switching to IgA by B cells in the germinal center. (2) A mixed population of cells 
coming from both the nodule and the lamina propria is carried with antigen in the 
lymph to the regional mucosa-associated lymph node. (3) In the mucosa-associated 
lymph node, unprimed B cells are primed and memory B cells are boosted. Some 
primed B cells mature into IgM-bearing plasmablasts capable of seeding the lamina 
propria, some into memory B cells capable of recirculating through HEV. B cells 
derived from memory cells that were boosted by antigen in the MALT nodule mature 
into IgA plasmablasts. (4) Mature plasmablasts and memory cells leave in efferent 
lymph and are carried by the blood to the mucosa and exocrine glands as well as to 
other lymph nodes. (5) Plasmablasts capable of extravasating in lamina propria at 
mucosal sites and in exocrine glands do so and settle down to become plasma cells, 
which are mostly IgA producers. Blood-borne unprimed B cells that are capable of 
extravasating in lamina propria do so; eventually, these cells are transported by lymph 
to the draining mucosa-associated lymph node, are primed, and so enter the cycle. 
(6) Memory cells with appropriate HEV-binding receptors enter the MALT nodule or 
lymph nodes. If they enter the MALT nodule or the mucosa-associated lymph nodes, 
they encounter their specific antigen again and the population is expanded. Nodular 
influences that promote IgA production drive the population toward a major commit-
ment to this isotype. If the memory cells enter the peripheral lymph nodes and do not 
reencounter their antigen, their numbers are not increased. If they do encounter their 
antigen in peripheral lymph nodes, their numbers are increased but, in the absence of 
nodular influences that promote IgA responses, they mature into IgG rather than IgA 
plasma cells. 

propria, although not necessarily the same one used by B-2 
cell-derived lamina propria plasma cell precursors. 

This hypothetical model for the expansion and control of 
migration of mucosa-seeking B cells admits the possibility 
of small populations of B-cell precursors with specific ability 
to seek the lamina propria at sites such as the lactating mam-
mary gland or the proestrous uterus, while avoiding the lam-
ina propria of the intestinal or respiratory tracts. The mam-
mary gland and uterus do not have a nodular lymphoid tissue 
associated with them and are not generally under intense 
antigenic bombardment, so these populations generally 
would not be much expanded. Precursor B cells extravasating 
from blood in these locations presumably could be immunized 
by antigens draining into the regional peripheral lymph nodes 

after experimental immunization, but would be unlikely to 
become heavily committed to IgA production. Nevertheless, 
B cells primed in these locations might include a contingent 
capable of being boosted in BALT or GALT nodules and, 
subsequently, of populating the mucosae in which they origi-
nally extravasated with specific IgA plasma cells, while leav-
ing the respiratory or intestinal tract relatively free of specific 
IgA plasma cells. 

As discussed in more depth elsewhere (Phillips-Quagliata 
and Lamm, 1988), the evolution of the migratory patterns of 
IgA B cells in the mucosal immune system probably has a 
very long history. In modern mammals, the ability of effector 
cells immunized against pathogens present in the gastrointes-
tinal and respiratory tracts to migrate to other mucosal sites 
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enables them to protect these sites against microbial contami-
nation from the excreta. The delivery of IgA-producing plas-
mablasts to the lactating mammary gland is of particular 
significance because it results in transmission in milk of secre-
tory IgA specific for maternal enteric microorganisms to the 
gastrointestinal tract of the immunologically immature infant. 
The infant is thus protected against the very microorganisms 
it is most likely to receive from its mother. The subtle inter-
play between the cytokines that determine the isotype of the 
immune response, the homing receptors on the lymphocytes, 
and the vascular addressins with which they interact, as well 
as the sex hormones that control expression of the molecules 
necessary for migration to the lactating mammary gland, is 
finely tuned and undoubtedly has contributed to the success 
of mammals in colonizing the earth. 
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I. INTRODUCTION 

The expression of specific isotypes is regulated by cyto-
kines that act either to mediate heavy-chain class switching 
or to stimulate the maturation of B cells expressing particular 
isotypes. The mucosal immune system is distinguished from 
other secondary lymphoid organs by the predominance of 
IgA in mucosal secretions. In considering the potential rele-
vance of cytokines in the generation of an IgA response in 
vivo, we must realize that the processes of isotype switching 
to IgA and maturation of membrane IgA-expressing cells to 
IgA-secreting cells take place in different anatomical loca-
tions. The precursors of IgA-secreting cells are generated 
primarily in the Peyer's patches (Craig and Cebra, 1971). 
However, IgA-secreting plasma cells are found in the lamina 
propria of exocrine tissues (Tomasi, 1983). 

Although the actual basis for the preferential generation 
of an IgA response in mucosal tissues remains unclear, the 
identification of cytokines that specifically stimulate IgA ex-
pression in vitro raises the possibility that local production 
of specific cytokines within mucosal tissues is involved in 
the establishment of a microenvironment conducive to the 
generation of a secretory IgA response. Although several 
cytokines that affect IgA secretion have been described, we 
must realize that little evidence exists that these cytokines act 
analogously on IgA secretion in vivo and in vitro. However, 
precedence does exist for cytokines that regulate isotype 
secretion in vitro acting similarly in vivo (Finkelman et al., 
1989). Specifically, interleukin 4 (IL-4), which was shown to 
mediate isotype switching to IgE in vitro, appears to have a 
similar function in vivo. The following sections describe the 
mechanism of action of different cytokines that influence IgA 
expression and discuss production of cytokines in mucosal 
tissues. 

II. CYTOKINES THAT INFLUENCE 
MATURATION OF IgA-EXPRESSING CELLS 

TO IgA-SECRETING CELLS 

A. Interleukin 5 

The initial description of a factor in T-cell supernatants 
that enhanced IgA secretion (IgA-enhancing factor or IL-5) 
was followed by a series of papers describing its mechanism 

of action (Coffman et al., 1987; Murray et al., 1987). IL-5 is 
a dimeric polypeptide with a molecular mass of 45-60 kDa 
(Bond et al., 1987). The initial reports demonstrated that IL-
5 alone caused a four to fivefold enhancement in IgA secretion 
in cultures of B cells stimulated with the mitogen lipopolysac-
charide (LPS). The increase in IgA secretion was augmented 
further by the addition of a second cytokine, IL-4, which 
by itself has little effect on IgA secretion. Both cytokines 
characteristically are produced by a subset of helper T 
cells—Th2 cells (Mosmann and Coffman, 1989). 

The most commonly used culture systems for investiga-
ting the effects of cytokines on isotype expression are 
LPS-stimulated B-cell cultures. The addition of IL-5 to LPS-
stimulated cultures of either splenic or Peyer's patch B cells 
resulted in a comparable three-to-fivefold increase in IgA 
secretion (Lebman and Coffman, 1988b). To elucidate the 
mechanism of action of IL-5, Peyer's patches were separated 
into mIgA+ and mlgA" populations, which then were stimu-
lated separately with LPS in the presence or absence of IL-
5. Interestingly, the results obtained in different laboratories 
were disparate. Some investigators observed that the major-
ity of IgA was derived from the mIgA+ population and sug-
gested that IL-5 acted to stimulate the maturation of mlgA-
expressing cells to IgA-secreting cells (Harriman et al., 1988). 
However, others observed that the majority of secreted IgA 
in these cultures was derived from the mlgA" population 
(Lebman and Coffman, 1988b). One drawback in using LPS-
stimulated cultures to study the effects of cytokines on Pey-
er's patch populations is the nature of the LPS-responsive 
population itself. The majority of mIgA+ cells in the Peyer's 
patch are derived from germinal center cells, which can be 
distinguished by their ability to bind relatively higher levels 
of peanut agglutinin (PNA) than non-germinal center cells 
(Butcher et al., 1982). Peyer's patch cells were separated 
into PNAhi*h and PNAlow populations and stimulated with 
LPS alone or with IL-5. Not only was the majority of secreted 
IgA derived from the PNAlow population, but the PNAhigh 

population was essentially nonresponsive (Lebman and Coff-
man, 1988b). Thus, a large proportion of mIgA+ cells cannot 
respond in these cultures. 

The mechanism for IL-5-induced enhancement of IgA se-
cretion was resolved using a different culture system. Instead 
of polyclonally activating B cells with the mitogen LPS, B 
cells were stimulated with an autoreactive T helper cell (Leb-
man and Coffman, 1988b), a Thl cell that secreted neither 
IL-4 nor IL-5 and, by itself, stimulated substantial prolif-
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eration but very little immunoglobulin secretion. In T cell-
stimulated cultures, Peyer's patch B cells secreted consider-
ably more IgA than splenic B cells. Further, the majority of 
secreted IgA in these cultures was derived from the mIgA+ 

population, suggesting that IL-5 stimulates maturation of 
IgA-committed precursors and not heavy-chain class switch-
ing to IgA. 

The previously described studies investigated the effects 
of IL-5 on B cells that were activated in vitro. One of the 
characteristics of gut-associated lymphoid tissue (GALT) is 
the presence of chronically active germinal centers in the 
Peyer's patches. As a consequence, a significant proportion 
of Peyer's patch mIgA+ cells that are located in the germinal 
centers are also in cycle, that is, they are activated in vivo 
(Butcher et al., 1982; Lebman et al., 1987). IL-5 induces this 
in vivo activated mIgA+ population to high rate IgA secretion 
(Beagley et al., 1988). Although the Peyer's patches are the 
source of precursors of IgA-secreting cells, maturation does 
not occur within them (Craig and Cebra, 1971; Tomasi, 1983). 
Thus, if IL-5 acts in vivo to stimulate maturation of IgA-
expressing cells to IgA-secreting cells, it does not act within 
the microenvironment of the Peyer's patch. However, evi-
dence suggests that IL-5 can influence IgA secretion in vivo. 
Transgenic mice carrying the IL-5 gene have both elevated 
levels of serum IL-5 and elevated levels of IgA and IgM 
(Tominaga et al., 1991). 

B. Interleukin 2 

In the course of the early studies investigating the IgA-
enhancing effects of recombinant cytokines, IL-1, IL-3, gran-
ulocyte-macrophage colony stimulating factor (GM-CSF), 
and interferon y (IFNy) were observed not to alter IgA secre-
tion in cultures of LPS-stimulated blasts. However, IL-2 
caused a two- to threefold enhancement in IgA secretion 
in these cultures (Coffman et al., 1987). Additional studies 
demonstrated that, analogous to IL-5, IL-2 induced a higher 
level of IgA secretion in T cell-stimulated cultures of Peyer's 
patch B cells than in similar cultures of splenic B cells 
(D. A. Lebman and R. L. Coffman, unpublished results). 
The secreted IgA in these cultures was derived from the 
mIgA+ population, suggesting that IL-2 can act to cause 
maturation to IgA secretion (Table I). IL-2 is less effective 
than the combination of IL-4 and IL-5 in stimulating IgA 
secretion. However, these data indicate that cytokines char-
acteristic of both Thl and Th2 cells (cf. Section V; Chapter 
20) are capable of playing a role in the terminal differentiation 
of mlgA-expressing cells. 

C. Interleukin 6 

IL-6 has a broad range of activities in both lymphoid and 
nonlymphoid tissues (reviewed by Van Snick, 1990). Histori-
cally, the molecule that ultimately was identified as IL-6 was 
associated with growth and differentiation of B-lineage cells. 
Accessory cells, particularly macrophages, are a primary 
source of IL-6 in freshly isolated lymphoid cell cultures (Van 
Snick, 1990). Consequently, the effect of IL-6 on isotype 
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Table I IgA Secretion in 
Th-Stimulated Cultures0 

Additions 

Medium 
IL-2 
IL-4 + IL-5 

Medium 
IL-2 
IL-4 + IL-5 

Medium 
IL-2 
IL-4 + IL-5 

IgA 
(ng/ml) 

30 
60 

2000 

130 
3000 

11800 

<3 
20 

330 

a B cells were stimulated with a Thl helper cell 
and the indicated additions for 7 days. 

b T-depleted Peyer's patches (PP) were sepa-
rated into mIgA+ and mlgA" populations using flow 
cytometry. 

production in murine lymphocytes was investigated in cul-
tures of purified Peyer's patch B cells in the absence of 
mitogen (Beagley et al., 1989; Kunimoto et al., 1989). In 
unfractionated Peyer's patch B cells, IL-6 induced a higher 
level of IgA secretion than IL-5 (Beagley et al, 1989). Other 
investigators observed that either IL-5 or IL-6 alone induced 
a modest increase in IgA secretion in cultures of T cell-
depleted Peyer's patch cells, but the combination of the two 
cytokines greatly increased the level of IgA secretion (Kuni-
moto et al., 1989). The combination of IL-5 and IL-6 was 
particularly effective in enhancing IgA secretion. Although 
IL-6 induced mIgA+ cells that were activated in vivo to se-
crete IgA, it did not increase IgM or IgG secretion in cultures 
of Peyer's patch B cells. Further, IL-6 did not cause mlgA" 
cells to secrete IgA, suggesting that the effect of IL-6 was 
not stimulation of isotype switching to IgA. Thus, to date, 
three cytokines—IL-2, IL-5, and IL-6—have been shown to 
play a role in promoting the maturation of murine mlgA-
expressing cells into IgA-secreting cells. However, evidence 
only exists to substantiate a role in vivo for IL-5. 

III. CYTOKINES THAT INDUCE ISOTYPE 
SWITCHING TO IgA 

Transforming growth factor ß (TGF/3) is a ubiquitous 
25-kDa peptide (Sporn et al., 1986) that is pleiotropic in 
action. TGF0 was characterized initially on the basis of its 
ability to stimulate anchorage-independent growth of fibro-
blasts (Assoian et al., 1983). In early studies on its effects 
on lymphoid populations, TGFß was shown to inhibit both 
human T-cell proliferation and immunoglobulin secretion 
(Kehrl et al., 1986, 1987) and to prevent the maturation of 
murine pre-B cells to mature B cells (Lee et al., 1987). As 
a result of these studies, TGF0 was regarded to be immuno-
suppressive. Since many recombinant cytokines were de-
rived from supernatants of Cos-7 cells, a fibroblast cell line 
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that secretes TGF/3, investigating the effects of TGF/3 in B-
cell cultures became important. Although Beagley and col-
leagues did not see any effect of TGF/3 on IgA production 
by unstimulated Peyer's patch B cells (Beagley etal., 1989), 
Coffman and colleagues (1989a) observed that the addition 
of TGF/3 to LPS-stimulated splenic B cells induced a 5-to 
10-fold increase in IgA secretion concomitant with a similar 
decrease in IgM secretion. Further, the addition of both IL-
2 and TGF/3 to LPS-stimulated cultures induced an enhance-
ment in IgA secretion that was greater than the combined 
effects of either cytokine alone, suggesting that IL-2 could 
synergize with TGF/3 in generating an IgA response. The 
basic finding of this study was confirmed by several other 
groups of investigators (Sonoda et al., 1989; Chen and Li, 
1990; Kim and Kagnoff, 1990a). IL-5 also was observed to 
synergize with TGF/3 to enhance IgA secretion (Sonoda et 
al., 1989). Interestingly, some variation exists in the ability 
of TGF/3 alone to stimulate IgA secretion. Some investigators 
have found it necessary to add both TGF/3 and IL-2 to cul-
tures to obtain significant enhancement in IgA secretion (Kim 
and Kagnoff, 1990a). 

Studies at the cellular level of the effect of TGF/3 on IgA 
secretion have provided evidence that TGF/3 acts to stimulate 
isotype switching to IgA. In the initial reports on the IgA-
enhancing ability of TGF/3, an interesting dichotomy was 
observed (Coffman et al., 1989a). Although TGF/3 enhanced 
IgA secretion by mlgA" cells, it inhibited IgA secretion by 
mIgA+ cells. Nonetheless, TGF/3 induced an increase in the 
proportion of mIgA+ cells (Lebman et al., 1990a). The addi-
tion of IL-2 to cultures containing LPS and TGF/3 neither 
caused a further increase in the proportion of mIgA+ cells 
nor overcame TGF/3-induced inhibition of proliferation, yet 
the addition of IL-2 to TGF/3-containing cultures caused an 
additional 10-to 20-fold increase in IgA secretion. The obser-
vation that only a small proportion of splenic B cells was 
induced to express mlgA by TGF/3 raised the possibility that 
expressing mlgA was not necessary to develop into an IgA-
secreting cell. To address this issue, splenic B cells were 
stimulated with LPS in the presence of both TGF/3 and IL-
2 for 4 days. Subsequently, the mIgA+ and mlgA" cells were 
isolated and cultured for an additional 3 days. Virtually all 
the secreted IgA was derived from cells that were induced 
to express mlgA. Thus, the combination of TGF/3 and IL-2 
caused a transition from mlgA" to mIgA+ to IgA-secreting 
cells (Lebman et al., 1990a). Additional evidence for the roles 
of TGF/3 and IL-2 in IgA responses was derived from limiting 
dilution analysis (Kim and Kagnoff, 1990b). TGF/3, but not 
IL-2, caused approximately a 20-fold increase in the fre-
quency of IgA-secreting cells. Further, the addition of IL-2 
to TGF/3-containing cultures increased IgA secretion without 
increasing the frequency of IgA-secreting cells. Collectively, 
these studies indicate that TGF/3 induces isotype switching 
to IgA and IL-2 acts to induce terminal differentiation of 
mlgA-expressing cells. 

Molecular analysis of the effects of cytokines on IgA pro-
tection has provided additional insights into both the role of 
cytokines and the specific T helper cell populations in the 
generation of IgA responses at mucosal sites. Heavy-chain 
class switching requires a recombination between switch (S) 

regions located immediately 5' to each heavy-chain locus 
(CH). This recombination juxtaposes a specific variable re-
gion (VH) with a new CJJ (Davis et al., 1980). A large body 
of evidence in normal cells and cell lines demonstrated that 
this recombination is preceded by the appearance of tran-
scripts containing germ line sequences (Stavnezer et al., 
1985, 1988; Lutzker and Alt, 1988; Berton et al., 1989; Esser 
and Radbruch, 1989; Radcliffe et al., 1990). These germ-
line transcipts initiate 5' to the particular S region to which 
recombination is targeted and proceed downstream through 
the constant region. The association of germline transcripts 
with IgA expression initially was described in the 1.29 cell 
line (Stavnezer et al., 1988). On stimulation with LPS, 1.29 
cells switch preferentially to either IgA or IgE. However, 
prior to stimulation, these cells contain germline transcripts 
consisting of a pseudo-exon 5' to Sa (la) spliced to Ca (Rad-
cliffe et al., 1990). The addition of TGF/3 to LPS-stimulated 
B-cell cultures results in the appearance of similar transcripts 
(Figure 1; Lebman et al., 1990). 

Secreted IgA from cultures stimulated with a Th2 specific 
for rabbit immunoglobulin is antigen dependent. Further, the 
secreted IgA in these cultures is derived from mIgA+ cells 
(D. A. Lebman, unpublished results). In contrast to TGF/3-
containing LPS-stimulated cultures, the induction of IgA se-
cretion in Th2 cell-stimulated, antigen-dependent cultures is 
not accompanied by the appearance of germline a mRNA 
transcripts (Figure 2). The model proposing that isotype 
switching is preceded by the appearance of germline tran-
scripts is supported further by the observation that the CHI2 
lymphoma, which preferentially undergoes isotype switching 
to IgA, contains germline a mRNA transcripts (Figure 2). 
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Figure 1 Transforming growth factor ß (TGF-/3) induces germline 
a mRNA transcripts. Poly (A) + RNA was isolated from splenic B 
cells stimulated for 3 days as indicated. Total mRNA was isolated 
from the IgA-secreting myeloma MOPC 315. (A) Northern blot 
was hybridized with a probe specific for germline transcripts (la). 
(B) The same northern blot was hybridized with a constant region 
probe that would detect both productive and germline a mRNA (Ca). 
Reprinted with permission from Lebman et al. (1990b). 
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Figure 2 Stimulation with Th2 cells does not induce isotype switching. Peyer's patch B cells were stimulated with a 
T helper cell specific for rabbit immunoglobulin and rabbit anti-mouse IgA alone or in the presence of cytokines or 
anti-cytokines, as indicated. (A) Northern blot was hybridized with a Ca probe. (B) Northern blot was hybridized with 
a probe specific for germline a mRNA (5'Sa). 

Thus, studies on the molecular mechanism of isotype switch-
ing confirm the functions of TGF/3 and Th2 cytokines in 
isotype switching and maturation of mlgA-expressing cells 
to IgA-secreting cells, respectively. 

IV. CYTOKINES INVOLVED IN IgA 
EXPRESSION BY HUMAN B CELLS 

Several cytokines that act to enhance the maturation of 
mIgA+ murine B cells to IgA-secreting cells or to induce 
isotype switching to IgA have been described (Table II). 
However, the effects of cytokines on isotype secretion by 
human B cells are not as well documented. The problem in 
studying the action of cytokines in the human B-cell system 
appears to stem, in part, from a difficulty in finding methods 
to stimulate growth and differentiation of human B cells in 
a way analogous to murine B cell stimulation. However, 
several groups have approached this problem using different 
protocols to stimulate B cells. As the results emerge, similari-

Table II Cytokines than Enhance IgA 
Secretion by Murine B Cells0 

Isotype switching Maturation 

TGF-jS IL-2 
IL-5 
IL-6 

a Cytokines are characterized as stimulating 
heavy chain class switching by mlgA" cells (isotype 
switching) or as enhancing secretion by mIgA+ cells 
(maturation). 

ties and differences appear in the response patterns of human 
and murine B cells. In comparing the results obtained with 
human B cells to those obtained with murine B cells, note 
that not only are the stimuli not comparable but the source 
of cells is also different. The information on murine cells has 
been gained largely by studying the response of Peyer's patch 
or splenic B cells whereas, in human studies, the B cells 
frequently are derived from the tonsils. 

Virtually all human B cells can be induced to proliferate 
by stimulating them for 3 days in the presence of phorbol 
dibutyrate and ionomycin (Flores-Romo et al„ 1990). The 
addition of either IL-2 or IFNe* to these cultures caused 
enhanced secretion of IgA. In contrast, IL-5 had no effect 
on IgA secretion in these cultures. A second protocol for 
inducing human B-cell proliferation is triggering them by 
cross-linking CD40 antigen (Rousset et ai, 1991). To do this, 
anti-CD40 is presented to B cells on fibroblast cells that stably 
express FcyRII/CDw32. Since this method of stimulation 
induces B-cell proliferation in a factor-independent way, it 
provides a good model system for investigating the effects 
of cytokines on isotype expression (Rousset et al., 1991). In 
these cultures, no individual cytokine effectively induces IgA 
secretion. However, in the presence of IL-4, both IL-2 and 
IFNy induce substantial levels of IgA secretion. The combi-
nation of IL-4 and IL-5 also increases IgA secretion, albeit 
not as effectively as the combination of IL-4 and IL-2. The 
effects of either IL-2 or IFNy in combination with IL-4 are 
not limited to IgA. The combination of IL-2 and IL-4 also 
causes a substantial increase in IgM secretion, whereas IFNy 
and IL-4 increase IgG secretion. In contrast, the effect of 
IL-5 appears to be limited to IgA secretion. No studies are 
available to indicate whether the increases in isotype expres-
sion result from inducing heavy-chain class switching or pref-
erential stimulation of isotype-committed precursors. 

On a molecular level, the response of murine and human 
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B cells to TGF/3 is similar. The addition of TGF/3 to human 
splenic B cells stimulated with Branhamella catarrhalis re-
sults in the induction of germline transcript for both classes 
of IgA (Islam et al., 1991). The structure of the human germ-
line a mRNA transcripts is analogous to that of the murine 
transcripts (Nilsson et al., 1991). The genomic sequence of 
the germline exons for the two human IgA subclasses, as well 
as the region 5' to the germline exons, is highly conserved. 
Further, putative regulatory regions 5' to the germline exons 
are conserved between mice and humans. Unfortunately, the 
signals, if any, that are required to induce these germline a 
mRNA-producing human B cells to mature to IgA-secreting 
cells are not established. However, if the molecular mecha-
nisms for isotype switching in human and mouse are similar, 
TGF/3 is likely to induce isotype switching to IgA in both 
species. 

V. CYTOKINE PRODUCTION BY 
T HELPER SUBSETS 

T helper cell subsets have been divided into two distinct 
classes, Thl and Th2, on the basis of the pattern of cytokines 
secreted (Table III; reviewed by Mosmann and Coffman, 
1989). Characteristically, Thl cells secrete IL-2, IFNy, and 
lymphotoxin; Th2 cells secrete IL-4, IL-5, and IL-10. Al-
though subsets of Th cells that secrete other patterns of 
cytokines exist, functionally the Thl and Th2 subsets are 
best characterized (Mosmann and Moore, 1991). The relative 
roles and potential interactions of these subsets in the genera-
tion of specific types of immune response can be related to 
the cytokines they produce. Further, evidence suggests that 
these subsets play important roles in vivo in mice and humans. 

Both Thl and Th2 cells can stimulate B cells to proliferate, 
undergo clonal expansion, and secrete immunoglobulin (Coff-
man et al.y 1988). B cells can respond to the different helper 
subsets regardless of their state of activation. However, the 
Thl subset of helper cells is less efficient than the Th2 subset 
in stimulating antibody production by resting B cells. Al-
though growth and maturation per se appear to be relatively 
independent of the stimulating helper cell, the pattern of 
isotypes secreted is dependent on the phenotype of the stimu-
lating Th cell (Table IV). Thl cells are relatively more effi-
cient in stimulating IgG2a responses, whereas Th2 cells are 

Table III Cytokine Production by 
T Helper Subsets0 

Thl Th2 

IL-2 IL-4 
IFNy IL-5 
Lymphotoxin IL-6 

IL-10 

a For each subset the cytokines that are pro-
duced uniquely are shown. Data were derived from 
Mosmann and Moore (1991). 

Table IV Patterns of Immunoglobulin 
Isotype Expression in Thl- and Th2-

Stimulated B Cell Cultures0 

Supernatant levels 
(day l)b 

(% total response) 

Isotype 

IgA 

IgM 

IgGl 

IgE 

IgG2a 

IgG2b 

IgG3 

Thl 

0.5-1 

50-90 

5-20 

<.01 

1-20 

0.3-2 

0.2-1 

Th2 

0.25-1 

55-90 

5-40 

0.05-2 

0.4-1 

0.2-1 

0.2-0 

a Cultures of T-depleted spleen cells were stimu-
lated for 7 days with either a Thl or a Th2 helper 
cell clone. Thl-stimulated cultures also received 
anti-IFNy and IL-2. 

b Supernatant levels are recorded as percentages 
of total immunoglobulin secreted. 

relatively more efficient in stimulating IgE responses. The 
difference in isotype display potentially is related to the differ-
ence in cytokine secretion pattern. Thl cells secrete IFNy, 
which has been shown to be involved in isotype switching 
to IgG2a (Snapper et al., 1988). On the other hand IL-4, 
which is a product of Th2 cells, stimulates isotype switching 
to IgE (Lebman and Coffman, 1988a). Note that the ability 
of the two helper subsets to stimulate IgA secretion relative 
to total immunoglobulin secretion is comparable (Table IV). 

Th2 cytokines play a significant role in the mediation of 
allergic responses. IL-4, which stimulates isotype switching 
to IgE, also has mast cell stimulating activity (Lee et al., 
1986). In addition IL-5, whose role in IgA production was 
discussed in another section (Section II,A), has been shown 
to enhance eosinophil growth and differentiation both in vitro 
and in vivo (Sanderson et al., 1986; Coffman et al., 1989b). 
IgA can bind to eosinophils and stimulate their degranulation 
(Abu-Ghazaleh et ai, 1989), suggesting a role for IL-5 pro-
duction in inflammatory bowel disease. 

A dichotomy of function between the two predominant 
helper subsets has been suggested. Thl cells are associated 
with delayed-type hypersensitivity whereas Th2 cells are as-
sociated with antibody responses (reviewed by Mosmann 
and Moore, 1991). These two types of response also have 
been suggested to be mutually exclusive (Parish, 1972). Cyto-
kines produced by the different Th subsets appear to be 
involved in regulation of the balance of helper subsets. For 
example, IFN? inhibits the growth of Th2 cells whereas IL-
4 preferentially stimulates their growth (Fernandez-Botran 
et al., 1988). On the other hand IL-10, which is produced by 
Th2 cells, inhibits cytokine production by Thl cells. The 
interplay of Th cells and cytokines potentially is involved in 
maintaining the integrity of the mucosal immune system. 
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VI. CYTOKINE PRODUCTION IN 
MUCOSAL SITES 

The basis for the preferential generation of precursors of 
IgA-secreting cells in the Peyer's patches remains unclear. 
Before the cloning of cytokines and the elucidation of their 
role in regulating isotype expression, investigators had begun 
to accumulate evidence suggesting that specific T helper pop-
ulations in the Peyer's patches were involved in the genera-
tion of a secretory IgA response (Kawanishi et al., 1983a, 
b; Kiyono et al., 1984). The discovery that IL-5 enhanced 
IgA production and was secreted by a specific subset of T 
helper cells, Th2 cells, provided new impetus for the study 
of T cells in GALT with an emphasis on cytokine production 
in mucosal sites. In trying to understand the role of cytokines 
in the preferential generation of an IgA response in mucosal 
sites, we must consider the separation of mucosal sites into 
IgA-inductive and IgA-effector sites. Although the precur-
sors of IgA-secreting cells are generated preferentially in the 
Peyer's patches, an IgA-inductive site, maturation of these 
cells to IgA secretion occurs in the lamina propria, an IgA-
effector site (Craig and Cebra, 1971; Tomasi, 1983). 

Considering the role of IL-5 in IgA secretion, investigators 
began to look for evidence that IL-5-secreting cells were 
present in the Peyer's patches (Schoenbeck et al., 1989). 
Freshly isolated Peyer's patch T cells were separated on the 
basis of their adherence to Vicia villosa agglutinin. On in 
vitro stimulation with a combination of the T-cell mitogen 
concanavalin A and IL-1, the lectin adherent population se-
cretes IL-5 whereas the lectin nonadherent population se-
cretes IL-2. Interestingly, the supernatants from the adherent 
but not the nonadherent population supported IgA secretion 
in cultures of LPS-stimulated splenic B cells. This study 
provided evidence that Th subsets with both Thl and Th2 
phenotypes were present in an IgA-inductive site. 

The ability to assess the actual number of T cells secreting 
specific cytokines provided a tool for comparing the ratio of 
Thl and Th2 subsets in different mucosal sites (Taguchi et 
ai, 1990). Thl cells were enumerated on the basis of 
IFN-γ secretion whereas IL-5 secretion was used to define 
Th2 cells. Although relatively few cytokine-producing cells 
are found in either freshly isolated spleens or Peyer' s patches, 
the patches contain more cytokine-producing cells, which 
could reflect the fact that Peyer's patches are a site of chronic 
antigenic stimulation. On in vitro activation, both spleen and 
Peyer's patch were shown to have relatively equal numbers 
of IL-5- and IFN-y-secreting cells. Similarly, relatively equal 
numbers of IL-5- and IFN -7 -secreting cell are found among 
intraepithelial lymphocytes (IELs) although, compared with 
Peyer's patches, IELs have two- to threefold more cytokine-
secreting cells. The only mucosal tissue that was enriched 
for IL-5-secreting cells was the lamina propria, which had a 
3 : 1 ratio of IL-5- to IFN-7 -secreting cell (Taguchi et al., 
1990). Thus, IgA-effector but not IgA-inductive sites are en-
riched for Th2 cells. These studies correlate with previous 
observations (Table III) that both Thl and Th2 can provide T-
cell help for the generation of IgA-producing B cells. Further, 
they demonstrate that a site that is enriched for IgA-secreting 
cells, the lamina propria, also is enriched for IL-5-secreting 

cells, suggesting an in vivo role for Th2 cells in the generation 
of a secretory IgA response. 

A great deal of effort has been put forth to correlate CD4+ 

Th subsets and cytokine production with mucosal immunity, 
yet freshly isolated IELs also produce cytokines associated 
with T helper function (Taguchi et al., 1991). However, a 
major proportion of IELs expresses CD8, and most of these 
CD8+ cells use γδ T-cell receptors (TcR; Goodman and Le-
francois, 1988). A considerable proportion of this population 
expresses both IFN-7 and BL-5 (Taguchi et al, 1991). In fact, 
in terms of cytokine production, CD8+ γδ TcR- using cells 
contain subsets similar to those described for CD4+ Th cells 
(Taguchi et al., 1991). Although the role of this population 
is not established, their cytokine production potential raises 
the possibility that they function at mucosal barriers to regu-
late immune responses (Taguchi et al., 1990). 

VII. CONCLUSIONS 

The cloning of cytokines has made it possible to analyze 
their effects on isotype secretion and to speculate on their 
role at mucosal surfaces. Although no cytokine appears to 
be expressed uniquely in a mucosal tissue, the balance of 
cytokine-expressing cells at mucosal sites may be critical to 
maintaining the integrity of the mucosal immune system. 
Thus, the dichotomy of function of Th cells and the role of 
cytokines in regulating Th balance that has been applied to 
the study of systemic immunity is equally relevant to mucosal 
immunity. Although many questions have been answered 
concerning the in vitro actions of cytokines in the regulation 
of IgA expression, little is known about how these cytokines 
act in vivo. 

References 

Abu-Ghaazleh, R. I., Fujisawa, T., Mestecky, J., Kyle, R. A., and 
Gleich, G. J. (1989). IgA induced eosinophil degranulation. 
J. Immunol. 142, 2393-2400. 

Assoian, R. K., Komoriya, A., Meyers, C. A., Miller, D. M., and 
Sporn, M. B. (1983). Transforming growth factor ß in human 
platelets. Identification of a major storage site, purification, and 
characterization. J. Biol. Chem. 258, 7155-7160. 

Beagley, K. W., Eldridge, J. H., Kiyono, H., Everson, M. P., Koop-
man, W. J., Honjo, T., and McGhee, J. R. (1988). Recombinant 
IL-5 induces high rate IgA synthesis in cycling IgA-positive Pey-
er's patch B cells. J. Immunol. 141, 2035-2042. 

Beagley, K. W., Eldridge, J. H., Lee, F., Kiyono, H., Everson, 
M. P., Koopman, W. J., Hirano, T. J., Kishimoto, T., and Mc-
Ghee, J. R. (1989). Interleukins and IgA synthesis. Human and 
murine IL-6 induce high rate IgA secretion in IgA-committed B 
cells. J. Exp. Med. 169, 2133-2148. 

Berton, M. T., Uhr, J. W., and Vitetta, E. S. (1989). Synthesis of 
germ-line y\ immunoglobulin heavy chain transcripts in resting 
B cells: Induction by interleukin 4 and inhibition by interferon y. 
Proc. Natl. Acad. Sei. U.S.A. 86, 2829-2833. 

Bond, M. W., Shrader, B., Mosmann, T. R., and Coffman, R. L. 
(1987). A mouse T cell product that preferentially enhances IgA 



20 · Cytokines in the Mucosal Immune System 249 

production II. Physiochemical characterization. J. Immunol. 139, 
3691-3696. 

Butcher, E. C , Rouse, R. V., Coffman, R. L., Nottenburg, C. N., 
Hardy, R. R., and Weissman, I. L. (1982). Surface phenotype of 
Peyer's patch germinal center cells: Implications for the role of 
germinal centers in B cell differentiation. J. Immunol. 129, 
2698-2707. 

Chen, S-S., and Li, Q. (1990). Transforming growth factor ß (TGF-
ß) is a bifunctional immune regulator for mucosal IgA responses. 
Cell. Immunol. 128, 353-361. 

Coffman, R. L., Shrader, B., Carty, J., Mosmann, T. R., and Bond, 
M. W. (1987). A mouse T cell product that preferentially enhances 
IgA production. I. Biologic characterization. J. Immunol. 139, 
3685-3690. 

Coffman, R. L., Seymour, B. H. P., Lebman, D. A., Hiraki, D. D., 
Christiansen, J. A., Shrader, B., Cherwinski, H. M., Savelkoul, 
H. F. J., Finkelman, F. D., Bond, M. W., and Mosmann, 
T. R. (1988). The role of helper T cell products in mouse B cell 
differentiation and isotype regulation. Immunol. Rev. 102, 5-28. 

Coffman, R. L., Lebman, D. A., and Shrader, B. (1989a). Trans-
forming growth factor ß specifically enhances IgA production 
by lipopolysaccharide-stimulated murine B lymphocytes. J. Exp. 
Med. 170, 1039-1044. 

Coffman, R. L., Seymour, B. W., Hudak, S., Jackson, J., and Ren-
nick, D. (1989b). Antibody to interleukin 5 inhibits helminth-
induced eosinophilia in mice. Science 245, 308-310. 

Craig, S. W., and Cebra, J. J. (1971). Peyer's patches: An enriched 
source of precursors for IgA- producing immunocytes in the rab-
bit. / . Exp. Med. 134, 188-200. 

Davis, M. M., Calame, K., Early, P. W., Livant, D. L., Joho, R., 
Weisman, I. L., and Hood, L. (1980). An immunoglobulin heavy-
chain gene is formed by at least two recombinational events. 
Nature (London) 283, 733-739. 

Esser, C , and Radbruch, A. (1989). Rapid induction of transcription 
of unrearranged Syl switch regions in activated murine B cells 
by interleukin 4. EMBO J. 8, 483-488. 

Fernandez-Botran, R., Sanders, V. M., Mosmann, T. R., and 
Vitetta, E. S. (1988). Lymphokine-mediated regulation of the pro-
liferative response of clones of T helper 1 and T helper 2 cells. 
J. Exp. Med. 168, 543-558. 

Finkelman, F. D., Katona, I. M., Urban, J. F. J., and Paul, W. E. 
(1989). Control of in vivo IgE production in the mouse by IL-4. 
Ciba Found. Symp. 147, 3-22. 

Flores-Romo, L., Millsum, M. J., Gillis, S., Stubbs, P., Sykes, C , 
and Gordon, J. (1990). Immunoglobulin isotype production by 
cycling human B lymphocytes in response to recombinant cyto-
kines and anti-IgM. Immunology 69, 342-347. 

Goodman, T., and Lefrancois, L. (1988). Expression of the y-δ T cell 
receptor on intestinal CD8+ intraepithelial lymphocytes. Nature 
(London) 333, 855-858. 

Harriman, G. R., Kunimoto, E. Y., Elliot, J. F., Paetkau, V., and 
Strober, W. (1988). The role of IL-5 in IgA B cell differentiation. 
J. Immunol. 140, 3033-3039. 

Islam, K. B., Nilsson, L., Sideras, P., Hammarstrom, L., and Ed-
vard Smith, C. I. (1991). TGF ßl induces germ-line transcripts 
of both IgA subclasses in human B lymphocytes. Int. Immunol. 
3, 1099-1106. 

Kawanishi, H., Saltzman, L. E., and Strober, W. (1983a). Mecha-
nisms regulating IgA class-specific immunoglobulin production in 
murine gut-associated lymphoid tissues. II. Terminal differentia-
tion of postswitch slgA-bearing Peyer's patch B cells. J. Exp. 
Med. 158, 649-668. 

Kawanishi, H., Saltzman, L. E., and Strober, W. (1983b). Mecha-
nisms regulating IgA class-specific immunoglobulin production in 
murine gut associated lymphoid tissues. I. T cells derived from 

Peyer's patches that switch slgM B cells to slgA B cells in vitro. 
J. Exp. Med. 157, 433-450. 

Kehrl, J. H., Roberts, A. B., Wakefield, L. M., Jakowlew, S., Sporn, 
M. B., and Fauci, A. S. (1986). Transforming growth factor ß is 
an important immunomodulatory protein for human B lympho-
cytes. J. Immunol. 137, 3855-3860. 

Kehrl, J. H., Wakefield, L. M., Roberts, A. B., Jakowlew, S., Der-
nyck, R., Sporn, M. B., and Fauci, A. S. (1987). Production of 
transforming growth factor ß by human T lymphocytes and its 
potential role in the regulation of T cell growth. J. Exp. Med. 
163, 1037-1050. 

Kim, P-H., and Kagnoff, M. F. (1990a). Transforming growth factor 
ß\ is a costimulator for IgA production. J. Immunol. 144, 
3411-3416. 

Kim, P-H., and Kagnoff, M. F. (1990b). Transforming growth factor 
ß 1 increases IgA isotype switching at the clonal level. J. Immunol. 
145, 3773-3778. 

Kiyono, H., Cooper, M. D., Kearney, J. F., Mosteller, L. M., 
Michalek, S. M., Koopman, W. J., and McGhee, J. R. (1984). 
Isotype specificity of helper T cell clones. Peyer's patch Th cells 
preferentially collaborate with mature IgA B cells for IgA re-
sponses. J. Exp. Med. 159, 798-811. 

Kunimoto, D. Y., Nordan, R. P., and Strober, W. (1989). IL-6 is a 
potent cofactor of IL-1 in IgM synthesis and of IL-5 in IgA synthe-
sis. J. Immunol. 143, 2230-2235. 

Lebman, D. A., and Coffman, R. L. (1988a). Interleukin 4 causes 
isotype switching to IgE in T cell-stimulated clonal B cell cultures. 
J. Exp. Med. 168, 853-862. 

Lebman, D. A., and Coffman, R. L. (1988b). The effects of IL-4 
and IL-5 on the IgA response by murine Peyer's patch B cell 
subpopulations. J. Immunol. 141, 2050-2056. 

Lebman, D. A., Griffin, P. M., and Cebra, J. J. (1987). Relationship 
between expression of IgA by Peyer's patch cells and functional 
IgA memory cells. J. Exp. Med. 166, 1405-1418. 

Lebman, D. A., Lee, F. D., and Coffman, R. L. (1990a). Mechanism 
for transforming growth factor ß and IL-2 enhancement of IgA 
expression in lipopolysaccharide-stimulated B cell cultures. 
J. Immunol. 144, 952-959. 

Lebman, D. A., Nomura, D. Y., Coffman, R. L., and Lee, F. D. 
(1990b). Molecular characterization of germ-line immunoglobulin 
A transcripts produced during transforming growth factor type 
ß-induced isotype switching. Proc. Natl. Acad. Sei. U.S.A. 87, 
3962-3966. 

Lee, F., Yokata, T., Otsuka, T., Meyerson, P., Villaret, D., Coff-
man, R., Mosmann, T., Renick, D., and Roehm, N. (1986). Isola-
tion and characterization of a mouse interleukin cDN A clone that 
expresses B cell stimulating factor 1 activities and T cell and 
mast cell stimulating activities. Proc. Natl. Acad. Sei. U.S.A. 83, 
2061-2065. 

Lee, G., Ellingsworth, L. R., Gillis, S., Wall, R., and Kincade, 
P. W. (1987). ß transforming growth factors are potential regula-
tors of B lymphopoiesis. J. Exp. Med. 166, 1290-1299. 

Lutzker, S., and Alt, F. W. (1988). Structure and expression of 
germ line immunoglobulin G2b transcripts. Mol. Cell. Biol. 8, 
1849-1852. 

Mosmann, T. R., and Coffman, R. L. (1989). Thl and Th2 cells: 
Different patterns of lymphokine secretion lead to different func-
tional properties. Annu. Rev. Immunol. 7, 145-173. 

Mosmann, T. R., and Moore, K. W. (1991). The role of IL-10 in 
crossregulation of Thl and Th2 responses. Immunol. Today 12, 
A49-A53. 

Murray, P. D., McKenzie, D. T., Swain, S. L., and Kagnoff, M. F. 
(1987). Interleukin 5 and interleukin 4 produced by Peyer's patch 
T cells selectively enhance immunoglobuin A expression. J. Im-
munol. 149, 2669-2674. 



250 Deborah A. Lebman · Robert L Coffman 

Nilsson, L., Islam, K. B., Olafsson, O., Zalcberg, I., Samakovlis, 
C , Hammarstrom, L., Edvard Smith, C. I., and Sideras, P. (1991). 
Structure of TGF-/31 induced human immunoglobulin Cal and 
Ca2 germ-line transcripts. Int. Immunol. 3, 1107-1115. 

Parish, C. R. (1972). The relationship between humoral and cell-
mediated immunity. Transplant. Rev. 13, 35-66. 

Radcliffe, G., Lin, Y-C, Julius, M., Marcu, K. B., and Stavnezer, 
J. (1990). Structure of germ line immunoglobulin a heavy chain 
RNA and its location on poly somes. Mol. Cell. Biol. 10, 382-
386. 

Rousset, F., Garcia, E., and Banchereau, J. (1991). Cytokine-
induced proliferation and immunoglobulin production of human 
B lymphocytes triggered through their CD40 antigen. J. Exp. Med. 
173, 705-710. 

Sanderson, C. J., O'Garra, A., Warren, D. J., and Klaus, G. G. 
(1986). Eosinophil differentiation factor also has B cell growth 
factor activity: Proposed name interleukin 4. Proc. Natl. Acad. 
Sei. U.S.A. 83, 437-440. 

Schoenbeck, S., Hammen, M. J., and Kagnoff, M. F. (1989). Vicia 
villosa agglutinin separates freshly isolated Peyer's patch cells 
into interleukin 5- or interleukin 2- producing subsets. J. Exp. 
Med. 169, 1491-1496. 

Snapper, C. M., Peschel, C , and Paul, W. E. (1988) IFN-γ stimulates 
IgG2a secretion by murine B lymphocytes stimulated with bacte-
rial lipopolysaccharide. J. Immunol. 140, 2121-2127. 

Sonoda, E., Matsumoto, R., Hitoshi, E., Ishii, T., Sugimoto, M., 
Araki, S., Toninaga, A., Yamaguchi, N., and Takatsu, K. (1989). 
Transforming growth factor ß induces IgA production and acts 
additively with interleukin 5 for IgA production. J. Exp. Med. 
170, 1415-1420. 

Sporn, M. B., Roberts, A. B., Wakefield, L. M., and Assoian, 

R. K. (1986). Transforming growth factor ß: Biological function 
and chemical structure. Science 233, 532-534. 

Stavnezer, J., Sirlin, S., and Abbott, J. (1985). Induction of immuno-
globulin isotype switching in cultured 1.29 B lymphoma cells: 
Characterization of the accompanying rearrangements of heavy 
chain genes. J. Exp. Med. 161, 577-601. 

Stavnezer, J., Radcliffe, Y. C , Lin, Y. C , Nietupski, J., Berggren, 
L., Sitia, R., and Severinson, E. (1988). Immunoglobulin heavy 
chain switching may be directed by prior induction of transcripts 
from constant region genes. Proc. Natl. Acad. Sei. U.S.A. 85, 
7704-7708. 

Taguchi, T., McGhee, J. R., Coffman, R. L., Beagley, K. W., El-
dridge, J. H., Takatsu, K., and Kiyono, H. (1990). Analysis of 
Thl and Th2 cells in murine gut-associated tissues. Frequencies 
of CD4+ and CD8+ T cells that secrete IFN-γ and IL-5. J. Immu-
nol. 145, 68-75. 

Taguchi, T., Aicher, W., Fujihashi, K., Yamamoto, M., McGhee, 
J. R., Bluestone, J. A., and Kiyono, H. (1991). Novel function 
for intestinal intraepithleial lymphocytes. Murine CD3 + , γ/δ 
TCR + T cells produce IFN-γ and IL-5. J. Immunol. 147, 
3736-3744. 

Tomasi, T. B., Jr. (1983). Mechanisms of immune regulation at muco-
sal surfaces. Rev. Infect. Dis. 5, S784-S792. 

Tominaga, A., Takaki, S., Koyama, N., Kotah, S., Matsumoto, R., 
Migita, M., Hitoshi, Y., Hosoya, Y., Yamauchi, S., Kanai, Y., 
Miyazaki, J-L, Usuku, G., Yamamura, K-L, and Takatsu, K. 
(1991). Transgenic mice expressing a B cell growth and differentia-
tion factor gene (interleukin 5) develop eosinophilai and autoanti-
body production. J. Exp. Med. 173, 429-437. 

Van Snick, J. (1990). Interleukin 6: An overview. Annu. Rev. Immu 
nol. 8, 253—278. 



21 
Distribution and Characteristics of Mucosal 

Immunoglobulin-Producing Cells 
Per Brandtzaeg 

I. INTRODUCTION 

More than two decades ago, the major immunoglobulin 
(Ig) present in exocrine secretions was shown to be a dimeric 
IgA covalently bound to an epithelial glycoprotein of about 
80 kDa (Tomasi et al., 1965), now called the secretory compo-
nent (SC). Pentameric IgM likewise is actively enriched in 
most secretions and is associated with SC, although not in 
a covalently stabilized complex (Brandtzaeg, 1975). This dif-
ference largely explains that secretory IgA (SIgA) survives 
better than secretory IgM (SIgM) in intestinal fluid (Richman 
and Brown, 1977). However, a striking heterogeneity exists 
in SIgA with respect to proteolytic resistance, depending on 
whether the subclass IgAl or IgA2 constitutes the Ig moiety 
(Mestecky and McGhee, 1987). 

The secretory immune system is the best defined aspect 
of mucosal immunity. This adaptive humoral defense mecha-
nism depends on a fascinating cooperation between the local 
B-cell system and the secretory epithelia. Terminally differ-
entiated B cells, appearing as Ig-producing blasts and plasma 
cells (collectively called immunocytes) in histologically nor-
mal secretory tissues, produce mainly dimers and larger poly-
mers of IgA (Brandtzaeg, 1985). Such polymeric IgA (plgA) 
contains a 15-kDa polypeptide called the ' 'joining" or J chain 
(Mestecky and McGhee, 1987) and therefore can become 
bound to SC expressed basolaterally on the secretory epithe-
lial cells as a pig receptor (plgR; Chapter 10). Pentameric 
IgM also contains J chain and, hence, can be transported 
externally by the SC-mediated endocytic mechanism (Brand-
tzaeg, 1985). 

II. NORMAL MUCOSAL STATE 

A. Immunoregulatory Mechanisms 

Regulation of mucosal immunity is believed to be exerted 
primarily in organized lymphoepithelial structures such as 
gut-associated lymphoid tissue (GALT), which includes the 
Peyer's patches and solitary lymphoid follicles. Additional 
immune regulation mediating terminal B-cell differentiation, 
and probably also peripheral tolerance or hyporespon-
siveness to nonmicrobial antigens, may involve various cells 

both in the lamina propria and in the epithelial compartment 
(Chapters 12, 13 and 16). 

B cells that have received their "first signals" of stimula-
tion in GALT migrate with primed T cells through mesenteric 
lymph nodes to peripheral blood. Both types of memory cells 
finally are seeded by extravasation into distant gut mucosa 
and, to some extent, other more remote secretory tissues 
(Mestecky, 1987; Mestecky and McGhee, 1987; Brandtzaeg 
and Bjerke, 1990). "Second signals," modulated by various 
tissue elements expressing HLA Class II determinants and 
by regulatory T lymphocytes, cause terminal maturation of 
B cells to Ig-producing immunocytes. Most of these cells 
apparently belong to clones of an early differentiation stage 
compatible with gene activation promoting J-chain expres-
sion, regardless of concomitant Ig class production (Brandt-
zaeg, 1974a, 1985; Brandtzaeg and Korsrud, 1984; Bjerke and 
Brandtzaeg, 1990a). The obvious functional goal of this im-
munoregulatory development is generation of SC-binding 
pig locally, where external transport through SC-positive 
epithelium can take place readily to generate SIgA and SIgM 
antibodies (Chapter 10). 

This brief account of mucosal immune regulation does 
not give full justice to all the research work that has been 
performed, mainly in experimental animals. However, how 
the local inductive and suppressive immunoregulatory mech-
anisms are achieved is admittedly still obscure (Brandtzaeg 
et al.f 1989). The Peyer's patches have, for the last two 
decades, been considered the major precursor source of B 
cells giving rise to the predominant mucosal IgA immunocyte 
populations (Chapter 13). Particular "switch cells," acting 
by poorly defined mechanisms on the Ig heavy-chain constant 
region (CH) genes to drive the phenotypic expression from 
IgM directly to IgA, have been postulated in murine Peyer's 
patches (Kawanishi et al., 1985). Similar cells have been 
cloned more recently from the human appendix (Benson and 
Strober, 1988). 

The IgA-promoting role of various T cell-derived lympho-
kines or interleukins (IL) in the mucosal B-cell differentiation 
process is being subjected to extensive investigation, includ-
ing studies on IL-2 through IL-12 as well as transforming 
growth factor ß (TGF/3) (Chapter 14). IL-2, IL-5, and perhaps 
IL-6 are, moreover, involved in the up-regulation of J-chain 
expression, whereas IL-4 may have an opposing role (Tigges 
etal, 1989; Takayasu and Brooks, 1991; Randall etaL, 1992). 
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Interestingly, intestinal lamina propria T cells may show par-
ticularly high capacity to secrete IL-2 and IL-5 (James, 1991). 
Further, evidence suggests that J-chain expression can take 
place independently of Ig production, but the secretion of 
this peptide depends on its intracellular association with plgA 
or pentameric IgM (Brandtzaeg and Berdal, 1975; Kubagawa 
et al., 1988; Mestecky et al., 1990), perhaps because accessi-
ble thiol groups of free J chain prevent its transport from the 
endoplasmic reticulum (Alberini et al, 1990). 

B. Distribution of Ig-Producing Immunocytes in 
Human Exocrine Tissues 

1. Immunohistochemical Methodology for 
Immunocyte Recording 

Specimens of exocrine tissues can be prepared for immu-
nohistochemistry in principally three different ways: as fresh-
frozen tissue for cryosections; by a precipitating or coagu-
lative fixative (e.g., ethanol) followed by paraffin wax 
embedding; or by a cross-linking fixative (e.g., formaldehyde) 
followed by embedding. Cryosections usually are best suited 
for membrane-anchored glycoproteins, whereas formalde-
hyde-fixed tissue is preferred for easily diffusible components 
of low molecular weight. However, masking of antigenic 
determinants is a problem in immunohistochemical studies 
of glycoproteins that have been subjected to cross-linking 
fixatives, although partial unmasking by enzyme digestion 
of the tissue sections usually can be achieved, especially 
when polyclonal antibody reagents are applied (Brandtzaeg, 
1982). 

For reliable demonstration of interstitial and epithelial Ig 
distribution, ethanol fixation is undoubtedly the method of 
choice (Brandtzaeg, 1982). Modification of this approach by 
including a prefixation tissue washing period is often neces-
sary for visualization of Ig-producing and Ig-bearing cells 
against a fairly unstained background (Brandtzaeg, 1974b). 
The antigenic determinants of certain molecules, such as IgA-
associated J chain, are masked even in such ethanol-fixed 
tissue; denaturation of tissue sections in acid urea is therefore 
necessary for reliable detection of J chain-producing immuno-
cytes of this class (Brandtzaeg, 1983a). 

In addition to these important precautions, appropriate 
morphometric methods must be applied for the quantification 
of Ig-producing cells to produce meaningful data that can be 
compared among various laboratories. Immunocyte densities 
preferably are reported as number of cells/mm2 of section 
area or defined tissue compartment. However, in most secre-
tory tissues, the immunocyte density is strikingly heteroge-
neous so the selection of fields to be evaluated must be per-
formed in a well-defined manner (Korsrud and Brandtzaeg, 
1980). Paired staining of two or three Ig isotypes in the same 
tissue section is always preferable to obtain reliable pheno-
type ratios (Brandtzaeg 1974b, 1982). In the gut lamina pro-
pria, reporting the number of immunocytes per length unit 
of the gut (Figure 1), including the full height of the mucosa 
(Brandtzaeg and Baklien, 1976), is most representative. 

Variable Variable 
height 200 pm height 

<o 200 μιη height 200 μιη 

Height of mucosal tissue unit 

Figure 1 Schematic representation of normal (top) and diseased 
(bottom) "tissue unit" defined in a 6-μπι thick tissue section (small 
intestine illustrated). The lamina propria area included varies among 
different specimens depending on the height of the tissue unit: The 
total number of Ig-producing immunocytes per unit is determined 
by this variable as well as by the cell density. The distribution of 
dots indicates heterogeneity in cell density. The highest density of 
Ig-producing immunocytes normally is found around the base of the 
villi in the normal small intestine or close to the lumen in "flat" 
lesions or normal colonic mucosa. The definition of the correspond-
ing 200-jLtm zones, which may be used for quantitative comparisons 
within or between units, is shown by vertical lines. Modified from 
Brandtzaeg and Baklien (1976). 

2. Normal Adult Secretory Tissues 

a. Class distribution of Ig-producing cells. Secretory tissues 
of adults normally contain a remarkable preponderance of 
IgA-producing immunocytes, including plasma cells and 
blasts (Figure 2), particularly the intestinal mucosa, as first 
reported by Crabbe et al. (1965) and Rubin et al. (1965). We 
have estimated that almost 1010 such cells occur per meter 
of adult bowel (Brandtzaeg and Baklien, 1976), with a pre-
dominance proximally and distally (Figure 3). Absolute fig-
ures are difficult to obtain for other secretory tissues in which 
the cells are distributed much more heterogeneously through-
out the stroma than they are in the gastrointestinal lamina 
propria; however, on the basis of our quantitative data (Fig-
ure 4), most gland-associated IgA cells are located in the gut 
(Brandtzaeg, 1983b). Moreover, the size of this cell popula-
tion is impressive in view of the comparable figure 
(2.5 x 1010) estimated for bone marrow, spleen, and lymph 
nodes together (Turesson, 1976). Therefore, at least 80% of 
all Ig-producing immunocytes of the body are located in the 
gut (Brandtzaeg et al., 1989). A similar estimate has been 
reported for mice (van der Heijden et al., 1987). Aging does 
not reduce the remarkable Ig-producing capacity of the intes-
tinal mucosa (Penn et al., 1991). 

The large output of IgA in colostrum might imply that 
lactating mammary glands either harbor a remarkably active 
secretory immune system or, alternatively, drain plgA from 
serum selectively. In fact, human colostrum contains about 
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Figure 2 Immunofluorescence staining for IgA (rhodamine) and IgG (fluorescein). (a) Double exposure showing both 
isotypes. (b) Selective filtration for IgG staining in same field from nasal mucosa. Note relatively few IgG-producing 
cells (arrows) among densely packed IgA immunocytes adjacent to acini (A), which show selective uptake of IgA. x 190. 

300 times more SIgA than stimulated parotid secretion and 
about 60 times more than normal unstimulated whole saliva 
(Brandtzaeg, 1983b). However, the density of IgA-producing 
cells is similar in human salivary and lactating mammary 
glands, but six to seven times less than in lacrimal glands 
and colonic mucosa (Figure 4). The daily output of IgA/gm 
wet weight is, moreover, similar for salivary and lactating 
mammary glands. Thus a large capacity for storage of IgA 
in the mammary gland epithelium and the duct system ap-
pears to explain the striking output of IgA during feeding. 
No evidence exists for a selective extracellular accumulation 
of serum-derived or locally produced plgA in the glandular 
stroma (Brandtzaeg, 1983b). 

IgM-producing cells normally constitute a substantial but 
variable fraction of the immunocyte populations in secretory 
tissues of adults (Figure 5). The reason for the relatively high 
proportion of this class in the proximal small intestine is 
unknown (Figure 3). IgG-producing cells constitute 3-5% of 
the immunocytes in normal intestinal mucosa, but a consider-
ably larger percentage is found in nasal and gastric mucosa 
(Figure 5). Only occasional IgD and IgE immunocytes are 
encountered in the gastrointestinal tract, whereas IgD-
producing cells constitute a significant fraction (2-10%) of 
the glandular immunocytes in the upper respiratory tract, 
including nasal mucosa and salivary and lacrimal glands 
(Brandtzaeg et al., 1979; Korsrud and Brandtzaeg, 1980; 
Brandtzaeg, 1984). 

We have interpreted this regional difference to suggest 
that partial sequential downstream switching according to 
the location of the CH genes on chromosome 14 
(μ-δ-γ3-γ1-α1-γ2-γ4-ε-α2) might be a perferential B-cell 
differentiation pathway in the upper digestive and respiratory 
tracts, whereas more extensive sequential switching—per-
haps combined with direct switching from 0Ημ (IgM) to CHa2 
(IgA2)—might be prominent in the distal gut (Brandtzaeg et 
al., 1986). This notion has been supported by findings in 
subjects with selective IgA deficiency: The absent IgA immu-
nocytes are replaced largely by the IgM class in gut mucosa 
but often by J chain-expressing IgD immunocytes in the upper 
digestive and respiratory tracts (see subsequent discussion). 

b. Subclass distribution of Ig-producing cells. Immunohis-
tochemical studies with monoclonal antibodies (MAbs) 
against the two IgA subclasses have supported further the 
idea of regional immunoregulatory differences (Kett et al., 
1986). Again we found a remarkable disparity between the 
upper digestive and respiratory tracts compared with the 
distal gut: IgAl immunocytes predominated (80-93%) in the 
former secretory tissues whereas IgA2 immunocytes were 
usually most frequent (—60%) in the normal large bowel mu-
cosa (Figure 6). 

Similar studies with MAbs against the four human IgG 
subclasses have been difficult to perform because IgG-
producing cells are so few in normal gut mucosa. However, 
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Figure 3 Median numbers (and observed ranges) of Ig-producing 
immunocytes (IC) per mucosal tissue unit in the normal proximal 
jejunum, ileum, and large bowel. The median percentage class distri-
butions of the immunocyte populations are given also. All tissue 
units are 500 μιη wide (vertical axis); the median height (horizontal 
axis) for each specimen category is indicated (n = number of sub-
jects). Data adapted from various immunohistochemical studies re-
ported by the author's laboratory. 

we have obtained immunohistochemical results in the large 
bowel (Nüssen et al., 1991) that, on a relative basis, agree 
remarkably well with the spontaneous secretion of IgG sub-
classes observed in cultures of lamina propria lymphoid cells 
(Scott et al., 1986). Our immunohistochemical studies of IgG-
producing cells in upper respiratory tract mucosa (Brandt-
zaeg et al., 1987), as well as in normal ileal (Bjerke and 
Brandtzaeg, 1990b) and colonic (Nüssen etal., 1991) mucosa, 
have shown that IgGl is the predominating subclass (>55%), 
which is also the case in normal serum. However, IgG2 cells 
are generally more frequent (20-35%) than IgG3 cells (4-6%) 
in the distal intestinal mucosa (Bjerke and Brandtzaeg, 1990b; 
Nüssen et al., 1991), whereas the reverse is often true in the 
upper respiratory mucosa (Brandtzaeg et al., 1987). 

This IgG subclass disparity also supports the idea that the 
B-cell switching pathways differ in various regions of the 
mucosal immune system, as discussed earlier. Although par-
ticular T cells or lymphokines that fully explain Ig isotype 
selection have not been identified, serum IgG subclass re-
sponses are well documented to be influenced by the nature 
of the stimulatory antigen. Many carbohydrate and bacterial 

antigens preferentially induce an IgG2 response, whereas 
proteins (which are clearly T cell-dependent antigens) primar-
ily generate a coordinate IgGl and IgG3 response (Papadea 
and Check, 1989). Regional environmental factors thus may 
contribute to the different proportions of IgG subclass-
producing cells seen in the upper respiratory and distal gut 
mucosa. Such environmental influence is likely to explain 
the disparity observed for the IgA subclass-producing cells 
as well because proteins stimulate mainly IgAl whereas car-
bohydrate antigens, particularly Escherichia coli lipopolysac-
charide, tend to favor IgA2 responses (Brown and Mestecky, 
1985; Mestecky and Russell, 1986; Tarkowski et al., 1990). 

The upper respiratory tract microbiota might contribute 
significantly to B-cell regulation in that region and perhaps 
explain the prominent local IgD response seen in many IgA-
deficient patients (Brandtzaeg et al., 1979,1987; Korsrud and 
Brandtzaeg, 1980; Brandtzaeg and Korsrud, 1984). Most 
strains of Haemophilus influenzae and Moraxella (Branha-
mella) catarrhalis, which are frequent colonizers of the upper 
respiratory tract, produce an IgD-binding factor (protein D) 
and therefore may exert great impact on local B-cell activa-
tion by cross-linking surface IgD and HLA Class I determi-
nants (Ruan et al., 1990; Janson et al., 1991). B lymphocytes 
of the follicular mantle zones in the tonsils are usually 
strongly positive for both these molecules (Brandtzaeg, 
1987), and could be stimulated by protein D to proliferate 
and differentiate in a polyclonal (antigen-independent) man-
ner. This type of stimulation also might contribute to the fact 
that, normally, particularly many IgD and IgAl-producing 
cells exist in the upper digestive and respiratory tracts (Fig-
ures 5 and 6). One may speculate that cross-linking of surface 
IgD favors a sequential differentiation pathway, mainly termi-
nating with IgAl production, whereas direct switching from 
IgM to IgA2 predominates in GALT in which lipopolysaccha-

600 

£ 500 A 

400 A 

300-1 

Ö) 200-\ 

E 
- 100-1 

HigA 

DigM 

üigG 

■ igD 

I 
Lactating Parotid Subman-
mammary gland dibular 
gland gland 

Lacrimal Colonic 
gland mucosa 

Figure 4 Densities (numbers/mm2) of immunoglobulin-producing 
cells of different classes, as indicated, in sections of various normal 
human secretory tissues. Data adapted from various immunohisto-
chemical studies reported by the author's laboratory. 



21 · Mucosal Immunoglobulin-Producing Cells 255 

'IgA 69% J ^ \ l g M 6 % M IgA 77% ̂ T ,gM 7 % 

[IgG 17% 1||::::: : : :S^7,9G 6% 

^%!!i!pnii!il!;|yigDio% 
IgD 8% ^^ι^>^ 

Nasal glands Lacrimal gland 

IgM 8% 

Parotid gland 

IgM 6% 

IgG 5% |j;j;jjjjjj;;;;;j;j;.„ IgG 4% \ 

igD 3% ^jjj l l l l l j l l l l l l l l l iy 2% 

Submandibular gland 

IgA 79% 
" IgM 10% 

3G10% 

IgD 1% 

Mammary gland 

Gastric body Gastric antrum Duodenum-jejunum lleum Large bowel 

Figure 5 Percentage distribution of IgA-, IgM-, IgG-, and IgD-producing immunocytes in various normal human secretory 
tissues. Data adapted from various immunohistochemical studies reported by the author's laboratory. 

rides could tend to suppress IgD expression (Parkhouse and 
Cooper, 1977). Perhaps the IgAl protease-producing bacteria 
of the upper respiratory tract are equipped with protein D 
to favor the development of a local secretory immune re-
sponse that they can evade. 

c. J-chain production. Almost 90% of the IgA 1 and virtually 
100% of the IgA2 immunocytes in normal gut mucosa produce 
plgA with associated J chain (Crago et aL, 1984; Kett et ai, 
1988; Bjerke and Brandtzaeg, 1990a). The same is true in 
other exocrine tissues (Brandtzaeg and Korsrud, 1984). Most 
of the mucosal IgM immunocytes also produce J chain, which 

in both classes becomes incorporated into the pig structure 
intracellularly (Brandtzaeg, 1983a, 1985). However, J-chain 
incorporation appears not to be necessary for assembly of 
the polymers and their secretion from the immunocytes (Cat-
taneo and Neuberger, 1987; Davis and Shulman, 1989), a fact 
that further attests to the role of this peptide in the generation 
of the SC binding site of plgA and pentameric IgM (Brandt-
zaeg, 1985; Bouvet et aL, 1987). 

Direct evidence that J chain-positive mucosal IgA immuno-
cytes indeed synthesize a high level of plgA was obtained 
first by an SC binding test performed on tissue sections; 
a striking heterogeneity in the proportion of monomers-to-
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Figure 6 Percentage subclass distribution of IgA-producing immunocytes in various human lymphoid and normal secretory 
tissues. Based on data from Kett et al. (1986). 
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polymers produced by such immunocytes in lymphoid tissue 
outside exocrine sites was also suggested (Brandtzaeg, 1973; 
1974a) and later confirmed by a spot-ELISA method (Tar-
kowski et al., 1991). Furthermore, the cytoplasmic affinity 
for SC shown in vitro, as well as the immunohistochemical 
requirement for unmasking of cytoplasmic J chain (Brandt-
zaeg, 1983a), support the idea that substantial intracellular 
polymerization of IgA normally takes place in the J chain-
positive immunocytes (Brandtzaeg, 1985). This appears to 
be different in malignant B-cell lines (Brandtzaeg, 1983a; 
Moldoveanu et al., 1984), but available methods do not allow 
accurate determination at the single cell level of the propor-
tion of monomers-to-polymers produced by IgA immuno-
cytes (Tarkowski et al., 1991). Immunoelectron-microscopi-
cal localization of J chain in normal intestinal IgA 
immunocytes suggests that the polymerization process begins 
in the rough endoplasmic reticulum (Nagura et al., 1979); 
this notion has been supported by similar studies performed 
on transformed normal B cells (Moro et al., 1990). 

Interestingly, almost 80% of the intestinal IgG-producing 
cells also normally express cytoplasmic J chain (Brandtzaeg 
and Korsrud, 1984; Bjerke and Brandtzaeg, 1990a), although 
this peptide does not become associated with IgG but is 
degraded intracellularly (Mosmann et al., 1978). Moreover, 
the J chain is produced by a considerable fraction of IgG cells 
and most IgD cells in normal nasal mucosa and in salivary, 
lacrimal, and mammary glands (Brandtzaeg, 1974a; Brandt-
zaeg et al., 1979; Korsrud and Brandtzaeg, 1980; Brandtzaeg 
and Korsrud, 1984). When positive for J chain, these mucosal 
immunocyte classes might be considered terminally differen-
tiated "spin-offs" from early memory clones which, through 
sequential CH switching, are on their maturation pathway to 
plgA production (Brandtzaeg, 1985). 

C Ontogeny of Mucosal Immunocytes 

1. Perinatal Period 

Scattered B and T lymphocytes are seen in the human 
fetal gut lamina propria from 14 weeks gestation (Spencer et 
al., 1986). A few IgM- and IgG-producing plasma cells have 
been reported to appear somewhat later and remain in small 
numbers until birth, whereas IgA immunocytes are either 
absent or extremely rare (Brandtzaeg et al., 1991). In con-
trast, human fetal salivary glands sometimes contain addi-
tional IgA-producing cells, especially after 30 weeks gestation 
(Hayashi et al., 1989); most of these immunocytes (-90%) 
are of the IgAl subclass and virtually all express J chain 
(Thrane et al., 1991). This apparent difference in immunologi-
cal activation between salivary glands and gut mucosa is 
intriguing (Brandtzaeg et al., 1991). However, fetal GALT 
is certainly immunocompetent, at least during the final trimes-
ter; numerous plasma cells can appear in the intestinal mu-
cosa in response to intrauterine infection (Silverstein and 
Lukes, 1962). 

The postnatal numbers of IgA- and IgM-producing immu-
nocytes in the intestinal lamina propria (including the appen-
dix) and salivary glands start to rise rapidly after 2-4 weeks, 
the IgA class becoming predominant after 1-2 months (Figure 
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Figure 7 Numeric development of IgA-, IgM-, IgG-, and IgD-
producing immunocytes in human parotid glands relative to age in 
weeks. Based on data from Thrane et al. (1991). 

7). For the first 6 months, moreover, a striking admixture of 
IgD-producing cells is often seen in the salivary glands 
(Thrane et al., 1991), which is interesting in relation to termi-
nal B-cell differentiation for this region (see earlier). Also, a 
considerable proprotion (about 50%) of infants has detectable 
amounts of IgD in whole saliva during the same time period 
(Gleeson et al., 1987a). This IgD most likely reaches the 
secretion by passive diffusion from the local immunocytes 
because of increased postnatal epithelial permeability. 

During the first 3 months after birth, the IgAl:IgA2 immu-
nocyte ratio observed in salivary glands approaches the nor-
mal adult value of approximately 65:35 (Kett et al., 1986), 
which might reflect an increasing postnatal influx of IgA pre-
cursor cells from GALT where the IgA2 isotype normally 
predominates (Bjerke and Brandtzaeg, 1990b). At the same 
time, the high level of J-chain expression (94-97%) is main-
tained for both subclasses (Thrane et al., 1991). 

2. Childhood Development 

a. Normal state. At an average age of 15 months (Figure 
7), the number of IgA immunocytes has approached the lower 
normal adult range in salivary glands (Korsrud and Brandt-
zaeg, 1980); the subsequent increase throughout early child-
hood seems to be small (Hayashi et al., 1989). Blanco et al., 
(1976) also observed no significant increase of intestinal IgA-
producing cells after 1 year, but IgM-producing cells de-
creased. A similar trend of decreasing intestinal IgM immuno-
cytes with age has been reported by others, although associ-
ated with a continuing increase of IgA immunocytes 
(Savilahti, 1972), even after 2 years (Maffei et al., 1979). In 
the human appendix, however, no such increase was seen 
after 5 months (Gebbers and Laissue, 1990). 

Cripps et al. (1989) reported that almost one-third of infants 
under 2.5 years of age have only monomeric IgA in saliva, 
but this finding subsequently was refuted (Smith et al., 1989). 
The expression of J chain by virtually all salivary IgA immu-
nocytes, both before and after birth (Thrane et al., 1991), 
strongly suggests that local humoral immunity depends on 
activation of the secretory immune system in infancy also. 
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The progressive cellular shift from IgAl to IgA2 production 
(Thrane et al., 1991) is reflected in the respective salivary 
subclass levels (Smith et al., 1989; Müller et al., 1991). 

Remarkably, the IgG-producing cell population in the ap-
pendix lamina propria becomes substantial after a few months 
(Gebbers and Laissue, 1990), a feature that can be ascribed 
to the fact that the 0.1-mm zone adjacent to the numerous 
lymphoid follicles, and including the domes, contains almost 
50% immunocytes of the IgG class (Bjerke et al., 1986). We 
have suggested that this accumulation reflects local terminal 
differentiation of B cells belonging to relatively mature mem-
ory clones. Generation of such clones in lymphoepithelial 
structures might reflect the magnitude of topical immunologi-
cal stimulation and seems to take place increasingly in the 
order of Peyer's patches (Bjerke and Brandtzaeg, 1986), ap-
pendix (Bjerke et al., 1986), and tonsils (Brandtzaeg, 1987). 
Conversely, dissemination of Ig A cell precursors with acti-
vated J-chain genes most likely depends on the continu-
ous generation of early memory clones (Brandtzaeg, 1985; 
Brandtzaeg and Bjerke, 1990). The potency of a lymphoid 
tissue to function as precursor source for the secretory im-
mune system thus may be related inversely to the local IgG 
response, in harmony with the major role suggested for Pey-
er's patches in mucosal IgA responses. 

b. Effect of antigenic load. The topical antigenic and mito-
genic load seems to be decisive for the postnatal development 
of mucosal immunity. The indigenous microbial flora is prob-
ably of utmost importance, as suggested by the fact that the 
intestinal IgA system of germ-free or specific pathogen-free 
mice is normalized after about 4 weeks of conventionalization 
(Crabbe et al., 1970; Horsfall et al., 1978). Bacteroides and 
E. coli strains seem to be particularly stimulative for the 
development of intestinal IgA immunocytes (Moreau et al., 
1978). Artificial colonization of infants with a nonentero-
pathogenic strain of £. coli likewise has resulted in enhanced 
formation of IgA in the gut (Lodinova et al., 1973). Antigenic 
constitutents of food probably exert an additional stimulatory 
effect, as suggested in mice fed hydrolyzed milk proteins 
(Sagie et al., 1974) and in parenterally fed babies (Knox, 
1986). In the latter case, however, a deleterious effect of 
malnutrition or retarded bacterial colonization cannot be ex-
cluded. 

Reduced amounts of microbial and dietary antigens appar-
ently explain why the colonic numbers of IgA- and IgM-
producing cells are decreased by about 50% after 2-11 
months in children who had been subjected to defunctioning 
colostomies (Wijesinha and Steer, 1982). Postnatal and pro-
longed observations on defunctioned ileal segments in lambs 
have revealed even more strikingly a scarcity of immunocytes 
in the lamina propria. This result was explained by reduced 
local accumulation of B-cell blasts and might have involved 
both hampered migration of such precursors into the mucosa 
and subsequently their decreased local proliferation and dif-
ferentiation (Reynolds and Morris, 1984). 

Geographical variations have a striking impact on the mu-
cosal immune system. In contrast to infants in Sweden, in-
fants in a developing country that are exposed to poliovirus 
often show substantial levels of salivary SIgA antibodies to 
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poliovirus as early as 1 month after birth and generally ap-
proach adult antibody levels by the age of 6 months (Carlsson 
et al., 1985). Infants heavily exposed to E. coli from birth 
on increase their salivary SIgA antibody levels significantly 
by 2-3 weeks of age and reach adult levels rapidly (Mellander 
et al., 1985). In less-exposed infants, such levels are not 
attained until about 1 year of age, both for total SIgA and 
for SIgA antibodies to E. coli O antigens (Mellander et al., 
1984). However, Swedish infants show an indication of en-
hanced attainment of increased salivary SIgA antibody levels 
in relation to hospitalization compared with home care, which 
also often involves more regular breast feeding (Mellander 
etal., 1984). A striking increase of salivary SIgA in Australian 
children starting school also has been ascribed to environ-
mental impact, particularly of repeated respiratory tract in-
fections (Gleeson et al., 1987b). 

c. Alterations associated with SIDS. The incidence of sud-
den infant death syndrome (SIDS) is correlated significantly 
with respiratory viral isolation in the general pediatric popula-
tion and appears to be increased in cold weather (Milner and 
Ruggins, 1989). The finding of raised concentrations of IgM 
and IgA in bronchial lavage fluid, and an increased number 
of the three major immunocyte classes in interstitial lung 
tissue, therefore might reflect an intensified local immune 
response (Forsyth et al., 1989). In keeping with this sugges-
tion, we found significantly elevated numbers of all three 
major immunocyte classes in the parotid glands on an abso-
lute basis in the order IgA>IgM>IgG (Thrane et al, 1990). 
The idea of intensified local immunostimulation also was 
supported strongly by the fact that the parotid glands from 
the same SIDS victims showed significantly raised numbers 
of interstitial leukocytes and enhanced epithelial HLA Class 
II and SC expression (Thrane et al, 1993). 

III. MUCOSAL PATHOLOGICAL STATES 

Published data on the major Ig-producing immunocyte 
classes in diseased intestinal mucosae show striking discrep-
ancies (Brandtzaeg and Baklien, 1976; Brandtzaeg et al., 
1992; Scott et al., 1992). In addition to general methodological 
difficulties, as briefly discussed earlier, the selection of tissue 
samples poses a great problem in infammatory bowel disease, 
which may show highly varying histopathological features 
even in the same specimen. Our immunohistochemical results 
have demonstrated a dramatic and predominant numerical 
increase of IgG immunocytes, both in ulcerative colitis and 
in Crohn's disease (Brandtzaeg et al., 1992). Moreover, al-
though the IgA-producing cells remain the overall dominating 
immunocyte class in the lesion, they are aberrant by showing 
an increased IgAl subclass proportion (Kett and Brandtzaeg, 
1987) and decreased J-chain expression (Brandtzaeg and 
Korsrud, 1984; Kett et al, 1988). A significant difference 
between the mucosal immune response seen in Crohn's dis-
ease and ulcerative colitis is the relatively more prominent 
IgGl production in the latter disorder (Scott et al., 1986; Kett 
et al, 1987). 

Although much less dramatic, a disproportionate local 
overproduction of IgG is also a feature of other mucosal 
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inflammatory diseases such as chronic gastritis (Valnes et 
al, 1986), celiac disease (Scott et al, 1992), chronic rhinitis 
(Brandtzaeg, 1984), and chronic sialadenitis (Brandtzaeg, 
1989). Local defense thus tends to be shifted from immune 
exclusion mediated by SIgA (and SIgM) to immune elimina-
tion through inflammatory and phagocytotic amplification 
mechanisms induced by IgG antibodies. This shift obviously 
may be of immunopathological importance for disease activ-
ity and persistence (Brandtzaeg et al., 1989,1992). 

IV. SELECTIVE IgA DEFICIENCY 

A. "Compensatory" Terminal 
B-Cell Differentiation 

The principal finding in gastrointestinal mucosa of subjects 
with markedly decreased or absent serum IgA is that the IgA-
producing immunocytes are reduced in number or completely 
lacking, whereas IgG- and especially IgM-producing cells are 
increased substantially (Brandtzaeg et al., 1968,1979; Savi-
lahti, 1973). IgD- and IgE-producing cells are found rarely 
so the mucosal immunocyte population usually consists of 
20-35% IgG and 65-75% IgM (Brandtzaeg et al. ,1979; Kanoh 
et al., 1987; Nüssen et al., 1992). However, the activity of 
the secretory immune system in IgA deficiency may be quite 
unpredictable on the basis of the serum level of IgA, although 
decreased intestinal IgA- to IgM-cell ratio appears to be a 
good indicator of a significant IgA deficiency after infancy. 
Thus, the intestinal IgA cell population is commonly intact 
when serum IgA concentrations are above 18% of the normal 
average whereas, at values between 18% and 5%, the number 
of jejunal IgA cells usually is decreased but that of IgM cells 
is increased (Savilahti, 1974). 

Nevertheless, even patients presenting with a truly selec-
tive IgA deficiency (serum IgA < 0.05 g/liter) often have a 
few scattered IgA-producing cells in their intestinal mucosa 
(McClelland et al, 1976; Scotta et al., 1982); rare cases have 
indeed been reported to have fairly normal numbers of such 
immunocytes (Brandtzaeg et al., 1981; Hong and Ammann, 
1989; Savilahti and Pelkonen, 1979; Swanson et al., 1968). 
However, in their jejunal mucosa, the IgM cell population 
always seems to be expanded aberrantly whereas such ex-
pansion is not necessarily seen in their large bowel mucosa 
(Brandtzaeg et al, 1981; Savilahti and Pelkonen, 1979). IgA 
immunocytes (and apparently normal secretory immunity) in 
the gut also has been observed in a patient with severe com-
bined immunodeficiency despite lack of lacrimal, salivary, 
and serum IgA (Rubinstein et al., 1973). The persistent anti-
genic and mitogenic load on the intestinal mucosa probably 
explains these differences. Thus, terminal differentiation to 
IgA-producing cells takes place when peripheral blood 
lymphocytes from IgA-deficient patients are infected with 
Epstein-Barr virus (French and Dawkins, 1990) and some-
times also after mitogen treatment in vitro (Conley and 
Cooper, 1981; Hanson et al., 1983). 

As discussed earlier, a striking disparity exists between 
various exocrine sites in terms of IgD- and IgM-producing 

cells (Figure 5). These differences are amplified remarkably 
in IgA-deficient subjects whose glandular tissues from the 
upper respiratory tract often (but not always) contain an 
abundance of IgD-producing cells (25-80%) whereas such 
immunocytes only occasionally amount to 5%, and usually 
remain below 1%, in the gastrointestinal mucosa (Brandtzaeg 
et al., 1979,1987; Korsrud and Brandtzaeg, 1980; Kanoh et 
al., 1987). The compensatory nasal immunocyte population 
in addition consists of 10-70% IgG cells but only 7-25% 
IgM cells (Brandtzaeg et al, 1979,1987), whereas the latter 
immunocytes amount to 65-75% in the gastrointestinal mu-
cosa of IgA-deficient subjects (Brandtzaeg et al., 1979; Kanoh 
et al., 1987; Nüssen et al., 1992). Notably, compensation 
with IgD rather than IgM production in respiratory mucosa 
appears to be associated with reduced resistance to infections 
(Brandtzaeg et al, 1987). 

The IgGl fraction of the compensatory IgG cell population 
generally is increased, particularly in the jejunal mucosa 
where, on average, it represents almost 90% (Nüssen et al., 
1992). Interesting in this context is the fact that IgA-deficient 
subjects often have increased serum levels of IgGl, including 
casein antibodies belonging to this subclass (Out et al., 1986). 
In contrast to the normally preferential IgG2 antibody re-
sponse to polysaccharides, moreover, adults with selective 
IgA deficiency often show enhanced IgGl (and IgG3) re-
sponses to such antigens, apparently reflecting an immuno-
logical maturation delay similar to that seen in early childhood 
(Roberton et al, 1989). 

B. Replacement of J Chain-Positive Immunocytes 

When IgA-producing cells appear at secretory sites in IgA 
deficiency, they show normal or excessive J-chain expression 
(Brandtzaeg et al, 1979, 1981; Brandtzaeg and Korsrud, 
1984). Interestingly, the expanded IgD cell population of the 
upper respiratory tract also retains its high level (95-100%) 
of J-chain positivity (Brandtzaeg et al, 1979; Brandtzaeg and 
Korsrud, 1984), whereas this expression in IgG immunocytes 
of nasal (—50%) and jejunal (—70%) mucosa is often some-
what reduced compared with normal levels (Brandtzaeg and 
Korsrud, 1984; Nüssen et al, 1992), perhaps as an effect 
of inflammatory changes. However, J-chain expression has 
been reported to be quite high (-90%) for IgG cells in normal 
rectal mucosa from IgA-deficient subjects (Kanoh et al, 
1987). 

The total number of Ig-producing immunocytes per defined 
jejunal mucosal tissue unit (Figure 1) in subjects who com-
pletely lacked IgA cells was distributed within a range 
(40-227) that overlapped with values found for the total im-
munocyte numbers in normal controls (observed range 
86-199) and in adults with treated celiac disease (observed 
range 144-335) (Brandtzaeg etal, 1979; Nüssen et al, 1992). 
Also, the total number of Ig-producing cells/mm2 6-μπι thick 
normal parotid tissue section from an IgA-deficient subject 
was within the range for normal parotid immunocyte popula-
tions (29 compared with 26-98). The immunocyte density 
(cell number/mm2) in the lacrimal gland of another IgA-
deficient patient likewise was well within the normal range 
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(432 compared with 307-789). We did not attempt to obtain 
absolute figures for the nasal immunocyte populations be-
cause of the heterogeneous cell distribution within the nasal 
glands in individual cases, but the impression was that the 
total number of Ig-producing cells was fairly high in the IgA-
deficient specimens compared with normal controls (Brandt-
zaeg et al., 1987). 

These results show that the migration of B cells to secre-
tory sites and their compensatory terminal differentiation are 
fairly well maintained in Ig A deficiency. The prominent J 
chain-expressing capacity exhibited by the local immuno-
cytes, regardless of the concomitant Ig class produced, prob-
ably reflects the fact that these B cells belong to early memory 
clones whose terminal differentiation pathway to plgA pro-
duction has been blocked. 

v. SUMMARY 

Exocrine tissues contain more than 80% of all Ig-producing 
cells. The major product of these gland-associated or mucosal 
immunocytes is plgA with high affinity for SC expressed by 
secretory epithelial cells. The SC binding site of poly-IgA 
and pentameric IgM depends on incorporation of J chain into 
the polymer structure. The obvious biological significance of 
the striking J-chain expression shown by immunocytes in 
secretory tissues is that the locally produced Ig polymers 
become readily available for external transport through 
nearby SC-positive epithelium. This important functional 
goal in terms of clonal differentiation might be sufficient justi-
fication for the J chain to be expressed by B cells terminating 
locally with IgD or IgG production. These immunocytes are 
probably "spin-offs" from the differentiation process on its 
way to plgA production, thus representing a B-cell matura-
tion stage compatible with homing to exocrine tissues. Obser-
vations in IgA-deficient individuals suggest that the magni-
tude of this homing is fairly well maintained, even when the 
differentiation pathway to pig A is blocked. Little is known 
about the immunoregulation underlying the striking disparity 
of both the class (IgD/IgM) and the subclass (IgAl/IgA2 and 
IgG2/IgG3) expression patterns shown by gland-associated 
immunocytes in various regions of the body, but the local 
microbiota might have a great impact. Whether an inherent 
disparity exists in imigrating B cells derived from different 
mucosal precursor sources such as the Peyer's patches and 
tonsils remains to be shown. 
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I. INTRODUCTION 

The mucosal surfaces in humans are collectively larger 
than the size of a basketball court and, as such, require an 
enormous contribution from our immune system for their 
protection. The humoral immunity for mucosal sites is medi-
ated largely by secretory IgA (SIgA) antibodies, which repre-
sent >80% of total Ig in external secretions and are produced 
as polymeric (usually dimeric) IgA by plasma cells in mucosal 
effector tissues (see Chapters 7, 11, 21). Most mucosal IgA 
is produced in the lamina propria of the gastrointestinal tract, 
where estimates of populations numbering ~1 x 1010 plasma 
cells/m human intestine have been made (Brandtzaeg, 1989). 
In addition, the bone marrow is a major site for plasma cells 
that produce monomeric IgA found in serum IgA; these cells 
constitute the second most dominant isotype in the human 
circulation. In fact, estimates suggest that approximately 
two-thirds of the total Ig made in mammals are of the IgA 
isotype (Solomon, 1980; Conley and Delacroix, 1987). Im-
portant questions that arise from these data are: (1) how do 
we regulate the production of this enormous amount of IgA 
and (2) why is IgA preferentially produced in mucosal effector 
sites? As will become clear in this chapter, T cells are of 
central importance in regulating mucosal immunity, including 
IgA responses, and T helper (Th) cells constitute the largest 
cellular component of the mucosal immune system. 

We have known for two decades that IgA responses are 
highly T cell dependent. This knowledge emerged from three 
separate lines of early work. The first line came from studies 
of athymic nude mice that were shown to have deficient levels 
of serum IgA as well as IgGl, IgG2a, and IgG2b whereas IgM 
levels were normal or even elevated (Crewther and Warner, 
1972; Pritchard et al., 1973). Thymic grafting of nude mice 
restored serum Ig, including IgA, to normal levels (Pritchard 
et al., 1973). A subsequent study focusing on the serum and 
plasma cell IgA isotype clearly showed that serum IgA and 
intestinal IgA plasma cells were deficient in nude mice (Guy-
Grand etal., 1975). However, a second study disagreed some-
what with this result and suggested that depressed numbers 
of IgA plasma cells were found in the lung, parotid, and 
lactating mammary glands but normal levels were noted in 
the small intestine (Weisz-Carrington et al., 1979). This dis-
crepancy is most likely explained by age and environmental 
antigens that impinge on mucosal tissues since aged nude 
mice showed increases in IgG subclasses and IgA, correlating 

with increased IgA and IgG plasma cell numbers in bone 
marrow (Piquet, 1980). Of interest was the finding that defi-
cient numbers of IgA plasma cells also were seen in mucosal 
tissues of older nude mice, as in younger ones; this study 
was the first to show that serum IgA originates from bone 
marrow and not from mucosal sites (Piquet, 1980). These 
results also suggest that mucosal IgA responses are regulated 
more tightly by thymus-derived cells than are IgA responses 
in the bone marrow. A second line of work has shown that 
neonatal thymectomy results in depressed levels of IgA in 
serum and external secretions, as well as in diminished SIgA 
responses (Ebersole et al., 1979; Clough et al., 1971). The 
final line of evidence stems from studies of patients with 
immunodeficiencies. For example, patients with ataxia telan-
giectasia showed complex B and T cell abnormalities with 
resulting IgA deficiency (Waldmann et al., 1983). Studies also 
have shown that T-cell abnormalities occur in IgA-deficient 
subjects (Waldmann et al., 1976); however, this result has 
not been a universal finding and a deficiency in Th cells alone 
does not explain IgA deficiency. 

To facilitate our discussion of Th cells in IgA responses, 
we reemphasize that the mucosal immune system can be 
divided into two separate but interconnected compartments. 
Mucosal inductive sites include the gut-associated and 
bronchus-associated lymphoreticular tissues (GALT and 
BALT) which are placed strategically in the gastrointestinal 
tract and the upper respiratory tract where they encounter 
environmental antigens. Several studies have shown that 
stimulation of Th and IgA precursor B cells in GALT with 
orally administered antigens leads to the dissemination of B 
and Th cells to mucosal effector tissues, such as the lamina 
propria of the gastrointestinal and upper respiratory tracts, 
and to secretory glands for subsequent antigen-specific SIgA 
responses (reviewed by McGhee et al., 1989). These mucosal 
effector tissues have two broad characteristics: (1) they con-
tain Th cells and B cells with enriched numbers of IgA plasma 
cells, and (2) they are covered by epithelial cells that produce 
the polymeric Ig receptor (SC) that transports plgA into the 
external secretions. The induction of immune B and Th cells 
in GALT, followed by their exodus to effector sites for the 
development of mucosal immune responses, is often termed 
the common mucosal immune system (McGhee et al., 1989; 
see also Chapters 12, 13, 19, 21, 35, 43). We place a major 
emphasis on the characteristics of Th cells in GALT and on 
their function in IgA plasma cell responses in mucosal ef-
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fector tissues. However, T cells also have been shown to 
induce B cells to switch from IgM to IgA (and to IgG); this 
function also receives some attention in this chapter. 

II. Th CELLS IN MUCOSAL 
INDUCTIVE TISSUES 

Reviewing certain basic features of Th cell activation and 
function before discussing Th cell studies in mucosal immune 
responses may be helpful to the reader. Activation of Th cells 
by antigen requires processing of the antigen and subsequent 
reexpression of specific peptide by antigen-presenting cells 
(APC) in GALT. The APCs in GALT include macrophages, 
B cells, and dendritic cells that are closely related to the 
Langerhans cells of skin (reviewed by McGhee et al., 1989). 
The APCs in GALT process the antigen in endocytic com-
partments into peptide epitopes that become associated with 
major histocompatibility complex (MHC) Class II molecules. 
Th cells are CD3+ aß T-cell receptor (TcR) + , and most (but 
not all) are CD4+; the latter of these cells respond to peptide 
epitopes associated with MHC Class II in the membrane of 
the APCs (Marrack and Kappler, 1986; Bierer et al, 1989). 
Th-APC contact occurs between the aß TcR and the pre-
sented MHC Class II peptide epitope, forming a ternary com-
plex that is reinforced by reaction of the CD4 molecule with 
a conserved Class II determinant (Bierer et al., 1989). Other 
recognition systems also reinforce the Th-APC interaction 
(Kupfer and Singer, 1989) and contribute to Th-cell activation 
via the CD3 peptides (Clevers et al., 1988). 

Activated Th cells and their derived cytokines are suffi-
cient to induce B cells to enter Gx phase for completion of 
the cell cycle and division, as well as for induction of B cells 
to differentiate terminally into plasma cells. Interestingly, 
interleukin 4 (IL-4), IL-5, and IL-6, which are tandem prod-
ucts of Th2 cells (see subsequent text), are adept at inducing 
these three major steps. Nevertheless, the exact require-
ments for induction of B-cell entry into the cell cycle and 
subsequent division are not known; however, some studies 

suggest that Th-B-cell contact is required (Owens, 1988), 
whereas others suggest that Th cell-derived cytokines 
(Leclercq et al, 1986) such as IL-2, IL-4, IL-5, and IL-6 are 
sufficient to stimulate resting B cells and lead to plasma cell 
induction. As we will see in the discussion that follows, 
interactions of B cells with Th cells also induce activation 
of Th cells with subsequent cytokine production and cytokine 
receptor expression, especially in anamnestic responses in 
which Th cells have re-entered the quiescent stage (G0 and 
G,) and memory B cells act as APCs for induction of Th cell 
re-entry into G,. The subsequent division of and cytokine 
production by these Th cells may trigger B cells to divide 
and differentiate into a clonal population of plasma cells. 
Speculating that the initial induction of Th cells by APCs 
occurs in GALT, for example, in the Peyer's patches, is 
tempting; however, memory B cells and Th cells (in G0) in 
mucosal effector sites such as the lamina propria of the small 
intestine may represent the major locale for Th-B-cell inter-
actions resulting in the IgA response. 

GALT consists of Peyer's patches, the appendix, and soli-
tary lymphoid nodules, yet most studies, especially in mice, 
have been done with Peyer's patches (McGhee et al., 1989). 
The parafollicular regions of Peyer's patches are enriched 
for T cells and are immediately adjacent to the follicles, or 
B-cell zones, containing the germinal centers. These T-cell 
areas possess high endothelial venules (HEV) that are the 
entry sites for lymphocytes to populate the Peyer's patches 
continuously. Further, the T-cell zones contain dendritic 
cells, an important type of APC in GALT for induction of 
Th cells (Spalding et al., 1983,1984). In GALT, 35-40% of 
mononuclear cells are CD3+ T cells with a CD4: CD8 ratio 
of ~2:1 (Table I). The first definitive evidence for functional 
Th cells in murine Peyer's patches was provided by experi-
ments in which the addition of Peyer's patch T cells to B-
cell cultures (from nude mouse Peyer's patches) restored in 
vitro IgM antibody responses to a T cell-dependent antigen 
(Kagnoff and Campbell, 1974). Further, mice orally primed 
with heterologous erythrocytes were shown to contain Th 
cells that supported in vitro IgM responses to hapten erythro-
cyte carrier (Kagnoff, 1975). 

Table I Characteristics of Murine T Cell Subsets in Mucosal Inductive and Effector Tissues 

Mucosal tissues 

Inductive sites 
Peyer's patches 

Effector sites 
Lamina propria 

(GI) 
Intraepithelium 
Salivary glands 

Frequency of 
CD3+ T cells 

(%) 

25-35 

40-60 

80-90 
40-55 

TcR 

aß 

>90 

>95 

35-45 
85-95 

expression 
(%) 

γδ 

1-5 

1-5 

45-65 
5-15 

Frequency of 
CD4+ T cells 

(%r 

60-65 

55-60 

5-10 
40-45 

Ratio of 
Thl:Th2 

1:1 

1:2-3 

1:1* 
1:2 

Ratio of 
CD4: CD8 

2:1 

2:1 

1:7-8 
1:1 

a Frequency of CD4+ T cells in CD3+ T cell fraction. 
b In IELs, CD8+ T cells were separated into IFNy-producing and IL-5-secreting T cells. 
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Direct evidence for T-cell regulation of IgA production 
came from a seminal comparative study with mitogen-
activated T cells from Peyer's patches and spleen of mice. 
Concanavalin A (Con A)-stimulated Peyer's patch T cells 
selectively induced IgA synthesis in lipopolysaccharide 
(LPS)-triggered Peyer's patch or spleen B-cell cultures 
whereas identically treated spleen T cells suppressed IgA, 
IgG, and IgM production in these cultures (Elson et al., 
1979). This work implies that IgA isotype-specific T cells 
were present in higher frequencies in Peyer's patches and 
could explain why IgA responses are induced selectively in 
mucosal tissues. Additional support for this hypothesis was 
provided in antigen-specific systems in which oral administra-
tion of T cell-dependent antigens such as sheep erythrocytes 
(SRBC), whole bacteria, and soluble proteins induced Th-cell 
responses in Peyer's patches with resultant IgA responses in 
spleen and mucosal effector regions (Richman et al., 1981; 
Kiyono et al., 1983). 

A major advance in this area has been the development 
of an enzymatic dissociation procedure that allows recovery 
of all lymphoreticular cell subsets from the Peyer's patches 
(Kiyono et al., 1982b). Cultures from normal mice supported 
in vitro IgM anti-SRBC responses, whereas cells from Peyer's 
patches of orally immunized mice supported IgA anti-SRBC 
responses (Kiyono et al., 1982b). Peyer's patch Th cells from 
the mice given SRBC by the oral route were shown to support 
IgM and IgA anti-SRBC responses when added to normal B-
cell cultures (Kiyono et al., 1982b). Note that this enzyme 
procedure allows recovery of MHC Class II+ macrophages 
and dendritic cells (Spalding e/A/., 1983; Kiyono etal., 1982b) 
and that Peyer's patch dendritic cells could be induced to 
form large clusters with CD4+ T cells in the presence of the 
oxidative mitogen sodium periodate (Spalding et al., 1984). 
These Peyer's patch dendritic cell-CD4+ T-cell clusters pref-
erentially supported IgA synthesis in either Peyer's patch or 
spleen B-cell cultures (Spalding et al., 1984). 

III. T CELL INDUCTION OF CLASS 
SWITCHING AND IgA PRODUCTION 

Two related developments have helped elucidate how Th 
cells function to induce and to direct B cells to develop into 
plasma cells, including those of the IgA isotype. The first 
was the development of procedures that allow cloning of 
antigen-specific Th cells and, more recently, analysis of sub-
sets of Th cells that mediate different effector functions (see 
subsequent discussion). The second was the cloning of cyto-
kines, including IL-1 through IL-13, interferon y (IFNy), 
tumor necrosis factor a and ß (TNFa and -β), transforming 
growth factor ß (TGF/3), and others, which has allowed us 
to determine their roles in the immune response. We will 
minimize our discussion of cytokines (see Chapter 20 for 
more details) and mention them only as necessary to under-
stand the function of Th cells in IgA responses. 

Two major types of CD4+ T cells have been isolated and 
cloned from murine Peyer's patches and are separable based 
on the target B cell affected. These two types of T cells 

should not be confused with the two Th cell subsets, Thl 
and Th2, which are described in more detail in Section IV. 
One type of T-cell clone induced surface IgM positive 
(sIgM+) B cells to switch to slgA expression (Kawanishi et 
al., 1983a, 1985) whereas the second Th cell type preferen-
tially supported antigen-specific IgA responses (Kiyono et 
al., 1982a, 1984,1985). The initial studies with T switch (Tsw) 
cells used T-cell clones derived by mitogen stimulation and 
IL-2-supported outgrowth that, when added to sIgM+sIgA_ 

B-cell cultures, resulted in marked increases in sIgA+ cells 
(Kawanishi et al., 1983a; Figure 1). Peyer's patch Tsw cells did 
not induce IgA secretion, even when incubated with sIgA+ B-
cell enriched cultures; however, addition of B-cell growth 
and differentiation factors readily induced the latter cultures 
to secrete IgA (Kawanishi et al., 1983b). Specificity studies 
indicated that Tsw cells were autoreactive (Kawanishi et al., 
1985), suggesting that the microenvironment of the Peyer's 
patch was conducive to their induction. 

Another population of isotype-specific Th-cell clones de-
rived from Peyer's patches induced the proliferation and dif-
ferentiation of sIgA+ B cells into IgA-producing plasma cells 
(Kiyono et al., 1982a,1984; Figure 2). These Peyer's patch 
Th-cell clones were derived from Peyer's patches of mice 
fed SRBC (Kiyono et al., 1982a); clones generally were divisi-
ble into two groups. One group supported IgM, low IgG, and 
IgA anti-SRBC responses whereas a second group preferen-
tially supported IgA responses (Kiyono et al., 1982a, 1984). 
These Peyer's patch Th-cell clones expressed Fc receptors 
for IgA (FcaR; Kiyono et al., 1982a). Hybridomas derived 
from them secreted IgA binding factors (Kiyono et al., 1985), 
which helped explain their preferential induction of IgA re-
sponses. Further, another study has provided interesting new 
evidence that the expression of FcaR is always associated 
with Th2 cells but not Thl cells (see discussion of Thl and 
Th2 cells; Sandor et al., 1990). In this study, large numbers of 
Thl and Th2 cell clones were examined for FcaR expression. 
This receptor was expressed only on Th2 cell clones on stimu-
lation via the TcR-CD3 complex (Sandor et al., 1990). Fi-
nally, other investigators also have isolated Th cell clones 
specific for keyhole limpet hemocyanin (KLH) from mouse 
Peyer's patches; one of four clones supported antigen-
specific IgA responses (Al Maghazachi and Phillips-Quagli-
ata, 1988). Unfortunately, cytokine profiles of Tsw cells or 
cloned Peyer's patch Th cells were not done, so no conclu-
sions could be drawn about the role of cytokines in μ —> a 
switches or in preferential IgA responses. However, in con-
junction with current knowledge of Thl and Th2 cells, as 
well as their derived cytokines (see Section IV), one could 
postulate that T cells that are involved in isotype switching 
might be TGF/3-producing cells whereas FcaR+ Peyer's 
patch Th cells could be Th2 type cells that preferentially 
produce IL-5 and IL-6 on antigen stimulation (Figures 1 
and 2). 

Evidence for Tsw cells in human IgA responses also has 
been presented. Malignant T cells from a patient who suffered 
from a mycosis fungoides/Sezary-like syndrome (TRac cells) 
induced tonsillar sIgM+ B cells to switch to and secrete IgG 
and IgA (Mayer et al., 1985). Further, TRac cells, when added 
to B-cell cultures obtained from patients with hyper-IgM 
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Peyer's patches Induction 

slgA* B Cells IgA Synthesis 
B Cells 

+LPS 

Figure 1 IgA inductive tissue (Peyer's patch) contains switch T cells that induce sIgM+ B cells to become 
sIgA+ B cells. 

immunodeficiency, induced eight of nine cultures to secrete 
IgG and three of nine to produce IgA (Mayer et al., 1986). 
T-cell clones also have been obtained from human appendix. 
These clones, or their derived culture supernatants, provided 
preferential help for IgA synthesis (Benson and Strober, 
1988). Direct evidence was provided that CD3+CD4+CD8" 
T-cell clones induced μ —> a B-cell switches as well as the 
terminal differentiation of sIgA+ B cells to IgA-producing 
plasma cells (Benson and Strober, 1988). Additional studies 
are needed to determine the mechanism(s) for the observed 
class switch and the possible contribution of cytokines to 
this process (see Chapter 20). 

The dendritic cells in Peyer's patches, in association with 
T cells, also have been tested for their potential to induce 
B-cell and pre-B cell class switching (Spalding and Griffin, 
1986). For example, dendritic cell-T cell mixtures from Pey-
er's patches were shown to induce pre-B cells to undergo 
μ -> a and some μ —» γ class switches, and to develop into 
Ig-producing cells of IgA and, to a lesser extent, IgM and 
IgG isotypes (Spalding and Griffin, 1986). On the other hand, 
dendritic cell-T cell mixtures from spleen induced pre-B cells 
to mature and secrete IgM. Further support of a role for 
dendritic cells and T cells in switching and differentiation 
comes from experiments that showed that an IL-3-dependent 

TD antigen 

B Cells 

Ag-Specific 
IgA Responses 

Figure 2 The initial proof for IgA isotype-specific T helper cells that selectively interact with sIgA+ B cells and 
support IgA responses. 
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pre-B cell line (LyD9) also could be induced to undergo class 
switching and maturation (Kinashi et al, 1988). Coculture of 
LyD9 cells with bone marrow stromal cells or with dendritic 
cell-T cell mixtures induced in vitro maturation and secretion 
of IgM and IgG (Kinashi et al., 1988). The dendritic cell-T 
cell mixtures were derived from spleen in this latter study, 
which may explain the non-IgA isotype profile seen (Kinashi 
et al, 1988). 

IV. ROLE OF Thl AND Th2 CELLS IN 
MUCOSAL IMMUNE RESPONSES 

A concept of two distinct Th subsets was generated initially 
based on functional criteria, using uncloned murine Th-cell 
populations. Th cells were divided into Thl and Th2 cells 
according to the difference in their delivery of helper signals 
to B cells (Tada et al, 1978; Swierkosz et al, 1979; Melchers 
et al, 1982). The classical Th cells were thought to require 
cognate interactions between T and B cells to provide helper 
effects for B cells, in which the former cells responded to 
carrier antigenic determinants while the latter cells recog-
nized the hapten molecule. This type of Th cell was desig-
nated Thl (Tada et al, 1978; Swierkosz et al, 1979; Melchers 
et al, 1982; Kim et al, 1985). In contrast to Thl cells, the 
other subset of Th cells, known as Th2, did not require a 
cognate interaction for their helper function, but provided 
an enhancing signal in a noncognate fashion (Tada et al, 
1978; Swierkosz et al, 1979; Melchers et al, 1982; Kim et 
al, 1985). Th2 type cells also were suggested not to require 
MHC restriction for their helper activity. Most investigators 
now agree that Th cells, the majority of which are CD4+, 
recognize antigen peptide presented by MHC Class II, which 
is sufficient to induce their activation. Thus, the Thl and Th2 
distinction based on the cognate interaction is less apparent. 
Further, using the Thl and Th2 designations in the context 
described here is more useful. 

In early 1986, a completely new concept for Thl and Th2 
cell function was introduced by the analysis of a wide variety 
of murine Th-cell clones for their profiles of cytokine synthe-
sis (Mosmann et al, 1986). In the original study, a total of 
22 different murine Th-cell clones was examined for IL-2, 
IFNy, and IL-4 production; approximately half the Th-cell 
clones produced only IL-2 and IFNy whereas the other half 
preferentially secreted IL-4 (Mosmann et al, 1986). Using 
additional cytokine-specific bioassay and mRNA analysis, a 
distinct pattern of cytokine production by murine Thl and 
Th2 cells was established (Coffman et al, 1988; Mosmann 
and Coffman, 1989; Mosmann and Moore, 1991; Street and 
Mosmann, 1991). Thl cells were capable of producing IL-2, 
IFNy, and TNF/3 (lymphotoxin) whereas Th2 cells did not 
produce these cytokines (Table II). On the contrary, Th2 
cells exclusively secreted IL-4, IL-5, and IL-6 (and, as later 
shown IL-10) on antigen or mitogen stimulation (Table II). 
To date, no specific cell surface molecules that differentiate 
between Thl and Th2 cells have been identified. Note that 
Thl and Th2 cells can cross-regulate each other via these 
respective cytokines (Mosmann and Coffman, 1989; Mos-

Table II Thl and Th2 Cells for the Regulation of 
IgA Responses 

Cytokine 
Th subsets produced 

IL-2 

Thl 
IFNy 
TNF)3 (LT) 

Key effect on IgA responses 

Augments IgA synthesis; synergizes 
with IL-5 andTGF/3 for enhanced IgA 
synthesis 

Down-regulate Thl cells 
None (? Needs investigation) 

TGF/3(?) Induces IgA isotype switching 

IL-4 May be involved IgA isotype switching; 
may augment IL-5 induced IgA 
synthesis 

IL-5 Induce differentiation of sIgA+ B cells 
Y 2̂ t 0 plasma cells; synergizes with TGF-ß 

to enhance IgA production 
IL-6 Induces maximum IgA synthesis; acts 

on sIgA+ B cells and induces IgA 
secreting plasma cells 

IL-10 Down-regulates Thl cells 

mann and Moore, 1991; Street and Mosmann, 1991). IL-2 
and IL-4 produced by Thl and Th2 cells, respectively, are 
important cytokines for the growth of both types of T cells. 
IFNy, a product of Thl cells, down-regulates Th2 cell func-
tion whereas IL-10, secreted by Th2 cells, inhibits Thl cells 
(Mosmann and Moore, 1991; Street and Mosmann, 1991). 

The function of Thl and Th2 cells for B-cell responses has 
been studied in some detail. Although helper activity can be 
provided to B cells by both Th-cell subsets, Th2 cells seem 
to be much more effective (Coffman et al, 1988; Mosmann 
and Coffman, 1989). This difference could be the result of 
the profile of cytokines secreted by Thl and Th2 cells. For 
example, high doses of IFNy are immunosuppressive and 
cause inhibition of B-cell responses (Reynolds et al, 1987; 
Mosmann and Coffman, 1989). Further, Thl cells have been 
shown to kill B cells, directly, probably by production of 
lymphotoxin and IFNy (Janeway et al, 1988). Since these 
two molecules are powerful cytokines for the elimination of 
intracellularly infected host cells via activation of macro-
phages and direct cytolytic activity, Thl cells are perhaps 
better capable of helping host defenses against intracellular 
parasites (Mosmann and Coffman, 1989; Mosmann and 
Moore, 1991; Street and Mosmann, 1991). In addition, Thl 
cells have been shown to be involved in the regulation of a 
Jones-Mote type delayed-type hypersensitivity (DTH) reac-
tion, since co-injection of a Thl clone and antigen into the 
footpads of virgin mice led to the induction of antigen-specific 
and MHC-restricted inflammation (Cher and Mosmann, 1987) 
whereas Th2 cells did not cause development of any inflam-
mation. 

In contrast to Thl cells and their derived cytokines, cyto-
kines produced by Th2 cells, including IL-4, IL-5, and IL-
6, are potent soluble factors for the activation, proliferation, 
growth, and differentiation of B cells (see more details in 
Chapter 20). In this regard, Th2-cell clones have been shown 
to induce growth and differentiation of the majority of B cells 
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in limiting dilution cultures (Lebman and Coffman, 1988). 
Th2 cells and their secreted cytokines can regulate both rest-
ing and large (activated) B-cell populations. In the most cases, 
resting B cells require direct cell contact with Th2 cells for 
their activation, growth, and differentiation (Rasmussen et 
al., 1988). On the other hand, large B cells can proliferate 
and differentiate in response to culture supernatants from 
Th2 cells without any physical Th-B-cell linkage (Herron et 
al, 1988). 

Another unique feature of Thl and Th2 cells is that individ-
ual subsets of Th cells can potentiate certain isotypes of 
B-cell responses because of their secreted cytokines. For 
example, Thl cells preferentially support IgG2a synthesis in 
B-cell cultures (Coffman et al, 1988; Mosmann and Coffman, 
1989). IFN-y, a product of Thl cells, has been shown to be 
involved in IgG2a isotype switching and to enhance IgG2a 
synthesis in LPS-stimulated B-cell cultures (Coffman et al., 
1988; Snapper et al., 1988). Since IgG2a is a complement-
fixing cytotoxic antibody and possesses a high-affinity FcyR 
on macrophages, this interaction further supports the view 
that Thl cells and their secreted cytokines (e.g., IFNy) are 
important in host defense against intracellularly infected cells 
and in DTH responses. Th2 cells, in contrast, support more 
IgGl, IgE, and IgA responses than Thl cells (Coffman et 
al., 1988; Mosmann and Coffman, 1989). Th2-derived IL-4 
enhances IgGl secretion in LPS-triggered B-cell culture via 
an increase in isotype switching of slgG" B cells to slgGl+ 

B cells (reviewed by Paul, 1987). However, Thl cells also 
can support IgGl responses (Coffman et al., 1988). Thus, 
the IgGl response can be induced in an IL-4-independent 
manner as well. Several lines of evidence, both in vivo and 
in vitro, strongly demonstrated that IL-4 produced by Th2 
cells is important for the induction of IgE synthesis (Paul, 
1987; Lebman and Coffman, 1988; Finkelman et al., 1990). 
IL-4 acts directly on sIgM+ B cells and induces them to 
switch to sIgE+ B cells (Paul, 1987; Lebman and Coffman, 
1988). Interestingly, anti-IL-4 or IFNy treatment shuts down 
IgE responses both in vivo and in vitro (Coffman and Carty, 
1986; Finkelman et al., 1990). Thus, one can suggest that 
cross-regulation of Thl and Th2 cells is important in isotype-
specific responses in which IgE responses are Th2 and IL-
4 dependent whereas IFNy produced by Thl cells down-
regulates IL-4-induced IgE responses. Although Ig genes 
encoding ε and a chains are clustered closely in the 3' region, 
IgE responses rarely are seen at normal mucosa. Since rela-
tively high numbers of cytokine-producing Thl and Th2 cells 
can be isolated from both IgA inductive and effector sites 
(Taguchi et al., 1990; Mega et al., 1992), IFNy produced 
by Thl cells may suppress IL-4 production by Th2 cells 
specifically, whereas the production of other Th2 cytokines 
(e.g., IL-5 and IL-6) that are essential for IgA synthesis may 
be maintained. 

For IgA responses, clearly Th2 cells regulate the terminal 
differentiation of sIgA+ B cells to IgA-secreting plasma cells, 
since the addition of IL-5 or IL-6 to cultures containing either 
LPS-stimulated splenic B cells or freshly isolated Peyer's 
patch B cells resulted in the preferential induction of IgA 
synthesis (see Chapter 20). Th2-like autoreactive Th-cell 
clones generated from murine Peyer's patches originally were 
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reported to enhance IgA synthesis in LPS-triggered B-cell 
cultures (Murray et al., 1987). Also, culture supernatants 
from Th2-cell clones independently were shown to augment 
IgA production under similar B-cell culture conditions (Coff-
man et al., 1987). However, when culture supernatants from 
Thl clones were tested for IgA-enhancing factor, none of the 
Thl-cell clone-derived culture supernatants supported IgA 
responses in LPS-treated B-cell cultures. These findings led 
to the purification of IgA-enhancing factor; a partial sequence 
containing 21 amino acids from this factor exactly matched 
murine IL-5 (Bond et al., 1987). In addition, numerous studies 
have examined further the molecular aspects of Th2-cell 
involvement in IgA responses. Researchers now generally 
accept that Th2-derived IL-5 and IL-6 are essential cytokines 
for the development of IgA plasma cells (see Chapter 20). 
However, concluding that only Th2 cells and their secreted 
IL-5 and IL-6 are important in the regulation of sIgA+ B cell 
responses would be too simplistic since IL-2, a product of 
stimulated Thl cells, has been shown to enhance IgA synthe-
sis in LPS-stimulated B-cell cultures (Coffman et al., 1987). 
However, the magnitude of IgA enhancement by IL-2 was 
lower than that of Th2-cell derived cytokines (Coffman et 
al., 1987). Further, IL-2 synergistically augmented IgA syn-
thesis in TGF/3-treated B-cell cultures in the presence of LPS 
(Lebman et al., 1990). Therefore, one must emphasize that, 
although Th2 cells tend to play a major role in the differentia-
tion of sIgA+ B cells to IgA plasma cells, Thl cells and their 
cytokines certainly can influence IgA B-cell responses. Thus, 
an optimal relationship between Thl and Th2 cells via their 
respective cytokines is probably essential for the mainte-
nance of appropriate IgA responses in mucosal associated 
tissues. 

To date, most Thl and Th2 cell studies have been done 
with cloned T cells. Their natural existence in vivo has not 
been demonstrated directly. However, studies using IFNy-
and IL-5-specific ELISPOT assays and mRNA analysis have 
revealed that these Thl and Th2 cells exist in situ in both 
IgA inductive and effector sites (Taguchi et al., 1990; Mega 
et al, 1992). When freshly isolated CD3+CD4+CD8" T cells 
from Peyer's patches and lamina propria of intestine were 
examined for IFNy-producing Thl and IL-5-secreting Th2 
cells, a distinct pattern of Thl and Th2 cell distribution was 
seen (Taguchi et al., 1990). Higher numbers of CD4+ T cells, 
which were producing IFNy or IL-5 spontaneously, were 
always noted in IgA effector tissues compared with IgA in-
ductive sites. In the case of the latter tissue, approximately 
equal frequencies of IFNy (Thl)- and IL-5 (Th2)-producing 
cells were found (Taguchi et al., 1990). Upon T-cell stimula-
tion via the TcR-CD3 complex or lectin receptor, increased 
numbers of cytokine-producing T cells were evident in both 
Thl (IFNy) and Th2 (IL-5) cell subsets (Taguchi et al., 1990; 
Xu-Amano et al., 1992). Therefore, an equal appearance of 
Thl and Th2 cells in Peyer's patches may represent an appro-
priate cross-regulation of these two subsets of Th cells that 
may contribute to the suppression of the sIgA+ B-cell differ-
entiation step. Although Peyer's patches contain significant 
numbers of sIgA+ B cells, very few IgA plasma cells actually 
occur in this tissue. In a separate study, using IL-2 and IL-
4 as indicators of Thl and Th2 cells, respectively, Peyer's 
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patches and mesenteric lymph nodes that receive draining 
lymphocytes from Peyer's patches were suggested to possess 
both Thl and Th2 cells (Daynes et al, 1990). Note that 
cultivation of Peyer's patch T cells with anti-CD3 antibody 
resulted in the predominant production of IL-4, suggesting 
that a preferential induction of Th2 cells occurs in IgA induc-
tive sites on stimulation. Collectively, these findings indi-
cated that CD4+ Th cells, which have the potential to become 
either Thl or Th2 cells, reside in the IgA inductive sites. 

For the induction of Thl and Th2 responses to antigen-
specific IgA responses, one study has provided an important 
finding that oral administration of T cell-dependent antigen 
(e.g., SRBC) induced a higher frequency of Th2 (IL-5) cells 
than of Thl (IFNy) cells in T-cell cultures prepared from 
Peyer's patches and spleen (Xu-Amano^r«/., 1992). Further, 
high levels of IL-5-specific mRNA was noted in CD4+ T cells 
from Peyer's patch T-cell cultures of orally immunized mice. 
Thus, oral administration of T cell-dependent antigen prefer-
entially induces antigen-specific Th2 cells in IgA inductive 
sites (Xu-Amano et al, 1992). These antigen-stimulated Th2 
cells may leave Peyer's patches and migrate into the IgA 
effector sites, such as lamina propria of intestine and exocrine 
glandular tissues, where these cells can provide the necessary 
cytokines (e.g., IL-5 and IL-6) for sIgA+ B cells to become 
IgA-secreting plasma cells. In this regard, a higher frequency 
of Th2 (IL-5) cells than IFNy-producing Thl cells was seen 
in IgA effector sites (Taguchi et al., 1990; Mega et al., 1992; 
see Section V). 

Several studies have provided strong evidence that human 
Th cells also can be separated into Thl and Th2 cells ac-
cording to their cytokine profile (reviewed by Romagnani, 
1991). Mycobacterium tuberculosis-specific CD4+ Th-cell 
clones generated from healthy donors were categorized as 
Thl type cells, since these clones produced IFNy and IL-2 
(Del Prete et al., 1991). On the other hand, Toxocara canis-
specific CD4+ Th-cell clones secreted Th2 cytokines, includ-
ing IL-4 and IL-5. In addition, allergen-specific CD4+ Th-
cell clones from atopic disease patients were preferentially 
grouped as Th2 cells (Parronchi et al., 1991). Therefore, 
clearly Thl and Th2 cells exist in both murine and human 
systems. The cross-regulation of Thl and Th2 cells via re-
spective cytokines thus can influence the outcome of isotype-
specific responses. Further, the nature of antigen and its 

presentation to Th cells will affect the induction of Thl and 
Th2 cells. Since both IgA inductive and effector sites possess 
several immunologically unique features and are exposed 
continuously to a wide variety of environmental antigens, 
considering CD4+ Th cells in mucosal associated tissues to 
have novel interaction pathways between Thl and Th2 cells 
to regulate mucosal IgA immune responses is logical (Fig-
ure 3). 

V. Th CELLS IN MUCOSAL 
EFFECTOR TISSUES 

Antigen uptake via M cells or follicle-associated epithelial 
(FAE) cells into mucosal associated lymphoreticular tissues 
(including GALT and BALT) results in antigen stimulation 
of B and T lymphocytes that leave IgA inductive tissues via 
the efferent lymphatics. These lymphocytes then home to 
the effector sites, including the lamina propria of the upper 
respiratory and gastrointestinal tracts, the reproductive tract, 
and exocrine glandular tissues through the common mucosal 
immune pathway. 

The lamina propria of the gastrointestinal tract has been 
characterized as an example of a major mucosal effector site 
(reviewed by Brandtzaeg, 1984; Brandtzaeg et al., 1985). 
Note that, in contrast to IgA inductive sites, major studies 
for the characterization of lamina propria T cells have been 
done in the human system. The intestinal lamina propria 
contains primarily B cells (including plasma cells), T cells, 
and macrophages. In addition, mucosal inflammatory cells 
such as eosinophils and mast cells are also present in lamina 
propria. Among B-lineage cells, which represent 20-40% of 
lamina propria cells, approximately 80% of the plasma cells 
in the small intestine produce antibodies of the IgA isotype 
(Brandtzaeg, 1984; Brandtzaeg et al., 1985), as reflected by an 
abundant production of IgA in external secretions of mucosal 
effector tissues. Substantial numbers of T cells are also pres-
ent in this tissue; approximately 50% of lamina propria lym-
phocytes are CD3 + T cells (Brandtzaeg, 1984; Brandtzaeg 
et al., 1985; Mega et al, 1992; Table I). The majority of 
CD3+ T cells is CD4+CD8" (-40-60% of CD3+ T cells) 
and the ratio of CD4 to CD8 is - 2 - 3 : 1 (Brandtzaeg, 1984; 

The Common Mucosal 
Immune System 

Figure 3 Current concepts for T cell and cytokine regulation of IgA responses in IgA inductive (left) and effector (right) 
sites. 
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Brandtzaeg et al, 1985; Mega et al, 1992). These CD4+ T 
cells have been shown to exert helper effects on Ig secretion, 
including the IgA isotype in B-cell cultures prepared from 
the lamina propria and the peripheral blood (Clancy et al, 
1984; Elson et al, 1985). In addition, when CD4+ T cells 
isolated from human mesenteric lymph nodes, a population 
of T lymphocytes that is presumably on its way to lamina 
propria regions, were cultured with B cells, elevated IgA 
secretion compared with IgG and IgM was noted (Pang et 
al, 1986). This helper function for the IgA isotype was higher 
with mesenteric lymph node CD4+ T cells than with periph-
eral blood CD4+ T cells. These findings provide evidence 
that CD4+ T cells in IgA effector tissues such as intestinal 
lamina propria can provide helper functions for IgA B cell 
responses. 

The CD4+ Th cells in intestinal lamina propria can be 
separated further into helper-inducer (Leu 8" and 2H4") and 
suppressor-inducer (Leu 8+ and 2H4+) phenotypes based 
on their immunological function as well as Leu 8 and 2H4 
expression (James et al, 1986; Kanof et al, 1988). Lamina 
propria CD4+ Th cells possessed higher numbers of cells 
with a phenotype associated with helper-inducers and a cor-
responding decrease in the proportion of suppressor-inducer 
type CD4+ T cells compared with their systemic counterparts 
(e.g., peripheral blood; James et al, 1986). CD4+ T cells 
that coexpress Leu 8 suppress Ig synthesis. On the other 
hand, Leu 8" and CD4+ T cells isolated from lamina propria 
support both IgA and IgG synthesis in pokeweed mitogen 
(PWM)-stimulated peripheral blood B-cell cultures (Kanof et 
al, 1988). In another study, the possible existence of preacti-
vated IgA isotype-specific Th cells in normal human lamina 
propria was suggested (Smart et al, 1988). When the T cell-
enriched fraction from the human colonic mucosa, which 
contained a 3 :1 ratio of CD4: CD8, was tested for enhancing 
function, maximum enhancing activity was seen for the IgA 
isotype with increasing numbers of T cells. Further, coculti-
vation with PWM in this system had no significant effect on 
IgA synthesis, suggesting that lamina propria Th cells were 
activated in situ (Smart et al, 1988). Further, normal lamina 
propria T cells were shown to possess higher gene expression 
associated with cell activation compared with T cells in sys-
temic tissues (Zeitz et al, 1988). CD4+ T cells isolated from 
normal nonhuman primates had high percentages of IL-2 
receptor (IL-2R)-positive cells that contained increased 
mRNA levels for this receptor. Collectively, these findings 
indicate that intestinal lamina propria contains significant 
numbers of activated CD4+ Th cells that are capable of pro-
viding helper signals for the enhancement of IgA responses. 

Since the concomitant appearance of activated CD4+ Th 
cells and high numbers of IgA plasma cells are always seen 
in IgA effector sites such as the intestinal lamina propria, an 
interesting possibility was raised that Th2 cells may occur in 
high frequency in these tissues (Taguchi et al, 1990). When 
CD4+ T cells were isolated from normal murine lamina pro-
pria and tested for IFNy-producing Thl and IL-5-secreting 
Th2 cells by respective cytokine-specific ELISPOT assays, 
although significant numbers of Thl cells were seen in lamina 
propria, the frequency of Th2 cells was always higher 
(Thl: Th2 = 1:3). Thus, greater numbers of IL-5-producing 

Th2 cells were present in IgA effector sites at which Th cells 
were activated in vivo in response to environmental antigens 
(Taguchi et al, 1990). Further, Northern blot analysis of 
mRNA from lamina propria T cells of normal nonhuman 
primates revealed that higher message levels for IL-4 and 
IL-5 were seen compared with T-cell fractions from systemic 
tissues, including peripheral lymph nodes and spleen (James 
et al, 1990). In addition to the Th2 cytokines, mRNA levels 
for IL-2 and IFNy (Thl cytokines) also were increased in 
lamina propria T cells (James et al, 1990). Based on these 
observations, one can envision that higher numbers of Th2 
cells than Thl cells reside in lamina propria; however, both 
subsets of CD4+ Th cells are activated and are producing 
their respective cytokines for the regulation of the IgA re-
sponse. 

The occurrence of activated CD4+ Th cells with a higher 
frequency of Th2 cells at IgA effector sites seems to provide 
an appropriate environment for IgA B-cell responses. How-
ever, one must always remember that Th2 cells also play an 
important role in classical allergic responses in which IgE 
synthesis and the numbers of eosinophils and mast cells are 
increased. The intestinal mucosa has a significant number of 
mast cell precursors that is higher than elsewhere in the body 
(Crapper and Schrader, 1983). Thus, IL-3 produced by both 
Thl and Th2 cells in intestinal lamina propria could induce 
these precursors to become mature mast cells. CD4+ T cells 
isolated from mesenteric lymph nodes of Nippostrongylus 
brasiliensis-'mfected rats were shown to produce IL-3, which 
can induce mucosal mast cells from bone marrow cultures 
(McMenamin et al, 1985). In other studies, CD4+ Th cells 
from the thoracic duct of Trichinella spiralis-infected rats 
were separated into two subsets according to 0X22 expres-
sion (Wang et al, 1990). When 0X22+ CD4+ Th cells were 
transferred adoptively to naive rats and then challenged with 
T. spiralis, this subset of CD4+ Th cells substantially en-
hanced the number of mucosal mast cells. In contrast, 
0X22 "CD4+ Th cells increased the number of resident eosin-
ophils in the intestine (Wang et al, 1990). Further, this latter 
CD4+ Th-cell subset provided helper activity for B cells and 
conferred protection against T. spiralis. Thus, the models of 
mucosal regulation by CD4+ Thl and Th2 cells are complex. 
One must always envision the importance of CD4+ Th cells 
in regulation of mucosal associated responses other than the 
IgA B-cell responses. 

In addition to lamina propria T cells, large numbers of T 
cells also are found in the intraepithelial compartment of the 
intestine. Intraepithelial lymphocytes (IELs) possess several 
unique features in terms of their TcR expression, T-cell sub-
sets, and immunological functions (see Chapter 24). One 
of the novel characteristics of murine IELs is that IEL prep-
arations contain CD8+ T cells that produce Thl and Th2 
cytokines spontaneously (Taguchi et al, 1990,1991). Approx-
imately equal numbers of IFNy- and IL-5-secreting CD8+ T 
cells that express either TcR aß or TcR γδ were seen in 
isolated IELs (Taguchi et al, 1991). The immunological role 
of these cytokine-producing TcR otß+ and TcR γδ+ CD8+ 

T-cell subsets in mucosal immune responses remains to be 
elucidated. In addition to their cytokine production capabil-
ity, most studies have provided evidence that a distinct subset 
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of IEL T cells can provide an immunoregulatory function for 
IgA responses (Fujihashi et al., 1990,1992). When TcR γδ+ 

T cells from IELs of mice orally immunized with T cell-
dependent antigen were transferred adoptively to mice orally 
tolerized with the same antigen, the oral tolerance was con-
verted to antigen-specific immune responses including those 
of the IgA isotype (Fujihashi et al, 1990,1992). On the other 
hand, TcR aß+ T cells from IELs of the same mice provided 
helper function for IgA responses (Fujihashi et al., 1992). 
Thus, subsets of IEL T cells also could be important in 
regulating the IgA response, that is, TcR γδ+ Th cells could 
provide protection or augmentation of TcR aß+ Th cells in 
the presence of oral tolerance to maintain appropriate IgA 
responses at the mucosal barrier. 

In addition to the lamina propria regions of the gastrointes-
tinal tract, another important IgA effector site is represented 
by exocrine glandular tissues. In this regard, saliva has been 
extensively used as a convenient secretion to analyze induc-
tion of antigen-specific SIgA responses. Further, salivary 
glands contain high numbers of IgA-producing cells (Mega 
et al., 1992; see Chapter 15). The lymphocytes from murine 
submandibular glands contain approximately 40-55% CD3 + 

T cells with a CD4:CD8 ratio of 1.0 (Mega et al., 1992) (Table 
I). A similar finding also was observed in rats, in which the 
lymphocytes were shown to contain approximately 60% W3/ 
13 + T cells with a CD4:CD8 ratio of 1.3 (Pappo et al., 1988). 
When the frequency of Thl and Th2 cells was examined in 
CD4+ T cells isolated from murine salivary glands, IL-5-
producing Th2 cells were always more abundant than IFNy-
secreting Thl cells (Mega et al., 1992). This finding was in 
complete agreement with other studies in which the intestinal 
lamina propria region was shown to contain cytokine-
producing CD4+ Th cells with a preference for Th2 cells 
(Taguchi et al., 1990). 

VI. SUMMARY: OVERVIEW OF Th CELL 
REGULATION OF MUCOSAL 

IMMUNE RESPONSES 

IgA inductive tissues (e.g., GALT or Peyer's patches) and 
IgA effector sites such as intestinal lamina propria and sali-
vary glands contain several distinct T-cell subsets that pos-
sess unique biological characteristics for the induction and 
regulation of IgA immune responses. In GALT, two major 
subsets of T cells are present that are capable of regulating 
IgA isotype switching and terminal differentiation of post-
switched sIgA+ B cells to become IgA plasma cells (Figures 
1 and 2). The Tsw cells act on sIgM+ B cells in Peyer's patches 
and induce them to switch sIgA+ B cells. Whether Tsw cells 
produce TGF/3 for the induction of IgA isotype switching 
still is not known. Further, testing whether Tsw cells can be 
categorized into a family of Thl or Th2 cells is important. 
The other subset of T cells is composed of helper T cells that 
possess the capability to interact preferentially with sIgA+ 

B cells and induce them to become IgA-secreting plasma 
cells. This type of Th cell tends to fall in the category of Th2 
cells, which can produce IL-5 and IL-6 for the differentiation 
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of sIgA+ B cells to high IgA-secreting plasma cells (Figures 2 
and 3). The exact immunological mechanism for this selective 
interaction between Th2 cells and sIgA+ B cells remains to 
be elucidated. 

GALT has been shown to contain CD4+ Th cells that can 
become either Thl or Th2 cells. Both Thl and Th2 cells are 
essential for the regulation of IgA B-cell responses since IL-
2 and IL-5 and IL-6 (and perhaps others) produced by Thl 
and Th2 cells, respectively, are important cytokines for the 
enhancement of IgA responses. Oral administration of T cell-
dependent antigens induces antigen-specific Thl and Th2 
cells, with preferential induction of IL-5-producing Th2 cells. 
Thus, stimulation of Th cells and IgA precursor B cells in 
GALT via the oral route is an important consideration for 
the induction of appropriate antigen-specific IgA responses 
in distant mucosal effector sites. 

In IgA effector sites, CD4+ Th cells that can augment IgA 
B-cell responses are present in intestinal lamina propria. As 
one might expect, because of the unique immunological and 
physiological characteristics of the gut in which lymphocytes 
are exposed continuously to environmental antigens, CD4+ 

Th cells are activated in situ and produce immunoregulatory 
cytokines. IFNy- and IL-2-producing Thl and IL-5- and IL-
6-secreting Th2 CD4+ Th cells are found in this tissue. The 
ratio of Thl to Th2 cells is approximately 1:2-3, which pro-
vides an appropriate environment for sIgA+ B cells to 
become IgA plasma cells since Th2 cells secrete essential 
cytokines (IL-5 and IL-6) for these B cells. A similar situation 
also occurs in other IgA effector tissues such as the salivary 
glands, a major IgA source for the oral cavity. The salivary 
glands contain cytokine-producing CD4+ Th cells with a high 
frequency of Th2 cells. Note that Thl and Th2 cells are 
important in the induction and regulation of IgA responses 
because of cross-regulation of Thl and Th2 cells via respec-
tive cytokines. Further, cytokines (e.g., IL-2, IL-5, and 
IL-6) produced by these two subsets of CD4+ T cells are 
essential for mucosal IgA immune responses. In addition to 
these CD4+ Th cells that reside in IgA effector tissue (e.g., 
intestinal lamina propria), T cells reside in the epithelium 
itself (IELs) and also can be important regulatory cells for 
mucosal IgA responses. 

Clearly T cells, especially CD4+ Th cells, are an essential 
element in the induction and maintenance of appropriate IgA 
responses in mucosal associated tissues. This view has been 
demonstrated convincingly in vivo. Chronic treatment of 
mice with monoclonal anti-CD4 antibody dramatically re-
duced the numbers of IgA plasma cells in intestinal lamina 
propria (Mega et al., 1991). In addition to IgA effector sites, 
IgA inductive sites such as the Peyer's patches also are af-
fected by chronic CD4+ Th cell deficiency. The size of Pey-
er's patches, especially the germinal centers where induction 
of IgA precursor B cells occurs, was reduced significantly 
(Mega et al., 1991). A subset of T cells, V̂ "·" T cells elegantly 
were shown to be essential to the IgA response in chickens 
(Cihak et al., 1991). Multiple injections of anti-TcR2 (Vßl-
specific antibody) in embryonic life followed by thymectomy 
after hatching deleted V ^ T cells in young birds. In these 
birds, IgA antibody production was impaired completely, 
whereas other types of antibody production were maintained 
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(Cihak et al.t 1991). Further, antigen-specific secretory IgA 
antibodies were not induced in response to mucosal immuni-
zation with tetanus vaccine. These in vivo studies further 
emphasize that IgA responses are CD4+ Th cell dependent. 
The last study provided additional evidence that a subset of 
CD4+ Th cells plays an important role in the induction and 
regulation of mucosal IgA responses. The concept of IgA-
specific Th cells remains an important and essential part of 
our understanding of the precise regulatory mechanisms of 
the mucosal IgA response. 
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I. INTRODUCTION 

T cells in the gastrointestinal (GI) tract are thought to play 
a central role in GI host defense and in regulation of GI 
function. Cells present in organized lymphoid sites such as 
the Peyer's patches, mesenteric lymph nodes, and appendix 
are thought to carry out specialized tasks necessary for initiat-
ing responses to antigens present in the intestinal lumen. 
After activation, cells leave these sites and recirculate in the 
systemic circulation, from which they enter the diffuse lamina 
propria compartment of the mucosa. The intestinal lamina 
propria and epithelium constitute the largest single T-cell 
site in humans. Peyer's patches are much less prominent in 
humans than in rodents. In addition, the lamina propria of 
the colon of humans normally contains large numbers of 
lymphocytes, whereas that of rodents contains few lympho-
cytes. Substantial evidence suggests that T lymphocytes as-
sociated with the human GI tract have unique characteristics 
that reflect their specialized roles in host defense in the mu-
cosa (Table I). In this chapter, the phenotypic and functional 
characteristics of human and nonhuman primate GI T cells 
are reviewed. By necessity, the ability to manipulate mucosal 
T cells in humans experimentally is, for the most part, limited 
to in vitro studies of isolated cells or tissue explants. Despite 
these limitations, considerable information is available con-
cerning the function of human GI T cells. Further, this infor-
mation serves as the foundation for the study of diseases of 
the human GI tract. 

II. PHENOTYPIC CHARACTERISTICS 

A. Lymphocyte Subpopulations 

Many of the characteristics of mucosal lymphocytes are 
probably the result of prior activation in response to antigens 
and mitogens present in the GI lumen. Lymphocytes in the 
intestinal mucosa first interact with antigens in the organized 
lymphoid tissues (Peyer's patches and lymphoid follicles in 
the colon) and further differentiate and mature in the germinal 
centers of the lymphoid follicles. Thereafter, they rapidly 
leave the mucosa and migrate through the mesenteric lymph 
nodes and the thoracic duct to reach the systemic circulation. 
From the blood, these antigen-activated lymphocytes migrate 
back to the mucosa and extravasate preferentially into the 

lamina propria, becoming lamina propria lymphocytes (LPL), 
and the intraepithelial compartment above the basement 
membrane, becoming intraepithelial lymphocytes (IEL). 
Thus, most of the lymphocytes that enter the diffuse compart-
ments of the GI tract (LPL, IEL) are likely to have had prior 
antigen activation and are likely to be memory cells. 

Memory T cells are, by definition, cells that already have 
been in contact with antigens; they are adapted to their new 
tasks by the expression of various surface antigens that are 
absent from or expressed to a lesser degree on naive cells, 
by an altered pattern of lymphokine secretion, by different 
functional capacities, and by changes in their proliferative 
responses to different stimuli (Sanders et al., 1988b). Pre-
viously, in vitro activation of CD45RA-positive,CD29-
negative peripheral blood T lymphocytes by antigen has been 
shown to lead to a transition to CD45RA-negative,CD29-
positive T cells (Akbar et al, 1988; Clement et al, 1988). 
This finding and functional studies have led to the conclusion 
that naive (or virgin) T cells can be distinguished from mem-
ory T cells by their expression of different antigen specificities 
of the CD45 cell-surface glycoprotein complex or CD29, the 
ß\ chain of the integrin family (Sanders et al., 1988a). The 
transition from naive to memory T-cell function is accompa-
nied by a shift from the 205/220-kDa determinant (recognized 
by 2H4 monoclonal antibody) to the 180-kDa form (recog-
nized by UCHL1 monoclonal antibody) of the CD45 cell-
surface glycoprotein complex. These different molecules rep-
resent cell-type specific alternative splicing from a common 
precursor gene (Streuli^«/., 1987; Akbar et al., 1988). Other 
markers have been described that are coexpressed with CD45 
or CD29 after the transition from naive to memory T cells 
(Sanders et al., 1988a). Naive T cells can be characterized as 
CD45RA-high, LFA-3-low, CD2-low, LFA-1-low, CD45R0-
low, and CD29-low; memory T cells represent the reciprocal 
subset. 

CD4- and CD8-positive T cells are present in the lamina 
propria in similar proportions compared with the peripheral 
blood (Selby et al., 1983; James et al., 1986; Schieferdecker 
etal., 1990). Thus, regarding the major T-cell subpopulations, 
peripheral blood T cells and lamina propria T cells do not 
appear to be different. However, further investigations 
showed that only few lamina propria lymphocytes express 
CD45RA (recognized by 2H4) and the vast majority of cells 
are CD45R0 positive (recognized by UCHL1) (Schiefer-
deckern al., 1990; Figure 1). In contrast, in peripheral blood, 
approximately 30% of T cells are CD45RA positive and 
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Table I Evidence for Specialized T Cell Function in the 
Mucosal Immune System0 

Proliferation 
Specific antigen 
Mitogens 
Anti-CD3 
Anti-CD2 

Surface 
glycoproteins 
CD45R 
CD45R0 
CD29 
HML-1 
Leu-8 

Activation 
IL-2Ra 

Lymphokine 
production 
IL-2 
IFN-γ 
IL-4 
IL-5 

Lymphokine 
utilization 
IL-2 
IL-4 

Regulatory function 
Helper activity 
CD4 suppressor 

activity 

Mesenteric 
node 

+ + 
+ + + + 

N.D.* 
N.D. 

N.D. 
N.D. 
N.D. 
N.D. 

<5% 

+ + 
+ + 
+ + + + 
+ + + + 

+ + + 
+ + + + 

+ + 
N.D. 

Lamina 
propria 

-
+ + + 
+ 
+ + + 

10% 
93% 
47% 
32% 
11% 

15-20% 

+ + + + 
+ + + + 
+ + + + 
+ + + + 

+ + + + 
+ / -

+ + + + 
+ / -

Peripheral 
blood 

+ + + 
+ + + + 
+ + + + 
+ + + 

33% 
41% 
60% 
2% 

56% 

<5% 

N.D. 
N.D. 
N.D. 
N.D. 

+ + 
+ + 

+ + + + 
+ + + + 

a Based on a compilation of studies from humans and nonhuman 
primates. 

* N.D., Not determined. 

30-50% are CD45R0 positive. Thus, the CD45 phenotype of 
LPLs resembles that of memory T cells. However, expres-
sion of another marker of memory T cells, CD29 (ß\ integrin), 
is not increased in the lamina propria compared with periph-
eral blood. The phenotype of lamina propria T lymphocytes 
therefore only partially corresponds to that of memory T 
cells as defined by in vitro studies with peripheral blood 
lymphocytes. These phenotypic studies are an indication that 
T cells in the human intestinal lamina propria are a specialized 
memory T-cell subset. 

B. Receptors Controlling Lymphocyte Migration 

Naive and memory T cells are likely to have specific migra-
tion pathways throughout the body that enable antigen-
specific immune responses to be concentrated at specific 
sites. Directed migration into normal or inflamed tissues prob-
ably is controlled by expression of a distinct pattern of spe-
cific adhesion molecules on the cell surface. The best studied 
''homing" receptor is the L-Selectin (LAM-1, LECAM-1, 
Leu-8, MEL 14) molecule. The L-Selectin antigen is ex-

pressed on neutrophils and monocytes and on subpopulations 
ofT and B cells (Gatenby *>/<*/., 1982; Kansas ei a/., 1985a,b), 
but is not expressed on platelets. On circulating cells, 60-70% 
of T cells are L-Selectin positive, including both CD4+ and 
CD8+ cells. Although most L-Selectin-positive T cells are 
CD45RA positive, L-Selectin-positive T cells are found in 
both the naive (CD45RA-positive) and memory (CD29-
positive) T-cell subsets. The latter observation is substanti-
ated by the finding that some L-Selectin positive lymphocytes 
can respond to recall antigens (Bookman et al., 1986). About 
half the circulating B cells are L-Selectin positive; evidence 
is presented in this chapter that these subpopulations differ 
in function. L-Selectin is expressed weakly on natural killer 
(NK) 6ells. Although L-Selectin expression is modulated rap-
idly by activation (Kanof and James, 1988), it is expressed 
stably in high levels on some T-cell lines (Bookman et al., 
1986) and clones and on some B-cell lines. 

Few lymphocytes in the human or primate intestinal lamina 
propria are L-Selectin positive, whereas the majority of cells 
in mesenteric lymph nodes, which presumably drain the Pey-
er's patches, are L-Selectin positive (James et al., 1986, 
1987a; Figure 2). Several explanations for this observation 
are apparent. One explanation is based on the observation 
that substantial activation of lymphocytes occurs in the intes-
tinal lamina propria (Zeitz et al., 1988a; see subsequent dis-

Peripheral Blood 
Lymphocytes 

Lamina Propria 
Lymphocytes 

Fluorescence Intensity 
Figure 1 Expression of CD45RA and CD45R0 on human peripheral 
blood (PBL; left) and intestinal lamina propria lymphocytes (LPL; 
right). PBL and LPL were isolated from macroscopically normal 
small intestine and were stained with monoclonal antibodies 2H4 
(CD45RA) or UCHL-1 (CD45R0) and analyzed by flow cytometry. 
LPL are nearly devoid of CD45RA-positive cells and express a high 
percentage of CD45R0-positive cells. 
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Peripheral Blood Intestinal Lamina Propria 

Log Green Fluorescence (CD45R FITC) 
Figure 2 Expression of Leu-8/MEL14 lymph node homing receptor 
on intestinal lymphocytes. Peripheral blood (left) and intestinal lam-
ina propria (right) lymphocytes from a normal nonhuman primate 
were stained with anti-CD45RA FITC and anti-Leu-8-PE and ana-
lyzed by dual fluorescence flow cytometry. Few lymphocytes in the 
lamina propria express the peripheral lymph node homing receptor 
or CD45RA. 

cussion). Therefore, cells in the lamina propria might not 
express L-Selectin because they are in an activated state 
associated with low L-Selectin expression. However, this 
explanation is unlikely to be complete. First, when lamina 
propria lymphocytes are isolated and cultured in the absence 
of any stimulus, they do not re-express L-Selectin (Berg et 
al., 1991). Further, intestinal lamina propria lymphocytes 
have little if any mRNA for L-Selectin following activation 
with potent inducers of L-Selectin mRNA, such as phorbol 
12-myristute 13-acetate (PMA), these cells continue to lack 
L-Selectin mRNA (Berg et al., 1991). Finally, only a propor-
tion of L-Selectin-negative cells in the intestinal lamina 
propria actually are activated and express interleukin 2 
(IL-2) receptors. L-Selectin-negative lymphocytes in the 
intestinal lamina propria share some characteristics with 
L-Selectin-negative lymphocytes in the circulation. The 
latter do not have evidence of activation, do not express L-
Selectin mRNA and are not able to express L-Selectin after 
induction with PMA. Further, L-Selectin-negative cells iso-
lated from the intestinal lamina propria and circulating L-
Selectin-negative lymphocytes both have a similar high level 
of helper activity in pokeweed mitogen (PWM)-stimulated 
cultures. Based on these findings, L-Selectin-negative cells 
in the circulation are actually likely to arise from L-Selectin-
positive precursors by a process of differentiation that 
remains to be defined. Further, these data suggest that L-
Selectin-negative cells preferentially enter the intestinal lam-
ina propria. The mechanism by which this occurs is as yet 
unknown, but may involve increased expression of other 
adhesion molecules that are known to be present on memory 
lymphocytes (Sanders et al., 1988a) or other as yet undefined 
adhesion molecules. Finally, lymphocytes that enter the lam-
ina propria are likely to acquire additional characteristics 
that may be unique to their microenvironment, for example, 
expression of HML-1 (see subsequent discussion). 

Since lymphoid cells in the intestinal lamina propria have 
the phenotypic and functional characteristics of "memory" 

lymphocytes, including low expression of CD45RA (James 
etal., 1986, 1987a) and high expression of CD45R0 (Schiefer-
decker et al., 1991), glycoproteins expressed on memory 
lymphocytes may be important in localization of cells to the 
intestinal lamina propria. In addition to increased expression 
of the CD45R0 glycoprotein, circulating memory lympho-
cytes have been shown to have increased expression of a 
number of molecules that have been implicated in cell adhe-
sion and cellular interactions, including CD2, LFA-1, LFA-
3, CD29, and CD44 (Sanders et al., 1988a). As indicated 
earlier, both CD29 (ß chain (ß] chain of integrins) and CD44 
may play a role in localization of lymphoid cells to mucosal 
endothelium; therefore CD29 and CD44 may be important in 
intestinal homing. 

Although lymphocytes in the intestinal lamina propria have 
almost exclusively the surface glycoprotein characteristics 
of memory lymphocytes, this alone does not account for 
mucosal lymphocyte localization for several reasons. First, 
cells with the memory phenotype are heterogeneous for the 
L-Selectin phenotype, that is, CD45RA-negative lympho-
cytes can be L-Selectin positive or negative. In addition, both 
L-Selectin positive and L-Selectin-negative CD4+ T cells are 
able to respond to the recall antigen purified protein deriva-
tive (PPD) (Takada et al., 1989), indicating that the presence 
or absence of the L-Selectin antigen is not a marker of immu-
nological memory. Similarly, long-term memory B cells have 
been shown to be L-Selectin positive (Kraal et al., 1988). 
Finally, although human intestinal lamina propria lympho-
cytes do not bind to peripheral lymph nodes, they do bind 
to human appendix or murine Peyer's patch lymph nodes; 
however, they have no increased binding to mucosal tissue 
in comparison with peripheral blood lymphocytes (Jalkanen 
et al., 1989). In contrast, lamina propria lymphoblasts have 
greatly increased binding to mucosal tissues. Therefore, the 
exclusive localization of L-Selectin-negative lymphocytes to 
the lamina propria is not solely the result of the presence of 
memory cells in this subset. These observations suggest that 
newly expressed molecules or a change in density of surface 
molecules such as CD44 on activated lymphocytes (Wilier-
ford et al., 1989) may be a critical determinant of localization 
of lymphocytes in the intestinal mucosa. 

C. Mucosal T-Cell Specific Antigens 

Monoclonal antibodies have been developed for rats 
(RGL1; Cerf-Bensussan et al., 1986), mice (M290; Kilshaw 
and Murant, 1990) and humans (HML-; Cerf-Bensussan, 
1987; Ber-Act8; Kruschwitz et al., 1991) that recognize lym-
phocyte surface antigens that are expressed nearly exclu-
sively in the mucosal immune system. By immunohistology 
and flow cytometry, approximately 40% of lamina propria 
lymphocytes and nearly all IELs in humans were shown 
to express the surface antigen recognized by HML-1 (Cerf-
Bensussan et al., 1987; Schieferdecker et al., 1990; Ullrich 
et al., 1990a). Reactivity also is seen in a few cells in the 
extrafollicular areas of lymph nodes and tonsils, as well as 
in splenic red pulp (Kruschwitz et al., 1991). 

Immunoprecipitation and polyacrylamide gel electropho-
resis (PAGE) have shown that the HML-1 antigen is a hetero-
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dimer comprising a 150-kDa a chain and a 120-kDa ß chain 
(Cerf-Bensussan et al., 1992). Using monoclonal antibody 
Ber-Act8, which recognizes a different epitope of the same 
antigen, a trimeric structure also has been described (150; 
125; and 105-kDa subunits; Kruschwitz et al., 1991). Both 
the a and the ß chain of HML-1 are glycosylated. Pulse-chase 
experiments indicate that precursor forms exist for both sub-
units; the larger a chain precursor (160 kDa) is reduced in 
size by posttranslational cleavage of a 10-kDa peptide and 
the smaller ß chain precursor is increased in size by modifica-
tion of the N-glycans (Cerf-Bensussan et al., 1992). 

Dual color cytofluorometry has shown that HML-1 is ex-
pressed preferentially on CD8+ T cells; however, a significant 
proportion of CD4+ lamina propria T cells also expresses 
HML-1 (Schieferdecker et al., 1990; Figure 3). The low num-
ber of CD45RA-positive cells in the human intestinal lamina 
propria is almost exclusively HML-1 negative. Therefore, 
HML-1 has been hypothesized to be a tissue-specific memory 
T-cell marker exclusively expressed in the environment of 
the gut (Schieferdecker et al., 1991). However, only a partial 
overlap in expression of CD29 and HML-1 is seen. In 
one study, the differential expression of homing-associated 
adhesion molecules on human peripheral blood T cells 
was investigated (Pricker et al., 1990). The small propor-
tion of circulating human T cells expressing the mucosal 
lymphocyte-associated antigen recognized by the mono-
clonal antibody Ber-Act8 (identifying the same antigen as 
HML-1) was shown also to have the CD29-low phenotype. 
These results are in agreement with the finding of an intermid-
iate expression of CD29 on lamina propria T cells and further 
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Figure 3 HML-1 antigen is expressed on both CD4 and CD8 positive 
lamina propria lymphocytes. Dual color flow cytometry analysis of 
human peripheral blood (left) and intestinal lamina propria (right) 
lymphocytes that were stained with anti-CD4 PE or anti-CD8 PE 
and HML-1 plus FITC anti-mouse IgG. HML-1 is nearly absent on 
peripheral blood lymphocytes. More CD8 than CD4 lamina propria 
lymphocytes express HML-1. 

support the hypothesis of a tissue-specific modulation of 
memory or homing-associated T-cell surface antigens. 

Expression of HML-1 is induced on HML-1-negative pe-
ripheral blood lymphocytes by in vitro activation using vari-
ous stimuli (Schieferdecker et al., 1990). However, certain 
differences are seen in the kinetics of expression of HML-1 
when compared with the established T-cell activation antigen 
CD25. CD25 can be detected very early after mitogenic stimu-
lation (within the first 24 hr), maximal expression is on day 
1 or 2, and the number of positive cells decreases rapidly 
during the following days. In contrast, HML-1 is expressed 
later, maximal expression is on day 5-7, and only a slight 
decrease occurs up to day 10. In addition, whereas nearly 
100% of activated T cells become CD25 positive, HML-1 
expression in mitogen-stimulated cultures does not exceed 
50% (Schieferdecker et al., 1990). HML-1 therefore can be 
defined as an activation marker with characteristics shared 
by T-cell differentiation antigens used for the definition of 
memory T cells, that is expressed in vivo only in the environ-
ment of the intestine. 

The function of the antigen recognized by HML-1 is not 
completely understood. The phenotypic data mentioned ear-
lier and the kinetics of expression after activation are indica-
tions that this antigen may define a subset of memory T cells 
located in the intestinal immune system. In one study, tryptic 
peptides cleaved from purified ß chain of HML-1 were se-
quenced and the amino acid sequence was compared with a 
protein data bank, revealing strong homology with the inte-
gral ß chains (Cerf-Bensussan et al., 1992). Although the 
primary structure of the a chain of HML-1 has not been 
determined, these data indicate that HML-1 may be a novel 
human integrin. Integrins mediate cell-cell adhesion and 
binding to extracellular matrix components and, therefore, 
play important roles in lymphocyte homing, differentiation, 
and activation. Preliminary evidence suggests that triggering 
HML-1 with monoclonal antibody was co-stimulatory activ-
ity on human intestinal and peripheral T cells (Sarnacki et al., 
1991; H. Schieferdecker and M. Zeitz, unpublished results). 
Although the natural ligand of HML-1 is not known, HML-
1 might be an important surface molecule in the regulation 
of the local immune response in the intestine. 

D. T-Cell Receptor Expression 
in the Intestinal Mucosa 

More than 95% of the normal intestinal lamina propria T 
cells express the aß T-cell receptor (TcR) heterodimer (Ull-
rich et al., 1990a). Although T cells are found in the human 
epithelium (IEL) as in the mouse, in humans only about 10% 
of small bowel IELs (range: 5-20%) express this receptor. 
In the colon, a much higher proportion of IELs expresses 
γδ receptors (Deusch et al, 1991; Porcelli et al., 1991). Thus, 
in humans the majority of T cells in the mucosa express the 
aß TcR that predominates in the periphery. Using polymer-
ase chain reaction (PCR) amplification for different specific 
Vj8 families, only a few Wß families have been shown to 
predominate in human IELs (Balk et al., 1991; VanKerck-
hove et al., 1992). Further, sequences of VDJC showed evi-
dence of oligoclonality of T-cell clones from human IELs. 
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Results for lamina propria T lymphocytes also showed skew-
ing toward particular families, however, the level of heteroge-
neity was intermediate between peripheral blood and IELs. 
These interesting results suggest that factors may exist in the 
intestinal epithelium, for example, exogenous antigens or 
superantigens perhaps in combination with unique major his-
tocompatibility complex (MHC) determinants expressed in 
the epithelium, that drive selective expansion of specific fami-
lies of T cells. 

III. ACTIVATION OF LAMINA PROPRIA 
T CELLS 

T-cell activation is followed by an early expression of the 
IL-2 receptor on the cell surface. The interaction of the IL-
2 receptor with IL-2 is a critical event in T-cell proliferation, 
differentiation, and function (Greene et al., 1986). Intestinal 
T cells are in close proximity to a large number of antigens 
and substances with mitogenic properties. Therefore, the 
question arises whether lamina propria T cells differ in their 
state of activation from T cells in other sites of the immune 
system. Using Northern blot analysis in nonhuman primates 
to study the transcription of the gene for the IL-2 receptor 
a chain (CD25), mRNA for the IL-2 receptor a chain has 
been shown to be clearly detectable in freshly isolated lym-
phocytes from the intestinal lamina propria whereas, in the 
other populations from the spleen, mesenteric lymph nodes, 
or the peripheral blood, IL-2 receptor mRNA is found only 
after activation in vitro (Zeitz et al., 1988a; Figure 4). 
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Figure 4 IL-2 receptor alpha chain mRNA is present in freshly 
isolated lamina propria lymphocytes. RNA was isolated from HUT 
102 cell line (positive control), resting peripheral blood lymphocytes 
(PBL), mesenteric lymph nodes (MLN), or lamina propria lympho-
cytes (LPL) of a normal nonhuman primate. RNA was also isolated 
from lymphocytes that were activated with concanavalin A (Con A) 
in vitro. Northern blot of total cellular RNA was hybridized with 
probe specific for IL-2 receptor alpha chain. 10/xg of RNA was loaded 
per lane. 

Correspondingly, by flow cytometry, 15% (range; 6-29%) 
of freshly isolated intestinal lamina propria lymphocytes have 
been shown to be CD25 positive, but less than 3% of the 
other lymphocyte populations have that phenotype. CD4+ 

and CD8+ T cells express CD25 to a similar extent. The 
increased CD25 expression of lamina propria lymphocytes 
is correlated with a high proliferative response to low doses 
of IL-2, indicating that the IL-2 receptors are able to trans-
duce the signal after IL-2 binding. In agreement with an 
increased state of activation of lamina propria T cells, these 
cells are able to synthesize high amounts of IL-2 after activa-
tion (Zeitz et al., 1988a). Lamina propria lymphocytes also 
express MHC Class II antigens (Zeitz et al., 1988a) and other 
T-cell activation markers (Peters et al., 1986). Expression of 
CD25 in the lamina propria has been confirmed in humans 
by immunohistology of frozen tissue sections (Ullrich et al., 
1990b) and flow cytometry (Schieferdecker et al, 1990). The 
finding that the mucosal T-cell associated antigen recognized 
by HML-1 is an antigen that can be induced by activation 
further supports the concept of an increased activation of 
lamina propria T cells. The increased state of activation of 
lamina propria T cells may be the result of the continuous 
exposure to antigens and mitogens from the gut lumen. The 
increased state of activation of lamina propria T cells and 
their unique phenotype are accompanied by characteristic 
functional changes after stimulation with antigens in compari-
son with cells from other compartments of the immune 
system. 

IV. LYMPHOKINE PRODUCTION AND 
UTILIZATION BY INTESTINAL T CELLS 

Many of the functions carried out by T cells in the GI 
immune system are thought to be mediated, at least in part, 
by their secreted lymphokines. Therefore, a detailed under-
standing of the lymphokines produced by mucosal T cells is 
necessary to understand their function. Further, alterations 
in the patterns of cytokines produced by mucosal cells may 
be important in the pathogenesis of intestinal disease. Experi-
ments have been carried out to determine whether differences 
exist in the steady-state levels of lymphokine mRNA after 
activation of lymphocytes isolated from different sites of 
normal nonhuman primates (James et al., 1990). Using con-
ventional Northern blots, no specific hybridization with dif-
ferent lymphokine probes was detected in unactivated lym-
phocytes obtained from any site. When lymphocytes from 
different sites were activated with a combination of iono-
mycin and PMA, both mesenteric lymph node and lamina 
propria T cells were found to express high levels of mRNA 
for IL-4 and IL-5, in comparison with cells from peripheral 
blood, spleen, or peripheral lymph nodes (Figure 5). Lamina 
propria lymphocytes also had the highest levels of IL-2 
mRNA, whereas mesenteric lymph node IL-2 mRNA was 
lower. In contrast, interferon y (IFN-y) mRNA was low in 
mesenteric lymph nodes compared with all other sites. Thus, 
intestinal lamina propria lymphocytes have high capacity to 
express IL-2, IFN-y, IL-4, and IL-5 mRNA whereas mesen-
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Figure 5 Northern blot for lymphokine mRNA in intestinal lympho-
cytes. Lymphocytes were obtained from different sites in a normal 
nonhuman primate (1, peripheral blood; 2, spleen; 3, peripheral node; 
4, mesenteric node; 5, lamina propria) and were activated with iono-
mycin and PMA. Total cellular RNA was hybridized with probes 
for IL-2, IFN gamma, IL-4, IL-5, and actin. Activated intestinal 
lymphocytes have high expression of IL-4 and IL-5 mRNA. 

teric lymph node cells have much lower capacity to express 
IL-2 and IFN-y but have a high capacity to express IL-4 
and IL-5 mRNA after activation. The higher potential for 
expression of IL-2 was confirmed at the level of secreted 
proteins in studies of isolated primate lamina propria lympho-
cytes, in which activated intestinal T cells were demonstrated 
to have high production of IL-2 bioactivity (Zeitz et aL, 
1988a). These studies indicate that mucosal T cells may be 
substantially different from T cells in other sites with respect 
to their potential for modulating immune responses; addi-
tional evidence that this is the case is described subsequently. 

The ability of human IELs to produce lymphokines also 
has been examined. IELs isolated from surgically resected 
specimens have an ability similar to that of peripheral blood 
lymphocytes to produce IL-2 and IFNy in response to stimu-
lation with phytohemagglutinin (PHA; Ebert, 1990). Pre-
viously human IELs were shown to proliferate poorly in 
response to mitogens, but the addition of sheep erythrocytes 
or anti-CD2 monoclonal antibodies greatly enhances their 
proliferative responses. Similarly, addition of sheep erythro-
cytes greatly enhances lymphokine production by human 
IELs. These preliminary results indicate that human IELs, 
like murine IELs, have substantial potential for production 
of lymphokines. However, the extent to which lymphokines 
are produced in vivo and their physiological effects in the 
human GI epithelium are unclear. 

Studies also have been carried out to examine the capacity 
of intestinal T-cell populations to use IL-2 or IL-4 as a growth 
factor. The proliferative responses of T cells isolated from 
either mesenteric lymph node or lamina propria were com-
pared with those of T cells from peripheral blood or spleen of 

normal nonhuman primates (James et aL, 1990). Background 
proliferative responses and responses induced by concanava-
lin A (Con A) were not significantly different among the 
different cell populations. Human recombinant IL-2 induced 
dose-dependent proliferative responses of nonhuman primate 
T cells that were highest in T cells isolated from the intestinal 
lamina propria. In contrast, when T cells were cultured with 
recombinant human IL-4 alone, significant dose-dependent 
proliferative responses were not observed in T cells isolated 
from any site. When T cells from peripheral blood, spleen, 
or mesenteric lymph node were cultured with IL-4 and PMA, 
dose-dependent proliferative responses were observed; re-
sponses were highest in T cells isolated from the mesenteric 
lymph node. In contrast, T cells from the lamina propria did 
not exhibit a significant proliferative response to IL-
4 + PMA at any dose, although these cells showed a high 
response to Con A and had the highest responses to IL-2 
alone. These findings suggest that T cells in inductive and 
effector compartments of the mucosal immune system may 
differ in important ways in their responses to lymphokines. 
In particular, IL-4 may be an important autocrine factor in the 
mesenteric lymph nodes for T-cell growth and differentiation, 
whereas IL-2 may be the critical autocrine factor for growth 
and differentiation of T cells in the lamina propria. 

V. IMMUNOREGULATORY FUNCTION OF 
INTESTINAL T CELLS 

As indicated in the introduction the GI immune system is 
confronted with the necessity of responding to or being toler-
ant of various pathogens and antigens in the GI tract. One 
of the ways in which this response is accomplished is through 
regulation of immune responses by T cells. T cells exert their 
regulatory influence (help, suppression) on immunoglobulin 
synthesis, which is the major focus of this section, but also 
exert regulatory influences on other lymphoid and non-
lymphoid cells. These regulatory influences probably are me-
diated in part by the secreted products of T cells and, as 
discussed earlier, evidence suggests that mucosal T cells may 
be characterized by the high potential for production of cer-
tain cytokines after activation. 

In earlier studies, isolated human lamina propria cells were 
found to be similar to peripheral blood cells in the capacity 
to regulate PWM-stimulated immunoglobulin synthesis 
(James et aL, 1985). Lamina propria T cells had a similar 
capacity to provide help, and did not appear to have any 
increased suppressor function in comparison to peripheral 
blood lymphocytes. When lamina propria CD4+ T cells were 
discovered to differ phenotypically from peripheral blood T 
cells (see previous discussion), the helper function of lamina 
propria T cells was re-examined in several ways. For some 
time, researchers have known that immunoglobulin synthesis 
is suppressed in PWM-stimulated cultures at high CD4/B cell 
ratios. This phenomenon is caused by the fact that the CD4+ 

population is heterogeneous, that is, that the CD4+LAM-1" 
population has high helper activity and the CD4+LAM-1 + 

subpopulation, which represents about 60% of CD4+ T cells, 
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suppresses immunoglobulin synthesis (Kanof et al., 1987). 
The in vitro variation of the inhibitory function of CD4+LAM-
1+ T cells with changes in the T cell/B cell ratio may be 
caused by the requirement of the inhibitory effect of these 
cells for direct contact between T and B cells. Further, the 
LAM-1 molecule may be involved in the function of these 
cells since, when the CD4+LAM-1 + subpopulation is treated 
with anti-LAM-1 under conditions that cross-link the mono-
clonal antibody, the suppressor function of these cells is 
enhanced. When CD4+ T cells from the lamina propria were 
studied using similar methods, lamina propria CD4+ cells did 
not suppress immunoglobulin synthesis at high T cell/B cell 
ratios. The ability of these cells to inhibit immunoglobulin 
synthesis was not enhanced by treatment with anti-LAM-1 
(Kanof et al., 1988; Figure 6). The helper and suppressor 
capacity of the CD4+LAM-1" and the CD4+LAM-1+ subpop-
ulations does not appear to be inherently different in the 
lamina propria, since highly purified preparations of these 
two cell types have identical function, whether isolated from 
the lamina propria or peripheral blood (Kanof et al, 1988b). 
Thus, these studies confirm the fact that the predominance 
of CD4+LAM-1" cells in the intestinal lamina propria indi-
cates that their net functional capacity is shifted significantly 
toward helper function in comparison with T cells in the 
peripheral blood. 

The suppressor function of CD8+ lamina propria T cells 
has been studied also. The proportion of CD8+ cells in the 
lamina propria is similar to that in peripheral blood. In PWM-
stimulated cultures, these cells have a similar ability to inhibit 
immunoglobulin synthesis (James et al., 1985). However, 

30001 

2000 H 

t 
O 
ö) 1000 

I 

0.5 

Ratio of CD4 T cells to non-T cells 
Figure 6 Regulatory function of intestinal lamina propria CD4 T 
cells. CD4 T cells from human peripheral blood (D, ♦) or intestinal 
lamina propria (D, O) were cultured with non-T cells and pokeweed 
mitogen (PWM) for 10 days in presence (♦, O) or absence (D, D ) 
of anti-Leu-8 monoclonal antibody. IgG in culture supernatants was 
determined by ELISA. Lamina propria CD4 T cells do not inhibit 
IgG synthesis at high T/B ratios. 

only modest suppressor activity is found unless the cells are 
activated by exposure to a mitogen such as Con A. Currently, 
whether the suppressor function of lamina propria T cells 
differs from that of peripheral blood cells is unclear; however, 
as noted earlier, an increased proportion of CD8+ cells from 
the intestinal lamina propria expresses IL-2 receptors, indi-
cating that these cells are in a more activated state. The 
function of lamina propria CD8+ cells also may differ from 
that of peripheral blood but, as for the studies of CD4+ cells, 
these differences may not become apparent until new and 
more specific methods are identified to study subpopulations 
of suppressor lymphocytes. 

In the studies described in this section using human lamina 
propria CD4+ T cells, no Ig A isotype specificity was ob-
served, that is, no evidence was found that lamina propria 
T cells preferentially augment IgA synthesis rather than IgG 
or IgM (James et al., 1985). This result might seem surprising 
in view of the evidence presented earlier that mucosal T cells 
have high potential for expression of lymphokines such as 
IL-5 that enhance IgA B-cell differentiation (Murray et al., 
1987; Yokota et al, 1987; Harriman et al, 1988). However, 
the evidence suggests that, within the intestinal lamina pro-
pria, the great preponderance of IgA-secreting cells is not 
determined by preferential production of IgA-specific helper 
factors but that the B cells that enter and undergo differentia-
tion in the lamina propria already are committed to IgA pro-
duction. 

Since the studies discussed already indicated significant 
differences in the production and utilization of lymphokines 
by mesenteric lymph node and lamina propria T cells, studies 
were carried out to determine whether these differences 
might result in differences in the regulatory function of these 
T-cell populations (James et al., 1990). First, to evaluate this 
question, the effect of exogenous (recombinant, r) lympho-
kines on the capacity of PWM stimulated human lymphocytes 
to produce immunoglobulin was determined. Both rIL-2 
and rIFNy enhanced immunoglobulin synthesis in a dose-
dependent fashion. In related studies, IL-2 was demonstrated 
to enhance the helper activity of mucosal T cells for immuno-
globulin synthesis (James and Graeff, 1987). In contrast, as 
previously described (Jelinek and Lipsky, 1988), recombi-
nant human IL-4 caused a dose-dependent inhibition of im-
munoglobulin synthesis. This inhibitory effect was reversed 
by addition of recombinant human IFNy. The reversal of the 
IL-4 inhibitory effect by IFNy was observed only at low 
doses of IL-4, and was not observed at high doses of IL-4 
(1000 U/ml). 

These results suggested that lamina propria T cells, which 
express higher levels of IL-2 and IFN-y mRNA, would have 
greater helper function for immunoglobulin synthesis than 
mesenteric lymph node T cells. In other studies, nonhuman 
primate mesenteric lymph node and lamina propria T cells 
were cultured with autologous spleen B cells, alone or in the 
presence of increasing doses of recombinant human IL-4. 
Significantly more immunoglobulin was produced in cultures 
containing lamina propria T cells than mesenteric lymph node 
T cells, and the helper effect of lamina propria T cells was 
less inhibitable by exogenous IL-4 (James et al., 1990). In 
summary, these studies of the immunoregulatory potential 
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of lamina propria T cells in vitro indicate that such cells 
have high potential for helper activity, consistent with their 
phenotypic characteristics and potential for lymphokine gene 
expression discussed previously. 

VI. T CELL ANTIGEN-RECEPTOR 
TRIGGERED FUNCTION OF 
INTESTINAL LYMPHOCYTES 

Many of the functional studies described so far have relied 
on the activation of lymphoid cells using mitogens to study 
their function. This approach to the study of lymphocytes 
might not necessarily be representative of the outcome of 
exposure of lamina propria lymphocytes to specific antigens 
or pathogens. Therefore an animal model was established to 
examine this question in more detail. The function of lympho-
cytes isolated from the intestinal lamina propria of nonhuman 
primates with rectal infection with Chlamydia trachomatis 
(Serovar L2; lymphogranuloma venereum) was studied 
(James et al., 1987b; Zeitz et al., 1988b). This infectious 
model is of particular interest because the histopathological 
features of lymphogranuloma venereum bear a striking re-
semblance to those of Crohn's disease of the colon. As ex-
pected, T cells from peripheral blood, spleen, mesenteric 
lymph nodes, and particularly draining lymph nodes had a 
significant proliferative response when exposed to C. tracho-
matis antigens. However, T cells isolated from either the 
involved rectum or distant sites in the lamina propria did 
not exhibit a proliferative response when challenged with 
chlamydial antigens, although they did proliferate in response 
to mitogens such as Con A (Figure 7). This failure of lamina 
propria T cells to exhibit antigen-specific proliferative re-
sponses in lymphogranuloma venereum is not because of the 
absence of functional antigen-presenting cells or the presence 
of suppressor cells. Further, this finding may be a more gen-
eral aspect of T-cell function in the lamina propria, since 
similar results were obtained in studies of animals rectally 
immunized with Bacillus Calmette-Guerin (BCG). Other lines 
of evidence also indicate that TcR-triggered activation of 
lamina propria lymphocytes may differ from that of circulat-
ing T cells. Anti-CD3-mediated activation of lamina propria 
lymphocytes is markedly lower than that of peripheral blood 
lymphocytes, but activation through the CD2 alternative 
pathway is normal in lamina propria lymphocytes (Qiao et 
al, 1991). The most interesting aspect of these studies was 
that, although T cells from the lamina propria were unable 
to proliferate in response to antigens, antigen-specific T cells 
are present in this site, as was shown by experiments in 
which lamina propria T cells exposed to specific antigens 
could provide help for immunoglobulin synthesis (Figure 7). 
Thus, antigen-specific T cells are present in the intestinal 
lamina propria but, at least in certain circumstances, they 
have lost the capacity for proliferation while retaining the 
capacity to mediate helper function on antigen stimulation. 
An important implication of this study is that T-cell prolifera-
tion may not be a suitable test for the presence of antigen-
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Figure 7 Antigen-specific proliferation of intestinal lamina propria 
lymphocytes (LPL) and antigen-induced production of helper factors 
by lamina propria T cells. Lymphocytes from the peripheral blood 
(PBL), the spleen, mesenteric lymph nodes (MLN), or the intestinal 
lamina propria (LPL) were isolated from nonhuman primates infected 
with Chlamydia trachomatis. Cell populations were stimulated with 
chlamydial antigens in vitro, and proliferation was measured by 
[3H]thymidine incorporation (delta cpm; left). Spleen B cells from 
infected animals were cocultured with T cells from uninfected ani-
mals (control) or infected animals (LGV-inf) and cultures were stimu-
lated either with pokeweed mitogen (PWM) or with chlamydial anti-
gens (LGV). IgG production was measured in culture supernatants 
(right). Lamina propria T cells from immune animals do not prolifer-
ate but do provide help for Ig synthesis in the presence of chlamydial 
antigens. 

specific T cells in sites of active mucosal inflammation, and 
tests of T-cell function may be required to demonstrate the 
presence of antigen-specific T cells. 

VII. CYTOTOXIC FUNCTION OF 
INTESTINAL LYMPHOCYTES 

Cytotoxic lymphocytes might play an important role in the 
function of the intestinal immune system and in the pathogen-
esis of intestinal disease in several different ways (James 
and Strober, 1986). First, cytolytic cells might play a role in 
injuring, either directly or indirectly via a bystander effect, 
any of the following cells: infectious organisms, neoplastic 
cells, infected cells, normal epithelial cells, altered epithelial 
cells, or stromal cells of the intestine. Second, the absence 
or inhibition of function of cytolytic cells might have a nega-
tive role in a disease state, because absence or a deficiency 
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of activity might cause a local immunodeficiency state. Third, 
cytolytic cells might have indirect effects through their inter-
actions with other cells of the GI immune system. Several 
different lymphocyte-mediated cytotoxic mechanisms might 
be active in the intestine, including NK cell cytotoxicity, 
antibody-dependent cellular cytotoxicity, T-cell mediated cy-
totoxicity, and, finally, lymphokine activated killer cell cyto-
toxicity. Both phenotypic and functional studies are consis-
tent with the conclusion that the effector cells of NK and 
antibody-dependent all cytotoxicity activity are infrequent 
in the intestinal lamina propria (James and Graeff, 1985). On 
the other hand, evidence suggests that T-cell cytotoxicity 
plays an important role in immune function in the intestine. 
T-cell cytotoxicity is typified by the classical cytotoxic T 
lymphocyte (CTL) assay, in which the cytolytic effector cell 
specifically recognizes specific antigen in the context of HLA 
Class I determinants. Based on discussion of lymphocyte 
phenotypes in the intestine, clearly T cells are present with 
the typical markers of cytolytic T cells. However, showing 
experimentally that functional cytolytic T cells are present 
in this site has been much more problematic. To demonstrate 
this function, one must not only obtain functional mucosal 
lymphocytes, but also have an assay system that utilizes a 
target cell with the appropriate antigenic and HLA determi-
nants, a requirement that is usually not possible in human 
experiments. In animal modes, demonstrating the presence 
of antigen-specific cytolytic T cells during viral infection (Is-
sekutz et al., 1984) and in animals immunized with alloanti-
gens (Klein and Kagnoff, 1987) has been possible. To date, 
however, no convincing demonstration has been made of 
antigen-specific cytolytic T-cell function in humans. How-
ever, progress in our understanding of cytolytic T-cell func-
tion may allow for the study of these cells without actually 
knowing the antigen or MHC specificity of the effector cell. 
When cytolytic T cells are exposed to monoclonal anti-CD3 
antibodies and target cells that are capable of binding the 
monoclonal antibody via Fc receptors, the effector cell is 
triggered to lyse the target cell without a requirement for 
MHC or antigenic specificity (Phillips and Lanier, 1986). Sim-
ilarly, lectins such as PHA can trigger the same process, 
although this triggering is not limited to that of cytolytic T 
cells. Thus, the previous demonstration that the intestinal 
mucosa contains cells capable of mediating lectin-dependent 
cytotoxicity is indirect evidence that the intestinal mucosa 
contains cytolytic T cells (MacDermott et al., 1980). These 
observations have been extended further by the demonstra-
tion of anti-CD3-triggered cytotoxicity mediated by intestinal 
lymphocytes (Shanahan et al., 1988). Interestingly, periph-
eral blood CD8+ lymphocytes that mediate CD3- or lectin-
triggered cytotoxicity are primarily Leu-7 positive, whereas 
this phenotypic marker is infrequent on intestinal lympho-
cytes, suggesting that the frequency of this cytolytic T-cell 
type is very low in the lamina propria or, more likely, that 
in the intestine cytolytic T cells may not express this antigen. 
The physiological significance of these findings is uncertain 
at present, since the in vitro experiments only indicate that 
cells with potential for cytolytic function are present in the 
intestine. Whether these cells are triggered normally or during 

disease processes remains to be shown. Speculating that this 
form of non-antigen-specific killing may be important is inter-
esting; for example, bacterial products might trigger killing 
of innocent bystander cells under certain conditions. 

VIM. SUMMARY 

The findings presented in this chapter provide substantial 
evidence that lymphocytes in the intestinal lamina propria 
differ from lymphocyte populations in the circulation or in 
other tissue sites in a number of ways. First, lamina propria 
lymphocytes are phenotypically distinct because few of 
these cells normally express the LAM-1 or CD45RA antigens. 
The presence of these molecules on CD4+ T cells correlates 
with suppressor and suppressor-inducer function. Therefore 
the majority of CD4+ T cells in the intestinal lamina propria 
has the phenotype associated with high helper activity. A 
substantial proportion of lamina propria lymphocytes also 
shows evidence of activation, based on expression of the IL-
2 receptor a chain and HLA-DR molecules. Lymphocytes 
in the intestinal lamina propria are different in their potential 
for expression of lymphokine gene products, since activated 
cells from the lamina propria have high expression of mRNA 
for IL-2, IL-4, IL-5, and IFN y in comparison with circulating 
lymphocytes. Mesenteric lymph node T cells also differ from 
circulating lymphocytes in their high expression of IL-4 and 
IL-5 mRN A. An additional difference between mesenteric 
lymph node and lamina propria T cells is that the former are 
capable of proliferating in response to IL-4, whereas the latter 
are not. These phenotypic and mRNA differences of lamina 
propria lymphocytes also correlate well with their high helper 
activity for immunoglobulin synthesis in vitro in the PWM 
system. T cells with the potential for cytolytic activity are 
present in the intestinal lamina propria, although as yet no 
definitive evidence exists that they are cytolytically active 
under physiological or pathological conditions. Finally, in 
a model system of intestinal inflammation (lymphogranuloma 
venereum in nonhuman primates), lamina propria T cells at 
the site of inflammation were unable to respond to specific 
antigens with proliferation but did respond with high helper 
activity. These observations are all consistent with the con-
clusion that T cells in the lamina propria are pleomorphic, 
but are highly enriched for subpopulations of activated mem-
ory cells that are geared for effector functions such as helper 
and cytolytic functions. These functions are likely to be criti-
cal in maintaining normal host defense in the mucosal envi-
ronment. 
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I. INTRODUCTION 

Intraepithelial lymphocytes (IELs) constitute the first im-
mune cell line of defense in the intestine, that is, IgA in the 
intestinal lumen is likely to represent the first immunological 
defense encountered by an intestinal pathogen, followed by 
the anti-invasive glycocalyx of the intestinal mucosa. Any 
organism that was able to traverse these barriers could en-
counter IELs, which are interspersed between the columnar 
epithelial cells of the villi in the small and large intestine 
(Figure 1). Thus, infection of the epithelium with the subse-
quent expression of peptidic foreign antigen associated with 
major histocompatibility complex (MHC) molecules could 
result in IELs mounting an immune response. Alternatively, 
IELs could respond directly to foreign antigens such as intact 
bacteria. However, the precise in vivo function of IELs re-
mains elusive. This chapter highlights the most recent find-
ings in this area and presents the current questions being 
addressed in IEL research. 

II. PHENOTYPE OF 
INTRAEPITHELIAL LYMPHOCYTES 

A. T-Cell Receptor Expression 

As can other T cells, IELs can be subdivided into two 
classes based on T-cell receptor (TcR) type: those expressing 
aß TcRs and those expressing γδ TcRs. However, mouse 
small intestinal IELs (Bonneville et al., 1988; Goodman and 
Lefrancois, 1988) and human large intestinal IELs (Deusch 
et al., 1991) contain much higher percentages of γδ Τ cells 
than do other lymphoid sites. Mouse IEL populations can 
contain 20-80% γδ Τ cells and human large intestinal IEL 
isolates contain, on average, 37% (range: 13-87%) γδ Τ cells. 
Human small intestinal IELs are composed of ~10% γδ Τ 
cells (mean 13% of 28 samples; Jarry et al., 1990), but this 
percentage is considerably higher than that observed in lam-
ina propria (<l-5%), indicating that γδ Τ cells exhibit a 
predilection for the intestinal mucosa, regardless of their 
location along the intestinal tract. Although a monoclonal 
antibody (MAb) specific for the rat γδ TcR has not yet been 
described, studies using anti-CD3 and anti-αβ TcR MAbs 

suggest that yb T cells constitute 10-50% of rat small intesti-
nal IELs (Viney et al, 1989/1990; Vaage et al, 1990; Fang-
mann et al., 1991). In addition, γδ Τ cells constitute a large 
percentage of IELs in the chicken (Bucy et al., 1988) and in 
ruminants (Hein and MacKay, 1991). The factors controlling 
IEL subset ratios in the various species are not known. The 
demonstration that human large intestine contains signifi-
cantly higher percentages of γδ Τ cells than human small 
intestine (although these values were not obtained from the 
same donors) suggests species-specific as well as organ-spe-
cific factor involvement in the control of IEL subpopulations. 

B. CD4 and CD8 Expression 

An interesting characteristic of IELs is their predominant 
expression of CD8. In the mouse >90% of IELs are CD8+, 
irrespective of TcR expression (Parrot et al., 1983; Goodman 
and Lefrancois, 1989). Human TcR aß IELs are primarily 
CD8+but CD4+ CDS" and CD4" CD8" TcR γδ IELs can be 
detected. Human peripheral blood γδ Τ cells are ~25% CD8 + 

whereas human γδ IELs are 50-80% CD8+ (Trejdosiewicz et 
al., 1989; Jarry etaL, 1990; Deusch et al., 1991). Predominant 
CD8 expression implies that IELs will react with antigen in 
a class I MHC-restricted fashion, which has been demon-
strated for some aß IELs but not for γδ IELs (see subsequent 
discussion). 

Although most IELs are CD8+, a significant percentage 
expresses CD4 and CD8 (double positives, DPs). DPs have 
been noted for mouse (Mosleyei al., 1990a; Lefrancois, 1991) 
and rat IELs (Fangmann et al., 1991). In the latter, 30% of 
the IELs are CD4+CD8+. In the mouse, ~10% of aß IELs 
are CD4+CD8+, but in some experiments >80% of aß IELs 
are CD4+CD8+ (Lefrancois, 1991a; Table I). Outside the 
thymus, the gut is the only site in which substantial numbers 
of CD4+CD8+ T cells can be found. In contrast to the major-
ity of thymic DPs, intestinal DPs express high levels of TcR. 
Moreover, intestinal DPs lack the CD8 ß chian (Ly3), which 
further distinguishes them from their thymic CD8/3+ counter-
parts (Lefrancois, 1991a). Double-positive IELs are constitu-
tively cytolytic but do not proliferate in response to anti-
TcR MAb stimulation (Gramzinski et al., 1993). Thus, 
CD4+CD8 + IELs appear functionally mature in some re-
spects. Determining whether intestinal DPs serve as develop-

Copyright © 1994 by Academic Press, Inc. 
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Figure 1 Localization of γδ intraepithelial lymphocytes (IELs). Frozen sections of mouse small 
intestine were reacted with the GL3 MAb followed by incubation with a peroxidase-labeled anti-
hamster Ig reagent and development with DAB. Arrows indicate IELs. LP, lamina propria. 

mental intermediates during IEL differentiation is an area of 
current study. 

C. T-Cell Differentiation Antigens; A Partial List 

1. Thyl 

In contrast to the vast majority of other mouse peripheral 
T cells, a substantial proportion of IELs lacks Thyl (Parrot 
et al., 1983). Roughly 20% of aß IELs and 70% of γδ IELs 
are Thyl~ (Table I). Freshly isolated IELs are constitutively 
cytolytic, as measured by a redirected lysis assay (Goodman 
and Lefrancois, 1989). The majority of such cytolytic activity 
is confined to the Thyl+ subset of either γδ or aß IELs, 
although some controversy exists over this point (Viney et 
al., 1989/1990; Guy-Grand^/., 1991a). In our hands, Thyl+ 

IELs exhibit at least 100-fold greater cytolytic activity than 
Thyl" IELs. The IEL population of germ-free mice is com-
posed primarily of γδ Τ cells that are Thyl - and weakly or 
non-cytolytic. After introduction of these animals into non-
germ-free conditions, IELs begin to express Thyl and, simul-
taneously, become cytolytically active (Lefrancois and 
Goodman, 1989). Additionally, substantial numbers of aß 
IELs infiltrate the epithelium and the number of γδ IELs 
increases (Bandeira et al., 1990b; T. Goodman and L. Lefran-
cois, unpublished results). These results suggest that Thyl 
expression and cytolytic activity of IELs are inducible by 
environmental antigens, likely to be derived from bacteria 
colonizing the gut. Moreover, gut colonization results in 
the expansion or the recruitment of aß IELs. Whether 
these effects are the result of direct activation of IELs via 
antigen-TcR interactions remains to be demonstrated. 
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Table I Relative Frequencies of Intraepithelial 
Lymphocyte Subpopulations" 

TcR yd IEL subset (%) TcR aß IEL subset (%) 

Thyl+ CD48 + Ly3~ 26 ± 5 Thyl+ CD4"8+ Ly3+ 50 ± 17 
CD5- CD5 + 

Thyl" CD4"8+ Ly3~ 74 ± 5 Thyl+ CD48+ Ly3" 33 ± 19 
CD5" CD5" 

Thyl" CD4"8+ Ly3" 14 ± 3 
CD5-

Thyl" CD48+ Ly3+ 4± 3 
CD5-

Thyl+ CD4+8+ Ly3~ 9 ± 8 
CD5 + 

a IELs from a minimum of eight experiments using at least three 
mouse strains were analyzed for the expression of the indicated 
determinants by two- and three-color fluorescence flow cy tome try. 

We have attempted to duplicate this differentiation scheme 
in vitro. Thyl ~ IELs were purified by fluorescence activated 
cell sorting (FACS) and stimulated in vitro with anti-TcR 
MAb. In response to anti-CD3 stimulation in the presence 
of interleukin 2 (IL-2), Thyl ~ noncytolytic IELs proliferated, 
acquired cytolytic activity, and began to express Thyl (Fig-
ure 2; Gramzinski et al., 1993). However, CD5 and CD80 
were not induced by activation. The in vitro differentiated 
population therefore phenotypically resembled the Thyl + 

CD8jS"CD5" IEL subset expressing either TcR subtype (Ta-
ble I). In vivo reconstitution experiments using highly purified 
IEL subsets will be required to determine whether these 
results represent an in vitro correlate to IEL differentiation 
in vivo. 

2. CD8/3 

The absence of CD8/3 (Ly3) on subsets of IELs has been 
known for some time (Parrot et al., 1983). Multicolor fluores-
cence analysis has been employed to demonstrate that all γδ 
IELs and -50% of aß IELs are CD80" (Table I; Lefrancois, 
1991a). Human CD8+ γδ IELs are also predominantly CD8/T 
(Jarry et al., 1990). Interestingly, those CD4CD8- γδ Τ 
cells from thymus or spleen that are induced to express CD8 
are also CD8/3", suggesting that γδ Τ cells in general are 
unable to synthesize or express CD8/3 (Cron et al., 1989; 
MacDonald et al., 1990a). 

CD8 exists as a cell-surface complex, usually dimers, of ß 
chains associated with a or a' chains (Ledbetter and Seaman, 
1982). The a' chain lacks a portion of the cytoplasmic tail 
that the a chain contains, but is otherwise identical to the a 
chain. The a but not the a' chain is sufficient to allow signal 
transduction via CD8 (Zamoyska et al., 1989). Since many 
IELs are CD8/3", we determined which a chain type was 
expressed by these cells. IELs expressed CD8a but little 
CD8a' compared with thymocytes, which expressed roughly 
equivalent quantitites of a and a' (Figure 3; CD8/3 is difficult 
to label). These results are worth considering in light of the 
finding that anti-CD8 MAbs greatly inhibit anti-TcR MAb-
triggered CD8+ lymph node T-cell proliferation, but only 
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Figure 2 In vitro differentiation of Thy 1" intraepithelial lymphocytes 
(IELs). Thyl" IELs were purified by removal of Thyl+ cells by 
fluorescence-activated cell sorting. Thyl" IELs were stimulated in 
vitro with immobilized anti-CD3 in the presence of IL-2 for 5 days. 
The cells were analyzed for the indicated determinants before and 
after culture. 

marginally inhibit Thy 1 - IELs and do not inhibit Thy 1+ IEL 
proliferation (see subsequent discussion). This apparent lack 
of signal transduction does not appear to be the result of the 
predominant use of a' chains by IELs or the lack of associa-
tion of IEL CD8 with the src-like kinase p56/c* that is involved 
in TcR-CD8 signal transduction (Gramzinski and Lefranqois, 
unpublished observations). 

3. CD5 

Whereas virtually all peripheral T cells and thymocytes 
express CD5 to some degree, certain IEL subsets do not. 
Mouse (Lefrancois, 1991a) and human γδ IELs lack CD5 
(Trejdosiewicz et al., 1989; Jarry et al., 1990), in contrast to 
peripheral γδ Τ cells. Further, approximately 50% of mouse, 
rat (Fangmann et al., 1991), and human aß IELs are CD5~ 
(Table I). CD5 expression does not appear to correlate with 
Thyl or CD8ß expression. The functional significance of the 
absence of CD5 is unknown. However, a ligand for CD5 has 
been identified as the CD72/Lyb-2 B-cell surface protein (Van 
de Velde et al., 1991). Perhaps the lack of IEL CD5 expres-
sion reflects the lack of a necessity for IEL-B cell interac-
tions. Alternatively, other IEL-specific interaction molecules 
may be present but remain unidentified. 

4. CD45 

The CD45 antigens are a family of high molecular weight 
glycoproteins (170-260 kDa) that are expressed exclusively 
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Figure 3 Biochemical analysis of intraepithelial lymphocyte (IEL) 
CD8. CD8 was immunoprecipitated from surface-labeled thymocytes 
(lane 2) or IELs (lane 3) and analyzed by SDS-PAGE. 

by hematopoietic cells. The intracytoplasmic domain of CD45 
is a tyrosine phosphatase thought to play a role in a signal 
transduction cascade involving CD4/CD8, p56lck, and TcR 
(Clark and Ledbetter, 1989). The function of the CD45 extra-
cellular domain is not known, but the B lymphocyte adhesion 
molecule CD22 has been shown to interact with T-cell CD45 
(Stamenkovic et al., 1991). Eight CD45 isoforms are possible 
that are generated by alternative mRNA splicing of three 
exons (4,5, and 6) near the 5' end of the CD45 gene (Thomas 
and Lefrancois, 1988). Antigenic determinants encoded by 
these exons or expressed on subsets of CD45 molecules (e.g., 
carbohydrate antigens) are termed CD45-restricted determi-
nants (CD45R). Distinct CD45 isoforms are expressed in a 
developmentally regulated fashion during T-cell differentia-
tion. CD8+ peripheral T cells can be distinguished from CD4+ 

T cells by CD45 isoform type; the CD4+ subset can be subdi-
vided further by CD45 isoform expression (Lefrancois and 
Goodman, 1987; Bottomly et al., 1989). In addition to iso-
forms generated via mRNA splicing, other modifications of 
CD45 occur that can be detected by MAbs or biochemical 
analysis. Examples of these modifications are the CT1 and 
M371 determinants, which are carbohydrate-dependent 
CD45 epitopes (Lefrancois, 1987; Kilshaw and Baker, 1989). 
CT1 is expressed by early fetal thymocytes and by activated 
CD8+ cytotoxic T lymphocyte (CTL) clones in vitro. Interest-
ingly, CT1 is expressed at high levels by a subset of Thy 1" 
IELs of either TcR type (Goodman and Lefrancois, 1989). 
Thus, the only in vivo sites of CT1 expression are the fetal 
thymus and the gut. One could speculate that a functional 
link exists between CT1 expression in these sites, since T-
cell differentiation occurs in the fetal thymus and is likely to 
occur in the intestinal mucosa (see subsequent discussion). 

CD45 isoform expression by human and mouse IELs has 
been analyzed using MAbs and molecular techniques. Mouse 
IELs express a 260-kDa isoform that is not generated by 
mRNA splicing but appears to be the result of hyperglycosy-
lation of the molecule (Goodman et al., 1990). This form is 
not present in significant quantities on other T cells. The 
polymerase chain reaction (PCR) and restriction mapping of 
the resulting products were used to analyze mouse IEL CD45 
alternative exon usage. Three mRNA isoforms were de-
tected: one utilizing a single variable exon (exon 5) and two 
containing two variable exons (exons 4 and 5 or exons 5 and 
6). In addition, MAbs specific for exon 4-encoded determi-
nants (generally B-cell specific) react with a subset of IELs. 

Human IELs have been shown to express CD45 determi-
nants that generally are associated with activated T cells. 
The majority of human IELs are CD45RO (no expression of 
alternative exons) and CD45RA", in contrast to peripheral 
T cells which are ~50% CD45RO and ~50% CD45RA+ (Hal-
stensen et al., 1990). CD45RA+ T cells are thought to be 
naive whereas CD45RO cells are memory or activated cells. 
These results agree with those demonstrating that fresh 
mouse IELs are constitutively cytolytic, implying that they 
are activated in situ. The antigens involved in this activation 
process have not been identified. 

5. IEL-Specific Integrin Expression 

The MAb M290 stains ~90% of mouse IELs and ^20% of 
CD8+ lymph node T cells, although to a much lower intensity 
than that obtained with IELs (Kilshaw and Murant, 1990). 
M290 does not react with significant numbers of CD4+ lymph 
node T cells or with B cells. M290 immunoprecipitates from 
IELs a complex of 3-4 proteins with apparent molecular 
weights similar to those of previously described integrins. 
N-Terminal sequences of the mouse M290 120-kDa ß subunit 
and the βη integrin chain have been shown to be identical 
(Yuan et al.f 1991). However, βΊ mRNA expression does 
not correlate with M290 expression, since B cells and spleen 
cells have high levels of βη mRNA. The βη subunit is likely 
to be utilized by lymphocytes other than IELs and the M290 
MAb is likely to react with the a subunit of the IEL integrin 
(Yuan et al., 1991). 

Human and rat IELs appear to express a molecular com-
plex similar or identical to that recognized by the M290 MAb. 
In the human, the HML-1 antigen is expressed by ~90% of 
IELs but also is found on ~40% of lamina propria T cells, 
primarily of the CD8+ subset (Cerf-Bensussan et al., 1987). 
Outside the intestine, HML-1 is expressed on few lymphoid 
cells. However, HML-1 is inducible on peripheral blood T 
cells by mitogen or antigen activation (Schieferdecker et al., 
1990). HML-1 has been shown to recognize an antigen identi-
cal to that recognized by the MAbs B-ly7, Ber-Act8, and 
LF61. B-ly7 was generated against a hairy cell leukemia cell 
line (HCL); all these MAbs react with the majority of HCL 
lines (Kruschwitz et al., 1991). The MAbs immunoprecipitate 
a trimeric 150/125/105 kDa complex similar to that immuno-
precipitated by M290 from mouse IELs, although M290 also 
precipitated several proteins of lower Mr. In the rat, the 
cellular distribution and biochemical characteristics of the 
antigens recognized by the RGL-1 MAb are similar to those 
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of the HML-1 and M290 antigens (Cerf-Bensussan et al., 
1986). Interestingly, RGL-1 reacted with a high percentage 
of rapidly dividing cells in the mesenteric lymph node and 
the thoracic duct. These cells are thought to be immediate 
precursors of IELs (probably of the aß TcR type) and other 
intestinal T cells. Overall, the results indicate that IELs are 
likely to use adhesion structures that share common subunits 
with other lymphocyte integrins but also contain subunits 
restricted in expression to IELs and their precursors. These 
complexes may be involved in homing of IELs to the gut 
mucosa or may play a role in IEL adherence to the basement 
membrane during residence in the gut. Since IELs turn over 
much less rapidly than the villous epithelial cells that are 
sloughed into the intestinal lumen every few days, IELs re-
quire a specific mechanism to remain in the villi as the epithe-
lium migrates "over" them. Histological analysis generally 
shows IELs to be closely apposed to the basement mem-
brane, where they may interact specifically with components 
of that structure. 

III. MATURATION AND SELECTION OF 
INTRAEPITHELIAL LYMPHOCYTES 

A. γδ Τ Cells 

1. Origin 

Studies using nude mice and thymectomized bone marrow 
or fetal liver irradiation chimeras have demonstrated that a 
significant proportion of mouse γδ IELs is extrathymically 
derived (Bonneville et al., 1990; DeGeus et al, 1990; Lefran-
cois et al., 1990; Mosley et al., 1990b; Bandeira et al., 1990a; 
Guy-Grand et al., 1990a). In our hands, Thyl+ and Thyl" 
γδ IEls are generated in ATXBM mice. Thyl+ γδ IELs can 
be found in some but not all nude mice. These results indicate 
that Thy 1 expression is not necessarily linked to thymic deri-
vation. Prior to T cell colonization of the thymus at 11 days of 
mouse fetal ontogeny, Vy5 rearrangements (the predominant 
Vy region utilized by IELs) can be detected in fetal gut and 
liver, indicating that extrathymic y TcR rearrangement can 
occur (Carding et al., 1990). In addition, the recombination 
activating gene 1 is expressed by IELs (subset analysis was 
not performed), albeit at much lower levels than in thymo-
cytes (Guy-Grand et al., 1991b). Thus, significant extrathy-
mic maturation of γδ IELs occurs in the mouse intestine. 
Studies of rat IELs have demonstrated that the majority are 
thymus-derived and express the aß TcR (Viney et al., 1989/ 
1990; Vaage et al., 1990; Fangmann et al., 1991). However, 
a thorough analysis of γδ IEL maturation in the rat has not 
been performed, in part because of the lack of an anti-γδ 
TcR MAb. Whether γδ IELs mature before or after arrival 
in the intestine and what other cell types are involved in the 
maturation (e.g., intestinal epithelial cells) is currently being 
studied. 

2. TcR V Region Expression 

Mouse γδ IELs express a restricted set of Vy and Vö 
regions. Vy5 is expressed by 50-80% of γδ IELs as detected 

by MAb binding. The MAb GL5 is Vy5 specific and reacts 
with IELs from all mouse strains except four that contain a 
polymorphism in the Vy5 region that results in a single amino 
acid change (Goodman et al., 1992). A small percentage of 
IELs, ~5%, expresses Vy2 whereas Vy3 expression cannot 
be detected by a Vy3-specific MAb. PCR analysis and DNA 
sequencing revealed that significant numbers of in-frame Vy4 
mRNAs were present in IELs (Asarnow et al., 1989; Taka-
gaki et al., 1989). for the most part, other Vy regions do not 
appear to be utilized by IELs. 

The expression of Vö regions is somewhat more extensive 
than that of Vy regions. Using the MAb GL2, which is νδ4-
specific, we have shown that νδ4 is expressed by 15-60% 
of γδ IELs, depending on the mouse strain (see subsequent 
discussion). Two-color analysis using the GL5 and GL2 
MAbs indicates that virtually all the Vö4+ subset is contained 
in the Vy5+ population, whereas significant numbers of 
Vy5+/V64" IELs are observed (L. Lefrancois and T. Good-
man, unpublished results). Other νδ-specific MAbs are not 
available at this time. However, Northern blot and PCR anal-
ysis reveals that νδ6 is used frequently whereas Vö5 and 
νδ7 are utilized at lower frequencies. V61, 2, and 3 are not 
expressed in significant quantities. 

Unlike the γδ TcRs expressed by dendritic epidermal cells 
of the skin and the reproductive tract, IEL TcR sequences 
contain significant junctional diversity. Non-germ-line en-
coded (NGE) nucleotides and shortened V and J ends are 
present in the rearranged y gene sequences, resulting in a 
great deal of junctional diversity (Asarnow et al., 1989; Taka-
gaki et Ö/., 1989). The various mechanisms for generating 
junctional diversity are used extensively in δ gene re-
arrangements, including use of multiple D and different J 
segments, insertion of NGE nucleotides, and imprecise join-
ing. Thus, γδ IELs have the potential to react with a large 
array of antigens, which may be required to respond to the 
bacteriological load of the intestine. 

The genetics of human γδ IELs has not been extensively 
studied. One report claimed that the relative percentages of 
Vy9+ and Vy2+ (these chains preferentially associate) IELs 
from the small intestine are similar to those present in periph-
eral blood γδ cells (Jarry et al., 1990). Also, γδ IELs utilize 
primarily the non-disulfide-linked form of the TcR, in contrast 
to peripheral γδ cells which use the disulfide-linked form 
(Spencer et al., 1989). In the colon, an average of 70% of γδ 
IELs uses the νδΐ gene segment, compared with 40% of γδ 
peripheral blood T cells (Deusch et al., 1991). Moreover, 
whereas ~60% of γδ peripheral blood T cells uses Vy9 and 
νδ2, only ~20% of colonic IELs expresses these V regions. 
The J region usage of the Vö2+ IELs was also distinct from 
that of peripheral γδ Τ cells; the Ιδΐ segment was used much 
less frequently by IELs than by peripheral γδ Τ cells. The 
junctional diversity of colonic γδ TcRs has not been analyzed. 

In sum, γδ IELs utilize a restricted subset of V regions 
and, on rearrangement, significant junctional diversity is gen-
erated. Further diversity is produced by differing combina-
tions (e.g., νδ4-Vy 5; Vö6-Vy 5). The results from the genetic 
analysis of human and mouse γδ IELs further strengthen the 
likelihood that a distinct γδ lineage exists that preferentially 
localizes to the intestinal mucosa. 
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3. γδ TcR Selection 

Although the preferential use of V regions suggests an 
ongoing selection process, such a mechanism has not been 
demonstrated. However, in the case of V64+ mouse IELs, 
extrathymic positive or negative selection can occur (Lefran-
cois et al., 1990). Using recombinant inbred and congeneic 
mouse strains we demonstrated that positive selection of 
V64+ IELs is dependent on the presence of Class II MHC 
I-E moelcules, particularly I-Ek. νδ4 + IELs increase from 
~30% in I-E strains to ~60% of total γδ IELs in I-Ek strains. 
However, IELs from AKR/J mice (also I-Ek) are of the 
y§4iow phenotype. We have shown that this phenotype is the 
result of an active negative selection of νδ4 + IELs in this 
strain (L. Lefrancois, unpublished results). Non-MHC anti-
gens appear to be involved in νδ4+ IEL selection, but these 
antigens have not been identified. Many instances of I-E-
dependent selection of T cells expessing various Vß regions 
have been reported; in many cases, retro viral superantigens 
derived from mouse mammary tumor virus are responsible 
for the selection (reviewed by Acha-Orbea and Palmer, 1991). 
Perhaps viral or bacterial superantigens are involved in γδ 
IEL selection as well. 

An interesting aspect of Vö4+ IEL selection is the fact 
that the selection requires Class II MHC expression but the 
selected IELs are CD8+. Although CD8+ IELs might be 
expected to be Class I MHC restricted, selection by Mis (i.e., 
viral superantigens) also has been shown for peripheral CD8+ 

αβ Τ cells to be Class II I-E dependent (MacDonald et al., 
1990b). Thus, superantigen selection appears to bypass the 
normal accessory molecule restriction of a particular T cell 
subset, yet data obtained from mice lacking Class I MHC 
because of disruption of the ß-2 microglobulin gene also 
should be considered. IELs from these animals contain ap-
parently normal numbers of CD8+ γδ Τ cells, whereas CD8+ 

aß IELs are essentially absent (Raulet et al., 1991). More-
over, IELs from these mice express their normal complement 
of TcR V regions. Thus, Class I MHC does not appear to be 
involved in the generation of γδ IELs, but this finding does 
not preclude the possibility that γδ IELs react with antigens 
in the context of Class I MHC. Since these cells do not 
mature in the thymus where most Class I MHC-based selec-
tion occurs, alternative selection mechansims are likely to 
be in place for γδ IELs. 

The latter possibility is strengthened by studies of IELs 
in mice expressing an alloantigen-specific transgenic γδ TcR 
(Barrett et al., 1992). In mice expressing this transgene and 
the selecting alloantigen, γδ Τ cells are deleted in the thymus 
and spleen. However, IELs with normal receptor levels are 
present in these animals that are unresponsive to activation. 
As the mice age, these anergic self-reactive IELs gradually 
diminish in number. Thus, selection of γδ Τ cells in epithelial 
tissue appears to be dependent on induction of clonal anergy 
with eventual deletion. 

B. aß T Cells 

1. Origin 

In contrast to γδ IELs, most aß IELs require the thymus 
for maturation. However, some variable extrathymic produc-

tion of aß IELs appears to occur. In thymectomized irradi-
ated bone marrow chimeras, significant numbers of donor-
derived aß IELs were detected in some animals but not in 
others. In nude mice, aß IELs are found rarely (Bandeira 
et al., 1990b; Bonneville et al., 1990; DeGeus et al., 
1990) although an occasional preparation can contain large 
numbers of these cells (L. Lefrancois, unpublished re-
sults). 

A putative "thymoindependent" aß population has been 
proposed to exist in the gut (Murosaki et al, 1991; Rocha et 
al., 1991). This contention is based on the finding that certain 
Vß regions that are not found on peripheral T cells are ex-
pressed by a subset of IELs (reviewed by Lefrancois, 1991c). 
Lack of deletion in the IEL compartment was considered 
evidence that these cells do not mature in the thymus. The 
forbidden V regions are expressed by CD8/3" IELs but not 
by CD8/3+ IELs supporting the concept that the CD80- aß 
TcR subset is derived extrathymically. However, the data 
from nude mice and thymectomized chimeras must be consid-
ered. Since few aß T cells generally are found in nude mice, 
the CD8/3" subset may be more likely to require some thymic 
influence, perhaps via interaction with thymus-derived 
CO8ß+aß IELs or other T cells. Alternatively, these forbid-
den clones could traffic through the thumus and escape dele-
tion only to be tolerized in the periphery. In this regard, 
whether IELs expressing forbidden V regions are functional 
has not been shown. Further studies of this intriguing subset 
are required to understand their origin and function. 

2. aß TcR Selection 

As just discussed, Vß selection in the gut does not neces-
sarily occur as predicted by the selection patterns of other 
peripheral T cells. To understand in more detail the relation-
ship between CD8/3 expression and V region selection, we 
analyzed CD4+CD8+ IELs that are CD8/T. Table II shows 
the results of analysis of Vj86 and Vßl4 expression in 
CD4CD8+ and CD4+CD8+ IELs compared with lymph 
node T cells. The interesting result is that, although V/36 was 
expressed in CD4CD8+ IELs, it was deleted from lymph 
node T cells as well as from CD4+CD8+ IELs. Most V/36+ 
IELs were found in the CD8/3" subset (data not shown). 
V/314 was expressed in all lymph node and IEL subsets. 
These results indicate that CD8/3 expression (or lack of it) is 
not sufficient to explain the expression of forbidden V re-
gions. A thorough analysis of several Wß regions in various 
mouse strains confirmed these findings and also demonstrated 
other nonpredicted selection patterns (Badiner et al., 1993). 

Data from studies of human aß IELs indicate that a re-
stricted subset of V regions is expressed by IELs compared 
with peripheral blood T cells (Balk et al., 1991; Van Kerck-
hove et al., 1991). In two independent studies, V region 
analysis demonstrated that IELs were oligoclonal, expressing 
predominant V regions, some of which were shared among 
IELs of different individuals. In one study, an oligoclonal T-
cell line and a clone expressing a dominant V region were 
shown to react with CD1, a nonpolymorphic Class I-like 
molecule (see subsequent discussion). Oligoclonal expansion 
was proposed to occur in response to a restricted set of 
antigens, some of which may be nonpolymorphic. 



24 · Basic Intraepithelial Lymphocyte Immunobiology 293 

Table II TcR Vß Expression in Intraepithelial 
Lymphocytes and Lymph Node Subsets0 

% Positive 

Lymph node subset IEL subset 

V/3 CD4 CD8 CD4"8+ CD4+8+ 

6 0.5 ± 0.4 0.5 ± 0.2 4.7 ± 2.5 0.5 ± 0.4 
14 9.5 ± 0.4 18.6 ± 4.9 10.6 ± 5.7 6.9 ± 2.5 

a AKR/J IELs were isolated and expression of the indicated anti-
gens was tested by three-color fluorescence flow cytometry. 

C. Epithelial Cell Involvement 

Since most γδ IELs and perhaps a subset of aß IELs 
(at least in the mouse) mature outside the thymus, several 
investigators have proposed the involvement of the intestinal 
epithelium in IEL differentiation. Thymic and gut epithelium 
are endoderm derivatives and have several similar character-
istics. Villous epithelium constitutively expresses MHC 
Class II molecules; this expression can be up-regulated by 
lymphokines such as interferon y (IFNy; reviewed by Bland, 
1988). Intestinal epithelial cells are able to process and pre-
sent antigen to Class H-restricted T cells, although whether 
IELs respond to epithelium-presented antigen is not known. 

Several studies have suggested that γδ Τ cells in general 
may react with nonpolymorphic antigens such as heat-shock 
proteins or Class I-like molecules such as CD1 or TLA. The 
demonstration that TLA in the mouse and CD1 in the mouse 
and the human are expressed prominently by intestinal 
epithelial cells supports this theory (Bleicher et al., 1990; 
Hershberg et al., 1990). TLA also is expressed by ~50% of 
aß IELs and ~25% of γδ IELs and is predominantly expressed 
by the Thy 1" subset (Hershberg et al., 1990). TLA and CD1 
exhibit restricted expression patterns, with predominant ex-
pression in the intestine, suggesting an important role for 
these molecules in intestinal immunity. Although aß IEL 
reactivity to CD1 has been demonstrated, as discussed ear-
lier, γδ IEL reactivity to nonclassical MHC molecules has 
not been reported. 

IV. FUNCTIONAL PROPERTIES 

A. Cytolytic Activity 

Freshly isolated CD8+ mouse IELs are constitutively cyto-
lytic but do not possess natural killer activity. This activity 
is confined largely to the Thy 1+ subset; γδ and aß IELs are 
cytolytic. The cytolytic activity is measured using a redi-
rected lysis assay in which IELs are reacted with an anti-
TcR MAb followed by incubation with a radiolabeled target 
cell that expresses an Ig Fc receptor. In this way, a measure 
of total cytolytic capability is obtained irrespective of the 
specificity of the effector cell. Since CD8+ lymph node T 

cells are negative in this assay, IELs are assumed to be 
activated in situ by the supposed constant antigenic bombard-
ment of the intestinal mucosa. This theory is supported by 
the finding that colonization of the gut induces Thyl expres-
sion and cytolytic activity in IELs. However, a specific target 
cell for IEL cytolytic activity has not been found. IELs did 
not lyse a panel of tumor target cells and also did not lyse 
antigen-presenting cells (not derived from gut) that were pre-
incubated with bacterial lysates (T. Goodman and L. Lefran-
cois, unpublished results). Thus, either the correct antigenic 
moiety has not been tested or the antigen-presenting cell 
employed was lacking in a necessary component. "Preacti-
vated" IELs may recognize antigen only as presented by 
intestinal epithelium. Purified CD8 + IELs do not exhibit natu-
ral killer activity. 

TcR aß IELs can be primed against alloantigen or viral 
antigen (Ernst et al., 1986; London et al., 1989; Offit and 
Dudzik, 1989; Lefrancois, 1991b). Reovirus infection results 
in the generation of MHC-restricted virus-specific cytolytic 
Thy l + TcR aß IELs. TcR γδ IELs do not respond to reovirus 
antigens. However, whether resident aß IELs respond to 
viral challenge or whether other T cells infiltrate the mucosa 
after infection is not clear. A cytolytic CD 1-specific human 
IEL line has been produced by stimulation of jejunal IELs 
with phytohemagglutinin (PHA), lymphokines, and alloge-
neic peripheral blood lymphocytes (Balk et al., 1991). Thus, 
at least some aß IELs have characteristics of classical cyto-
toxic T lymphocytes. The specificity of γδ IELs remains 
unknown. 

B. Proliferative Capacity 

Several reports indicate that IELs respond poorly or not 
at all to proliferative signals including mitogens, phorbol es-
ters, or anit-TcR MAb (Ebert, 1989; Mowat et al., 1989; 
Mosley et al., 1991). However, we routinely maintain IELs 
in culture for several weeks after stimulation with anti-TcR 
MAb. In our hands, culture of Thy 1+ IELs with immobilized 
anti-CD3 or anti-γδ/αβ MAb results in significant prolifera-
tion (Gramzinski et al., 1993). Proliferation is the result of 
an IL-2-IL-2 receptor autocrine pathway, yet the maximum 
proliferation of IELs is 10-20% of that obtained with CD8+ 

lymph node cells (Figure 4). Thyl ~ IELs proliferated signifi-
cantly less than Thy l + IELs in response to anti-TcR stimula-
tion, but proliferation was enhanced by the addition of IL-2 
to the cultures (Figure 4). Interestingly, the addition of anti-
CD8 MAbs to the cutlures strongly inhibits CD8+ lymph 
node T-cell proliferation but only marginally affects IEL pro-
liferation (Gramzinski et al., 1993). This result suggests that 
IEL CD8 is functionally distinct or that the IEL 
CD8 signal transduction pathway differs from that of pe-
ripheral T cell CD8. Overall, the results indicate that IELs 
are able to respond to proliferative signals but to a re-
duced level compared with lymph node T cells. This phenom-
enon could be the result of down-regulation of proliferative 
pathways by continuous antigenic stimulation or the result 
of our lack of knowledge of the growth requirements of 
IELs. 
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Thy1 + 

CD3 H57 GL4 

Figure 4 Proliferative capacity of intraepithelial lymphocytes 
(IELS). Thyl+ (top) or Thyl" (middle) CD4'CD8+ IELs or 
CD4CD8+ lymph node (bottom) T cells were stimulated in vitro 
for 3 days with immobilized anti-CD3, anti-a/3 TcR (H57), or anti-
γδ TcR (GL4) MAb in the absence (solid bars) or presence (hatched 
bars) of recombinant IL-2. Cells were pulsed with [3H]thymidine for 
the final 24 hr of culture followed by harvesting and scintillation 
counting, n.d., Not done. 

G Lymphokine Production 

IELs produce an array of lymphokines similar to those 
produced by other CD8+ T cells. In situ analysis demon-
strates that IELs produce IFNy and IL-5 (Taguchi et al.t 
1990). Analysis of culture supernatants from anti-TcR MAb-
activated γδ or aß IELs indicates that both subsets produce 
IL-2, IFNy and transforming growth factor jö (TGF/3) but do 
not produce IL-4 (Barrett et al„ 1990). The role of IEL 
lymphokine production in intestinal immune responses re-
mains to be elucidated. 

V. SUMMARY 

The complexity of the IEL compartment rivals that found 
in the thymus. Indeed, mounting evidence suggests that the 
intestine may be a lymphocyte generative organ analogous 
in some ways to the thymus. In the case of γδ IELs, clearly 
extrathymic maturation occurs. Although this pathway has 
not been proven to exist in humans, it seems likely based on 
the phenotypic similarities between mouse and human γδ 
IELs that distinguish them from peripheral γδ Τ cells. Re-
stricted V gene usage by IELs suggests that their surveillance 
capabilities are skewed toward a discrete set of antigens that 
is likely to be tissue specific. The TcRs expressed appear to 
be polyclonal, based on junctional sequences. 

TcR aß IELs also appear to express a restricted set of V 
regions preferentially. However, skewing toward particular 
V region usage appears to be the result of oligoclonal expan-
sion of certain IEL clones, perhaps in response to a limited 
array of antigens. For a subset of aß IELs that expresses 
forbidden V regions, the TcR selection process is distinct 
from that of conventional CD8 + T cells, including other IELs. 
Whereas most aß IELs are thymus derived, the role of the 
thymus in the production of forbidden aß IEL clones is un-
clear. 

Although much progress has been made in the areas of 
IEL phenotypic characterization, in vitro functional assays, 
and TcR expression, the specificity and function of IELs in 
vivo remains obscure. At least some aß IELs can respond 
to antigens such as viral proteins in a conventional MHC-
restricted cytotoxic T-lymphocyte response. The function of 
the aß T-cell subsets that are unique to the IEL compartment, 
for example, the CD4+CD8+ IELs, remains to be deter-
mined. With respect to γδ IELs, no defined "conventional" 
responses for γδ Τ cells are known. We are hard-pressed to 
define specific functions at this time. Except for assumptions 
concerning function made based on phenotype and anatomi-
cal location, little substantive progress has been made. The 
development of novel in vivo and in vitro assays may be 
required before a breakthrough is realized in the area of IEL 
function. 
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I. INTRODUCTION 

IgE is the least component of immunoglobulins. The con-
centration of IgE in the serum of normal individuals is on 
the order of 100-300 ng/ml. However, IgE antibodies have 
unique biological activities. The antibodies sensitize mast 
cells and basophilic granulocytes of homologous species; the 
reaction of antigen to cell-bound IgE antibodies induces the 
release of various mediators that cause allergic reactions. 
Under normal circumstances, allergic diseases are induced 
by exposure to extrinsic antigens such as allergens. There-
fore, IgE-mediated allergic diseases are induced most fre-
quently in the respiratory tract, gastrointestinal tract, and 
skin. Since the IgE antibody response also is induced by 
allergens, conceivably IgE antibodies formed in mucosal 
lymphoid tissues may play important roles in allergic dis-
eases. Indeed, IgE-producing cells are detected more fre-
quently in mucosal lymphoid tissues than in the major 
lymphoid organs such as spleen and peripheral lymph nodes 
(Tada and Ishizaka, 1970). High frequency of IgE-producing 
cells in mucosal lymphoid tissues appears to be the result of 
local immune response to extrinsic antigens. Different from 
IgA, IgE in secretions does not contain secretory component 
(SC) and has the same physicochemical properties as IgE 
present in the serum (Newcomb and Ishizaka, 1970). To date, 
mechanisms of the IgE antibody response and IgE-mediated 
hypersensitivity reactions have been studied in experimental 
models using splenic lymphocytes, peritoneal or bone 
marrow-derived mast cells, and peripheral blood basophilic 
granulocytes. In this chapter, the fundamental mechanisms of 
IgE-mediated responses, which were elucidated using these 
systems, are summarized briefly with some attention to mu-
cosal immune systems. 

II. BASIC MECHANISMS INVOLVED IN THE 
IgE ANTIBODY RESPONSE 

A. Dissociation between the IgE and IgG 
Antibody Response 

In atopic patients, IgE antibody levels in serum do not 
show much fluctuation. Considering that the half-life of IgE 

in normal individuals is 2-3 days, formation of IgE antibodies 
appears to be persistent in these patients. Although the quan-
tity of allergen inhaled by the patients during a pollen season 
is on the order of micrograms, the IgE and IgG antibody 
levels in their serum increase after the season and the anti-
body levels are well maintained during the remainder of the 
year (Ishizaka, 1976). Another unique characteristic of atopic 
patients is a relatively high concentration of IgE antibodies 
among various isotypes. Unless the patients receive immuno-
therapy, the concentration of IgE antibodies against allergen 
in their serum is comparable to that of IgG antibodies and 
usually higher than that of IgA antibodies. Considering that 
the concentration of total serum IgE is less then 1/10,000 of 
the concentration of total IgG, the immune response of atopic 
patients to allergens includes some conditions favorable for 
the IgE isotype. 

A series of experiments in inbred strains of mice revealed 
that persistent IgE antibody formation was obtained only 
when genetically high responder strains were immunized with 
a minute dose of a potent immunogen and an appropriate 
adjuvant (Ishizaka, 1976). An increase in the dose of the 
immunogen resulted in an increase in the magnitude of IgG 
antibody response, but made the IgE antibody response tran-
sient and caused dissociation of the IgE antibody response 
and IgG antibody response. 

As expected, the IgE antibody response appears to be 
controlled by immune response (Ir) genes that are linked to 
the major histocompatibility complex (MHC). However, an 
entirely different type of genetic control was found in the 
mouse that uniquely controls the IgE isotype. For example, 
SJL and AKR mice showed a poor IgE antibody response 
to various protein antigens despite a substantial IgG antibody 
response to the same antigen (Levine, 1971). This genetic 
control provides another restriction for the persistent IgE 
antibody formation and causes dissociation of IgE antibody 
response and IgG antibody response. 

B. Role of IL-4 in IgE Synthesis 

The IgE antibody response is highly T cell dependent, 
suggesting that T cell-derived lymphokines are involved in 
the differentiation of B cells to IgE-forming cells. Indeed, 
results of experiments by several groups of investigators re-
vealed that interleukin 4 (IL-4) from helper T cells is essential 
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to IgE production. That stimulation of mouse B cells with 
lipopolysaccharide (LPS) results in the differentiation of B 
cells and the formation of a variety of Ig isotypes except IgE 
is well known. However, culture of the same B cells with 
LPS and 300-1000 units/ml recombinant IL-4 results in the 
formation of IgE and selective enhancement of IgGl forma-
tion, accompanied by decreases in IgG2b and IgG3 formation 
(Coffman et al., 1986). The concentration of IL-4 required 
for switching of B cells for IgE synthesis was much higher 
than the physiological concentration. However, addition of 
IL-5 with IL-4 diminished the minimum concentration of IL-
4 required for IgE synthesis to 5-10 units/ml. 

The effect of IL-4 on IgE synthesis also was demonstrated 
in in vitro immunoglobulin formation by human peripheral 
blood mononuclear cells (PBMC) (Pene et al., 1988). Culture 
of normal human PBMCs with 100 units/ml human IL-4 re-
sulted in the formation of IgE. IL-4 also induced IgG4 synthe-
sis. For the formation of IgE by normal human B cells, how-
ever, both T cells and monocytes are required (Pene et al., 
1988). Additional studies have shown that interaction of B 
cells with T cells is required for IL-4-induced IgE synthesis 
by normal B cells (Vercelli et al., 1989; Parronchi et al., 
1990). 

The major effect of IL-4 on IgE synthesis is switching of 
resting B cells to the precursors of IgE-forming cells that 
bear surface IgE. Culture of pure murine B cells with LPS 
and IL-4 resulted in the appearance of IgE-bearing B cells and 
IgGl-bearing B cells; depletion of sIgE+ B cells developed in 
the culture abolished IgE formation in the system (Snapper 
et al., 1988). The mechanism for isotype switching is the 
deletion of immunoglobulin gene segments. Yoshida et al., 
(1990) characterized immunoglobulin switch circular DNA 
present in lymph nodes of mice infected with the nematode 
Nippostrongylus brasiliensis and in normal splenic lympho-
cytes cultured with LPS and IL-4, and identified two kinds 
of circular DNA as excision products of switch recombination 
of immunoglobulin heavy-chain constant region genes. One 
of them was a recombinant between Cμ and Gyl, and the 
other was a recombinant between Cyl and Ce (Figure 1). 
Such circular DNA was not detected when spleen cells were 
cultured with LPS alone. Further, no ε circles were identified 
for the switch from Cμ to Ce. Thus, in the IL-4-mediated 
class switch, switch recombination appears to occur in a 
successive manner, first from C/* to Cyl and then from Gyl 
to Ce. Detection of switch circular DNAs supports the notion 
that IL-4 triggers the switch recombination rather than selects 
the preswitched cells for ε. Indeed, IL-4 induces germ-line 
ε chain transcription in normal B cells (Geronclakis, 1990); 
however, IL-4 alone is not sufficient for the formation of 
switch circular DNA. More recently, similar findings were 
obtained in human lymphocyte systems. Induction of ε 
switching occurs through a recombination deletion event. 
In the human system, however, switching might occur in 
successive steps from IgM to IgG4 and IgG4 to IgE (Gascan 
et al., 1991). Not only IL-4 but also T cell-B cell interaction 
is required for switching (Vercelli et al., 1987). The relative 
contributions of IL-4 and CD4+ T cells to the switching 
remain to be determined. However, direct T cell-B cell inter-
actions were reported to provide the first signal, which is 
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Figure 1 Successive switch recombination from μ to y\ (a), and 
then from y\ to ε (b or c). Two kinds of switch circular DNAs are 
detected; one is from the recombination between C/A and Gyl; the 
other is between Gyl and Ce. In some ε switch circles (b), S/i 
sequence is inserted between Se and Syl, indicating that the S/x 
sequences in the y\ gene were used for recombination with Se. In 
the other ε circle, no Sß sequence was retained on the excision 
product (c). Reprinted with permission from Yoshida et al. (1990). 

required for initiating B cells to respond to IL-4, and IL-4 
was reported to direct switching to IgG4 and IgE (Vercelli 
et al, 1989). 

C. Suppression of IgE Synthesis by 
Antagonists to IL-4 

The effect of IL-4 on B cells has been shown to be counter-
acted by interferon y (IFNy). This cytokine inhibits not only 
the IL-4-induced increase in la expression and FcsRII ex-
pression on resting B cells, but also the formation of IgE and 
IgGl by B cells stimulated with LPS plus IL-4 (Coffman and 
Carty, 1986). The IL-4-induced formation of IgE by human 
PBMC also was inhibited by IFN-y or IFNa (Pene et al., 
1988). These findings suggest that the proportion among vari-
ous cytokines in the environment of B cells may affect the 
distribution of antibodies among various isotypes. 

As expected, in vitro IgE synthesis by murine B cells 
stimulated by IL-4 and LPS could be inhibited by monoclonal 
anti-IL-4. Suppressive effects of the monoclonal antibody or 
IFNy suggested the possibility that anti-IL-4 or IFNy might 
be effective in suppressing in vivo IgE synthesis. Indeed, an 
intraperitoneal injection of 20 mg monoclonal anti-IL-4 into 
BALB/c mice resulted in suppression of IgE synthesis in-
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duced by infection of Nippostrongylus brasiliensis (Finkel-
man et aL, 1986). Similarly, an intravenous iv injection of 
anti-IL-4 suppressed the secondary IgE antibody response 
of mice to a protein antigen as well as the on-going IgE 
antibody formation. The results support the concept that IL-
4 is required for the IgE antibody response. However, that 
an injection of 1-2 mg anti-IL-4 into mice failed to affect the 
IgE synthesis is rather surprising. Results of an attempt to 
suppress in vivo IgE synthesis with IFNy were also discour-
aging. In the experiment carried out by Finkelman et aL 
(1988), enhanced IgE and IgGl formation was induced by 
injecting goat antimouse IgD antibodies; the anti-IgD-treated 
mice received intraperitoneal injections of 12,500-50,000 u 
IFNy twice daily for 3 days. The results showed that the 
treatment with 25,000 u or more of IFNy per injection reduced 
both IgE and IgGl levels to one-fifth to one-tenth; however, 
6250 u of IFNy per injection did not have a significant effect 
on IgE and IgGl synthesis. The quantities of IFNy required 
to regulate the IgE synthesis appear to be too much for clinical 
purposes. Indeed, clinical application of IFNy for the treat-
ment of hay fever was unsuccessful. Li et aL (1990) injected 
up to 0.2 mg recombinant IFNy 3 times a week to rhinitis 
patients who were allergic to ragweed. After 4 weeks of 
treatment, however, no effect was observed in weekly symp-
tom score or serum IgE antibody titer. Another course of 
the same treatment was given to the same patients prior to 
ragweed season; however, the treatment gave no significant 
effect on the IgE antibody titer and failed to suppress the 
secondary IgE antibody response observed after the ragweed 
season. 

D. Requirement of IL-4-Producing Helper T cells 
for IgE Synthesis 

As described earlier, the persistent IgE antibody response 
is obtained only when high responder mice were immunized 
with a minute dose of a potent immunogen. Since this dose 
of antigen with antigen-presenting cells is not sufficient to 
stimulate helper T cells for IL-4 or 11-2 production, one may 
speculate that differentiation of B cells to IgE-forming plasma 
cells is triggered by cognate interaction between antigen-
specific helper T cells and B cells rather than by bystander 
effects of IL-4. If cognate interaction is the mechanism, anti-
IL-4 or IFNy has much less chance of preventing the effect 
of helper T cells. 

Mosmann et aL (1986) described that mouse helper T-cell 
clones can be classified into two subtypes, Thl and Th2, that 
produce different interleukins on antigenic stimulation. Both 
subtypes express Lyt 1 and L3T4; however, Thl produces 
IL-2, IFNy, and lymphotoxin whereas Th2 produces IL-4 
and IL-5. Coffman et aL (1988) found that both Thl and 
Th2 clones can provide help to B cells under appropriate 
conditions; however, important differences are seen in the 
Ig isotypes produced by B cells in response to the different 
T-cell subsets. These investigators employed rabbit IgG-
specific helper T-cell clones, and induced polyclonal activa-
tion of normal B cells by coculture of the B cells and the Th 
clone with rabbit antimouse Ig antibodies. As shown in Table 

Table I Isotype Distribution of Polyclonal Response of 
Normal B Cells to RGG-Specific Helper T Cell Clones0 

Thl 

Isotype 

IgM 

IgE 

IgA 

IgG, 

IgGfc 

IgG2b 

IgG3 

Th2 
(ng/ml) 

98,000 

187 

487 
21,600 

39 

189 

354 

Thl 
(ng/ml) 

248 

<1 

<1 
<8 

14 

<8 

<8 

+ IL-2 + anti-IFNy 
(ng/ml) 

65,000 

<1 

825 
5280 

2760 

135 

474 

a Reprinted with permission from Coffman et aL (1988). 

I, these researchers found that the Th2 clone gave much 
better help than the Thl clone for the production of Ig. The 
major Ig produced by the B cells with the Th2 clone were 
IgM and IgGl, but a substantial quantity of IgE also was 
produced in the culture. In contrast, the same B cells failed 
to form IgE when they were cultured with the Thl clone. 
Since IFNy suppresses Ig formation, these investigators 
added anti-IFNy antibody and supplemented the Thl system 
with IL-2. Under these conditions, substantial amounts of 
IgM, IgGl, and IgG2a were produced, but IgE was not de-
tected in the culture supernatant (c.f. Table I). However, the 
addition of IL-4 to the Thl system resulted in the formation 
of IgE. These results show that Th2 cells, which form IL-
4, are essential for IgE synthesis. Accumulated evidence 
suggests that the Thl and Th2 subsets do not represent dis-
tinct lineages, and a single helper T cell can develop into 
either Thl or Th2 (Swain etal., 1990). For example, Gajewski 
et aL (1989) have shown that Thl clones developed when 
antigen-primed lymph node cells were activated by antigen 
and then propagated in the presence of IFNy, whereas propa-
gation of the same antigen-activated lymph node cells by 
recombinant IL-2 alone resulted in preferential development 
of Th2 clones. Also, the presence of IL-4 during the propaga-
tion of antigen-activated cells facilitated the development of 
Th2 clones (Fernandez-Botran et aL, 1988). 

In contrast to the murine system, human helper T-cell 
clones cannot be classified into Thl and Th2 subtypes (Paliard 
et aL, 1988). Some helper cell clones form IL-2, IL-4, and 
IFNy. Romagnani et aL (1989) reported that the frequency 
of IL-4-producing Th clones is higher in atopic patients than 
in nonatopic individuals. More recently, however, the same 
investigators found that the frequency of IL-4-producing Th 
clones also depends on the immunogen (Parronchi et aL, 
1991). These investigators have isolated Th clones specific 
for allergen, and those specific for the other immunogens 
such as tetanus toxoid or purified protein derivative (PPD) 
of tubercle bacilli, from peripheral blood of the same atopic 
patients and have examined profiles of interleukin production 
by each clone. The researchers found that the majority of 
Th clones specific for allergen produced IL-4 alone or IL-4 
with a limited amount of IFNy, whereas essentially all T-cell 
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clones specific for bacterial antigen produced both IL-4 and 
IFNy. When the T-cell clones were cultured with autologous 
B cells and respective antigen, IgE synthesis was observed 
only with Th clones that can produce IL-4 alone or IL-4 with 
a limited amount of IFNy. The reasons for the differences 
in the profiles of interleukin production among allergen-
specific Th cells and bacterial antigen-specific Th cells are not 
known. However, the results indicate that repeated natural 
exposures to an allergen provide favorable conditions for the 
development of Th2-like helper cells or that mucosal tissues 
provide a favorable environment for the development of IL-
4-producing helper T cells (see Chapters 19 and 20). 

III. IgE-MEDIATED ALLERGIC REACTIONS 

A. Structural Basis of Sensitization of Mast Cells 
with IgE Antibodies 

The most important immunological property of IgE anti-
body is the ability to sensitize homologous tissues for reaginic 
hypersensitivity reactions. This ability is a common property 
for IgE for all mammalian species in which this immunoglobu-
lin isotype has been described. Sensitization of homologous 
tissues with IgE is the result of its binding to mast cells and 
basophils. Indeed, IgE binds to normal basophils and mast 
cells with high affinity. As shown in Table II, the number of 
receptors (FceRI) per mast cell and basophil granulocyte 
is 2-3 x 105 per cell. The forward rate constant (£,) and 
dissociation constant (k_ {) for the binding of IgE to the recep-
tors are on the order of 1-2 x 105 M"1 sec-1 and 
2-10 x 10"5 sec-1, respectively. Thus, the equilibrium con-
stant (KA) between IgE and the receptors is on the order of 
109 to 1010 M"1 (Ishizaka, 1985). As shown in Table II, these 
values are comparable for human and rodent IgE. It is well 
known that an optimal latent period for skin sensitization by 
IgE antibodies is 1 to 3 days and that the sensitization with 
IgE antibodies persists for a long period of time. High affinity 
of IgE for FceRI and a low dissociation constant between 
IgE and the receptors on mast cells explains why a minute 

dose of IgE antibodies can sensitize homologous tissues and 
why the sensitization with the antibodies is so persistent. 

IgE binds to mast cells and basophils through the Fc por-
tion of the molecule. The affinity of the Fc fragments of E 
myeloma protein for FceRI was comparable to that of native 
IgE molecules. Application of recombinant gene technology 
led to cloning of the human ε chain gene. Recombinant Fee 
chain fragments blocked passive sensitization of human skin 
to Prausnitz-Küstner reactions and could sensitize cultured 
human basophils for anti-IgE-induced histamine release (Ishi-
zaka et al., 1986). Indeed, recombinant FCE peptide, in the 
dimeric form, and native IgE had comparable affinity for 
FceRI on human basophils. 

Helm et al. (1988,1989) prepared a series of overlapping 
recombinant Fee gene products that represent smaller frag-
ments of Fee and found that the peptide representing amino 
acid sequence 301-376 in the ε chain could block the in vivo 
passive sensitization of human skin mast cells and the in vitro 
sensitization of human basophils with human IgE antibodies 
(c.f. Figure 2). However, approximately 10-fold higher molar 
concentrations of the recombinant peptide than E myeloma 
protein were required for 50% inhibition of Prausnitz-
Küstner reaction or histamine release (Helm et al., 1989). 
Thus, the recombinant peptides that represent the C-terminal 
30 amino acids of C62 and the N-terminal half (46 amino 
acids) of the Ce3 domain appear to contain the structures 
involved in the binding of IgE to FceRI. 

The precise regions involved in the binding of FcsRI were 
identified by expressing chimeric ε heavy-chain genes com-
posed of a mouse Vh domain and human Ce in which various 
domains were replaced by their murine counterparts. This 
approach was based on the fact that human IgE binds to 
FceRI on human mast cells but not to FceRI on mouse mast 
cells, whereas mouse IgE can bind to FcsRI on mast cells 
from both species (Conrad et al., 1983). Nissin et al. (1991) 
found that all the chimeric IgE molecules that contain the 
murine Cs3 domain bound equally to both the rodent and 
the human FCERI, whereas replacement of the mouse second 
constant region domain (Ce2) with human Cs2 did not affect 
the binding capacity of the mutated IgE to murine mast cells 
nor its ability to mediate degranulation. These findings show 

Table II Affinity of IgE for IgE Receptors on Mast Cells and Basophils of Homologous Species 

Cells 

Number of 
receptors/cells 

(xlO"5) (xlO^M"1 sec"1) (xlO^ec"1) 
KA 

(xl0-9M-') 

Rat basophilic 
leukemia cells 

Normal rat mast 
cells 

Normal mouse 
mast cells0 

Cultured human 
basophils 

3.55 ± 0.67 

3.08 + 0.49 

2.30 + 0.59 
(3.21 + 0.73) 

3.06 + 0.28 

149 ± 0.19 

1.65 ± 0.42 

1.94 + 0.16 
(2.23) 

1.88 + 0.32 

1.85 ± 0.07 

2.05 ± 0.21 

11.07 + 0.23 
(6.24) 

9.94 + 0.36 

7.84 

8.05 

1.75 
(3.57) 
2.75 

a Peritoneal mast cells from BALB/c mice; numbers in parentheses are obtained with mast cells form CBA mice. 
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Figure 2 ε chain fragments having affinity for FceRI. (Top) Covalent 
structure of the human ε chain, indicating the positions of the intra-
chain disulfide bonds (SS), the interheavy (S-H) and heavy-light 
(S-L) chain disulfide bonds, and the boundaries of the five structural 
domains, that is, variable (v) and constant (c) regions. (Bottom) 
Peptides synthesized by E. coli expression of gene fragments encod-
ing the indicated protein sequences. Among the peptides rE 2-4, rE 
2-3, rE 2'-4, and rE 2'-3' could block passive sensitization of human 
skin with IgE antibodies. Reprinted with permission from Helm et 
al. (1988). 

that the Ce3 domain is involved in the binding of FceRI. The 
C-terminal half of the Ce2 domain, which is essential for 
peptide 301-376 to bind to FceRI, appears to play an im-
portant role in the stabilization of the conformation of the 
binding site. 

The FceRI on rodent mast cells consist of three different 
poly peptide chains that is, α, ß, and y; the gene encoding 
each polypeptide chain was cloned (Kinet et al., 1987,1988; 
Blank et al., 1989). The binding site for IgE is known to be 
present on the a chain; however, precise structures involved 
in the high affinity binding are not known. 

B. Immunological and Biochemical Mechanisms 
for Mediator Release 

Mast cells and basophils are triggered for mediator release 
when cell-bound IgE antibody molecules are cross-linked 
by multivalent antigen. Experiments have shown that direct 
cross-linking of FCERI by divalent antireceptor antibodies 
resulted in the release of mediators and degranulation (Ishi-
zaka and Ishizaka, 1978). In this artificial system, IgE is not 
involved in triggering mediator release. Under physiological 
conditions, however, IgE antibodies are anchored to FceRI. 
Thus, cross-linking of IgE by multivalent antigen mediates 
the bridging of receptor molecules, which in turn triggers 
activation of mast cells. FceRI is suspected to be one of the 
few membrane components through which mediator release 
can be triggered. Since no immunoglobulin other than IgE 
will bind to FceRI with high affinity, triggering of mediator 
release through FceRI can be mediated only by IgE anti-
bodies. 

Cross-linking of cell-bound IgE on FceRI on mast cells 
results in activation of various membrane-associated en-
zymes, which leads to the release of vasoactive amines such 
as histamine and derivatives of arachidonic acid (c.f. Figure 
3). The major biochemical pathway for mediator release is 
not known. However, researchers generally believe that the 
activation of phospholipase C (PLC) may play a key role in 
the early stage of the biochemical process for mediator re-
lease. The activation of this enzyme results in the cleavage of 
phosphatidylinositol 4,5-diphosphate to form inositol 1,4,5-
triphosphate (IP3) and diacylglycerol (DAG). IP3 in turn 
induces intracellular mobilization of Ca2+ from endoplasmic 
reticulum, whereas DAG activates protein kinase C. An in-
crease in intracellular Ca2+ in mast cells is well known to 
result in histamine release. 

Phospholipase A2 in mast cells is activated by cross-linking 
of FceRI. This enzyme is involved in the release of both 
histamine and arachidonate (Nakamura et al., 1991). Particu-
larly, this enzyme appears to be important for the formation 
of arachidonic acid, which would be the source of prostaglan-
dins and leukotrienes. Arachidonic acid could be formed by 
hydrolysis of DAG by DAG lipase and of monoacylglycerol 
by MAG lipase (c.f. Figure 3). However, experiments on 
bone marrow-derived murine mast cells indicated that the 
major pathway for the formation of arachidonate is hydrolysis 
of phospholipids by phospholipase A2 (PLA2) (Nakamura et 
al., 1991). 

Arachidonic acid is converted to prostaglandins through 
cyclooxygenase pathways and to leukotrienes through lipox-
ygenase pathways (Holgate et al., 1988). PLA2 also may be 
involved in the formation of platelet activating factor (PAF). 
These derivatives appear to be involved in causing immediate 
allergic reactions and participate in inducing allergic inflam-
mation. 

In addition to histamine and vasoactive amines described 
earlier, mast cells release several chemotatic factors and 
granule-associated proteolytic enzymes. Further, studies in-
dicate that cross-linking of cell-bound IgE on mouse mast 
cells by multivalent antigen induces synthesis and release of 
various interleukins such as IL-1, IL-3, IL-4, IL-6, granulo-
cyte-macrophage colchy stimulating factor (GM-CSF), and 
tumernecrosis factor (TNFa) (Burd et al., 1989; Gurish et al., 
1991). IgE-dependent stimulation of IL-3-dependent mouse 
mast cell lines resulted in the formation of IL-3, IL-4, IL-5, 
and IL-6 (Plaut et al., 1989). These findings suggest that the 
cytokines may be involved in causing allergic inflammation. 
Several lines of evidence have been accumulated that TNFa 
from mast cells recruits leukocytes and contributes to IgE-
dependent inflammation. An important question that remains 
to be answered is whether cross-linking of FceRI on human 
mast cells may induce the formation of such cytokines. If this 
is the case, cytokines such as TFNa from lung mast cells may 
contribute to late phase reactions expressed in human lung. 

C. Role of IgE Antibodies in Allergic Disease and 
Mucosal Immunity 

Allergic rhinitis or pollinosis is well established to be 
caused by IgE antibodies to which the patients are sensitive. 
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Figure 3 Schematic model of biochemical events in mast cells induced by cross-linking of cell-
bound IgE antibodies by multivalent antigen. How triggering signals from FCERI are transmitted 
to enzymes such as phospholipase C and phospholipase A2 is not known but possible participation 
of protein tyrosine kinase or GTP-binding protein is predicted. An increase in intracellular Ca2+ 

is sufficient to induce mediator release. Under physiological conditions, both mobilization of 
intracellular Ca2+ and Ca2+ influx contribute to the increase in intracellular Ca2+. 

In allergic patients who have not received immunotherapy, 
a statistical correlation is seen between the concentration of 
IgE antibodies in the serum and their symptom score during 
the season (Lichtenstein et al., 1973). Many of their symp-
toms can be explained by the release of vasoactive amines 
from mast cells, which cause an increase in vascular perme-
ability and contraction of smooth muscles. On the other hand, 
asthma represents an inflammatory disease of the bronchi 
and has not been considered an IgE-mediated allergic disease. 
However, in extrinsic asthma, inhaling allergen can induce 
both immediate (20 min) and late phase (4-12 hr) increase 
in airway resistance. Inhaling allergen also can produce a 
prolonged increase in nonspecific bronchial reactivity, one 
of the characteristic symptoms in asthma. The immediate 
response is caused by IgE-dependent mediator release from 
mast cells whereas late phase response is caused by inflam-
mation. Dolovich et al. (1973) demonstrated that allergic in-
flammation in human skin can be induced by anti-IgE, sug-
gesting that the inflammation was the consequence of 
mediator release from mast cells that was induced by aller-
gen-IgE antibody reactions at the early stage. Proving a 
casual relationship between chronic (not seasonal) exposure 
to an allergen such as dermatophagoides and a chronic dis-
ease such as asthma is very difficult. However, evidence has 
been presented that IgE antibodies to dust mite, cat, and 
cockroach allergens are each significantly correlated with 
asthma (Pollart et al., 1989). Thus, epidemiolgical studies 
indicate that IgE antibodies against allergens play an essential 
role not only in hay fever but also in chronic asthma. 

Accumulated evidence indicates that IgE antibodies play 
an important role in immunity against some parasites (Capron 
et al., 1987). Another possible role of IgE antibodies would 
be increasing vascular permeability, resulting in an increase 
in local concentration of antibodies of the other isotypes 
(Steinberg et al., 1974). Since IgE-mediated reaction occurs 
immediately after antigen exposure. IgG antibodies accumu-
lated into the site effectively participate in immunity. Muco-
sal tissues are rich in mast cells, which should have been 
sensitized with IgE antibodies formed in mucosal lymphoid 
tissues. One may expect that the role IgE antibodies play as 
4'gate keepers" may be important in local immunity in muco-
sal tissues. 
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26 
Inflammation: Mast Cells 

A D. Befus 

I. INTRODUCTION 

One hallmark of the virtually ubiquitous mast cell is that 
it bears thousands of high affinity receptors for IgE. When 
IgE antibodies occupying these receptors are cross-linked by 
specific antigens, the cell is activated and releases, in an 
explosive or more slowly timed manner, a myriad of stored 
or newly synthesized inflammatory mediators. Such allergic 
reactions which may have both immediate and late phases 
are prominent at mucosal surfaces presumably because of 
the pronounced antigenic exposures at these sites and the 
positive, but poorly understood, relationship between IgE 
production and mucosal surfaces. In addition, the presence 
and abundance of mast cells at mucosal surfaces, at times in 
the epithelium but normally in the underlying lamina propria 
and associated musculature, contributes to hypersensitivity 
reactions at these sites. 

However, not only the clinical significance of mast cells 
in mucosal allergic responses such as extrinsic asthma (see 
Chapter 44) and food allergies (see Chapter 40), but evi-
dence that these cells are willing participants in normal 
physiological events and in many, if not most, non-IgE-
mediated inflammatory reactions throughout the body has 
spawned extensive investigations. Moreover, in rodents and 
in humans, abundant evidence suggests that mast cell popula-
tions at mucosal surfaces can be distinguished by the high 
proportion of cells with a characteristic "mucosal" phe-
notype. 

Although some of the information is sparse and often re-
stricted to studies in only a single species or with in vitro 
approximations of in vivo populations, cells of this "muco-
sal" phenotype are distinct from mast cells elsewhere. They 
differ in their protein composition and arsenal of mediators, 
their discriminating responsiveness to certain secretagogues 
that activate mast cells from other, largely connective tissue 
sites, and their restricted responsiveness to the fleet of anti-
allergic and anti-inflammatory drugs (see Befus, 1989). 

This chapter provides a summary of the general properties 
of mast cells; their ontogeny, mediator repertoire, respon-
siveness to activating, and regulatory stimuli; and their spec-
trum of functions. However, a primary focus is on the distinc-
tive qualities of mast cells at mucosal surfaces that may 
uncover functions specific to these locations. Given the 
breadth of this volume and the limitations that it poses on 
each chapter, readers who seek more extensive information 
are referred to several reviews of mast cells and their hetero-

geneity and function (Bienenstock, 1988; Befus, 1989; 
Benyon et aL, 1989; Galli, 1990; Gordon et al., 1990; 
Schwartz, 1990; Miller, 1992). 

II. STRATEGIES TO EXPLORE MAST CELL 
HETEROGENEITY AND FUNCTION 

In 1966, Enerback clarified some confusing literature and 
established that mast cell populations in the gastrointestinal 
tract of the rat were morphologically, histochemically, and 
functionally distinct from more widely studied mast cells in 
the peritoneal cavity and connective tissues (see Enerback, 
1987; Galli, 1990). These two cell populations have become 
known as intestinal mucosal mast cells (IMMC) and connec-
tive tissue mast cells (CTMC), of which the peritoneal mast 
cell (PMC) has been studied most widely because of the 
ease of its isolation and purification. Numerous reviews are 
available of the details of the distinctions between these two 
mast cell types, so this information will not be repeated in 
a comprehensive manner. However, a brief description of 
the evolution of the field may help the reader place specific 
information in the appropriate context. 

In mice, the dramatic increase in the numbers of IMMCs 
that follows intestinal helminth infection is dependent on an 
intact thymus. In contrast, in many situations increases in the 
numbers of CTMCs are not thymus dependent. This thymus 
dependency of intestinal mastocytosis is based on the require-
ment for interleukin 3 (IL-3); repetitive administration of 
IL-3 reconstitutes the ability of athymic mice to express 
hyperplasia of IMMCs (Abe and Nawa, 1988). However, this 
explanation may be an oversimplification since other T cell-
derived cytokines, including IL-4 (see Galli, 1990) and 
IL-10 (Thompson-Snipes et aL, 1991), are also cofactors for 
mast cell development. 

To characterize IMMCs more fully and compare them with 
CTMCs, structural, histochemical, and immunohistochemi-
cal analyses have been conducted on the cells in situ. For 
example, characteristics of their proteoglycan content and 
expression of certain serine proteases have been evaluated 
with such approaches. In addition, procedures were devel-
oped to disperse mast cells from the intestine and other tis-
sues enzymatically and mechanically. Mast cell-specific com-
ponents were studied in such cell mixtures and strategies 
were developed to enrich and purify the cells or some of 
their components for further analyses. 

Copyright © 1994 by Academic Press, Inc. 
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In the rat, purifying PMCs and IMMCs from their respec-
tive sources is possible but, in the mouse, although PMCs 
can be purified, the isolation and purification of IMMCs has 
been an insurmountable challenge. Similarly, mast cells from 
the human intestine have been impossible to purify, although 
dispersed mixtures of intestinal cells containing up to 30% 
mast cells have been studied (Befus et al., 1987). These dis-
persed cell populations from the human intestine, and from 
lung as well (Schulman, 1990), contain two distinct popula-
tions of mast cells, histochemically analogous to PMCs and 
IMMCs of rats. These and other histochemical studies of 
mast cells from human tissues (e.g., Enerback, 1987) have 
established that these two histochemically distinct popula-
tions are found in virtually all sites investigated to date, 
although their relative abundance varies. Whether these pop-
ulations are functionally distinct as in the rat remains to 
be confirmed. Schwartz and colleagues provided compelling 
evidence that the cell populations differ in protease content; 
the cell type histochemically analogous to the PMC expresses 
both chymase and tryptase (MCTC) in considerable abun-
dance, whereas the IMMC-like mast cell expresses only tryp-
tase (MCT) in abundance (Irani et al., 1986). 

In vitro culture also has been a powerful tool with which 
to investigate mast cells and their phenotypic heterogeneity. 
Since the original observations by several investigators of 
mast cell development and persistence in IL-3-containing 
cultures of murine bone marrow or lymphoid tissues, such 
systems have been employed to investigate mast cell ontog-
eny and phenotype. Much has been learned from these cul-
tures. The development of clonal populations or populations 
''frozen" in a particular phenotype by viral transformation 
(Reynolds et al., 1988) has aided greatly in dissecting very 
complicated issues of phenotypic diversity. Galli (1990) iden-
tified the benefits of these approaches and appropriately ex-
pressed caution about the relationship of these cultured cells 
to in vivo populations or to their development. 

The bases for mast cell heterogeneity are complex (e.g., 
Befus, 1989; Kitamura, 1989) and have been expressed 
thoughtfully by Galli (1990). Although two easily distin-
guished populations (CTMC and IMMC) can be identified in 
rodents, whether or not these are the only two populations 
distinct in so many ways is unclear. Other equally distinct 
populations may exist in different tissues or in other species, 
or perhaps only minor variations of these two themes exist. 
As new information has been uncovered, mast cell popula-
tions from various sources have been shown to differ in a 
number of characteristics. However, the information is not 
of sufficient quantity or clarity to allow useful definition of 
cell subsets beyond their location, perhaps because the bases 
for heterogeneity are diverse and may include distinct mast 
cell lineages (irreversible commitment to a particular pheno-
type at some phase in development), processes of cell matura-
tion and differentiation in response to selected microenviron-
mental stimuli, renewal after activation and mediator 
depletion or synthesis, and acquistion of components pro-
duced by other cell types (Galli, 1990). 

In recent years, a powerful tool with which to study mast 
cell heterogeneity and function has been the use of mice of 
the W/Wv or Sl/Sld genotypes. Although both these strains 

of mice are congenitally mast cell deficient, the natures of 
their deficiencies are distinct. W/Wv mice are deficient in the 
stem cells of the mast cell lineage. Their mast cell de-
ficiency can be reconstituted with normal bone marrow, 
and they are capable of producing mast cell growth factors. 
Sl/Sld mice have a deficit in the tissue microenvironment 
that induces mast cell development, but possess mast cell 
precursors. Kitamura and colleagues (Kitamura, 1989) used 
these mice to explore the defects and the ontogeny and func-
tion of mast cells. Alone and in collaboration with Kitamura, 
Galli and co-workers have defined these experimental ap-
proaches carefully and presented an algorithm for their use 
(Galli, 1990). 

III. ONTOGENY 

Mast cells can be detected in many tissues before birth, 
but their numbers are generally low (Watkins et al., 1976). 
In sites such as the peritoneal cavity and intestine, mast cells 
do not approach normal adult levels until 2-3 months of age 
(Watkins et al., 1976; Woodbury et al., 1978). As indicated 
earlier, mastocytosis in selected tissues such as the intestine 
can occur in response to certain stimuli; in some cases, as 
in the intestinal mucosa in response to helminthic infection, 
this activation is thymus dependent, but in other cases it 
is not. 

Mast cell precursors are derived from pleuripotent he-
mopoietic stem cells; in humans, these cells express CD34 
(Kirshenbaum et al., 1991). During their development, and 
under the influence of IL-3 and IgE, mast cell precursors 
become committed to the mast cell lineage that, in some 
tissues such as mesenteric lymph nodes of helminth-infected 
mice, can be identified as a mast cell committed precursor 
(MCCP) line by the ability to develop into granulated mast 
cells in fibroblast-conditioned medium and in the absence 
of exogenous IL-3 (perhaps an autocrine pathway of IL-3 
production; Ashman et al., 1991; Figure 1). This fibroblast-
conditioned medium is a rich source of stem cell factor (SCF, 
c-kit ligand; Williams et al., 1990), a multipotent growth factor 
with mast cell growth activity. W/Wv mice are deficient in 
MCCP but produce SCF, whereas Sl/Sld mice generate 
MCCP but are deficient in SCF (Jarboe and Huff, 1989). 

Several environmental factors have the potential to im-
pinge on this stem cell and committed precursor to facilitate 
differentiation and subsequent maturation. These factors in-
clude SCF {c-kit ligand; Tsai et al., 1991), CD45 ligand (Brox-
meyer et al., 1991), IL-3 (Ashman et al., 1991), IL-4 (Hama-
guchi et al, 1987), IL-10 (Thompson-Snipes et al., 1991), 
and nerve growth factor (NGF; Matsuda et al., 1991; Figure 
1). Both IL-4 and NGF appear to facilitate development of 
CTMC-like MCs (Hamaguchi et al., 1987; Matsuda et al., 
1991). To date, no information is available on the microenvi-
ronmental factors that selectively induce or enhance the de-
velopment of IMMC-like MCs. Granulocyte-macrophage 
colony stimulating factor (GM-CSF) (Bressler et al, 1989), 
interferon y (IFNy; Nafziger et al., 1990), transforming 
growth factor ß (TGF ;̂ Broide et al., 1989), and even hista-
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Bone Marrow Mesenteric 
Lymph Node Tissues Table I Distribution of Mediators in Mast Cell Types0 

IL-4 IL-3 igE SCF 

f ®\^y 
IFN 

9 
I U i ® 
NGF 

stem cell mast cell progenitors 
CD45+ uncommitted committed 

FcR+ for IgE 

CTMC 

Figure 1 Factors that regulate the ontogeny of mast cells during the 
course of their development from stem cells to mature tissue-dwelling 
subpopulations (abbreviations in text). 

mine (Schneider et al., 1990) may down-regulate these devel-
opmental processes (Figure 1). 

The commitment to CTMC or IMMC characteristics ap-
pears not to be irreversible, that is, the cells of one or the 
other phenotype are capable of changing into cells of the 
other phenotype, a process referred to by Kitamura and col-
leagues as transdifferentiation. The experimental approaches 
employed and evidence for this phenomenon have been re-
viewed by Kitamura (1989) and Galli (1990), although the 
extent to which transdifferentiation might occur in vivo and 
the signaling systems involved have not been explored. 

IV. REPERTOIRE OF MEDIATORS 

Mast cells throughout the body have the potential to pro-
duce a spectrum of powerful mediators (Table I), many of 
which are pro-inflammatory, especially when large quantities 
are released in an explosive manner. Some of the best known 
mediators are produced in advance, for example, histamine, 
proteases, and other enzymes, and are stored in cytoplasmic 
granules in association with the proteoglycan matrix. When 
the cell is activated, exocytosis of granule contents occurs, 
in turn initiating a complex of cascading events with short-
term or more prolonged time courses. In addition, activation 
induces the synthesis of lipid and other mediators that are 
released immediately into the local milieu, including prosta-
glandins, leukotrienes, platelet activating factor-acether 
(PAF-acether), and nitric oxide (Table I). 

Considerable excitement has surrounded observations that 
mast cells constitutively express certain cytokines (Table I) 
and, when activated, rapidly produce mRNA for an impres-
sive array of cytokines. However, much of this information 
on cytokines has been established with cell lines, and some 
studies have been restricted to measuring mRNA rather than 
the protein products. Thus, the extent to which mast cells 
are an important source of cytokines in vivo requires consid-
erable investigation. That rodent and human mast cells are 
a prominent source of the multifunctional mediator tumor 
necrosis factor a (TNFa; Bissonnette and Befus, 1990; Gor-

Mediator 

Preformed 
Amines 

Histamine 
Serotonin 

Chemotactic 
peptides 
ECF 
NCF 

Enzymes 
Chymase 
Cathepsin G 
Tryptase 
Carboxypep-

tidase 
Lysosomal 

Proteoglycans 
Heparin 
Chrondroitin 

sulfates 
diB 
E 

Newly synthesized 

PAF 
Nitric oxide 
Arachidonic acid 

metabolites 
PGD2 

LTB4 

LTC4 (and 
metabolites) 

Cytokines 

TNFa (stored 
and newly 
made) 

IL-1,3,4,6 
IL-10,IFNy, 

etc. 
Acquired from 

other cells 
Eosinophil 

Peroxidase 
Major basic 

protein 

CTMC 

+ 
+ 

+ 
+ 

Cell type 

Rodent 

IMMC 

+ 
+ 

RMCPI RMCPII 

+ 
+ 

+ 

+ 

+ 
+ 

+ 
-
-

+ 

+ 

+ 

+ ? 

-

+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 

BMMC 

+ 
+ 

+ 

+ 
+ 

+ 

-

+ 

+ 

+ 
+ 
+ 

+ 

+ 
+ 

+ 

Human 

SKIN* 

+ 
_? 

+ ? 
+ ? 

+ 
+ 
+ 
+ 

+ 

+ 

-

+ 

+ 

+ 

+ 
(little 
stored) 

+ 

UC* 

+ 
- ? 

+ ? 
+ ? 

-
-
+ 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

a Abbreviations: ECF/NCF, eosinophil/neutrophil chemotactic 
factors; RMCP, rat mast cell protease; PAF, platelet activating fac-
tor-acether; PGD2 prostaglandin D2; LT, leukotriene; TNF, tumor 
necrosis factor; IL, interleukin; IFNy, gamma interferon. 

b The evaluation of mediator distribution in human mast cells is 
based on the most abundant mast cell type in the named tissue, 
recognizing that histochemically and protease content-distinct popu-
lations are mixed in all tissues. 



310 A. D. Befus 

don and Galli, 1991; Benyon et al., 1991a) and that important 
effects emanate from its release from mast cells (Klein et al., 
1989; Gordon and Galli, 1991) has been well established. 
However, factors other than IgE that dictate whether or not 
mast cells, macrophages, or other cells are the immediate 
source of TNFa in an inflammatory event remain to be clar-
ified. 

Unfortunately, given the heterogeneity of mast cells, the 
mosaic of information that one draws on to present a sum-
mary of their mediators (Table I) comes from studies with 
mast cells from different species and collected from different 
tissue sites by a profusion of techniques. Thus, one must 
be cautious when making generalizations and be careful to 
establish that the mediator repertoire of mast cells in a partic-
ular site does or does not follow closely the pattern of the 
4'generalized" mast cell. Equal caution must be taken when 
discussing the functions of these mediators; some may have 
functions that can be generalized easily in different species 
or tissues, for example, well-known actions of histamine on 
the vasculature or the substrate specificities of selected en-
zymes. However, other mediators may express site-specific 
functions dictated by conditions in the local microenviron-
ment. For example, the overall actions of histamine in a 
tissue may vary from those in another tissue or at another 
time in the same tissue. Such distinct responses could depend 
on the abundance and competence of selected cell popula-
tions designated to respond to this mediator, because of their 
expression of HI, H2, or H3 histamine receptors or because 
of alterations in the catabolism or activity of the mediator 
itself. 

Finally, although in our efforts to understand cascading 
networks of biological responses we use reductionist ap-
proaches, mast cells release a spectrum of mediators at one 
time and no mediator can be viewed in isolation. Moreover, 
depending on the stimulus applied, mast cells may release 
mediators in a differential fashion. For example, histamine 
can be released in preference to 5-hydroxytryptamine (5HT) 
and vice versa by murine skin mast cells (e.g., Meade et al., 
1988). For human skin mast cells, although the magnitude of 
histamine release is similar with both secretagogues, an IgE-
dependent stimulus releases 10- to 20-fold more prostaglandin 
D2 (PGD2) and leukotriene C4 (LTC4) than the neuropeptide 

substance P (see Benyon et al., 1989). Few of these types 
of issues have been analyzed with the care needed to provide 
more than a "generalized" view of mast cells. 

V. MODULATION OF MAST 
CELL FUNCTION 

A. Activation 

Until recently, studies of the factors that stimulate mast 
cells have focused largely on secretagogues for histamine or 
other mediators such as 5HT, arachidonic acid metabolities, 
proteases, or lysosomal enzymes. The list of such secreta-
gogues is long (Figure 2), yet unlikely to be complete. For 
example, although rodent IMMCs are unique in many ways 
and one might speculate that they are responsive to signals 
specific for the intestinal or other mucosal environments, no 
secretagogues have been identified that stimulate IMMCs but 
fail to stimulate CTMCs. In contrast, numerous secreta-
gogues such as certain neuropeptides and endorphins activate 
CTMCs but not IMMCs (e.g., Bienenstock, 1988). 

In addition to the classical antigen-specific IgE-dependent 
sensitization of mast cells, antigen-specific sensitization has 
been attributed also to a T cell-derived factor not cross-
reactive with IgE (e.g., Meade et al., 1988). However, prog-
ress in the characterization of this factor has been slow and 
its potential relevance for mast cells other than in murine 
skin requires additional study. Other mast cell activating 
factors are not known to be linked to antigen in a specific 
manner, although after antigen challenge the cascade of 
events may lead to continued mast cell activation, perhaps 
in a mediator-specific fashion, insuring the continued partici-
pation of these cells in the ongoing immune and inflammatory 
responses. 

For example, complement-derived anaphylatoxins, certain 
neuropeptides, endogenous opiates, rat mast cell protease I 
(RMCP I), or relatively poorly known factors from a variety 
of cell types collectively called HRFs (histamine releasing 
factors) may be important in different pathological states. 
HRFs include connective tissue activating peptide II (CTAP 

Activation/Priming 

Antigen specific M 
IgE, igG 
T cell factor(s) % 

Cationic peptides, etc. 
neuropeptides: Sub P,] 
VIP, Somatostatin 
48/80, 401, C3a/C5a 
endorphins, RMCPI 
corticostatins, polylysine 

Histamine releasing factors/cytokines 
CTAPII (NAP 2), IL-8 (NAP 1) 
IL-1, IL-3, GM-CSF 
Microbial products 

Inhibition 

Endogenous 
Interferons 
TGFß, IL-8 
corticosteroids 
lactoferrin/transferrin 

Exogenous 
cromoglycate, etc. 
cyclosporin A 
microbial products 
sulfasalazine, beta agonists 
phosphodiesterase inhibitors 

Figure 2 Factors that activate, prime or inhibit mast cell functions (abbreviations in text). 
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II), the closely related cleavage product, neutrophil-activat-
ing peptide (NAP 2) (Baeza et al., 1990), or, in the hands 
of some authors, neutrophil activating peptide 1 (NAP 1) 
(Dahinden et al., 1989), now recognized as IL-8. In addition 
to these HRFs, at least one other HRF activity with an appar-
ent molecular mass of 40-41 kDa remains to be fully charac-
terized (Baeza et al., 1990). The elucidation of the different 
uses of and cascades of responses to these pathways of mast 
cell activation will contribute much to our understanding of 
the functions of these cells. 

Perhaps more complex than the cytokine network in modu-
lating mast cell function is the interaction between mast cells 
and the nervous system. The close anatomical association 
of mast cells and nerves in the mucosa (Stead et al., 1987), 
the role of substance P and mast cell activation in wheal 
and flare reactions (see Stead et al., 1990), the differential 
activation of mast cell subpopulations by neuropeptides and 
endorphins (e.g., Shanahan et al., 1985), and even the classi-
cal Pavlovian conditioning of mast cell secretion (MacQueen 
et al., 1989) disclose the breadth of the spectrum of nervous 
control of mast cell function. Moreover, this interaction is 
bidirectional; mast cell activation, in turn, regulates nervous 
system function through mediators such as PDG2 (e.g., Un-
dem and Weinreich, 1989).Given the elaborate, partially au-
tonomous enteric nervous system, in studies of the physiol-
ogy of the intestinal mucosa or other mucosal sites an 
understanding of normal mast cell-nerve interactions and of 
their alterations in inflammatory states clearly will be bene-
ficial. 

The intestinal mucosa may be a rich source of other factors 
that stimulate mast cell secretion, such as hitherto poorly 
studied endogenous components or exogenous factors de-
rived from infectious agents or foodstuffs. For example, sev-
eral studies have established that members of the defensin/ 
corticostatin family of polypeptides derived from neutrophils 
and other cell types (Lehrer et al., 1991) are potent stimula-
tors of histamine secretion from mast cells (A. Bateman, C. 
Mowat, D. Befus, and S. Solomon, unpublished results). One 
member of this family, cryptdin, appears to be derived from 
Paneth cells in the intestinal crypt as well as from other 
intestinal leukocytes (e.g., Ouellette and Lualdi, 1990). De-
termining whether or not this member of the family has speci-
ficity for the activation of IMMCs or for differential mediator 
release, as opposed to other members of the family that might 
activate CTMCs, will be interesting. 

A similar specificity of activation, differential mediator re-
lease, or inhibition may exist for other endogenous intestinal 
components or for toxins or other metabolic products of the 
intestinal flora. Lipophilic but not hydrophilic bile acids have 
been shown to induce cytotoxic release of histamine from 
CTMCs as well as from cultured mast cells with some proper-
ties of IMMCs (Quist et al., 1991). Clearly evidence exists 
for activation (Konig et al., 1989) and inhibition (Nakagomi 
et al., 1990) of CTMCs by bacterial products, but to date 
no studies of differential activation, mediator secretion, or 
inhibition of IMMCs have been conducted. As such investiga-
tions are done in the near future, exploring markers of mast 
cell function other than simply histamine secretion will be 
important. For example, cytokine production, protein bio-

synthesis, and other metabolic activities associated with 
growth, differentiation, and maturation must become more 
widely used in assaying mast cell involvement in these and 
other physiological and pathophysiological pathways. 

B. Inhibition 

Although much effort has been invested in the search for 
drugs that inhibit the activation of mast cells (Figure 2) or 
antagonize selected mediators such as histamine or arachi-
donic acid metabolites, no fully satisfactory or specific drugs 
have been discovered. For a review of many drugs that inhibit 
the actions of mast cells, including corticosteroids, disodium 
cromoglycate, sulfasalazine, cyclosporin A, and antihista-
mines, see Benyon et al., (1991b). Certain drugs appear to 
affect mast cells in multiple sites (e.g., corticosteroids), 
whereas others inhibit CTMCs but appear to be without effect 
on IMMCs in rodents (e.g., disodium cromoglycate). The 
actions of these drugs may be diverse, in part depending on 
site and duration of use. For example, the observations that 
dexamethasone appears to induce ingestion of IMMCs by 
macrophages (Soda et al., 1991) requires careful investi-
gation. 

Unfortunately, the information from human mast cells is 
confusing because all populations of human mast cells are 
mixed (as discussed earlier). Whether or not a partial re-
sponse to the drug (e.g., 30-70% inhibition) reflects a limited 
responsiveness by all cells in the mixed population or a 
marked response by some cells and no response by others 
is unclear. 

In the future, more emphasis will be placed on studies of 
endogenous inhibitors of mast cell activation (Figure 2) and 
development. This area of research has been neglected to 
date, yet many pathways for the regulation of mast cell func-
tion must exist in vivo. For example, we have established 
that interferons inhibit histamine and TNFa release from 
CTMCs and IMMCs in rats (Bissonnette and Befus, 1990). 
We have shown that, after preincubation of rat CTMCs with 
TGF/3, the release of TNFa and histamine is inhibited (E.Y. 
Bissonnette and A. D. Befus, unpublished observations). 
Others have shown that IL-8 (Grant et al., 1991) and lactofer-
rin (Theobald et al., 1987) inhibit histamine secretion. 

VI. PLETHORA OF FUNCTIONS 

Given the tremendous spectrum of mediators stored and 
secreted by mast cells, or newly synthesized and released 
when the cell is activated, concisely listing the specific func-
tions of the mast cell is difficult. In a broad biological sense, 
mast cells have been shown to be involved in responses 
ranging from elicitation of cardiopulmonary responses in ana-
phylaxis (Takeishi et al., 1991), experimental allergic enceph-
alomyelitis (Dietsch and Hinrichs, 1989), and host defenses 
(Matsuda et al., 1987; Abe and Nawa, 1988) to immune com-
plex- (Ramos et al., 1990) and substance P-induced inflam-
mation (Yano et al., 1989). Accordingly, in this chapter a 
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more generalized conceptualization of mast cell function will 
be outlined (Figure 3). 

The targets of mediators secreted by mast cells may include 
almost any cell in the body: connective tissue cells, endothe-
lium, epithelium, cells of the immune system, and cells of 
the nervous system, as well as smooth muscle. These targets 
may respond to interaction with mast cell mediators in a 
number of ways, including alterations in their survival; short 
term secretory, contractile, migratory, or other functional 
responses; competency, proliferation, differentiation, or mat-
uration; and overall tissue or organ physiology or pathophysi-
ology. Many of these responses are associated with inflam-
mation, its associated tissue damage, and subsequent repair 
processes. 

In addition to the knowledge of mast cell mediators that 
have been studied for many years, for example, histamine 
and certain arachidonic acid metabolites, priorities for inves-
tigation in the next few years will lie in evaluating the produc-
tion and roles of mast cell-derived cytokines in inflammatory 
conditions of differing etiology. For example, when are mast 
cells a prominent source of TNFa (e.g., Gordon and Galli, 
1991) in comparison with other cell sources of this potent 
cytokine? Another emphasis will be on elucidating the in vivo 
substrates and functional activities of the multiple serine and 
other proteases in the mast cell (Schwartz, 1990). For exam-
ple, the catalytic site of mast cell tryptase appears to be 
critical in tryptase augmentation of histamine-induced 
smooth muscle contraction in dog bronchi (see Caughey, 
1990), tryptase mitogenic activity for fibroblasts (Ruoss et 
al., 1991), and degradation of bronchodilatory neuropeptides 
such as VIP (vasoactive intestinal polypeptide) and PHM 
(peptide histidine-methionine) (Caughey, 1990). Understand-
ing the orchestration of release of proteases and their activi-
ties in inflammatory sites promises to clarify many aspects 
of mast cell function in vivo. 

Postulating that this variety of functions of proteases and 
other mast cell-derived mediators is not restricted to pro-
nounced inflammatory reactions, but is ongoing during the 
course of normal physiological homeostasis, albeit in subtle 
unobtrusive ways, is reasonable. Such subtle and ongoing 
mast cell function, perhaps driven by both the endocrine 

Tissue homeostasis/ 
Inflammation Targets Responses 

Blood flow/permeability Epithelium Survival 
Anti-coagulation Endothelium Differentation 
Injury, cytotoxicity Smooth muscle Maturation 
Host defenses Connective tissue Competency 
Cell migration Immune system Functions: 
Repair mjψ Nervous system secretion 

Figure 3 Physiology and pathophysiology of mast cell activation in 
the maintenance of tissue homeostasis. 

(Befus, 1990) and the nervous (Stead et al.y 1990) system, is 
likely to be difficult to measure, given our emphasis to date 
on assay systems in which explosive degranulation events 
have been evaluated. Innovative approaches are required to 
begin to address this hypothesis and to address specifically 
its implications in the context of the homeostasis of mucosal 
function in health and disease. 
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I. INTRODUCTION 

Although immunological interactions between the liver and 
the intestine have been described for years, the liver often 
is perceived to function primarily as a " scavenger" within 
the reticuloendothelial system. The broader contributions of 
the liver can be appreciated if one considers that this organ 
can function in lymphopoiesis (particularly in neonates), 
clearance of immune complexes, antigen presentation, acute 
inflammation, IgA transport, local synthesis of immunoglobu-
lin, cell-mediated cytotoxicity, and immune regulation 
through the production of regulatory cells and cytokines. 

The liver and intestine exchange immunological informa-
tion via the portal vein and bile. Since some immunological 
responses in the liver are associated with pathological condi-
tions in the intestine, both organs are likely to act in concert 
to coordinate some of their immune responses. In this chap-
ter, we describe the production and function of cytokines in 
the liver and intestine using the paradigm of parasitic infesta-
tions to illustrate the dynamic immunological interventions 
between these tissues. 

II. OVERVIEW OF CYTOKINE PRODUCTION 

Cytokines are soluble small-to-intermediate sized proteins 
produced by a variety of cells in response to injury, infection, 
or antigenic challenges. These molecules can function in an 
autocrine, paracrine, or endocrine fashion, the latter being 
relevant to the communication between the gut and the liver. 
Their functions are diverse and include the regulation of 
growth, differentiation, and function of a variety of immune 
cells (Arai era/., 1990;Finkelmane/a/., 1991). Cytokines also 
help orchestrate numerous interactions between the immune 
system and physiological processes by altering the microenvi-
ronment and biomatrix surrounding these cells. Most of what 
we know about the effects of cytokines is related to inflam-
matory events, whereas relatively little is known about the 
function of these molecules under physiological conditions 
(Arai et al., 1990). 

The number of well-characterized cytokines has grown 
tremendously during the last 5 years. Two important develop-
ments that have helped elucidate the role of these factors 
in the immune response are the availability of recombinant 

cytokines and neutralizing antibodies. Among the best char-
acterized cytokines are interferon (IFNa, β, γ), tumor necro-
sis factor (TNF), lymphotoxin (LT), interleukins (IL) 1-12, 
and growth factors including epidermal growth factor (EGF), 
platelet-derived growth factor (PDGF), and transforming 
growth factors (TGF), as well as granulocyte-macrophage 
(GM-CSF), granulocyte (G-CSF), and macrophage (M-CSF) 
colony stimulating factors (reviewed by (Arai et al., 1990; 
Finkelman et al., 1991; Mosmann and Moore, 1991). In addi-
tion to these mediators, an entirely new class of cytokine 
has been discovered and characterized, describing a group of 
small secreted chemotactic factors referred to as the platelet 
factor 4 (PF4) superfamily (Schall, 1991). All these molecules 
share a similar primary structure and have a four-cysteine 
motif. The superfamily has two major subclasses: those with 
a "Cys-X-Cys" structure include PF4 and IL-8 and those 
with a "Cys-Cys" structure including the RANTES/SIS cy-
tokines. These cytokines act on a wide range of cells and 
collaborate in a cytokine network with neuroendocrine fac-
tors, adhesion molecules, and nonpeptide factors to influence 
the function of cells bearing the appropriate receptors and 
to modify the inflammatory or immune responses in tissues. 

The complexities of the cytokine network, including the 
cascades of events that lead to the indirect effects of a cyto-
kine, are sometimes difficult to dissect and evaluate. This 
complexity can be illustrated by cytokine production by 
monocytes, T cells, and mast cells in the intestine and liver. 
Using the tools at hand, a framework that describes the 
source and effects of many cytokines can be drawn and the 
link between the gut and liver can be exposed. 

III. INITIATION OF CYTOKINE 
PRODUCTION: INTERACTIONS AMONG 

CELLS AND ANTIGEN 

Cells in the intestine are involved in the absorption of 
nutrients, motility, and immune functions; all these functions 
are coordinated by nerves, hormones, cytokines, or other 
factors (Marshall et al., 1989; Kiyono et al., 1991; Strober 
et al., 1991). To develop a model of cytokine function in the 
gut and liver, we first consider the distribution of monocytes, 
T cells, and mast cells; their response to nematode infesta-
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tion; the progressive increase in cytokine synthesis; and their 
effects. 

The primary immune inductive sites in the intestine are 
aggregates of lymphocytes and antigen-presenting cells and 
include the Peyer's patches. Other antigen presenting cells, 
lymphoid cells, and leukocytes (including mast cells or their 
precursors) are scattered diffusely throughout the lamina pro-
pria and epithelium (effector sites). 

Although the liver is composed largely of parenchymal 
cells, an enormous complement of immune or inflammatory 
cells is also present. The major antigen-presenting cell is 
believed to be the Kupffer cell. T and B lymphocytes, natural 
killer cells, and other inflammatory cells including the occa-
sional mast cell are also found. Lymphocytes and other in-
flammatory cells are found primarily in the portal triads, 
adjacent to the biliary tracts and throughout the parenchyma 
(Jones and Altorfer, 1988). Plasma cells also are found near 
biliary spaces, but this observation is relatively rare under 
normal circumstances. One question that arises is whether 
hepatic lymphocytes are trapped from peripheral and portal 
blood or whether the liver has its own endogenous population 
of lymphoid cells. The enrichment for B and T cell precursors 
in the liver, particularly in infancy, suggests that the liver is 
not merely a sink for trapped lymphocytes from the blood, 
but does actively accumulate cells with a particular function. 
Further, this organ contains a proportionally larger number 
of B cells than blood or spleen (Manning et al., 1984). Collec-
tively, these observations suggest that the liver has the cellu-
lar capacity to respond to antigens and cytokines by mediat-
ing cytotoxic activity, antibody production, and the release 
of cytokines. 

Stimulation of the intestinal cells by luminal antigen is 
believed to occur primarily in the inductive sites (Ernst et 
al., 1988). These aggregates lie below specialized epithelial 
cells (M cells) that act as preferential sampling sites of luminal 
antigen (Owen and Jones, 1974; Neutra et al., 1987; Pappo 
et al., 1988). Some antigen also crosses intact or disrupted 
epithelium and contributes to the stimulation of naive or 
sensitized cells in the epithelium or the underlying lamina 
propria (Bland and Warren, 1986; Mayer et al., 1991). Anti-
gen-stimulated lymphocytes or cytokines reach the portal 
circulation and traffic to the liver. Alternatively, this immuno-
logical information may enter the lymph or blood and eventu-
ally reach the liver via the hepatic artery. In either case, 
substantial communication occurs between the intestine and 
the liver after antigenic stimulation. 

An interesting consequence of the response of the liver to 
luminal antigens is the induction of oral tolerance, which is 
a state of reduced responsiveness (Ernst et al., 1988) that 
is believed to be beneficial to the host by limiting immune 
responses to the myriad of enteric antigens. The role of the 
liver in this process has been implicated by experiments in 
which the portal circulation was made to bypass the liver 
prior to oral immunization (Cantor and Dumont, 1967). More-
over, immunization with alloantigens into the portal vein 
inhibits subsequent graft rejection (Qian et al., 1987). Thus, 
by dealing with the immunogenicity of luminal antigens, the 
liver is linked quite closely to the intestine. Although cellular 

studies have verified these results, little information is avail-
able on the factors or cytokines that may be mediating this 
process. 

IV. INITIATION OF CYTOKINE 
PRODUCTION: ACUTE INFLAMMATION 

In response to parasitic or other infections and injuries, 
the host responds initially with an acute inflammatory re-
sponse (Fey and Gauldie, 1990; Heinrich etal., 1990;Stadnyk 
and Gauldie, 1991). The acute inflammatory response may be 
divided into the local inflammatory response—coagulation, 
kinin generation, phospholipid metabolism with vasodilation 
and cellular emigration—and the systemic acute phase re-
sponse—fever, leukocytosis, changes in the concentrations 
of plasma heavy metals, and increased plasma levels of a 
number of hepatocyte-derived proteins (Gauldie et al., 1989; 
Heinrich et al., 1990; Stadnyk and Gauldie, 1991). These 
two responses are not clearly separable since many of the 
systemic changes seen during local inflammation are the re-
sult of the production of mediators at the primary site of 
inflammation. The systemic component of acute inflamma-
tion, that is, increases in the plasma "acute phase reactants" 
(APR), has received considerable attention as a marker for 
the detection of inflammation. 

Corticosteroids have a direct effect on the regulation of 
many genes in the liver, but may make a greater contribution 
by enhancing the effects of other factors such as IL-6 (Bau-
mann and Gauldie, 1990). IL-1 and TNF also have the ability 
to regulate APR; however, neither could regulate the full 
response in vitro, even in the presence of corticosteroids. 
IL-6 (also referred to as hepatocyte stimulating factor) acts 
via a heterodimeric receptor to activate nuclear factors that 
regulate the expression of acute phase protein genes (Gauldie 
etal., 1989; Heinriche al., 1990; Richards^ al., 1991). This 
activity of IL-6 is mimicked by leukemia inhibitory factor 
(LIF), IL-11, and oncostatin M (OM), which also can syner-
gize with IL-1 or TNF and corticosteroids. IL-1, IL-6, LIF, 
OM, and IL-11 all act through separate receptors, meaning 
a broad range of factors can contribute independently in 
response to inflammation regardless of the tissue affected 
and differences in local cytokine responses. 

The hepatocytes respond to these factors in a specific 
manner as a result of direct, additive, synergistic, or inhibi-
tory actions of the cytokines (Stadnyk and Gauldie, 1991). 
Type I acute phase proteins include opsonins, complement 
components, and transport proteins and are stimulated by 
combinations of cytokines such as IL-1 and IL-6. Type II 
proteins include fibrinogen, haptoglobin, and all the antipro-
teases and are stimulated only by IL-6 or IL-6-like cytokines. 
Other cytokines, including IFNy and TGF modulate the he-
patic response (Zuraw and Lotz, 1990). The complexity of 
the interactions is illustrated further by the fact that IL-1 can 
inhibit the effect of IL-6 induction on some type II proteins. 
Thus, in predicting the response of hepatocytes, one must 
consider which factors are released at the site of inflammation 
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as well as their sequence of release, which contribute to the 
network of signals that reach the liver. 

The cells producing cytokines that regulate gene expres-
sion in the liver are quite diverse (Andus et al., 1991; Stadnyk 
and Gauldie 1991). Macrophages, both resident tissue and 
circulating (monocytes), provide a link between the inflam-
matory response and immune system by antigen presentation 
and activation of lymphocytes. Through the secretion of cy-
tokines, especially IL-1 and TNF, macrophages communi-
cate with other tissues to elicit systemic inflammatory 
changes (Andus et al., 1991). Other cells involved at the 
site of inflammation also may participate in the acute phase 
response through the release of cytokines. These cells include 
lymphocytes, neutrophils, and platelets; stromal cells such 
as fibroblasts, endothelial cells, and smooth muscle cells; 
and epithelial cells such as keratinocytes. 

V. CYTOKINE PRODUCTION IN RESPONSE 
TO INFECTION WITH NEMATODES 

Several parasitic infections cause intestinal inflammation 
and permit studies on the impact of cytokine production 
during inflammation. Two nematode infections of the rodent 
with similar but distinct life cycles are Nippostrongylus bra-
siliensis and Trichinella spiralis. Subcutaneously adminis-
tered infectious L3 stage larvae of N. brasiliensis have an 
obligatory host lung stage before they arrive as L4 stage 
larvae in the small intestine. In that site, the worms mature 
to adults and live in the proximal jejunum where they mate 
and secrete eggs prior to expulsion. In contrast, infective 
larvae (L4) of T. spiralis recovered from skeletal muscle of 
mammals are ingested, allowing them to undergo rapid molts 
in the proximal jejunum. Subsequently, the worms mature 
and mate; newborn larvae (LI) arise few a days later. LI 
larvae migrate via the portal vein to skeletal muscle through-
out the host, where they encyst. The adults of the two species 
occupy a different niche within the host intestine: N. bra-
siliensis remains in the intestinal lumen, usually at the base 
of the villi, whereas T. spiralis lives within the epithelium 
(Stadnyk and Gauldie, 1991). 

During infection with N. brasiliensis, alveolar macro-
phages become activated and spontaneously secrete IL-1 and 
IL-6 during the passage of the larvae through the host lungs. 
These cells continue to secrete increased amounts of these 
cytokines while the parasite inhabits the intestine (Stadnyk 
and Gauldie, 1991), leading to changes in serum APR. IL-1 
and IL-6 were detected in the superaatants of cultures of 
isolated intestinal cells from normal animals, and levels were 
increased in cultures from rats infected with N. brasiliensis. 
In contrast, no APR changes occur and neither alveolar nor 
peritoneal macrophages from T. sp/ra/zs-infected rats secrete 
greater than normal amounts of IL-1 or IL-6, whereas the 
intestinal cell cytokine levels from animals infected with T. 
spiralis were reduced compared with normal levels. How-
ever, cells in the infected intestine are capable of producing 
IL-1 nd IL-6 (and other cytokines) in vitro but do not appear 

to be activated in vivo during intestinal pathology caused by 
T. spiralis or, most significantly, during the inflammation 
induced by direct intestinal infection with the L4 stage of N. 
brasiliensis. These observations suggest that tissue activation 
and cytokine secretion occur because of the effects of parasite 
migration through the lung and that the inflamed intestine 
does not generate an acute phase response to nematode infec-
tion, as might have been predicted. 

Other cells also may produce cytokines during nematode 
infections. Intraepithelial lymphocytes (IEL), found at the 
basolateral surfaces of epithelial cells, have been shown to 
produce several different cytokines including IL-2, IL-3, IL-
5, IL-6, IFNy, TNFa, and TGF0 in the absence of parasitic 
infection (Dillon et al., 1987; Barrett et al.y 1990; Taguchi et 
al., 1990). The epithelium itself also has been shown to pro-
duce EGF/urogastrone in humans (Wright et al., 1990) and 
IL-6 in freshly isolated cell preparations (K. Beagley, per-
sonal communication). Although these cytokines and their 
potential effects are impressive, few studies have evaluated 
this condition in situ. Part of this response may reflect the 
effects of cell isolation and manipulation in vitro. 

IEL deserve special attention since they have interesting 
cytoplasmic granules, appear to be thymus independent, and 
express novel surface antigens including T-cell repertoires 
that are not found elsewhere in the body (Lefrancois, 1991). 
The large population of Thyl~CD8+ IEL has been shown 
to mediate antibody enhancement in orally tolerized animals, 
but IEL-derived cytokines have not been implicated directly 
(Fujihashi et al., 1990). IFNy (Zhang and Michael, 1990) and 
TGF/3 (L. Zettel and P. Ernst, unpublished observations) 
have been shown to prevent or reverse tolerance, since both 
these cytokines are produced by IEL they may contribute 
to the enhancement of antibody responses. Since IELs are 
mostly CD8+, their ability to produce so many cytokines 
may compensate for the absence of CD4 helper T cells (Th) 
in this compartment. Since nematodes and other pathogens 
are found in close association with the epithelium, the IEL 
may have evolved an important role in the host response 
to infections through cytokine generation and other func-
tions. 

Most analyses of T-cell function in parasitized animals 
have focused on cytokine production by Th cells from the 
spleen or mesenteric lymph node, providing an interesting 
model of Th cell heterogeneity and its implications for func-
tion. Studies have shown that Th cells segregate into subsets 
based on their cytokine profile (Mosmann and Coffman, 
1987). Thus, Thl cells are a source of IL-2, IL-3, IFNy, LT, 
GM-CSF, and TNF-/3. In turn, Th2 cells produce IL-3, IL-
4, IL-5, IL-6, IL-10, GM-CSF, and TNF (Mosmann and 
Moore, 1991). Interestingly IL-10, which is produced by Th2 
but not Thl cells, leads to the inhibition of Thl cell develop-
ment but not that of Th2 cells (Mosmann and Moore, 1991). 
During infection with N. brasiliensis or T. spiralis, mice 
mount a strong Th2 cell-like response in their spleen or mes-
enteric lymph nodes, including the ability to synthesize 
more IL-4 and IL-5 while producing less IFNy and IL-2 
(Pond et al., 1989; Street et al., 1990; Mosmann and Moore, 
1991). 



318 Fernando Anaya-Velazquez et al. 

VI. EFFECTS OF CYTOKINE PRODUCTION 
DURING INFECTION WITH NEMATODES 

The characteristics of Th2 stimulation during nematode 
infection include elevated IgE antibody production, eosino-
philia, and mastocytosis (Finkelman et al, 1988,1991; Coff-
man et al, 1989; Wang et al, 1989; Madden et al, 1991; 
Urban et al, 1991). These immunological manifestations are 
explained by the production of IL-3, IL-4, and IL-5, which 
can contribute to these changes. Evidence implicating cyto-
kine control of the immune response in vivo in some nematode 
infections comes from experiments in which various neu-
tralizing antibodies have been injected into an animal. Several 
studies have shown that either anti-IL-4 or anti-IL-3 antibody 
can inhibit partially the induction of mucosal mastocytosis 
in N. brasiliensis-intected mice, and that a combination of 
these two antibodies blocks the N. brasiliens is-induced in-
crease in mucosal mast cell number by approximately 90% 
(Finkelman et al, 1991). The injection of anti-IL-4 and anti-
IL-4 receptor monoclonal antibodies into mice infected with 
N. brasiliensis or H. polygyrus totally blocks the IgE re-
sponses to both primary and secondary inoculations. Like-
wise, a neutralizing anti-IL-5 monoclonal antibody has been 
shown to block peripheral blood and tissue eosinophilia com-
pletely in mice infected with N. brasiliensis (Coffman et al, 
1989). Remarkably, treatment with anti-IL-5 antibodies does 
not block expulsion of N. brasiliensis; however, the expul-
sion is inhibited completely by an anti-CD4 antibody (Katona 
et al, 1988). The cytokine IFNa appears to inhibit the devel-
opment of blood and solid tissue eosinophilia, at least in N. 
brasiliensis-intected mice (Finkelman et al, 1991). Thus, 
CD4+ T cells, by some mechanism other than the induction 
of eosinophil, mast cell, or IgE responses, make an essential 
contribution to protective immunity in N. brasiliensis-in-
tected mice. Interestingly, clearance of H. polygyrus is 
blocked by anti-IL-4 antibody (Urban et al, 1991), showing 
that mechanisms of protection differ. 

IL-3 production by IELs also may lead to local mast cell 
hyperplasia induced by these infections. Mast cells also pro-
duce a range of cytokines (Gordon et al, 1990) and, since 
the IELs contain a vast number of mast cell precursors that 
are able to differentiate during nematode infestations (Crap-
per and Schrader, 1983; Guy-Grand et al, 1984), they also 
may contribute to additional cytokine production. 

In addition to the alterations in the immune and inflamma-
tory response, infection with intestinal nematodes has been 
shown to affect intestinal physiology. Changes observed in 
association with musocal inflammation are consistent with 
the prediction that lymphocytes or mast cells in the epithe-
lium and lamina propria may modulate epithelial prolifera-
tion, differentiation, and function. This hypothesis is sup-
ported by studies showing altered epithelial structure and 
function after challenge with antigen in sensitized animals 
(King and Miller, 1984; Harari et al, 1987; Patrick et al, 
1988; Crowe et al, 1990), as well as by reports that cytokines 
or mast cell mediators modulate the expression of secretory 
component and major histocompatibility (MHC) Class II mol-
ecules on enterocytes (Sollid et al, 1987; Kvale et al, 1988; 
Phillips et al, 1990) and enterocyte function (Barrett, 1991). 

Complementing these responses to antigen in the epithe-
lium, smooth muscle contractility also is altered by antigen 
in sensitized animals (Palmer and Castro, 1986). This altered 
contractility may involve the effects of mast cells or T cells 
(Vermillion et al, 1989,1991) on sodium pump activity 
(Muller et al, 1989) or impaired neurotransmitter release 
(Collins et al., 1991). At least some of these changes do not 
require contact with the parasite, since uninfected segments 
of intestine experience similar alterations in physiological 
function (Marzio et al, 1990). These observations suggest 
that inflammatory mediators or cytokines from mast cells or 
T cells may act as hormones and modulate distant tissues. A 
coordinated physiological response mediated by the immune 
system during infection with intestinal nematodes could assist 
in the catharsis associated with the expulsion of these para-
sites. 

VII. EXTENSION TO THE LIVER 

Two reviews (Andus et al, 1991; Richards et al, 1991) 
have summarized the effects of a number of cytokines on 
the liver (see Table I). These authors have emphasized three 
aspects about the interactions between the liver and cyto-
kines, including (1) cytokines as signal molecules reaching 
the liver from extraheptaic inflammatory sites and leading to 
changes in hepatocyte metabolism, including the acute phase 
response; (2) the role of the liver as a source and scavenger 
of cytokines; and (3) the role of cytokines during diseases of 
the liver itself. 

The liver responds quite dramatically to intestinal infection 
with nematodes. For example, mast cells are increased in 
the portal areas of the liver of rats infected with N. brasiliensis 
(Figure 1) or Taenia taeniaeformis (Ishiwata et al, 1991). 
As noted earlier, mast cells rarely are seen in the normal liver, 
either as young mast cells in the space of Disse (Balabaud et 
al, 1988) or as mature mast cells in the perisinusoidal space 
(Jezequel et al, 1986). Our studies suggest that some of these 
mast cells in normal or parasitized animals may arise from 
hepatic precursors in response to an increase in mast cell 
growth factors emanating from the intestine or hepatic T cells 
(see Table II). 

The function of hepatic mast cells is unclear, although 
their presence during nematode infection reflects the ability 
of the liver to respond to intestinal sensitization. After the 
administration of 48/80, histamine is released by hepatic mast 
cells into the bile. Using a more physiological stimulus, feed-
ing ovalbumin to sensitized animals also causes an increase 
in biliary histamine (G. D. F. Jackson et al, unpublished 
observations). Presumably, histamine and other mediators 
from mast cells contribute to changes in the liver including 
altered blood flow, the accumulation of inflammatory cells, 
and possibly chronic changes such as fibrosis through the 
production of TNF or TGF/3 by mast cells. Since significant 
synthesis and transport of IgA also occurs in the liver of 
rodents (Manning et al, 1984), the exchange of immunologi-
cal information between the liver and intestine via the portal 
circulation and the bile may play a role in host resistance. 
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Table I Cytokines Affecting the Liver" 

Cytokine 

IL-1 

IL-2 

IL-6 

TNFa 

LIF/HSF III 

IL-11 

Oncostatin M 

IFNa/j3 
IFNy 

EGF 

TGFa 

TGF/3 

FGF 

PDGF 

IGF-1 

IGF-2 

Main source 

Monocytes, endothelium, smooth muscle, 
keratinocytes 

Lymphocytes 

Monocytes, lymphocytes, fibroblasts, endothelium, 
smooth muscle, keratinocytes 

Monocytes 

Tumor cells 

Stromal cells, T cells, monocytes 

Stromal cells, T cells, monocytes 

Mononuclear cells 

T lymphocytes 

Gastrointestinal glands 

Fibroblasts, embryonic cells, keratinocytes, 
monocytes 

Monocytes, platelets, hemopoietic cells, 
lymphocytes, placenta, keratinocytes, kidney, 
fibroblasts, bone 

Endothelial cells, pituitary cells 

Platelets, monocytes 

Hepatocytes, tumor cells 

Liver, yolk sac 

a Modified with permission from Andus et al., (1991). 

In some other parasitic diseases, cytokines produced in 
the liver may act directly to clear the liver of parasites. IL-
1, IL-6, IFNy, and TNF directly or indirectly interfere with 
the development of malaria parasites in the liver via an 
L-arginine-dependent effector mechanism (Nussler et al., 
1991). Similarly, both the sporozoites and the erythrocytic 
stages of malaria parasites have been established to modulate 
the hepatic phase of malaria by cytokines (notably IFNy, 
TNFa, and IL-6), either directly or as a result of a cascade 
of events (Mazier et al., 1990). Th2 cytokines have been 
suggested to be selectively induced during infection with 

Table II Frequency of Mast Cell Precursors 
in Mononuclear Cells from Liver and 

Peripheral Blood of Normal CBA Mice* 

Origin of cells 
Frequency/106 cells 

(95% confidence interval) 

Perfused liver 
Nonperfused liver 
Peripheral blood 

148 (107-189) 
357 (289-425) 
115 (94-137) 

a Purified mononuclear cells from normal spleen 
were cultured in the presence of interleukin 3 
(WEHI-conditioned media) using limiting dilution 
as described elsewhere (Crapper and Schrader, 
1983). Based on the presence of colonies of mast 
cells individual wells were scored and the frequency 
of mast cell precursors was calculated. 

Schistosoma mansoni (Pearce et al., 1991) and IL-5 produc-
tion is associated with the eosinophilia. However, anti-IL-5 
antibody in vivo can decrease the number of eosinophils but 
has no other effect on the appearance of the hepatic granu-
lomas. 

Additional evidence suggests that cytokines can be pro-
duced in the liver and modulate other functions in this site. 
After immunization of rats, the number of cells expressing 
CD25 (IL-2 receptor) increases from 10 to 24% (G. D. F. 
Jackson et al., unpublished observations). This increase is 
associated mainly with CD8+ cells in the portal region. This 
evidence of activation again suggests that local cytokine pro-
duction by immune or inflammatory cells or other nonparen-
chymal cells occurs in the liver, in agreement with the obser-
vations that cytokines such as TNFa, IL-1, and IL-6 are 
produced by hepatic mononuclear cells (Decker, 1990), 
whereas parenchymal and fat-storing cells may produce these 
as well as fibroblast growth factor (FGF), TGFa, and IFNa 
(Northemann et al., 1990). In turn, perisinusoidal cells are 
the major source of circulating insulin-like (IGF-1) (Murphy 
et al, 1987) and also can express TGF/31 (Nakatsukkasa et al., 
1990). Hepatic sinusoidal endothelial cells produce cytokines 
such as a basic FGF-like molecule (Rosenbaum et al., 1989). 
liver parenchymal cells also have been shown to express IL-
8 genes in vitro, implying that the liver may participate in 
inflammatory processes by the production of leukocyte che-
motactic factors. From these reports, we can see that antigen 
or inflammatory signals emanating from the gut via the portal 
circulation clearly stimulate host of cytokine responses in 
the liver. 

Cytokines affect many metabolic functions of the liver 
including its amino acid, protein, lipid, and carbohydrate 
metabolism. Mineral metabolism, detoxification, and bile ex-
cretion also may be influenced by certain cytokines. Carbohy-
drate metabolism is increased by several cytokines including 
IGF-1, IL-6, EGF, and IGF-2 (Andus et al, 1991). In particu-
lar, IL-6 can stimulate hepatic glucose release from pre-
labeled glycogen pools in vitro; likewise, antisera to this 
cytokine significantly decrease monocyte-derived glucose-
releasing factor (GFR) activity, implicating IL-6 as a glucore-
gulatory factor that acts by inhibiting glycogen synthase (Rit-
chie, 1990). In addition, lipid metabolism is raised by IL-1, 
IFNa, TNFa/ß, and IFNy. TNF increases serum triglyceride 
levels in vivo by stimulating hepatic lipogenesis and very low 
density lipoprotein (VLDL) production. However, IL-4 has 
been found to block the effect of TNF, IL-1, and IL-6 on 
lipogenesis but to have no effect on the ability of IFNy to 
stimulate this response (Endo, 1991; Grunfeld et al., 1991). 
Thus, the liver can respond in a number of ways to cytokines 
produced in response to local or intestinal inflammation by 
altering its immunological characteristics, inflammatory re-
sponse, and metabolic processes. 

VIII. SUMMARY 

Infection with intestinal nematodes has been a useful tool 
in exploring the peculiarities of cytokine production and func-
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Figure 1 Hepatic mast cell response during intestinal inflammation. Histological sections of liver from mice infected with 
N. brasiliensis were prepared and stained with toluidine blue. A marked increase in mast cells was observed, particularly 
close to the portal triad as seen in cross (A) or longitudinal (B) sections. Mast cells rarely are seen in uninfected mice. 
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tion. Although the acute inflammatory response may not be 
invoked during the intestinal phase of a nematode infection, 
a significant activation of Th2 cells appears to occur that 
could account for the characteristic changes in the intestinal 
mucosa and possibly the mastocytosis in the liver. Interest-
ingly, Th2 cells also are believed to enhance IgA responses 
through the production of IL-4, IL-5, and IL-6; however, 
the immunological picture observed during a mucosal IgA 
response and nematode infestation could not be more differ-
ent. Clearly, a significant gap exists in our current under-
standing of the control of mucosal immunity. Cytokines pro-
duced in the intestine and liver are quite pleiotropic and 
the discrete expression of genes encoding cytokines or their 
receptors may combine with tolerogenic mechanisms involv-
ing the liver to focus a response toward the desired end point. 
In view of the protective responses governed by cytokines, 
a better understanding of cytokine regulation and the manner 
in which their pleiotropic effects are prevented certainly will 
be a key issue for future research. 

Studies of the local and systemic effects of intestinal nema-
todes constitute a useful approach to demonstrating the im-
munologial link between the intestine and the liver. The na-
ture of the interaction can include an exchange of antigen, 
hematopoietic precursors, immune cells, or potent intercellu-
lar messengers such as cytokines. Additional knowledge 
about the intestinal-hepatic axis could facilitate the success-
ful development of oral vaccines and intestinal trans-
plantation. 
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28 
Cytotoxic Lymphocytes in Mucosal Effector Sites 

Steven D. London 

I. INTRODUCTION 

Lymphocytes that express cytotoxic function are a major 
component of the immune system. Cytotoxic lymphocytes 
can be classified broadly into two groups based on their 
antigenic specificity. The first group is antigen specific and 
is thought to be involved in the rejection of tissues expressing 
nonself major histocompatability complex (MHC) antigens 
(alloantigens). Antigen-specific cytotoxic cells also are 
thought to be important in the elimination of cells infected 
with a wide number of intracellular pathogens via recognition 
of pathogen-specific antigens (nominal antigens) complexed 
with self MHC molecules. Antigen-specific cytotoxic T lym-
phocytes (CTL) are T-cell receptor bearing CD3+ T lympho-
cytes. These cells are usually CD8+ and are restricted by 
MHC Class I molecules. However, CD4+ MHC Class II-
restricted CTLs also have been found to exist as a subpopula-
tion of CTLs. The second group of cytotoxic effector cells 
includes a variety of cell types that are not antigen or MHC 
restricted and often exist in the absence of specific infections 
or diseased states. In this chapter, I review the cytotoxic 
lymphocyte compartment of mucosal tissues with emphasis 
on antigen-specific cytotoxic cells. Although the primary fo-
cus of this review is the CTLs, a description of nonspecific 
cytotoxic cells in mucosal tissues is also included. The pres-
ence of nonspecific cytotoxic cells in mucosal tissues may 
indicate that they play a functional role in protection of muco-
sal areas. In addition, their presence should be appreciated 
since they can complicate the detection of specific cytotoxic 
effector cells in specific CTL assays. 

II. NONSPECIFIC CYTOTOXIC CELLS IN 
GUT MUCOSAL TISSUES 

Several different types of nonspecific cytotoxic cell have 
been described based on target preference, surface pheno-
type, and responsiveness to various biological factors. Natu-
ral killer cells (NK) lyse Yac-1 targets and express asialo-
GM1, NK-1 antigen, and low levels of Thy 1 antigen. These 
cells are responsive to interferon and interleukin 2 (IL-2) 
in vitro (Welsh, 1984; Brooks and Henney, 1985). Natural 
cytotoxic cells (NC) lyse WEHI-164 targets, are negative for 
the NK cell markers, and are responsive to IL-2 and IL-3 in 
vitro (Stutman et al., 1978; Lattime et al., 1983). Spontane-

ously cytotoxic T lymphocytes (SC) were described initially 
as arising from splenocytes cultured in the absence of mito-
gen, antigen, or interleukins. These cells bear high levels of 
Thy 1 and lyse P-815 cells (Ching et al., 1977). The origin of 
and interrelationship among these cytotoxic cells is not clear, 
and is complicated by observations of the breakdown in speci-
ficity of cultured antigen-specific CTLs (Wilson and 
Shortman, 1984). The levels of these types of nonspecific 
cytotoxic activity have been analyzed in various mucosal 
lymphoid populations. Peyer's patch lymphocytes obtained 
from conventionally reared mice have been shown to contain 
undetectable levels of cytotoxic activity to the NK-sensitive 
target Yac-1 in 4-hr (Tagliabue et al., 1981,1983/1984) or 
16-hr (Tagliabue et al., 1983/1984) 51Cr release assays. NK 
activity was not induced by a 24-hr incubation of Peyer's 
patch lymphocytes with a source of IL-2 or IL-3 (Tagliabue 
et al., 1983/1984). However, the incubation of Peyer's patch 
lymphocytes with irradiated peritoneal exudate cells and 10% 
concanavalin A (Con A)-conditioned medium has been shown 
to result in the generation of cytotoxic activity to Yac-1 target 
cells (London et al., 1986). These results may be analogous 
to the observation that Peyer's patches lack terminally differ-
entiated B cells (plasma cells) although they are capable of 
generating antibody secreting cells in in vitro cultures (Ki-
yono et al., 1982). In contrast to NK cytotoxicity, normal 
Peyer's patch lymphocytes lyse the NC-sensitive target 
WEHI-164 in 16-hr 51Cr release assays. Peyer's patch lym-
phocytes have higher levels of NC activity than either spleen 
or peripheral lymph node lymphocytes (Tagliabue et al., 
1983/1984). Peyer's patch lymphocytes obtained from con-
ventionally reared mice also were found to contain a popula-
tion of novel naturally cytotoxic effector cells that have been 
termed natural cytotoxic T cells (NCTC) (Gautam et al., 
1986). NCTC effector cells were able to lyse a wide variety 
of syngeneic and allogeneic tumor cell lines as well as syn-
geneic or allogeneic Con A-induced T lymphoblasts. These 
cells are characterized as plastic nonadherent, nylon wool 
adherent Thy 1+ Ia+ asialo-GMl+ T cells (Gautam et al., 
1986) and have been identified in several inbred strains of 
mice. Of all lymphoid tissues tested, only Peyer's patch lym-
phocytes were found to contain NCTC activity. 

In addition to Peyer's patch lymphocytes, intraepithelial 
lymphocytes (IEL) have been analyzed for the presence of 
naturally occurring cytotoxic cells. NC (Tagliabue et al., 
1983/1984) activity has been observed in purified populations 
of unprimed IELs. Whereas IELs of normal mice do not 
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express cytotoxicity toward the SC target P-815 (Goodman 
and Lefrancois, 1988), such cytotoxicity can be elicited in 
vitro by culturing IELs in the presence of Con A-conditioned 
medium (Ernst et al., 1985) or in vivo after immunization by 
the combined feeding and parenteral inoculation of allogeneic 
splenocytes or tumor cells (Klein and Kagnoff, 1984). The 
literature regarding the presence of NK cytotoxicity among 
IELs is more complex, with some reports of this activity in 
normal mice (Petit et al., 1985; Tagliabue et al., 1981,1982, 
1983/1984; Klein, 1986) and some reports of this activity only 
in mice experimentally stimulated with allogeneic spleno-
cytes or tumor cells (Klein and Kagnoff, 1984; Carman et 
al., 1986; Goodman and Lefrancois, 1988). The inconsistent 
finding of NK activity in isolated IELs may be related to 
differences in environmental conditions. For example, spe-
cific pathogen-free mice and germ-free mice, compared with 
conventionally reared mice, have lower numbers of IELs 
and phenotypically altered IEL populations (Carman et al., 
1986; Lefrancois and Goodman, 1989; Guy-Grand et al., 
1991a). Utilizing an antigen nonspecific ''redirected" cyto-
toxicity assay, some investigators have reported that the 
cytotoxic potential of IELs is unrelated to gut antigen stimula-
tion (Guy-Grand et al., 1991b) whereas others have shown 
a striking environmental influence on the cytotoxic potential 
of particular IEL subpopulations (Lefrancois and Goodman, 
1989). The redirected cytotoxicity assay has demonstrated 
clearly that IELs from conventionally reared mice are consti-
tutively lytic (Lefrancois and Goodman, 1989; Viney et al., 
1990; Guy-Grand et al., 1991b). Thus, environmental factors 
may have a strong influence on the nature and immune poten-
tial of IELs, so these factors should be considered in the 
planning and interpretation of experiments involving IELs. 
In addition, these results suggest that the activation of non-
specific cytotoxic effector populations that occurs during an 
antigen-specific response may be a nonspecific defense mech-
anism that is important for the protection of the gut mucosa 
from infection with environmental pathogens. 

The cytotoxic lymphocyte response to gut mucosal infec-
tion with an enteric murine coronavirus, mouse hepatitis 
virus (MHV), has been analyzed. Although an antigen-spe-
cific CTL response was not detected, a novel non-MHC-
restricted cytotoxic IEL effector cell population has been 
identified that is highly cytotoxic to target cells infected with 
this virus (Carman et al., 1986). These predominantly asialo-
GM1+ Thy 1" Lyt 1" Lyt 2~ cytotoxic effector cells were 
present in immune and normal mice. Elimination of asialo-
GM1+ cells in vivo resulted in an increased persistence of 
virus in gut tissues as well as decreased cytotoxic activity 
of isolated IELs to MHV infection in vitro (Carman et al., 
1986). Although MHV-specific CTLs have been difficult to 
demonstrate and MHV-specific CTL clones have been ob-
tained only recently (Yamaguchi et al., 1988), antibody-
independent B lymphocyte-mediated lysis of MHV-infected 
cells has been shown to occur (Wysocka et al., 1989). This 
lysis is likely to be mediated by selective fusion of B lympho-
cytes and MHV-infected cells, facilitated by the neutral pH 
membrane-fusing activity of MHV E2 protein. Note that a 
similar mechanism of nonspecific cytolysis may control MHV 
infection at mucosal surfaces and that this activity is carried 

out by a unique cell population present only in the intestinal 
epithelium. 

III. GUT MUCOSAL CYTOTOXIC 
T LYMPHOCYTES 

A. Allospecific Cytotoxic T Lymphocytes 

Kagnoff and Campbell (1974) were the first to demonstrate 
that Peyer's patch lymphocytes express CTL activity by gen-
erating allogeneic specific CTLs in secondary mixed lympho-
cyte reaction (MLR) of cultured Peyer's patch lymphocytes 
from normal mice. The precursor CTLs were identified as T 
cells by pretreatment with anti-theta serum and complement 
(Kagnoff and Campbell, 1974). Intraperitoneal injection or 
chronic feeding of MHC disparate tumor cells (EL-4 cells into 
BALB/c mice) was found to increase the level of allogeneic 
cytotoxicity developed in secondary MLR cultures of primed 
rather than normal Peyer's patch lymphocytes, suggesting 
that the gut mucosal application of stimulator cells results in 
an increase in precursor frequency (Kagnoff, 1978). In con-
trast to tumor cells bearing major MHC differences, tumor 
cells bearing minor MHC differences induced a CTL response 
in Peyer's patches after intrapeitonael priming but not after 
chronic feeding (Kagnoff, 1978). 

The intraperitoneal injection of allogeneic tumor cells has 
been shown to generate allogeneic specific CTLs recoverable 
from IELs and lamina propria lymphocytes (LPL) 6-11 days 
after immunization (Davies and Parrott, 1980,1981; Parrott 
et al., 1983). This cytotoxic activity was observed without 
re-stimulation of isolated effector cells in an in vitro MLR. 
Control mice do not respond to allogeneic targets, and the 
subcutaneous route of immunization does not generate high 
levels of CTL activity in the gut mucosa (Davies and Parrott, 
1981; Parrott et al., 1983). LPLs contained the highest levels 
of cytotoxic activity of all tissues tested after intraperitoneal 
immunization; this cytotoxicity lasted for prolonged periods 
(>40 days; Parrott et al., 1983). The phenotype of both alloan-
tigen-specific effectors and precursor CTLs (pCTLs) gener-
ated in vitro in primary isolated IEL MLR cultures was shown 
to be Thy Γ Lyt 2+ (Ernst et al., 1986). The frequency of 
alloantigen-specific pCTLs was found to be approximately 
threefold higher among unfractionated splenocytes than in 
isolated IELs (Ernst et al., 1986). 

Alloantigen-specific CTL clones have been obtained from 
isolated IELs derived from BALB/c mice that were immu-
nized twice, intragastrically and intraperitoneally, with allo-
geneic tumor cells (EL-4) (Klein et al., 1985; Klein and Kag-
noff, 1987). Two types of effector clone were generated: 
(1) clones that were antigen specific with respect to prolifera-
tion and cytolytic activity and (2) clones that were antigen 
specific for proliferation but were not cytolytic when main-
tained in 4% Con A-conditioned medium. When cultured in 
the presence of 25% Con A-conditioned medium for 4 days, 
these clones exhibited broad lytic potential and were cyto-
toxic for EL-4 cells, P-815 cells (SC), and Yac-1 cells (NK), 
as well as for syngeneic and allogeneic lipopolysaccharide 
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(LPS) blasts. Although one clone (D3) was reported lytic for 
syngeneic LPS blasts, it does not lyse itself when 51Cr-labeled 
D3 cells are used as targets. The phenotype of both types of 
clones was Thy 1+ Lyt 2+ (Klein et aL, 1985; Klein and 
Kagnoff, 1987). These broadly cytotoxic clones may be an 
in vitro counterpart of the broadly cytotoxic NCTC cells 
observed in normal Peyer's patches. The presence of broadly 
cytotoxic cells in gut mucosal tissues might be one mecha-
nism by which mucosal tissues are protected from infection 
with particular intracellular pathogens. 

B. Vaccinia Virus-Specific Cytotoxic T Lymphocytes 

Although early studies have indicated that gut mucosal 
tissues have the capability to contain CTLs, whether mucosal 
application of antigen is a necessary prerequisite for the gen-
eration of CTL activity in these tissues is not clear. Further, 
the generation of allospecific CTLs with precursors that are 
present at an extremely high frequency (Lindahl and Wilson, 
1977) may not be a good indication of the potential of Peyer's 
patches to generate CTL activity directed to nominal antigens 
associated with environmentally encountered pathogens. Gut 
mucosal infection with vaccinia virus has provided direct 
evidence that some gut associated tissue contains virus-
specific CTLs. After enteric injection, mesenteric lymph 
node lymphocytes had a strong vaccinia-specific T helper 
cell and CTL response (Issekutz, 1984). Vaccinia-specific T 
helper cell and CTL responses were not observed in Peyer's 
patches. Since Peyer's patches are one source of lympho-
cytes that migrate to the mesenteric lymph nodes, one inter-
pretation of these results is that Peyer's patches are an induc-
tive site from which virus-specific Th cells and CTLs were 
stimulated. In this scenario, the absence of detection of these 
cells in Peyer's patches is a consequence of their rapid migra-
tion to mesenteric lymph nodes. 

G Reovirus-Specific Cytotoxic T Lymphocytes 

Reovirus serotype 1, strain Lang (reovirus 1/L), is a natu-
rally occurring enteric virus that is stable within the gastroin-
testinal tract (Sabin, 1959; Rubin and Fields, 1980). The ob-
servation that reovirus 1/L preferentially binds to and is 
transported from the intestinal lumen into Peyer's patches 
through microfold (M) cells (Wolf et aL, 1981,1983) and its 
ability to stimulate the appearance of IgA-committed memory 
cells in Peyer's patches and distal lymphoid tissues after 
intraduodenal immunization (London et aL, 1986) suggest 
that reovirus 1/L is an effective mucosal immunogen. Fur-
ther, the marked expansion of cells expressing the GCT anti-
gen (an antigen present on subpopulations of CD8+ T and 
germinal center B cells) after a single intraduodenal applica-
tion of reovirus 1/L provides additional evidence of the ability 
of reovirus 1/L to stimulate Peyer's patch T and B cell sub-
populations acutely (London et aL, 1990). 

In studies aimed at analyzing the potential of gut mucosal 
tissues to generate virus-specific CTLs, researchers found 
that a single intraduodenal application of reovirus 1/L gener-
ates the appearance of detectable levels of virus-specific cyto-

toxicity in Peyer's patch and mesenteric lymph node lympho-
cytes on in vitro re-stimulation (London et aL, 1986). 
Although this was the first demonstration of virus-specific 
pCTLs in Peyer's patches, these results confirm those found 
with vaccinia virus infection and offer further support that 
the CTL response observed in mesenteric lymph nodes in 
both systems may have originated from migrating Peyer's 
patch lymphocytes. Peyer's patch effectors show the surface 
phenotype of CTLs (Thy 1+ Lyt 2+), are MHC restricted, 
and are virus-specific (London et aL, 1986). In addition, the 
phenotype of the pCTLs prior to their in vitro stimulation 
also was shown to be Thy 1+ Lyt 2+ (London et aL, 1990). 
Although the virus-specific cytotoxic cells derived from Pey-
er's patches were found not to be selective for the immunizing 
serotype of reovirus, as was reported previously for nonmu-
cosal lymphocytes (Finberg et aL, 1979), they were not cross-
reactive with unrelated virus antigens (London et aL, 1986). 
The lack of serotype specificity was found not to be unique 
to Peyer's patch-derived lymphocytes but also was displayed 
by intraperitoneally primed splenocytes (London et aL, 
1986,1989a) and is similar to the CTL response observed with 
a number of other viruses, including two other members of 
the Reoviridae family of viruses: blue-tongue virus (Jeggo 
and Wardley, 1982) and Group A rotavirus (Offit and Dudzik, 
1988) (see subsequent discussion). 

Since reovirus-specific pCTLs have been demonstrated in 
Peyer's patches, determining whether they were generated 
locally or whether they represent a population of lympho-
cytes stimulated elsewhere that have localized preferentially 
in the patch was of interest. Two observations suggest that 
the former possibility occurs: (1) Peyer's patches contain 
virus-specific helper activity that has been shown to be re-
quired for the generation of effector CTLs on in vitro re-
stimulation in the reovirus system (London et aL, 1986) and 
(2) significantly higher levels of virus-specific cytotoxicity 
are generated from cultures of Peyer's patches than from 
peripheral lymph nodes 2-6 days after intraduodenal immuni-
zation (London et aL, 1986). The frequency of reovirus-
specific pCTLs in these tissues was confirmed directly. A 100-
fold difference in frequency (1675/106 CD8+ Peyer's patch 
lymphocytes vs. 17/106 peripheral lymph node CD8+ lympho-
cytes) was found 6 days after enteric immunization. In addi-
tion, the gradient of pCTLs that initially was established early 
after infection was found to exist for a prolonged period 
after the single intraduodenal injection of reovirus 1/L. The 
frequency of pCTLs was an order of magnitude greater in 
Peyer's patches than in peripheral lymph nodes (14.5-fold 
higher; 1235/106CD8+ vs. 85/106CD8+) 6 months after reovi-
rus infection (London et aL, 1986). 

In addition to the pCTLs in Peyer's patches, virus-specific 
pCTLs also occur as a component of the IEL compartment. 
MHC Class I antigen-restricted reovirus-specific effector 
CTLs are generated from in vitro cultured IELs 1 week after 
the intraduodenal application of reovirus 1/L (London et aL, 
1989b). IEL effectors have been shown to be Thy 1+ CD8+ 
lymphocytes, and reovirus-specific IEL pCTLs also are likely 
to express the Thy 1 antigen (C. Cuff, D. H. Rubin, and 
J. J. Cebra, unpublished observation). The frequencies of 
pCTLs in the epithelial and Peyer's patch lymphoid compart-
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ments are similar (100-300/106 CD8+ Peyer's patch lympho-
cytes vs. 50-200/106 CD8+ IEL lymphocytes) 1 week after 
intraduodenal immunization (Cebra et al., 1991). IEL pCTLs 
have been observed to persist for up to 4 weeks (Cebra et 
al., 1991; C. Cuff, D. H. Rubin, and J. J. Cebra, unpublished 
observation). Since IELs are an enriched source of γδ T-cell 
receptor (TcR)-bearing lymphocytes, determining whether 
IEL reovirus-specific effector or precursor CTLs expressed 
this or the more common aß TcR was of interest. Collec-
tively, the following observations strongly suggest the latter: 
(1) >90% of TcR+ cells express the aß TcR in in vitro cultured 
IEL preparations that also have been shown to contain reovi-
rus-specific cytotoxic activity; (2) oral infection of germ-free 
mice with reovirus 1/L results in a marked increase of aß-
expressing lymphocytes in the epithelium that can be stimu-
lated in vitro to generate reovirus-specific CTLs; and (3) 
adoptive transfer of normal Peyer's patch lymphocytes to 
mice that harbor the severe combined immunodeficiency de-
fect (SCID), followed by oral reovirus infection 2 days later, 
results in an increase in the number of IELs, many of which 
express the aß TcR (Cebra et al., 1991; C. Cuff, D. H. Rubin, 
and J. J. Cebra, unpublished observation). 

The ability of adoptively transferred Peyer's patch lympho-
cytes to respond to reovirus infection and repopulate the gut 
epithelium of SCID mice confirms studies suggesting that 
Peyer's patch lymphocytes are able to populate the gut epi-
thelium with thymodependent lymphocytes (Guy-Grand et 
al., 1991a, and references therein). In addition, the adoptive 
transfer of reovirus-immune Peyer's patch lymphocytes into 
SCID mice prevents the establishment of a disseminated in-
fection in these immunodeficient mice (George et al., 1990). 
The transfer of CD8+ GCT+ reovirus-immune Peyer's patch 
lymphocytes, but not naive lymphocytes or B cells, contains 
disseminated reovirus infection in SCID mice 1 week after 
challenge (A. George, D. H. Rubin, and J. J. Cebra, unpub-
lished observation). Thus, this cell population, which has 
been shown to include both reovirus-specific precursor and 
effector CTLs (London et al., 1990), contains virus-specific 
effector cells that are functionally relevant and important in 
the containment of virus infections in vivo. Similarly, the 
adoptive transfer of reovirus-immune Thy 1+ CD8+ IELs 
confers protection on neonatal mice when challenged 
with a lethal neurotropic strain of reovirus (Cuff et al., 
1991). 

The presence of precursors for virus-specific CTLs, dif-
fusely scattered in the intestinal epithelium, and the ability 
of enterically applied reovirus 1/L to generate a CTL re-
sponse in Peyer's patches that can persist for many months 
demonstrates that a CTL response exists among the reper-
toire of immune responses that can occur in Peyer's patches 
and the gut epithelium. For viruses that initially impinge on 
the wet epithelium, the presence of virus-specific CTLs and 
natural effector (i.e., NK) cells at this location could result 
in the local containment, limitation, and resolution of the 
infectious agent rather than its dissemination. The ability to 
mount a mucosal CTL response may be advantageous to 
the host, because local containment could prevent sequelae 
associated with infection at distal sites. 

Steven D. London 

D. Rotavirus-Specific Cytotoxic T Lymphocytes 

Gut mucosal infection with rotavirus provides another in-
formative viral stimulus for the study of gut mucosal immu-
nity. Rotaviruses, like reoviruses, are members of the Reovir-
idae family of nonenveloped doubled-stranded RNA viruses. 
These viruses share similar structural features and replicative 
strategies, yet their interaction with the gut mucosa is strik-
ingly different. Whereas reovirus infection of the gut mucosa 
is a potent stimulator of virus-specific and nonspecific re-
sponses, the virus infection is subclinical and is resolved in 
the gut within 10-12 days (Cebra et al., 1991). In contrast, 
gut mucosal infection with rotavirus results in a generalized 
infection of small intestinal villous epithelial cells and can 
cause acute viral gastroenteritis in humans and animals (Offit 
and Dudzik, 1989a, and references therein). 

Infection of mice with several strains of rotavirus is a 
potent inducer of virus-specific CTLs. Rotavirus infection 
by either oral or parenteral route elicits effector CTLs in 
multiple lymphoid tissues that can be detected without in 
vitro amplification (Offit and Dudzik, 1988,1989b; Offit and 
Svoboda, 1989; Offit et al., 1991b). Effector and precursor 
CTLs are serotype nonspecific Thy 1+ CD8+ lymphocytes 
(Offit and Dudzik, 1988,1989b; Offit and Svoboda, 1989; 
Dharakul et al., 1991; Offit et al., 1991a). Although these 
effectors usually are elicited by infection with replicating 
virus, inoculation with noninfectious virus has been shown 
to be capable of eliciting rotavirus-specific CTLs (Offit and 
Dudzik, 1989a). 

The tissue distribution of rotavirus-specific CTLs has been 
analyzed after various routes of immunization. The salient 
observations from these studies follow: (1) Six days after oral 
immunization, effector CTLs were detected among Peyer's 
patch, mesenteric lymph node, LPL, spleen, and IEL lym-
phocyte populations (Offit and Dudzik, 1989b; Offit et al., 
1991b). (2) Six days after intraperitoneal or subcutaneous 
immunization, effector CTLs were detected among Peyer's 
patch, mesenteric lymph node, LPL, spleen, and peripheral 
lymph node lymphocytes. Effector CTLs were observed in 
IELs after intraperitoneal but not subcutaneous immuniza-
tion (Offit and Dudzik, 1989b; Offit et al., 1991b). (3) Four 
weeks after oral, intraperitoneal, or subcutaneous immuniza-
tion, pCTLs (as assayed by in vitro culture) were detected 
in Peyer's patch, mesenteric lymph node, LPL, spleen, and 
peripheral lymph node but not IEL lymphocyte populations 
(Offit and Dudzik, 1989b; Offit et al., 1991b). (4) IEL effector 
CTLs obtained from orally infected mice were shown to be 
CD3+ and express the aß form of the TcR (Offit et al., 1991b). 
(5) When the frequency of pCTLs was analyzed 3, 6, and 
21 days after immunization, the site of rotavirus infection 
determined that pCTL first appeared in Peyer's patch and 
mesenteric lymph nodes three days after oral infection. Three 
days after footpad infection, pCTLs were detected first in 
the inguinal peripheral lymph node. At six days, pCTLs were 
30-fold higher in Peyer's patches after oral infection and ~7-
fold higher in inginual peripheral lymph node after footpad 
infection. However, by 21 days, pCTLs were distributed 
uniformly throughout the lymphoid system (with the excep-
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tion of IEL), regardless of the route of immunization (Offit 
and Dudzik, 1988; Offit et aL, 1991b). Thus, in contrast to 
results obtained with gut mucosal reovirus infection, which 
suggested that the route of immunization may be important 
for the generation and maintenance of a gut mucosal CTL 
response, the route of immunization with rotavirus does not 
appear to be as important for the generation of disseminated 
gut mucosal responses. The lack of persistence of rotavirus-
specific pCTLs in the epithelium also contrasts with results 
obtained with gut mucosal reovirus infection. These discrep-
ancies are likely to be the results of differences in virus 
dissemination and interaction with the immune system, and 
suggest that different strategies for particular mucosal patho-
gens may be devised that elicit protective T-cell immunity 
at mucosal surfaces. 

The potential functional relevance of rotavirus-specific 
CTLs has been demonstrated in two animal model systems. 
In the first example, Thy 1+ CD8+ splenocytes obtained from 
intraperitoneally immunized mice passively protect suckling 
mice against diarrhea induced by rotavirus challenge (Offit 
and Dudzik, 1990). In the second, rotavirus infection was 
cleared in SCID mice after the transfer of immune CD8+ 

splenic lymphocytes from intraperitoneally immunized histo-
compatible mice (Dharakul et aL, 1990,1991). Interestingly, 
CD8+ immune splenocytes or Thy 1+ CD8+ IELs obtained 
from orally immunized mice only temporarily cleared rotavi-
rus infection of SCID mice (Dharakul et aL, 1990,1991). 
Whether the suboptimal ability of orally immunized spleen 
and IELs to contain rotavirus infection in SCID mice is a 
result of intrinsic differences in cell population after oral or 
intraperitoneal immunization or is simply a technical problem 
remains to be resolved. 

IV. PULMONARY CYTOTOXIC CELLS 

The lung is another mucosal site that has been shown 
to contain nonspecific and specific cytotoxic effector cells. 
Natural killer cell activity is normally present in the lung and 
is enhanced after influenza infection in mice (Wyde et aL, 
1977). Seven days after infection with influenza virus, γδ 
TcR-expressing cells are found to predominate in the lungs 
of mice (Carding et aL, 1990). Although these cells are not 
constitutively cytotoxic when recovered directly from the 
respiratory tract, cytotoxic function can be induced by cultur-
ing them in the presence of monoclonal antibody to CD3 
and low concentrations of IL-2 (Eichelberger et aL, 1991a). 
Although the function of these γδ TcR-expressing cells re-
mains an enigma, they may have a role in the containment 
and resolution of infections in the lung by either cytolytic or 
noncytolytic (i.e., secretion of cytokines) mechanisms. 

Antigen-specific CTLs also have been shown to be a com-
ponent of the immune repertoire of the lung. Immunization 
with allogeneic tumor cells by both the intratrachial and the 
intraperitoneal route have resulted in the accumulation of 
alloantigen-specific CTLs in the lung and spleen (Liu et aL, 
1982, and references therein). Viral-specific CTLs also are 

generated after pulmonary infection with several viruses that 
replicate in the respiratory epithelium. For example, influ-
enza virus-specific precursor and effector CTLs are found in 
the lung shortly after intratrachial infection (Bennink et aL, 
1978; Ennis et aL, 1978; Yap et aL, 1978a; Allan et aL, 1990). 
The ability of adoptively transferred influenza virus-specific 
CTLs to limit viral replication in the pulmonary tract has 
been shown (Yap et aL, 1978b; Lukacher et aL, 1984; Taylor 
and Askonas, 1986). However, recent data suggest that CTLs 
are not the sole effectors capable of terminating influenza 
infection. For example, adoptive transfer of influenza virus-
specific MHC Class II-restricted Th clones allows athymic 
mice to recover from pulmonary influenza virus infection in 
the absence of MHC Class I-restricted CTLs (Scherle et aL, 
1992). Clearance of influenza virus infection also has been 
reported in normal mice depleted of CD8+ T cells in vivo and 
in transgenic mice, homozygous for a 02-microglobulin gene 
disruption, that lack functional Class I MHC glycoproteins 
and CD8+ aß+ T cells (Eichelberger et aL, 1991b). Pulmonary 
infection with respiratory syncytial virus (RSV) also has been 
shown to elicit the generation of precursor and effector CTLs 
in the lungs and spleen of mice (Bangham et aL, 1985; Taylor 
et aL, 1985; Gupta et aL, 1990). The appearance of CD8+ 

lymphocytes in the lungs of RSV-infected mice correlates 
with the elimination of infectious virus from the pulmonary 
tract (Kimpen et aL, 1991). In vivo depletion of CD8+ T cells 
suggests that their presence is important for the cessation of 
viral replication in the lung (Graham et aL, 1991). In a number 
of studies, the transfer of RSV-specific CTLs has been shown 
to be capable of clearing virus from the lungs of mice (Cannon 
et aL, 1987; Munoz et aL, 1991; Nicholas et aL, 1991; Trudel 
et aL, 1991). Although transferred CTLs limit viral replication 
in the pulmonary tract, some studies have correlated their 
transfer with increased pulmonary disease (Cannon et aL, 
1988; Graham et aL, 1991). 

V. CONCLUSIONS 

The idea that both antigen-specific and nonspecific cyto-
toxic cells are an integral component of mucosal tissues is 
becoming increasingly evident. Although much research has 
focused on the gastrointestinal and respiratory tracts, cyto-
toxic cells are likely to be components of the immune reper-
toire of other mucosal tissues. The specifics of the cytotoxic 
response are likely to vary depending on the nature and 
location of the immune stimulus. For example, studies of the 
eye have revealed site-specific immunoregulation of CTL 
development and have demonstrated the presence of the less 
commonly observed CD4+ MHC Class II-restricted CTLs in 
mucosal tissues. In the eye, the placement of tumor cells 
in two anatomically distinct regions (anterior chamber and 
subconjunctiva) elicits tumor-specific pCTLs (Ksander and 
Streilein, 1990, and references therein). However, the pCTLs 
differentiate into cytotoxic effector CTLs only in the subcon-
junctiva, thereby allowing tumor rejection to occur only in 
this site. Recurrent herpes simplex virus-1 (HSV-1) infection 
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of the corneal stroma of the eye often results in stromal 
pathology and, ultimately, in vision impairment. HSV-1-spe-
cific MHC Class II-restricted CD4+ CTLs have been impli-
cated as constituting one of the mechanisms leading to stro-
mal immunopathology in herpetic infections (Doymaz et al., 
1991). 

A better understanding of how to stimulate cytotoxic cells 
in mucosal tissues, their recirculation pathways between mu-
cosal and systemic tissues, and their function in mucosal 
sites is warranted since these cells may limit pathogens or 
may be involved in pathogenesis at mucosal sites. The series 
of observations that CTLs are elicited in response to a number 
of nonviral intracellular pathogens suggests that such cells 
might be a more generalized component of the immune sys-
tem. CTL responses have been identified for the protozoan 
parasites Leishmania (Smith et al., 1991) and Toxoplasma 
gondii (Hakim et al., 1991; Khan et al., 1991), for malaria 
Plasmodium berghei circumsporozoite protein (Aggarwal et 
al., 1990, and references therein), and for the gram-positive 
bacterium Listeria monocytogenes (Pamer et al., 1991). In 
studies of immunity to malaria, researchers found that oral 
immunization with attenuated Salmonella typhimurium re-
combinants containing the full-length P. bergehei circum-
sporozoite gene induces protective immunity against intrave-
nous sporozoite challenge in the absence of antibodies. 
Immunity was found to be mediated through the induction 
of circumsporozoite-specific CD8+ CTLs (Aggarwal et al., 
1990). Thus, the mucosal application of S. typhimurium, a 
bacterium known to interact with Peyer's patches, is capable 
of inducing a systemic CTL response that can control heterol-
ogous infections. This elegant study suggests that oral Salmo-
nella vectors may be useful for the generation of specific 
CTL responses, which may be useful for the containment of 
viral or nonviral infections of mucosal or systemic tissues. 
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The mucosal surfaces of the body, including primarily the 
respiratory and gastrointestinal tracts, are infected readily 
with a wide variety of DNA and RNA viruses. Important 
viral pathogens of mucosal surfaces such as paramyxoviruses 
and rotaviruses cause serious disease on first infection. In 
contrast to the lifelong immunity induced by viruses such as 
measles virus and polio viruses that cause systemic disease, 
mucosal immunity is usually more transient, so reinfection by 
mucosal pathogens is common. Disease often occurs during 
reinfection but is usually less severe than that experienced 
during first infection. Several general observations of the 
effectiveness of the mucosal immune system in altering the 
course of viral infection follow: (1) In the absence of antibody, 
severe disease can occur. (2) In the presence of low to 
moderate levels of antibody, infection results in a milder 
illness. (3) In the presence of intermediate levels of antibody, 
an asymptomatic infection occurs. (4) In the presence of high 
levels of antibody, infection can be prevented (Ogra and 
Karzon, 1969b). Because of the difficulty in maintaining a 
very high level of mucosal immunity, the major function of 
the mucosal immune system appears to be that of converting 
a severe infection into a mild or asymptomatic one. The high 
volume, rapid transit time, and hostile environment of the 
respiratory and gastrointestinal tracts most likely contribute 
to the inability to maintain high levels of mucosal antibodies. 

In this quantitative balance between virus and host, the 
host calls on the cellular and humoral immune systems to 
limit the extent of virus replication, to clear virus, and to 
prevent reinfection. Although the secretory IgA system has 
evolved specifically to protect mucosal surfaces, significant 
contributions to mucosal immunity are made by the cellular 
arm of the immune system and by the transudation of antiviral 
IgG antibodies onto mucosal surfaces. 

I. CELLULAR ANTIVIRAL IMMUNE 
MECHANISMS OPERATIVE ON 

MUCOSAL SURFACES 

Natural killer (NK) cells, major histocompatibility com-
plex (MHC) Class I-restricted CD8+ cytotoxic T cells (Tc) 
and MHC Class II-restricted CD4+ helper T cells (Th) each 
can function as antiviral effector cells against viruses that 
infect mucosal surfaces. 

A. NK cells 

Humans with an inherited deficiency of NK cells experi-
ence more severe herpes virus infections than normal individ-
uals (Biron et al., 1989). The infected individuals eventually 
clear the virus infection in a fashion comparable to that of 
immunocompetent hosts. These observations suggest that 
NK cells, which do not exhibit virus-specific antiviral activ-
ity, can play an important early role in limiting the extent of 
certain mucosal viral infections. 

B. Tc Cells 

Tc cells appear to be the major T cell effector with antiviral 
activity (Yap et al, 1978; Käst et al., 1986; Taylor and Asko-
nas, 1986; Dharakul et al., 1990; Offit and Dudzik, 1990; 
Munoz et al., 1991). The Tc cell receptor recognizes a short 
peptide derived from an endogenously produced viral protein 
in the context of the MHC Class I /32-microglobulin hetero-
dimer expressed on the surface of an infected cell (Madden 
et al., 1991). Since the MHC Class I restriction elements are 
present on almost all cells except neurons, Tc cells can exert 
their antiviral effects against almost all infected cells of muco-
sal surfaces. Since viral infection of a cell generally is required 
for antigen presentation by the MHC Class I ß2-microglobulin 
heterodimer, clearly Tc cells cannot function to prevent infec-
tion, but must function to eliminate cells already infected 
or, alternatively, to restrict virus replication in cells already 
infected. The net effect of Tc cell activity is preventing further 
spread of virus and terminating infection in cells already 
infected. Passive transfer of Tc-cell clones to animals results 
in restriction of virus replication in mucosal epithelial cells, 
demonstrating the functional capabilities of this T-cell subset 
(McDermott et al., 1987; Cannon et al., 1988; Mackenzie et 
al., 1989; Munoz et al., 1991). Tc cell antiviral activity gener-
ally is associated with the clearance of virus and the reduction 
of virus-associated pathology (Lukacher et al., 1984; Mac-
kenzie et al., 1989; Munoz et al., 1991). However, disease 
enhancement was seen in one viral infection after passive 
transfer of large numbers of respiratory syncytial virus-spe-
cific cloned Tc cells that were capable of clearing virus infec-
tion (Cannon et al., 1988). 

The time course of Tc-cell activation during viral infection 
is consistent with this predominant role in clearance of virus 
infection. Primary (also called direct) Tc cell cytotoxic activ-
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ity of pulmonary lymphocytes peaks early during paramyxo-
virus (respiratory syncytial virus) infection (day 7) and de-
clines to barely detectable levels by day 12 (Anderson et al, 
1990). Thus, restriction of virus replication in mucosal tissues 
mediated by Tc cells is active early during the acute stage 
of the virus infection, but this activity wanes rapidly by day 
28 (Connors et al, 1991). These observations suggest that 
the Tc-cell component of the immune response is operative 
primarily during the early phase of infection from the time 
just before peak titers of virus are reached to the time virus-
infected cells are cleared, and later exists in an inactive (or 
memory) state (Connors et al, 1991; Nicholas et al, 1991). 
For viruses that replicate rapidly at mucosal surfaces, such 
as influenza viruses and parmyxoviruses, the proliferation of 
memory Tc cells is unlikely to be sufficiently rapid to alter 
significantly the peak titer of virus achieved in the respiratory 
tract (McMichael et al, 1983; Endo et al., 1991; Webster et 
al., 1991). However, Tc cells actively generated from mem-
ory cells may reach levels that accelerate viral clearance 
(McMichael et al., 1983). Since disease is experienced when 
peak titers of viruses are attained, immunization with anti-
gens that induce predominantly Tc activity in the absence of 
antibody is, not surprisingly, much less successful in re-
stricting replication of challenge virus and preventing illness 
than immunization that induces a sustained antibody re-
sponse (Andrew et al., 1987; Endo et al., 1991; Webster et 
al, 1991). 

C Th Cells 

Although Th cells are known to provide help to B cells, 
thereby augmenting antibody response, Th cells themselves 
have been shown to have direct antiviral activities in vivo 
(McDermott et al., 1987; Taylor et al., 1990). The contribu-
tion made by the direct antiviral activity of the Th response 
to the overall immunity that is induced appears to be of lower 
magnitude than that of the Tc cells consistent with the more 
limited distribution of its restricting element, the MHC Class 
II α,β heterodimer, which is present predominantly on B 
lymphocytes and antigen-presenting cells such as macro-
phages and dendritic cells. In addition to having antiviral 
activity, Th cells also can mediate immunopathology (Leung 
and Ada, 1980; Taylor et al., 1990). 

Animals depleted of either Th or Tc cells prior to infection 
with influenza A viruses can, however, clear virus at rates 
similar to those of fully immunocompetent animals (Lightman 
et al., 1987; Eichelberger et al., 1991a,b), indicating that the 
immune system is functionally redundant; multiple compo-
nents from both the humoral and the cellular immune systems 
contribute to clearance of infection. 

II. IgG ANTIBODIES ON 
MUCOSAL SURFACES 

IgG antibodies present in the blood can gain access to 
mucosal surfaces by passive diffusion and can exert antiviral 

activity. Much of the IgG antibody present at mucosal sur-
faces is derived from serum, as indicated by the following 
observations: (1) A linear relationship exists between titer 
of serum and nasal wash IgG influenza virus antibodies 
(Wagner et al., 1987). (2) The ratio of IgGl/IgG3 influenza 
virus-specific antibody is similar in serum and nasal washes 
(Wagner et al., 1987). (3) The active transport of IgG antiviral 
antibodies across mucosal surfaces occurs infrequently, if at 
all, whereas transport of Ig A and IgM antibodies is the rule 
(Murphy et al., 1982). Although most of the IgG present in 
mucosal secretions is derived by transudation from serum, 
virus-specific IgG antibodies produced by the mucosa also 
can contribute to total antiviral activity in mucosal secretions 
(Ogra et al., 1974; Johnson et al., 1986; McBride and Ward, 
1987). Further, in IgA-deficient patients, mucosal production 
and secretion of IgG and IgM antiviral antibodies can com-
pensate for the deficiency of production and secretion of IgA 
antibodies (Ogra et al., 1974). 

The antiviral activity of IgG antibodies against viruses that 
replicate on mucosal surfaces has been documented following 
transudation of antibodies that are derived from three differ-
ent sources: (1) antibodies produced by the host (Clements 
et al., 1986); (2) maternally derived antibodies (Lepow et al., 
1961; Puck et al., 1980; Reuman et al., 1983,1987); and 
(3) passively transferred polyclonal or monoclonal antibodies 
(Bodian and Nathanson, 1960; Ramphai et al., 1979; Prince 
et al., 1985; Offit et al., 1986; Besser et al., 1988). The IgG 
antiviral antibodies can prevent infection (Lepow et al., 
1961), decrease virus replication (Bodian and Nathanson, 
1960; Lepow et al, 1961; Prince et al, 1985; Clements et 
al, 1986), and eliminate or lessen the severity of disease 
(Puck et al, 1980). In the case of respiratory viruses, serum 
IgG antibodies restrict virus replication in the lung more 
effectively than in the trachea or nose (Ramphai et al, 1979; 
Prince et al, 1985). Further, passively transferred IgG anti-
bodies restrict the replication of polio virus to a greater extent 
in the throat than in the lower intestinal tract (Bodian and 
Nathanson, 1960). These data suggest that a gradient exists 
regarding the ability of serum IgG derived antibodies to 
restrict virus replication on mucosal surfaces; this gradient 
is lung > nasopharynx > lower intestinal tract (Sabin 
et al, 1963a,b; Reuman et al, 1983; Murphy et al, 
1986a,b, 1988,1989; Kimman et al, 1987,1989; Johnson et al, 
1988). One possible explanation for this gradient is that serum 
antibodies can diffuse more readily across alveolar walls than 
across the mucosa of the upper respiratory tract and that 
the hostile environment of the gastrointestinal tract and the 
dilution of the IgG antibodies with the intestinal secretions 
further limit the effectiveness of passively derived IgG anti-
bodies at this site. The mechanism of the antiviral activity 
of IgG antibodies in vivo is related to direct neutralization 
of virus infectivity, as evidenced by the restriction of respira-
tory syncytial virus replication in the lungs of passively immu-
nized rodents depleted of complement, and by the finding 
that F(ab)2 fragments of IgG can restrict pulmonary virus 
replication as effectively as whole IgG molecules. Thus, 
complement-dependent immune cytolysis and antibody-
dependent cell cytotoxicity are not required for the antiviral 
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activity of IgG antibodies (Prince et al., 1990). However, com-
plement appears to be necessary for the efficient clearance of 
influenza A virus infection in mice (Hicks et al., 1978). 

Many viruses infect mucosal surfaces during the first 6 
months of life when maternal IgG antibodies are present. 
In addition, immunizing infants with live polio virus vaccine 
when passively acquired maternal antibodies are present is 
routine. For these reasons, interest has arisen in studying 
the effect of passively derived IgG antibodies on the develop-
ment of immunity to viral infections. Such antibodies clearly 
can significantly modify the immune response to viruses that 
replicate on mucosal surfaces. The magnitude of the mucosal 
and systemic antibody response to a viral infection that takes 
place in the presence of passively acquired IgG antibody 
can be reduced significantly despite a high level of virus 
replication (Sabin et al., 1963a; Murphy et al., 1986a; Kim-
man et al., 1987). However, a secondary IgG antibody re-
sponse is seen in subjects immunosuppressed by passively 
transferred IgG antibodies on rechallenge with virus or anti-
gen, even in subjects who failed to mount a detectable pri-
mary antibody response (Sabin et al., 1963b; Reuman et al., 
1983). Despite the reduction in magnitude of the primary 
antibody response to initial infection in such subjects, partial 
resistance to subsequent challenge is evident (Sabin et al., 
1963a; Reuman et al, 1983; Murphy et al, 1989). The sup-
pressive effect of passively acquired IgG antibody on the 
induction of resistance to challenge is greatest when viral 
antigen is administered parenterally rather than mucosally 
(Murphy et al., 1989). A secretory IgA response still can 
develop in individuals whose IgG antibody response is sup-
pressed by passively derived IgG, suggesting that the mucosal 
IgA antibody response is suppressed less easily by passive 
IgG antibody than is the systemic IgG response (Jayashree 
et al., 1988; Kimman and Westenbrink, 1990). This finding 
provides a partial explanation for the development of mucosal 
resistance to infection in the presence of maternally derived 
antibodies. 

A second way in which passively derived IgG can modify 
the antibody response to virus is altering the functional activ-
ity (i.e., quality) of the antiviral antibodies that are induced 
(Murphy et al., 1988). The neutralizing activity of a given 
amount of virus antigen-specific antibody is decreased mark-
edly when the viral infection occurs in the presence of pas-
sively derived IgG antibodies (Murphy et al., 1988). The 
mechanisms by which passively acquired IgG antibodies me-
diate their effects on the magnitude and quality of the anti-
body response remain to be defined. 

III. MUCOSAL IgA ANTIBODY RESPONSE 

Although passively transferred IgG antibodies and Th and 
Tc effector cells contribute to mucosal immunity, the major 
mediators of resistance to viral infection on mucosal surfaces 
are IgA antibodies. IgA antiviral antibodies are likely to play 
major roles in clearance of viral infections, modification of 
the severity of disease on reinfection, and prevention of infec-
tion on reexposure to virus. 

A. Viral Antigens Recognized by IgA Antibodies 

The major viral antigens that induce a protective antibody 
response are the surface glycoproteins of viruses that contain 
lipid envelopes or the proteins present on the surface of 
icosahedral viruses. IgA antibodies recognize the same viral 
antigens as IgG antibodies; evidence is accumulating that 
they also recognize the same epitopes on these glycoproteins. 
For instance, polyclonal IgA antibodies, like polyclonal IgG 
antibodies, recognize the hemagglutinin of influenza virus 
(Murphy etal., 1982; Clements*?/ al., 1986); the gp70 (fusion) 
and gp90 (attachment) glycoproteins of respiratory syncytial 
virus (Murphy et al., 1986b); the gp340 of Epstein-Barr virus 
(Yao et al., 1991); the VP1, VP2, and VP3 of polioviruses 
(Zhaori et al., 1989); and the VP4 of VP7 of rotaviruses 
(Conner et al., 1991; Shaw et al., 1991; Richardson and 
Bishop, 1990). In general, the specificity of the neutralizing 
activity of IgA and IgG antibodies for antigenically related 
variant viruses appears to be similar (Buscho et al., 1972; 
Richman et al., 1974), that is, the mucosal IgA antibody 
response does not appear to be more broad than the systemic 
IgG antibody response. However, the antigens of viruses that 
replicate on mucosal surfaces can be modified by intestinal 
enzymes to expose new epitopes on the surface proteins 
of such viruses. Thus, the immunogenicity of a virus that 
replicates in the intestinal tract can differ from that of a 
parenterally administered inactivated vaccine produced from 
tissue-culture grown virus. For example, the mucosal IgA 
response to the poliovirus VP3 protein—which is cleaved by 
intestinal enzymes following oral administration of live virus, 
thereby exposing unique epitopes on the protein—is greater 
than that following immunization with inactivated virus given 
parenterally (Zhaori et al., 1989), despite the finding that the 
mucosal IgA responses to VP1 and VP2 are comparable for 
the two conditions. 

The IgA antibody response to the attachment and fusion 
glycoprotein antigens on respiratory syncytial virus is de-
pressed during infection of infants that have maternal anti-
bodies. Further, the age of the subject correlates with the 
response to the fusion protein, and the level of maternally 
derived antibodies is related inversely to the response to the 
G glycoprotein (Murphy et al., 1986a). Thus, factors influenc-
ing IgA responses to viral glycoproteins are complex; protein 
structure, age of host, and presence of passively acquired 
IgG antibody all contribute to the magnitude and quality of 
the response. 

IgA monoclonal antibodies to viruses that infect mucosal 
surfaces have been produced to define further the antigens 
and epitopes seen by IgA antibodies (Maoliang, 1986; Weltzin 
et al., 1989; Lyn etal., 1991). The same antigens and epitopes 
appear to be recognized by IgG and IgA monoclonal antibod-
ies. Variants selected with neutralizing IgA and IgG mono-
clonal antibodies have been shown to have identical reactivity 
patterns against a panel of monoclonal antibodies (Maoliang, 
1986) or to have identical amino acid substitutions (Lyn et 
al., 1991). Some epitopes of the HN glycoprotein of Sendai 
virus are recognized by IgA antibodies but not by IgG anti-
bodies; however, a large panel of IgG and IgA monoclonal 
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antibodies must be analyzed to determine whether any epi-
topes or antigenic sites on viral proteins are seen exclusively 
by IgA antibodies (Lyn etal., 1991). The mechanism of heavy 
chain switching, in which the antibody binding regions are 
maintained but constant regions of the heavy chains are ex-
changed, is compatible with the observations just outlined, 
namely, that IgG and IgA in general have similar specificities 
for viral antigens and their epitopes. 

B. Time Course of the Mucosal IgA Response to 
Viral Infection 

The mucosal IgA response to viral infection is rapid after 
first infection and can be detected as early as day 3 following 
infection (Blandford and Heath, 1972; Rubin et al., 1983). 
The time course for an idealized mucosal IgA response is 
given in Figure 1. The primary response peaks within the 
first 6 weeks and can decrease to a low, often barely detect-
able, level by 3 months (Buscho et al., 1972; (Sonza and 
Holmes, 1980; Kaul et al., 1981; Friedman, 1982; Friedman 
et al., 1989; Bishop et al., 1990; Coulson et al., 1990; Nishio 
et al., 1990). This short duration of the primary mucosal 
antibody response is compatible with the susceptibility to 
reinfection that is common for viruses that infect mucosal 
surfaces. Reinfection results in a secondary antibody re-
sponse, indicating immunological memory characterized by 
a rapid rise in IgA antibody titer, a rise to a higher peak 
titer, and maintenance of detectable levels of antibody over 
a longer period of time (Buscho et al., 1972; Kaul et al., 
1981; Wright et al., 1983; Merriman et al., 1984; Yamaguchi 
et al., 1985; Bishop et al., 1990; Coulson et al., 1990). 

In addition to a mucosal IgA response, a serum IgA re-
sponse occurs after mucosal viral infection. The latter ap-
pears to be more sustained than the mucosal response (Fried-
man et al., 1989). A correlation between the magnitude of 
the serum and mucosal IgA antiviral antibody responses has 
been observed in some instances, suggesting that some of 
the serum IgA antibody is a spill-over from mucosal sites 
(Burlington et al., 1983). The polymeric structure of postin-
fection antiviral serum IgA antibodies is consistent with a 
mucosal origin of B cells that secrete IgA antibody into the 
systemic circulation since serum IgA antibodies are generally 
monomeric(Brown etal., 1985; Ponzi etal., 1985). However, 

polymeric IgA serum antibodies can be induced by parenteral 
immunization of immune individuals with inactivated influ-
enza virus vaccine (Brown et al., 1987), suggesting that mem-
ory IgA cells of mucosal origin might seed systemic sites 
after infection and that antigenic stimulation of such cells 
yields IgA antibodies with a polymeric nature and subclass 
that are characteristic of mucosal IgA antibodies. The detec-
tion of IgA-producing B lymphocytes in the peripheral blood 
or spleen after mucosal viral infection or immunization with 
inactivated antigen is compatible with this suggestion (Yar-
choan et al., 1981; Czerkinsky et al., 1987; London et al., 
1987). The number of these B cells peaks early within the 
first 2 weeks after antigenic stimulation and decreases rapidly 
thereafter. These circulating cells could seed not only sys-
temic sites but also mucosal sites at locations other than the 
site of antigenic stimulation (Czerkinsky et al., 1987). 

The number of virus-specific IgG-, IgA-, or IgM-secreting 
B cells at mucosal sites of virus replication has been studied 
in both the lungs and the small intestine, and differences 
were noted. An IgG B-cell response predominated in the 
lungs (Jones and Ada, 1986) whereas an IgA B-cell response 
predominated in the intestine (Merchant et al., 1991). 

C. Local Nature of the Mucosal IgA 
Antibody Response 

Evidence for the existence of a common mucosal immune 
system comes from the observation that immunization of a 
mucosal site often leads to detectable immune responses at 
distant mucosal sites (Mestecky, 1987). This seeding of distal 
mucosal sites is likely to be the result of trafficking of locally 
stimulated mucosal B lymphocytes to distince sites, where 
they reside as IgA plasma cells actively producing antibody 
or as memory B cells (Rudzik et al., 1975; Czerkinsky et 
al., 1987; Mestecky, 1987). Such trafficking of antiviral IgA-
producing cells can occur from the gastrointestinal tract mu-
cosa to the respiratory tract mucosa and perhaps vice versa 
(Waldman et al., 1986; Chen et al., 1987; Hirabayashi et 
al., 1990). Although this common mucosal system exists, it 
appears to be relatively inefficient at protecting sites not 
directly stimulated with antigen (Ogra et al., 1969b; Smith 
et al., 1970; Nedrud et al., 1987). Oral immunization with 
live adenovirus vaccine in enteric coated capsules selectively 
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Figure 1 Time course of mucosal IgA response to viral infection. 
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infects the lower intestinal tract and induces a fecal IgA and 
serum IgG antiviral antibody response, but fails to induce a 
detectable nasal wash IgA antibody response (Smith et al., 
1970; Scott et al., 1972). In contrast, live adenovirus vaccine 
administered to the upper respiratory tract induces a vigorous 
nasal wash antibody response (Smith et al., 1970). In a similar 
study with live polio virus virus vaccine in infants, selective 
infection of the colon via a colostomy orifice resulted in a 
vigorous neutralizing IgA antibody response in the colon, 
but not in the nasopharynx (Ogra et al., 1969b). When the 
upper respiratory tract of these infants was challenged with 
polio virus vaccine, vaccine virus replicated to high titer in 
the pharynx but the colon was resistant to replication to 
vaccine virus, as indicated by absence of virus shedding from 
the lower gastrointestinal tract (Ogra et al., 1969b). Similar 
studies with rotavirus infection in infants and children demon-
strated that the IgA antiviral response in the duodenum, 
which is the major site of viral replication, was greater than 
that in saliva, a distant mucosal site not known to support 
rotavirus replication (Grimwood et al., 1988). In experimental 
studies in rodents, immunization of the gut with inactivated 
parainfluenza virus vaccine plus adjuvant was less protective 
than intranasally administered vaccine (Nedrud et al., 1987). 
However, a protective response to influenza virus infection 
in the lung was observed after oral immunization of mice 
(Chen et al., 1987). These studies in humans and animals 
suggest that induction of protective mucosal IgA responses 
at distant mucosal sites is likely to be difficult to achieve and 
that augmentation of the distant IgA response by immunologi-
cal adjuvants is likely to be required. 

The local nature of the mucosal antibody response, even 
within the respiratory tract, was observed in two studies. In 
the first study, the quantity of mucosal antibody in sputum 
or nasal secretions of volunteers given an inactivated influ-
enza A virus vaccine by aerosol was a function of the size of 
the aerosolized particles (Waldman et al., 1970). The subjects 
vaccinated with an aerosol containing small particles that are 
deposited predominantly in the lung had high sputum but low 
nasal secretion antibody titers, whereas individuals immu-
nized with large particles that are deposited predominantly 
in the nose had high nasal but low sputum antibody titers. 
In the second study, intranasal administration of inactivated 
influenza A virus vaccine induced a greater nasal wash neu-
tralizing antibody response than salivary antibody response, 
indicating that the site of antigenic stimulation, that is, the 
nasal passages, had a greater mucosal response than the 
distant site, that is, the salivary glands (Waldman et al., 
1968). These observations demonstrate that mucosal anti-
body responses are more localized than systemic antibody 
responses, which are disseminated via the circulatory sys-
tem. A partial explanation for the local nature of the mucosal 
responses comes from the finding that the concentration of 
virus-specific IgA-producing B cells at the site of antigenic 
stimulation is much higher than that at more distant sites 
(Dharakul et al., 1988). Although trafficking of B cells be-
tween mucosal sites occurs, the level of antiviral antibody 
and resistance to infection achieved at distant sites appears 
to be much less than at sites of direct antigenic stimulation. 
Mucosal immunization thus is achieved most successfully 

by antigenic stimulation of sites directly involved in viral 
replication. 

D. Mechanism of Antiviral Activities of 
IgA Antibodies 

The mechanism of neutralization of the infectivity of ani-
mal viruses by immunoglobulins is complex; a variety of 
mechanisms contribute to loss of viral infectivity (Outlaw 
and Dimmock, 1991). IgA antibodies are able to neutralize 
the infectivity of viruses efficiently and more closely resemble 
IgG antibodies in their efficiency of neutralization than do 
IgM antibodies, which have a lower overall activity (Nguyen 
et al., 1986; Mazanec et al., 1987; Outlaw and Dimmock, 
1991; Renegar and Small, 1991a). IgA antibodies are able 
to neutralize the infectivity of viruses by several different 
mechanisms. First, aggregation of virus by IgA antibodies is 
associated with a decrease in virus infectivity, a finding that 
contrasts with that for IgM (Outlaw and Dimmock, 1990). 
Second, IgA antibodies to influenza appear to be more effi-
cient than IgG antibodies in preventing attachment of virus 
to infected cells by being able to block 70-90% of virus 
particles from attaching to cell receptors (Outlaw and Dim-
mock, 1991). The polymeric nature of the IgA molecule is 
thought to contribute in part to this difference. Third, IgA 
antibodies can prevent the penetration of attached virus into 
the infected cell (Nguyen et al., 1986; Outlaw and Dimmock, 
1991). Fourth, IgA antibodies, like IgG antibodies, also act 
to neutralize viruses after penetration of the host cell (Outlaw 
and Dimmock, 1991). Thus, IgA antibodies appear similar to 
IgG in their efficiency of neutralization in vitro, but because 
of their polymeric nature appear to be more efficient at pre-
venting attachment of certain viruses to susceptible cells. 

IgA antibodies can have other effects on the immune sys-
tem such as promoting uptake of viral antigens via immuno-
globulin receptors present on the specialized absorptive epi-
thelial cells called M cells (Weltzin et al., 1989). Thus, virus 
neutralized by IgA antibodies whose attachment to specific 
cell receptors for virus has been blocked still can bind to M 
cells and be transported to the subepithelial macrophages that 
are in proximity to M cells. In this manner, viral antigen-IgA 
immume complexes destined for excretion in stools can gain 
access to antigen-presenting cells and thereby promote the 
overall immune response. Thus, IgA antibodies have direct 
(neutralization) and indirect means of preventing diseases 
caused by viruses that replicate on mucosal surfaces. 

Few studies have compared IgG and IgA antibodies for 
their efficacy in vivo. However, with the availability of neu-
tralizing monoclonal IgA and IgG antibodies directed to the 
attachment glycoprotein of Sendai virus, researchers have 
been able to compare the in vivo efficacies of IgA and IgG 
antibodies that have specificity for the same viral glycopro-
tein (Mazanac et al., 1992). Mice passively immunized intra-
nasally with IgG or IgA antibodies, either before or up to 24 hr 
after intranasal challenge with Sendai virus, were protected 
equally against pulmonary virus replication. Monomeric and 
polymeric IgA antibodies were equally efficacious. These 
data are consistent with the similarities of IgG and IgA anti-
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bodies in their in vitro neutralizing activities and their similar 
abilities to recognize the same antigenic sites and epitopes on 
viral antigens. In a separate study, a neutralizing polymeric 
monoclonal IgA anti-influenza A virus hemagglutinin anti-
body, administered systemically, was able to restrict the rep-
lication of influenza virus in the upper respiratory tract of 
the mouse (Renegar and Small, 1991a). However, a similar 
effect was not observed when a comparable amount of IgG 
monoclonal antibody of the same specificity was adminis-
tered. Thus, the main advantage of IgA antibodies in pro-
tecting mucosal surfaces of the respiratory tract appears to 
be their ability to be transported selectively across mucosal 
surfaces, not an inherently greater antiviral activity. 

E. IgA Antibodies Are Associated with the 
Clearance of Infectious Virus from 

Mucosal Surfaces 

The appearance of IgA antibodies in mucosal secretions 
correlates with the cessation of virus excretion during muco-
sal viral infections in animals and humans in both the respira-
tory and gastrointestinal tracts (Figure 2; Mclntosh et aL, 
1978,1979; Keller and Dwyer, 1968; Ogra, 1970; Corthier and 
Vannier, 1983). This suggests that the IgA antibodies neutral-
ize the infectivity of viruses present in mucosal secretions 
and are partially responsible for clearance of infectious virus 
from such secretions is reasonable. The appearance of vi-
rus-IgA or virus-IgM immune complexes at the time of virus 
clearance is consistent with the role of IgA in resolution of 
virus infection (Corthier and Vannier, 1983). Whether anti-
bodies produced during the course of viral infection can clear 
virus-infected cells from mucosal surfaces in the absence of 
T cells remains to be determined, but antibodies alone can 
clear systemic viral infections (Levine et aL, 1991). As men-
tioned earlier, animals rendered deficient in Tc or Th cell 
responses are able to clear virus infection in a manner similar 
to their fully immunocompetent counterparts (Lightman et 
aL, 1987; Eichelberger et aL, 1991a,b), suggesting that anti-
bodies can participate in clearance of virus-infected cells 
from mucosal surfaces and that they might be sufficient in 

this regard. However, the relative roles of IgG and IgA anti-
bodies in such processes remain to be defined. Passive trans-
fer studies of both polyclonal IgA and IgG antiviral antibodies 
or antibody-producing cells in T-cell deficient animals will 
be needed to address the question of the role of antibodies 
in viral clearance. 

F. IgA Antibodies Are the Major Mediators of 
Mucosal Immunity 

Researchers long have recognized that immunization of 
the mouse by a mucosal route could, under certain circum-
stances, induce greater resistance to virus infection than sys-
temic immunization and that resistance correlated with the 
level of mucosal antibodies (de St. Groth and Donnelly, 1950). 
Since that time, a large body of literature has emerged that 
associates the level of mucosal antibodies, either neutralizing 
or IgA antibodies, with resistance to a variety of viral infec-
tions in humans and animals (Table I). The resistance associ-
ated with IgA antibodies is manifested by prevention of infec-
tion or by decreasing the severity of infection. A quantitative 
relationship exists between the level of mucosal IgA antibod-
ies and the extent of virus replication (Ogra and Karzon, 
1969b). This association provides compelling, but not defini-
tive, evidence that IgA antibodies are the primary mediators 
of mucosal resistance to viral infection. One study even dem-
onstrated that local IgA memory in the absence of detectable 
IgA antibodies was associated with resistance to viral infec-
tion (Kimman et aL, 1989). In this instance, a local IgA 
response to reinfection appeared to be sufficiently rapid to 
limit the extent of virus replication or, alternatively, undetect-
able levels of antibody were present that modified the in-
fection. 

Definitive proof that IgA antibodies are the mediators of 
mucosal immunity has been forthcoming. Four studies dem-
onstrate that passively transferred IgA antibodies are associ-
ated with resistance to virus infection on mucosal surfaces. 
(1) Neutralizing monoclonal IgA antibodies to the HN glyco-
protein of Sendai virus (a murine parainfluenza virus) could 
protect against virus infection when administered intranasally 
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Figure 2 An idealized viral infection of a mucosal surface in which clearance of infectious virus is associated with the 
appearance of neutralizing IgA antibodies. The black bar indicates the time when IgA-virus immune complexes are likely 
to be present. 
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Table I Association of Mucosai Antibodies with Resistance to Viral Infections 
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Studies in humans 
or animals 

Humans 

Animals 

Mice 
Mice 
Mice 

Hamsters 
Bovine 

Virus 

Respiratory syncytial virus 
Respiratory syncytial virus 
Parainfluenza virus 
Influenza A virus 
Influenza A virus 
Influenza A virus 
Influenza A virus 
Influenza A virus 
Rhinovirus 
Rotavirus* 
Rotavirus 
Rotavirus 
Poliovirus 
Poliovirus 
Poliovirus 

Influenza virus 
Influenza virus 
Parainfluenza virus 

Parainfluenza virus 
Respiratory syncytial virus 

Resistance observed0 

Modified infection 
or disease 

+ 
+ 

+ 

+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 

+ 
+ 

Prevented 
infection 

+ 

+ 
+ 
+ 

+ 

+ 

+ 

+ 
+ 

+ 

References 

Mills et al. (1971) 
Watt et al. (1990) 
Smith et al. (1966) 
Clements et al (1986) 
Clements et al. (1983) 
Johnson et al. (1986) 
Murphy et al. (1973) 
Reuman et al. (1990) 
Perkins et al. (1969) 
Hjelt et al. (1987) 
Ward et al. (1989) 
Ward et al. (1990) 
Onorato et al. (1991) 
Ogra and Karzon (1969a) 
Ogra and Karzon (1969b) 

de St. Groth and Donnelly (1950) 
Liew et al. (1984) 
Nadrud et al. (1987); Liang et al., 

(1988) 
Ray et al. (1988) 
Kimman and Westenbrink (1990) 

a Best estimate based on data presented. 
b Serum IgA but not IgG was associated with milder illness. 

before virus infection (Mazanec et al., 1987). (2) Intranasally 
administered polymeric anti-influenza virus IgA antibodies 
that had been purified from mucosai secretions provided pas-
sive protection against virus infection when administered 
before virus challenge (Tamura et al., 1990). (3) Systemically 
administered monoclonal polymeric IgA but not monoclonal 
IgG antibodies against influenza virus passively protected 
the respiratory tract of the mouse against influenza virus 
challenge (Renegar and Small, 1991a). (4) Inoculation of hy-
bridoma cells secreting nonneutralizing polymeric IgA anti-
bodies against a reovirus surface protein provided resistance 
to reovirus replication in the gastrointestinal tract (M. Neu-
tra, personal communication). These studies clearly demon-
strate that antiviral IgA antibodies are capable of mediating 
resistance to mucosai virus infection. Using a different ap-
proach, another study demonstrated that the mucosai immu-
nity induced by infection with influenza virus is abrogated 
by instillation of anti-IgA antibody into the respiratory tract 
prior to virus challenge (Renegar and Small, 1991b). These 
data provides convincing evidence that the IgA antibodies 
induced by prior virus infection are the mediators of resis-
tance to reinfection and that other mediators of antiviral 
activity such as Tc or Th cells or IgG antibodies make little 
contribution to resistance. Thus, three major lines of evi-
dence, namely, the consistent association of the level of IgA 
antibodies with the extent of resistance to virus infection, 
the mediation of mucosai resistance to virus infection by 

passive transfer of IgA antibodies, and the abrogation of 
infection-induced resistance to virus challenge by anti-IgA 
antibody treatment of the upper respiratory tract, clearly 
demonstrate that IgA antibodies are the major mediators of 
mucosai resistance to viral infections. 

In conclusion, both cellular and humoral immune systems 
participate actively in the resolution of viral infections from 
mucosai surfaces, including the elimination of virus-infected 
cells, but T cells are likely to make a greater contribution in 
this phase of infection. In contrast, IgA antibodies play the 
major role in resistance to reinfection with a relatively minor 
direct role contributed by Tc and Th cells and IgG antibodies. 

References 

Anderson, J. J., Norden, J., Saunders, D., Toms, G. L., and Scott, 
R. (1990). Analysis of the local and systemic immune responses 
induced in BALB/c mice by experimental respiratory syncytial 
virus infection. J. Gen. Virol. 71, 1561-1570. 

Andrew, M. E., Coupar, B. E. H., Boyle, D. B., and Ada, G. L. 
(1987). The roles of influenza virus haemagglutinin and nucleopro-
tein in protection: Analysis using vaccinia virus recombinants. 
Scand. J. Immunol. 25, 21-28. 

Besser, T. E., Gay, C. C, McGuire, T. C, and Evermann, J. F. 
(1988). Passive immunity to bovine rotavirus infection associated 
with transfer of serum antibody into the intestinal lumen. J. Virol. 
62, 2238-2242. 



340 Brian R. Murphy 

Biron, C. A., Byron, K. S., and Sullivan, J. L. (1989). Severe herpes-
virus infections in an adolescent without natural killer cells. 
N. Engl. J. Med. 320, 1731-1735. 

Bishop, R., Lund, J., Cipriani, E., Unicomb, L., and Barnes, G. 
(1990). Clinical serological and intestinal immune responses to 
rotavirus infection of humans. In "Medical Virology 9" (L. M. 
de la Maza, and E. M. Peterson, eds.), pp. 85-110. Plenum Press, 
New York. 

Blandford, G., and Heath, R. B. (1972). Studies on the immune 
response and pathogenesis of Sendai virus infection of mice. I. 
The fate of viral antigens. Immunology 22, 637-649. 

Bodian, D., and Nathanson, N. (1960). Inhibitory effects of passive 
antibody on virulent poliovirus excretion and on immune response 
in chimpanzees. Bull. Johns Hopkins Hosp. 107, 143-162. 

Brown, T. A., Murphy, B. R., Radl, J., Haaijman, J. J., and Mes-
tecky, J. (1985). Subclass distribution and molecular form of im-
munoglobulin A hemagglutinin antibodies in sera and nasal secre-
tions after experimental secondary infection with influenza A virus 
in humans. J. Clin. Microbiol. 22, 259-264. 

Brown, T. A., Clements, M. L., Murphy, B. R., Radl, J., Haaijam, 
J. J., and Mestecky, J. (1987). Molecular form and subclass distri-
bution of IgA antibodies after immunization with live and inacti-
vated influenza A vaccines. In "Recent Advances in Mucosal 
Immunology" (J. Mestecky, J. R. McGhee, J. Bienenstock, and 
P. L. Ogra, eds.), Part B, pp. 1691-1700. Plenum, New York. 

Burlington, D. B., Clements, M. L., Meiklejohn, G., Phelan, M., 
and Murphy, B. R. (1983). Hemagglutinin specific antibody re-
sponses in the IgG, IgA and IgM isotypes as measured by ELISA 
after primary or secondary infection of man with influenza A 
virus. Infect. Immun. 41, 540-545. 

Buscho, R. F., Perkins, J. C , Knopf, H. L. S., Kapikian, A. Z., 
and Chanock, R. M. (1972). Further characterization of the local 
respiratory tract antibody response induced by intranasal instilla-
tion of inactivated rhinovirus 13 vaccine. J. Immunol. 108, 
169-177. 

Cannon, M. J., Openshaw, P. J. M., and Askonas, B. A. (1988). 
Cytotoxic T cells clear virus but augment lung pathology in mice 
infected with respiratory syncytial virus. J. Exp. Med. 168, 
1163-1168. 

Chen, K.-S., Burlington, D. B., and Quinnan, G. V. (1987). Active 
synthesis of hemagglutinin-specific immunoglobuling A by lung 
cells of mice that were immunized intragastrically with inactivated 
influenza virus vaccine. J. Virol. 61, 2150-2154. 

Clements, M. L., O'Donnell, S., Levine, M. M., Chanock, R. M., 
and Murphy, B. R. (1983). Dose response of A/Alaska/6/77 
(H3N2) cold-adapted reassortant vaccine virus in adult volun-
teers: Role of local antibody in resistance to infection with vaccine 
virus. Infect. Immun. 40, 1044-1051. 

Clements, M. L., Betts, R. F., Tierney, E. L., and Murphy, B. R. 
(1986). Serum and nasal wash antibodies associated with resis-
tance to experimental challenge with influenza A wild-type virus. 
J. Clin. Microbiol. 24, 157-160. 

Conner, M. E., Gilger, M. A., Estes, M. K., and Graham, D. Y. 
(1991). Serologie and mucosal immune response to rotavirus infec-
tion in the rabbit model. J. Virol. 65, 2562-2571. 

Connors, M., Collins, P. L., Firestone, C.-Y., and Murphy, B. R. 
(1991). Respiratory syncytial virus (RSV) F, G, M2 (22K), and 
N proteins each induce resistance to RSV challenge, but resistance 
induced by M2 and N proteins is relatively short-lived. J. Virol. 
65, 1634-1637. 

Corthier, G., and Vannier, P. (1983). Production of coproantibodies 
and immune complexes in piglets infected with rotavirus. J. Infect. 
Dis. 147, 293-296. 

Coulson, B. S., Grimwood, K., Masendycz, P. J., Lund, J. S., 
Mermelstein, N., Bishop, R. F., and Barnes, G. L. (1990). Com-

parison of rotavirus immunoglobulin A coproconversion with 
other indices of rotavirus infection in a longitudinal study in child-
hood. J. Clin. Microbiol. 28, 1367-1374. 

Czerkinsky, C , Prince, S. J., Michalek, S. M., Jackson, S., Russell, 
M. W., Moldoveanu, Z., McGhee, J. R., and Mestecky, J. (1987). 
IgA antibody-producing cells in peripheral blood after antigen 
ingestion: Evidence for a common mucosal immune system in 
humans. Proc. Natl. Acad. Sei. U.S.A. 84, 2449-2453. 

De St. Groth, S. F., and Donnelley, M. (1950). Studies in experimen-
tal immunology of influenza. IV. The protective value of active 
immunization. Aust. J. Exp. Biol. Med. Sei. 28, 61-75. 

Dharakul, T., Riepenhoff-Talty, M., Albini, B., and Ogra, P. L. 
(1988). Distribution of rotavirus antigen in intestinal lymphoid 
tissues: Potential role in development of the mucosal immune 
response to rotavirus. Clin. Exp. Immunol. 74, 14-19. 

Dharakul, T., Rott, L., and Greenberg, H. B. (1990). Recovery 
from chronic rotavirus infection in mice with severe combined 
immunodeficiency: Virus clearance mediated by adoptive transfer 
of immune CD8+ T lymphocytes. J. Virol. 64, 4375-4382. 

Eichelberger, M., Allan, W., Zijlstra, M., Jaenisch, R., and Doherty, 
P. C. (1991a). Clearance of influenza virus respiratory infection 
in mice lacking class I major histocompatibility complex-restricted 
CD8+ T cells. J. Exp. Med. 174, 875-880. 

Eichelberger, M. C , Wang, M., Allan, W., Webster, R. G., and 
Doherty, P. C. (1991b). Influenza virus RNA in the lung and 
lymphoid tissue of immunologically intact and CD4-depleted 
mice. J. Gen. Virol. 72, 1695-1698. 

Endo, A., Itamura, S., Iinuma, H., Funahashi, S.-L, Shida, H., 
Koide, F., Nerome, K., and Oya, A. (1991). Homotypic and 
heterotypic protection against influenza virus infection in mice 
by recombinant vaccinia virus expressing the haemagglutinin or 
nucleoprotein gene of influenza virus. J. Gen. Virol. 72,699-703. 

Friedman, M. G. (1982). Radioimmunoassay for the detection of 
virus-specific IgA antibodies in saliva. J. Immunol. Meth. 54, 
203-211. 

Friedman, M. G., Phillip, M., and Dagan, R. (1989). Virus-specific 
IgA in serum, saliva, and tears of children with measles. Clin. 
Exp. Immunol. 75, 58-63. 

Grimwood, K., Lund, J. C. S., Coulson, B. S., Hudson, I. L., 
Bishop, R. F., and Barnes, G. L. (1988). Comparison of serum 
and mucosal antibody responses following severe acute rotavirus 
gastroenteritis in young children. J. Clin. Microbiol. 26,732-738. 

Hicks, J. T., Ennis, F. A., Kim, E., and Verbonitz, M. (1978). The 
importance of an intact complement pathway in recovery from 
a primary viral infection: Influenza in decomplemented and in 
C5-deficient mice. J. Immunol. 121, 1437-1445. 

Hirabayashi, Y., Kurata, H., Funato, H., Nagamine, T., Aizawa, C , 
Tamura, S.-L, Shimada, K., and Kurata, T. (1990). Comparison of 
intranasal inoculation of influenza HA vaccine combined with 
cholera toxin B subunit with oral or parenteral vaccination. Vac-
cine 8, 243-249. 

Hjelt, K., Grauballe, P. C , Paerregaard, A., Nielsen, O. H., and 
Krasilnikoff, P. A. (1987). Protective effect of preexisting rotavir-
us-specific immunoglobulin A against naturally acquired rotavirus 
infection in children. J. Med. Virol. 21, 39-47. 

Jayashree, S., Bhan, M. K., Kumar, R., Raj, P., Glass, R., and 
Bhandari, N. (1988). Serum and salivary antibodies as indicators 
of rotavirus infection in neonates. J. Infect. Dis. 158, 1117-1119. 

Johnson, M. P., Meitin, C. A., Bender, B. S., and Small, P. A. (1988). 
Passive immune serum inhibits antibody response to recombinant 
vaccinia virus. In "Vaccines 88: Modern Approaches to New 
Vaccines Including Prevention of AIDS" (R. M. Chanock, R. A. 
Lerner, F. Brown, and H. Ginsberg, eds.), pp. 189-192. Cold 
Spring Harbor Laboratory Press, Cold Spring Harbor, New York. 

Johnson, P. R., Feldman, S., Thompson, J. M., Mahoney, J. D., 



29 · Mucosal Immunity to Viruses 341 

and Wright, P. E. (1986). Immunity to influenza A virus infection 
in young children. A comparison of natural infection, live cold-
adapted vaccine, and inactivated vaccine. J. Infect. Dis. 154, 
121-127. 

Jones, P. D., and Ada, G. L. (1986). Influenza virus-specific anti-
body-secreting cells in the murine lung during primary influenza 
virus infection. J. Virol. 60, 614-619. 

Kast, W. M., Bronkhorst, A. M., de Waal, L. P., and Melief, 
C. J. M. (1986). Cooperation between cytotoxic and helper T 
lymphocytes in protection against lethal Sendai virus infection. 
J. Exp. Med. 164, 723-738. 

Kaul, T. N., Welliver, R. C , Wong, D. T., Udwadia, R. A., Rid-
dlesberger, K., and Ogra, P. L. (1981). Secretory antibody re-
sponse to respiratory syncytial virus infection. Am. J. Dis. Child 
135, 1013-1016. 

Keller, R., and Dwyer, J. E. (1968). Neutralization of poliovirus by 
IgA coproantibodies. J. Immunol. 101, 192-202. 

Kimman, T. G., and Westenbrink, F. (1990). Immunity to human 
and bovine respiratory syncytial virus. Arch. Virol. 112, 1-25. 

Kimman, T. G., Westenbrink, F., Schreuder, B. E. C , and Straver, 
P. J. (1987). Local and systemic antibody response to bovine 
respiratory syncytial virus infection and reinfection in calves with 
and without maternal antibodies. J. Clin. Microbiol. 25, 
1097-1106. 

Kimman, T. G., Westenbrink, R., and Straver, P. J. (1989). Priming 
for local and systemic antibody memory responses to bovine respi-
ratory syncytial virus: Effect of amount of virus, virus replication, 
route of administration and maternal antibodies. Vet. Immunol. 
Immunopathol. 22, 145-160. 

Lepow, M. L., Warren, R. J., Gray, N., Ingram, V. G., and Robbins, 
F. C. (1961). Effect of Sabin type 1 poliomyelitis vaccine adminis-
tered by mouth to newborn infants. N. Engl. J. Med. 264, 
1071-1078. 

Leung, K. N., and Ada, G. L. (1980). Cells mediating delayed-type 
hypersensitivity in the lungs of mice infected with an influenza 
A virus. ScandJ. Immunol. 12, 393-400. 

Levine, B., Hardwick J. M., Trapp, B. D., Crawford, T. O., Bol-
linger, R. C , and Griffin, D. E. (1991). Antibody-mediated clear-
ance of alphavirus infection from neurons. Science 254, 856-
860. 

Liang, X., Lamm, M. E., and Nedrud, J. G. (1988). Oral administra-
tion of cholera toxin-Sendai virus conjugate potentiates gut and 
respiratory immunity against Sendai virus. J. Immunol. 141, 
1495-1501. 

Liew, F. Y., Russell, S. M., Appleyard, G., Brand, C. M., and 
Beale, J. (1984). Cross-protection in mice infected with influenza 
A virus by the respiratory route is correlated with local IgA anti-
body rather than serum antibody or cytotoxic T cell reactivity. 
Eur. J. Immunol. 14, 350-356. 

Lightman, S., Cobbold, S., Waldmann, H., and Askonas, B. A. 
(1987). Do L3T4+ cells act as effector cells in protection against 
influenza virus infection? Immunology 62, 139-144. 

London, S. D., Rubin, D. H., and Cebra, J. J. (1987). Gut mucosal 
immunization with reovirus serotype 1/L stimulates virus-specific 
cytotoxic T cell precursors as well as IgA memory cells in Peyer's 
patches. J. Exp. Med. 165, 830-847. 

Lukacher, A. E., Braciale, V. L., and Braciale, T. J. (1984). In vivo 
effector function of influenza virus-specific cytotoxic T lympho-
cyte clones is highly specific. J. Exp. Med. 160, 814-826. 

Lyn, D., Mazanec, M. B., Nedrud, J. G., and Portner, A. (1991). 
Location of amino acid residues important for the structure and 
biological function of the haemagglutinin-neuraminidase glyco-
protein of Sendai virus by analysis of escape mutants. J. Gen. 
Virol. 72, 817-824. 

McBride, B. W., and Ward, K. A. (1987). Herpes simplex-specific 

IgG subclass response in herpetic keratitis. J. Med. Virol. 21, 
179-189. 

McDermott, M. R., Lukacher, A. E., Braciale, V. L., Braciale, 
T. J., and Bienenstock, J. (1987). Characterization and in vivo 
distribution of influenza-virus-specific T-lymphocytes in the mu-
rine respiratory tract. Am. Rev. Respir. Dis. 135, 245-249. 

Mclntosh, K., Masters, H. B., Orr, I., Chao, R. K., and Barkin, 
R. M. (1978). The immunologic response to infection with respira-
tory syncytial virus in infants. J. Infect. Dis. 138, 24-32. 

Mclntosh, K., McQuillin, J., and Gardner, P. S. (1979). Cell-free 
and cell-bound antibody in nasal secretions from infants with 
respiratory syncytial virus infection. Infect. Immun. 23,276-281. 

Mackenzie, C. D., Taylor, P. M., and Askonas, B. A. (1989). Rapid 
recovery of lung histology correlates with clearance of influenza 
virus by specific CD8+ cytotoxic T cells. Immunology 67, 
375-381. 

McMichael, A. J., Gotch, F. M., Noble, G. R., and Beare, 
P. A. S. (1983). Cytotoxic T-cell immunity to influenza. N. Engl. 
J. Med. 309, 13-17. 

Madden, D. R., Gorga, J. C , Strominger, J. L., and Wiley, D. C. 
(1991). The structure of HLA-B27 reveals nonamer self-peptides 
bound in an extended conformation. Nature (London) 353, 
321-325. 

Maoliang, W. (1986). Production of IgA monoclonal antibodies 
against influenza A virus. J. Virol. Meth. 13, 21-26. 

Mazanec, M. B., Lamm, M. E., Lyn, D., Portner, A., and Nedrud, 
J. G. (1992). Comparison of IgA versus IgG monoclonal antibodies 
for passive immunization of the murine respiratory tract. Virus 
Res. 23, 7-12. 

Mazanec, M. B., Nedrud, J. G., and Lamm, M. E. (1987). Immuno-
globulin A monoclonal antibodies protect against Sendai virus. 
J. Viol. 61, 2624-2626. 

Merchant, A. A., Groene, W. S., Cheng, E. H., and Shaw, 
R. D. (1991). Murine intestinal antibody response to heterologous 
rotavirus infection. / . Clin. Microbiol. 29, 1693-1701. 

Merriman, H., Woods, S., Winter, C , Fahnlander, A., and Corey, 
L. (1984). Secretory IgA antibody in cervicovaginal secretions 
from women with genital infection due to herpes simplex virus. 
J. Infect. Dis. 149, 505-510. 

Mestecky, J. (1987). The common mucosal immune system and cur-
rent strategies for induction of immune responses in external se-
cretions. J. Clin. Immunol. 7, 265-276. 

Mills, J., van Kirk, J. E., Wright, P. F., and Chanock, R. M. (1971). 
Experimental respiratory syncytial virus infection of adults. 
J. Immunol. 107, 123-130. 

Munoz, J. L., McCarthy, C. A., Clark, M. E., and Hall, C. B. (1991). 
Respiratory syncytial virus infection in C57BL/6 mice: Clearance 
of virus from the lungs with virus-specific cytotoxic T cells. 
J. Virol. 65, 4494-4497. 

Murphy, B. R., Chalhub, E. G., Nusinoff, S. R., Kasel, J., and 
Chanock, R. M. (1973). Temperature-sensitive mutants of influ-
enza virus. III. Further characterization of the ta-l[E] influenza 
A recombinant (H3N2) virus in man. J. Infect. Dis. 128,479-487. 

Murphy, B. R., Nelson, D. L., Wright, P. F., Tierney, E. L., Phelan, 
M. A., and Chanock, R. M. (1982). Secretory and systemic immu-
nological response in children infected with live attenuated influ-
enza A virus vaccines. Infect. Immun. 36, 1102-1108. 

Murphy, B. R., Ailing, D. W., Snyder, M. H., Walsh, E. E., Prince, 
G. A., Chanock, R. M., Hemming, V. G., Rodriguez, W. J., Kim, 
H. W., Graham, B. S., and Wright, P. F. (1986a). Effect of age 
and preexisting antibody on serum antibody response of infants 
and children to the F and G glycoproteins during respiratory 
syncytial virus infection. J. Clin. Microbiol. 24, 894-898. 

Murphy, B. R., Graham, B. S., Prince, G. A., Walsh, E. E., Cha-
noch, R. M., Karzon, D. T., and Wright, P. F. (1986b). Serum 



342 Brian R. Murphy 

and nasal-wash immunoglobulin G and A antibody response of 
infants and children to respiratory syncytial virus F and G glyco-
proteins following primary infection. J. Clin. Microbiol. 23, 
1009-1014. 

Murphy, B. R., Olmstead, R. A., Collins, P. L., Chanock, R. M., 
and Prince, G. A. (1988). Passive transfer of respiratory syncytial 
virus (RSV) antiserum suppresses the immune response to the 
RSV fusion (F) and large (G) glycoproteins expressed by recombi-
nant vaccinia viruses. J. Virol. 62, 3907-3910. 

Murphy, B. R., Collins, P. L., Lawrence, L., Zubak, J., Chanock, 
R. M., and Prince, G. A. (1989). Immunosuppression of the anti-
body response to respiratory syncytial virus (RSV) by preexisting 
serum antibodies: Partial prevention by topical infection of the 
respiratory tract with vaccinia virus-RSV recombinants. J. Gen. 
Virol. 70, 2185-2190. 

Nedrud, J. G., Liang, X., Hague, N., and Lamm, M. E. (1987). 
Combined oral/nasal immunization protects mice from Sendai 
virus infection. J. Immunol. 139, 3484-3492. 

Nguyen, T. D., Bottreau, E., Bernard, S., Lantier, I., and Aynaud, 
J. M. (1986). Neutralizing secretory Ig A and IgG do not inhibit 
attachment of transmissible gastroenteritis virus. J. Gen. Virol. 
67, 939-943. 

Nicholas, J. A., Rubino, K. L., Levely, M. E., Meyer, A. L., and 
Collins, P. L. (1991). Cytotoxic T cell activity against the 22-kDa 
protein of human respiratory syncytial virus (RSV) is associated 
with a significant reduction in pulmonary RSV replication. Virol-
ogy 182, 664-672. 

Nishio, O., Sumi, J., Sakae, K., Ishihara, Y., Isomura, S., and 
Inouye, S. (1990). Fecal IgA antibody responses after oral poliovi-
rus vaccination in infants and elder children. Microbiol. Immunol. 
34, 683-689. 

Offit, P. A., and Dudzik, K. I. (1990). Rotavirus-specific cytotoxic 
T lymphocytes passively protect against gastroenteritis in suckling 
mice. J. Virol. 64, 6325-6328. 

Offit, P. A., Shaw, R. D., and Greenberg, H. B. (1986). Passive 
protection against rotavirus-induced diarrhea by monoclonal anti-
bodies to surface proteins vp3 and vp7. J. Virol. 58, 700-703. 

Ogra, P. L. (1970). Distribution of echovirus antibody in serum, 
nasopharynx, rectum, and spinal fluid after natural infection with 
echovirus type 6. Infect. Immun. 2, 150-155. 

Ogra, P. L., and Karzon, D. T. (1969a). Poliovirus antibody response 
in serum and nasal secretions following intranasal inoculation with 
inactivated poliovaccine. J. Immunol. 102, 15-23. 

Ogra, P. L., and Karzon, D. T. (1969b). Distribution of poliovirus 
antibody in serum, nasopharynx and alimentary tract following 
segmental immunization of lower alimentary tract with poliovac-
cine. J. Immunol. 102, 1423-1430. 

Ogra, P. L., Coppola, P. R., MacGillivray, M. H., and Dzierba, 
J. L. (1974). Mechanism of mucosal immunity to viral infections 
in γΑ immunoglobulin-deficiency syndromes. Proc. Soc. Exp. 
Biol.Med. 145,811-816. 

Onorato, I. M., Modlin, J. F., McBean, A. M., Thomas, M. L., 
Losonsky, G. A., and Bernier, R. H. (1991). Mucosal immunity 
induced by enhanced-potency inactivated and oral polio vaccines. 
J. Infect. Dis. 163, 1-6. 

Outlaw, M. C , and Dimmock, N. J. (1990). Mechanisms of neutral-
ization of influenza virus on mouse tracheal epithelial cells by 
mouse monoclonal polymeric IgA and polyclonal IgM directed 
against the viral haemagglutinin. J. Gen. Virol. 71, 69-76. 

Outlaw, M. C , and Dimmock, N. J. (1991). Insights into neutraliza-
tion of animal viruses gained from study of influenza virus. Epide-
miol. Infect. 106, 205-220. 

Perkins, J. C , Tucker, D. N., Knopf, H. L. S., Wenzel, R. P., 
Kapikian, A. Z., and Chanock, R. M. (1969). Comparison of 
protective effect of neutralizing antibody in serum and nasal secre-

tions in experimental rhinovirus type 13 illness. Am. J. Epidemiol. 
90, 519-526. 

Ponzi, A. N., Merlino, C , Angeretti, A., and Penna, R. (1985). 
Virus-specific polymeric immunoglobulin A antibodies in serum 
from patients with rubella, measles, varicella, and herpes zoster 
virus infections. J. Clin. Microbiol. 22, 505-509. 

Prince, G. A., Horswood, R. L., and Chanock, R. M. (1985). Quanti-
tative aspects of passive immunity to respiratory syncytial virus 
infection in infant cotton rats. J. Virol. 55, 517-520. 

Prince, G. A., Hemming, V. G., Horswood, R. L., Baron, P. A., 
Murphy, B. R., and Chanock, R. M. (1990). Mechanism of anti-
body-mediated viral clearance in immunotherapy of respiratory 
syncytial virus infection of cotton rats. J. Virol. 64, 3091-3092. 

Puck, J. M., Glezen, W. P., Frank, A. L., and Six, H. R. (1980). 
Protection of infants from infection with influenza A virus by 
transplacentally acquired antibody. J. Infect, Dis. 142, 844-849. 

Ramphal, R., Cogliano, R. C , Shands, J. W., and Small, P. A. (1979). 
Serum antibody prevents lethal murine influenza pneumonitis but 
not tracheitis. Infect. Immun. 25, 992-997. 

Ray, R., Glaze, B. J., Moldoveanu, Z., and Compans, R. W. (1988). 
Intranasal immunization of hamsters with envelope glycoproteins 
of human parainfluenza virus type 3. J. Infect, Dis. 157,648-654. 

Renegar, K. B., and Small, P. A. (1991a). Passive transfer of local 
immunity to influenza virus infection by IgA antibody. J. Immu-
nol. 146, 1972-1978. 

Renegar, K. B., and Small, P. A. (1991b). Immunoglobulin A media-
tion of murine nasal anti-influenza virus immunity. J. Virol. 65, 
2146-2148. 

Reuman, P. D., Paganini, C. M. A., Ayoub, E. M., and Small, 
P. A. (1983). Maternal-infant transfer of influenza-specific immu-
nity in the mouse. J. Immunol. 130, 932-936. 

Reuman, P. D., Ayoub, E. M., and Small, P. A. (1987). Effect 
of passive maternal antibody on influenza illness in children: A 
prospective study of influenza A in mother-infant pairs. Pediatr. 
Infect. Dis. J. 6, 398-403. 

Reuman, P. D., Bernstein, D. I., Keely, S. P., Sherwood, J. R., 
Young, E. C , and Schiff, G. M. (1990). Influenza-specific ELISA 
IgA and IgG predict severity of influenza disease in subjects pre-
screened with hemagglutination inhibition. Antiviral Res. 13, 
103-110. 

Richardson, S. C , and Bishop, R. F. (1990). Homotypic serum 
antibody responses to rotavirus proteins following primary infec-
tion of young children with serotype 1 rotavirus. J. Clin. Micro-
biol. 28, 1891-1897. 

Richman, D. D., Murphy, B. R., Tierney, E. L., and Chanock, 
R. M. (1974). Specificity of the local secretory antibody to influ-
enza A virus infection. J. Immunol. 113, 1654-1656. 

Rubin, D. H., Anderson, A. O., and Lucis, D. (1983). Potentiation 
of the secretory IgA response by oral and enteric administration 
of CP 20,961. Ann. N.Y. Acad. Sei. 409, 866-870. 

Rudzik, R., Clancy, R. L., Perey, D. Y. E., Day, R. P., and Bienen-
stock, J. (1975). Repopulation with IgA-containing cells of bron-
chial and intestinal lamina propria after transfer of homologous 
Peyer's patch and bronchial lymphocytes. J. Immunol. 114, 
1599-1604. 

Sabin, A. B., Michaels, R. H., Krugman, S., Eiger, M. E., Berman, 
P. H., and Warren, J. (1963a). Effect of oral poliovirus vaccine 
in newborn children. I. Excretion of virus after ingestion of large 
doses of type I or of mixture of all three types, in relation to level 
of placentally transmitted antibody. Pediatrics 31, 623-640. 

Sabin, A. B., Michaels, R. H., Ziring, P., Krugman, S., and Warren, 
J. (1963b). Effect of oral poliovirus vaccine in newborn children. 
II. Intestinal resistance and antibody response at 6 months in 
children fed type I vaccine at birth. Pediatrics 31, 641-654. 

Scott, R. M., Dudding, B. A., Romano, S. V., and Russell, P. K. 



29 · Mucosal Immunity to Viruses 343 

(1972). Enteric immunization with live adenovirus type 21 vac-
cine. II. Systemic and local immune responses following immuni-
zation. Infect. Immun. 5, 300-304. 

Shaw, R. D., Groene, W. S., Mackow, E. R., Merchant, A. A., and 
Cheng, E. H. (1991). VP4-specific intestinal antibody response to 
rotavirus in a murine model of heterotypic infection. J. Virol. 65, 
3052-3059. 

Smith, C. B., Purcell, R. H., Bellanti, J. A., and Chanock, R. M. 
(1966). Protective effect of antibody to parainfluenza type 1 virus. 
N. Engl. J. Med. 275, 1145-1152. 

Smith, T. J., Buescher, E. L., Top, F. H., Altemeier, W. A., and 
McCown, J. M. (1970). Experimental respiratory infection with 
type 4 adenovirus vaccine in volunteers: Clinical and immunologi-
cal responses. J. Infect. Dis. 122, 239-248. 

Sonza, S., and Holmes, I. H. (1980). Coproantibody response to 
rotavirus infection. Med. J. Aust. 2, 496-499. 

Tamura, S.-L, Funato, H., Hirabayashi, Y., Kikuta, K., Suzuki, 
Y., Nagamine, T., Aizawa, C , Nakagawa, M., and Kurata, T. 
(1990). Functional role of respiratory tract haemagglutinin-specific 
IgA antibodies in protection against influenza. Vaccine 8, 
479-485. 

Taylor, P. M., and Askonas, B. A. (1986). Influenza nucleoprotein-
specific cytotoxic T-cell clones are protective in vivo. Immunol. 
58, 417-420. 

Taylor, P. M., Esquivel, F., and Askonas, B. A. (1990). Murine 
CD4+ T cell clones vary in function in vitro and in influenza 
infection in vivo. Int. Immunol. 2, 323-328. 

Wagner, D. K., Clements, M. L., Reimer, C. B., Snyder, M. H., 
Nelson, D. L., and Murphy, B. R. (1987). Analysis of IgG antibody 
responses after live and inactivated influenza A vaccine indicate 
that nasal wash IgG is a transudate from serum. J. Clin. Microbiol. 
25, 559-562. 

Waldman, R. H., Kasel, J. A., Fulk, R. V., Togo, Y., Hornick, R. B., 
Heiner, G. G., Dawkins, A. T., and Mann, J. J. (1968). Influenza 
antibody in human respiratory secretions after subcutaneous or 
respiratory immunization with inactivated virus. Nature {London) 
218, 594-595. 

Waldman, R. H., Wood, S. H., Torres, E. J., and Small, P. A. (1970). 
Influenza antibody response following aerosol administration of 
inactivated virus. Am. J. Epidemiol. 91, 575-584. 

Waldman, R. H., Stone, J., Bergmann, K. C , Khakoo, R., Lazzell, 
V., Jacknowitz, A., Waldman, E. R., and Howard, S. (1986). 
Secretory antibody following oral influenza immunization. Am. 
J. Med. Sei. 292,367-371. 

Ward, R. L., Bernstein, D. I., Shukla, R., Young, E. C , Sherwood, 

J. R., McNeal, M. M., Walker, M. C , and Schiff, G. M. (1989). 
Effects of antibody to rotavirus on protection of adults challenged 
with a human rotavirus. J. Infect. Dis. 159, 79-88. 

Ward, R. L., Bernstein, D. I., Shukla, R., McNeal, M. M., Sher-
wood, J. R., Young, E. C , and Schiff, G. M. (1990). Protection 
of adults rechallenged with a human rotavirus. J. Infect. Dis. 161, 
440-445. 

Watt, P. J., Robinson, B. S., Pringle, C. R., and Tyrrell, D. A. J. 
(1990). Determinants of susceptibility to challenge and the anti-
body response of adult volunteers given experimental respiratory 
syncytial virus vaccines. Vaccine 8, 231-236. 

Webster, R. G., Kawaoka, Y., Taylor, J., Weinberg, R., and Paoletti, 
E. (1991). Efficacy of nucleoprotein and haemagglutinin antigens 
expressed in fowlpox virus as vaccine for influenza in chickens. 
Vaccine 9, 303-308. 

Weltzin, R., Lucia-Jandris, P., Michetti, P., Fields, B. N., Kraehen-
buhl, J. P., and Neutra, M. R. (1989). Binding and transepithelial 
transport of immunoglobulins by intestinal M cells: Demonstra-
tion using monoclonal IgA antibodies against enteric viral pro-
teins. J. CellBiol. 108, 1673-1685. 

Wright, P. F., Murphy, B. R., Kervina, M., Lawrence, E. M., 
Phelan, M. A., and Karzon, D. T. (1983). Secretory immunologi-
cal response after intranasal inactivated influenza A virus vaccina-
tions: Evidence for immunoglobulin A memory. Infect. Immun. 
40, 1092-1095. 

Yamaguchi, H., Inouye, S., Yamauchi, M., Morishima, T., Matsuno, 
S., Isomura, S., and Suzuki, S. (1985). Anamnestic response in 
fecal IgA antibody production after rotaviral infection of infants. 
J. Infect. Dis. 152, 398-400. 

Yao, Q. Y., Rowe, M., Morgan, A. J., Sam, C. K., Prasad, U., 
Dang, H., Zeng, Y., and Rickinson, A. B. (1991). Salivary and 
serum IgA antibodies to the Epstein-Barr virus glycoprotein 
gp340: Incidence and potential for virus neutralization. Int. J. 
Cancer 48, 45-50. 

Yap, K. L., Ada, G. L., and McKensie, I. F. C. (1978). Transfer 
of specific cytoxic T lymphocytes protects mice inoculated with 

.-. influenza virus. Nature (London) 273, 238-239. 
Yarchoan, R., Murphy, B. R., Strober, W. Schnieder, H. S., and 

Nelson, D. L. (1981). Specific anti-influenza virus antibody pro-
duction in vitro by human peripheral blood mononuclear cells. 
J. Immunol. 127, 2588-2594. 

Zhaori, G., Sun, M., Faden, H. S., and Ogra, P. L. (1989). Nasopha-
ryngeal secretory antibody response to poliovirus type 3 virion 
proteins exhibit different specificities after immunization with live 
or inactivated poliovirus vaccines. J. Infect. Dis. 159,1018-1024. 



30 
Passive Immunization: Systemic and Mucosal 

Kothryn B. Renegar · Parker A Small, Jr. 

The passive transfer of maternal immunity is responsible 
for keeping all mammalian species alive. The process of evo-
lution developed effective mechanisms for the passive trans-
fer of both systemic and mucosal immunity from the mother 
to her offspirng. Experimental passive transfer of systemic 
immunity via serum antibody is well established, but the 
experimental passive transfer of mucosal immunity has been 
accomplished only recently. This chapter addresses the con-
tributions of both natural and experimental mechanisms to 
the study of passive immunization. 

I. NATURAL PASSIVE IMMUNIZATION 

A. Systemic Immunity 

The transfer of systemic immunity (IgG) from mother to 
offspring occurs prenatally via the placenta or yolk sac and 
after birth via the colostrum. Species vary in the contribution 
each route makes to the transfer of immunity (Waldman and 
Strober, 1969) and can be grouped into three categories (Table 
I) based on this variation. 

1. Prenatal Transfer Only 

The first group, using prenatal transfer only, includes pri-
mates, rabbits, and guinea pigs. Transport of IgG in primates 
occurs almost exclusively through the placenta. IgG transfer 
occurs via receptor-mediated transcytosis across the syncyti-
otrophoblast and transcellular transport through the fetal en-
dothelium (Leach et al., 1990). Human placental transfer 
of protective IgG antibodies against a number of pathogens 
including rotavirus (Hjelt et al., 1985), hepatitis B (Hockel 
and Kaufman, 1986), measles (Lennon and Black, 1986), and 
group B streptococcus (Baker et al., 1988) has been reported. 
Prenatal transfer of IgG in the rabbit occurs via the yolk sac 
and in the guinea pig via both the yolk sac and the fetal gut 
(Waldman and Strober, 1969). 

2. Combined Prenatal and Postnatal Transfer 

The group using combined prenatal and postnatal transfer 
includes rats, mice, cats, and dogs. Prenatal transmission 
occurs via the yolk sac/placenta and the fetal gut in the 
rat (Waldman and Strober, 1969). IgG is bound rapidly to 
receptors on the surface of the yolk sac membrane (Muc-
chielli et al., 1983), endocytosed in clathrin-coated vesicles, 

and, early in gestation, is stored in subapical vacuoles. By late 
gestation, the antibody has been hydrolyzed or transferred to 
fetal capillaries (Jollie, 1985). Prenatal transmission in mice 
occurs by a similar mechanism (Gardner, 1976). 

Although placental transfer occurs, studies in rodents have 
shown that most transport of antibody occurs postnatally 
from colostrum or milk (Nejamkis et al., 1975; Oda et al., 
1983; Kohl and Loo, 1984; Arango-Jaramillo et al., 1988; 
Barthold et al., 1988; Heiman and Weisman, 1989). Postnatal 
transmission of systemic immunity from colostrum and milk 
occurs over a period of 10-21 days, depending on the species, 
with a gradual decrease in transmission over the last 3 days 
of the period (Waldman and Strober, 1969), and is limited to 
antibodies of the IgG class (Hammerberg et al., 1977; 
Appleby and Catty, 1983). Transport is a receptor-mediated 
process (Simister and Rees, 1983). In rats, the receptor is 
found in enterocytes of the proximal intestine during the early 
postnatal period but is absent after weaning (Jakoi et al., 
1985). The receptor is specific for IgG and its Fc fragment 
and consists of two similar polypeptides of 48,000-52,000 
daltons (p51) in association with ß2-microglobulin (Jakoi et 
al., 1985; Simister and Mostov, 1989). The Fc binding subunit 
(p51) has three extracellular domains and a transmembane 
region, all of which are homologous to the corresponding 
domains of Class I major histocompatibility complex (MHC) 
antigens (Simister and Mostov, 1989). 

3. Postnatal Transfer Only 

Ruminants (cattle, sheep, goats), horses, and pigs (re-
viewed by Tizzard, 1987) use only postnatal transfer. Trans-
port of colostral proteins from the lumen of the ileum in 
ruminants is largely nonspecific but, in the horse and pig, 
IgG and IgM are absorbed preferentially. Proteins are taken 
up actively by epithelial cells through pinocytosis and passed 
through these cells into the lacteals and intestinal capillaries 
(Tizzard, 1987). Intestinal absorption occurs for only the first 
24-48 hours after birth, then the "open gut" closes down 
and no further transfer from milk or colostrum occurs (Wald-
man and Strober, 1969; Francis and Black, 1984; Ellis etal., 
1986; Tizzard, 1987). Newborn piglets have also been shown 
to absorb colostral lymphoid cells during this time period 
(Tubolyitftf/.,1988). 

Absorption of colostral immunoglobulin is normally ex-
tremely effective, supplying the newborn with serum immu-
noglobulin (particularly IgG) at a level approaching that found 
in adults (Tizzard, 1987); however, failure of passive transfer 
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Table I Transfer of Immunity to Offspring 

Prenatal transfer 
Primates 
Rabbit 
Guinea Pig 

Combined prenatal and postnatal transfer 
Rat 
Mouse 
Cat 
Dog 

Postnatal transfer 
Ruminants 
Horse 
Pig 

(FPT) can occur and, when it does, can pose a considerable 
problem in animal husbandry. About 25% of newborn foals 
fail to obtain sufficient quantities of immunoglobulin (Mc-
Guire et al., 1975; Tizzard, 1987). In the McGuire study 
(1975), 2 of 9 FPT foals died of infections within a few days of 
birth and 5 of the remaining 7 developed nonfatal respiratory 
infections between 2 and 5 weeks of age. McGuire et al. 
(1976) also reported FPT in calves, finding that 85% of calves 
less than 3 weeks old dying from infectious diseases had 
significant hypogammaglobulinemia. Although adequate 
methods to diagnose and treat FPT are available (Tizzard, 
1987; Bertone et al., 1988), the phenomenon remains a sig-
nificant veterinary problem. 

B. Mucosal Immunity 

Mother's milk provides passive protection of the mucosal 
surfaces it contacts. This protection may be mediated by 
nonspecific factors found in milk, for example, lactoferrin, 
lysozyme, fatty acids, and complement, or by specific anti-
body (reviewed by Goldman et al., 1985). The antibody com-
position of milk differs from that of colostrum (Tizzard, 1987) 
and the class of protective antibody in milk varies with the 
species and the route of immunization of the mother. With 
the exception of IgG in rodents, these protective antibodies 
are not absorbed systemically by the suckling offspring but 
exert their protective effect locally by neutralizing viruses 
or virulence factors and by binding to microbial pathogens 
to prevent their attachment to the mucosal surface (Goldman 
et al., 1985). Secretory IgA is especially suited to this protec-
tive role since secretory component enhances its resistance 
to proteolytic enzymes and gastric acid (Kenny et al., 1967; 
Tomasi, 1970;Zikan*?/a/., 1972;Lindh, 1975) providing extra 
antibody stability in mucosal secretions. 

1. Milk Antibody in Rodents 

Rodents have been a popular model for the study of passive 
transfer of maternal immunity via milk; however, this group 
of animals has a major drawback as a model for passive 
mucosal immunity. Rats and mice can actively transport IgG 
from the gut into the serum for approximately 2 weeks (Sec-
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tion I,A,2). Thus, observed protection could be the result 
of antibody in the milk bathing the mucosal surfaces or of 
maternal antibody being transported into the serum and se-
cretions of the offspring. This caveat should be kept in mind 
during the evaluation of the many reports of milk-borne pro-
tection in these species. Three rodent models in which protec-
tion of mucosal surfaces is due to milk-borne, not serum-
derived, antibody are described here. 

The predominant immunoglobulin in mouse milk is IgG, 
although significant levels of IgA can also be present (Ijaz 
et al., 1987). Protection of infant mice from colonization with 
Campylobacter jejuni can be achieved by the consumption 
of immune milk at and after the time of bacterial challenge. 
The milk in this study contained high concentrations of spe-
cific IgG antibodies and very little specific IgA antibody; 
infant mice were not protected by prior consumption of colos-
trum. Milk antibody was required in the gut lumen for protec-
tion to be observed (Abimiku and Dolby, 1987). A similar 
requirement for antibodies active at the intestinal cell surface 
in murine immunity to primate rotavirus SA-11 was re-
ported by Offit et al. (1984). 

In rats, protection against dental caries by milk can be due 
to IgG or SIgA antibodies, depending on the route of maternal 
immunization. Rat dams immunized intravenously with heat-
killed Streptococcus mutans developed IgG antibodies in 
their colostrum, milk, and serum. Their offspring demon-
strated significant protection against S. mutans-maxxcea car-
ies formation. Rat dams locally injected in the region of the 
mammary gland with heat-killed S. mutans or fed formalin-
killed S. mutans developed SIgA antibodies in their colos-
trum and milk. Their offspring were also protected against 
caries formation (Michalek and McGhee, 1977). Caries pro-
tection in suckling rats theoretically could be due to either 
bathing mucosal surfaces or antibody leakage into the saliva 
from the serum. Nonimmune adult rats can be protected from 
S. mwtans-induced caries by feeding on lyophilized immune 
bovine milk or on immune bovine whey containing specific 
IgG (Michalek et al, 1978a, 1987). Since adult rats are unable 
to transport orally administered IgG into their serum, protec-
tion is from milk-derived antibodies bathing the oral cavity. 

2. Milk Antibody in Ungulates 

In ruminants (sheep, cattle, goats), the predominant anti-
body in both colostrum and milk is IgG,. The predominant 
antibody in the colostrum of pigs and horses is also IgG but, 
as lactation progresses and colostrum becomes milk, IgA 
predominates (Tizzard, 1987). Protection can be mediated 
by either antibody class. Whereas bathing of the mucosal 
surfaces by milk-derived antibodies can provide passive im-
munity to some pathogens, the high rate of infections in FPT 
foals and calves shows that milk (mucosal immunity) alone 
cannot provide complete protection to neonates. 

In cattle and pigs, passive immunity against enteric infec-
tions with viruses such as rotaviruses and coronaviruses 
[transmissible gastroenteritis (TGE)] is dependent on the con-
tinual presence in the gut lumen of a protective level of 
specific antibodies (Crouch, 1985). In swine, passive immu-
nity against intestinal infection with the TGE virus is gener-
ally more complete in piglets ingesting IgA antibodies than 



30 · Passive Immunization: Systemic and Mucosal 349 

in those ingesting IgG antibodies, although both classes of 
antibody are protective. The class of antibody present in sow 
milk depends on the route of immunization (Bohl and Saif, 
1975). In cattle, passive immunity in calf scours (neonatal 
bovine colibacillosis caused by Escherichia coli) correlates 
with the level of specific IgA antibody in milk (Wilson and 
Jutila, 1976). 

3. Milk Antibody in Primates 

In primates, IgA is the predominant immunoglobulin in 
both colostrum and milk (Tizzard, 1987). Both lysozyme and 
SIgA in human milk remain bioavailable in the digestive tract 
of the early infant (Eschenburg et al, 1990). Human milk 
has been shown to contain SIgA antibodies against at least 
five viruses and nine bacterial pathogens, as well as against 
fungi, parasites, and food antigens (Goldman et al., 1985). 
Mucosal immunity to rotavirus, for example, was shown to 
be transferred to the infant by the SIgA in milk. A positive 
correlation was found between titers of secretory component 
in mother's milk and infant feces, and virus-specific IgA was 
found in infant fecal samples (Rahman et al., 1987). In addi-
tion to providing passive mucosal immunity, human breast 
milk also stimulates the early local production of SIgA in 
the urinary and gastrointestinal tracts, thus accelerating the 
development of an active local host defense system in the 
infant (Prentice, 1987; Koutras and Vigorita, 1989). 

II. EXPERIMENTAL PASSIVE IMMUNIZATION 

Since the first transfer of immunity by the injection of 
serum (von Behring and Kitasato, 1890), passive transfer of 
humoral immunity has been investigated intensively. The use 
of specific serum antibody (IgG) to transfer protection to 
nonimmune individuals has become so routine that it is now 
common medical practice in, for example, the postexposure 
prophylaxis of rabies and tetanus and the treatment of snake-
bite (Arnold, 1982; Centers for Disease Control, 1991a,b). 

Local immunity has been correlated with the level of IgA 
in various secretions (Table II). However, direct demonstra-
tion of the mediation of local immunity by injected IgA could 
not occur until specific transport of passively administered 
IgA had been confirmed. 

A. Transport of Passively Administered IgA to 
Mucosal Surfaces 

1. Gastrointestinal Tract 

In rabbits, rats, and mice, polymeric IgA can be and is 
transported efficiently from the circulation into the bile via 
the liver (Orlans et al., 1978,1983; Delacroix et al., 1982; 
Koertge and Butler, 1986a; Mestecky and McGhee, 1987). 
These species express secretory component on their hepato-
cytes (Socken et al., 1979) and, in addition, have polymeric 
IgA as the primary molecular form in their serum (Vaerman, 
1973; Heremans, 1974). Serum IgA is also transported effi-

Table II Correlation of IgA with Local Immunity 

Anatomical site 

Eye/tears 

Mouth/saliva 

Gastrointestinal 
tract 

Respiratory 
tract 
(nose and/or 
trachea) 

Urinary tract 

Reproductive 
tract 

Skin 

Agent 

Newcastle disease 
virus 

Shigella 
Staphylococcus 

aureus 
Streptococcus mutans 

Campylobacter jejuni 

Canine parvovirus 
Escherichia coli 

Giardia 
Poliovirus 
Shigella flexneri 

Transmissible 
gastroenteritis virus 
of swine 

Vibrio cholerae 

Hemophilus 
influenzae 

Influenza virus 

Parainfluenza, type 1 
Penumococcal 

polysaccharide 
Sendai virus 
Streptococcal M 

protein 

Escherichia coli 

Ovalbumin 

Chlamydia 

Miscellaneous 
bacteria and fungi 

Reference 

Katz and Kohn (1976) 

Levenson ei a/. (1988) 
Mondino et al. (1987) 

Michalek et al. 
(1978b,1983a,b); 
Morisaki et al. 
(1983); Russell and 
Mestecky (1986) 

Burr et al. (1988) 

Nara et al. (1983) 
Porter et al. (1977); 

Chidlow and Porter 
(1979); Evans et al. 
(1988) 

Kaplan et al. (1985) 
Fox (1984) 
Keren et al. 

(1988,1989) 
DeBuysscher and 

Berman (1980) 

Svennerholm et al. 
(1978); Jertborn et 
al. (1986) 

Clancy et al (1983) 

Bergman and 
Waldman (1988); 
Brown etal. (1988); 
Hirabayashi et al. 
(1990); Meitin <?/<*/. 
(1991) 

Smith et al. (1966) 
Lue et al. (1988) 

Nedrud et al. (1987) 
Kurono and Mogi 

(1987);Poirier^öt/. 
(1988) 

Layton and 
Smithyman (1983) 

Husband and Clifton 
(1989) 

Lamont et al. (1978); 
Brunham et al. 
(1983); Ogra et al. 
(1989) 

Metze et al. (1991) 

ciently into bile in cattle (Butler et al., 1986). In fact, most 
IgA in ruminant bile may be of serum origin. 

Transport of serum IgA into bile in humans has been re-
ported (Delacroix et al, 1982; Dooley et al, 1982), although 
IgA transport is about 50-fold less efficient than in rats and 
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rabbits. The human biliary IgA level is approximately 20% 
of the human serum IgA level and, under physiologic condi-
tions, only 50% of human biliary IgA is derived from the 
serum (Vaerman and Delacroix, 1984). Although transport 
is possible, passively administered IgA does not reach high 
levels in human bile. In one study, less than 3% of intrave-
nously injected radiolabeled polymeric IgA was found in hu-
man bile after 24 hr (Vaerman and Delacroix, 1984). This 
subject is reviewed in Chapter 10. 

2. Saliva 

Serum polymeric IgA can be transported into saliva in 
dogs (Montgomery et al., 1977), monkeys (Challacombe et 
al., 1978), and humans (Delacroix et al., 1982; Kubagawa et 
al., 1987). In humans, the amount of IgA acquired from the 
serum is low (only 2% from the serum) compared with the 
amount acquired from local production (Delacroix et al., 
1982). Transfer of polymeric IgA from serum into canine 
saliva is a selective process requiring secretory component 
(Montgomery et al., 1977), whereas transport into oral fluids 
in monkeys appears to be by leakage from the plasma into 
the crevicular spaces surrounding the deciduous molars 
(Challacombe et al., 1978). 

3. Milk 

In sheep, active transport of IgA from the circulation into 
milk seems likely (Sheldrake et al., 1984); however, studies 
on the transport of IgA into murine milk have produced 
conflicting results. Using radiolabeled IgA, Halsey et al. 
(1983) demonstrated in the mouse that IgA can be transported 
from the circulation into milk during early lactation. Other 
investigators (Russell et al., 1982; Koertge and Butler, 
1986b), using assays based on antibody-binding activity, were 
unable to show transport of IgA into murine milk. Using 
radiolabeled IgA, Koertge and Butler (1986b) were able to 
show that the IgA present in milk was degraded and suggested 
that the previous study (Halsey et al., 1983) detected only 
IgA fragments that had been transudated into the milk from 
the serum and not specifically transported IgA. Passively 
administered IgA is not transported into the milk of rats 
(Dahlgren et al., 1981; Koertge and Butler, 1986b). 

4. Respiratory Tract 

Only a limited number of studies on the transport of anti-
bodies into respiratory secretions have been reported, but 
the results have shown that selective transport of passively 
administered serum IgA into the respiratory tract is possible 
in sheep and mice. Because of their importance as back-
ground information for the experiments demonstrating the 
passive transfer of local immunity by IgA, these respiratory 
transport studies will be addressed in more detail. 

a. Sheep. Using the intravenous (iv) injection of radioiodin-
ated ovine immunoglobulin, Scicchitano et al. (1984) showed 
that 35% of the IgA in the mediastinal lymph of sheep is 
plasma derived. These investigators further demonstrated 
(Scicchitano et al., 1986), by the simultaneous injection of 
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radiolabeled IgA and radiolabeled IgG, or IgG2, that IgA 
is transported selectively into ovine respiratory secretions. 
Transport of IgA, calculated 24 hr postinjection, was approxi-
mately 4.5 times greater than transport of IgG, and the trans-
ported IgA was intact in the secretions. Biologic activity of 
transported IgA was not determined. 

b. Mice. Mazanec et al. (1989) found that, 4-5 hr after the 
iv injection of radiolabeled monomeric or polymeric IgA anti-
Sendai virus monoclonal antibodies into mice, transport of 
polymeric IgA into nasal secretions was 3-7 times more effi-
cient than transport of monomeric IgA whereas polymeric 
IgA transport into bronchioalveolar la vages was only 1-3 
times more efficient. This difference probably reflects an 
increased contribution of serum antibody to bronchioalveolar 
secretions because of the transudation of IgG into alevolar 
fluids. Transport of polymeric IgA into the gut was 4-5 times 
more efficient than the transport of monomeric IgA, as ex-
pected. The agreement of the nasal secretion and gut trans-
port indices suggests that transport could occur by a similar 
mechanism. The investigators were unable to demonstrate 
the presence of functionally intact polymeric IgA in the upper 
respiratory tract. 

The polymeric IgA transported into murine nasal secre-
tions in the studies reported by Renegar and Small (1991a) 
was, in contrast, functionally intact. To avoid problems asso-
ciated with the quantitation of intact compared with degraded 
radiolabeled IgA in secretions (described by Koertge and 
Butler, 1986b), this study used an anti-influenza enzyme-
linked immunosorbent assay (ELISA) to evaluate the trans-
port of monomeric or polymeric IgA or IgG! monoclonal anti-
influenza antibodies into the nasal secretions of mice. Any 
antibodies detected by this assay were, of necessity, func-
tional. Nonimmune mice were injected intravenously with 
influenza-specific monomeric or polymeric IgA or IgG, and 
sacrificed at varying times between 2 and 24 hr postinjection. 
Nasal wash, serum, and bile samples were collected and 
assayed by ELISA for anti-influenza antibody. The peak 
nasal wash polymeric IgA titer was reached 4 hr after anti-
body injection and was approximately 35 times greater than 
the nasal wash titer of either monomeric immunoglobulin. 

To determine whether polymeric IgA was transported se-
lectively relative to IgGl5 the investigators injected a mixture 
of the two monoclonal antibodies intravenously into nonim-
mune mice and calculated a selective transport index (STI) 
for nasal antibody for each mouse. An STI greater than 1 
indicates that polymeric IgA was transported specifically rel-
ative to IgGj whereas a value of 1 indicates that the same 
extent of transport, leakage, or transudation of both poly-
meric IgA and IgG, occurred in that animal. Of the 31 mice 
studied, 29 showed an STI greater than 1 (average STI at 
4 hr was 36 ± 19) demonstrating the selective transport of 
polymeric IgA relative to IgGj. Selective transport of poly-
meric IgA relative to monomeric IgA was also demonstrated. 

Thus, transport of serum IgA into nasal secretions is possi-
ble in some species. The relevance of this transport to the 
passive transfer of local immunity will be addressed in Sec-
tion II,B,2,a. 
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B. Protection of Mucosal Surfaces by Passively 
Administered Antibodies 

Studies on the passive transfer of local immunity can be 
classified into two categories. In the first category are studies 
in which the antibody is introduced into the local secretions 
exogenously or mixed with the target pathogen prior to host 
challenge. The second category includes those studies in 
which systemically administered polymeric IgA must be 
transported physiologically (i.e., by secretory component-
mediated mechanisms) to its site of activity. 

1. Exogenously Administered Antibody 

The studies in this category have investigated the role of 
IgA in mucosal immunity by feeding antibody or instilling it 
intranasally, then challenging, or by administering anti-
body-pathogen mixtures intranasally. 

a. Oral antibody. Offit et al. (1984) demonstrated the ability 
of milk-derived IgG and IgA to protect the murine intestine 
from infection with primate rotavirus SA-11. Suckling mice 
were protected by milk from dams that had been immunized 
orally with SA-11 virus. This protective activity was detected 
in both the IgG and IgA fractions, but the IgA fraction was 
more potent in vivo than the IgG fraction. In newborn mice 
from immune dams foster-nursed on seronegative dams, the 
presence of circulating systemic antirotavirus antibodies in 
high titer did not protect against SA-11 viral infection. Thus, 
the specific antibody had to be present in the gut lumen to 
protect the intestinal cell surface from viral infection, and 
SIgA could mediate this protection. 

b. Intranasal antibody. Three studies have shown that ex-
ogenously administered IgA can protect against intranasal 
challenge with a pathogen. Bessen and Fischetti (1988) 
showed that SIgA given by the intranasal route protected 
mice against streptococcal infection. Live streptococci were 
mixed with affinity-purified human salivary SIgA or serum 
IgG antibodies directed toward the streptococcal M6 protein. 
The mixture was administered intranasally to mice. The SIgA 
antibody protected against streptococcal infection whereas 
the serum antibody had no effect. This study suggested that 
SIgA alone is capable of protecting the mucosa against bacte-
rial invasion. 

Mazanec et al. (1987) demonstrated that IgA can protect 
mucosal surfaces against viral infection. Ascites fluid con-
taining IgA anti-Sendai virus monoclonal antibody was ad-
ministered intranasally to lightly anesthetized mice before 
and after the mice were challenged intranasally with live 
virus. Mice were sacrificed 3 days later and lung viral titers 
were determined. Animals treated with the specific mono-
clonal antibody were protected against viral infection. Addi-
tional work from the same laboratory showed that local im-
munity to Sendai virus also can be mediated by intranasal IgG 
(Mazanec et al. (1992). Tamura et al. (1991) purified anti-

influenza SIgA antibodies from the respiratory tracts of mice 
immunized with influenza hemagglutinin molecules. This 
IgA, when given intranasally, protected nonimmune mice 
from influenza infection. Protection, which was observed up 
to 3 days after antibody administration, was proportional to 
the amount of IgA administered and was observed at IgA 
doses equivalent to naturally occurring antibody titers. 

These studies show that local IgA or IgG can protect 
against viral or bacterial infection of the mucosa. They do 
not show that physiologically transported (secretory) IgA or 
serum-derived IgG actually does so. For that demonstration, 
antibody must be administered parenterally and transported 
into the mucosal secretions by a physiologic mechanism. The 
studies presented in the next section satisfy that criterion. 

2. Systemically Administered Antibody 

The definitive studies in this category have involved the 
respiratory and gastrointestinal tracts, although passive 
transfer of uterine immunity by polymeric IgA also has been 
observed (K. B. Renegar, A. C. Menge, P. A. Small, Jr., and 
J. Mestecky, unpublished results). Work with the respiratory 
and gastrointestinal tracts will be presented in more detail. 

a. Respiratory tract. Numerous studies have shown that 
passively administered serum anti-influenza antibody (IgG) 
can prevent lethal viral pneumonia (Loosli et al., 1953; Barber 
and Small, 1978; Ramphai et al, 1979; Kris et al., 1988). 
Serum antibody, however, does not prevent influenza infec-
tion of the upper respiratory tract (Barber and Small, 1978; 
Ramphai et al.y 1979; Kris et al., 1988). Protection of the 
nose correlates with an increased nasal secretion IgA anti-
body level (Table II), making influenza an excellent model 
in which to investigate the hypothesis that nasal immunity 
is mediated by SIgA. 

The first demonstration of the passive transfer of local 
immunity by physiologically transported SIgA was reported 
by Renegar and Small (1991a) in the murine influenza model. 
These researchers showed, as described in Section II,A,4,b, 
that intravenously administered polymeric IgA is transported 
into nasal secretions in a physiologic manner. To determine 
whether intravenously administered polymeric IgA anti-in-
fluenza monoclonal antibody could mediate protection 
against local influenza virus challenge, passively immunized 
mice were challenged intranasally while awake with influenza 
virus. The mice were sacrificed 24 hr later and the amount 
of virus shed in their nasal secretions was determined. Of 
the 24 saline-injected control mice, 23 shed virus into the 
nasal secretions whereas only 5 of the 25 polymeric IgA-
injected mice shed virus; those 5 that did shed virus had 
a low viral titer. The observed protection was significant 
(p <0.001). Passive immunization with influenza-specific 
polymeric IgA, therefore, conferred complete protection 
against viral infection in 80% of the mice and partial protec-
tion in the remaining 20%. 

To determine whether serum IgG! also could confer local 
protection to influenza challenge, the relative abilities of 
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equivalent virus-neutralizing doses of influenza-specific poly-
meric IgA or IgG! to protect against influenza challenge were 
compared. Intravenous polymeric IgA significantly reduced 
viral shedding compared with either intravenous saline or 
intravenous IgGj. Intravenous IgG, also reduced viral shed-
ding (p <0.02); however, the protection against infection 
was not significant (p = 0.5), since viral shedding was pre-
vented in only 1 of 8 mice injected. Additional studies 
(K. B. Renegar and P. A. Small, Jr., unpublished results) 
have shown that IgG, can also mediate local protection 
against influenza infection, but 10 times the polymeric IgA 
protective dose is required to produce this protection. 

The passive protection studies showed that IgA can medi-
ate local immunity. To confirm that IgA is the mediator of 
local immunity, a method to abolish IgA-mediated protection 
was needed. Mice passively immunized with polymeric IgA 
were given nose drops of anti-IgA antibody 10 min before 
and 6 hr after they were challenged intranasally with influenza 
virus suspended in anti-IgA antiserum. Anti-IgA treatment 
abrogated IgA-mediated protection in the passively immu-
nized mice (Renegar and Small, 1991a). To show that passive 
transfer of local immunity by IgA was a reflection of the 
natural situation, the abrogation technique was extended to 
mice convalescent from influenza infection (Renegar and 
Small, 1991b). Nonimmune mice and convalescent mice, that 
is, mice that had recovered from an influenza virus infection 
4-6 weeks earlier and were therefore naturally immune, were 
treated intranasally with antiserum to IgA or IgG or with a 
mixture of antisera to IgG and IgM, then challenged while 
awake with influenza virus mixed with antiserum. Intranasal 
administration of antiserum was continued at intervals for 
24 hr. Mice were killed 1 day after viral challenge, and their 
nasal washes were assayed for virus shedding (Figure 1). 
Nonimmune mice all became infected, regardless of whether 
the virus was administered in saline, normal rabbit serum, 
or anti-immunoglobulin antiserum. Convalescent mice, as 
expected, were protected from viral infection. Administra-
tion of influenza virus in either anti-IgG or a mixture of anti-
IgG and anti-IgM antisera did not affect protection, that is, 
the convalescent mice were still immune. Administration of 
virus in anti-IgA antiserum, however, abrogated convales-
cent immunity. These results show that IgA is the major (if 
not the sole) mediator of mucosal immunity to influenza virus 
in the murine nose and suggest that passive immunization 
mimics the role SIgA plays in natural immunity. 

b. Gastrointestinal tract. Additional evidence that secre-
tory IgA is the mediator of local immunity comes from studies 
of the gastrointestinal tract. Polymeric IgA hybridomas 
against Vibrio cholerae were generated and the resulting 
monoclonal antibodies used to determine whether IgA can 
mediate immunity toward a bacterial pathogen in the gut 
(Winner et al., 1991). The investigators selected a clone that 
produced dimeric monoclonal IgA antibodies directed against 
an Ogawa-specific lipopolysaccharide carbohydrate antigen 
exposed on the bacterial surface. These antibodies were able 
to cross-link bacterial organisms in vitro, suggesting that they 
might be effective in preventing mucosal colonization by the 
pathogen in vivo. To provide continuous physiologic (i.e., 
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Figure 1 Effect of intranasal installation of anti-IgA, anti-IgG, anti-
IgM, or NRS on nasal immunity of convalescent mice. Virus shed-
ding from 12 nonimmune saline-treated mice (♦) is shown in the left 
column. Experiment 1 (·): nonimmune and convalescent mice were 
treated intranasally with 10 μ\ anti-IgA (anti-α) and challenged with 
influenza virus in anti-IgA. Convalescent control mice were treated 
similarly, except saline was substituted for anti-IgA. Experiment 2 
(O): nonimmune and convalescent mice were treated with 20 μ,Ι anti-
IgA (anti-α). Convalescent control mice were treated similarly with 
saline. Experiment 3 (A): nonimmune and convalescent mice were 
treated with 20 μ\ NRS. Experiment 4 (O): nonimmune and convales-
cent mice were treated with 20 μ\ anti-IgG (anti-γ). Convalescent 
control mice were treated with saline. Experiment 5 (Δ): nonimmune 
and convalescent mice were treated with 20 μ\ anti-IgG and anti-IgM 
(anti-γ + μ). Convalescent control mice were treated with saline. 
EID50, 50% egg infective dose. Reprinted with permission from 
Renegar and Small (1991b). 

secretory component-mediated) transport of specific anti-
body into the gut, hybridoma cells were injected subcutane-
ously into the backs of adult BALB/c mice. These "back-
pack" tumors released monoclonal IgA into the circulation 
and the serum IgA was transported into the gut lumen. Neo-
natal mice bearing these backpack tumors survived challenge 
with V. cholerae whereas neonatal mice bearing backpack 
tumors of unrelated IgA hybridomas and non-tumor-bearing 
neonatal mice died. This ingenious model provides the first 
evidence that secretory IgA alone can mediate mucosal im-
munity to a bacterial pathogen and serves as the second 
example of the passive transfer of local immunity by IgA. 

3. Implications for Passive Immunization 

The general approach of passive parenteral transfer of 
mucosal immunity should be a useful research tool for de-
termining the role of SIgA in protection against other patho-
gens and at other mucosal surfaces. The possibility of therapy 
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by passively administered Ig A antibody is more problematic. 
Generation of gastrointestinal protection by feeding specific 
antibodies is certainly possible and already has been reported 
in cattle (Tsunemitsu et al.y 1989). Passive protection by 
injection is, however, highly speculative because of the ques-
tionable efficiency of transport to the targeted mucosal sur-
face and the potential adverse effects of intravenous IgA 
antibody. Serum IgA has been associated with both de-
creased complement activation (Russell et al., 1989) and de-
creased immune lysis (Griffiss and Goroff, 1983). Systemi-
cally administered polymeric IgA may also be highly 
suppressive of both specific humoral and cellular responses 
(K. B. Renegar, S. Taylor, and P. A. Small, Jr., unpublished 
observations). A more thorough knowledge of the role IgA 
can play in regulating the immune response is needed before 
passive mucosal immunization via parenteral antibody ad-
ministration can become an acceptable means of therapy in 
humans. 
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I. INTRODUCTION 

Mucosal tissues constitute an enormous surface area and 
serve as primary portals of entry for most infectious agents. 
The immune response generated as a result of such host-
pathogen interactions are targeted primarily to prevent local 
or systemic disease. That mucosal surfaces constitute an 
elaborate system of defense mechanisms including the 
mucosa-associated lymphoid tissue (MALT) is not surprising 
(Hanson and Brandtzaeg, 1989). However, the impact of the 
mucosal lymphoid tissues relative to the mechanisms of 
host-pathogen interaction has been recognized only in the 
last two decades. Current interest in mucosal vaccines stems, 
to a large extent, from our new understanding of mucosal 
immunity (Ogra et al., 1980; Mestecky and McGhee, 1987; 
McGhee and Mestecky, 1990). 

The concept of a common mucosal system has been elabo-
rated by a number of prominent workers (for reviews, see 
McDermott and Bienenstock, 1979; Phillips-Quagliata and 
Lamm, 1988; Scicchitano et al., 1988) and has gained wide 
acceptance in relation to mucosal immunity (Tomasi et al., 
1965). This concept refers to a specific defense system that 
operates at external mucosal surfaces and functions some-
what independently of the immunological reactivity in the 
systemic sites and the bloodstream. This system includes the 
inductive sites of the gut-associated lymphoid tissue (GALT), 
the bronchus-associated lymphoid tissue (BALT), and the 
immunocompetent elements in the effector sites in the genital 
mucosa, salivary glands, respiratory tract, pharynx, and 
mammary glands. The predominant immunoglobulin present 
in mucous secretions is secretory IgA (SIgA). Other elements 
of immunity are also present in varying amounts, for example, 
IgA (serum type), IgG, IgM, T lymphocytes, and components 
of cell-mediated immunity (Tomasi et al., 1965). 

II. ORIGIN OF MUCOSAL ANTIBODIES 

Early studies concerning the origin of IgA antibodies in 
secretions considered the possibility that they are transferred 
from the circulatory pool (for reviews, see Brandtzaeg, 1985a; 

Mestecky et al., 1991a). Infusion of 1-2 liters of plasma 
into immunodeficient patients resulted in the appearance of 
immunochemically detectable IgA in the saliva of a few pa-
tients (South et al., 1966). Further, finding monoclonal IgA 
in the saliva of patients with IgA myeloma (Coelho et al., 
1974) gave support to the original proposal that mlgA from 
plasma is polymerized during the secretory component (SC)-
mediated transport through the epithelial cells (Tomasi et 
al., 1965). However, many subsequent studies performed in 
animal models and in humans clearly have shown that, in 
most species, plasma-derived IgA contributes only small 
amounts of IgA to external secretions, except in rabbits, 
rats, and mice, in which plasma-derived polymeric IgA is 
transported effectively by hepatocytes that express SC into 
the bile and ultimately inttfthe intestine (Brown and Klöppel, 
1989; Mestecky et al., 1991a). Radiolabeled human IgA in-
jected intravenously into humans appeared in only very small 
quantities in human nasal secretions, saliva, intestinal fluid, 
and bile (Delacroix et al., 1982; Jonard et al., 1984; Mestecky 
et al., 1991a). Even in IgA myeloma patients, whose plasma 
contained extremely high levels of pig A, salivary IgA was 
not elevated and monoclonal IgA detected by anti-idiotypic 
antibodies constituted only 0.4-3.9% of the total salivary IgA 
(Kubagawa et al., 1987). 

Immunochemical and immunohistochemical studies of 
SIgA and of mucosal tissues and glands convincingly estab-
lished that almost all IgA found in external secretions origi-
nates from the locally assembled plgA produced by plasma 
cells found in abundance in mucosal tissues and secretory 
glands and is transported selectively (Lawton and Mage, 
1969; Bienenstock and Strauss, 1970; Brandtzaeg, 1985a; 
Mestecky et al., 1991a). However, locally produced plgA 
may compete successfully with the plasma-derived plgA for 
the epithelial receptor SC. Nevertheless, additional studies 
of the transport of intravenously injected purified plgA into 
IgA-deficient patients should be performed to solve this prob-
lem. In normal individuals, such passive immunizations with 
intravenously administered plgA appear to be unlikely to 
provide immunity on mucosal surfaces. 

In animals, the transport of plasma-derived plgA into ex-
ternal secretions is rather controversial. Some investigators 
(Halsey et al., 1983) demonstrated the transport of plgA 
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in external secretions whereas others (Russell et al., 1982; 
Koertge and Butler, 1986) found that such transport is rather 
limited. 

The importance of local mucosal antigenic stimulation in 
the respiratory and intestinal tracts has been demonstrated 
by the observation that the titer of specific IgA antibody to 
poliovirus is highest in intestinal sites that have direct contact 
with the poliovirus antigen after segmental colonic immuniza-
tion of subjects with double-barreled colostomies (Ogra and 
Karzon, 1971). In other studies, intranasal immunization with 
inactivated poliovaccine induced a specific nasopharyngeal 
IgA antibody response, often in the absence of any detectable 
response in the serum (Ogra and Karzon, 1971). The lack of 
mucosal antibody-producing plasma cells in germ-free ani-
mals and in human neonates is another example of the role 
of local antigenic exposure in the development of mucosal 
immunity, since such situations are associated with a signifi-
cantly reduced mass of microbial and dietary antigens in the 
respiratory and enteric membranes (Tomasi, 1976). 

Sufficient information is not available about the develop-
ment of other immunoglobulins in the mucosal surface. How-
ever, a significant amount of the IgG and IgM antibodies in 
external secretions of the nasopharynx and intestine appears 
to be synthesized locally. Some evidence suggests that com-
pensation for IgA antibody in patients with a selective ab-
sence or deficiency of IgA is effected largely by the increased 
local synthesis of IgM and, to some extent, IgG in the secre-
tory sites (Ogra et al., 1974). T lymphocytes and cell-medi-
ated immune responses in the mucosal surfaces also may be 
local phenomena (Waldman and Ganguly, 1974); they depend 
on local exposure to antigen, migration recirculation, and 
homing to other mucosal surfaces after initial antigenic stimu-
lation, a sequence of events that appears to be remarkably 
similar to that described for IgA antibody (Tomasi, 1976). 

III. COMMON MUCOSAL IMMUNE SYSTEM 

The presence of large numbers of Ig-producing cells, 
mostly of the IgA isotype, in lamina propria of the gastrointes-
tinal and respiratory tracts and in secretory glands was de-
scribed during the early 1960s (for review, see Heremans, 
1974; Lamm, 1976). However, studies of the origin of their 
precursors, the migratory pathways, and the regulation of 
local differentiation in IgA-producing plasma cells were initi-
ated in the early 1970s in several laboratories. In both humans 
and animals, mucosal IgA plasma cells were found to be 
derived from precursors localized in the IgA-inductive sites, 
primarily in GALT (Bienenstock, 1985; Phillips-Quagliata 
and Lamm, 1988; Scicchitano etal., 1988). Further, exposure 
of such IgA precursor cells to environmental antigens and 
their subsequent migration to remote mucosal tissues and 
glands results in dissemination of SIgA-mediated specific im-
mune responses. The physiological importance of these find-
ings is considerable. Stimulation at an IgA-inductive site 
(e.g., GALT) is likely to lead to the generalized protection 
of remote sites such as nasopharynx and genital tract; SIgA 
antibodies in milk of orally immunized mothers may protect 

the gastrointestinal and possibly upper respiratory tract of 
breast-fed neonates (Mestecky, 1987; Mestecky et al., 
1991b). Further, the existence of this common mucosal im-
mune system can be exploited in the design of novel types 
of vaccines that, for example, given orally result in protection 
at mucosal surfaces and glands (e.g., mammary gland) that 
are less accessible to local immunization. The site of stimula-
tion and type and delivery of antigen play important roles in 
the extent of dissemination of SIgA-mediated immune re-
sponses and must be given special consideration in design 
of vaccines effective in the protection of mucosal surfaces 
(McGhee and Mestecky, 1990). 

A. Evidence in Animals 

In many experimental models, local antigenic stimulation 
of mucosal surfaces and secretory glands has been demon-
strated to result in the production of specific antibodies, not 
only at the site of stimulation but also in the circulation and 
in remote external secretions (for reviews see Mestecky, 
1987; Phillips-Quagliata and Lamm, 1988; Scicchitano et 
al., 1988). Heremans and Bazin (1971) showed that the IgA-
producing cells in orally immunized germ-free mice are found 
in the intestinal as well as the extraintestinal lymphoid organs, 
including mesenteric lymph nodes and spleen, and, in other 
experiments (Alley et al., 1986), bone marrow. Jacobson et 
al. (1961) noted the ability of Peyer's patches to repopulate 
other tissues and restore their immunological capacities: mice 
subjected to total body irradiation, but with shielded Peyer's 
patches, retained their immune functions. This finding was 
interpreted as evidence of migration of lymphocytes from 
Peyer's patches to peripheral organs. However, Craig and 
Cebra (1971) clearly demonstrated for the first time that Pey-
er's patches are also an enriched source of precursors of 
mucosal IgA plasma cells. Adoptive transfer of lymphocytes 
from Peyer's patches but not peripheral lymph nodes from 
a donor rabbit into an irradiated recipient resulted in repopu-
lation of the recipient intestine by IgA plasma cells of donor 
allotype. A host of subsequent studies (for reviews, see 
Lamm, 1976; Phillips-Quagliata and Lamm, 1988; Scicchi-
tano et al., 1988) convincingly established that—in rabbits, 
mice, and rats—GALT (with adjacent mesenteric lymph 
nodes), and in some experiments, BALT (Bienenstock, 1985) 
contains precursors of IgA plasma cells capable of repopulat-
ing intestines, respiratory tract, and salivary, lacrimal, mam-
mary, and cervical glands of the uterus with IgA plasma 
cells. When peripheral lymph nodes and spleen were used 
as sources of lymphocytes in these adoptive transfer experi-
ment, few IgA-producing cells were seen in these mucosal 
tissues and glands. Lymphoblasts displayed a more pro-
nounced homing capacity than unstimulated small lympho-
cytes, which may explain why mesenteric lymph nodes are 
often a better source of cells for repopulation studies than 
Peyer's patches (Lamm, 1976). The local presence of an 
antigen on mucosal surfaces leads to an additional increase of 
IgA plasma cells secreting corresponding specific antibodies, 
apparently because of the local clonal expansion of antigen-
specific lymphoblasts arriving to these locales rather than 
their antigen-driven increased immigration (Husband and 
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Gowans, 1978). In some experiments, mucosal tissues of 
orally immunized animals contained IgA cells secreting anti-
bodies specific for the ingested antigen. Transfer of lympho-
cytes from mesenteric lymph nodes of orally immunized do-
nors into naive recipients yielded similar results (De 
Buysscher and Dubois, 1978; Weisz-Carrington etal., 1979). 

These studies provided a cellular basis for the earlier exper-
iments of Montgomery et al. (1974), who stimulated great 
interest by their demonstration of specific antibodies to dini-
trophenylated Pneumococcus in milk of lactating rabbits fed 
this conjugated antigen. Numerous subsequent studies (for 
reviews, see Mestecky, 1987; Mestecky and McGhee, 1987; 
Russell and Mestecky, 1988; McGhee and Mestecky, 1992) 
with oral administration of various particulate and soluble 
antigens to experimental animals fully confirmed Montgom-
ery's observations and extended them to other external secre-
tions. Elegant experiments from Montgomery's laboratory 
excluded the possibility that free antigens absorbed from 
mucosal sites, rather than committed lymphocytes, are car-
ried by the circulation to mucosal sites to initiate local IgA 
responses (Montgomery et al., 1976). Direct evidence for the 
importance of Peyer's patch-derived IgA plasma cell precur-
sors in dissemination of SIgA-mediated immune response 
specific to bacterial antigen was provided by Robertson and 
Cebra (1976). Two isolated ileal loops—one with and the 
other without a Peyer's patch—were constructed without 
the interruption of the flow of blood and lymph. After the 

introduction of antigens [dinitrophenylated keyhole limpet 
hemocyanin (KLH) and Salmonella typhimurium] into the 
loop that contained the Peyer's patch, an SIgA response was 
detected in both loops whereas these antigens introduced into 
a loop devoid of Peyer's patches did not induce an immune 
response. These observations directly implicated Peyer's 
patches as the sources of precursor cells that are capable of 
undergoing direct antigen-driven stimulation to proliferate, 
migrate, differentiate, and repopulate the intestinal lamina 
propria with cells that secrete specific IgA antibodies. Fur-
ther, IgA from several secretions of a single animal orally 
immunized with the dinitrophenyl hapten on a carrier dis-
played, on isoelectric focusing, identical spectrotypes, sug-
gesting that IgA cells that populate various exocrine tissues 
are derived from a common clone (Montgomery et al., 1983). 
As summarized in several review articles (Lamm 1976; Mes-
tecky, 1987; Mestecky and McGhee, 1987; Phillips-Quagliata 
and Lamm, 1988; Scicchitano et al., 1988), the concept of a 
common mucosal immune system was proposed which, in a 
simplified form, is shown in Figure 1. 

B. Evidence in Humans 

Because of ethical and biological limitations, the adoptive 
transfer of IgA-precursor cells is impossible to perform in 
humans. Thus, the evidence for the existence of the common 
mucosal immune system is inevitably indirect. Nevertheless, 

Bone Marrow 
B Cells ΦΦ^ 

Thoracic Blood Stream 
Lymph Nodes Duct 

(Λ \ Genitourinary Tract 

Figure 1 Hypothetical diagram of the common mucosal immune system in humans. Lymphoid cells, presumably from 
the bone marrow, enter the Peyer's patches (PP) and probably other gut-associated lymphoid tissues (GALT) through 
high endothelial venules. Under the local influence of T cells and accessory cells, the arriving B cells express surface 
IgA. Environmental antigens enter Peyer's patches through pinocytotic and phagocytic M cells and interact with resident 
accessory, T, and B cells. IgA-committed and antigen-sensitized B cells and lymphoblasts leave and enter the regional 
lymph nodes, then the lymph and circulation. Finally, such cells populate various exocrine glands and mucosa-associated 
tissues, where terminal differentiation into IgA-secreting plasma cells occurs. In animals, bronchus-associated lymphoid 
tissues (BALT) apparently play a role analogous to that of GALT. 
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data accumulated during the last decade lend strong credence 
to this contention. 

External secretions of glands that are remote from the site 
of antigen stimulation contain natural SIgA antibodies to such 
antigens. For example, colostrum and milk as well as tears 
contain high levels of antibodies to an oral bacterium, Strep-
tococcus mutans (Arnold et al., 1976; Allansmitheia/., 1982). 
This bacterium colonizes the oral cavity of children only after 
the eruption of the primary definition; thus, local stimulation 
of the immune apparatus of the mammary gland during 
breastfeeding is unlikely to play a role in the induction of 
such antibodies. The fact has been well established (Ogra et 
al., 1983;Ladjevae/a/., 1989) that human milk contains SIgA 
antibodies against a broad spectrum of food and microbial 
antigens that are encountered by inhalation and ingestion. 
Thus, in the absence, or presence in low titers, of correspond-
ing antibodies in serum, the most probable explanation for 
the presence of specific SIgA antibodies in these external 
secretions would consider the dissemination and lodging of 
antigen-sensitized IgA-committed antibody-forming cells to 
mucosal tissues and glands. 

Evidence for this hypothesis was strengthened further by 
a number of oral immunization studies (for reviews, see Mes-
tecky, 1987; Mestecky and McGhee, 1987,1989; McGhee 
and Mestecky, 1992). Live or killed microorganisms or their 
antigenic products given by the oral route induced specific 
SIgA antibodies in milk, tears, saliva, and nasal secretions 
(Goldblum et al., 1975; Mestecky et al., 1978; Czerkinsky et 
al., 1987). Such antibodies appeared in parallel in all external 
secretions examined; corresponding pre-existing serum anti-
bodies usually were not elevated as a consequence of oral 
immunization (Mestecky et al., 1978; Clancy et al., 1983; 
Bergmann et al., 1986; Czerkinsky et al., 1987). Further, 
subsequent oral boosting with the same antigen led to higher 
levels of SIgA in these secretions, compared with the levels 
induced by the first ingestion. 

Antigens used for such immunizations included whole bac-
teria [e.g., S. mutans (Mestecky et al., 1978; Czerkinsky et 
al., 1987; Taubman and Smith, 1989), Haemophilus influen-
zae (Clancy et al., 1983)] and their products [e.g., glucosyl-
transferase (Taubman and Smith, 1989) or carbohydrate anti-
gens (Taubman and Smith, 1989) of S. mutans] and live or 
killed viruses [e.g., poliovirus (Ogra and Karzon, 1969), in-
fluenza virus (Waldmann et al., 1986; Bergmann et al., 1986)] 
as well as their modified antigens (Waldmann et al., 1986). 
Generally, paniculate antigens induce higher responses than 
corresponding soluble ones probable because of better uptake 
and limited digestion. 

Because cells from human lymphoid tissues are not easily 
obtainable, cellular studies have been limited to the examina-
tion of lymphocytes from the peripheral blood. However, 
in the IgA cell cycle described earlier IgA-committed cells 
specific for ingested antigens should be present in the periph-
eral blood before their emigration to and lodging in the muco-
sal tissues and glands. This is indeed the case and has been 
demonstrated in several studies (Czerkinsky et al., 1987, 
1991; Kantele, 1990; Quiding et al., 1991). 

First, mitogen-stimulated peripheral blood lymphocytes 
have been shown to secrete predominantly plgA; the intracel-
lular distribution of IgA subclasses resembles that in secre-

tory tissues (Kutteh et al., 1980). Based on these results, 
researchers proposed that a large proportion of such cells is 
composed of precursors of IgA-producing plasma cells that 
populate mucosal tissues. Therefore, these studies comple-
mented and extended earlier observations of Friedman et al. 
(1975), in which extracorporeal cesium irradiation of periph-
eral blood of leukemic patients resulted in a decrease in 
salivary but not serum IgA levels. 

Commitment of peripheral blood lymphocytes to secrete 
IgA antibodies specific for ingested antigen became obvious 
from several independent experiments. Peripheral blood lym-
phocytes from volunteers orally immunized with a single 
dose of combined cholera B-subunit/whole-cell vaccine se-
creted IgA antibodies to the ingested antigen into tissue cul-
ture supernatants (Lycke et al., 1985). When examined on 
a single-cell level, peripheral blood lymphocytes that secreted 
specific IgA antibodies were detected in 4 of 6 volunteers who 
had been immunized orally with enterically coated capsules 
containing S. mutans (Czerkinsky et al., 1987). These cells 
are detectable in peripheral blood before the appearance of 
specific SIgA antibodies in external secretions that included 
saliva and tears. Interestingly, one of the volunteers was 
IgA deficient, so peripheral blood lymphocytes produced and 
external secretions contained specific IgM antibodies. Per-
oral immunization of volunteers with Salmonella typhi also 
led to the transient presence of predominantly IgA-secreting 
cells in the peripheral blood, but secretory and serum IgA 
antibodies were absent (Kantele et al., 1986). 

In the most recent study (Czerkinsky et al., 1991), specific 
antibody-secreting cells were detected in cell suspensions of 
minor salivary glands surgically removed after ingestion of 
Vibrio cholerae vaccine by human volunteers. Sequential 
experiments revealed that specific IgA antibody-producing 
cells appear first in the peripheral blood and then in minor 
salivary glands; corresponding antibodies appeared later in 
saliva. 

Collectively, these experiments strongly suggest that the 
stimulation of GALT by oral immunization can be exploited 
for the induction of a secretory immune response to several 
additional microbial agents that infect mucosal surfaces dis-
tant from the gastrointestinal tract. 

G How "Common" Is the Common Mucosal 
Immune System? 

In the original concept of the common mucosal immune 
system, GALT and BALT served as sources of precursors 
of the IgA plasma cells from all mucosal tissues and glands. 
However, several studies have considered the possibility that 
additional lymphoid tissues may fulfill this function. Surgical 
removal of visible GALT and extended drainage of the tho-
racic duct resulted in approximately 50% reduction in the 
number of IgA plasma cells in the intestinal lamina propria 
(Heatley et al., 1981). Thus, other sources seem to contribute 
to the pool of IgA precursor cells (Figure 2). 

1. Tonsils 

The tonsils at the top of the digestive and respiratory tracts 
are exposed continually to antigens in inhaled air and ingested 
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Figure 2 Subcompartmentalization in the common mucosal immune 
system. In addition to gut- and bronchus-associated lymphoid tis-
sues, IgA-inductive sites in the Waldeyers ring of oropharyngeal 
lymphoid tissue (nasal, palatinal, and lingual tonsils) or rectum also 
may contribute to the pool of precursor cells that preferentially 
populate upper respiratory or lower-intestinal and genital tract. 

food. They display a unique architecture similar to that of 
lymph nodes (cell types, development of germinal centers 
on exposure to antigens; Brandtzaeg, 1985b) and have deep, 
partly branched crypts that increase their surface area 
enormously and trap environmental materials. Antigen-
processing and-presenting cells as well as T and B cells are 
represented abundantly in specific tonsillar tissue compart-
ments (Brandtzaeg, 1987). Human tonsillar germinal center 
cells reveal IgM as the prominent surface isotype, followed 
by IgA, IgG, and IgD (Tsunoda et al, 1980). Cells from 
palatine and nasopharyngeal tonsils have been proposed to 
contribute to the population of cells that supplies distant 
mucosal sites with IgA precursors, particularly the upper 
respiratory and digestive tracts (Brandtzaeg, 1987). Support-
ing circumstantial evidence is based on (1) the expression of 
intracellular J chain, a probable marker of plgA synthesis by 
cultured tonsillar cells (Brandtzaeg, 1987), and the secretion 
of plgA into supernatants and (2) the distribution of IgA 
subclasses with a predominance of IgA 1, typical of the upper 
respiratory and digestive tracts (Brandtzaeg, 1987). In addi-
tion, reduced nasopharyngal antibody response to orally ad-
ministered live poliovirus was demonstrated in tonsillectom-
ized children (Ogra and Karzon, 1971). Before tonsillectomy, 
poliovirus IgA antibody was present in appreciable titers in 
the nasopharynx of all children previously immunized with 
live attenuated poliovirus vaccine. Significantly, however, 
after tonsillectomy the pre-existing IgA poliovirus antibody 
levels in the nasopharynx sharply declined in all the patients 
studied. Mean antibody titers decreased 3- to 4-fold. Individ-
ual titers in several children declined 4- to 8-fold (Ogra and 
Karzon, 1971). 

Note that tonsils are absent from commonly used animals 
(except rabbits). Although rats have been shown to possess 
nasal associated lymphoid tissue, which might be an equiva-
lent structure (Evans et al, 1985), intranasal immunization 
of rats or mice does not result in disseminated antibody re-
sponse in other mucosal tissues, although responses in the 
posterior cervical lymph nodes and serum can be demon-
strated (Evans et al, 1983; Dunn et al., 1990). The human 
nasal mucosa also contains T lymphocytes (Chin et al., 1969; 
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Kapikianeia/., 1969; Ogra etal., 1991), HLA-DR expressing 
dendritic and epithelial cells (Kim et al., 1969), and abundant 
IgA-secreting plasma cells (predominantly IgAl), which may 
originate in BALT or tonsillar tissue (Buynak et al., 1979; 
Belshe et al, 1982). Intranasal immunization in humans has 
been used particularly against respiratory pathogens (e.g., 
influenza, parainfluenza viruses) but the responses have been 
analyzed only in the nasal secretions and serum (Kim et al., 
1971; Richardson et al, 1978). We do not know whether the 
intranasal route of immunization, which most likely involves 
the nasopharyngeal tonsils, generates antibodies of other mu-
cosal sites. It is possible that specific antibodies induced by 
intranasal immunization will be restricted primarily to the 
upper respiratory tract. 

2. Rectal Lymphoid Tissues 

Although Peyer's patches are found primarily in the lower 
segments of the small intestine, similar structures also occur 
in the large intestine, especially in the rectum (Strindel, 1935). 
Such lymphoid follicles, called lymphoglandular complexes, 
are found in the large intestine with a frequency that increases 
from colon to rectum. B and T lymphocytes have been de-
tected and IgA-producing plasma cells are quite numerous 
in the lamina propria (Kett et al., 1986). Interestingly, the 
distribution of IgAl- and IgA2-producing cells in the colo-
rectum (Crago et al, 1984; Kett et al, 1986) is remarkably 
similar to that of the female genital tract (Kutteh et al, 1988). 
Further, the rectum and genital tract have common lymphoid 
drainage, and venous blood from these tissues avoids the 
portal vein and, thus, the liver. The rectal route of immuniza-
tion has been considered in only a few human and animal 
studies (Forrest et al, 1990; Lehner et al, 1992a,b). When 
examined (Forrest et al, 1990), external secretions (intestinal 
juice and saliva) contained antibodies specific for rectally 
administered antigens. Additional experiments will be neces-
sary to evaluate fully the efficacy of rectal immunization 
for the induction of specific antibodies in remote external 
secretions (e.g., tears, milk, and saliva) and in genital secre-
tions. Limited results (Lehner et al, 1992a,b) suggest that 
this route of immunization may be effective for the induction 
of virus-specific mucosal antibodies, especially in the female 
genital tract of monkeys. 

D. Peritoneal Cavity 

Results concerning the properties and repopulation poten-
tial of Ly-1+ (CD5+, B-l) B cells from the peritoneal cavity 
of mice have provided new insights into the origin and precur-
sors of IgA plasma cells in mucosal tissues. As many as half 
the IgA plasma cells found in the murine intestinal wall were 
derived from a distinct lineage of self-replenishing and long-
living peritoneal lymphoid cells (Kroese et al, 1988,1989). 
Interestingly, sIgA+ cells constitute no more than 1% of to-
tal peritoneal cells; thus, a considerable proportion of IgA 
plasma cells in the murine gut originating from peritoneal Ly-
1+ B cells is derived from the slgA" population. Subsequently, 
Solvason et al (1991) demonstrated convincingly that the 
transfer of omental and peritoneal cells (which did not contain 
antibody-forming cells) or fetal omental graft from C57BL/ 
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6 x BALB/c mice under the kidney capsule of severely 
compromised immunodeficient (SCID) mice resulted in the 
population of the gut with numerous IgA-producing plasma 
cells. Co-staining with anti-allotypic reagents clearly con-
firmed their donor origin. Pecquet et al. (1992) have reconsti-
tuted irradiated Xid mice that are nonresponsive to S. typhi-
murium with peritoneal CD5+ B cells from responsive CBA/ 
Ca donors and observed a strong mucosal IgA and IgG re-
sponse to oral immunization with this antigen; such responses 
were not observed in animals reconstituted with CD5" B 
cells from the bone marrow. An identical pattern of immune 
responses was observed when phosphorylcholine-bovine se-
rum albumin (BSA) conjugates were used. The authors con-
cluded that the mucosal IgA responses to certain antigens 
are dependent on the presence of peritoneal CD5+ cells. 
Further, intraperitoneal (ip) immunization of animals has 
been used (Beh et al., 1975; Pierce and Go wans, 1975; Dunk-
ley and Husband, 1990; Thapar et al., 1990) as an extremely 
effective route of immunization for the induction of both 
systemic and mucosal immune responses. A vigorous IgA 
antibody response was promoted by ip priming when the 
same antigen was given subsequently enterically or systemi-
cally. In contrast, primary intraduodenal immunization was 
substantially less effective. All investigators generally agree 
that the IgA-secreting plasma cells found in mucosal tissues 
of animals are derived from two relatively independent 
sources, Peyer's patches and peritoneum. Although both 
sources contain precursors of plasma cells that are commit-
ted, to a large degree, to synthesis of IgA, their surface 
phenotypes, maturation pattern, specific antibody reper-
toires, and stimulation routes are quite different. 

The precursors of mucosal IgA plasma cells in humans 
have been assumed also to originate from Peyer's patches. 
The possibility that such cells may be derived from the perito-
neum has not been considered. Studies of the human mucosal 
immune system, as related to the IgA plasma cells and CD5 + 

cells in individual compartments, are limited. Solvason and 
Kearney (1992) demonstrated the presence of pro/pre-B cells 
in fetal omentum and liver as early as 8 weeks gestation; 40% 
of B cells found in the omentum were CD5+. Histochemical 
examination revealed that the human fetal omentum contains 
more CD5+ cells than the liver; the authors (Solvason and 
Kearney, 1992) propose that this tissue should be considered 
a primary lymphoid organ and a site of B-cell generation, in 
addition to the fetal liver and bone marrow. Because Peyer's 
patches in newborns are not well developed, apparently be-
cause of lack of stimulation with luminal antigens, such cells 
are not likely to be derived from Peyer's patches and must 
originate elsewhere, perhaps in the peritoneum. Analyses of 
intestinal B cells from normal adults revealed that 55% of B 
cell-enriched populations were CD5+ (Peters et al., 1989). 
When examined for Ig secretion, the CD5+ B-cell population 
contained 4 times the number of IgA-secreting cells than the 
CD5~ population. In sum, the evidence derived from studies 
of the ontogeny of the immune system in humans and animals, 
the phenotypes of B cells in different lymphoid compart-
ments, immune responses generated by various routes of 
immunization, and adoptive transfer of B cells obtained from 
the peritoneum into immunodeficient mice favor the possibil-

ity that IgA-secreting plasma cells in mucosal tissue are de-
rived not only from the Peyer's patches but also from the 
peritoneum. 

IV. VACCINES BASED ON THE COMMON 
MUCOSAL SYSTEM 

A. Viral Vaccines 

An increased understanding of the general principles of 
mucosal immunity have led to an exponential expansion in 
investigative efforts to develop mucosal vaccines (for re-
views, see Mestecky, 1987; McGhee and Mestecky, 1990, 
McGhee et al., 1992). Throughout the last century, many 
microorganisms and their products have been given by the 
oral route as potential vaccines (Mestecky and McGhee, 
1989; Gilligan and Li Wan Po, 1991). Currently, the vaccines 
approved for human use contain live adeno and polioviruses, 
whereas other vaccines such as those against influenza, ra-
bies, hepatitis, respiratory syncytical, rota, and cytomegalo-
viruses are under investigation (Mestecky and McGhee, 1989; 
McGhee and Mestecky, 1990; Gilligan and Li Wan Po, 1991; 
O'Hagan, 1992). Developments with available vaccines and 
relevant information concerning experimental vaccines are 
summarized here. 

1. Poliovirus 

Poliovirus causes an acute infectious disease that, in its 
serious form, affects the central nervous system causing 
flaccid paralysis. The introduction of inactivated (Salk) polio 
vaccine (IPV) in 1955, followed by the trivalent oral (Sabin) 
polio virus vaccine (OPV) in 1963, has resulted since 1979 in 
the elimination of endogenously transmitted paralytic disease 
caused by wild poliovirus in the United States and in many 
other parts of the world. However, 5-10 cases of vaccine-
associated poliomyelitis occur every year in the United States 
after immunization with OPV (Ogra and Faden, 1986). 

Numerous epidemiological and clinical studies have dem-
onstrated that the extent and nature of circulating antibody 
responses following parenteral administration of IPV are sim-
ilar to those following successful immunization with orally 
ingested OPV (Ogra et al., 1980). The response is character-
ized by the appearance of serum IgM and IgG in a predictable 
sequence. IgA is detectable in serum at a later stage and may 
remain at low levels. OPV induces a state of local resistance 
in the alimentary tract to subsequent viral reinfection. How-
ever, the alimentary immunity after naturally acquired wild 
virus infection is more profound than after immunization with 
OPV (Ogra, 1984). In contrast, parenteral administration of 
IPV affords very little alimentary immunity (Ogra et al., 
1980). Experimental studies with OPV and IPV administered 
to children have shown that OPV elicits development of SIgA 
antibody to poliovirus in the nasopharynx and intestine 1-3 
weeks after immunization, that persist over a period of as 
long as 5-6 years. Immunization with IPV fails to induce a 
secretory antibody response in the nasopharynx or intestines. 
Administration of a large dose of IPV into the nasopharynx 



31 · Common Mucosal Immune System 

or intestine elicits a local SIgA response without an associ-
ated SIgA response in the serum (Ogra et al., 1980). Subse-
quent studies have demonstrated that reimmunization with 
IPV-Salk in individuals previously primed with parenterally 
administered IPV-Salk resulted in a booster effect and mod-
est secretory antibody response. However, reimmunization 
of IPV-Salk vaccinated subjects with a single booster dose 
of OPV resulted in a marked enhancement of SIgA antibody 
response (Ogra, 1984). 

Early studies therefore demonstrated the advantages of 
Sabin OPV administered orally to Salk IPV administered 
parenterally in inducing an efficient mucosal response. De-
spite the infrequent use of IPV-Salk in the United States, 
several European and Scandinavian countries and certain 
provinces of Canada have relied successfully on the paren-
teral administration of IPV. In the late 1970s, an enhanced 
potency preparation of IPV (IPV-EP) was introduced in the 
United States. Comparative studies have shown that routine 
parenteral immunization with three doses of the vaccine in-
duces serum antibody responses similar to those after immu-
nization with OPV. Virus-specific neutralizing and enzyme-
linked immunosorbent assay (ELISA) antibody activity in 
nasopharyngeal secretions (NPS) was observed in about 56 
and 82% of subjects who received IPV-EP and in 56 and 82% 
of subjects who received OPV, respectively (Zhaori et al., 
1988). In contrast, only 15-20% of IPV-Salk immunized sub-
jects exhibited a neutralizing antibody response, demonstra-
ting the superiority of IPV-EP to IPV-Salk in inducing neu-
tralizing and ELISA secretory antibody responses (Zhaori 
et al., 1988; Onorato et al., 1991). Elegant studies carried 
out with OPV or IPV-EP poliovaccines have suggested that 
other host factors in the mucosa, such as the enzymatic 
environment, could play an important role in the development 
of immune response (Roivainen and Hovi, 1988). 

During its replication in the gut, OPV as well as naturally 
acquired wild polio virus is cleaved by proteolytic enzymes. 
Such cleavage has been shown experimentally to alter the 
antigenic nature of the virus (Roivainen and Hovi, 1988). The 
effects of such interaction and the development of secretory 
antibody response to poliovirus virion proteins against intact 
or trypsin-treated poliovirus type 3 have been studied in the 
nasopharyngeal samples of four groups of infants immunized 
with OPV, IPV-EP, or a combined vaccination of IPV-EP 
followed by OPV (Zhaori et al., 1989; Ogra and Garofalo, 
1990). ELISA SIgA and, less frequently, neutralizing anti-
body activity were detected in the NPS in IPV-EP and 
IPV-Salk vaccinated subjects when tested against the whole 
virus, compared with a decline in secretory antibody activity 
when tested against cleaved virus. On the other hand, the 
secretory antibody activity in NPS samples from OPV vaccin-
ees exhibited a significant increase in neutralizing and ELISA 
activity against cleaved virus compared with intact virus. 
These observations suggest that antigenic sites are exposed 
by trypsin cleavage, in case of live oral vaccine, and elicit a 
mucosal secretory antibody response. This response is not 
possible for inactivated vaccines administered parenterally. 

The virion proteins of poliovirus also have been character-
ized and the neutralization antigenic site determined (Emini 
et al., 1982). The major antigenic site for virus neutralization 
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appears to be on the capsid protein VP1 of poliovirus type 
3. The antibody response in the serum and SIgA to different 
virion proteins with OPV or IPV or a combination of the two 
vaccines was studied (Zhaori et al. 1989; Ogra and Garofalo, 
1990). Infants in both OPV and IPV-EP vaccinated groups 
developed similar SIgA antibody responses to VP1 and VP2 
in the NPS. VP3-specific response was observed in 75% of 
subjects immunized with OPV. The IPV-immunized subjects 
exhibited poor VP3 response. Therefore, in addition to VP1 
neutralization association, sites associated with VP3 also play 
an important role in the magnitude and quality of the immune 
response elicited by immunization with OPV. 

Vaccine-associated poliomyelitis is a major drawback of 
OPV. Several studies (Faden et al, 1990) show that the 
incorporation of at least one dose of IPV at the start of 
the immunization schedule could reduce the risk of vaccine-
associated poliomyelitis and increase systemic as well as 
local antibody production. However, the long-term immunity 
to poliovirus provided by such a combined vaccination sched-
ule has yet to be determined (Faden et al., 1990). In addition, 
repeated contact with circulating vaccine virus may be im-
portant in causing intestinal reinfection and boosting local 
and humoral immunity, as is possible with such combined 
vaccines. 

Another major concern with OPV is the formation of neu-
rovirulent mutants (revertant virus) as it replicates in the gut. 
Sabin type 2 and 3 vaccine viruses have been reported to 
revert to neurovirulent phenotypes (Burke et al., 1988). The 
types of potential sites of mutations associated with virulence 
are complex. These sites may include single base substitu-
tions at either the 5' or the 3' noncoding regions of the viral 
genome (Evans et al., 1985) or changes in the amino acid 
sequence of capsid proteins (Evans et al., 1983). Prolonged 
fecal virus shedding has been proposed to be a function of 
development of revertants (Dunn et al., 1990). However, 
the frequency of such reversion after different vaccination 
schedules has not been well defined. Studies carried out in 
our laboratory (Ogra et al., 1991) have demonstrated that 
fecal shedding of nonvaccine type poliovirus revertants is 
not uncommon after immunization with OPV, regardless of 
prior immunization status. The nature of the virus shed in 
four groups of infants immunized with OPV, IPV-EP, or a 
combined vaccination of OPV and IPV-EP were analyzed. 
In group 1 receiving only one OPV dose, two of three (67%) 
isolates were nonrevertants. In group 2 receiving two doses 
of OPV, 11 of 12 (67%) isolates were found to be revertants. 
In groups 3 and 4, receiving doses of IPV-EP followed by 
OPV, over 90% of isolates were of the reverted virus types. 
On examining the frequency of reversion for different sero-
types, evidently all type 2 poliovirus isolates tested were 
revertant types, irrespective of the immunization group. Sig-
nificantly, all poliovirus type 3 revertants were observed in 
subjects previously primed with IPV-EP. In addition, naso-
pharyngeal antibody response was observed more signifi-
cantly in subjects shedding revertants in the feces, irrespec-
tive of prior immunization with OPV or IPV-EP. Therefore, 
wild (virulent) virus or development of reversion during repli-
cation of OPV in the gut may provide a more potent stimulus 
for induction of mucosal immune response than attenuated 
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parent strains of vaccine viruses. Although combined immu-
nization with IPV-EP followed by OPV is effective in induc-
ing both systemic and secretory antibody responses, it affords 
no protection against generation of nonattenuated virulent 
revertants in vaccinees (Ogra et al., 1991). 

2. Respiratory Syncytial Virus 

Respiratory syncytial virus (RSV) is a major viral respira-
tory pathogen causing severe lower respiratory tract infection 
in early childhood. Despite the wide prevalence of RSV dis-
ease and a high rate of morbidity and mortality among chil-
dren, no vaccine is currently available for prevention of this 
respiratory disease. 

The earliest attempt to develop an effective vaccine oc-
curred in the mid-1960s using a formalin-inactivated whole 
virus vaccine (Chin et al., 1969). The vaccine, when evaluated 
in field trials, did not elicit any SIgA response nor did it show 
any immediate untoward effects. Subsequently, however, a 
number of vaccinees developed an exaggerated form of acute 
lower respiratory illness following natural exposure to the 
virus (Kapikian et al., 1969; Kim et al., 1969). Several other 
attempts were made to develop inactivated or attenuated 
vaccine, none of which have been successful (Buynak et al., 
1979; Belshe et al., 1982). Investigative efforts also were 
directed at the use of low temperature adapted virus (Kim 
et al., 1971) or other temperature sensitive mutants of the 
virus (TS1 and TS2). However, such vaccine candidates also 
showed poor infectivity and immunogenicity (Wright et al., 
1971; Richardson et al, 1978). 

RSV encodes for two major glycoproteins: G (G-Gp), 
which facilitates attachment of virus to the host cell, and F 
(F-Gp), which mediates spread of infection via cell-to-cell 
fusion. More recent studies by different workers have shown 
that these glycoproteins can induce protective immunity 
against infection with RSV (Routledge et al., 1988). Mono-
clonal antibodies prepared against either glycoprotein, when 
passively administered to cotton rats and mice, were found 
to generate pulmonary resistance to subsequent intranasal 
challenge with the virus (Walsh et al., 1987). Intranasal immu-
nization with viral proteins was found to induce higher anti-
body titers in lungs than immunization by the intraperitoneal 
route. With refinements of molecular techniques, cDNA cop-
ies of the mRNAs for both glycoproteins have been cloned 
and live recombinant vaccinia viruses have been constructed 
that express RSV F or G glycoproteins. Experimental studies 
on rodents and monkey produced high titer antibody response 
to RSV F and G glycoprotein and showed significant resis-
tance to intranasal challenge with RSV (Elango et al., 1986; 
Stott et al., 1987). However, immunization of chimpanzees 
with such recombinant viruses failed to induce a high level 
of RSV-specific antibody and resistance to RSV challenge 
(Collins et al., 1990). 

Experimental immunization of cotton rats with RSV or a 
live recombinant vaccinia virus expressing the RSV F-Gp 
via intranasal, parenteral, or enteric routes uniformly resulted 
in the development of RSV antibody in the serum and respira-
tory tract that was increased significantly after subsequent 
intranasal challenge with RSV (Kanesaki et al., 1991). The 
IgA antibody response in bronchoalveolar fluid was two- to 

threefold higher after intranasal or enteric immunization than 
after intradermal immunization. The IgA antibody response 
in nasal wash was not significantly different among the three 
immunization groups, although the mean antibody titer was 
highest in the intranasal immunization group (Kanesaki et 
al., 1991). Complete resistance to replication of RSV chal-
lenge was observed in lungs of cotton rats immunized by 
intranasal or enteric routes, compared with those immunized 
intradermally. Enteric or intradermal immunization con-
ferred partial protection on the upper respiratory tract but 
complete protection was observed after intranasal adminis-
tration. These studies indicate that although enteric immuni-
zation is quite effective in inducing antibody responses in 
the respiratory tract, intransal immunization is superior. A 
combined immunization with both enteric and intranasal 
routes could, however, afford better antiviral immunity. 
These findings highlight the importance of immunization or 
infection of the respiratory tract itself to provide complete 
immunity (Ogra and Karzon, 1969). Several experimental 
studies on cotton rats (Wathen et al., 1991), BALB/c mice 
(Connors et al., 1991), and humans (Hall et al., 1991) also 
have demonstrated the importance of F and G glycoproteins 
as protective antigens. In addition to live or inactivated vac-
cines, subunit vaccines prepared from fusion proteins are 
also under development (Murphy etal., 1988). Immunostimu-
lating complex (ISCOM) vaccine (Morien et al., 1984), made 
from fusion protein and nucleoprotein of human RSV, also 
has been found to induce circulating neutralizing antibody 
when given by the mucosal intranasal route (Truedel et al., 
1990). Intranasal vaccination with ISCOM induced eightfold 
higher neutralizing antibody titers than live virus vaccine or 
subunit vaccine with adjuvant (Truedel et al., 1990). 

3. Rotavirus 

Rotavirus is the leading cause of diarrhea in infants and 
young children worldwide, and represents the single most 
important cause of morbidity and mortality in children and 
infants in developing countries (Kapikian et al., 1969). No 
vaccine has been approved for human use to date. 

Rotavirus is a segmented double-stranded RNA virus capa-
ble of genetic reassortment, with the potential for antigenic 
changes. The major inner capsid polypeptide VP6 and, possi-
bly contains the domain for the common group antigen shared 
by most human and animal rotavirus. Neutralizing antibody 
responses have been associated with outer capsid polypep-
tides VP7 and VP3, and hemagglutinin activity with VP3 
(Greenberg et al., 1988). 

Based on earlier observation (Wyatt et al., 1979), aς' Jenne-
rian" approach has been applied to the development of a 
vaccine for human rotavirus. This approach was possible 
because human and animal rotaviruses share a common group 
antigen VP6. A number of candidate vaccines have under-
gone clinical trials with limited success, including RIT 4374, 
WC3, MMU 18006, and SA-11. RIT 4374 derived from bovine 
rotavirus (strain NCDV) provided a high level of protection 
(88%) against clinically significant diarrhea in children ages 
6-12 months (Vesikari et al., 1986). However, the vaccine 
later failed to provide protection to children under 6 months 
of age (DeMol et al., 1986). Similar results were obtained 
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with rhesus rotavirus strain (RRV) MMU 18006 (Christy et 
aL, 1988). The bovine rotavirus vaccine WC3 provided pro-
tection against moderate to severe diarrhea in children 3-12 
months of age (Clark et aL, 1988). Purified empty capsids of 
vervel monkey rotavirus (SA-11) have been evaluated in 
mice, but no data are available concerning their use in hu-
mans. Reassortant vaccines derived from rhesus virus and 
human rotavirus serotypes 1, 2, and 4 have been tested in 
adults and infants (Halsey et aL, 1988). Oral administration 
of reassortant vaccines has been found to be effective in 
inducing antibody seroconversion in over 70% of vaccinees, 
often associated with significant viral replication and shed-
ding in the feces. The vaccine appears to be tolerated well 
by both adults and children. A safety tested strain of human 
rotavirus (CJN) appears to be distinct from other candidate 
vaccines (Ward et aL, 1986). Molecular approaches to vac-
cine development are also underway. A recombinantly ex-
pressed VP4 protein may be considered a viable candidate 
for rotavirus vaccine in the future (Mackow et aL 1990). 

The role of SIgA antibody in protection against natural 
or vaccine-induced rotavirus infection remains controversial 
(Glass et aL, 1986). Several studies have demonstrated the 
presence of rotavirus-specific SIgA activity in breast milk 
and significant protection against rotavirus enteritis in breast-
fed infants (Sheridan et aL, 1984). However, a positive rela-
tionship between the levels of fecal SIgA and protection from 
infection has not been observed consistently (Glass et aL, 
1986). 

4. Adenovirus 

Inactivated vaccines against adenoviruses were licensed 
initially for parenteral use more than 20 years ago. However, 
the detection of a living monkey virus (SV40) in such inacti-
vated vaccine preparations and the consistency in their pro-
tective efficacy against acute respiratory illness necessitated 
their withdrawal from the civilian market in the 1960s. Subse-
quently, live mucosal vaccines were developed against sev-
eral adenovirus serotypes (types 4, 7, and 21), but the use 
of these vaccines has been restricted largely to military popu-
lations in whom these serotypes cause a large share of acute 
respiratory disease (Top et aL, 1971). Mucosal immunization 
with enteric-coated live adenovirus preparations has been 
highly effective against acute respiratory disease caused by 
adenoviruses in military recruits (Dudding et aL, 1973). After 
oral immunization with type 21 vaccine and after natural 
infection with virus of type 1, 4, 6, or 7, the characteristics 
of the serum antibody response appear to be similar to those 
of the responses to other mucosal viral infections, particularly 
with respect to the development of IgM and IgG antibody 
responses. The SIgA and, frequently, the secretory IgG anti-
body responses have been observed regularly in the nasal 
secretions after natural infection (Ogra et aL, 1980). After 
immunization with enteric-coated vaccines, SIgA antibody 
is detected regularly in feces; however, nasal secretions do 
not manifest significant adenovirus-specific SIgA antibody 
activity. The adenoviruses types 1,2, and 5 that are associ-
ated with childhood illnesses have been shown to be safe 
and immunogenic when administered to adult volunteers us-
ing the same technique of enteric immunization (Steinhoff, 
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1991). However, the approach of enteric immunization has 
not been used in children. 

The precise role of serum rather than secretory nasopha-
ryngeal antibody in adenovirus-induced respiratory disease 
remains to be defined. After natural infection, homotypic 
reinfection is a rare phenomenon. On the other hand, after 
enteric immunization, homotypic reinfection occurs fre-
quently in association with shedding of virus in the respira-
tory tract, although clinical illness is rare. These observations 
suggest that other mechanisms, such as serum antibody or 
T cell-mediated immunity, also may play a role in the mecha-
nisms of mucosal defense in adenovirus infections. Unfortu-
nately, no information is available about the development 
and function of adenovirus-specific cell-mediated immune 
response after natural infection in humans. 

5. Rabies Vaccine 

Animal rabies is endemic in virtually all parts of the world. 
Human infection continues to be a uniformly fatal disease. 
Attempts at reducing the animal reservoir of the disease have 
been frustrated by the multiplicity of animal species in which 
the virus replicates (Baer, 1988). Vaccinia virus recombinants 
expressing rabies virus glycoproteins have been utilized as 
a replicating vaccine, administered orally in wild animals. 
Immunization with one such glycoprotein vaccine in rac-
coons induced specific neutralizing antibody to rabies virus 
in serum (Rupprecht et aL, 1986). The animals resisted rabies 
virus challenge 28 and 205 days after immunization. Signifi-
cantly, however, oral immunization with other attenuated 
antigenic variants of rabies virus (strain CVS-11 or ERA) 
failed to induce significant seroconversion (Rupprecht et aL, 
1986). Although oral immunization with recombinant rabies 
vaccine appears to be highly successful in such experimental 
settings, information concerning the development of SIgA 
antibody response is not available at this time. 

6. Simian and Human Immune Deficiency Viruses 

Although on a world-wide scale more than 70% of AIDS 
cases are acquired by the heterosexual route of transmission 
(Padian, 1987; Johnson 1988; Piot et aL, 1988; Alexander, 
1990; Naz and Ellaurie, 1990), the role of mucosal immunity 
and development of vaccines that may be effective in the 
prevention of sexually acquired disease have not received 
due attention (McGhee and Mestecky, 1990,1992). However, 
an animal model has clearly demonstrated that systemically 
immunized rhesus macaques that are protected against sys-
temic challenge with simian immunodeficiency virus (SIV) 
develop infection when the virus is introduced in the vagina 
or urethra (Miller et aL, 1989). In view of the relative inde-
pendence of systemic and mucosal immune compart-
ments, future immunization efforts should be aimed at induc-
ing protective immunity in both compartments. Whether 
SIgA anti-SIV- or anti-HIV-specific antibodies neutral-
ize corresponding viruses before they infect susceptible 
cells in the genital tract (T cells, macrophages, Langerhans 
cells, and probably epithelial cells) or also neutralize virus 
intracellularly has not been established. Further, the role 
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of mucosal cytotoxic T cells in the prevention of spreading 
of infection by eliminating infected cells has not been estab-
lished. 

Exploration of immunization routes that lead to the pre-
ferential induction of immune responses in genital tract se-
cretions and tissues should receive further attention. In 
macaques, combination of oral-vaginal and rectal immu-
nizations has yielded promising results (Lehner et al., 
1992a,b). 

B. Influenza Virus 

Several studies performed in animal models indicate that 
mucosal antibodies, especially SIgA, play a prominent role 
in the prevention of influenza virus infection of the upper 
respiratory tract (Shvartsman and Zykov, 1976; Liew et al., 
1984; Small, 1990; Renegar and Small, 1991a,b); systemic 
antibodies and cell-mediated immunity are apparently more 
important in the recovery phase from the infection and in 
prevention of viral pneumonia (Liew et al., 1984). Antibodies 
against both hemagglutinin (HA) and neuraminidase (NA) of 
influenza protect mice from experimental infection. Antibod-
ies against HA are thought to neutralize viruses whereas anti-
NA is thought to prevent release of viruses from infected 
cells (Askonas et al., 1982). 

Oral administration of live virus or inactivated vaccine 
(Bergmann and Waldman, 1989) to mice results in HA virus-
specific antibodies in lung lavage fluids. Since influenza vac-
cine is only moderately immunogenic, mucosal adjuvants 
such as cholera toxin (Chen and Quinnan, 1989) have been 
used in oral immunization protocols. In one study (Moldo-
veanu et al., 1993), the use of microencapsulated influ-
enza vaccine in mice preserved immunogenicity of vaccine 
given orally or by the systemic route and also resulted 
in higher serum and secretory antibody levels, which per-
sisted longer than when an unencapsulated vaccine was 
used. 

Humans orally immunized with inactivated influenza vac-
cine exhibited an SIgA antibody response in nasal and other 
external secretions (Bergmann et al., 1986; Waldmann et 
al., 1986; Bergmann and Waldman, 1989). Higher oral doses 
induced better responses in the age groups most commonly 
afflicted, that is, the elderly and children with chronic bron-
chitis, both of which responded well to the oral vaccine (Berg-
mann and Waldman, 1989). Several studies also have been 
performed of aerosol immunization with attenuated virus, 
a procedure that presumably immunizes via BALT. Nasal 
washes of these vaccinees contain high titers of SIgA and 
anti-HA and lesser amounts of IgM and IgG (Murphy et al., 
1982; Murphy and Clements, 1989). Individuals who devel-
oped nasal SIgA anti-HA also developed serum IgA and anti-
HA responses (Brown et al., 1985). 

In summary, ample evidence supports the conclusion that 
oral immunization with killed virus, intranasal (BALT) immu-
nization with attenuated strains, or perhaps combinations of 
the two, should provide SIgA immunity in the upper respira-
tory tract. 

C Bacterial Vaccines 

Mucosal immunizations with numerous bacterial species 
and their products have been explored in humans and in 
animals for more than 100 years (for reviews, see Gay, 1924; 
Besredka, 1927; Mestecky and McGhee, 1989). Although the 
list of bacterial species used for mucosal immunization in-
cludes some 17 important mucosal and systemic pathogens, 
we discuss only those that have been used in human orally 
delivered vaccines. 

1. Salmonella 

Salmonellae effectively colonize the gastrointestinal tract 
in a species-specific fashion, for example, S. typhi affects 
humans whereas S. typhimurium causes mouse typhoid (Cur-
tiss et al., 1989). Further, these bacteria can penetrate into 
the Peyer's patches and can reach systemic tissues via the 
mesenteric lymph nodes and the bloodstream. The advan-
tages of using Salmonella in antigen delivery is reviewed 
elsewhere (Curtiss et al., 1989; Cardenas and Clements, 
1992). Thus, vaccines for immunity to typhoid have been 
developed and, in some instances, have been given by the 
oral route (Kantele et al., 1986). The avirulent galactose 
epimeraseless (gal E) S. typhi Ty21a was field tested exten-
sively and shown to be safe and to induce immunity when 
given systemically (Levine et al., 1986). However, when 
Ty21a was given by the oral route, it was less effective; 
multiple oral doses were required. Nevertheless, a number 
of attenuated Salmonella strains and mutants are being tested 
and hold promise for use as oral vaccines (Curtiss et al., 
1989). 

2. Cholera 

A major cause of severe diarrheal disease in developing 
countries is cholera, which is produced by the enterotoxi-
genic strains of V. cholerae. Partially protective SIgA antibod-
ies are found in the intestine of those who recover and may 
work synergistically with antibodies to cholera toxin and to 
surface antigens to provide protection (Holmgren et al., 
1989). Two types of oral cholera vaccines currently are being 
tested: mutant cholera strains that colonize the gut and induce 
a local antibody response (Levine et al., 1983) and a combined 
vaccine consisting of killed cholera vibrios and purified B 
toxin subunit (Clemens et al., 1988). The latter vaccine has 
been field tested extensively in cholera endemic areas, and 
has been shown to give rise to a long-lasting protective immu-
nity (Holmgren et al., 1989). 

3. Shigellosis 

The Shigellae are gram-negative pathogens that penetrate 
through the epithelial cells in the large intestine and induce 
bacillary dysentery. Most efforts toward development of im-
munity have involved attenuated oral vaccines (Hale and 
Formal, 1989). The bacterium contains a large (120-140 mDa) 
plasmid that encodes invasion plasmid antigens (ipa), permit-
ting the construction of enteroinvasive vaccines using Esche-
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richia coli and Salmonella as recipients. The plasmid has 
been transferred to E. coli K-12, and conjugal transfer of His 
and Pro markers from Shigellaflexneri into the E. coli yielded 
a vaccine strain (EC 104) that expressed Shigella antigens 
(Hale and Formal, 1989). This strain has been used to immu-
nize monkeys orally, but resulted in a high incidence of diar-
rhea when tested in humans. The Ty21a gal E mutant of S. 
typhi has been used as a recipient of a 120-mDa plasmid of 
Shigella sonnei, which encodes the O-polysaccharide side 
chain of the somatic antigen. This oral vaccine provided 40% 
protection from challenge by virulent S. sonnei. Thus, oral 
vaccines with recombinant bacteria containing Shigella plas-
mids are promising and ultimately may induce protection 
from bacterial dysentery. 

4. Haemophilus influenzae 

Haemophilus influenzae [nontypable (NTHI)] has been 
used as a component of oral vaccine given to human volun-
teers as a protective measure against acute bronchitis (Clancy 
et al., 1989). Killed NTHI vaccine was given 3 times in 
tablets. Previous studies (Clancy et al., 1983) from the same 
group of investigators revealed that oral immunization in-
duces haemophilus-specific SIgA in saliva of vaccinees. 
However, no difference in NTHI colonization of throats of 
orally immunized or placebo-administered individuals were 
noted (Clancy et al., 1989). 

5. Streptococcus mutans 

Mutants streptococci are involved in the development of 
dental caries. Numerous studies performed in the last 20 
years have shown that oral immunization of human volun-
teers with formalin-killed S. mutans and with certain bacterial 
products such as enzyme glucosyltransferase induces en-
zyme-neutralizing antibodies in saliva and reduces S. mutans 
counts in dental plague (Russell and Mestecky, 1986; Taub-
man and Smith, 1989; Michalek and Childers, 1990; Russell, 
1992). Further, S. mutans-specihc SIgA antibodies were de-
tected in tears, colostrum, and milk as well as parotid, sub-
mandibular, and submaxillar saliva of vaccinees (Mestecky 
et al., 1978; Gregory et al, 1985; Czerkinsky et al, 1987). 
Although the mechanisms involved in the protection against 
dental caries have not been established convincingly, anti-
bodies apparently play a dominant role. 

V· SUMMARY 

The selective induction of humoral and cellular immune 
responses in mucosal tissues is desirable for the prevention of 
various systemic as well as predominantly mucosa-restricted 
infections. The enormous surface area of mucosal mem-
branes is protected primarily by antibodies produced locally 
by large numbers of plasma cells distributed in the subepithel-
ial spaces of mucosal membranes and in the stroma of secre-
tory glands. In contrast to the large variety of currently avail-
able injectable vaccines that stimulate systemic immunity, 
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vaccines administered nonparenterally to stimulate mucosal 
immunity preferentially are used infrequently. 

Current knowledge of the origins and migratory pathways 
of B and T lymphocytes destined for mucosal tissues indicates 
that the development and application of vaccines to exploit 
the remarkable principles of the common mucosal immune 
system will achieve the ultimate goal—protection of mucosal 
membranes. 
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I. INTRODUCTION 

The concept of vaccination as a means to eradicate disease 
began almost 200 years ago when Jenner showed that inocula-
tion of a child with cow pox provided protection from a lethal 
small pox infection. Progress in this area moved slowly for 
many years. In fact, only during the past few decades have 
notable advances been made in the development of vaccines, 
that is, in the formulation of new ones and the improvement 
of existing ones, through the application of modern technol-
ogy. In designing a vaccine, several aspects that need to be 
considered are its safety for use in animals (including hu-
mans), the convenience and cost of reproducibly generating 
the vaccine in large quantities, and its effectiveness in induc-
ing the desired host response. Another important consider-
ation is the route of immunization. Most infectious diseases 
involve colonization of or invasion through mucosal surfaces 
by the pathogen; therefore, developing methods for the induc-
tion of mucosal immune responses that will serve as a first 
line of defense is important. Oral administration of antigen 
has been shown to result in the induction of mucosal IgA 
antibodies in our external secretions (Mestecky, 1987; 
McGhee and Mestecky, 1990). This route of immunization 
has advantages over other means because the vaccines can 
be administered easily and have, potentially, no side effects. 
However, major limitations are the acidic pH and the pres-
ence of degradative enzymes in the gastrointestinal tract, 
which can break down the immunogens prior to antigen up-
take and presentation to lymphoid cells in IgA inductive sites, 
for example, the gut-associated lymphoid tissue (GALT). 
Perhaps for these reasons, particulate antigens, especially 
when presented as viable organisms, are effective in inducing 
local and generalized secretory and systemic immune re-
sponses. At least three possible reasons exist to explain why 
particulate antigens are more effective oral immunogens than 
soluble antigens. First, the size of these macromolecular com-
plexes may allow them to survive more effectively in low 
pH, bile salts, and proteolytic enzymes of the stomach and 
gastrointestinal tract. Second, at least some particulates are 
adsorbed through the M cells into the Peyer's patches with 
greater efficiency than soluble molecules, thus providing a 
higher local antigen concentration within this mucosal im-
mune inductive site. Third, the major portion of an ingested 
soluble protein antigen will cross the epithelial barrier of the 

gut in the form of amino acids and low molecular weight 
peptides. The recognition of these peptides by gut lymphoid 
cells at sites other than the inductive environment of the 
Peyer's patches has been proposed as the stimulus initiating 
systemic tolerance after antigen feeding (Bland and Warren, 
1986), and may provide a negative signal to the mucosal 
immune system as well. This information and the availability 
of modern technology have facilitated the development of 
antigen delivery systems with immunopotentiating activity 
for the induction of protective mucosal and systemic immune 
responses against microbial pathogens. Antigen delivery sys-
tems that have received considerable attention for their use 
in vaccine development are liposomes, biodegradable micro-
spheres, and recombinant Salmonella and viral vectors. 

II. LIPOSOMES AS VACCINE 
DELIVERY SYSTEMS 

A. Introduction 

Since the discovery by Bangham and co-workers (1965) 
that the addition of water to a flask containing a film of 
phospholipids resulted in the appearance of microscopic 
closed vesicles, liposomes have been studied extensively for 
use in targeted drug delivery and more recently as vaccine 
delivery systems. A number of aspects pertaining to the use-
fulness of liposomes as vaccine delivery systems are listed in 
Table I; several of these are discussed further in a subsequent 
section. Briefly, liposomes can act as immunoadjuvants in 
potentiating immune responses. Therefore, the amounts of 
antigen needed to induce a response are smaller when incor-
porated into liposomes than when given alone. Liposomes 
also can convert nonimmunogenic substances into immuno-
genic forms, for example, by rendering soluble substances 
particulate in nature. A variety of substances can be incorpo-
rated into liposomes including multiple antigens, adjuvants, 
and substances such as antibodies to cell-surface antigens 
for targeted delivery. Liposomes are taken up by macro-
phages and by M cells (specialized epithelial cells covering 
Peyer's patches) for antigen processing or presentation to 
other lymphoid cells for the induction of immune responses. 
Liposome also can present antigens to lymphoid cells directly 
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Table I Usefulness of Liposomes as a Delivery System 
and Immunoadjuvant for Vaccine Development 

1. Small amounts of antigen may be suitable as immunogen 
2. Nonimmunogenic substances may be converted to immunogenic 

forms (e.g., soluble antigens can be rendered "particulate" in 
form) 

3. Adjuvants can be incorporated into the aqueous phase or 
membrane of liposomes containing antigens 

4. Targeting agents can be incorporated into liposomes for delivery 
to specific host cells 

5. Can be administered safely by oral or systemic routes for the 
induction of antibody responses to the incorporated antigen in 
external secretions or serum, respectively 

6. Are taken up by macrophages and M cells and can substitute for 
antigen-presenting cells 

7. Can mediate DNA or RNA transfection of cells 

for the induction of immune responses. Since liposomes can 
be composed of substances (e.g., phospholipids) that consti-
tute host cells, they should represent nontoxic, safe, and 
efficacious vaccine delivery systems for use in animals, in-
cluding humans. Liposomes also have been shown to mediate 
DNA or RNA transfection of cells and may represent a useful 
means of transfer of genetic material encoding vaccine anti-
gens. For more detailed discussion of this subject, the reader 
is referred to extensive reviews by others (Felgner et al., 
1987; Ostro, 1987; Swenson et al., 1988; Gregoriadis, 1990; 
New, 1990; van Rooijen, 1990; Alving, 1991). 

B. Properties of Liposomes 

Liposomes are composed of a bilayered (bimolecular 
sheet) phospholipid membrane (lamella) forming vesicles en-
closing and surrounded by an aqueous solution (Figure 1). 
The amphipathic nature of phospholipid molecules accounts 
for the spontaneous formation of vesicles, with the hydro-
philic (water-soluble or polar) head portion oriented toward 
the aqueous phase and the hydrophobic (water-insoluble) 
tail pointing into the bilayer. Thus, in preparing liposome 
vaccines, water-soluble substances can be incorporated into 
the enclosed aqueous space whereas lipid-soluble molecules 
can be added to the solvent during vesicle formation and 
incorporated into the lipid bilayer. Almost any substance, 
regardless of its solubility, size, shape, or electric charge, 
can be incorporated into liposomes as long as it does not 
interfere with vesicle formation. 

Depending on conditions used for production, liposomes 
can vary in size from 0.01 μΐη (Cornell et al., 1982) to 
150 μιη (Pagano and Weinstein, 1978) (red blood cells are 
— 10 μ,πι in diameter), as well as in form. The two standard 
forms of liposomes are multilamellar and unilamellar (Figure 
1). Multilamellar vesicles (MLV) have several lipid bilayers 
separated by thin aqueous phases. Unilamellar vesicles have 
a single bilayer membrane surrounding an aqueous core and 
are characterized as being small (SUV) or large (LUV). Lipo-

Figure 1 Schematic depiction of the two basic forms of liposomes. 
The small unilamellar vesicle (SUV) illustrates the bilayered mem-
brane composed of dipalmitoyl phosphatidylcholine (DPPC) sur-
rounding an aqueous core. The multilamellar vesicle (MLV) is char-
acterized by several lipid bilayers separated by thin aqueous phases. 

somes can be prepared to vary in their membrane stability, 
fluidity, and permeability depending on their lipid content 
(e.g., ratio of phospholipid to cholesterol). The incorporation 
of charged amphiphiles renders the liposomal surface posi-
tively or negatively charged. Each of these properties influ-
ences how effective a liposome preparation will be as a deliv-
ery system. 

Several procedures for producing liposomes have been 
described (reviewed in Bangham et al., 1974; Pagano and 
Weinstein, 1978; Kirby and Gregoriadis, 1984; New, 1990); 
however, a commonly used method involves sonication of 
the aqueous phospholipid suspension. The liposomes gener-
ated by this method are heterogeneous in size and form. 
For vaccine delivery systems, techniques must be used that 
reproducibly generate liposome preparations of controlled 
size and composition. Microemulsification of liposome sus-
pensions is one technique that reproducibly results in homo-
geneous liposomes. The lipsomes are produced in a pressur-
ized chamber and, by controlling the pressure and cycling 
time, small unilamellar liposomes of the desired diameter are 
generated (Mayhew et al., 1984; Childers et al., 1989). This 
procedure has been used extensively to generate liposomes 
containing antigens, especially mutans streptococcal anti-
gens, for use as oral vaccines (reviewed by Michalek et al., 
1989; Michalek and Childers, 1990). Another method for pre-
paring liposomes involves the generation of dehydrated-reh-
ydrated vesicles (Gregoriadis et al., 1990; reviewed by Gre-
goriadis, 1990). This procedure has been shown to result in 
high-yield entrapment of drugs and has been used to incorpo-
rate reproducibly various substances such as tetanus toxoid, 
influenza virus subunit peptides, recombinant hepatitis B sur-
face antigen, Leishmania major, antigens and polio virus. A 
direct comparison of the various liposome preparations for 
their effective use as vaccine delivery systems for the induc-
tion of protective immune response remains to be done. 

C. Processing of Liposome Vaccines 

Several explanations have been proposed for how lipo-
somes can be effective delivery systems and adjuvants for 
the induction of immune responses (reviewed by Gregoriadis, 
1990; van Rooijen, 1990; Alving, 1991). Liposomes, regard-
less of their composition and size, can adsorb to most cells 
and release their incorporated substances, which then can 
act on the cell. Liposomes also can be taken up by macro-
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phages and other phagocytic cells in the blood, lymph, and 
various tissues (e.g., lymph nodes, liver, and spleen) with 
the subsequent release of antigen. The liver and spleen take 
up nearly all liposomes given by the intravenous route, 
whereas most liposomes injected via the subcutaneous or 
intramuscular route are retained at the site of injection and are 
taken up by infiltrating macrophages. The ability of antigen 
presenting cells to take up and process antigens associated 
with liposomes more efficiently for enhanced immune re-
sponses is another explanation for the immunoadjuvant prop-
erty of liposomes. The liposomes also have been suggested 
to act directly in presenting antigen to lymphoid cells for 
the induction of responses. Further studies are necessary, 
however, to better define the mechanism(s) involved in the 
adjuvanticity of liposomes. 

Although the fate of liposomes given orally remains contro-
versial, vesicles composed of cholesterol and phospholipids 
are resistant to detergents or phospholipases and are also 
more resistant to degradation by enzymes in the gastrointesti-
nal tract. In extensive studies in an experimental rat model 
(Childers et al., 1990), liposomes have been shown to be 
taken up by M cells present in the epithelium covering the 

Peyer's patches (Figure 2). The liposomes are detected in 
endosomes in the M cells and appear to be transversing the 
cell, moving toward the underlying lymphoid cells. The pre-
sentation of antigen within liposomes to lymphoid cells in 
this IgA-inductive tissue can result in a mucosal immune 
response as manifested by the appearance of IgA antibodies 
in external secretions. 

D. Liposome Vaccines in Vivo 

During the past decade, numerous studies have been per-
formed to establish the usefulness of the liposome vaccine 
delivery system in inducing protective immune responses 
against various infectious diseases. Although studies fre-
quently have involved systemic routes of administration, evi-
dence is accumulating that demonstrates that liposomes can 
serve as carriers of antigens and as adjuvants for inducing 
enhanced mucosal immune responses when given as an oral 
vaccine. Table II lists several, but not all, studies that have 
used liposomes as vaccine delivery systems. In the oral im-
munization studies, mucosal IgA immune responses were 

έϊΑ*&;ί! 

Figure 2 Electron micrograph of a section of rat Peyer's patch tissue from a ligated intestinal segment exposed to a 
suspension of liposomes (SUV) for 2 hr. Illustrated is an M cell (M) with an endocytic vesicle containing liposomes and 
a closely associated lymphoid cell (L). Bar: 1.0 μτη. Reprinted with permission from Childers et al. (1990 and John Wiley 
& Sons, Inc. Copyright 1990). 
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Table II Immunization Studies with Liposomal Vaccine Delivery Systems0 

Antigen/adjuvant 

Cholera toxin/lipoidal amine/ 
lipid A 

mutatis streptococcal 
anti-idiotypic antibodies 
carbohydrate/lipophilic MDP 
peptide-CTB 
protein-CTB 
proteins 
ribosomes 

mutans streptococcal 
carbohydrate-protein 
conjugate 

Streptococcus mutans 
carbohydrate 

Bacteroides gingivalis 
fimbriae/L18-MDP or GM-

53-MDP 

Plasmodium falciparum 
recombinant protein/lipid 

A/alum 

Herpes simplex virus 
acylpeptide of glycoprotein 
D/MLA/MTP-PE 

Influenza virus 
hemagglutinin and 

neuraminidase/B30-MDP/ 
L18-MDP 

Liposome 
composition 

DPPC, Choi, DP 
(MLV) 

DPPC, Choi, DP 
(SUV) 

DPPC, Choi, DP 

DPPC, Choi 

DMPC, DMPG, 
Choi 

PC, Choi, PS 
(MLV) 

MDP-virosomes 
± Choi 

Route of 
administration 

po 

po 

po 

po 

po or sc 

im 

ip 

ip 

Host 

Rats 

Rats 

Rats 

Humans 

Mice 

Monkey 

Mice 

Mice 
Guinea pigs 

Major findings 

Enhanced intestinal IgA 
response 

Adjuvant effect—induction of 
salivary IgA antibodies; 
reduced infection by mutans 
streptococci 

Adjuvant effect—induction of 
serum and salivary 
antibodies 

Adjuvant effect—induction of 
salivary and serum IgA 
antibodies 

Adjuvant effect—enhanced by 
GM-53-MDP > L18-MDP 
(salivary and serum 
antibodies) 

Adjuvant effect—enhanced by 
alum and lipid A (serum 
antibody) 

Adjuvant effect enhanced by 
acylpeptide and further 
enhanced by MLA or MTP-
PE (serum antibody); 
protected against lethal 
challenge 

Adjuvant effect enhanced by 
chol (stabilized) and B30 
MDP (serum antibody and 
cellular immune response) 

References 

Pierce and Sacci (1984); 
Pierce et al. (1984) 

Gregory et al. (1986); 
Michalek et al. 
(1989,1990,1992); 
Jackson et al. (1990); 
Childers et al. (1991) 

Wachsmann et al. (1985, 
1986) 

Childers et al. (1991) 

Ogawa et al. (1989) 

Richards et al. (1989) 

Brynestad et al. (1990) 

Nerome et al. (1990) 

a Abbreviations: PC, phosphatidylcholine; DMPC, dimyristoyl phosphatidylcholine; DPPC, dipalmitoyl phosphatidylcholine; DP, diacetyl 
phosphate; Choi, cholesterol; MDP, N-acetyl muramyl-L-threonyl-D-isoglutamine; MLA, monophosphoryl lipid A; MTP-PE, muramyl tripeptide 
phosphatidylethanolamine; CTB, cholera toxin B subunit; SUV, small unilamellar vesicles; MLV, multilamellar vesicles, im, intramuscular; 
ip, intraperitoneal; sc, subcutaneous; po, per os (oral). 

induced; in some cases the induction of the response corre-
lated with protection against disease. In these studies and in 
those involving systemic routes of liposome vaccine adminis-
tration, the spatial arrangement of the antigens within lipo-
somes and the characteristics of the vesicles such as size and 
number of lamellae were not actually determined. Research-
ers generally accept that a physical association between the 
liposome membrane and antigen (as opposed to their simple 
mixing) is an important consideration in formulating a deliv-
ery system for inducing immune responses. Antigen can be 
incorporated into the aqueous phase of the vesicles, adsorbed 
onto their surface, partitioned into the bilayers (hydrophobic 
antigens), or covalently coupled to a membrane component. 
The specific formulation of liposome delivery systems may 
differ for the development of vaccines that are effective in 

inducing protective immunity against different infectious or-
ganisms. Further studies will be required to resolve this issue. 

III. BIODEGRADABLE MICROSPHERES 

A. Introduction 

As first suggested by Strannegard and Yurchinson (1969), 
the paniculate form of an antigen may enhance its effective-
ness as an oral immunogen. Currently, the only approved 
method to adjuvant vaccines for human use is to adsorb 
protein antigens onto aluminum salts to create a particulate. 
These particulates potentiate the antibody response after sys-
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temic administration through the creation of an antigen depot, 
the induction of inflammation at the site of injection, and the 
directed delivery of the particulate antigen into the draining 
lymph nodes. However, the size and properties of aluminum 
compounds are sensitive to slight changes in the conditions 
of their preparation and their age (Nail et al., 1976a,b), and 
they are not effective carriers for mucosal immunization. 
Among the approaches under investigation to improve vac-
cine delivery to systemic and mucosal lymphoid cells is the 
generation of polymeric particulate adjuvants. 

Litwin and Singer (1965) demonstrated a modest enhance-
ment in the circulating antibody response to human gamma 
globulin adsorbed onto polystyrene latex particles that had 
been administered intravenously to rabbits. This adjuvant 
activity was shown to be dependent on the adsorption of the 
antigen to the particles, was most apparent at limiting antigen 
doses, and was equivalent when particles of various diame-
ters from 0.05 to 1.3 μπι were tested. In contrast, Kreuter 
et al. (1986, 1988) reported that subcutaneous injection of 
mice with bovine serum albumin (BSA) adsorbed to either 
poly(methylmethacrylate) or polystyrene particles potenti-
ated the anti-BSA response to a greater extent than adsorp-
tion to aluminum hydroxide. The possibility of using poly-
meric particles coated with antigen for the induction of 
a mucosal antibody response was reported by Cox and 
Taubman (1984), who stated that the oral administration of 
dinitrophenyl-bovine gamma globulin (DNP-BGG) on 1-
to 3-μ,πι glutaraldehyde-activated polyacrylamide beads was 
generally more effective in eliciting a salivary IgA anti-
DNP response than was an equivalent dose of the soluble 
DNP-BGG. However, no supporting data were provided in 
this communication, so determining the degree to which the 
mucosal response was potentiated is impossible. More re-
cently, O'Hagan et al. (1989a) tested 0.1- and 3-^m poly 
(butyl-2-cyanoacrylate) particles with adsorbed ovalbumin 
(OVA) as carriers for mucosal immunization. When orally 
administered on 4 consecutive days to primed rats, both the 
0.1- and the 3-μ,πι OVA-coated particles induced the appear-
ance of specific IgA antibodies in saliva; the 0. l-μ,πι particles 
also induced a serum IgG response. In contrast, oral boosting 
with soluble OVA was without effect. 

B. Immunization Studies with Antigens 
Incorporated within Polymeric Particulates 

Although clearly synthetic polymeric particulates with an-
tigen adsorbed to their surface can serve as adjuvants that 
may enhance systemic or mucosal immune responses, many 
antigens will not adsorb effectively to their surface. Further, 
the exposed antigen is subject to elution or degradation after 
in vivo administration, an especially important consideration 
in the case of oral immunization. Incorporation of the vaccine 
within the polymer can allow virtually any antigen to be used, 
providing protection from degradation and control over the 
time of release. Several antigen-containing polymer systems 
have been investigated, some of which are listed in Table III 
with the conditions used to evaluate their effectiveness and 
the major experimental findings. 
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1. Antigens Incorporated within Polymeric 
Agglomerates and Implantable Pellets 

Methylmethacrylate was polymerized by gamma irradia-
tion in the presence of whole formalin-inactivated influenza 
virions (Kreuter and Speiser, 1976) or split influenza vaccine 
(Kreuter et al., 1976) to yield agglomerates of poly(methyl-
methacrylate). After subcutaneous administration to guinea 
pigs or intraperitoneal administration to mice, the vac-
cine-polymer agglomerates were shown to elicit serum hem-
agglutination inhibition titers that exceeded those induced by 
equivalent doses of the free or aluminum hydroxide adju-
vanted vaccines. Incorporation of the vaccines into the poly-
mer by this approach was suggested because the adsorption 
of antigens to the agglomerate after polymerization provided 
less adjuvant activity. The vaccine-containing agglomerates 
exhibited a delay in the time of the antibody response relative 
to the other vaccine forms. 

Preis and Langer (1979) used a solvent casting process to 
produce 0.3-mm pellets of ethylene-vinyl acetate copolymer, 
each of which contained 100 //,g BSA. Subcutaneous implan-
tation of one pellet per mouse was shown to elicit a circulating 
anti-BSA response, as measured by indirect hemagglutina-
tion, which was equivalent to that stimulated by two injec-
tions, each of which contained 50 μg BSA emulsified in com-
plete Freund's adjuvant (CFA). The authors proposed that 
the immunopotentiation afforded by this delivery system re-
sulted from prevention of antigen degradation and sustained 
release by diffusion through the copolymer. In a subsequent 
modification of this approach, BSA-containing pellets were 
prepared with a novel biodegradable polymer, CTTH-
iminocarbonate, formed by linking tyrosine dipeptide units 
together through hydrolytically labile bonds between the ty-
rosine side-chain groups (Kohn et al., 1986). This polymer 
was chosen for evaluation because the degradation products 
include derivatives of L-tyrosine, which have been reported 
to exhibit adjuvant activity. Following implantation, 
the BSA-containing CTTH-iminocarbonate pellets were 
shown to induce substantially enhanced antibody responses 
relative to the same dose of free BSA. Although the CTTH-
iminocarbonate pellets did not potentiate the humoral re-
sponse to the same extent as the previously described BSA-
containing ethylene-vinyl acetate pellets (Preis and Langer, 
1979), their in vivo biodegradation obviated the need for surgi-
cal removal. 

2. Antigens Incorporated within 
Polymeric Microspheres 

Incorporation of vaccines within polymeric microspheres 
can provide a system combining the advantages of a particu-
late adjuvant, which protects and controls the release of the 
antigen, with ease of administration by injection or mucosal 
application. Microencapsulation involves the coating of a 
bioactive agent, such as a vaccine, in a protective wall mate-
rial that is generally polymeric in nature. The microsphere 
product is a free-flowing powder of spherical particles that 
can be produced across a size range from < 1 μ,πι to as large 
as 3 mm in diameter. The systems that have been investigated 
for vaccine delivery include microspheres formed by cross-
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Table III Immunization Studies with Antigens Incorporated in Polymeric Delivery Systems0 

Polymer/form 

Polmethylmethacrylate 
Agglomerate 

Polyethylene-vinyl 
acetate 
Pellets 

Poly(CTTH-
iminocarbonate) 
Pellets 

Polyacryl-starch 
Microspheres 

(0.5-2.0 μτή) 

Polymerized RSA 
Microspheres 

(100-200 /urn) 

Antigen 

Influenza virus 

OVA 

BSA 

HSA 

Nodamura virus 

Route of 
administration 

sc, ip 

sc implant 

sc implant 

im, iv 

im 

Host 

Guinea pigs, 
mice 

Mice 

Mice 

Mice 

Rabbits 

Major findings 

Adjuvant effect—enhanced 
serum HAI titer 

Adjuvant effect—enhanced 
serum indirect HA titer 
equivalent to FCA 

Adjuvant effect—enhanced 
serum indirect HA titer 
exceeded two doses of free 
BSA 

Adjuvant effect—enhanced 
serum ELISA titer anti-
matrix response induced 

Adjuvant effect—equivalent to 
FIA, antibody response to 
glutaraldehyde polymerized 

References 

Kreuter and Speiser (1976) 

Preis and Langer (1979) 

Kohn et al. (1986) 

Artursson et al. (1986) 

Martin et al. (1988) 

Polyacrylamide OVA po Rats 
Microspheres (2.5 μπι) 

Poly(lactide-co-glycolide) p72:TT sc, im Mice 
Microspheres (100 μπι) 

Poly(lactide-co-glycolide) SEB toxoid sc, im, ip, it, Mice, 
Microspheres (1-10/im) po rhesus 

macaques 

Poly(lactide-co-glycolide) Influenza virus 
Microspheres (1-10 μπί) 

sc, ip, po Mice 

Poly(lactide-co-glycolide) SIV sc, ip Mice rhesus 
Microspheres (1 -10 μπ\) macaques 

Poly(lactide-co-glycolide) OVA sc, ip Mice, Rats 
Microspheres (5 μπι) 

RSA induced 
Adjuvant effect—induction of 

salivary IgA in ip-primed host 

Weak primary response, 
effective booster 

Adjuvant effect—plasma IgG 
equivalent to FCA after im; 
pulsed release; plasma, 
salivary, bronchial, gut IgA 
after or it 

Adjuvant effect—oral booster 
induced salivary IgA, 
enhanced serum HAI titer and 
protection 

Adjuvant effect—enhanced 
serum IgG response 

Adjuvant effect—enhanced 
serum IgG response 
significantly greater than FCA 

O'Hagan ef A/. (1989b) 

Altman and Dixon (1989) 

Eldridge et al. 
(1989,1990a,b,1991a,b, 1992) 

Moldoveanu et al. (1989,1992) 

Eldridge et al. (1992) 

O'Hagan et al. (1991a,b) 

a Abbreviations: OVA, ovalbumin; BSA, bovine serum albumin; HSA, human serum albumin; SEB, staphylococcal enterotoxin B; p72:TT, 
28-amino-acid peptide from the surface glycoprotein of hepatitis B virus conjugated to tetanous toxoid; SIV, simian immunodeficiency virus; 
sc, subcutaneous; ip, intraperitoneal; im, intramuscular; iv, intravenous; it, intratracheal; po, per os; HAI, hemagglutination inhibition; HA, 
hemagglutination; FIA, Freund's incomplete adjuvant; FCA, Freund's complete adjuvant. 

linking natural substances such as starch or albumin and 
synthetic polymers. 

In an attempt to produce a biocompatible microsphere 
antigen delivery system from a natural substance, Artursson 
et al. (1986) formulated 0.5 to 2.0-μ,πι microspheres con-
taining human serum albumin (HSA) from acryl starch ac-
tivated with ammonium peroxydisulfate and cross-linked 
with Ν,Ν,Ν',Ν'-tetramethylethylenediamine. When admin-
istered to mice by intramuscular or intravenous injection, the 
HSA-polyacryl starch microspheres stimulated a circulating 
anti-HSA antibody response that reached and remained for 
>200 days at approximately 500-fold the peak level induced 
by the injection of free HSA. However, an antibody response 
to the cross-linked starch was demonstrated in inhibition of 

antibody binding studies. In another approach that investi-
gated the use of a natural substance under conditions under 
which it is normally nonimmunogenic, Martin et al. (1988) 
intramuscularly immunized rabbits with 100- to 200-μ,πι mi-
crospheres containing Nodamura virus, that were formed 
by glutaraldehyde cross-linking of autologous rabbit serum 
albumin (RSA). In this system, the circulating antivirus anti-
body response was low and responses also were detected to 
glutaraldehyde cross-linked RSA. Thus, although the number 
of studies examining cross-linked natural substances to for-
mulate vaccine-containing microspheres has been limited, 
the induction of antibody responses to the microsphere ma-
trix is a problem that appears to preclude their application 
in human immunization. 
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O'Hagan et al. (1989b) examined the ability of antigen-
containing synthetic polymer microspheres to potentiate sali-
vary and plasma antibody responses. Oral administration of 
1 mg OVA entrapped in polyacrylamide microspheres on 
each of 4 consecutive days to rats that had been primed 
previously by intraperitoneal injection of OVA in saline gen-
erated a statistically significant salivary Ig A response, in the 
absence of a rise in circulating antibodies, 65 days following 
oral boosting. These microspheres were macroporous parti-
cles of 2.55-μπι mean diameter with the OVA partially ex-
posed on their surface. Control animals that received soluble 
OVA as the oral booster did not respond. These authors did 
not report on the adjuvant activity or tissue reactivity after 
systemic injection of these polyacrylamide microspheres, but 
the known neurotoxicity of polyacrylamide bars this formula-
tion from all but experimental applications. 

More recently, considerable effort has been placed in the 
evaluation of microspheres formulated from poly(DL-lactide-
co-glycolide) (DL-PLG) for the parenteral and enteral delivery 
of vaccines because of the proven biocompatibility and biode-
gradability of this copolymer. DL-PLG is in the class of copol-
ymers from which resorbable sutures, resorbable surgical 
clips, and controlled-release drug implants and microspheres 
are made (Redding et al., 1984). These polyesters are ap-
proved for and have a 30-year history of safe use in humans. 
After introduction into the body, DL-PLG induces only a 

• minimal inflammatory response and biodegrades through hy-
drolysis of ester linkages to yield the normal body constit-
uents lactic and glycolic acids (Tice and Cowsar, 1984; 
Visscher et al., 1987; Figure 3). Further, the rate at which 
DL-PLG biodegrades is a function of the ratio of lactide to 
glycolide in the copolymer (Miller et al., 1977), thus determin-
ing the time after administration when release initiates as 
well as the subsequent rate of release. 

Altman and Dixon (1989) examined the immune response 
induced by immunization with peptide 72 (p72), a 28-amino-
acid peptide from the surface glycoprotein of hepatitis B 
virus, conjugated to tetanus toxoid (p72: TT). Subcutaneous 
injection of mice with p72:TT incorporated into 50- to 
100-μπι DL-PLG microspheres that were designed to release 
the antigen at a uniform rate over a period of 1-12 months 
resulted in a very weak primary antibody response. However, 
the microencapsulated p72:TT retained antigenicity, as 
judged by the ability to prime for an anamnestic secondary 
response. Further, if the microencapsulated p72: TT was in-
jected in an inflammatory vehicle such as incomplete 
Freund's adjuvant (IFA), a high primary antibody response 
was induced, suggesting that the difference seen between 
these noninflammatory controlled release DL-PLG micro-
spheres and the previously described pellets (Preis and 
Langer, 1979; Kohn et al., 1986) may be related to inflamma-
tion induced by the implants. 

In contrast to the results obtained with the relatively large 
DL-PLG microspheres investigated by Altman and Dixon 
(1989), the systemic administration of staphylococcal entero-
toxin B (SEB) (Eldridge et al, 1989,1990a,b,1991a,b, 1992), 
influenza vaccine (Moldoveanu et al., 1989,1992), simian im-
munodeficiency virus (SIV; Marx et al., 1993), and OVA 
(O'Hagan et al., 1991a,b) in 1- to 10-μπι DL-PLG micro-
spheres resulted in strongly potentiated primary antibody 
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Figure 3 Synthesis, structure, and biodegradation products of 
poly(D,L-lactide-co-glycolide) (DL-PLG). Polymerization of D,L-
lactide and glycolide, the respective cyclic dimers of lactic and gly-
colic acids, into the high molecular weight DL-PLG through ionic, 
ring opening, addition polymerization. On exposure to water, this 
aliphatic polyester degrades through hydrolysis of ester linkages to 
yield the biocompatible products lactic and glycolic acids. 

responses without the need for an additional vehicles. In the 
case of SEB toxoid, mice immunized with 50 μg vaccine in 
1- to 10-μπι DL-PLG microspheres mounted a neutralizing 
plasma antitoxin response that was equivalent in level and 
duration to that induced by the same dose of toxoid emulsified 
in CFA without a significant inflammatory response (Eldridge 
et al, 1991b). This antibody level was 512-fold and 64-fold 
that induced by soluble and alum-precipitated toxoid, respec-
tively. Similar immunopotentiation was obtained in rhesus 
macaques immunized by the intramuscular injection of micro-
encapsulated SEB toxoid or whole formalin-inactivated SIV 
(Marx et al., 1993). Direct comparison of the antibody re-
sponses elicited by subcutaneous immunization with 1- to 
10-μπι versus 10- to 110-μιη microspheres, formulated from 
the same lot of DL-PLG and containing the same percentage 
of SEB toxoid by weight, demonstrated that the 1- to 10-μπι 
microspheres provided approximately 20-fold greater im-
mune enhancement (Eldridge et al., 1991b). This enhanced 
potentiation by the <10-μπι microspheres correlated with 
the phagocytosis and transportation of a large number of 
these particles, but not those >10 μπι, to the lymph nodes 
draining the injection site. These data suggest that the effi-
cient delivery of vaccine by the <10-μπι microspheres into 
antigen-presenting cells, which then carry it to an immune 
inductive environment, is a more effective approach to the 
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enhancement of antibody responses than the depot release of 
free antigen provided by larger microspheres, and a probable 
explanation for the poor adjuvancy observed in the studies 
by Altman and Dixon (1989). 

An additional difference in the behavior of < 10-μ,πι versus 
>10-/itm microspheres noted in the studies by Eldridge et al. 
(1991b) was an accelerated rate of antigen release by the 
smaller microspheres after in vivo administration, presum-
ably as a result of phagocytosis. This difference formed the 
basis for the design of a single-injection multiple-release mi-
crosphere formulation consisting of a mixture of 1- to 
10-μπι and 20- to 50-μ,πι microspheres containing SEB toxoid 
(Eldridge et al., 1991a). Mice injected with this mixture of 
microspheres mounted a biphasic antitoxin response in which 
the first phase of antibody increase corresponded to the re-
lease of vaccine from the 1- to 10-μ,πι component. The second 
phase corresponded to the release of vaccine from the 20- to 
50-μ,πι microspheres and stimulated an anamnestic secondary 
rise in antitoxin levels. These results indicate that blends of 
DL-PLG microspheres differing in their size or lactide-to-
glycolide ratio are capable of functioning as adjuvant systems 
with the ability to provide one or more discrete booster re-
leases of antigen after a single administration. 

To evaluate the possibility of using DL-PLG microspheres 
as vehicles for oral immunization, the adsorption of 
fluorochrome-containing microspheres was studied in mice 
(Eldridge et al., 1989,1990a). At various times after oral ad-
ministration, the gut and other lymphoid tissues were serial 
frozen sectioned and the microspheres within tissue were 
observed by fluorescence microscopy. At early time points, 
tissue penetration in the gut was restricted to the Peyer's 
patches (Figure 4), only microspheres <10 μ,πι in diameter 
were adsorbed, and the adsorbed microspheres were within 
Peyer's patch macrophages. With increasing time after ad-
ministration, the number of microspheres in the Peyer's 
patches fell and they were observed sequentially in the mes-
enteric lymph nodes and spleen, suggesting that orally deliv-
ered microspheres could be capable of delivering vaccine 
antigens to both mucosal and systemic immune inductive 
tissues. When mice were given three oral administrations, 
at 30-day intervals, of SEB toxoid in 1- to 10-̂ m DL-PLG 
microspheres, they exhibited a steady rise in their plasma 
levels of IgG antitoxin and significant levels of SIgA antitoxin 
in saliva, gut fluids, and bronchial-alveolar fluids 20 days 
after the third dose (Eldridge et al., 1989,1991a). In contrast, 
mice orally immunized with nonencapsulated SEB toxoid 
mounted only a weak IgM response in plasma and none in 
mucosal secretions. In similar experiments, Moldoveanu et 
al. (1989,1992) have examined the immune response to influ-
enza virus vaccine encapsulated in 1- to 10-̂ m DL-PLG mi-
crospheres. Their studies have shown that systemic immuni-
zation with microencapsulated influenza potentiates the 
plasma hemagglutination inhibition titer, that encapsulation 
protects influenza vaccine from acid degradation, and that 
oral boosting with encapsulated vaccine is particularly effec-
tive in the induction of salivary IgA anti-influenza antibodies. 

To date, the studies with DL-PLG microspheres have 
served to illustrate the potential of this approach to mucosal 
immunization with nonliving vaccine antigens. Current stud-
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ies in this area are being directed toward microsphere adsorp-
tion from the gut, a process that is enhanced by increased 
microsphere hydrophobicity (Eldridge et al., 1990a); alterna-
tive routes of mucosal administration such as respiratory 
tissues (Eldridge et al., 1991a); and multirelease formulations 
for mucosal immunization. 

IV. AVIRULENT SALMONELLA STRAINS AS 
LIVE VECTOR ANTIGEN DELIVERY SYSTEMS 

A. Introduction 

The concept of using avirulent Salmonella mutants as oral 
vaccine delivery systems began almost a decade ago (Formal 
et al., 1981; Curtiss et al., 1983; Curtiss, 1986; reviewed by 
Curtiss, 1990; Hackett, 1990). This idea was based on sepa-
rate and yet interrelated areas of research. Salmonella typhi 
and S. typhimurium are pathogenic bacteria in humans and 
mice, respectively. Virulent strains of Salmonella colonize 
in the intestine and then migrate to deeper tissues, especially 
the spleen and liver, which can lead to a bacteremia and 
subsequent death (Collins and Carter, 1972). The findings of 
Carter and Collins (1974) demonstrated the initial site of S. 
typhimurium infection is the GALT, which is also a major IgA 
inductive site. This identification and the ability to attenuate 
Salmonella, in conjunction with the development of genetic 
techniques to incorporate recombinant DNA into these Sal-
monella mutants, prompted the use of avirulent Salmonella 
strains as potential live vectors for expression of cloned genes 
specifying colonization or virulence antigens of other patho-
gens. These antigen delivery systems could be administered 
orally to induce mucosal IgA responses locally in the intestine 
and in other secretions, as well as systemic humoral and 
cellular immune responses. 

For the development of an oral Salmonella vaccine, sev-
eral facts must be considered. Oral vaccines consisting of 
killed Salmonella are poor immunogens, whereas the live 
organism is very effective in inducing mucosal immune re-
sponses, presumably because of their ability to colonize in 
the gastrointestinal tract. However, the systemic dissemina-
tion of Salmonella organisms can result in death as a result 
of the effects of the endotoxin load. Therefore, a live vaccine 
strain must be completely avirulent to the host and yet highly 
immunogenic for the induction of the desired immune re-
sponses. For safety of the vaccine strain, it should have two 
or more attenuating deletion mutations to preclude loss of 
the avirulence phenotype by reversion or gene transfer. The 
vaccine vector-carrier strain should be effective in express-
ing, in the animal host, cloned genes encoding virulence fac-
tors of other pathogens at adequate levels and in appropriate 
form for the induction of immune responses that render the 
host protected against infection and disease. 

The following sections discuss characteristics of several 
avirulent Salmonella mutants and the effectiveness of recom-
binant avirulent Salmonella strains as bivalent vaccine deliv-
ery systems for the induction of immune responses protective 
against various pathogens. The reader is referred to a review 
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Figure 4 Adsorption of coumarin-containing DL-PLG microspheres into the Peyer's patches. (A) Schematic showing the 
cellular organization of a Peyer's patch. M, M cell; F, follicle; GC, germinal center; TDA, T cell-dependent area; HEV, 
high endothelial venule; dome, macrophage-containing dome region. (B) Coumarin-containing DL-PLG microspheres 
visualized by fluorescene microscopy in the M cells and dome region macrophages in a 6-μπι frozen section of duodenum 
obtained from a mouse 24 hr after oral administration of a suspension of 1- to 10-/xm microspheres in water. 

by Curtiss (1990) for a more comprehensive coverage of this 
area. 

B. Avirulent Salmonella Mutants 

Several avirulent mutants of the human pathogen S. typhi 
and of the murine pathogens S. typhimurium and S. cholerae-

suis have been derived and characterized for their potential 
usefulness as vaccine delivery systems (Table IV). The galE 
mutants of Salmonella are unable to synthesize the enzyme 
UDP-galactose epimerase. These mutants are defective in 
lipopolysaccharide (LPS) biosynthesis (rough) when grown 
in the absence of galactose, but synthesize a complete LPS 
(smooth) when grown in the presence of galactose. Salmo-
nella typhimurium galE mutants are avirulent and retain their 
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Table IV Characteristics of Selected Avirulent Salmonella Mutants" 

Mutation Phenotype 

Colonizes 

Guy 

7 

Y 

Y 

Y 

Y 

Poor 
7 

Y 

Spleen 

7 

Fair 

Poor 

Poor 

Poor 

No 
7 

Y 

Attenuates/Immunogenic 

S. typhimurium 

Y/Y 

Y/Y 

Y/Y 

±/Y 
Y/Y 

Y/Y 

±/Y 
Y/Y 

S. choleraesuis 

N/N 

Y/± 

Y/Y 
7/7 

Y/Y 
7/7 

7/7 

7/7 

5. /ypA/ 

N/? 
±/± 

±/± 

NA 

Y/±* 
7/7 

7/7 

7/7 

ga/E UDP-galactose epimerase; reversibly rough 

ΔΛΓΟ Requires p-aminobenzoic acid 

ACVÖ Adenylate cyclase; 

Acrp cAMP receptor protein; slow growth 
vPla" No virulence plasmid 

Δα// Defective in colonizing deep tissues 

AphoP Macrophage sensitive 

phoPc Constitutive expression of some virulence antigens 

ompR Positive activator of outer membrane protein genes 

a ?, Unknown; Y, yes; N, no; ±, partial effect; NA, not applicable. 
b When combined with Acya and Acrp mutations. 

immunogenicity, as exemplified by their ability to induce 
responses protective against challenge with virulent Salmo-
nella strains (Germanisr, 1972; Germanier and Furer, 1971; 
Hone et al., 1987). However, the 5. typhiTyH agalE vaccine 
strain (Germanier and Furer, 1975) is undoubtedly avirulent 
and immunogenic because of mutations in addition to gal E, 
since S. typhigalEgenerated by recombinant methods causes 
typhoid fever in human volunteers (Hone et al., 1988). Also 
the galE mutants of S. choleraesuis are virulent, probably 
because of their requirement for only low amounts of galac-
tose for complete LPS synthesis (Nnalue and Stocker, 1986). 
Little information is available regarding the ability of galE 
mutants to colonize the gut or deeper tissues such as the 
spleen. 

The AaroA mutants of S. typhimurium (Hoiseth and 
Stocker, 1981) are avirulent primarily because of.their re-
quirement for p-aminobenzoic acid (PABA) which is not pro-
vided by the animal host. These mutants can colonize the 
gut and the spleen, and have been shown to be immunogenic. 
A AaroA mutation also has been shown to be attenuating for 
S. choleraesuis in mice (Nnalue and Stocker, 1987). The 
addition of the ApurE mutation to a AaroA S. typ hi strain 
leads to hyperattenuation with very low immunogenicity 
(Levine et al., 1987). Salmonella typhi strains with AaroC 
and AaroD mutations are avirulent and immunogenic in hu-
mans, but nevertheless are capable of causing fever and ad-
verse reactions when given at high doses (Tacket et al., 1992). 

During the past several years, mutants defective in global 
gene regulation have been evaluated for influencing coloniza-
tion and virulence (reviewed by Curtiss, 1990), leading to the 
discovery that Acya Acrp S. typhimurium mutants unable 
to synthesize cyclic AMP (cAMP) and the cAMP receptor 
protein (CRP) (Pastan and Adhya, 1976) are highly attenuated 
for infection in mice and induce a protective response against 
challenge with a virulent strain when fed orally to mice (Cur-
tiss and Kelly, 1987; Curtiss et al., 1988). These mutants 
grow slowly in vitro and in vivo, which may contribute to 
their attenuation. A Acya Acrp S. typhi mutant is both aviru-

lent and immunogenic in human volunteers (Tacket et al., 
1992) but, unlike the AaroC AaroD S. typhi strains, causes 
symptoms in some volunteers and is not as immunogenic at 
the dose given as would be desirable (Tacket et al., 1992). 
An additional mutation that diminishes the ability of Salmo-
nella to colonize deep tissues (cdt) completely eliminates any 
adverse reactions without diminishing immunogenicity 
S. M. Kelly and R. Curtiss III, unpublished observations). 

Salmonella typhimurium phoP mutants, prepared to elimi-
nate nonspecific acid phosphatases in strains to use for 
transposon Trip ho A mutagenesis, are avirulent when admin-
istered to mice by oral or intraperitoneal routes (Galan and 
Curtiss, 1989), which may be the result of an inability to 
multiply in macrophages (Fields et al., 1986). These mutants 
can induce an immune response that is protective against 
challenge by virulent Salmonella (Galan and Curtiss, 1989). 
Mutants that constitutively express the phoP gene lead to 
the complete activation of some Salmonella genes and the 
complete shut down of others (Miller and Mekalanos, 1990). 
These phoPc mutants are totally avirulent and highly immu-
nogenic for mice; however, these mutants revert at high fre-
quency to a form that is virulent (Miller and Mekalanos, 
1990). 

Dorman et al. (1989) have demonstrated that S. typhimu-
rium mutants with mutations in the ompR gene are avirulent 
and highly immunogenic. The ompR gene product is part of 
a two-component regulatory system that affects the regula-
tion of genes for a number of outer membrane proteins {pmpC 
and ompF), as well as influencing expression of other genes 
whose expression is dependent on changes in osmolarity. 

C. Bivalent Salmonella Vaccine Strains 

Several attenuated Salmonella mutant strains have been 
shown to be effective as live antigen delivery systems for 
potential vaccine development (Table V). These mutants can 
be detected in GALT following oral administration to the 
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Table V Recombinant A virulent Salmonella: Selected Immunization Studies 

Salmonella mutant Foreign antigen expressed Major finding References 

S. typhimurium karoA Streptococcus pyogenes M protein 
(cytoplasmic) 

E. coli K88 fimbrial antigen (surface) 

B subunit of E. coli enterotoxin 

Leishmania major gp63 antigen 

S. typhimurium AthyA Streptococcus sobrinus SpaA and, 
kasd and karoA Streptococcus mutans 

glucosyltransferase 

S. typhimurium key a Streptococcus sobrinus SpaA 
&crp kasd 

S. typhi Ty21a galE 

(cytoplasmic) 
Francisella tularensis 17-kDa membrane 

protein 
Bordetella pertussis FHA 
Shigella flexneri 2a O antigen 
Shigella sonnei form 1 antigen 

Induction of salivary and serum 
antibodies in mice; protected 
against challenge by virulent S. 
typhimurium or M5 streptococci 

Induction of serum anti-K88 
antibodies 

Induction of secretory (gut) and 
serum antibody 

Induction of serum antibodies and 
antigen -specific Thl cells in 
mice; protected against challenge 
with L. major 

Induction of salivary and serum 
antibodies 

Induction of salivary and serum 
antibody responses 

Protection against F. tularensis 
challenge 

Serum antibody responses 

Induction of humoral response 
Induction of serum antibodies in 

humans; protected against 
challenge with virulent S. sonnei 

Poirier et al. (1988) 

Dougan et al. (1986) 

Dougan et al. (1987); Maskell et al. 
(1987) 

Yang et al. (1990) 

Katz et al. (1987) 

T. Doggett (personal 
communication) 

Sjostedt et al. (1990) 

Parker et al. (1990) 

Baron et al. (1987) 
Black et al. (1987) 

host, but do not cause systemic disease. In several of these 
studies, mucosal immune responses as well as serum anti-
body and cell-mediated immune responses have been induced 
that were specific for the Salmonella and the foreign anti-
gen(s) expressed by the carrier strain. However, several 
questions remain unanswered regarding the usefulness of this 
antigen delivery system in animals, including humans. 
Whether the amount, form, or location (e.g., cytoplasmic, 
periplasmic, or surface) of the heterologous virulence anti-
gen(s) expressed by the Salmonella vector will influence the 
nature or magnitude of the immune response is still unknown. 
The mutation(s) induced to render the Salmonella safe for 
vaccine use may limit the expression of the cloned virulence 
antigen or the ability of the expressed antigen to induce a 
protective immune response. Further information is needed 
on the nature of the antigen and the use of adjuvants in these 
delivery systems for optimal immunization. In this regard, 
through immunological and molecular biological techniques, 
we can define T- and B-cell epitopes of the antigen involved 
in the induction of mucosal responses and can incorporate 
the gene encoding these regions into the Salmonella vector. 
Also, genetic fusion of the gene encoding the antigen to the 
gene encoding the B subunit of cholera toxin or Escherichic 
coli enterotoxin may result in an enhanced specific immune 
response (adjuvant effect). Further studies will be required 
to define the feasibility, safety, and effectiveness of these 
approaches in inducing the desired host response. Also de-
termining whether Salmonella vaccine strains can induce 
tolerance or suppress the induction of a response based on 

host susceptibility to components of the vector, such as LPS, 
or to the expressed cloned antigen(s) will be important. The 
effect of the host immune response to the Salmonella vector 
and the expressed cloned antigen on subsequent immuniza-
tions with Salmonella and the same or different expressed 
cloned antigens or adjuvants will require further investigation 
to define strategies for developing live vaccine delivery sys-
tems for optimal induction of protective host responses to 
microbial pathogens. 

V. USE OF RECOMBINANT VIRAL VECTORS 
FOR MUCOSAL IMMUNIZATION 

A. Introduction 

Advances in molecular biology and the development of 
genetic engineering techniques allow the insertion of genes 
encoding immunologically important antigens into viruses. 
Such recombinant viral vectors should function as live sub-
unit vaccines and should share the advantages of live attenu-
ated viral vaccines without the possibility of reversion. Re-
combinant viral vaccines have the advantage of being 
inexpensive to produce and deliver and have the important 
property of being able to induce high levels of humoral and 
cell-mediated immunity. Indeed, inserted viral gene products 
will be synthesized endogenously and processed in cells in-
fected with a live recombinant vector, thus resulting in anti-
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gen presentation to T cells in the same fashion as natural 
infection. An ideal virus vector should readily admit insertion 
of foreign DNA sequences, be nonpathogenic, and be capable 
of eliciting protective immunity to foreign antigens or patho-
gens in the host. Viral vectors that have been well studied 
include vaccinia virus (Mackett et al, 1982) and adenovirus 
(Graham, 1990). Vaccinia virus vectors capable of expressing 
as many as four distinct antigens at the same time have been 
constructed (Moss and Flexner, 1987), including information 
encoding antigens from pathogenic organisms as well as im-
munomodulatory molecuels such as cytokines (Ramshaw et 
al., 1987). The tremendous potential of vaccinia virus as a 
single-inoculation multivalent vaccine is attractive. Although 
limited in the amount of foreign genetic information that can 
be inserted, adenoviruses have the same advantages and can 
be used as oral vaccines (Graham, 1990). 

The study and application of live recombinant viral vectors 
as mucosal vaccines is in its infancy. Indeed, although many 
studies have been performed that test the efficacy of recombi-
nant viral vaccines to protect animals after mucosal immuni-
zation, these studies have not critically examined the induc-
tion of mucosal immune responses or the mechanisms of 
protection (Ogra et al., 1989). 

Our intention here is not to comprehensively list all studies 
that have examined the use of recombinant viruses after 
mucosal vaccination. Rather, we highlight some of the sys-
tems that are providing the major impetus for further investi-
gations concerning the use of recombinant viruses in eliciting 
mucosal immunity. 

B. Recombinant Rabies Virus Vectors: Bait to 
Prevent the Bite 

Rabies remains a major public health problem in many 
parts of the world, including Europe and North America, 
where infected wild animals constitute a significant reservoir 
for the virus. Experience has shown that control of rabies in 
wildlife cannot be achieved by reducing the reservoir species 
through hunting, poisoning or gassing. Instead, immunization 
of wild reservoir animals offers an alternative approach 
(Steck et al., 1982). Clearly, the only realistic route for the 
vaccination of large numbers of wild animals is oral adminis-
tration of vaccine, which was first attempted by Baer et al. 
(1971) in North America and by Mayr et al. (1972) in Europe. 
Oral vaccination is achieved by placing vaccine in sponge 
baits that are coated with wax containing beef tallow or fish 
oil and tetracycline as a biomarker. The tetracycline allows 
identification of animals that have ingested the bait by fluo-
rescence of their teeth. Using this method, acceptance rates 
of bait ingestion of about 70% have been achieved in a number 
of wild animal populations (Johnston et al., 1988). In small-
scale field trials, live attenuated rabies virus vaccine intro-
duced in baits was used successfully to vaccinate foxes in 
Europe (Steck etal., 1982; Schneider and Cox, 1983;,Pastoret 
etal., 1987;Brochier^a/., 1988). Unfortunately, other mam-
malian species such as the skunk and raccoon, which are 
major rabies virus vectors in North America, have been re-

fractory to efficient oral immunization against rabies (Rup-
precht et al., 1986). Additionally, the stability of attenuated 
rabies virus is poor, attenuated virus remains pathogenic to 
some rodents, and reversion to virulence occurs at a signifi-
cant frequency (Kieny et al., 1988). Finally, inactivated ra-
bies virus has been shown to be ineffective when adminis-
tered orally (Kieny et al., 1988). 

To improve the safety, stability, and efficacy of the vaccine 
used in the field, several recombinant viruses containing the 
rabies virus glycoprotein gene have been constructed (Kieny 
et al., 1984). Initial studies demonstrated that intradermal or 
footpad inoculation of rabbits and mice with a vaccinia-ra-
bies glycoprotein (VRG) recombinant virus resulted in high 
concentrations of rabies virus neutralizing antibodies (Wiktor 
et al., 1984). Subsequently, administration of 108 plaque-
forming units (pfu) of VRG subcutaneously, intradermally, 
or orally to foxes was shown to elicit the production of titers 
of rabies neutralizing antibodies equal or superior to those 
obtained with conventional vaccine, and was shown to confer 
complete protection to severe intracerebral challenge with 
street rabies virus (Blancou et al., 1986). More recently, 
virus isolation, immunofluorescence, and polymerase chain 
reaction (PCR) were used to show that VRG could be de-
tected in the buccal mucosa and tonsils of foxes for only 48 
hr following oral immunization (Thomas et al., 1990), thus 
minimizing the risk of additional spread or recombination 
with other orthopoxviruses. 

Rupprecht et al. (1986,1988) demonstrated that raccoons, 
a major rabies virus vector in North America, fed bait con-
taining VRG developed rabies neutralizing antibodies and 
resisted street rabies virus infection for up to 6 months after 
feeding. This observation was important, since live attenu-
ated rabies vaccine administered orally failed to immunize 
raccoons. This study also demonstrated that a minimum 
virus-neutralizing antibody titer may not be applicable as an 
indication of adequate animal vaccination. Clearly, virus-
neutralizing antibody alone is unsuitable as the sole criterion 
of successful rabies immunization in all species. Further stud-
ies have shown that cats, dogs, skunks, and badgers also can 
be immunized effectively against rabies with VRG by the 
oral route (Tolson et al., 1987; Koprowski, 1989). However, 
higher doses of VRG (1096 pfu) appeared to be required to 
generate antibodies in dogs and badgers (Koprowski, 1989). 

In addition to recombinant vaccinia virus, other recombi-
nant vectors capable of expressing rabies glycoprotein have 
been developed, including recombinant human adenovirus 
type 5 (Prevec et al., 1990) and raccoon pox virus vectors 
(Esposito et al., 1988). Recombinant adeno-rabies virus has 
been shown to elicit neutralizing antibodies and protection 
against rabies virus challenge following oronasal immuniza-
tion in mice, dogs, skunks, foxes, and raccoons (Prevec^i 
al., 1990). Similarly, raccoons fed sponge baits loaded with 
raccoon poxvirus recombinants expressing rabies glycopro-
tein developed high levels of neutralizing antibodies and were 
protected from lethal street rabies virus challenge (Esposito 
et al., 1988). Thus, a vast number of species have been shown 
to be immunized effectively and protected against rabies fol-
lowing oral administration of live recombinant viral vaccines. 
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C. Recombinant Adenovirus Vaccines: A Natural 
Mucosal Immunogen 

The use of vaccinia virus vectors is well advanced and 
their efficacy as recombinant vaccines has been demonstrated 
in numerous systems. Nevertheless, problems of toxicity 
may limit their acceptance for widespread use. Further, dis-
tinct viral vectors may be required for different pathogens 
and multiple vectors may be necessary to boost immunized 
individuals. The approach that we are investigating involves 
the use of recombinant human adenoviruses as potential vac-
cines. We have focused on the use of human adenovirus 
type 5 (Ad5). Ad5 is a nononcogenic virus that causes mild 
respiratory illness in humans (Rubin and Rorke, 1988). Hu-
man adenoviruses have been well characterized both geneti-
cally and biochemically, and methods to construct recombi-
nant vectors are well established (Graham and Prevec, 1990). 
One advantage to adenoviruses as vaccines is the fact that 
they may be administered orally, a vaccination route that 
may be critical in generating immunity to viruses that are 
transmitted mucosally (Couch et al, 1963). Indeed, a single 
oral administration of live adenovirus type 4 and 7 vaccine 
in enteric-coated capsules was shown to be safe and effective 
in suppressing adenovirus-induced acute respiratory disease 
in millions of United States military recruits without evidence 
of adverse reactions (Top et al, 1971a,b). From these studies 
we conclude a benign gut infection with adenovirus types 4 
and 7 induced neutralizing antibodies and protection of the 
lungs from infection with these viruses, thus supporting the 
concept of the common mucosal immune system (McDermott 
and Bienenstock, 1979). These results suggest that oral immu-
nization with adenovirus recombinants may induce mucosal 
immunity at distant mucosal sites such as the respiratory and 
genital tracts. 

Respiratory syncytial virus (RSV) is one of the leading 
causes of pediatric viral respiratory tract disease worldwide 
(Mclntosh and Chanock, 1985; Murphy et al, 1988). Conven-
tional approaches to RSV vaccine development have not 
been successful. For example, developing attenuated RSV 
strains for vaccination has not been possible and parenteral 
administration of formalin-inactivated RSV was associated 
paradoxically with enhanced disease after subsequent natural 
infection. Therefore, live recombinant vaccinia and adenovi-
ruses that express the glycoproteins of RSV were con-
structed. After intranasal inoculation of mice, vaccinia 
recombinants expressing the G protein of RSV generated 
antibody against RSV and protection against intranasal chal-
lenge (Stott et al., 1986). Intranasal administration to cotton 
rats of Ad5 recombinants capable of expressing RSV F glyco-
protein (Ad5-F) was shown to beΛ three- to fourfold more 
immunogenic than Ad5-F administered intraduodenally (Col-
lins et al., 1990). Interestingly, although administration of 
Ad5-F by either route did not induce detectable levels of RSV 
neutralizing antibodies, intranasal administration provided 
complete protection, whereas immunization by the intraduo-
dental route conferred incomplete but significant resistance. 
Additional studies (Hsu et al., 1991) demonstrated that re-
combinant adenovirus types 4 and 7 of RSV F glycoprotein 

protected dogs from challenge after intratracheal inoculation. 
Ferrets immunized intranasally with these vectors also 
showed an 80-100% reduction in challenge virus titer, despite 
the fact that neutralizing antibodies to RSV were not detected 
(Hsu et al, 1991). 

After intranasal administration, recombinant adenovirus 
capable of expressing vesicular stomatitis virus (VSV) glyco-
protein was shown to immunize and protect a number of 
animal species, including mice, dogs, calves, and piglets, 
from challenge with wild-type rhabdovirus (Prevec et al., 
1989). Moreover, oral hepatitis B virus (HBV) vaccines based 
on live recombinant adenovirus types 4 and 7 have been 
developed and shown to protect hamsters (Morin et al., 1987) 
and chimpanzees (Lübeck et al, 1989) from acute clinical 
disease following HBV challenge. 

Most of the studies concerning mucosal vaccination with 
recombinant viral vectors have focused on the generation of 
serum neutralizing antibodies and protection against chal-
lenge. Few studies have focused on the generation of mucosal 
Ig A or on the generation of antiviral cytotoxic T lymphocytes 
(CTLs) after mucosal vaccination. McDermott et al (1989b) 
have shown that recombinant adenovirus containing the gly-
coprotein B gene of herpes simplex virus (HSV) was able 
to protect mice from a lethal challenge with HSV-2. This 
protection appeared to be primarily T-cell mediated (McDer-
mott et al, 1989a). We used the same vector (AdHSVgB) to 
demonstrate that intranasal inoculation primed mice for the 
generation of anti-HSV CTLs. This anti-HSV CTL activity 
was detected in both the spleens and local lymph nodes of 
recombinant adenovirus-immunized mice (Gallichan et al, 
in press). Thus, we have shown that mucosal vaccination 
with a recombinant adenovirus vector primes mice for both 
a systemic and local T cell-mediated immune response. The 
stability of adenoviruses, as well as their ease of propagation 
and administration, holds promise that they may be highly 
suitable for widespread vaccination programs against muco-
sal infections. 

D. AIDS and STDs: The Challenge 
of Mucosal Immunity 

The World Health Organization has estimated that 80% of 
human immunodeficiency virus (HIV) transmission world-
wide is heterosexual. Heterosexual transmission is becoming 
increasingly important in developed countries as the epidemic 
progresses (Forrest, 1991). Most of the efforts on candidate 
HIV vaccines have concentrated on the systemic route of 
vaccination. However, since systemic and mucosal immune 
systems are compartmentalized, parenterally administered 
vaccines do not consistently induce mucosal immunity and 
are poorly effective against mucosal pathogens. This conclu-
sion was confirmed by the observation thatjhesus macaque 
monkeys immunized with whole inactivated SIV vaccines, 
which provide protection against low-dose intravenous chal-
lenge with cell-free SIV, did not protect against low-dose 
intravaginal challenge (Sutjipto et al, 1990). 

These results suggest that oral or locally administered vac-
cines may be necessary to induce effective immunity against 
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these sexually transmitted viruses, perhaps because of the 
common mucosal immune system that permits the generation 
of immune responses to mucosally presented antigens at dis-
tant mucosal surfaces (McDermott and Bienenstock, 1979). 
Initial studies have shown no signficant mucosal antibody 
response in gastrointestinal, salivary, or genital secretions of 
rhesus monkeys given microencapsulated inactivated whole 
SIV orally (Miller and Gardner, 1991). Interestingly, how-
ever, mice inoculated intravaginally with live virulence-
attenuated HSV generated intravaginal anti-HSV IgA and 
CTLs and were protected against intravaginal challenge with 
wild-type HSV-2 (McDermott et al., 1984). These studies 
suggest that live virus vectors that infect and replicate within 
the mucosa, particularly the genital mucosa, may induce 
strong local immune responses. 

Clearly, the ability of recombinant viral vaccines able to 
express SIV and HIV gene products after mucosal immuniza-
tion should be evaluated to determine whether genital muco-
sal immunity and protection against genital mucosal infection 
can be elicited (Miller and Gardner, 1991). In particular, 
examination of adenovirus recombinants, which are known 
to induce strong mucosal protective immunity in the lung 
after oral administration, or recombinants of HSV should be 
examined. Recombinant adeno-HIV (Prevec et al., 1991) 
and adeno-SIV have been produced. We demonstrated that 
adeno-HIV was able to induce a humoral immune response 
to HIV core proteins in mice and rhesus macaque monkeys 
(Prevec et al., 1991). We intend to utilize adeno-SIV recom-
binants in studies concerning the generation of mucosal im-
munity and protection from mucosal SIV challenge. The ur-
gency of our need for a vaccine against AIDS should serve 
as a major impetus for studies concerning the use of live 
recombinant viral vectors to generate mucosal immunity. 
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I. INTRODUCTION 

Adjuvants are agents that enhance immune responses. Ad-
juvants stimulate an immune response that is of greater mag-
nitude than the response that occurs when the antigen is 
given alone. Many if not most antigens yield only weak or 
poor immune responses when given by themselves. The need 
for strong and reliable adjuvants has been accentuated by 
modern molecular techniques that generate weakly immuno-
genic recombinant proteins or peptides from pathogens for 
use in vaccines, leading to a renewed interest in vaccine 
adjuvants, particularly those that can be used in humans 
(Hooper, 1991). Adjuvants have been shown to affect virtu-
ally every measurable aspect of antibody response, including 
the kinetics, duration, quantity, isotype, and avidity as well 
as the generation of neutralization or protection. Adjuvants 
have been shown to affect specificity of antibody responses 
as well, that is, they alter the selection of epitopes of complex 
antigens to which antibody will be directed (Hui et al., 1991). 
Adjuvants also can enhance the development of cell-mediated 
immunity, both delayed hypersensitivity mediated by CD4 
cells and cytotoxic lymphocyte responses mediated by CD8 
cells. However, the number of adjuvants that stimulate cell-
mediated immune responses tends to be smaller than the 
number of those that stimulate antibody formation. 

Although adjuvants have been used empirically by immu-
nologists for many years, the mechanisms by which they act 
are not well understood. Part of the problem has been that 
the adjuvants themselves have been very complex, making 
the evaluation of mechanisms difficult (Waksman, 1979). 
More highly purified molecules have been isolated from tradi-
tional adjuvants, for example, muramyl dipeptide from my co-
bacteria and monophosphoryl lipid A from endotoxin, simpli-
fying the dissection of their effects and making elucidation 
of the mechanisms more probable. The reader is referred to 
several reviews on adjuvants (White, 1967; Waksman, 1979; 
Warren et al,y 1986; Spriggs and Koff, 1991) for a detailed 
discussion, but a number of themes or concepts have emerged 
that will be addressed here. Waksman (1979) has made the 
point that one must define the target cell on which the adju-
vant acts, the distribution of the adjuvant in relation to the 
location of those target cells, the function of the target cell 
affected by the adjuvant, and the cellular and molecular mode 
of action of the adjuvant on the target cell. This information is 
either rudimentary or nonexistent for most adjuvants. Clearly 
the best understood adjuvants have a multiplicity of effects on 

immune cells and different adjuvants can have very divergent 
effects on the same cells. Potential mechanisms of adjuvant 
activity after systemic administration are shown in Table I. 
The possible effects of a given adjuvant are complex, may 
overlap, and are likely to be multiple. Many adjuvants are 
surface active agents or surfactants, but how this characteris-
tic translates into these cellular and molecular mechanism is 
unclear. 

Although many if not all of these mechanisms are likely 
to apply to mucosal adjuvants as well, there is a profound 
dearth of data and information on agents with mucosal adju-
vanticity. This is not because such agents are not needed, 
because it is remarkably difficult to deliberately immunize for 
mucosal responses. However, many pathogens either invade 
through or cause disease at mucosal surfaces. Aside from 
ease of administration by the mucosal route, mucosal immu-
nization has a distinct advantage. Unlike injectable forms of 
antigen, which confer primarily systemic immunity, mucosal 
immunization confers two types of immunity: systemic and 
mucosal. Mucosal immunity is responsible for protecting the 
mucosal surface of the host from pathogens and toxins, pri-
marily through the production of secretory Ig A. This anti-
body is elicited only by direct stimulation of mucosal 
lymphoid tissue. 

Most protein antigens are not only poor immunogens when 
given mucosally but, in fact, induce tolerance instead. Muco-
sal adjuvants must overcome this potential outcome of muco-
sal antigen exposure. (The reader is referred to other chapters 
in this volume that discuss in detail the mucosal immune 
system, oral immunization, and oral tolerance.) An important 
concept for this discussion is that of the common mucosal 
immune system, in which immunization of one mucosal sur-
face also sensitizes other mucosal surfaces at remote sites. 
This paradigm has formed the basis for a strategy of oral 
immunization in which the antigen is delivered into the intes-
tine, which has the greatest amount of mucosal lymphoid 
tissue, to prime the entire mucosal immune system. Such 
priming is followed by local mucosal or systemic boosting. 
The intestine is a very harsh environment for most antigens 
because of its intrinsic properties as a digestive organ. An 
antigen must survive luminal enzymes, bile salts, trapping 
by mucus, and propulsion by intestinal motility to be taken 
up by M cells in the follicle-associated epithelium and be 
delivered to the gut-associated lymphoid tissue (GALT). An-
tigen delivery systems and adjuvants are considered in sepa-
rate chapters of this volume, but this separation may not 
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Table I General Mechanisms of Adjuvant Action0 

Prolonged release of antigen over weeks, months 
Generation of inflammation, that is, macrophage (APC) activation 
Selective antigen localization in thymic dependent areas 
Increased uptake and presentation of antigen by accessory cells 
Alteration of antigen processing pathway; class I vs class II 
Stimulation of T helper cells, nonspecific or specific, Thl of Th2 
Stimulation of increased cytokine production 
Stimulation of B cell isotype switching, proliferation, differentiation 
Enhanced maturation of T and B cell precursors 
Elimination of suppressor cells 

a Adapted from Waksman (1979). 

reflect reality. Injections of antigen into Peyer's patches can 
generate Ig A responses (Andrew and Hall, 1982), so simple 
delivery of antigen into GALT may be sufficient to generate 
mucosal responses to some antigens. In addition, lipopoly-
saccharide (LPS) present in the gut lumen in large quantities 
may serve as an adjuvant locally in GALT. Once in GALT, 
antigens must undergo the various processing and presenta-
tion steps by accessory cells, presentation to helper T cells, 
stimulation of specific B cells, and so on. Each of these steps 
could potentially be affected by mucosal adjuvants. Different 
mucosal surfaces have different microenvironments, so mu-
cosal adjuvants may have different effects at different muco-
sal sites. 

The remainder of this chapter reviews current knowledge 
about mucosal adjuvants. The relatively sparse number of 
agents that are discussed and the relative paucity of informa-
tion about them illustrates how much need and opportunity 
exists for more work in this area. 

II. CHOLERA TOXIN AND ESCHERICHIA 
COLI HEAT-LABILE TOXIN 

Cholera toxin (CT) has been shown to enhance the immu-
nogenicity of relatively poor mucosal immunogens when 
mixed or conjugated together with them and given orally. 
Thus, CT and its B subunit (CTB) have generated a great 
deal of interest as potential adjuvants for oral vaccines (Dertz-
baugh and Elson, 1991). CT is one of the most potent mucosal 
immunogens yet identified. Its immunogenic properties 
(Pierce and Gowans, 1975; Pierce and Cray, 1982; Elson and 
Ealding, 1984a,b, 1985,1987), including prolonged mucosal 
memory (Lycke and Holmgren, 1986a), are exactly those 
desired for an effective oral vaccine. Whether these proper-
ties extend to the antigens for which CT acts as an adjuvant 
is unknown, but early data suggest that this does occur. 

The molecular structure of CT has been characterized ex-
tensively (Betley et al., 1986). This toxin is composed of A 
and B subunits. The toxigenic A subunit (28 kDa) is involved 
in the ADP-ribosylation of the adenylate cyclase regulatory 

protein Gs. The A subunit (CTA) is cleaved posttransla-
tionally into the Al and A2 peptides, the former of which is 
toxigenic. Crystallographic data on the closely reatled E. coli 
heat-labile toxin indicate that the A2 peptide mediates the 
association of the Al peptide with the binding subunits 
(Sixma et al., 1991). CTB is a homopentamer of five identical 
noncovalently associated subunits (11.6 kDa) that serve as 
the carrier for the A subunit. The CTB pentamer binds to 
the monosialoganglioside GM1 (Cuatrecasas, 1973) that is 
present on all nucleated cells, including intestinal epithelial 
cells. Such membrane binding may induce a conformational 
change that allows the Al peptide to penetrate the cell (Cua-
trecasas, 1973). The exact mechanism of entry is unknown, 
but may involve endocytosis and transcytosis in endosomes 
(Lencer et al., 1992). 

Enterotoxigenic strains of E. coli produce several types 
of heat-labile enterotoxin (LTs), some of which are highly 
homologous to CT and others that differ in their protein 
sequence and carbohydrate-binding specificities (Fukuta et 
al., 1988). LT-I toxin of E. coli, which is highly homologous 
to CT, has been used with success as an adjuvant (Clements 
et al., 1988). Although these two toxins will be discussed 
together and are assumed to be equivalent in this section, 
the protein sequence of LT-I B subunit does differ by 20% 
from CTB (Dallas and Falkow, 1980). Thus, the two proteins 
may have some different properties as mucosal adjuvants. 
Another toxin of interest is Shiga toxin, which has been 
demonstrated to elicit potent SIgA responses when adminis-
tered to the intestine and may show promise as yet another 
oral adjuvant (Keren et al., 1989). 

A. Cholera Toxin as a Mucosal Adjuvant: 
General Characteristics 

The initial demonstration of the adjuvant effects of CT 
was in studies on whether the feeding of CT resulted in oral 
tolerance. CT was fed to mice either alone or with the unre-
lated protein antigen keyhole limpet hemocyanin (KLH). CT 
did not induce oral tolerance to itself and, when both proteins 
were fed together, abrogated tolerance to KLH (Elson and 
Ealding, 1984a). At the same time, CT also induced an intesti-
nal SIgA response to KLH that did not occur when KLH 
was fed alone. The ability of CT to act as a mucosal adjuvant 
has been confirmed since by a number of other investigators 
with a variety of antigens (Table II). 

The ability of CT to act as a mucosal adjuvant depends 
on a number of parameters. To induce immunity to the target 
antigen, CT must be administered simultaneously with the 
antigen (Lycke and Holmgren, 1986b). In addition, both the 
antigen and CT must be administered by the same route, that 
is, mucosally. Giving CT and the antigen by different routes is 
not effective, suggesting that CT alters the mucosal lymphoid 
tissue in a manner that favors responsiveness to the antigens 
presented to it. Given orally, CT may provide the necessary 
signals that alter the regulatory environment of GALT from 
one of suppression to one of responsiveness. The dose of 
CT required for the adjuvant effect is not clearly defined, 
and may vary depending on the antigen involved. Although 
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very small amounts of CT suffice to potentiate the immune 
response to CTB, much larger amounts have been used to 
enhance mucosal responses to viruses. Because CT induces 
long-term immunological memory as an antigen (Lycke and 
Holmgren, 1986a), one might expect memory to be generated 
when CT is used as an adjuvant and recent data indicates 
that this is the case (Vajdy and Lycke, 1992). The adjuvant 
effect observed for CT also probably depends on the type of 
antigen administered. CT has been used with success orally 
with proteins and viruses, and parenterally as a vaccine car-
rier for polysaccharides (Robbins et al., 1989). Despite these 
successes, we and others have been unable to stimulate SIgA 
responses to ovalbumin when it is mixed and given orally 
with CT (Wilson et al., 1990; C. O. Elson, unpublished obser-
vation), so the adjuvanticity of CT may not apply to all anti-
gens. The suitability of a given antigen for this method will 
probably have to be determined empirically. The adjuvanti-
city of CT may be related to and dependent on its immunoge-
nicity: the response of mice to KLH given with CT orally was 
significantly higher in H-2 congeneic mouse strains, which are 
high responders to CT, than in strains that are low responders 
to CT (Elson, 1992). The LPS gene locus also seems to influ-
ence CT adjuvanticity (Elson, 1992). 

CT possesses the B- and T-cell epitopes required to elicit 
systemic immunity; as such, it has been used effectively as 
a carrier for several parenterally administered experimental 
vaccines (Queer al, 1988; Szu era/., 1989; Cry zetal., 1990). 
Clearly CT generates a strong mucosal and systemic response 
to itself when coadministered as an adjuvant. Whether the 
strong immunogenicity of CT will limit its effectiveness as 
an adjuvant has yet to be determined. 

B. Role of Cholera Toxin Subunits 
in Mucosal Adjuvanticity 

Although CT has definite mucosal adjuvanticity in mice, 
whether similar effects would occur in humans is not known. 
However, from a practical perspective, the use of holotoxin 
is not feasible in humans because of its toxicity (Levine et al., 
1983). One approach being explored to resolve this problem is 
the use of nontoxic B subunit instead. McKenzie and Halsey 
(1984) were the first to report that horseradish peroxidase 
(HRP) chemically conjugated to CTB elicited higher antibody 
levels in the gut and serum than were observed after feeding 
either HRP alone or an unconjugated mixture of HRP and 

Table II Use of Cholera Toxin as a Mucosal Vaccine Adjuvant 

Antigen0 

KLH 

KLH 

HRP 

HA 

HA 

FLU 

OVA 

OVA 

M 

I/II 

SV 

SV 

SV 

H. pylori 

PAc 

Route* 

po 

po 

po 

in 

po 

po 

po 

po 

in 

po 

po/in virus 

po/in virus 

po 

po 

in 

Form of CP 

CT 

CT 
CTB 
CTB 

CTB 

CT 

CT 

LT 
LT-B 

CT 
CTB 
CTB 

CTB 
CT 
CT 
CTB 

CT 

CT 

CTB 

Conjugation method** 

None 

None 
None 
Glutar 
None 

None 

None 

None 

None 
None 

Glutar 
Glutar 
SPDP 

SPDP 
None 
None 

Glutar 

Glutar 

None 

None 

Result 

+ 

+ 
-

+ + 
+ 

+ 

+ 

+ 

+ 
-

+ + 
+ 
+ 
-
+ 
+ 

-
+ 

+ 

+ 

Reference 

Elson and Ealding (1984a) 

Lycke and Holmgren (1986b) 

McKenzie and Halsey (1984) 

Tamura et al. (1988) 

Chen and Quinnan (1989) 

Clements et al. (1988) 

Van der Heijden et al. (1991) 

Bessen and Fischetti (1988) 

Czerkinsky et al. (1989) 

Nedrud et al. (1987) 

Liang et al. (1988) 
Liang et al. (1989b) 

Czinn and Nedrud (1991) 

Takahashi et al. (1990) 

a FLU, Whole influenza virus; KLH, keyhole limpet hemocyanin; OVA, ovalbumin; HRP, horseradish peroxidase; HA, hemagglutinin of 
influenza virus; I/II, surface antigen of S. mutans; M, conserved M protein epitope of group A streptococci; PAc, protein antigen of serotype 
c Streptococcus mutans; SV, Sendai virus. 

b Route of immunization: in, intranasally; po, per os. 
c CT, Cholera toxin; CT-B, B subunit of cholera toxin; LT, heat-labile enterotoxin of E. coli; LT-B, B subunit of LT. 
d None, mixed only; glutar, glutaraldehyde; SPDP, w-succimidyl-3,2-pyridyl dithiopropionate. 
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CTB. Since then, the use of CTB as a vaccine adjuvant has 
been examined by others with mixed success. In one report, 
mixtures of KLH and CTB were unable to stimulate immunity 
to KLH unless very small doses (<50 ng) of holotoxin were 
added (Lycke and Holmgren, 1986b); however, KLH conju-
gated to CTB was not tested. The use of CTB conjugates 
has been reported to be effective in some cases (Bessen and 
Fischetti, 1988; Tamura et al, 1988), but not in others (Liang 
et al., 1988; Czerkinsky et al., 1989). The poor responses 
that have been observed with CTB conjugates in some cases 
may be the result of the coupling procedure. The degree of 
cross-linking and the coupling procedure used can affect the 
immunogenicity of protein conjugates significantly (Verheul 
et al., 1989). Genetic fusion of peptides to CTB has been 
accomplished, generating chimeric neoantigens (Sanchez et 
al., 1988; Schodel and Will, 1989) that are immunogenic when 
fed to mice (Dertzbaugh et al., 1990). 

Few data are available to date on the role of the A subunit. 
In mice, the holotoxin is consistently more potent than the 
B subunit, both for immunogenicity and adjuvanticity. Liang 
et al. (1989a) concluded that GM1 binding but not toxic activ-
ity was necessary for the mucosal adjuvanticity of CT-Sendai 
virus conjugates. Conversely, Lycke et al. (1992) found that 
E coli LT with a single amino acid mutation in the A subunit 
(112Glu~*Lys) was unable to act as an adjuvant. This question 
remains to be answered. Further work is necessary to deter-
mine whether CTB can replace holotoxin as an adjuvant and 
to define the role of the A subunit. 

C Site of Adjuvant Activity 

The requirement for CT to be given at the same time and 
by the same route as antigen indicates that its adjuvant effect 
is exerted at the mucosal surface, but the exact site is un-
known. As discussed earlier, our current understanding is 
that the induction of mucosal immune responses occurs in 
GALT and requires the transport of antigen by specialized 
M cells into the underlying lymphoid follicles, where antigen 
processing and presentation to antigen-specific T cells and 
B cells presumably occurs. We assume that the adjuvant 
effect of CT is exerted in these lymphoid follicles, but we 
acknowledge that no direct evidence for this assumption ex-
ists. Gut epithelial cells can act as antigen-presenting cells 
(APCs) in vitro, although the functional effect ofthat presen-
tation has been suppression (Bland and Warren, 1986; Mayer 
and Schlien, 1987). Gut epithelial cells bind the great majority 
of CT and, in an immunohistochemical light microscopic 
study, CT was present within epithelial cells as well as within 
mononuclear cells in the underlying lamina propria (Hansson 
et al., 1984). In addition, CT has been reported to increase 
intestinal permeability to luminal antigens (Lycke et al., 
1991). Thus, the epithelium and the lamina propria are both 
possible sites for CT adjuvanticity. 

D. Antigen Uptake into Follicles 

One reason proposed for the effectiveness of CT and CTB 
as oral immunogens is their ability to bind to epithelial cells 

and thus persist at mucosal surfaces; the same may be true 
for their adjuvant function. Increased uptake into intestinal 
follicles may be an important mechanism by which CT po-
tentiates the immune response to particulate antigens to 
which it is conjugated. Colloidal gold particles 8-12 nm in 
size to which CT had been conjugated selectively localized 
to the M cells of the follicle-associated epithelium after being 
administered into the murine intestine (M. Neutra, personal 
communication), whereas soluble CT was bound diffusely to 
the microvillous surface of all enterocytes. This result sug-
gests that CTB bound to particles does not bind efficiently 
to GM1 ganglioside in the enterocyte brush border, perhaps 
because the particles do not efficiently penetrate the mucus 
coat (which is sparse over the follicle-associated epithelium) 
or because the GM1 ganglioside of M cells, with their less 
developed glycocalyx, may be more available to the particles 
than the GM1 ganglioside of the epithelial cell microvilli. 
This observation may pertain to the results of Liang et al., 
who found that GM1 binding but not toxic activity was neces-
sary for the mucosal adjuvanticity of CT-Sendai virus conju-
gates, and indicates that the mechanism of CT adjuvanticity 
for particulate antigens may be different from that for soluble 
antigens. 

E. Cellular Targets of Adjuvanticity 

1. Antigen-Presenting Cells 

Little is known about the mechanism of antigen processing 
in GALT. Mucosal antigens must be presented to T cells 
in the context of the appropriate major histocompatibility 
complex (MHC) Class II molecules (Elson and Ealding, 
1985). CT and CTB do not alter macrophage APC antigen 
uptake or processing in vitro (Woogen et al., 1987) or MHC 
Class II expression (Bromander et al., 1991). However, CT 
has been shown to stimulate the production of interleukin 1 
(IL-1) in vitro, an effect that may enhance antigen presenta-
tion (Lycke et al., 1989). Bromander et al. (1991) have pre-
sented evidence that part of CT adjuvanticity is the result of 
its potentiation of antigen presentation by enhanced IL-1 
production. Stimulation of APCs may be a major mechanism 
of CT adjuvanticity; however, the results obtained in vitro 
may not correspond with events in vivo with chronically 
stimulated APCs. 

2. T Cells 

After an exogenous antigen is taken up and processed 
by APCs, it is re-expressed on the cell surface as peptide 
fragments in association with MHC Class II molecules. The 
peptide fragments lie in a cleft in the MHC Class II molecule 
and the T-cell receptor recognizes both the foreign peptide 
and adjacent facets of the self MHC Class II molecule (Un-
anue and Cerottini, 1989). Such triggering of T cells is a 
critical step in the induction of immune response because T 
cells play an important regulatory role, both positive and 
negative, the outcome of which determines whether a re-
sponse occurs and, if so, how large it will be. The experimen-
tal basis for these statements rests on work done with sys-
temic lymphoid tissue, but the same also appears to hold true 
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for immune responses in mucosal tissues. Not only is the 
response to CT itself T cell dependent (Lycke et al., 1987), 
but it is also genetically restricted by MHC Class II molecules 
(Elson and Ealding, 1985; Elson and Solomon, 1990). The 
same rules are likely to apply also to protein antigens for 
which CT is acting as a mucosal adjuvant. 

Mucosal lymphoid follicles contain both CD4 helper cells 
and CD8 cytotoxic suppressor cells. Murine CD4 helper T 
cells have been subdivided further into Thl and Th2 subtypes 
based on the pattern of cytokines that they secrete (Mosmann 
and Coffman, 1989). The Thl helper cells secrete IL-2 and 
interferon y (IFN?) whereas Th2 cells produce IL-4 and IL-
5. The latter cytokines have been shown to be important 
in generating IgA responses in vitro (Murray et al., 1987); 
interestingly, this Th2 subtype may be expressed preferen-
tially in mucosal follicles such as Peyer's patches. Whether 
one or the other of these subtypes is stimulated preferentially 
by CT as an immunogen or as an adjuvant is currently un-
known and awaits study. CT appears to be able to stimulate 
the Th2 helper cell subtype in vivo because CT given orally 
stimulates not only a secretory IgA response but also an 
equally strong plasma IgGl anti-CT response, which are asso-
ciated with the Th2 function (Elson et al., 1988). 

Feeding CT to mice induced oral tolerance to DTH, but 
not for antibody responses to CT (Kay and Ferguson, 1989), 
suggesting that mucosal CT may inhibit the Thl cells but not 
Th2 cells. CT does inhibit Thl clones preferentially in vitro 
(Gajewski et al., 1990). However, as an adjuvant CT seems 
able to boost either Thl or Th2 responses. Xu Amano et al. 
(1993) found that CT augmented a predominant Th2 response 
when tetanus toxoid (TT) was given mucosally but also aug-
mented Thl responses when TT and CT were given together 
parenterally. Much needs to be learned about the effect of 
CT and CTB on cytokine expression by both CD4 and CD8 
T cells, effects that are likely to be extremely important in 
the net effect of these molecules in GALT. 

One hypothesis for the mucosal adjuvanticity of CT is that 
it may alter the T-cell regulatory environment within mucosal 
lymphoid follicles, for example, the inhibition of suppressor 
cells. The addition of both CT and CTB to lymphocytes in 
vitro is quite inhibitory (Woogen et al., 1987) and preferen-
tially inhibits the CD8+ T-cell subset (Elson et al., 1990). 
Some in vivo evidence in a graft vs. host system suggests 
that CT inhibits suppressor cells (Lange et al., 1978). Consis-
tent with this finding, we have found, in an adoptive transfer 
system, that feeding of KLH to mice generates suppressor 
T cells that inhibit both a secretory IgA and a plasma IgG 
response to KLH but that feeding of both KLH and CT 
eliminates this suppression (CO. Elson, S. P. Holland, M. 
Dertzbaugh, C. Cuff, and A. Anderson, unpublished data). 
The in vitro inhibition of T-cell activation by CTB has features 
that suggest that similar inhibition may occur in vivo because 
it can be accomplished with brief pulses lasting only minutes 
and the concentrations required should be achievable in vivo. 
These data collectively support the notion that regulatory 
inhibition of T-cell subsets is an important feature in both 
the mucosal immunogenicity and the adjuvanticity of CT. 

Most of the work done with CT has focused on the antibody 
response. Little is known about the delayed hypersensitivity 

(DTH) response to CT. In other systems, DTH responses 
are regulated independently of humoral responses, so one 
cannot extrapolate results with antibody responses to DTH. 
Supporting this point are data of Kay and Ferguson (1989a,b), 
mentioned earlier who found that feeding CT or its toxoid 
prior to systemic immunization induced oral tolerance for 
the DTH response but not for the antibody response to CT. 
Experiments with cell transfer indicated that this oral toler-
ance for DTH involved the induction of suppressor cells. 
Interestingly, the T cells that suppress DTH reactions are 
CD4+ whereas the T cells that suppress antibody responses 
are CD8+. Whether CT would have similar effects as a muco-
sal adjuvant, that is, induction of antibody but not cellular 
responses to a second antigen, is unknown. This attribute 
may be desirable for some vaccine candidates and undesir-
able for others, such as those for intracellular pathogens. 
This question will need to be addressed in each system to 
determine how DTH responses are affected by CT. 

3. B CeUs 

Many stages of B-cell development must be traversed be-
fore reaching the antibody-secreting plasma cell. The major 
steps of B-cell development, including isotype commitment 
or switching, clonal expansion, and terminal differentiation 
are all dependent on and regulated by various cytokines that 
act on B cells at defined stages of development (Tesch et 
al., 1986). For example, IgE and IgGl isotype production is 
enhanced preferentially by IL-4 (Snapper and Paul, 1987) 
and IgA isotype is enhanced by IL-5 (Murray et al., 1987) 
and by TGF/3 (Coffman et al, 1989). CT could affect any 
one or more of these steps. Precisely how CT interaacts with 
B cells or with the critical cytokines that regulate them has 
only just begun to be examined. 

CT may possess some pharmacological activity that drives 
B cells toward IgA-committed precursors. Lebman et al. 
(1988) have shown that CT given intraduodenally can change 
the isotype pattern displayed by Peyer's patch B cells primed 
for an unrelated hapten from IgM to IgG and IgA after 
antigen-dependent clonal expansion in vitro. CT appears to 
alter nonspecifically the responsiveness of Peyer's patch B 
cells to isotype switching signals present in the in vitro cul-
tures, perhaps by a direct effect on B cells or by the effect 
of CT on cytokine-mediated signals within the Peyer's patch. 
Lycke and Strober (1989) have shown that CT enhances the 
effect of both IL-4 and IL-5 on purified B cells stimulated 
by LPS in vitro. In the presence of CT, IL-4 enhanced IgGl-
producing B cells 3- to 4-fold; IL-5 had a similar effect on IgA-
producing B cells. These results suggest that CT promotes 
isotype switching of surface IgM+ B cells in synergy with 
interleukins, at least to a moderate extent, but determining 
the exact molecular mechanism involved awaits molecular 
genetic analysis. The interaction of CT and interleukins on 
B cells of GALT in vivo must be explored further to under-
stand the process that drives B cells to commit to a predomi-
nantly IgA isotype expression. 

Little information is available concerning the effects of CT 
on B-cell clonal expansion. Woogen et al. (1987), found that 
CT inhibited proliferation of purified B cells in vitro when 
they were stimulated polyclonally by either anti-IgM or LPS; 
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CTB inhibited B cells stimulated by anti-IgM but not by LPS. 
Lycke et al. (1989) also found that CT inhibited the B-cell 
proliferative response to LPS, but observed a mild stimula-
tory effect on B-cell proliferation relative to the control if 
the culture period was prolonged to 6 days and low doses of 
CT were used. The effects of CT on B-cell proliferation in 
vivo, particularly after the brief exposures expected there, 
remains to be determined. Certainly the large numbers of 
plasma cells producing anti-CT in the lamina propria after 
oral immunization with CT, which has been estimated at up 
to 5% of the total at the peak of the response, indicates that 
clonal expansion occurs and is vigorous in vivo. The effect 
of CT on terminal differentiation of B cells has yet to be 
examined. 

F. Summary 

Much remains to be learned about the mechanisms of CT 
immunogenicity and adjuvanticity, including the relative con-
tributions of the two subunits. The dose, timing, route, anti-
gen type, and genetic background of the host are all important 
variables. Indications are that the mechanism of CT adju-
vanticity involves multiple aspects of immune induction in 
the mucosa, including increased uptake of antigen; enhance-
ment of IL-1 production by APCs; altered regulation by T 
cells, especially inhibition of CD8 suppressor cells; stimula-
tion of B-cell switching to Ig A and IgG; and possibly, en-
hancement of B-cell clonal expansion. Different components 
of these multiple effects may be of more importance for some 
antigens than for others. 

III. IMMUNOSTIMULATING COMPLEXES 

Immunostimulating complex (ISCOM) is a term coined 
by Morein to describe 40-nm cage-like particles that form 
spontaneously on mixing cholesterol with the saponin, Quil 
A (Morein, 1987). Protein antigens can be incorporated in 
such particles, and the Quil A serves as a built-in adjuvant. 
The incorporation of the protein into ISCOMs is via hy-
drophobic interactions; however, a wide variety of proteins 
can be incorporated by palmitification of the protein before 
incorporation, or acidification to expose hydrophobic groups 
in conjunction with the addition of phosphatidyl choline 
(Morein et al., 1990; Mowat and Donachie, 1991). Much 
smaller amounts of antigen are effective in ISCOMs that are 
needed for oil adjuvants (Nagy et al., 1990). ISCOMs have 
been used effectively parenterally in a variety of species 
including mice, cats, sheep, cattle, and monkeys (Morein, 
1990). 

ISCOMs stimulate a strong antibody response in all immu-
noglobulin classes (Lovgren, 1988). They also strongly stimu-
late cell-mediated immunity, as measured by proliferative T-
cell responses and delayed hypersensitivity (Fossum et al., 
1990). Perhaps a unique feature of ISCOMs is their ability 
to induce CD8+ cytolytic T lymphocyte (CTL) responses. 
Thus, a single subcutaneous immunization of mice with 

ISCOMs containing either purified human immunodeficiency 
virus (HIV) gpl60 or influenza hemagglutinin resulted in 
priming of HIV-specific or influenza-specific CD8+ MHC 
Class I-restricted CTLs (Takahashi et al., 1990a). This result 
indicates that ISCOMs somehow cause exogenous proteins 
to enter the endogenous pathway of antigen processing. The 
Quil A component appears to be essential for this effect 
because it does not occur with simple liposomes or with free 
palmitified antigen (Mowat and Donachie, 1991). The ability 
of ISCOMs to stimulate cytolytic T cells may be unique 
among adjuvants and has generated much interest in this 
adjuvant system, particularly for vaccination against viral 
pathogens. 

Mucosal adjuvanticity of ISCOMs also has been demon-
strated, although in a limited number of studies to date. An 
experimental influenza virus vaccine administered intrana-
sally on two occasions generated high levels of antibody and 
protection against challenge infection that was equivalent to 
that after subcutaneous immunization (Lovgren et al., 1990). 
Mowat and colleagues have reported that administration of 
ovalbumin (OVA) in ISCOMs converts the response from 
the oral tolerance that is seen when OVA is fed alone to 
a state of antibody and cell-mediated immunity and, after 
repeated feeding, the generation of OVA-specific CTLs. 
After several administrations orally, strong secretory IgA 
antibody responses to OVA could be detected in intestinal 
washings. Thus, the oral administration of OVA in ISCOMs 
generated a wide spectrum of humoral and cellular immune 
responses (Mowat and Donachie, 1991; Mowat et al., 1991). 
Finally, parenteral immunization in the pelvic presacral space 
with sheep erythrocyte membrane proteins in ISCOMs gener-
ated significant IgA titers in vaginal fluid against this antigen 
in mice (Thapar et al, 1991). Thus, ISCOMs may be useful 
at a number of mucosal surfaces, and the mucosal route 
may help avoid the toxicity that has been observed after the 
parenteral use of these particulates in small animals. Such 
toxicity may limit the usefulness of this adjuvant. However, 
immunostimulatory but nontoxic fractions of Quil A have 
been identified that may reduce or eliminate this potential 
problem (Kensil et al., 1991). These early studies suggest that 
ISCOMs may be a very useful adjuvant system for generating 
mucosal responses. 

IV. BACTERIAL LIPOPOLYSACCHARIDE 
AND LIPID A 

The adjuvant activity of LPS was demonstrated first by 
Johnson et al. (1956). An unusual feature of its adjuvanticity 
relative to other agents is that it can be delivered at a site 
and a time different from antigen (Ulrich et al., 1991). LPS 
has multiple effects on the immune system, including the 
stimulation of macrophages and their production of cytokines 
such as IL-1 and colony stimulating factor (CSF), mitogenic-
ity for B cells, alteration of MHC Class II expression on 
APCs, the stimulation of IFNy production, and the stimula-
tion of delayed hypersensitivity (Ohta et al., 1982; Warren 
et al., 1986). Despite its potent adjuvant effects, LPS has 
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been used as an adjuvant only experimentally because of its 
toxicity. The lipid A component of LPS is its active moiety, 
that is, the administration of purified lipid A can reproduce 
all the toxic and biological effects of LPS (Chiller et aL, 
1973). 

Many studies have been done on chemical modifications 
of lipid A in an effort to find a less toxic but still immunostimu-
latory compound (Takayama et aL, 1981; Takada and Kotani, 
1989). Multiple such forms of lipid A have been produced 
and some have undergone fairly extensive testing as nontoxic 
but effective immunological adjuvants. One of these, mono-
phosphoryl lipid A, has been shown to have many of the 
adjuvant effects of lipid A or LPS itself, that is, it stimulates 
macrophages to release IL-1, tumor necrosis factor a 
(TNFa), and CSF, increases production of IFNy in vivo, 
and can increase the nonspecific resistance of mice to bac-
terial infection (Ulrich et aL, 1991). This material can be 
combined with other adjuvants and has been given safely to 
humans. 

Relatively little work has been done to test such lipid A 
derivatives as mucosal adjuvants. LPS increased serum anti-
body against inhaled bovine serum albumin (BSA) or OVA 
when it was included in the inhalant (Mizoguchi et aL, 1986), 
and enhanced the anti-BSA response after oral administration 
of BSA in liposomes (Ogawa et aL, 1986). These studies 
suggest that monophosphoryl lipid A may be an effective 
adjuvant at mucosal surfaces; however, its effects appear 
complex. Studies in rodents suggest that LPS depresses the 
response to certain antigens such as sheep red blood cells 
(SRBC) given orally; the administration of LPS to germ-free 
mice causes oral tolerance to SRBC when these were fed 
subsequently to the same mice (Michalek et aL, 1983a). In 
addition, the IgA immune responses in LPS-resistant C3H/ 
HeJ mice are greater than the responses of their LPS-
responsive C3H/HeN counterpart, suggesting that LPS in-
duces mucosal hyporesponsiveness in the latter (Babb and 
McGhee, 1980; Kiyono et aL, 1980,1982). Coadministration 
of LPS or lipid A orally with myelin basic protein (MBP) to 
rats enhanced the generation of oral tolerance to this antigen; 
in contrast, LPS given subcutaneously at the time of antigen 
feeding abrogated oral tolerance to MBP (Khoury et aL, 
1990). Other investigators have reported that administration 
of LPS intravenously to mice abrogates humoral (IgG) but 
not cellular (DTH) oral tolerance to OVA (Mowat et aL, 
1986). These studies illustrate that the effects of LPS or lipid 
A at mucosal surfaces are complex and require further study. 
The effect of LPS or lipid A on different forms of antigen 
and at various mucosal surfaces, including those that are not 
normally bathed in bacterial endotoxin, need to be defined. 
Because antigen and LPS or lipid A do not need to be given 
by the same route, combined parenteral and mucosal adminis-
tration may be effective in stimulating mucosal responses, 
as has been found in studies with Shigella LPS (Keren 
et aL, 1988). Finally, lipid A derivatives can be combined 
with other adjuvants. Such combinations may have much 
greater efficacy than lipid A alone. The availability of the 
nontoxic lipid A derivatives for use in humans makes a re-
examination of their mucosal adjuvant effects a high pri-
ority. 

V. BORDETELLA PERTUSSIS PERTUSSIGEN 

Bordetella pertussis whole cell bacteria have been used 
parenterally as a vaccine against pertussis and as an adjuvant 
for other antigens. Obviously this material is a complex mix-
ture, including LPS as well as variable amounts of pertussis 
toxin. Pertussis toxin (pertussigen) has been crystallized (Mu-
noz et aL, 1981) and its gene cloned (Locht et aL, 1986). 
This substance has many biological effects, probably related 
to its ability to bind to signal transducing G proteins in a 
diverse number of cell types. Pertussigen has been tested 
in purified form and was found to have adjuvant activity. 
Pertussigen particularly enhances the cell-mediated immune 
response as measured by increased delayed skin responses 
to soluble antigens and increased inflammatory responses 
such as footpad swelling after injection of Freund's complete 
adjuvant. These effects of pertussigen appear to be mediated 
through T cells because footpad swelling does not occur in 
athymic nude mice. Bordetella and pertussigen both increase 
IgG and IgE responses to antigens and have been reported 
to be able to abrogate humoral (Herzenberg and Tokuhisa, 
1982) and cell-mediated (Tamura et aL, 1985) tolerance to 
antigens in some systems, an effect of some interest for muco-
sal immunity because of the propensity for tolerance induc-
tion by antigen feeding. Similar to LPS or lipid A, pertussigen 
can be given by a different route and at a different time than 
antigen and still exert its adjuvant effects. 

The data on its mucosal adjuvanticity are sparse. One can 
induce IgE antibody responses to OVA in rats by feeding 
OVA and administering pertussigen either intradermally, in-
traperitoneally, or orally (Bazin and Platteau, 1976; Jarrett 
et aL, 1976). The IgE isotype is not one that vaccines usually 
are intended to induce, so the value of this ability of pertussi-
gen is questionable. Perhaps related to its ability to induce 
IgE responses or, alternatively, to induce DTH, immuniza-
tion with nematode worm antigens plus pertussigen stimu-
lated resistance to two different intestinal nematodes in ro-
dents (Murray et aL, 1979; Mitchell and Munoz, 1983). When 
SRBC antigen plus pertussigen was delivered to nasal mu-
cosa, a strong respiratory immunization in mice was induced 
(Birnabaum and Pinto, 1976). 

The propensity for this agent to produce adverse effects 
is a real concern. Bordetella pertussis vaccine has been asso-
ciated with severe reactions in humans, including encepha-
lopathy (Cavanagh et aL, 1981). These potential toxicities 
may be lessened by administration via a mucosal route; how-
ever, in the intestine, pertussigen has induced hypersecretory 
responses to some inflammatory mediators and neurotrans-
mitters and this responsiveness may be prolonged (Crowe et 
aL, 1990). These and other potential adverse reactions with 
pertussigen are likely to limit its usefulness as an adjuvant 
even by mucosal routes, except for experimental use. 

VI. AVRIDINE 

Avridine [Ν,Ν-dioctadecyl W,W-bis(2-hydroxyethyl)pro-
panediamine] is a synthetic lipoidal amine developed as an 
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inducer of interferon production. However, this molecule 
subsequently was found to possess properties that made it 
potentially useful as a vaccine adjuvant, especially as a muco-
sal adjuvant. Its adjuvant activity probably is related to its 
ability to stimulate interferon production and thus up-regulate 
antigen presentation by macrophages. 

When administered intraduodenally, avridine has been 
shown to enhance the uptake, localization, and retention of 
antigen in Peyer's patches (Anderson et al., 1985). One of 
the ways in which avridine may exert this effect is by slowing 
the rate of degradation of antigen, as has been observed for 
microcapsules. 

Avridine has been used to protect mice against aerosol 
challenge with Rift Valley Fever virus (Anderson etal.,\987). 
Formalin-inactivated virus was combined with avridine and 
administered either subcutaneously (sc) or intraduodenally 
(id). The use of avridine was found to stimulate production 
of both secretory Ig A and serum IgG. The response elicited 
by id administration was found to protect the mucosa from 
aerosol challenge, but also increased the predilection of the 
mice to develop encephalitis on parenteral challenge. Fur-
ther, the survival rate was only 62% for mice immunized id 
compared with a survival rate of 100% for mice immunized 
sc. The reason for this effect is not clear, but it suggests that 
mucosal vaccination can have both positive and negative 
consequences, depending on the agent and the adjuvant being 
used for vaccination. 

The effectiveness of avridine as an adjuvant reportedly is 
increased by incorporating it into liposomes (Pierce and 
Sacci, 1984). When avridine-containing liposomes were coad-
ministered with cholera toxin, the efficiency of priming for an 
anamnestic response increased 5- to 7-fold. No such adjuvant 
effect was observed for the liposomes alone. Interestingly, 
cholera toxin did not have to be incorporated into the lipo-
somes for this effect to occur. However, neither avridine nor 
the liposomes had any effect on the strength of the immune 
response to either primary or secondary exposure to cholera 
toxin. In general, most antigens have been found to elicit 
better immunity in GALT when packaged in liposomes. How-
ever, as described earlier, cholera toxin is a unique antigen 
with respect to mucosal immunity, and is not representative 
of most antigens administered orally. 

Somewhat surprising was the reported effectiveness of 
avridine as an adjuvant for influenza virus (Bergmann and 
Waldman, 1988). Coadministration of killed virus with 
avridine-containing liposomes orally was reported to enhance 
the IgA response in the respiratory tract. However, no anti-
body response was detected in the serum. This observation 
is unusual, since most mucosally administered vaccines elicit 
both secretory and systemic immunity. Further, most orally 
administered vaccines require boosting locally to stimulate 
appreciable secretory immunity in remote mucosal sites. 

An interesting study examined the effectiveness of avri-
dine as an adjuvant for eliciting secretory immunity in tears 
(Peppard et al., 1988). Dinitrophenyl (DNF)-Pneumococcus 
was coadministered with or without avridine-containing 
liposomes by ocular-topical (ot) or oral routes. When 
DNP-Pneumococcus was administered without avridine-
containing liposomes, whether administered to the eye or 

orally, IgA responses were detected in tears. However, the 
antibody response in tears was always greater by the ot route. 
In contrast to the results observed for respiratory IgA, the use 
of avridine-containing liposomes reduced the IgA antibody 
response found in tears, compared with antigen alone, when 
administered either ot or orally. However, the serum IgG 
response was increased slightly when avridine was coadmin-
istered with the antigen. 

In summary, avridine has shown some promise as a vac-
cine adjuvant, and currently is being used as an adjuvant 
for parenterally administered veterinary vaccines. Although 
avridine clearly is able to stimulate mucosal immunity at 
some sites, its ability to stimulate systemic immunity via 
mucosal immunization is less clear. 

VII. MURAMYL DIPEPTIDE 

Muramyl dipeptide (MDP; N-acetyl muramyl-L-alanyl-D-
isoglutamine) is derived from the cell wall of mycobacteria, 
is the smallest structural component of the cell wall that still 
retains adjuvant activity, and is one of the active components 
contained in Freund's complete adjuvant. The effectiveness 
of Freund's as an adjuvant for parenterally administered vac-
cines is well documented. Freund's has been used extensively 
for experimental vaccines and immunotherapy. Although 
several reports are available on the use of MDP as a mucosal 
adjuvant, the literature is not nearly as extensive as it is for 
parenterally administered vaccines. 

In several instances, oral administration of MDP has been 
used to stimulate nonspecific immunity to bacteria and to 
tumor cells. Oral administration of MDP to mice protected 
them against challenge with Klebsiella pneumoniae (Parant 
et al., 1978) and increased cytolytic activity after intravenous 
challenge with tumor cells (Okutomi et al., 1990). In both 
cases, the increase in nonspecific immunity was probably the 
result of induction of cytokines. MDP is known to be a potent 
inducer of IL-1, which can up-regulate macrophages and T 
cells. Although not directly relevant to mucosal immunity, 
these results do show that MDP is absorbed by the gut and 
suggest that it can affect the immunoregulatory environment 
of the mucosa-associated lymphoid tissue. 

MDP has been used as an adjuvant for intravaginal immuni-
zation in mice (Thapar et al., 1990a). Multiple large doses 
of horse ferritin were combined with aluminum hydroxide, 
muramyl dipeptide, monophosphoryl lipid A, or cholera 
toxin. Although MDP was not the most effective adjuvant for 
this route, it was shown to potentiate the secretory immune 
response to horse ferritin. Depending on the route of immuni-
zation chosen, the level and isotype of antibody to horse 
ferritin varied (Thapar et al., 1990b). Pelvic immunization 
induced greater IgA and IgG responses in the vagina than 
did intravaginal immunization. Although IgG responses were 
elevated only slightly relative to sc-immunized mice, the IgA 
response was elevated dramatically by pelvic immunization. 

MDP also has been used as an adjuvant for oral immuniza-
tion (Michalek et al., 1983b). Trinitrophenyl (TNP)-hapten-
ated whole cells or cell wall from the cariogenic bacterium 
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Streptococcus mutans combined with MDP was administered 
intragastrically to mice. MDP boosted anti-TNP IgA re-
sponses in LPS-responsive C3H/HeN mice, but not in LPS-
unresponsive C3H/HeJ mice. The salivary immune response 
to S. mutans whole cells or cell walls in gnotobiotic rats was 
augmented more than 2-fold when coadministered orally with 
MDP. The use of MDP in combination with S. mutans re-
sulted in a significant reduction in bacterial colonization of 
the tooth surface and number of carious lesions produced 
(Morasaki et al., 1983). MDP augmented the mucosal immune 
response to Neisseria gonorrhoeae major outer membrane 
protein when given into the intestine or injected directly into 
Peyer's patches (Jeurissen et al., 1987). Lipophilic deriva-
tives of MDP have been synthesized and tested for their 
mucosal adjuvanticity. Some enhanced the mucosal response 
of rats to the soluble protein BSA when coadministered in 
saline; others were active only when incorporated with anti-
gen in liposomes (Ogawa et al., 1986). 

The observations just discussed suggest that MDP can be 
taken up by mucosal surfaces and can stimulate both secre-
tory and systemic immunity to antigens coadministered with 
it. The mechanism of action at these sites is unknown, but 
is probably due, at least in part, to the ability of MDP to 
induce IL-1 production and increase processing and presenta-
tion of antigen by macrophages. 

VIII. MISCELLANEOUS ADJUVANTS 

Many different compounds have been examined for their 
potential to act as adjuvants. In general, the literature on the 
use of these compounds as mucosal adjuvants is sparse. Items 
included on this list are nonionic block copolymers, vitamin 
A, synthetic double-stranded polyribonucleotide complexes 
such as poly I : C (an interferon inducer), polyacrylic com-
pounds, glucan analogs, pyran copolymers, and proteosomes 
(peptide-multimeric protein complexes). The utility of these 
compounds has yet to be established, although these and a 
number of others appear interesting. 
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I. ROLE OF SECRETORY IgA IN INTESTINAL 
PROTECTION: UNRESOLVED ISSUES 

A. Current Views of the Role of IgA 

Secretory IgA is the major class of immunoglobulin found 
in the secretions bathing mucosal surfaces in the normal 
gastrointestinal tract, in part because immunoglobulin trans-
port across epithelial surfaces into secretions is a receptor-
mediated process requiring specific interaction of polymeric 
immunoglobulins (primarily dimeric IgA) with the polymeric 
immunoglobulin receptor (Kraehenbuhl and Neutra, 1992a; 
Mostov et al., 1980,1984). In addition, monomeric IgG that 
enters secretions through fluid-phase transport or paracellu-
lar leakage is degraded readily by proteases in the intestine, 
whereas dimeric or polymeric SIgA resists hydrolysis (Lindh, 
1975). Since SIgA has at least four antigen binding sites, it 
should be more effective than IgG in forming microbe-
antibody complexes and aggregating intestinal pathogens. 
Whether the polymeric nature of slgA is essential to its pro-
tective function, however, has not been proven. 

The mechanisms by which IgA may prevent epithelial con-
tact and mucosal disease are discussed in detail in Chapter 11 
but are summarized here to provide background for specific 
studies using monoclonal Ig As. Bacteria aggregated by IgA 
may be unable to exploit motility and chemotactic mecha-
nisms to move through mucus and toward epithelial targets 
(McCormick et al., 1988). Aggregates of bacteria, viruses 
and macromolecules would be cleared efficiently from the 
lumen by peristalsis, and clearance is thought to be enhanced 
by entrapment of IgA-microbe complexes in the interstices 
of the mucus gel (Neutra and Forstner, 1987). Although a 
specific interaction of IgA and mucus glycoproteins has been 
proposed (Creeth, 1978), it has not been confirmed in studies 
using highly purified mucins (Crowther ei al., 1985). Evidence 
also suggests that IgA can protect epithelial surfaces by spe-
cifically blocking the microbial adhesins required for attach-
ment (Williams and Gibbons, 1972). This hypothesis has been 
difficult to test, however, since most bacteria can use multiple 
adhesion mechanisms, and polyclonal SIgAs in secretions 
are directed against multiple antigens and epitopes. This idea 

is difficult to prove even with monoclonal Ig As, because 
the large size of dimeric or polymeric immunoglobulins may 
sterically hinder microbial binding sites even when directed 
against a nonadhesive component. 

Secretory IgA has been found, in most studies, to lack 
complement-fixing, opsonizing, and direct bacteriocidal ac-
tivity (Mestecky, 1988; Childers et al., 1989; Kerr, 1990). 
These characteristics are consistent with its function in the 
external milieu, usually in the absence of serum proteins and 
macrophages. On the other hand, SIgA in the lumen may 
interact with molecules in milk such as lactoferrin and lacto-
peroxidase and enhance their bacteriocidal activities (Arnold 
et al., 1980; Tenovuo et al., 1982). In addition, evidence 
suggests that SIgA can enhance antibody-dependent cytotox-
icity by mucosal lymphocytes, and has been suggested to 
somehow "arm" lymphocytes in the lumen and thus promote 
direct killing of bacteria (Tagliabue et al., 1985). 

B. Importance of Specific Ig As in Protection 

Testing of these ideas has been hampered by the limited 
availability of specific dimeric IgAs in quantities sufficient 
for in vivo and in vitro experimentation. Monoclonal IgA 
antibodies were generated against viral pathogens that colo-
nize and invade mucosal surfaces of the respiratory system 
(see Chapters 29 and 30). These reagents were used to show 
that IgAs can indeed provide protection against airway infec-
tion and subsequent pulmonary disease, whether applied pas-
sively to mucosal surfaces (Mazanec et al., 1987) or secreted 
actively into the airways after intravenous injection (Renegar 
and Small, 1991). Passive application of corresponding mono-
clonal IgGs also was protective, however, suggesting that 
the dimeric nature of IgA may be important only in insuring 
transepithelial delivery and increasing protease resistance. 
On the other hand, precisely measuring local concentrations 
of secreted immunoglobulins in the microenvironment of epi-
thelial surfaces and within the mucus coat requires special 
techniques (Haneberg et al., in press). Experiments often 
involve application of large amounts of exogenous antibodies 
to the luminal side of the mucus blanket. 
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In the intestine, abundant evidence is found that SIgA in 
secretions is associated with protection against enterotoxi-
genic and invasive enteric pathogens (Levine et al., 
1983,1988), but whether SIgA alone can provide such protec-
tion has not been clear. Transport of enteric bacteria and 
viruses by M cells and subsequent "sampling" by cells in 
organized mucosal lymphoid tissues generally results in pro-
duction of both IgG- and IgA-producing cells, and in some 
cases also induces cell-mediated immunity. After oral immu-
nization or natural disease, the presence of all these types 
of immune protection, as well as nonimmune protection 
mechanisms, complicates the analysis of IgA action. In addi-
tion, the SIgA response in vivo is polyclonal and, although 
the antigen specificities have been documented partially, in 
some cases (Sears et al., 1984; Svennerholm et al., 1984; 
Cancellieri and Fara, 1985; Tacket et al., 1990), little informa-
tion is available concerning the exact epitopes that are present 
after intestinal passage and M cell transport and that are most 
immunogenic in the mucosa (for review, see Kraehenbuhl 
and Neutra, 1992b; Neutra and Kraehenbuhl, 1992). Finally, 
the relative protective capacities of individual SIgAs have 
not been tested systematically or compared in the intestinal 
system. These issues must be addressed for each of the many 
bacterial, viral, protozoal, and parasitic pathogens that colo-
nize the intestinal lumen, infect the intestinal mucosa, or use 
the intestinal epithelium as an invasion route. 

C Role of IgA in Modulating the Mucosal 
Immune Response 

Secretory IgA antibodies in mucosal or glandular secre-
tions are able to bind to the apical membranes of M cells 
in follicle-associated epithelia and enter organized mucosal 
lymphoid tissue from the lumen by M-cell transepithelial 
transport (Roy and Varvayanis, 1987; Weltzin et al., 1989). 
This transport allows secretory IgA and slgA-antigen com-
plexes to interact with lymphocytes and antigen-presenting 
cells that express IgA binding sites. IgA binding sites (FcA 
receptors) on T- and B-cell subsets have been detected in 
peripheral and mucosal lymphoid tissue from several species 
(Kerr, 1990). Once transported into organized mucosal 
lymphoid tissue, IgA antibodies (associated or not with anti-
gen) could mediate several functions. First, they may modu-
late the immune response in the organized mucosal lymphoid 
tissue: polymeric but not monomeric IgA is known to up-
regulate FcA receptors on cloned T cells (Kiyono and 
McGhee, 1987). Some of the T cells in Peyer's patches ex-
pressing FcA receptors are able to function as helper cells, 
increasing the number of IgA-positive B cells (Kiyono et 
al., 1984). Pre-incubation of these T helper cells with IgA, 
however, blocks this response (Kiyono et al., 1985). Second, 
since antigen-SIgA complexes are transported across M cells 
into the underlying lymphoid tissue (Weltzin et al., 1989), 
FcA receptors on antigen-presenting cells (B cells and macro-
phages) may facilitate uptake and processing of antigens. 
In this way, re-uptake of secreted IgA may constitute an 
amplification loop, enhancing the immune response and con-

tributing to secondary responses. Finally, IgA re-uptake by 
M cells may regulate an immune response through the idioty-
pic network. Anti-idiotypic IgA antibodies in glandular and 
mucosal secretions could follow the M-cell uptake pathway 
to prime the mucosal immune system actively. Such a mecha-
nism has been proposed to explain why breast-fed infants 
that acquire the IgA repertoire of their mothers via milk 
respond to parenteral or peroral vaccines (Hanson et al., 
1990). Whether the anti-idiotypic network can be used in 
mucosal vaccine strategies remains to be established. 

II. GENERATION AND ANALYSIS OF 
MONOCLONAL IgA 

A. Development of Methods for Production 
of IgA Hybridomas 

Conventional systemic immunization methods followed by 
fusion of spleen cells with myeloma cells yields IgA hybrido-
mas only rarely. We now recognize that mucosal immuniza-
tion, and the isotype switch that occurs under the influence 
of specific cytokines in the organized mucosal lymphoid tis-
sue, is a prerequisite for generation of IgA-committed 
lymphoblasts (Kiyono et al., 1984; McGhee et al., 1989). 
These lymphoblasts are known to migrate from inductive 
sites in the mucosa to regional mesenteric lymph nodes, to 
proliferate and there to return via the bloodstream to mucosal 
effector sites (Craig and Cebra, 1971). Several investigators 
have exploited this migration phenomenon to obtain IgA hy-
bridomas. For example, IgA hybridomas were generated by 
fusion of spleen cells from mucosally immunized mice (Col-
well et al, 1986; Mazanec et al., 1987). Fusion of cells from 
mesenteric lymph nodes and thoracic duct lymph (Styles et 
al., 1984; Rits et al., 1986) or a mixture of cells from mesen-
teric lymph nodes and Peyer's patches (Komisar et al., 1982) 
also yielded significant numbers of IgA hybridomas. We have 
found that fusion of Peyer's patch cells alone provides a 
very efficient means of generating IgA hybridomas, and that 
immunization by gastric intubation or intraluminal injection 
alone, without intraperitoneal priming, is effective (Weltzin 
et al., 1989; Winner et al., 1991; Michetti et al., 1992; Apter 
et al., 1993a). In our experience, direct injection into Peyer's 
patch tissue is less effective, presumably because the immune 
response is most efficient when M cells deliver the immuno-
gens directly to organized assemblies of antigen-processing 
and presenting cells (Ermak et al., 1990). Cells are isolated 
5 days after the last peroral immunization by excision of 
Peyer's patch mucosa and digestion in collagenase, followed 
by maceration of the tissue. Released cells are fused with 
mouse myeloma cells using standard procedures. In our 
hands, at least 50% of the pathogen- or antigen-specific hy-
bridomas generated by this method are of the IgA type. When 
Salmonella typhimurium was used as mucosal immunogen, 
all 48 stable anti-Salmonella hybridomas obtained produced 
IgA antibodies (Michetti et al., 1992). 
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B. Evaluation of Monoclonal Ig As 

The antigen specificities of mucosally derived IgA antibod-
ies are determined using standard immunochemical assays 
such as enzyme-linked immunosorbent assay (ELISA), 
Western immunoblot, and immunoprecipitation. Before eval-
uating their function in protection, however, these antibodies 
must be shown to be structurally and functionally analogous 
to the IgAs produced by normal subepithelial plasma cells. 
To verify the molecular forms of IgA produced, antibodies 
concentrated from IgA hybridoma supernatants are separated 
by gradient SDS-PAGE under nonreducing conditions and 
visualized by immunoblot analysis (Weltzin et al., 1989; Win-
ner et al., 1991). We have found that almost all IgA hybrido-
mas derived from Peyer's patch cells produce IgA primarily 
in dimeric form, with some monomers and higher polymers. 
IgAs metabolically labeled in hybridoma culture, when in-
jected intravenously into rats, were transported efficiently 
into bile and recovered as dimers and polymers with molecu-
lar weights that increased by an amount consistent with the 
addition of secretory component (SC) during transport across 
hepatocytes (Weltzin et al., 1989). This result confirms that 
the monoclonal IgAs are recognized by polymeric immuno-
globulin receptors and can be transported into secretions, 
either by hepatocytes and epithelial cells in vivo or by epithe-
lial cells in culture, as described subsequently. 

III. EXPERIMENTAL METHODS FOR TESTING 
PROTECTIVE FUNCTIONS OF 

MONOCLONAL IgA 

A. Passive Oral Administration in Vivo 

SIgA functions on mucosal surfaces. Passive application 
of monoclonal IgA or IgG antibodies to respiratory mucosa 
provides protection against viral infection. Thus, assuming 
that oral ingestion of specific IgAs might protect against en-
teric infections seems reasonable. The environment of the 
gastrointestinal tract lacks the specific IgA proteases pro-
duced by certain respiratory pathogens, but is extremely rich 
in digestive proteases that readily degrade IgG and mono-
meric IgA (Brown et al., 1970; Underdown and Dorrington, 
1974; Lindh, 1975). Secretory polymeric IgA is relatively 
resistant to these enzymes; secretory IgA of human milk can 
survive the stomach and intestine since it can be recovered 
from feces (Cancellieri and Fara, 1985; Hanson et al., 1990). 
Ingestion of human milk from orally immunized mothers that 
contained natural polyclonal secretory IgA against Vibrio 
cholerae lipopolysaccharide (LPS) has been shown to protect 
infants against cholera (Glass et al., 1983). 

Monoclonal IgA lacks secretory component, however, and 
would be degraded more readily in the gastrointestinal tract 
(Underdown and Dorrington, 1974; Lindh, 1975). Although 
dimeric IgA is more stable than monomeric IgG, the exact 
survival time of dimeric monoclonal IgA without SC in the 
human stomach and intestine is not known. A more difficult 

problem is that of achieving effective predictable antibody 
distribution over the lining of the entire 4.5 m of human 
intestine after an oral dose, and correctly timing the oral IgA 
to coincide with local microbial challenge. Whereas normally 
secreted IgA antibodies are delivered into intestinal crypts 
and directly onto epithelial surfaces, orally administered IgA 
might never reach these sites. Despite these concerns, evi-
dence suggests that oral monoclonal IgA can protect the 
intestinal mucosa passively. For example, studies in our labo-
ratories showed that, in suckling mice (in which protease 
activity is low), a single oral dose of monoclonal IgA provided 
passive protection against viral and bacterial challenge for 
up to 3 hr. Further, human serum immunoglobulins (primarily 
IgG), fed with infant formula, appeared to prevent intestinal 
disease in high risk infants (Eibl et al., 1988). 

B. Hybridoma "Backpack" Tumor Method 

To achieve continuous widespread delivery of monoclonal 
IgA into secretions, we took advantage of the facts that hy-
bridoma cells can form immunoglobulin-producing tumors in 
vivo (Harris et al., 1982) and that circulating dimeric IgA 
binds to epithelial pig receptors and is transported into secre-
tions (Jackson et al., 1977). Serum antibodies can diffuse 
readily to IgA-transporting epithelial cells in the liver and 
intestine because capillaries in these tissues are fenestrated 
(with the exception of Peyer's patches; Allen and Trier, 1991). 
When IgA-producing hybridoma cells are injected subcuta-
neously on the upper backs of adult BALB/c mice, well-
organized tumors with blood and lymphatic vessels form 
within 1-2 weeks. In newborns, the cells grow in a more 
dispersed fashion under the loose dorsal skin. In adult mice, 
increasing levels of specific monoclonal IgA in serum were 
shown to be accompanied by increasing levels in secretions 
(Winner et al., 1991). In contrast, antibodies from IgG-
producing hybridoma tumors enter secretions in low amounts 
despite very high blood levels. Thus, with the IgA hybridoma 
backpack tumor method, monoclonal IgA can be delivered 
continually into secretions via the physiological route, with 
addition of secretory component. Mice bearing hybridoma 
tumors are not strictly analogous to normal immunized mice 
secreting endogenous IgA, however. In a normal mucosal 
immune response, dimeric IgA is produced locally by subepi-
thelial plasma cells and blood levels of IgA are relatively low 
(Mestecky, 1988) whereas, in ''backpack" mice, blood and 
tissue levels of monoclonal antibody may be very high (Win-
ner et al., 1991). This method nevertheless allows for assess-
ment of the protective capacities of specific SIgA antibodies 
in the absence of other immune protection mechanisms, and 
has been applied in studies of several pathogens that can 
colonize or invade the mouse intestine. 

C. Epithelial Monolayers in Vitro 

The development of improved epithelial cell culture sys-
tems and the availability of well-characterized lines of human 
intestinal epithelial cells have opened the way for new in 
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vitro approaches to analysis of mucosal immune protection. 
Certain cell lines and subclones derived from human colon 
carcinomas form confluent polarized monolayers in culture 
that display many of the features of the normal differentiated 
intestinal epithelium (Rousset, 1986; Huet et al., 1987; Ma-
dara et al., 1987; Neutra and Louvard, 1989). Although these 
cell lines do not strictly replicate normal cell phenotypes and 
do not reproduce the complex microenvironment of mucosal 
surfaces, they provide valuable models in which to test the 
interactions of microbial pathogens and toxins with epithelial 
cells and the ability of IgA to prevent these interactions. 

Confluent MDCK (Madin-Darby canine kidney) cells and 
Caco-2 (human colon carcinoma) cells have been used to 
evaluate Salmonella factors involved in attachment and inva-
sion (Finlay et al., 1988; Finlay and Falkow, 1990; Lee and 
Falkow, 1990). Studies in our laboratories have shown that 
monolayers of subcloned HT29 cells, representing either ab-
sorptive cell or goblet cell phenotypes in various stages of 
differentiation, also can be infected by S. typhimurium. The 
presence in the apical medium of specific monoclonal IgAs 
directed against a surface component of S. typhimurium sig-
nificantly reduced epithelial infection in both MDCK and 
HT29 cells. Relatively high concentrations of antibody were 
required, however, perhaps because the nonimmune protec-
tion mechanisms such as peristalsis and clearance that oper-
ate in concert with IgA in vivo are not present in vitro. 

In other studies, monoclonal IgA directed against the B 
subunit of cholera toxin protected confluent polarized T84 
cell monolayers against toxin binding, and thus also pre-
vented the toxin-induced chloride secretory response (Apter 
et al., 1991). Some epithelial cell lines or clones express 
endogenous polymeric immunoglobulin receptors and are ca-
pable of vectorial IgA transport (Roa et al., 1987); others 
can be transfected with receptor cDNA to induce receptor 
expression (Hirt et al., 1992). This approach allowed testing 
of epithelial protection during active IgA secretion in vitro 
(Mazanec et al., 1992). In addition, this model has been used 
to demonstrate transport of IgA immune complexes from the 
basolateral to the apical compartment, suggesting that IgA 
secretion may serve to clear antigens or pathogens from the 
interstitial compartment (Kaetzel et al., 1991). 

IV. EVALUATION OF IgA PROTECTION 
AGAINST ENTERIC PATHOGENS 

A. Vibrio cholerae 

Vibrio cholerae causes disease by colonizing the epithelial 
surface of the intestinal mucosa and secreting cholera toxin 
that binds with high affinity to a specific ganglioside, GM1, 
in cell membranes. Entry of vibrios into the luminal microen-
vironment is associated with expression of the ToxR gene 
product, which in turn regulates several other genes including 
those involved in adherence, colony formation, and toxin 
production (Taylor et al., 1987; Miller et al., 1989). Vibrio 
cholerae infection or immunization with bacterial cells and 
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toxin evokes SIgA directed against both toxin and bacterial 
surface components including LPS. SIgA secretion is associ-
ated with protection against subsequent challenge (Cash et 
al., 1974; Levine et al., 1983; Svennerholm et al., 1984). The 
relative importance of specific IgAs in protection, however, 
was not established. Both cholera toxin and V. cholerae bind 
to M cells and are transported efficiently into Peyer's patch 
mucosa, so both would be expected to evoke specific IgA 
lymphoblasts. We used such cells to generate hybridomas 
that produce monoclonal IgAs directed against a strain-
specific carbohydrate epitope of bacterial LPS that is exposed 
on the bacterial surface (Winner et al., 1991), and against 
the binding subunit of cholera toxin (CTB) (Apter et al., 
1991). We then tested the protective capacities of these IgAs 
against virulent organisms and toxin in vivo and in vitro (Apter 
etal., 1991). 

Using the hybridoma backpack tumor system in suckling 
mice, we showed that secretion of monoclonal SIgA directed 
against a single Ogawa strain-specific LPS epitope protected 
mice against oral challenge with 100 times the LD50 of virulent 
Ogawa organisms (Winner et al., 1991). Protection was spe-
cific, since mice were not protected by secretion of irrelevant 
IgAs and anti-LPS tumors failed to protect against virulent V. 
cholerae of the Inaba strain (Winner et al., 1991). Secretion of 
anti-CTB IgA from hybridoma tumors, in contrast, failed 
to protect against the same challenge (Apter et al., 1991), 
presumably because anti-LPS IgA effectively aggregates vib-
rios in the lumen and prevents colonization (Manning, 1987) 
whereas antitoxin IgA permits colonization. Once colonies 
are established, the secreted antitoxin IgA may not be of 
sufficient concentration or affinity to intercept toxin secreted 
directly into the enterocyte glycocalyx on the mucosal sur-
face. In addition, SIgA may not diffuse readily into the extra-
cellular pilus-rich matrix of established bacterial colonies. 

The same monoclonal IgAs were tested for their ability 
to provide passive oral protection against live organisms or 
purified toxin. Oral administration of a single dose of as little 
as 5 μ% anti-LPS IgA prevented V. cholerae-inaucea diarrheal 
disease, but only when the bacterial challenge was given 
within 3 hr of the IgA (Apter et al., 1991), confirming the 
need for repeated administration or continuous secretion of 
IgA to compensate for peristalsis and clearance. Oral delivery 
of up to 80 pg antitoxin IgA failed to protect against live 
vibrios, but did provide some protection against oral chal-
lenge with the ED50 (5 /*g) of toxin alone. Collectively, these 
studies indicate that anti-LPS SIgA is much more efficient 
than antitoxin SIgA in providing protection against virulent 
V. cholerae. This result is consistent with evidence from oral 
cholera vaccine trials in which antibodies against the bacterial 
cells were found to be an important component in protection 
(Levine et al., 1988; Holmgren et al., 1989; Kaper, 1989). 

B. Salmonella typhimurium 

Salmonella typhimurium infection in mice is analogous to 
Salmonella typhi infection (typhoid fever) in humans. Both 
cause lethal systemic disease by invading the intestinal mu-
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cosa via the M cells of Peyer's patches and also via entero-
cytes (Takeuchi, 1975; Hohmann era/., 1978; Kohbata, 1986) 
and then spreading via the bloodstream to the liver, spleen, 
and other organs. We used this model to test whether secre-
tory IgA alone can prevent infection of the mucosa by an 
invasive organism and hence prevent systemic disease (Mi-
chetti et aL, 1992). Hybridomas were generated after oral 
immunization of BALB/c mice with attenuated mutant 
strains of S. typhimurium and 48 stable IgA-producing cell 
lines were obtained. One of these, called Sal 4, produced 
monoclonal dimeric IgA directed against a surface carbohy-
drate epitope present on wild-type organisms. 

Sal 4 IgA was tested for protection in adult mice using the 
hybridoma backpack tumor method (Michetti et aL, 1992). 
As control, a S. typhimurium mutant was identified and char-
acterized that lacked the epitope and "escaped" IgA-medi-
ated aggregation in vitro, but was nevertheless fully virulent. 
Backpack tumor-bearing mice challenged with wild-type or-
ganisms were protected against systemic disease, whereas 
those challenged with the "escape" mutant were infected 
consistently. When using this method with invasive organ-
isms, however, recall that abnormally high levels of specific 
IgA are present in the blood and tissues of tumor-bearing 
mice that might provide protection after invasion has oc-
curred. Mice with Sal 4 tumors, however, were not protected 
against intraperitoneal challenge with S. typhimurium. Fur-
ther, tumor-bearing mice showed a dramatic decrease in S. 
typhimurium recovered from Peyer's patch mucosa. Thus, 
secreted monoclonal IgA, not the circulating antibody, pro-
vided the protection observed. These experiments confirm 
that SIgA protects by preventing access of organisms to the 
mucosal surface. 

C Quantitative Aspects of IgA Protection 

New approaches such as monoclonal IgA antibodies in 
vitro and a novel "wick" method for sampling of undiluted 
fluids from mucosal surfaces (Haneberg et aL, in press) can 
now be used to estimate the concentrations of IgA required 
to protect mucosal surfaces in vivo. For example, 4-5 dimeric 
IgA molecules per cholera holotoxin, or one antibody dimer 
per B subunit, were required to protect cultured monolayers 
of T84 enterocytes against toxin-induced chloride secretion 
(Aptereia/., 1991). However, approximately 500,000 specific 
monoclonal IgA molecules per bacterium were required to 
protect MDCK cell monolayers against Salmonella typhimu-
rium (Michetti et aL, 1992). Specific IgA concentrations at-
tained in vivo may also be in the /zg range. Undiluted mucous 
secretions harvested by wicks directly from the surface of 
the small intestinal mucosa of cholera toxin-immunized adult 
mice contained up to 80 /xg/ml of specific anti-cholera toxin 
IgA. In mice bearing IgA hybridoma tumors, 10 to 15 μgl 
ml of monoclonal IgA antibody was measured in the same 
secretions. Lower IgA concentrations could be protective in 
vivo when nonspecific protection mechanisms such as mucus 
and peristaltic clearance are also at play. 
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V. STRATEGIES FOR PRODUCTION OF 
ENGINEERED SECRETORY IgA 

In the studies described earlier, monoclonal IgA was ad-
ministered passively to mucosal surfaces or delivered into 
secretions of BALB/c mice from hybridoma backpack tu-
mors. The tumor method allows identification of protective 
antibodies that might be used for passive protection in other 
species. If IgA antibodies are to be used for this purpose, they 
should be most effective if secretory component is attached to 
the antibody, to confer protease resistance. 

A. Cloning of the Polymeric Immunoglobulin 
Receptor and Secretory Component 

During normal secretion of dimeric or polymeric IgA, SC 
is added during receptor-mediated transepithelial transport 
across mucosal and glandular tissue (Kraehenbuhl and Neu-
tra, 1992a). SC corresponds to the five immunoglobulin-like 
domains of the polymeric immunoglobulin receptor, and is 
generated by proteolytic cleavage of the receptor either dur-
ing transport or at the luminal epithelial cell surface (Mostov 
et aL, 1984; Schaerer et aL, 1990). This receptor has been 
cloned and its primary sequence established in rabbit (Mostov 
et aL, 1984; Schaerer et aL, 1990), rat (Banting et aL, 1989), 
and human (Krajöi et al., 1989). IgA binds to the outermost 
Ig-like domain of the receptor (Frutiger et aL, 1986). After 
cleavage of the receptor, a disulfide bond is formed between 
cysteine residues on the fifth domain of SC and on the Fc 
portion of one of the IgA monomers. Domains 2, 3, and 4 of 
SC do not participate in binding but are required to position 
the cysteine residues involved in disulfide bonds (Solari et 
aL, 1985). A three-dimensional molecular model of the Ig-
like domains of SC has been derived from the SC sequence, 
and from the crystal structure of the immunoglobulin V/c light 
chain and the first immunoglobulin-like domain of CD4. The 
IgA binding site is situated on the first 30 amino acids of 
domain 1, and corresponds to the first ß strand and the loop 
situated between the first and second ß strands (Bakos et 
aL, 1991). In CD4, the analogous loop is involved both in 
major histocompatibility complex (MHC) Class II interaction 
and in binding of HIV gpl20. 

Transfection of several cell types with the cDNA encoding 
the pig receptor has resulted in production of membrane-
bound receptor and cleaved free SC that can recognize di-
meric IgA. These cells include fibroblasts (Dietcher et aL, 
1986), myeloma cells (P. Michetti and J. P. Kraehenbuhl, 
unpublished results), epithelial cells including MDCK (Casa-
nova et aL, 1990; Hirt et al., 1992,1993), and mammary epi-
thelial cells (Schaerer et aL, 1990). In all cases, the receptor 
was cleaved to produce SC that was released into the me-
dium; in the case of epithelial cells, cleavage and release was 
polarized as in normal epithelia. 

B. Methods for Addition of SC to Monoclonal IgA 

Three approaches have been developed in our laboratories 
to generate complexes of recombinant SC and monoclonal 
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IgA: coculture of epithelial monolayers and IgA hybndoma 
cells, transfection of hybndoma cells with cDNA encoding 
SC, and mixing of recombinant SC with IgA in vitro. All three 
strategies require the insertion of SC cDNA into efficient 
expression vectors. 

The coculture method essentially replicates normal epithe-
lial transport in vivo. Epithelial cells such as MDCK cells 
have been transfected by us and others with rabbit or human 
pig receptor cDNA (Casanova et al., 1990). We used an 
inducible expression vector that contains a kidney-specific 
MTV promoter and a glucocorticoid-responsive element 
(Hirt et al., 1992). Stable transfected epithelial cells were 
grown on permeable substrates (Transwell fiter units) to con-
fluency, and pig receptor expression was induced. We and 
others have shown that trafficking of the receptor in the 
MDCK cell system reflects the behavior observed in normal 
intestinal epithelial cells (Casanova et al., 1990). When these 
epithelial monolayers were cultured with IgA-producing hy-
bndoma cells embedded in a collagen gel in the lower cham-
ber of the Transwell device, IgA antibodies were transported 
efficiently and recovered on the apical side, associated both 
covalently and noncovalently with SC (Hirt et al., 1993). 
Although this system produced only 0.1-0.2 /xg SIgA per 5 
x 106 MDCK cells per 24 hr, it provided a source of pure 
monoclonal SIgA assembled in the normal physiological man-
ner for the first time. 

We also have shown that SC cDNA can be introduced 
into myeloma cells and expressed under the influence of a μ 
enhancer. This result led to a second approach for production 
of engineered SIgA in which IgA-producing hybridoma cells 
were transfected with the cDNA encoding SC. In this case, 
the cDNA was inserted into vector containing a μ enhancer 
element and an SV40 promoter. Although one might expect 
that expression of recombinant SC in hybridoma cells might 
impair normal IgA assembly, in fact large amounts of com-
plexes containing both SC and IgA were produced by the 
transfected cells. Preliminary experiments indicate that these 
molecules exhibit higher resistance to proteases in vitro than 
does IgA produced by nontransfected hybridoma cells. This 
system might prove to be a valid one for production of engi-
neered SIgA, but whether the assembly of SC and IgA is 
exactly analogous to that of normal SIgA produced in vivo 
remains to be established. 

The third approach may prove to be less complex and 
more practical, and involves in vitro assembly of recombinant 
SC and monoclonal IgA dimers produced separately by hy-
bridoma cells and one of several transfected cell lines. Al-
though transfected myeloma cells and other cell types can 
produce free SC, we have attempted to increase the efficiency 
of SC production by inserting cDNA into the vaccinia virus 
genome using, as vector, a plasmid containing an efficient 
vaccinia promoter flanked by thymidine kinase sequences 
required for homologous recombination. Significant amounts 
of SC were recovered in the supernatant of infected HeLa 
cells in suspension and in CV-1 anchorage-dependent cells. 
Recombinant SC produced in this system binds noncova-
lently to monoclonal IgA dimers produced by hybridoma 
cells. The engineered SIgA molecules produced through 
these three procedures now must be tested in vivo and in vitro 

to assess their stability as well as their protective proper-
ties. 

VI. CONCLUSIONS 

Monoclonal IgA antibodies may be used in the future to 
passively protect immunologically naive children and immu-
nocompromised individuals against mucosal infections. The 
monoclonal antibody technology reviewed in this chapter 
could also contribute important information for the design 
of novel mucosal vaccines. Protective epitopes on pathogenic 
microorganisms identified using monoclonal IgA antibodies 
could be subsequently inserted into vaccine vehicles that 
are transported into organized mucosal lymphoid tissues. In 
addition, the use of monoclonal IgAs in vitro as well as in vivo 
will serve to better define the role(s) of secretory antibodies in 
preventing adherence and invasion of mucosal tissues by 
pathogens. 
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I. INTRODUCTION 

The mucosal immune system consists of a series of coordi-
nated and specialized lymphoid tissues with the complex task 
of protecting the most vulnerable of the surfaces of the body 
that interact with the external environment. The gut associ-
ated tissues (Peyer's patches, appendix, colonic and cecal 
patches, isolated lymphoid aggregates) in conjunction with 
mesenteric lymph nodes and the lymphoid elements of gut 
epithelium and lamina propria account for the bulk of the 
body's lymphoid mass. In comparison, the contribution of 
other secondary lymphoid organs such as the spleen and 
other lymph nodes is minor. 

The organized lymphoid structures of the gastrointestinal 
tract have anatomical features in common that distinguish 
them from other secondary lymphoid tissues. The most obvi-
ous of these common features is the lack of a defined capsule 
or afferent lymphatics and the presence of a specialized cov-
ering epithelium (follicle-associated epithelium, FAE) which 
facilitates the transmission of antigen from the gut lumen. In 
this chapter, the term gut-associated lymphoid tissue (GALT) 
is used to describe any organized aggregate of lymphoid tissue 
with a specialized FAE. Large numbers of lymphoid/myeloid 
cells are also present in the mucosa between the follicular 
structures in the epithelium and lamina propria; these are 
considered independently. The possible role of the epithelium 
itself in mucosal immunology is discussed as well. 

II. STRUCTURE AND CELLULAR 
COMPOSITION OF ORGANIZED 

GUT-ASSOCIATED LYMPHOID TISSUE 
IN HUMANS 

A. Stomach 

The normal stomach mucosa is devoid of organized 
lymphoid tissue and lymphoid/myeloid cells are sparse in the 
lamina propria. A scattering of T cells is seen in the lamina 
propria; a few are found in the epithelium. In the lamina 
propria, IgA plasma cells predominate over IgM and IgG 
cells. In chronic gastritis, plasma cells of all isotypes increase, 
but the increase in IgG cells is especially profound (Brandt-
zaeg, 1987). An increase in epithelial T cells is seen also 

(Kazi et al., 1989). A striking feature of the stomach is the 
acquisition of organized lymphoid aggregates in association 
with Helicobacter pylori infection (Figure 1). In children, 
this aggregation is especially striking and leads to antral nodu-
larity that is visible at gastroscopy (Wyatt and Rathbone, 
1988; Hassall and Dimmick, 1991).Whether this acquired 
lymphoid tissue functionally resembles Peyer's patches, has 
an M-cell containing FAE, and is capable of generating a 
secretory IgA response to gastric antigens remains to be 
established. B cells have been identified in the gastric epithe-
lium close to follicles in H. pylori gastritis (Wotherspoon et 
al., 1991). 

B. Peyer's Patches 

The organized lymphoid tissue of the small intestine was 
described first by de Peyer in 1667. Structurally, Peyer's 
patches are organized areas of lymphoid tissue in the mucosa 
of the small bowel. These patches usually contain follicle 
centers and well-defined cellular zonation (Figure 2). These 
areas are overlain by a specialized lymphoepithelium without 
crypts or villi. 

The epithelial cells overlying the follicle are derived 
from crypts of Lieberkuhn adjacent to the follicles. Follicle-
associated eptiehlium is different from columnar villus epithe-
lium because it is cuboidal, contains few goblet cells, and 
does not contain secretory component (Bjerke and Brandt-
zaeg, 1988). In addition, specialized "M" cells, also derived 
from adjacent crypts (Bye et al., 1984), so called because 
they have microfolds rather than micro villi on their surface, 
are found (Owen and Jones, 1974). M cells have a number 
of morphological and functional specializations—attenuated 
processes to adjacent cells and very close association with 
lymphocytes. Clusters of CD3+ T cells lie next to M cells in 
the epithelium, which can be identified by their lack of brush 
border alkaline phosphatase (Bjerke et al., 1988). Significant 
numbers of CD4+ T cells are found in follicle epithelium 
compared with villus epithelium. M cells are deficient in 
cytoplasmic acid phosphatase and microvillus-associated al-
kaline phosphatase (Owen et al., 1986). These cells are also 
probably HLA-DR" (Bjerke and Brandtzaeg, 1988), so they 
are unlikely to play a role in antigen presentation but are 
more likely a portal of entry for some types of antigen into 
the dome area of the follicle. This role has been clearly shown 
for reovirus in mice, which only adheres to and penetrates 

Copyright © 1994 by Academic Press, Inc. 
Handbook Ot Mucosal Immunology · 4 1 5 · All rights of reproduction in any form reserved. 



416 Thomas T. MacDonald · Jo Spencer 

Figure 1 Acquired lymphoid tissue in the stomach of a patient with 
Helicobacter pylori gastritis. Note the large reactive follicle center. 
Hematorylin and eosin stain (H&E), x 100. 

Figure 2 Histological appearance of Peyer's patch in human terminal 
ileum. H&E, x27. 

the M cells of the FAE (Wolfe/ al., 1981); poliovirus (Sicinski 
et al., 1990); and horseradish peroxidase, which also is taken 
up preferentially by M cells (Owen, 1977). 

At birth, approximately 100 Peyer's patches with five folli-
cles or more exist in human small intestine; the majority of 
these Peyer's patches are found in the distal small intestine 
(Cornes, 1965a). The number of Peyer's patches increases 
to 225-300 in the whole small intestine by late adolescence 
and then decreases with increasing age, so the small intestine 
from 90-yr-old individuals has roughly the same number of 
Peyer's patches as at birth (Cornes, 1965b). The assumption 
by Cornes that five or more follicles are necessary before a 
lymphoepithelial structure can be called a Peyer's patch is 
arbitrary; to categorize even a single nodule as a Peyer's 
patch is reasonable provided FAE is present. In normal intes-
tine, all organized mucosal follicles can be shown to have 
FAE, if the tissue is properly oriented for sectioning. Many 
Peyer's patches with one to four follicles are evident in small 
intestine, both macroscopically and microscopically; Cornes' 
estimates, although useful for comparative studies, seriously 
underestimate the amount of organized lymphoid tissue in 
the human gut. 

1. Morphological and Immunohistochemical 
Characteristics of Human Peyer's Patches 

The most prominent feature of Peyer's patches is the folli-
cle center, containing centrocytes and centroblasts. The folli-
cle center is surrounded by a mantle of small lymphocytes 
that merge into the mixed-cell zone of the dome. The dome 
area also contains plasma cells, dendritic cells, macrophages, 
and small cells with cleaved nuclei (centrocyte-like cells) that 
infiltrate the overlying epithelium. These centrocyte-like cells 
can be identified immunohistochemically as B cells in frozen 
sections (Spencer et al., 1986b). B cells are rarely seen in 
villus or crypt epithelium, if at all. 

2. T-Cell Populations in Peyer's Patches 

Immunohistochemical staining of Peyer's patches with 
anti-CD3 monoclonal antibodies shows T cells to be present 
in the greatest density in the areas surrounding the high endo-
thelial venules (HEV; Figure 3). Interleukin 2 (IL-2) receptor 
positive T cells are also present in this area. T cells are also 
present surrounding the follicle, in the mixed-cell zone in the 
dome, and in the lymphoepithelium (Spencer et al., 1986b). 
In humans, in contrast to mice, the T-cell zone extends be-
tween the follicle center and the muscularis mucosa. Occa-
sional T cells are seen in the follicle center. Most of the T 
cells are CD4+. 

3. B Cells and Plasma Cells in Peyer's Patches 

Human Peyer's patches contain large numbers of B cells 
(Figure 4). The narrow mantle zone surrounding the follicle 
center is composed of cells expressing surface IgM or IgD 
(Figure 5). The B cells that surround the mantle zone, are 
present in the mixed-cell zone of the dome, and infiltrate the 
epithelium, do not express IgD but do express slgM or slgA 
(Spencer et al., 1986b). A major difference between rodent 
and human Peyer's patches is that, in humans, cells with 
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Figure 3 Immunohistochemical localization of CD3+ cells in human 
Peyer's patch. Most T cells are in the interfollicular zones. Immuno-
peroxidase, x26. 

surface IgD are restricted to a narrow zone around the follicle 
center whereas, in rats, the majority of the B cells sur-
rounding the follicle centers, including those in the dome and 
dome epithelium, express slgM and slgD (Spencer et aL, 
1986c). Germinal center formation is not seen in Peyer's 
patches of the fetus and only occurs after antigenic exposure 
at birth (Bridges et aL, 1959). 

Most of the cells with abundant cytoplasmic immunoglobu-
lin are in the dome area in human Peyer's patches. Most 
contain IgA with fewer clgM cells (Spencer et aL, 1986b). 
Some workers have reported that clgG plasma cells are as 
abundant as clgA cells in the dome (Bjerke and Brandtzaeg, 
1986). Cells with clgA also exist in the T-cell zone sur-
rounding the HEV, but the dense accumulation of IgA-
containing immunoblasts around the HEV in rodents is not 
seen in humans (Spencer et aL, 1986c). 

4. Macrophages and Accessory Cells 
in Peyer's Patches 

In humans, B cells, activated T cells, dendritic cells, follic-
ular dendritic cells, and macrophages express Class II mole-

Figure 4 Immunohistochemical localization of B cells (CD20+) in 
human Peyer's patch. Immunoperoxidase, x25. 
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cules necessary for antigen presentation to CD4+ T cells. 
All these cell types are present in normal Peyer's patches. 
Numerous nonlymphoid HLA-DR+ cells with cytoplasmic 
processes are present in the dome area of human Peyer's 
patches and in the T-cell zones. The HLA-DR+ cells in the 
dome do not stain with antimacrophage markers such as 
RFD7 or lysozyme (although these cells are abundant in 
adjacent lamina propria), but do stain with S-100 (Spencer 
et aL, 1986b). These cells are probably dendritic cells but 
the HLA-DR+ cells between the follicles in the T-cell zones 
are probably interdigitating cells. The dome epithelium itself 
is also HLA-DR+ (Spencer et aL, 1986a) and also may be 
capable of presenting antigen to the numerous lymphoid cells 
in the epithelium. The presence of dendritic cells in the mixed-
cell zone of the dome, immediately underlying the M cells, 
which are Class II", suggests that in Peyer's patches most 
antigen presentation takes place in the dome region. 

C. Organized Lymphoid Tissue of the Colon 

Organized lymphoid tissue in human colon was described 
first by Dukes and Bussey (1926), who counted the number 
of single lymphoid follicles in human colon of different ages. 
These investigators showed in children, eight follicles per 
square centimeter of colonic mucosa, which decrease to three 
per square centimeter in older persons. Aggregates of follicles 
akin to those seen in the multifollicular Peyer's patches in 
the small bowel are not seen in human colon. The bulk of 
the lymphoid tissue in colonic lymphoid follicles lies below 
the muscularis mucosa, the follicles producing points of dis-
continuity in the latter (O'Leary and Sweeney, 1986). Unless 
colonic lymphoid tissue is oriented properly, it may appear as 
though it has no FAE. Serial sections, however, of reoriented 
blocks invariably reveals FAE (Figure 6). Normally, only 
about \% of colonic follicles contain a germinal center, but 
a characteristic of Crohn's disease of the colon is that the 
percentage of lymphoid follicles containing a germinal center 
is increased dramatically (O'Leary and Sweeney, 1986). In 
addition, numerous ectopic lymphoid follicles occur within 
the inflamed mucosa. Aphthous ulceration overlying colonic 
lymphoid follicles is the earliest sign of Crohn's disease of 
the colon (Rickert and Carter, 1980). Colonic lymphoid folli-
cles also have a dome epithelium with M cells, similar in 
many regards to the specialized lymphoepithelium overlying 
Peyer's patches, although, in proportion to the mass of 
lymphoid tissue, colonic FAE is less than that of Peyer's 
patches (Jacob et aL, 1987). The number of follicles is greater 
in the rectum than in the colon, and FAE of rectal follicles 
contains more M cells than FAE in the proximal colon. 

D. Appendix 

The human appendix is a blind sac, 5-8 cm long, extending 
from the cecum near the ileocecal junction. The most striking 
feature of the appendix is the presence of numerous lymphoid 
nodules separated by regions of lamina propria, into which 
the glandular crypts penetrate. The types of cells and the 
zonal arrangement are very similar to those of human Peyer's 
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Figure 5 Mantle and dome regions of a human Peyer's patch. (A) Stained with CD20, B cells are seen in the follicle, 
mantle zone, and extending into the dome epithelium. (B) Stained with anti-IgD, the mantle zone is seen to be strongly 
IgD+, but the follicle center cells and most of those in the dome are IgD". Immunoperoxidase, xlOO. 

patches. The most prominent feature of the lymphoid nodules 
is the reactive follicle center, surrounded by a narrow mantle 
of cells that merges with the mixed-cell zone below the epithe-
lium. The mantle and mixed-cell zone contain CD4+ T cells 
but are mostly IgM+IgD" B cells (Spencer et al, 1985). The 
FAE that contains T and B cells is often HLA-DR+. The 
T-cell zone lies mostly between the follicle center and 
the muscularis mucosa (Figure 7). Lysozyme-containing 
macrophages are uncommon in the dome region; most of 
the HLA-DR+ cells with cytoplasmic processes stain with 
S-100 and are probably dendritic cells (Spencer et al., 
1985). S-100+ cells occasionally can be seen in the epithe-
lium. 

IgG-producing plasma cells predominate in the region im-
mediately adjacent to the follicles and in the dome, but the 
majority of plasma cells in the lamina propria between the 
follicles are IgA producing (Bjerke et al., 1986). 

III. INTESTINAL MUCOSA 

A. Gut Epithelium as a Lymphoid Organ 

The mucosa between the follicles makes up most of the 
mass of the intestine. Extensive lymphoid/myeloid elements 
are found in the connective tissue of the lamina propria; 
numerous lymphocytes (mostly T cells but never B cells, 
macrophages, or plasma cells) are found in the gut epithelium. 
Small bowel villus enterocytes also express HLA-DR (Scott 
et al., 1980). Thus, both the gut epithelium and the lamina 
propria may be sites at which mucosal immune responses 
may be initiated. 

1. Class II Gene Expression in the Epithelium 

The expression of Class II major histocompatibility com-
plex (MHC) products on gut epithelium was seen first in the 
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Figure 6 Colonic lymphoid follicle. Arrow shows the small follicle-
associated epithelium (FAE). H&E, x 100. 

guinea pig (Wiman et al, 1978) and later in human small 
intestine (Figure 8; Scott et al, 1980). In humans, normal 
large intestine and stomach epithelium are HLA-DR- (Selby 
et al, 1983b; Spencer et al, 1986d), as are crypt epithelial 
cells. Peyer's patch epithelium is also HLA-DR+ (Spencer 
et al., 1986a), although in the rat it appears to be HLA-DR" 
(Mayrhofer et al, 1983). HLA-DR expression in the human 
fetal gut epithelium first appears at 19-20 weeks gestation 
(MacDonald et al, 1988). In humans, normal small intestinal 
epithelial cells are HLA-DP" and -DQ" (Scott et al, 1987). 

Epithelial HLA-DR expression in humans is increased in 
chronic inflammatory bowel disease (Selby et al, 1983b), 
celiac disease (Arato et al, 1987), gastritis (Spencer et al, 
1986d), and autoimmune enteropathy (Mirakian et al, 1986). 
In untreated celiac disease expression of HLA-DP and -DQ 
on the surface epithelial cells is also common in some patients 
(Scott et al, 1987). In patients with ulcerative colitis in whom 
intestinal inflammation has been reduced by steroids, the 
epithelium becomes HLA-DR" (Poulsen etal, 1986). Similar 
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changes in Class II expression are seen in rat intestinal epithe-
lium during small intestinal inflammation caused by Trichi-
nella spiralis infection and graft-versus-host disease (Mason 
et al, 1981; Barclay and Mason, 1982). 

Interferon gamma (IFN-y) can increase HLA-DR expres-
sion on human transformed intestinal epithelial cell lines and 
on rat epithelial cell lines (Cerf-Bensussan et al, 1984; Sollid 
et al, 1987). Activation of lamina propria T cells in explants 
of human small intestine with mitogens in vitro results in 
IFN-y production and an increase in HLA-DR expression by 
crypt epithelial cells (MacDonald et al, 1988). Thus good, 
but circumstantial, evidence exists that increased epithelial 
HLA-DR expression during inflammation is caused by local 
production of IFN-y by activated mucosal T cells. Whether 
the increased HLA-DR expression is of any pathogenic sig-
nificance or is merely an epiphenomenon is unknown. Indeed, 
we know very little about the control of gene expression in 
intestinal epithelial cells in normal and pathological condi-
tions. The increased HLA-DR expression by enterocytes in 

Figure 7 T cells in human appendix. Immunoperoxidase with anti-
CD3, xlOO. 
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Figure 8 HLA-DR expression in normal human small intestine. The epithelium is strongly positive, as are many cells in 
the lamina propria. Immunoperoxidase, x 100. 

inflammation is not the only change, since increased expres-
sion of secretory component on villus cells also occurs in 
celiac disease (Scott et al., 1981). 

2. T-Cell Populations of the Gut 
Epithelium—Intraepithelial Lymphocytes 

If epithelial cells can present enteric antigens, the most 
likely cells to be stimulated will be intraepithelial lympho-
cytes (IEL), situated basally above the basement membrane 
(Figure 9). The majority of IELs in humans use the aß T 
cell receptor (TcR) (Brandtzaeg et al., 1989). These cells are 
unusual because oligoclonal expansion of certain Vß genes 
appears to occur in healthy individuals (Balk et al., 1991; 
Spencer et al., 1991b). Only about 10% of IELs in healthy 
individuals use the ãä TcR (Groh et al., 1989; Jarry et al., 
1990), and the function of these cells in humans is still unclear. 
An important difference between blood ãä TcR+ T cells and 
those in the gut epithelium is that, whereas most of these 
cells in the blood use the V82 gene product, those in the gut 
use the V61 gene product (Spencer et al., 1989; Halstensen et 
al., 1989). Differences also exist in CD45 expression between 
epithelial aß TcR+ and γδ TcR+ T cells. Only about half the 
aß TcR+ IELs are CD45R0+, whereas the majority of the ãä 
TcR+ IELs are CD45R0+ (Halstensen et al., 1990). 

The distribution of cells expressing different forms of the 
TcR has been examined in disease states, ãä TcR+ IELs are 
not increased in inflammatory bowel disease (Fukushima et 

al., 1991), but are increased dramatically in untreated celiac 
disease (Spencer et al., 1989; Halstensen et al., 1989). This 
increase, however, is not specific for celiac disease since, in 
severe cases of cow milk sensitive enteropathy, the most 
important differential diagnosis of celiac disease in children, 
ãä TcR+ T cells also are raised in number in the epithelium 
(Spencer et al., 1991a). 

In untreated celiac disease, the number of aß TcR+ IELs 
coexpressing CD45R0 increases to 75%, whereas the number 

Figure 9 Intraepithelial lymphocytes in human small intestine. Most 
lie basally within the epithelium. H & E, x64. 
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of ãä TcR+ IELs coexpressing CD45R0 actually decreases 
to 59% (Halstensen et al., 1990). 

3. Function of Class II Molecules on Epithelial Cells 

That normal small intestinal enterocytes could present 
nominal antigen (ovalbumin) to antigen-primed T cells was 
demonstrated first in the rat (Bland and Warren, 1986a). 
Somewhat surprisingly, the cells induced to proliferate were 
CD8+ and were capable of antigen-specific suppressor activ-
ity (Bland and Warren, 1986b). In humans, isolated intestinal 
epithelial cells can act as stimulators in the mixed lymphocyte 
reaction (MLR) and also can present the antigen tetanus 
toxoid to syngeneic peripheral blood T cells (Mayer and 
Schlien, 1987). The cells responding to allo-determinants on 
epithelial cells in the MLR were CD8+, which classically 
would be expected to respond to Class I MHC differences. 
However the proliferation of CD8+ cells in the MLR was 
inhibited by anti-Class II antisera. CD8+ cells activated by 
epithelial cells in the MLR were potent suppressors of poly-
clonal B-cell proliferation. To our knowledge, no data are 
currently available on antigen presentation by enterocytes 
to IELs, so these cells may respond differently. 

The functional consequences of increased epithelial Class 
II expression for mucosal immunity are unclear. In humans, 
enterocytes from patients with inflammatory bowel disease 
(IBD) preferentially activate allogeneic CD4+ lymphocytes 
with profound helper activity, whereas enterocytes from con-
trol patients activate allogeneic CD8+ lymphocytes with sup-
pressor activity (Mayer and Eisenhardt, 1990). Puzzlingly, 
enterocytes from patients with IBD have this property regard-
less of whether or not the bowel is inflamed, indicating that an 
inherent function of their epithelial cells rather than increased 
Class II expression is responsible for this phenomenon. In 
mice, increased epithelial Class II expression (induced 
by systemic administration of IFNy) increases the antigen-
presenting capacity of enterocytes and also renders mice 
less susceptible to oral tolerance (Zhang and Michael, 1990). 
These data might suggest that increased epithelial Class II 
expression leads to sensitization to enteric antigens and there-
fore might play a role in intestinal inflammation. The nature 
of the restriction element for T cells in the gut epithelium, 
and the role of MHC products in antigen presentation in the 
gut, is an area of great interest since gut epithelium in humans 
is among the few sites at which the nonclassical MHC mole-
cule CDld (Blumberg et al., 1991) is expressed. 

B. Intestinal Lamina Propria 

The lamina propria is the layer of connective tissue be-
tween the epithelium and the muscularis mucosa. This layer 
is made up of smooth muscle cells, fibroblasts, lymphatics, 
and blood vessels, and makes up the villus core over which 
the absorptive epithelial cells migrate from the crypts to the 
villus tips. The most striking feature of adult human large and 
small intestinal lamina propria is the infiltrate of lymphoid/ 
myeloid cells. The large numbers of macrophages, dendritic 
cells, and T cells in the lamina propria make it likely that 
antigen crossing the epithelium may be processed and pre-
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sented to lamina propria CD4+ T cells. These cells could 
provide B cell help, as well as function in mucosal cell-
mediated immunity. 

1. Plasma Cells in the Lamina Propria 

As first observed almost 25 years ago, the major plasma 
cell isotype and, hence, the major immunoglobulin isotype 
in the intestinal secretions is IgA (Tomasi et al., 1965; Crabbe 
and Heremans, 1966). IgA plasma cells make up 30-40% of 
the mononuclear cells in human intestinal lamina propria and 
small B cells make up 15-45% of the cells (MacDonald et 
al., 1987). In the jejunum, around 80% of the total plasma 
cells secrete IgA, around 18% secrete IgM, and only 3% 
secrete IgG (Crabbe and Heremans, 1966; Brandtzaeg, 1987). 
These same relative proportions are seen also in the ileum 
and the colon, although fewer IgM plasma cells exist there 
than in the proximal small intestine. In addition, immediately 
adjacent to lymphoid follicles throughout the gut is an in-
crease in IgG plasma cells (Bjerke and Brandtzaeg, 1986). IgD 
and IgE plasma cells are very uncommon. Most of the plasma 
cells, regardless of isotype, are found in the region around 
the crypts. Slightly more than half the IgA plasma cells in 
the gut secrete IgA2 (Crago et al., 1984), in contrast to tonsils 
and lymph nodes in which most IgA is IgAl. In addition, the 
majority of IgA secreted by the plasma cells is dimeric IgA; 
100% of IgA2 immunocytes are J-chain positive and 88% of 
IgAl immunocytes are J-chain positive (Kett et al., 1988). 
Dimeric IgA binds specifically via a J-chain-secretory com-
ponent interaction to the basolateral aspect of crypt epithelial 
cells and is actively transported into the lumen. 

No plasma cells exist in the lamina propria at birth (Perkkio 
and Savilahti, 1980) although a rapid expansion occurs after 
birth. Also, a dramatic reduction in IgA plasma cells occurs in 
the lamina propria of children with defunctioned colostomies 
(Wijesinha and Steer, 1982). 

2. T Cells in the Lamina Propria 

Immunohistochemical staining reveals that most of the T 
cells in the lamina propria are CD4+ (Janossy et al., 1980). 
Lamina propria CD4+ T cells differ from blood CD4+ T cells 
because the former do not bear the human homology of the 
murine lymph node homing receptor, Leu8 (Berg et al., 1991). 
By immunohistochemistry, virtually no lamina propria T cells 
in normal bowel are CD25+ (Choy et al., 1990); however, 
by fluorescence activated cell sorting (FACS) analysis on 
isolated cells, about 10% are CD25+ (Schreiber et al., 1991). 
Equal numbers are CD45RA+ and CD45RO+, indicating that 
some may be memory cells (Halstensen et al., 1990). Many 
studies have been done in which functional aspects of lamina 
propria T cells have been examined. All these studies, how-
ever, have utilized a technique in which the final cell prepara-
tion is virtually all small mononuclear cells with no plasma 
cells (Bull and Bookman, 1977). Since cells isolated from the 
lamina propria would be expected to contain many plasma 
cells, the so-called lamina propria T cells used in all these 
studies may, in fact, be derived from blood in the tissues, 
from the lymphatics, which are filled with lymphocytes in 
diseased bowel, or from Peyer's patches. The presence of T 
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cells in the lamina propria is not totally dependent on luminal 
antigen, since they are present in the fetus (Spencer et al., 
1986e,f), but their numbers do increase after birth. The pres-
ence of plasma cells in the lamina propria, however, is antigen 
dependent. 

3. Macrophages and Dendritic Ceils 
in the Lamina Propria 

Most of the HLA-DR+ cells in the lamina propria of the 
large and small intestine are macrophages and dendritic cells 
(Selby et al., 1983a). Note, however, that the distinction 
between these two cell types in the lamina propria is vague 
and controversial. Isolating these cells in any great number 
is virtually impossible, so most studies have used immunohis-
tological or immunochemical techniques to characterize 
these cells. HLA-DR+ antigen-presenting cells such as skin 
Langerhans cells, veiled cells, and interdigitating cells can 
be recognized by their long cytoplasmic protrusions, few 
lysosomes, strong presence of membrane ATPase, and weak 
or absent acid phosphatase activity. Cells with these charac-
teristics cannot be isolated from normal human colon or ileum 
but can be isolated readily from Crohn's disease tissue (Wil-
ders et al., 1984). 

The relative proportions of dendritic type cells to phago-
cytic type cells in human gut is unclear. Wilders et al. (1984) 
showed that, at the tops of the villi in normal intestine, a 
population of HLA-DR+, strongly acid phosphatase posi-
tive cells exists. These cells are probably phagocytic macro-
phages identical to the population of 25F9+ cells (a marker of 
mature macrophages) also identified in human small intestine 
(Hume et al., 1987). Wilders et al. (1984) also reported that 
HLA-DR+, weakly acid phosphatase-positive cells were 
sparse in normal intestine but were more abundant in Crohn's 
bowel, throughout the full mucosal thickness. In contrast, 
Selby et al. (1983a) reported that, in the normal human small 
intestine, 80-90% of the HLA-DR+ histiocytes were weakly 
acid phosphatase-positive, weakly nonspecific esterase-
positive, and strongly membrane ATPase-positive, sug-
gesting that these cells are dendritic cells. In normal colon, 
Selby also reported that most of the HLA-DR+ cells were 
strongly acid phosphatase- and esterase-positive and were 
weakly ATPase-positive. This work indicates that, in the 
small bowel, most of the HLA-DR+ accessory cells are 
antigen-presenting cells, whereas in the large bowel most 
are phagocytic. 

4. Changes in Lamina Propria Cell Populations in 
Disease States 

Many studies have been done on the changes in the lamina 
propria cellular infiltrate in disease states. Reviewing these 
studies in detail is beyond the scope of this chapter. In gen-
eral, these studies have been uninformative with respect to 
understanding gastrointestinal disease. In the food-sensitive 
enteropathies and inflammatory bowel diseases, an increase 
in lamina propria T cells occurs and CD4+ cells still predomi-
nate. In inflammatory bowel disease, lamina propria CD4+ 

cells show increased levels of activation antigens (Choy et al., 
1990; Schreiber etal., 1991), and show increased reactivity to 
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recall microbial antigens (Pirzer et al., 1991). Lamina propria 
plasma cells of all isotypes also are increased in celiac dis-
ease, Crohn's disease, ulcerative colitis, and in the stomach 
in gastritis (Brandtzaeg, 1987). Several striking features of 
this condition are worth noting. Adjacent to fissures in 
Crohn's disease is a dramatic increase in IgG plasma cells 
(Brandtzaeg, 1987) and, in both ulcerative colitis and Crohn's 
disease, increased proportions of IgAl plasma cells are seen 
(Kett and Brandtzaeg, 1987). 
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Alpha Chain Disease and Related 

Lymphoproliferative Disorders 
Jean-Claude Rambaud · Jean-Claude Brouet · Maxime Seligmann 

I. ALPHA CHAIN DISEASE 

Heavy chain diseases (HCD) are lymphoproliferative dis-
orders of B cells that are characterized by the production 
of immunoglobulin (Ig) molecules consisting of incomplete 
heavy chains devoid of light chains. 

Alpha chain disease (aHCD; Seligmann et al., 1968) is by 
far the most frequent type of HCD. aHCD involves primarily 
the IgA secretory system. The vast majority of patients is 
affected with the digestive form of aHCD, which primarily 
involves the small intestine and the mesenteric lymph nodes. 

A. Pathology 

The pathological features of aHCD are, in most cases, in 
accordance with their initial description (Rambaud et al., 
1968; Galian et al., 1977). Apart from a few cases described 
in this chapter, aHCD involves the whole length of the small 
intestine, except sometimes the terminal ileum, without in-
tervening normal mucosa. Three grades of increasing malig-
nancy can be recognized. At stage A, the cellular infiltrate 
is localized mainly to the mucosa, with occasional limited 
infiltration of adjacent submucosa. Villi are more or less 
shortened and widened; crypts are sparse and atrophic; and 
lamina propria is infiltrated massively by mature and occa-
sional younger plasma cells (Figure 1). Stage C corresponds 
to an immunoblastic lymphoma with plasmacytoid features 
(Figure 2), either forming discrete ulcerated tumor(s) or ex-
tensively infiltrating long segments of the small intestine (Fig-
ure 3). Stage B is intermediate between A and C. The infiltrate 
largely invades at least the submucosa; plasma cells are 
frankly dystrophic and some large immunoblastic or 
centroblastic-like cells are observed, usually located in the 
deeper area of the infiltrate and sometimes clustering in small 
nodules. Occasionally numerous reactive follicles may be 
observed within mucosa or submucosa at stages A and B 
(Isaacson et al., 1989; Price, 1990). 

Mesenteric lymph nodes usually (but not always at stage 
A) are involved in the pathological process. According to the 
cell type of the infiltrate and to the degree of architectural 
disorganization, three histological stages (A, B, and C) equiv-
alent to those described in the small intestine can be identi-
fied. Spreading to other lymph nodes (retroperitoneal, medi-
astinal, and peripheral lymph nodes), other parts of the 

digestive tract (stomach, colon, Waldeyer's ring), and other 
organs such as liver, spleen, bone marrow, pleura, or central 
nervous system initially was considered to be very rare, ex-
cept when enteric lesions were at stage C (Seligmann et al., 
1969; Rambaud and Matuchansky, 1973; Reyes et al.t 1985; 
Kumar et al., 1988). 

Histological lesions may progress at a given site from stage 
A to B or from stage B to C, but of utmost importance for 
proper pretherapeutic staging is the fact that different stages 
can be found at the same time in different organs or lymph 
nodes or even at different sites within the same organ. 

This overview of aHCD pathology requires some addi-
tions. In very few patients, intestinal lesions apparently spare 
the duodenum or even the jejunum or, in contrast, are limited 
to a short segment of the latter (Nemes et al., 1981). Spread of 
the disease in the digestive tract outside the enteromesenteric 
area is not so uncommon, even at stage A. This spread usually 
concerns gastric or colorectal mucosa; in some cases the 
disease is confined to these organs, sparing the small bowel 
(Rambaud and Halphen, 1989). In stomach, numerous signet-
ring cells can be admixed with plasma cells (Tungekar, 1986). 
Other rare primary localizations of aHCD are the respiratory 
tract (Seligmann and Rambaud, 1978) and the thyroid (Tracy 
et al., 1984). In a single case, the disease appeared to involve 
peripheral non-mucosa-associated lymphoid tissue only (Ta-
kahashi et al., 1988). 

In a few instances, plasma cells synthesizing the aHCD 
protein were limited to a continuous band in the superficial 
part of the intestinal mucosa. The deeper zone was infiltrated 
by centrocytic-like cells forming lymphoepithelial lesions; 
the immunohistological study of these cells showed their 
common clonal origin with plasma cells. In addition, multiple 
reactive nonneoplastic follicles were present in the mucosa 
and submucosa. These follicles tended to be more or less 
penetrated by the centrocytic-like cell infiltrate. This peculiar 
pattern of aHCD pathological lesions was observed initially 
by Galian et al. (1977) and Nemes et al. (1981), but was 
reemphasized and better characterized by Isaacson et al. 
(1989). For these authors, these peculiar forms of aHCD 
merely reflect the similarity between aHCD and the Western 
gastrointestinal lymphomas of the mucosa-associated 
lymphoid tissue (MALT) type. Indeed, Isaacson et al. (1989) 
and Price (1990) reported the presence, in usual pathological 
forms of aHCD at stages A and B, of well-demarcated foci 
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Figure 1 Alpha chain disease at stage A. Histological pattern of the 
jejunal mucosa. A lymphoepithelial lesion is indicated by the arrow. 
Hematoxylin and eosin (H&E), x 115. Inset: Detail of the plasma 
cell infiltrate. H&E, x950. 

of centrocytic-like cells centered around crypts and forming 
characteristic lymphoepithelial lesions (Figure 1). 

Few cytogenetic studies have been performed; karyotypic 
abnormalities involving chromosome 14 have been observed 
(Gafter et al., 1980), including rearrangements of 14q32 
(Berger et al., 1986). 

B. Epidemiology 

The age distribution of aHCD is in sharp contrast with that 
of multiple myeloma as well as that of intestinal lymphomas 
occurring in western Europe. The great majority of patients 
is between 15 and 35 years old, with a slight preponderance 
in males. The geographical origin of the patients is very pecu-
liar. Table I shows the geographical distribution of 130 cases 
that had been reported, or diagnosed in our laboratory, prior 
to 1978. Since then, several hundred cases have been re-
corded in the same and other countries from Africa, Central 
and South America, the Indian subcontinent, the Middle 
East, the Far East, and southern and eastern Europe. Obvi-
ously a wide spectrum of racial and ethnic origin exists. Most 
patients originated from and had been living in areas with a 
high degree of infestation by intestinal microorganisms. In 

Jean-Claude Rambaud et al. 

Figure 2 Alpha chain disease at stage C. Histological pattern of the 
jejunal cellular infiltrate (immunoblastic lymphoma). H&E, x840. 
Inset: Malignant immunoblast. H & E, x 744. Reprinted with permis-
sion from Navab et al. (1978). 

addition, many of these patients were of low socioeconomic 
background and were exposed to conditions of poor hygiene. 

These epidemiologic features and the complete remissions 
achieved at the early stage of the disease by antibiotic treat-
ment alone strongly suggest that environmental factors, pro-
viding local and protracted antigenic stimulation, play an 
important role in the pathogenesis of aHCD. No specific 
microorganisms could be found by bacterological, virologi-
cal, or parasitological studies (Harzic et al., 1985). The postu-
lated antigenic stimulation by such agent(s) may have oc-
curred many years before the disease became clinically 
manifest, particularly during infancy. The absence of the Fab 
region in the aHCD protein precludes its use for identifying 

Figure 3 Alpha chain disease at stage C. Histological pattern of the 
jejunal wall obtained during staging laparotomy. Note the invasion 
of submucosa and muscularis propria by the tumeral process and 
the ulceration of the left part of the mucosa. H&E, x9. Reprinted 
with permission from Galian et al. (1977). 
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Table I Geographical Origin of the First 130 Patients with 
aHCD0 

Africa 
Tunisia 
Algeria 
Morocco 
South Africa 
Nigeria 
Zaire 
Mali 

Middle East 
Iran 
Israel 
Lebanon 
Egypt 
Syria 
Saudi Arabia 
Libya 
Kuwait 
Iraq 

25 
21 
3 
3 
2 
1 
1 

13 
10 
2 
2 
1 
1 
1 
1 
1 

Far East 
Pakistan 
Cambodia 
India 

Europe 
Spain 
Turkey 
South Italy 
Yugoslavia 
Greece 
Finland 
Portugal 
Netherlands 
Great Britain 

The Americas 
United States 
Columbia 
Mexico 
Argentina 

2 
1 
1 

10 
9 
6 
2 
2 
1 
2 
1* 
1* 

1* 
1 
1 
1 

a Reprinted with permission from Seligmann et al. (1979). 
b Respiratory form of the disease. 

putative antigenic stimuli. The environmental factors could 
trigger the clonal proliferation directly or, alternatively, could 
represent only predisposing factors. In either case, that the 
plasma cell proliferation resulting from this postulated anti-
genic stimulation appears to lead, in these patients to the 
production of an HCD protein rather than of a whole myeloma 
globulin is remarkable. Indeed, we know of only two patients 
with the typical clinicopathological pattern of aHCD in whom 
a complete monoclonal IgA was found in serum (Chantar et 
al., 1974; Tangun et al., 1975) whereas, in another patient 
with the same features, a yHCD protein was demonstrated 
in the serum and intestinal cells (Bender et al., 1978). In a 
few other patients with similar features, the massive small 
intestinal plasma cell infiltrate was polyclonal with high 
plasma levels of polymeric IgA (Brandtzaeg and Baklien, 
1977; Gilinsky et al., 1985; Colombel et al., 1988). 

The association with an underlying immunodeficiency that 
could be the result of malnutrition, especially in early infancy 
(Dutz et al., 1971), or of genetic factors is not ruled out. In 
fact, the role of environmental factors does not exclude the 
possibility of predisposing genetic factors, although no famil-
ial cases have been reported and although the search in Tuni-
sia by the Tufrali Group for serum Ig abnormalities in the 
patient's relatives has been negative, as have HLA typing 
studies. 

C Laboratory Diagnosis 

1. Serum and Other Fluids 

The demonstration, by immunochemical methods, of the 
presence of Ig a heavy chains devoid of light chains in the 

serum (or jejunal fluid) is mandatory for the diagnosis of 
aHCD. 

The abnormal Ig chains are not evidenced by serum elec-
trophoresis in nearly half the cases (Seligmann et al., 1979). 
When detectable by this procedure, the pathological protein 
rarely, if ever, shows the discrete narrow spike suggestive 
of a monoclonal Ig abnormality. Instead, a chains feature a 
broad band that may extend from the «2 to the 02 region. 
This remarkable electrophoretic behavior of aHCD may be 
related to the tendency of these chains to polymerize or to 
their high carbohydrate content (Seligmann et al., 1979). 

The identification of the aHCD proteins therefore relies 
on serum immunoelectrophoresis, immunoselection, or im-
munofixation. The pathological protein may escape detection 
by the first method when its serum concentration is low. 
Moreover, lack of precipitation of the abnormal protein with 
anti-light chain antisera may be observed for some mono-
clonal IgA myeloma proteins (Seligmann et al., 1969). Immu-
noselection combined with immunoelectrophoresis allows 
the detection of aHCD proteins in most cases (Doe et al., 
1979). This technique, however, requires rather large 
amounts of highly selected antisera to κ and ë light chains, 
capable of precipitating completely all monoclonal and 
polyclonal Ig molecules. Finally, immunofixation (O'Reilly 
et al., 1981) is easier to perform, is sensitive, and allows the 
detection of aHCD when the level of polyclonal IgA is low 
or when the migration of the pathological protein extends 
beyond the ß region. All aHCD proteins appear to belong 
to the al subclass; no a2 HCD protein has been found in 
over 100 studied cases (Seligmann, 1977). Since one-third of 
the normal secretory IgA molecules belong to the a2 subclass, 
this finding is obviously significant, although it remains unex-
plained. 

Of note, other serum Ig abnormalities may be found in 
aHCD. Serum levels of normal polyclonal Ig molecules of 
all classes may be reduced independent of the protein-losing 
enteropathy. In addition, serum monoclonal IgG were dis-
closed in four cases of aHCD. 

The aHCD protein, bound to the secretory piece, is present 
in significant amounts in the jejunal fluid of patients with 
the digestive form of aHCD (Seligmann et al., 1969). The 
immunochemical techniques used for the detection of aHCD 
protein are the same as for serum; however, jejunal fluid 
must be collected carefully and concentrated to avoid protein 
degradation. In some patients with the clinicopathological 
features of aHCD, the pathological protein can be found in 
the jejunal fluid but cannot be detected in the serum (Ram-
baud et al, 1983). 

In almost all instances of aHCD, only minimal amounts 
of HCD are present in the urine and monoclonal light chains 
are always absent. 

2. Cellular Studies 

The study of proliferating plasma cells or immunoblasts 
by conventional immunofluorescence or immunoperoxidase 
techniques, on cell suspensions (from lymph nodes or bone 
marrow) or histological sections, demonstrates the presence 
of intracytoplasmic a heavy chains in the absence of light 
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chains in most cases (Preud'homme et al., 1979). However, 
exceptions to this pattern do exist since ê light chains were 
found in the cytoplasm or at the surface of the proliferating 
plasma cells in three cases of aHCD (Preud'homme et al., 
1979). Immunochemical studies permit the detection of the 
rare cases of nonsecretory aHCD, in patients with the charac-
teristic clinicopathological pattern but without detectable 
aHCD protein in the serum or jejunal fluid (Rambaud et 
al., 1983; Matuchansky et al., 1989). In one such case, molec-
ular studies identified the mechanism responsible for the ab-
sence of secretion (Cogne and Preud'homme, 1990): a dele-
tion had occurred of the polyadenylation site for secretory 
al chain mRNA; however, the membrane form of the abnor-
mally short a heavy chain was produced. 

D. Structure of the aHCD Protein and 
Productive a Genes 

Most HCD proteins consist primarily of the Fc region and 
have a normal carboxyl terminal. The missing portion of 
the heavy chain therefore usually is located within the Fd 
fragment (Seligmann et al., 1979). Indeed, most aHCD pro-
teins lack the variable and first constant domains. In four of 
five aHCD proteins studied in our laboratory (Seligmann et 
al., 1979), the sequence started with a valine residue corre-
sponding to position 222 of the al heavy chain, that is, the 
first amino acid of the hinge region. In the fifth case, the 
normal hinge region sequence was preceded by a short stretch 
of amino acids whose sequence did not belong obviously to 
Ig-related sequences (Wolfenstein-Todel et al., 1974). Sub 
amino-terminal sequences of unknown origin also have been 
found in some cases of y- and //,HCD (Franklin and Frangi-
one, 1975; Seligmann et al., 1979; Barnikol-Watanabe et al., 
1984). 

Of note, the sequence of aHCD proteins was difficult to 
assess because of technical difficulties in the isolation of 
the pathological protein or because of the existence of a 
heterogenous amino-terminal sequence most likely created 
by limited proteolytic cleavage of the amino-terminal end of 
the hinge region (Seligmann, 1977). Biosynthesis experiments 
indicated that HCD proteins are not a mere degradation prod-
uct of a normal chain, but that truly short heavy chains are 
synthesized by the cells (Buxbaum and Preud'homme, 1972). 

The latter results were confirmed by the nucleotide se-
quence analysis of the a mRNA and of the rearranged produc-
tive al genes from invaded mesenteric lymph nodes. In three 
reported cases (Bentaboulet et al., 1989; Tsapis et al., 1989; 
Cogne and Preud'homme, 1990) as well as in eight additional 
patients (Fakhfakh et al, 1992), the a mRNA was short, 
lacking the whole VH and CH1 segments. A striking additional 
feature of these a mRNAs was the presence, at their 5' ends, 
of a 20- to 80-nucleotide stretch that had no homology with 
Ig or non-Ig sequences stored in data banks. This sequence 
of unknown origin was in frame with that of the hinge, CH2, 
and CH3 a domains. Therefore, a proteolytic cleavage must 
take place within the cell since the serum protein usually is 
devoid of an abnormal amino-terminal sequence. However, 
such inserted sequences might account for those rare proteins 

with such an unusual amino-terminal end (see previous dis-
cussion). Biosynthesis studies in one case showed two differ-
ent a chains of slightly different molecular masses, which 
may correspond to the two species of a chains (Tsapis et al., 
1989). Of note, no homology existed between the inserted 
sequences from different patients (which might have provided 
a clue about the pathogenesis of aHCD). 

Analysis of the sequence of the productive al chain genes 
in three cases indicated that these non-Ig sequences arise by 
various mechanisms. In two cases, the extra sequence found 
in the mRNA originated from part of a very long sequence 
(289 and 360 bp) that replaced the VH gene (Tsapis et al., 
1989; Cogne and Preud'homme, 1990). In the other case (Ben-
taboulet et al., 1989), the mRNA insert corresponded to two 
composite exons from the JH region, including a 62-nucleotide 
insertion of unknown origin. Again, analysis of the inserted 
sequences at the DNA level yielded no indication of their 
possible derivation. The lack of a CH1 domain was related 
to a deletion event affecting the whole CH1 exon in two cases 
and the 5' end of the CH exon in the third case. Analysis of 
the flanking sequences of these deletions provided no clue 
about the mechanism underlying this event. Another remark-
able feature of these altered al genes was a high degree of 
mutation affecting primarily the JH region, which retains a 
low homology (66-90%) with its germ-line counterpart. These 
alterations within the JH region appear to be a common feature 
of sequenced y- and aHCD productive genes (Cogne et al., 
1989); these changes result in an unusual splicing, using alter-
native splice sites and eliminating a large part of the remnant 
VH and JH segments. In addition, we sequenced a nonfunc-
tional al gene implicated in a t(9,14) translocation and found 
strikingly similar abnormalities, including a high number of 
mutations and a deletion of the 3' end of a VH rearranged 
gene (Pellet et al., 1990). 

Interestingly, the single nucleotide sequence established 
for a rearranged κ light chain gene in cells from a patient 
with yHCD exhibited similar features (Cogne et al., 1988a), 
indicating that these unusual genetic alterations took place 
in different genetic loci located on different chromosomes. 
With respect to aHCD we observed, in all eight cases studied, 
the presence of rearranged κ genes and of nonproductive κ 
mRNA (Fakhfakh et al., 1992). 

Overall, the study of nucleic acids in aHCD as well as in 
other varieties of HCD has not yet generated comprehensive 
insights into the pathogenesis of these disorders. The abnor-
malities are distinct from those of mouse plasmocytoma and 
bear some similarities to those of cells from some nonsecre-
ting lymphoma cell lines that produce truncated μ chains in 
the absence of light chains (Cogne et al., 1988b). 

E. Clinical Features 

The usual presentation of aHCD is remarkably uniform; 
its pattern has not been modified noticeably since its early 
description (Rambaud et al., 1968; Rambaud and Seligmann, 
1976; Gargouri and Amor, 1982). The onset is usually gradual, 
but may be abrupt. The time from appearance of the first 
symptom to diagnosis ranges from 1 month to 6 years; an 
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intermittent clinical course is not rare. Table II gives the 
frequency of presenting symptoms and signs in two series of 
patients. In fact, two clinical patterns can be distinguished. 

In the majority of patients diagnosed in developed coun-
tries of western Europe, the clinical presentation is chronic 
diarrhea with evidence of malabsorption. However, a profuse 
watery diarrhea may be observed; water and electrolyte im-
balance may result in atypical presentations, such as nephro-
genic diabetes insipidus (Economidou et aL, 1976). Apart 
from signs of protein-caloric malnutrition and specific defi-
ciencies, finger clubbing is the single frequent physical find-
ing, present more often than in any other enteric disease. 

The second presentation pattern usually follows the ne-
glected or misdiagnosed preceding one, but in rare cases may 
occur first. This presentation is the result of the occurrence, 
usually at stage C, of digestive tract tumors or of voluminous 
abdominal adenomegalies and their complications. Abdomi-
nal examination often finds abdominal masses; surgical emer-
gencies may be due to intestinal intussusception or perfora-
tion of ulcerated lesions, but rarely to digestive hemorrhage. 
Pains may simulate acute appendicitis or pancreatitis and are 
related to lymph node necrosis. Chronic obstruction as a 
result of stenosing infiltration or masses has been also ob-
served. Pathological study of surgical resection or biopsy is 
essential for diagnosis. 

Some patients, often with this "tumoral" syndrome and 
usually at stage C, may present with signs of tumoral dissemi-
nation to liver, spleen, Waldeyer's ring, peripheral lymph 
nodes, or bone marrow. The rare isolated gastric localizations 
of aHCD are revealed by epigastric pain, vomiting, and often 
weight loss. 

F. Digestive Investigations 

Usual biological investigations confirm the malabsorption 
syndrome and protein-losing enteropathy (Table III). The 
frequent increase in alkaline phosphatase initially was consid-
ered of intestinal origin, but this symptom later proved to be 
rare; the source of the enzyme is mainly hepatic. Owing to the 
proposed etiopathogenesis of aHCD, results of parasitologi-
cal (Table III), bacteriological, and virological studies are 
interesting, although rather disappointing (Harzic et aL, 
1985). Bacterial colonization of the jejunal lumen is found in 
the majority of patients, but usually is moderate and anaer-
obes are absent. D-Glucose and [14C]glycyl-cholyl breath test 
are negative. Giardia lamblia and isolated cases of infestation 
by various parasites are present in one-third of patients (Ram-
baud and Seligmann, 1976). Nevertheless, clinical symptoms 
and laboratory evidence of malabsorption and plasma protein 
digestive loss usually improve strikingly after a short course 
of antibiotic and antiparasitic treatment, without or before 
any apparent change in the small bowel mucosal lesions 
(Rambaud et aL, 1978). This amelioration must be kept in 
mind for patient follow-up. 

Small intestinal radiographs usually show enlarged duode-
nal and jejunal folds and a polypoid pattern, with diffusion 
of lesions to the whole small bowel length. Radiographs also 
may show stenosis caused by lymph nodes compression or 

Table II Clinical Presentation of aHCD 

Symptoms and signs 

Chronic diarrhea 
with overt steatorrhea 
watery appearance 
uncertain type 

Abdominal pain 

Vomiting 

Tetany 

Fever 

Loss of weight 

Finger blubbing 

Abdominal mass(es) 

Ascites 

Edema 

Peripheral nodes 

Prevalence0 

100 
47 
14 
29 
93 

41 

38 

21 

97 

47 

24 

12 

24 

0 

(%) 

89 

100 
7 

? 

37 

87 

39 

39 

8.5 
? 

30 

a Figures are percentages of the total number 
of patients in a series of 34 patients diagnosed in 
Western Europe (Rambaud and Seligmann, 1976; 
left column) and a series of 51 patients diagnosed 
in Tunisia (Gargouri and Amor, 1982; right column). 

Table III Main Laboratory Findings Related 
to Intestinal Involvement in 34 Cases 

of aHCD* 

Laboratory data 

Hemoglobin <13 g/dl 

Serum potassium <3.5 mM 

Serum albumin 
2.4-35 g/liter 
<2.5 g/liter 

Serum cholesterol <0.15 g/liter 

Serum calcium <9.0 mg/dl 

Absorption serum tests 
Fecal fats <6 g/24 hr 

6-15 g/24 hr 
>15g/24hr 

Abnormal D-xylose test 

Abnormal Schilling test 

Protein-losing enteropathy* 

Prevalence 
(%) 

68 

55 

46 
46 
89 

71 

5 
45 
50 
83 

56 

71 

a Data from Rambaud and Seligmann (1976). 
b Nearly constant with the sensitive al-antitryp-

sin clearance test. 
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infiltrating lesions, ulcerations or defects, or internal fistulas 
(Navab et al., 1978; Matsumoti et al., 1990). 

Since aHCD nearly always affects the duodenum and jeju-
num, endoscopy with biopsies, using a long-ending view in-
strument and immunohistochemistry, is a major tool for its 
diagnosis. In the experience of the Tunisian-French 
Lymphoma Study Group Tufrali (Halphen et al., 1986), the 
sensitivity of this method for diagnosis was 0.92, with no 
false positives. Among the macroscopic patterns, the infiltra-
tive one was the most sensitive (0.8) and specific (0.96) in 
differentiating so-called Mediterranean lymphoma (see sub-
sequent text) from other small intestinal lesions, but was 
unable to distinguish between aHCD and other diseases cov-
ered by this imprecise denomination. Ileocoloscopy with sys-
tematic biopsies, even in the absence of macroscopic abnor-
malities, is necessary to ascertain the extent of the disease, 
even at stage A. Such biopsies are also required for careful 
stomach examination during upper endoscopy. In the pure 
gastric localizations of aHCD, thick, rugae, erosive "gastri-
tis," and some ulcers localized in the antrum have been 
described (references in Rambaud and Halphen, 1989). 

G. Course and Treatment 

The spontaneous course of aHCD may be relentless or 
interrupted by periods of clinical improvement often induced 
by blind antibiotic treatment. The length of the delay between 
the first symptom and diagnosis does not correlate with the 
pathological stage of the disease at the time of diagnosis 
(Rambaud and Halphen, 1989). Death may occur at any stage 
because of complications (infections, hypoglycemia, surgical 
emergency) or because of cachexia due to malabsorption 
and tumor growth. A single case of spontaneous, apparently 
complete remission, without control small intestinal biopsy, 
was reported after withdrawal from an unfavorable environ-
ment (Sala et al., 1983). 

Treatment may prevent the often fatal outcome. The mo-
dalities of treatment depend on a precise knowledge of the 
extent and histological stage of the disease. Because of the 
frequent asynchrony of the histological lesions between sites, 
laparotomy according to a precise protocol (Tabbane et al., 
1988) is necessary, except in patients displaying stage C pe-
ripheral lesions. The follow-up should include a periodic 
search for aHCD protein in serum and urine, intestinal ab-
sorption tests, small intestinal X-rays, upper esophagogastro-
duodenojejunal endoscopy, and ileocoloscopy with multi-
level biopsies studied by immunohistochemical techniques. 

Our present therapeutic guidelines, drawn from a personal 
series of 19 patients, Tufrali Group experience (Ben-Ayed et 
al., 1989), the series of 20 patients published by Martinez 
and Chantar (1983) and a pool of 40 individual well-studied 
cases from the literature references in Rambaud and Halphen, 
1989) are described here. 

Patients with stage A lesions limited to the gut and to 
mesenteric lymph nodes should be treated first by oral antibi-
otics, including metronidazole, which also eradicates the fre-
quent infestation by Giardia lamblia. Any other parasite 
should be eradicted as well. Of 28 patients, 39% achieved a 

complete clinical, histological, and immunological remission 
with antibiotic therapy alone, including a case treated without 
tetracycline. Antibiotics usually have a dramatic effect on 
the malabsorption syndrome, whether or not a true remission 
of the disease will be obtained. 

The duration of treatment before complete remission was 
assessed varied from 5 to 36 months; the actual delay for 
obtaining the remission could have been shorter. Invasion 
of the submucosa by the plasma cell infiltrate, involvement 
of mesenteric lymph nodes or other parts of the digestive 
tract, and the presence of cellular atypias at histological or 
electron microscope examination do not preclude the efficacy 
of oral antibiotics. In view of the possible and unpredictable 
evolution of stage A lesions to overt malignancy, chemother-
apy should not be instituted too late in unresponsive patients. 
When a complete remission of the disease is obtained, mainte-
nance antibiotic therapy does not seem necessary. 

At stages B and C, antiparasitic and antibiotic treatments 
are also useful since they may improve the malabsorption 
syndrome. Patients with stage B lesions, or with stage A 
lesions without marked improvement after a 6-month course 
of antibiotic treatment or a complete remission within 12 
months, should be given combination chemotherapy. Again, 
some patients will not improve, even after salvage chemo-
therapy. Some of these patients progress to stage C lesions 
and die, whereas others apparently remain at stage A and 
remain asymptomatic for long periods of time on tetracycline 
treatment. 

At stage C, patients with disseminated immunoblastic le-
sions of the small intestine require an intensive chemotherapy 
regimen to the extent allowed by their nutritional state. When 
a focal tumor is found, its surgical resection followed by 
combination chemotherapy including an anthracycline may 
induce a complete and prolonged remission. 

The overall complete remission rate in all Tunisian patients 
was 52% (64.3% for stages B and C), with a median survival 
of 67% at 3 years. Relapses, sometimes after a long disease-
free interval, may occur after treatment at any stage of the 
disease. Since most patients are young, those with dissemin-
ated stage C lesions that show a good response after four 
cycles of conventional or salvage chemotherapy could be 
submitted to autologous bone marrow transplantation (Perrot 
et al., 1988). 

Supportive therapy by intravenous infusion of water, elec-
trolytes, calcium and magnesium salts, blood, or albumin 
and, in some cases, enteral or total parenteral nutrition is 
often necessary before laparotomy and during the early pe-
riod of treatment. 

II. RELATIONSHIP BETWEEN ALPHA CHAIN 
DISEASE, IMMUNOPROLIFERATIVE SMALL 

INTESTINAL DISEASE, AND 
"MEDITERRANEAN" LYMPHOMA 

Since the first publications on aHCD (Rambaud et al., 
1968; Seligmann and Rambaud, 1969), the similarity of its 
epidemiology and clinical pattern with those of "Mediterra-
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nean" lymphoma described previously in Israel (Ramot et 
al., 1965; Eidelman et al., 1966) was stressed; most of these 
lymphomas were suggested, to be in fact, aHCD (Seligmann 
and Rambaud, 1969; Rambaud and Matuchansky, 1973). Be-
cause of the frequent absence of adequate immunochemical 
studies, a World Health Organization (1976) memorandum 
stated that all "Mediterranean" lymphomas the pathology 
of which was identical to that of aHCD, whether or not 
aHCD protein was synthesized by proliferating cells, should 
be named Immunoproliferative Small Intestinal Disease 
(IPSID). Further experience revealed that most cases of 
IPSID were, in fact, aHCD, including rare cases in which 
the abnormal protein was absent from serum but detected in 
the gastric (Coulbois et al., 1986) or jejunal (Rambaud et 
al., 1983) juice or only at a cellular level (Rambaud et al., 
1983; Matuchansky et al., 1989). However, in a few similar 
patients, proliferating cells synthesized other monoclonal 
Igs or polyclonal IgA (Rambaud and Halphen, 1989). 

Does IPSID include all the previously described "Mediter-
ranean" lymphomas? Rambaud et al. (1982) reported four 
young patients, born in countries in which IPSID is observed, 
with a clinical history and presentation identical to those of 
this syndrome. However, the pathological lesions, consisting 
of extensive follicular lymphoid hyperplasia of the small in-
testine associated in one case with multicentric follicular 
center cell (or centrocytic-like?) lymphoma, were quite differ-
ent from those of aHCD. Immunological studies were unable 
to disclose aHCD protein synthesis or primary Ig deficiency. 
Review of the literature revealed that previously reported 
cases of this disorder, which should not be confused with 
multiple lymphomatous polyposis of the gut, had been ob-
served primarily in the same epidemiological context as 
IPSID. 

Thus, one of the goals of the Tunisian-French Intestinal 
Lymphoma Study Group was to reevaluate prospectively 
in Tunisia the nosology of Mediterranean lymphoma. All 
subsequent patients referred to the group with the suspicion 
of intestinal lymphoma, from 1981 to 1985, were investigated 
thoroughly. All those who proved to suffer from a small 
intestinal lymphoma were submitted to detailed immunologi-
cal investigations, and all but one had a laparotomy. Among 
the 55 patients, 39% had IPSID and in all of them aHCD 
protein synthesis was demonstrated; 46% showed an exten-
sive cellular proliferation infiltrating all or the proximal half 
of the small intestinal mucosa and submucosa, consisting of 
benign-appearing follicular lymphoid structures surrounded 
and more-or-less destroyed by a low-grade malignant 
lymphoid proliferation consisting of small cleaved cells (Cam-
moun et al., 1989). Gross tumor foci of usually higher malig-
nancy than the diffuse lesions were found in association with 
the latter proliferation in nearly 50% of cases (Figure 4). No 
evidence of production of aHCD protein was observed in 
any of these patients. A provisional denomination of "non-
IPSID extensive small intestinal lymphoma" (ESIL) was 
proposed (Rambaud and Halphen, 1989). Finally, 15% pa-
tients had a Western type, that is, localized small in-
testinal lymphoma, associated in three cases with extensive 
villous atrophy of the mucosa. Note that Tunisian patients 
with IPSID and those with non-IPSID extensive small in-

Figure 4 Non-IPSID extensive small intestinal lymphoma. Histolog-
ical pattern of jejunal resection. Note, on the left, the multiple hyper-
plastic follicles and the lymphomatous band and, on the right, a 
tumoral mass. H & E, x8. 

testinal lymphoma originated from different parts of the 
country. 
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Gastritis and Peptic Ulcer 

Bertil Kaijser 

I. INTRODUCTION III. EPIDEMIOLOGY 

Tlhe idea that bacteria or immunological factors might play 
an important role in the pathogenesis of gastritis and ulcus 
duodeni or ventriculi has attracted researchers for many 
years. Autoimmunity has been studied, as has the role of 
eosinophilia. Little attention has been paid to early descrip-
tions of spiral bacteria in human biopsy specimens from gas-
tric mucosa (Freedberg et al., 1940). In 1982, a gram-negative 
microaerophilic curved rod was cultured successfully by 
Robert Warren in Perth, Australia, in biopsy specimens from 
patients with histological signs of gastritis (Warren, 1983). 
This event was the start of the new perspective of the patho-
genesis of gastritis and ulcus, in which bacteria have been 
accepted to play an important role. The first report was fol-
lowed by a number of publications confirming the idea. 

II. MICROBIOLOGY 

The curved rod that was isolated originally was named 
Campylobacter pylori. Intense scrutiny of its taxonomic fea-
tures compared with other Campylobacter species showed 
major differences between C. pylori and true Campylobacter 
with respect to ultrastructure, cellular fatty acid composition, 
respiratory quinones, growth characteristics, RNA sequenc-
ing, and enzymes. Distinct from most other bacteria and 
especially other Campylobacter; C. pylori possesses a potent 
urease activity, a property that also might have important 
pathogenic implications. This cell surface enzyme is com-
posed of two subunits of approximately 30 and 60 kDa; the 
genes that encode this enzyme have been sequenced (Clayton 
et al., 1990; Dunn et al., 1990). The unique characteristics 
of the bacterium has motivated formation a new genus; the 
organism is now called Helicobacter pylori (Goodwin et al., 
1989). 

Bacteria closely related to H. pylori have been found in the 
stomach of primates (Baskerville and Newell, 1988), whereas 
other Helicobacter species such as H. mustelae have been 
isolated in the stomach of ferrets; H.felis has been isolated 
from cats (Lee et al., 1988; Fox et al., 1990). 

Curved rods other than H. pylori have been found in a 
few humans with gastritis, but the significance of this result 
is not clear (Dye et al., 1989). 

Several investigations have shown a relationship between 
age and prevalence of//, pylori in healthy individuals (Dooley 
et al., 1989). In the age group under 30 years, prevalence is 
not higher than 10% whereas, in the age group of 50-60 years 
and older, corresponding figures are more than 60%. Race 
and socioeconomic circumstances influence the prevalence 
also (Megraud et al., 1989). In several publications, persons 
with duodenal ulcer (prevalence of//, pylori close to 100%) 
or gastric ulcer (prevalence of//, pylori approximately 80%) 
clearly have been shown to harbor H. pylori significantly 
more often than age-matched healthy controls (Wyatt, 1989). 

The mode of transmission of H. pylori is known not in 
detail. Person-to-person transmission seems likely, since 
clustering of cases has been reported in families or nursing 
homes (Drumm et al, 1990). Infection from environmental 
sources is also possible. The bacteria have not, however, 
been isolated in environmental sources such as water, food, 
or domestic animals. They have not been found in stools of 
humans. Transmission via endoscopes has been suggested, 
and gastroenteroscopists have been shown to have a higher 
prevalence than corresponding control individuals (Mitchell 
et al, 1989). 

IV. PATHOGENESIS 

Helicobacter pylori clusters around the junctions between 
cells and never penetrates the cells. The bacteria also may 
harbor in metaplastic gastric epithelium of the esophagus or 
duodenum (Steer, 1975; Talley et al, 1988). They are never 
found in the blood and rarely are found in other parts of the 
body (de Cothi et al, 1989; Dye et al, 1989). Helicobacter 
pylori has been reported to induce intense inflammatory reac-
tion with dominating neutrophils in the antrum and in the 
body of the stomach, sometimes followed by hypochlorhy-
dria. Helicobacter pylori also has been suggested to produce 
a protein capable of inhibiting parietal cell function (Cave 
and Vargas, 1989). Biopsy specimens from gastritis patients 
with H. pylori show focal epithelial cell damage and inflam-
matory response in the lamina propria consisting of mono-
nucler cells and granulocytes. A marked systemic IgG and 
IgA response accompanies the inflammatory reaction to //. 
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pylori, including T lymphocyte and plasma cell proliferation 
(Perez-Perez et al., 1988; Evans et al., 1989). 

The capacity of H. pylori to escape the bactericidal activity 
of gastric acid juices, and to colonize the epithelium and 
thereby damage epithelial cells and induce an inflammatory 
reaction has attracted the interest of many researchers. Possi-
ble virulence factors such as urease, adhesins, proteases, 
phospholipases, and cytotoxins have been suggested. The 
production of a very potent urease might protect the bacteria 
against the gastric acid. Patients with active duodenal ulcers 
and H. pylori have been reported to secrete more acid and 
release more gastrin (Levi et al., 1989). 

V. DIAGNOSIS 

The most reliable procedure for diagnosis is the isolation 
of H. pylori from biopsy specimens taken from the relevant 
epithelium. The clinical drawback is that biopsies are re-
quired; no other specimens are adequate. A less sensitive 
and specific procedure is the biopsy-urease test (McNulty et 
al., 1989). A medium containing urea with pH-sensitive dye 
is inoculated with the mucosal biopsy specimen. Urease in 
a positive specimen splits the urea and causes raised pH 
via production of ammonia. A color indicator reacts to the 
increased pH. Another noninvasive test is the urea breath 
test (Graham et al., 1987). 14C-Labeled urea is given perorally 
with liquid. If urease activity is in the stomach, labeled C02 

is split off and expired in the breath, from which it can be 
recorded with a mass spectrometer. A third noninvasive 
method, reliable and increasingly used, is the antibody deter-
mination (see subsequent section). 

VI. IMMUNOLOGY 

Serum antibody response against H. pylori antigen has 
been measured using several different antibody techniques 
such as agglutination, complement fixation, enzyme-linked 
immunosorbent assays (ELISA), and immunoblotting (Jones 
et al., 1986; Bolton and Hutchison, 1989; Kosunen et al., 
1989; Reiff et al., 1989). Different antigen preparations have 
been used, for example, whole cell antigens, glycine extracts, 
urease antigen, 120-kDa protein, and sonicated bacteria 
(Hirschl et al., 1988; Bolton and Hutchinson, 1989). Crude 
antigens often have shown cross reactions with other bac-
teria. 

IgG antibodies have been shown to be recorded signifi-
cantly more often in patients with active chronic gastritis 
than in patients with normal morphology. The antibodies, 
furthermore, appear significantly more often in patients with 
H. pylori than in bacteria-negative patients (Perez-Perez et 
al., 1988; Evans et al., 1989). An increased level of Ig A 
antibodies often is seen simultaneously with IgG antibodies. 
High levels of IgM antibodies are less common, which might 
indicate that the infection is a chronic one in most cases. A 
certain overlap of increased antibody titers is found in dis-

eased and healthy persons, complicating the predictive value 
of the antibody test. 

After treatment of patients with antimicrobial drugs the 
increased antibody levels, mainly IgG and IgA antibodies, 
decrease in 1-2 months (Vaira et al., 1988; van Bohemen et 
al., 1989). The patients who become free of Helicobacter as 
a consequence of antimicrobial treatment are expected to 
show even lower antibody level within the next 6 months. 
In patients in whom the bacteria remain, a new antibody 
increase might be expected (Oderda et al., 1989). Immunolog-
ical methods, that is, antibody determination, rather than 
cumbersome endoscopic methods can be used to screen the 
pertinent patient group with gastroenterological disease. This 
technique is especially valuable in younger patients, in whom 
the finding of low antibody level is a satisfactory result and 
need not be followed by endoscopy with biopsy to rule out 
malignancies. Follow-up of patients treated with antimicro-
bial drugs also can be performed very well by antibody deter-
mination. 

Why the local immune response of the mucous membrane 
cannot clear the gastrointestinal tract of H. pylori without 
antimicrobial treatment is still unclear. Helicobacter pylori 
gastritis is apparently an immunopathological disease. Most 
of the morphological and histological changes can be ac-
counted for by most immune response mechanisms. Activa-
tion of the inflammatory reaction and self-damaging media-
tors such as complement factors, interleukin 6, and so on 
are important. An autoimmune component seems probable. 

In all discussions of "new" infectious diseases, the ques-
tion is raised whether or not a protective immunity is possible. 
In terms of cost-benefit, considerations of this kind are most 
relevant. The induction of prophylactic immunity against H. 
pylori seems unlikely. Urease was suggested as a vaccine 
candidate (Pallen and Clayton, 1990). However, animal ex-
periments with other urease-producing Helicobacter species 
have shown that urease-producing microorganisms have no 
marked toxic effect on the mucous membrane. 

An induction of immune response to H. pylori already 
has been shown and has no influence on the eradication of the 
bacteria—they are already there. Furthermore, the bacteria 
apparently induce an inflammatory reaction with immuno-
pathological effects. If vaccination were possible, it would 
have to be done in young individuals with no H. pylori 
present. 

VII. TREATMENT 

Helicobacter pylori bacteria are sensitive in vitro to most 
commonly used antimicrobial drugs such as ampicillin, cefa-
losporins, erythromycin, penicillin, quinolones, and tetracy-
clines (Goodwin et al., 1986). They are resistant to nalidixic 
acid, trimethoprim, sulfonamides, and vancomycin. 

Despite the good in vitro results, the treatment in vivo 
does not always eradicate the bacteria. Reasons for failure 
might be development of resistance or loss of activity in the 
presence of acid. Better results have been obtained with 
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combinations of drugs such as bismuth salts and amoxycillin 
or tinidazole or amoxycillin and tinidazole (Marshall et al., 
1988; Rauws et al, 1988; Oderda et al., 1989). Even greater 
effectiveness has been achieved using triple therapy of bis-
muth salts, amoxycillin or tetracycline, and metronidazole. 
In 90% or more cases, the patient was cleared after treatment 
(Borody et al., 1988; Börsch et al., 1988). Another very prom-
ising therapy study combining omeprazole and amoxycillin 
showed a marked effect on eradication and ulcer relapse 
during a 6-month follow-up (Unge et al., 1991). 

VIII. CONCLUSION 

Based on extensive studies since the first report in 1983, 
H. pylori evidently play an important role in the etiology of 
gastritis and peptic ulcer. Helicobacter pylori is found in the 
mucous membrane of the stomach or duodenum in patients 
with gastritis or peptic ulcer more commonly than in healthy 
people. The prevalence increases with age and is high in some 
ethnic groups. Helicobacter pylori induce an inflammatory 
reaction with immunopathological effects. An increased anti-
body level, mainly IgG and IgA, is seen in the serum of the 
patients. This antibody response has an important diagnostic 
value. However, the immune response does not eradicate H. 
pylori. Treatment of patients has been discussed extensively. 
A combination of bismuth and one or two antimicrobial drugs, 
preferably metronidazole and amoxycillin or omeprazole in 
combination with amoxycillin, has been suggested. 
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I. INTRODUCTION 

Because of the continuous exposure of the intestine to a 
wide variety of bacterial, viral, and dietary antigens, host 
defense mechanisms are constantly necessary and depend 
on essential functions mediated by the intestinal mucosal 
immune system. The mucosal immune system has developed 
a unique set of immunological protective mechanisms and 
effector capabilities that normally prevent damage to the 
intestine but, in the case of inflammatory bowel disease 
(IBD), may perpetuate and exacerbate intestinal injury. In 
healthy individuals, nutrients must be allowed to cross the 
interface of the external environment (the gut lumen) and the 
intestinal mucosa while injurious agents must be prevented 
from entering effectively and specifically (Tomasi et al., 1965; 
Mestecky and McGhee, 1987; Brandtzaeg et al., 1988). Thus, 
a critical function of the normal mucosal immune system is 
to recognize and neutralize specifically infectious agents and 
potentially injurious toxins or antigens (Hanson et al., 1980; 
Underdown and Schiff, 1986). Discrimination between self 
and nonself is vital so host tissues are not damaged while 
host protective defense mechanisms are being employed. In 
ulcerative colitis and Crohn's disease, the normally protec-
tive inflammatory response is not down-regulated and the 
highly activated effector cells produce prolonged and intense 
damage of the intestine. Advances in our understanding of 
normal immune and inflammatory processes in the intestinal 
mucosa have provided new insights into the immunopatho-
genic mechanisms involved in autoimmune and chronic in-
flammatory gastrointestinal diseases such as ulcerative colitis 
and Crohn's disease (MacDermott and Stenson, 1988a,b). 

An effective immune response begins with the specific 
processing of antigens by monocytes and macrophages, 
which endocytose large molecules and infectious organisms 
such as bacteria and viruses (Unanue and Allen, 1987). After 
lysosomal processing, smaller fragments are generated that 
interact with major histocompatibility complex (MHC) Class 
II or Class I determinants. Antigen recognition events by 
lymphocytes involve the antigen-specific T-cell recep-
tor-CD2 complex. The T-cell receptor complex specifically 
recognizes Class II cell surface determinants in conjunction 
with antigen fragments on the macrophage surface. Other 
cell types, in addition to the macrophage, now are known to 
have Class II antigens on their surfaces and to be capable of 
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antigen presentation. The gastrointestinal tract in particular 
is populated by many potential antigen-presenting cells, in-
cluding epithelial cells and endothelial cells as well as den-
dritic cells and macrophages. The presence of a variety of 
antigen-presenting cells further enhances the ability of the 
intestine to mount specific mucosal immune responses 
against the many different luminal antigens to which it is 
exposed (Bland and Warren, 1986a,b). Specific antigen recog-
nition is pivotal to the normal function of T cells, which both 
regulate immune responses through T helper cell function 
and serve as effector cells by carrying out T cell-mediated 
cytotoxicity. 

Cytokines are produced by macrophages (Dinarello, 1988) 
and T cells induce B cells to mature into plasma cells and to 
secrete immunoglobulins. Presentation of antigens to B cells 
initiates an orderly and precise sequence of events during 
which genes that encode for variable regions are joined with 
genes that encode the constant regions of heavy and light 
chains of immunoglobulins. This rearrangement of genes re-
sults in the formation of specific DNA that produces a specific 
messenger RNA that allows a B cell to secrete an isotype-
and subclass-defined antibody that is specific to the initiating 
antigen. The normal gastrointestinal immune system has 
unique mechanisms that allow mucosal B cells to "switch" 
from predominantly IgM production to IgA production (Ka-
wanishi et al., 1983a,b). A series of cell- and cytokine-medi-
ated regulatory events is involved in the production of IgA, 
which is the major mucosal protective immunoglobulin. 
Within normal human mucosal lymphoid follicles, T-cell sub-
sets produce specific B-cell switch, differentiation, and 
growth factors that regulate IgA production by B cells (Coff-
man et al., 1987). 

T-cell recognition functions are controlled by the formation 
of a T-cell receptor complex with two polypeptide chains 
(alpha and beta) that have variable regions. Sensitized T cells 
recognize specific antigens in conjunction with MHC Class 
II molecules. Helper T lymphocytes then are stimulated by 
interleukin 1 (IL-1) released from antigen-activated macro-
phages (Dinarello, 1988). Increased production of IL-2 by T 
cells further stimulates helper T cells to undergo cell cycle 
progression and clonal expansion (Smith, 1988). Specific 
helper T cells lead to enhanced production of immunoglobu-
lins. Therefore, carefully regulated expansion of immuno-
globulin-producing B cells in the mucosa by T cell-derived 
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cytokines (Strickland et al., 1974) normally occurs in re-
sponse to specific infectious agents or stimulating antigens 
to provide a protective immune response. 

In ulcerative colitis and Crohn's disease, the normal se-
quence of T-cell and B-cell regulating events is altered so an 
up-regulated immune and highly activated chronic inflamma-
tory response ensues. 

Although the specific and effective protection provided by 
the normal immune response in the intestine does not lead 
to injury to the surrounding tissue in ulcerative colitis and 
Crohn's disease, the continuous production of chemotactic 
cytokines, pro-inflammatory cytokines, inflammatory media-
tors, and other injurious molecules leads to damaging rather 
than healing processes. The normal protective mucosal im-
mune response should be down-regulated when it is no longer 
needed, but in IBD the continuous up-regulation of the im-
mune response results in highly activated specific and non-
specific damage to the surrounding intestinal tissue. In the 
remaining sections of this chapter, we discuss recent progress 
that has been made in our understanding of the role of the 
mucosal immune system in ulcerative colitis and Crohn's 
disease. 

II. PERIPHERAL BLOOD 
LYMPHOCYTE ACTIVATION 

Initial descriptions of immunological alterations in IBD 
focused on peripheral blood lymphocyte function (Strickland 
etal., 1974;Thayere/ö/., 1976; Auer et al., 1978,1979). Auer 
and co-workers (Auer et al., 1978,1979) demonstrated that, 
in patients with long-term steroid-treated Crohn's disease, 
lymphocytopenia and a decrease in T cells occurred that 
was dependent on disease duration whereas, in new-onset 
untreated Crohn's disease patients, no alterations were 
found. More recent studies (Selby and Jewell, 1983; Yuan et 
al., 1983) using monoclonal antibodies against T lymphocytes 
and their subsets have not demonstrated any differences be-
tween IBD patients and controls. Therefore, attention now 
has turned to the concept that, although the absolute number 
of certain types of lymphocytes may not differ from normal 
in IBD, the functional state and degree of activation may be 
altered (Figure 1). 

Raedler and co-workers (Raedler et al., 1985a,b, 1986,1988; 
Schreiber et al., 1991) and Pallone and co-workers (Fais et 
al., 1987; Pallone et al., 1987) have demonstrated the in-
creased state of activation of peripheral blood T cells in IBD. 
Using the T9 antigen, which is identical to the transferrin 
receptor and is expressed during early lymphocyte activation, 
Raedler and colleagues observed that 24% of active Crohn's 
disease peripheral blood T lymphocytes express early activa-
tion markers (Raedler et al., 1985b). The extent of peripheral 
blood T-lymphocyte activation was dependent on disease 
activity; only 10% of T cells expressed the T9 antigen in 
inactive Crohn's disease (Raedler et al., 1985b; Schreiber et 
al., 1991). Peripheral blood T-cell activation was not specific 
for IBD, but was observed also in a variety of autoimmune 
diseases including systemic lupus erythematosus, rheuma-
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Figure 1 Activating events in IBD. Bacterial cell wall products, 
infectious agents, and/or toxins can be transported across M cells 
or presented by class II antigens on epithelial cells to prime and 
activate macrophages. After antigen presentation, the primed and 
activated macrophages synthesize and secrete a variety of molecules, 
including pro-inflammatory cytokines such as interleukin 1, interleu-
kin 6, and tumor necrosis factor a. The pro-inflammatory cytokines 
in turn activate a number of important cell-mediated events and 
processes, including CD4+ T helper cells in the intestine. In IBD, 
therefore, macrophages and lymphocytes are in a highly activated 
and up-regulated state with the resultant secretion of numerous pro-
inflammatory and immunoregulatory molecules. 

toid arthritis, and Behcet's disease. In contrast, peripheral 
blood T-cell activation was not increased in bacterial or viral 
colitis (Raedler et al., 1985a). Interestingly, in IBD, a high 
percentage of activated T9 antigen-positive T cells coex-
pressed Fc receptors for polymeric Ig A (Fca receptor), which 
was not observed in the autoimmune disorders that also ex-
hibited increased peripheral blood T-cell activation (Raedler 
et al., 1985a, 1986,1988; Schreiber et al., 1991). 

The work of Pallone and co-workers (Fais et al., 1987; 
Pallone et al., 1987) demonstrated that, in Crohn's disease, 
the T9 antigen in conjunction with other early lymphocyte-
activation markers is expressed in increased proportions on 
both peripheral blood mononuclear cells and isolated intesti-
nal lamina propria mononuclear cells. This work indicated 
that heightened cellular activation processes in IBD may be 
important in the intestine. The observation that a high per-
centage of activated peripheral blood T cells expresses Fca 
receptors and exhibits the functional capability of up-regulat-
ing IgA secretion in vitro provides intriguing evidence that 
either particular subpopulations in the peripheral blood are 
activated or activated intestinal lymphocyte populations can 
migrate from inflamed intestine into the peripheral blood com-
partment during IBD. 

Mueller et al. (1990) demonstrated increased serum levels 
of soluble IL-2 receptor in Crohn's disease patients (Figure 
2). Soluble IL-2 receptor can be shed from the surface of T 
cells or macrophages during cellular activation. The authors 
also observed an enhanced capacity of Crohn's disease pe-
ripheral blood mononuclear cells to secrete soluble IL-2 re-
ceptor in vitro, both spontaneously and after stimulation with 
phytohemagglutinin (PHA). Moreover, Crabtree and co-
workers found that increased serum levels of soluble IL-2 
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Figure 2 T cell-mediated immunity in IBD. With macrophage activa-
tion and the subsequent secretion of pro-inflammatory cytokines 
such as interleukin 1 (IL1), intestinal T helper cells are highly acti-
vated. The increased state of activation of intestinal T cells can be 
determined by demonstrating activation antigen markers on the cell 
surface. Subsequently, clonal expansion occurs because of the in-
creased production of interleukin 2 (IL2) and interleukin 2 receptors 
on intestinal lymphocytes. With activation and expansion of the 
intestinal T cell repertoire, soluble interleukin 2 receptors are se-
creted and shed from T cells so they circulate in the serum. The 
expression and secretion of soluble interleukin 2 receptors as well as 
TNF-ã and IL-6 may provide a convenient and reliable immunologic 
marker of intestinal inflammation in ulcerative colitis and Crohn's 
disease patients in the future. 

receptor correlated with the inflammatory activity in Crohn's 
disease patients (Crabtree et al., 1990). This work indicates 
that activated lymphocytes in IBD may be able to modulate 
the immune response by the synthesis and secretion and/or 
shedding of biologically active molecules. Moreover, mea-
surement of these molecules, such as soluble IL-2 receptor 
or cytokines produced by activated mononuclear cells, ulti-
mately may provide useful serum markers to correlate the 
level of tissue inflammation with an ongoing active disease 
state. 

We have demonstrated (Schreiber et al., 1992) an enhanced 
capacity of isolated IBD intestinal lamina propria mononu-
clear cells to release soluble IL-2 receptor spontaneously. 
Enhanced secretion of soluble IL-2 receptors by intestinal 
mononuclear cells is not specific to either ulcerative colitis 
or Crohn's disease, but also can be observed in colonic diver-
ticulitis. These studies suggest that activation events ob-
served in the peripheral blood may be related to ongoing 
inflammatory events in the diseased intestine. This hypothe-
sis also is supported by in vivo studies by Mahida et al. (1990), 
who demonstrated that soluble IL-2 receptor is secreted from 
the inflamed intestine into portal vein blood in Crohn's dis-
ease patients. 

III. INTESTINAL LYMPHOCYTE ACTIVATION 

Immunohistological studies have characterized the num-
bers and types of inflammatory cells in diseased IBD mucosa 
(Selby et al, 1984; Fais et al., 1987; Kontinen et al., 1987; 

MacDonald et al., 1990a), but have yielded conflicting results 
regarding intestinal lymphocyte activation in Crohn's disease 
and ulcerative colitis (Figure 1). Although a number of groups 
have described the increased expression of lymphocyte acti-
vation antigens (including 4F2, transferrin receptor, IL-2 re-
ceptor, and HLA-DR; Pallone et al., 1987; Allison et al., 
1990a; MacDonald et al., 1990), other observations have not 
demonstrated a rise in activated mucosal lymphocytes (Selby 
et al., 1984). Allison et al. (1990) observed increased T-cell 
activation in IBD mucosa as demonstrated by the appearance 
of CD7 but, in contrast, increased IL-2 receptor expression 
was not seen. Fais and Pallone (1989) noted that intestinal 
epithelial cells may be capable of expressing activation anti-
gens such as 4F2 and transferrin receptor during active IBD. 

We have used flow cytometric analysis of isolated colonic 
lamina propria mononuclear cells to demonstrate that lym-
phocyte activation antigens including the IL-2 receptor, the 
transferrin receptor, and the 4F2 antigen are expressed in 
increased percentages of intestinal B cells and T cells, as 
well as in CD4+ and CD8+ T lymphocyte subpopulations, in 
both active ulcerative colitis and Crohn's disease (Schreiber 
et al., 1991a). Moreover, 5-aminosalicylic acid (5-ASA), 
which can be used successfully in the treatment of intestinal 
inflammation in IBD, inhibits lymphocyte activation and anti-
body secretion by mitogen-stimulated peripheral blood cells 
(MacDermott et al., 1989; Schreiber et al., 1991b). Collec-
tively, these studies provide evidence that activation of B-
and T-cell populations occurs in the intestine as well as in 
the peripheral blood of patients with IBD. James and co-
workers reported elevated levels of IL-2 mRNA in the mu-
cosa of Crohn's disease patients (Figure 2), but not in that 
of patients with ulcerative colitis (James et al., 1991). 

James and co-workers (Kansas et al., 1985; James et al., 
1986; Kanof et al., 1988; James, 1991) have demonstrated 
that, in contrast to peripheral blood, only a small number of 
normal lamina propria T cells expresses the Leu8 molecule. 
Most lymphocytes within the intestine, therefore, are of the 
Leu8~ CD4+ phenotype and, thus, may be able to enhance 
B-cell activation and immunoglobulin secretion (Kansas et 
al., 1985; James et al., 1986; Kanof et al., 1988; James, 1991). 
This result may help explain the heightened state of intestinal 
B-cell activation and differentiation in normal human intes-
tine. Moreover, the functional capabilities of CD4+Leu8~ T 
cells in IBD intestinal mucosa constitute an important area 
for future studies. 

IV. HOMING OF LYMPHOBLASTS 

Follicle-associated epithelium contains microfold (M) cells 
that are derived directly from undifferentiated immature epi-
thelial stem cells in the crypts that surround Peyer's patches. 
M cells cover the lymphoid follicles in the gastrointestinal 
tract and provide a site for the selective sampling of intralumi-
nal antigens (Owen and Jones, 1974), which then are transcy-
tosed into the underlying lymphoid tissues of Peyer's patches 
(Wolf et al., 1981). Among the characteristic morphological 
features that distinguish M cells from absorptive epithelial 
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cells is the presence of fewer, shorter, and wider microvilli 
(Owen and Nemanic, 1978). Vesicles in the M-cell cytoplasm 
transport antigens through the cell. The antigens then come 
into contact with lymphocytes and macrophages that have 
migrated into an intercellular space or central hollow that 
indents into the M cell (Bockman and Cooper, 1973). M cells 
themselves do not have Class II antigens on their surfaces and 
do not process or present antigens. M cells, thus, primarily 
perform a transport function by moving selected antigens 
from the lumen into the mucosa, so subsequent macrophage 
processing and antigen presentation in the intestinal lymphoid 
follicles will initiate a specific mucosal immune response. 
Among the infectious agents known to be transcytosed by 
M cells are reoviruses, Vibrio cholerae, and mycobacteria. 
Similarly, large molecules, including horseradish peroxidase, 
ferritin, and certain lectins, also are transcytosed by M cells. 

Antigen-stimulated lymphocytes from intestinal lymphoid 
follicles then begin a "maturational journey," in which they 
leave the intestinal tract and migrate into afferent lymphatics 
that drain into mesenteric lymph nodes (Bienenstock et al., 
1978; Dunkley and Husband, 1987). Lymphocytes then enter 
efferent lymphatics and pass through the thoracic duct into 
the peripheral blood. During this process, the lymphoctyes 
mature into T-cell and B-cell lymphoblasts. B lymphocytes 
become surface IgA-bearing lymphoblasts after being pro-
moted to switch their immunoglobulin isotype by regulatory 
("switch") T cells within the Peyer's patch (Kawanishi et 
al., 1983a,b; Cebra et al., 1984). B lymphoblasts mature into 
IgA-secreting plasma cells after homing to mucosal sites. The 
homing of lymphoblasts results in mature B cells arriving at 
a variety of secretory sites (Bienenstock et al., 1978; Mes-
tecky, 1987) by interactions between specific "homing anti-
gens" (Jalkanen et al., 1986,1988) on the surfaces of the 
lymphoblasts and "addressins" (Streeter et al., 1988), spe-
cific receptors on the surfaces of high endothelial venules. 
Thus, a selective recognition of lymphocyte-specific proteins 
by intergrin family adhesion molecules found on endothelial 
cells in specific organs regulates the distribution of lymphoid 
effector cells to the intestine and other mucosal secretory 
sites. Lymphoblasts recirculate or "home" to the sites of 
the original antigenic stimulation as well as to other mucosal 
secretory sites. In humans, the cell interaction, adherence, 
and extravasation process is mediated by an 85- to 95-kDa 
class of lymphocyte surface glycoprotein that defines "hom-
ing receptors" for high endothelial venules and is present on 
normal human mucosal lamina propria lymphocyte popula-
tions (Jalkanen et al., 1986,1988; Hamann et al., 1988). IgA 
B cells preferentially migrate to mucosal secretory lymphoid 
sites, whereas T cells primarily home to peripheral lymph 
nodes. These differences in migration between B cells and 
T cells, as well as differences in the migration of lymphoblasts 
based on their tissue of origin, are due to cell surface homing 
receptor interactions with high endothelial venules (Streeter 
et al., 1988). 

Antigenic stimulation and chronic inflammation result in 
a rapid increase in the number of high endothelial venules 
(identified morphologically by their typical cuboidal, plump 
appearance). Increase in the number of high endothelial ven-

ules is caused by both enhanced differentiation and stimula-
tion of proliferation (Jalkanen et al., 1986,1988). Cytokines, 
including IL-1, interferon gamma (IFNy), and tumor necrosis 
factor (TNF-á), increase lymphoblast adherence to endothe-
lial cells, trigger the development of endothelial cell differen-
tiation markers, and enhance the expression of endothelial 
adhesion molecules. Increased expression of adhesion mole-
cules on endothelial cells allows an increase in the influx of 
antigen-specific sensitized lymphocytes, as well as mono-
cytes and granulocytes, into areas of chronic inflammation 
or areas in which cell-mediated host defense processes are 
needed. High endothelial venules increase in number in areas 
that are in close proximity to developing granulomas. The 
presence of high endothelial venules thus is associated closely 
with dense lymphocytic infiltrates, particularly when the mo-
nonuclear cell-mediated processes are persistent. Although 
most studies to date have focused on the maturation and 
homing events related to lymphocytes (Jalkanen et al., 
1986,1988; Hamann et al., 1988; Streeter et al., 1988), the 
migration of granulocytes and macrophages into tissue sites 
also is regulated by interactions with similar endothelial cell 
adhesion molecules. Therefore, different cell surface recep-
tors now are known to be involved in determining which 
lymphocytes become localized to both normal and inflamed 
intestine. 

After antigenic stimulation in the gastrointestinal tract, 
IgA lymphoblasts also circulate to a number of other mucosal 
secretory sites including breast, lung, and eye, where antigen-
specific antibodies are secreted (Bienenstock et al., 1978; 
Mestecky, 1987). Homing of stimulated lymphoblasts to mu-
cosal secretory sites allows the secretion of protective anti-
bodies directed against antigens within the gastrointestinal 
lumen into lung, breast, and eye fluids. Once lymphoblasts 
have "homed" to the gastrointestinal mucosa and have ma-
tured into effector cells, they provide protective immunity 
within the lamina propria. The appearance of Fca receptor-
expressing activated T cells in the peripheral blood of IBD 
patients, as well as the enhanced IgA secretion by peripheral 
blood B cells during active disease, may be related to the 
outpouring of activated lymphoblasts from involved intestine 
and their participation in the homing process in active 
IBD (MacDermott et al., 1981,1983; Raedler et al., 
1985a, 1986,1988; MacDermott, 1988; MacDermott and Sten-
son, 1988b; Schreiber et al., 1991). Further, we have ob-
served in collaborative studies with the Jalkanen laboratory 
that activated lymphoblasts from the intestine also will adhere 
to human sy no vial tissue, raising the possibility that altered 
cell homing to the synovium could lead to the joint manifesta-
tions (arthralgias) observed in active IBD. 

V. ALTERATIONS IN IMMUNOGLOBULIN 
SYNTHESIS AND SECRETION 

Long-standing IBD is characterized by a mixed cellular 
infiltrate composed predominantly of B cells and T cells. The 
B cells normally are arrayed in areas subjacent to ulcerations 
in IBD, whereas T cells are found around granulomas and 
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in submucosal areas of Crohn's disease lesions. In the normal 
intestine, IgA-positive B cells predominate. In IBD, how-
ever, IgG-containing cells are increased more than other 
plasma cell types and are present in deeper tissue layers 
(Brandtzaeg et al, 1988). The intestinal lumen contains nu-
merous immunogenic molecules that physiologically stimu-
late the normal mucosal immune system, which reacts by 
mounting a protective immune response. The normal protec-
tive mucosal immune response is characterized by a number 
of features: It is effective, selective, controlled, and localized. 
These properties are, in part, mediated by Ig A, the major 
immunoglobulin in the normal intestine. Ig A protects pas-
sively by aggregation and immune exclusion rather than by 
activation of the complement cascade or induction of an 
intense inflammatory response, which could cause localized 
tissue damage. 

In IBD, on the other hand, the mucosal immune system 
exhibits a markedly heightened IgG immune response be-
cause of defective or altered immunoregulation. Our studies 
have provided evidence for the presence of highly activated T 
cells and B cells, as evidenced by the heightened spontaneous 
immunoglobulin secretion observed from intestinal and pe-
ripheral blood mononuclear cells, particularly of IgG and IgG 
subclasses (MacDermott et al, 1981; MacDermott, 1988; 
MacDermott and Stenson, 1988b). We have observed that 
peripheral blood mononuclear cells (PBMNs) from patients 
with new-onset untreated IBD display a strikingly high level 
of spontaneous IgG, Ig A, and IgM secretion compared with 
PBMNs from normal individuals, which demonstrate little 
spontaneous secretion of antibodies (MacDermott et al., 
1981,1983; MacDermott, 1988; MacDermott and Stenson, 
1988b). The pattern of markedly elevated spontaneous immu-
noglobulin secretion is not unique to IBD PBMNs, since we 
have observed the same secretion pattern from normal human 
rib bone marrow mononuclear cells, as well as from PBMNs 
obtained from patients with systemic lupus erythematosus 
and Henoch-Schoenlein purpura (Alley et al., 1982; Beale 
et al., 1982; MacDermott et al., 1983). Raedler et al. 
(1985a, 1988) reported increased numbers of Fca receptor-
bearing activated T lymphocytes in the blood of IBD patients. 
The increased numbers of Fca receptor-positive activated T 
cells in IBD may contribute to the enhanced secretion of IgA 
(Raedler et al, 1985a,1988). 

Intestinal mononuclear cells have unique capabilities and 
differ in their functional characteristics from PBMNs 
(MacDermott et al., 1981; 1983; 1986; 1987; MacDermott, 
1988; Scott et al., 1986). Intestinal mononuclear cells from 
normal mucosa spontaneously secrete enormous amounts of 
IgA (MacDermott et al., 1983,1986). Both phenotypic and 
functional parameters indicate an increased state of activa-
tion of normal lamina propria T and B cells, which may be 
induced through continous antigenic stimulation by luminal 
antigens (Peters et al., 1989). This hypothesis is supported 
by the demonstration of a higher degree of activation antigen 
expression (IL-2 receptor and transferrin receptor) on normal 
colonic lamina propria lymphocytes compared with lympho-
cytes from the normal small intestine. The enhanced in vivo 
activation of normal intestinal B lymphocytes in comparison 

to PBMNs may lead to heightened spontaneous in vitro immu-
noglobulin secretion (Schreiber et al., 1991). IBD intestinal 
monuclear cells exhibit decreased spontaneous IgA secretion 
(MacDermott et al., 1983;1986) but exhibit instead markedly 
increased IgG secretion compared with control intestinal mo-
nonuclear cells (Scott et al., 1986; MacDermott and Nahm, 
1987). 

Changes in IgA subclass secretion in IBD are consistent 
with the migration of monomeric IgA- and IgA 1-secreting 
cells from peripheral blood into the diseased intestine and 
could represent a normal mucosal response to intestinal anti-
gens or pathogens related to IBD (MacDermott et al., 1986). 
The integrity and function of the mucosal immune system is 
critically dependent on complex regulatory events that sus-
tain a continuous IgA-mediated immune response. The de-
crease in dimeric IgA and IgA2 in IBD could lead to less 
effective antigen exclusion and decreased host protection by 
the mucosal immune response (MacDermott et al., 1986). 
The overall decreased IgA production (MacDermott et al., 
1983; 1986), coupled with a shift leading to an increase in the 
percentage of monomeric IgA and IgAl, results in a local 
dimeric IgA and IgA2 deficiency in IBD (MacDermott and 
Nahm, 1987) that could lead to an impairment of critical 
mucosal immune defense mechanisms. 

When compared with normal control intestinal mononu-
clear cells, IBD mononuclear cells show a marked increase 
in spontaneous secretion of IgG (Scott et al., 1986). The 
greatest increase in spontaneous IgG secretion is seen in 
ulcerative colitis intestinal mononuclear cells because of the 
secretion of large amounts of IgGl with a concomitant in-
crease in IgG3 secretion. Crohn's disease intestinal mononu-
clear cells exhibit increased IgG secretion, primarily because 
of IgGl and IgG2 (Scott et al, 1986). We have observed 
similar alterations in IgG subclass concentrations in the sera 
of active untreated IBD patients, thus underscoring the in 
vivo relevance of our in vitro findings (MacDermott et al, 
1988). 

Increased total IgG and IgG subclass secretion by isolated 
IBD intestinal mononuclear cells in vitro is most likely the 
result of increased numbers and altered ratios of intestinal 
plasma cell populations in IBD. The total lymphocyte number 
has been observed to be four times greater than normal in 
intestinal specimens from patients with both ulcerative colitis 
and Crohn's disease (Brandtzaeg et al, 1974; Baklien and 
Brandtzaeg, 1975; Rosedrans et al, 1980; Scott et al, 1983; 
Keren et al, 1984; Van Spreeuwel et al, 1985); the major 
increase occurs in IgG-containing cells. Compared with con-
trol specimens, the numbers of IgG-containing cells were 30 
times greater whereas numbers of IgA-containing cells were 
2 times greater and those of IgM-containing cells 5 times 
greater than normal. The increased in vitro secretion of total 
IgG and IgG subclasses from IBD intestinal mononuclear 
cells most likely is related to the increased percentage of 
IgG-containing cells present in vivo in inflamed mucosa. Kett 
et al (1987) have observed increased IgGl-containing cells 
in ulcerative colitis patients and increased IgG2-containing 
cells in Crohn's disease patients. Finally, Badr-el-Din et al 
(1988) have provided evidence for defective IgA production 
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in ulcerative colitis. Disease specificity control studies by 
Van Spreeuwel et al. (1985) have revealed that, in comparison 
with IBD biopsies, significantly fewer IgG-containing cells 
were found in biopsies of patients with acute infectious co-
litis. 

The analysis of immunoglobulin isotype regulation may 
provide important clues for the delineation of new pathophys-
iological principles in IBD. Traditionally, IgA has been 
viewed as the major protective mucosal immunoglobulin of 
the intestine. Now, in IBD, IgG and its subclasses appear to 
play a very important role in injurious pathophysiological 
processes. The study by Kaulfersche et al. (1988) assessed 
lamina propria mononuclear cell heterogeneity and demon-
strated that T- and B-cell populations in IBD lamina propria 
appear to be polyclonal in nature. The question that remains, 
therefore, is whether or not IgG secretion in IBD might be 
restricted clonally and, thus, represent a defined response 
against a group of specific antigens or might be a markedly 
up-regulated nonspecific response to common luminal agents 
that are potent inducers of inflammation. 

Intriguing questions regarding the pathophysiology of IBD 
are raised by the observation that IgG subclasses represent 
discrete and specific immune responses. Different antigens 
and mitogens induce antibody responses restricted to particu-
lar IgG subclasses in both murine and human systems (Gro-
nowicz and Couthino, 1976; Skakib and Stanworth, 1980; 
Slack et al., 1980; McKearn et al., 1982; Scott and Nahm, 
1984). IgGl and IgG3 antibodies account for the predominant 
IgG response to proteins and T-cell dependent antigens 
(Skakib and Stanworth, 1980; Heiner, 1984; Oxelius, 1984). 
Both IgGl and IgG3 are better complement pathway activa-
tors and opsonins than IgG2 and IgG4 (Skakib and Stanworth, 
1980; Waldmann et al., 1983; Heiner, 1984; Oxelius, 1984). 
IgG2 provides the predominant IgG response to carbo-
hydrates and many bacterial antigens. IgG2 and IgG4 defi-
ciencies therefore are associated with recurrent bacterial 
infections (e.g., otitis media, pneumococcal respiratory 
tract infections, pericarditis, meningococcal infections) 
and with some rare inherited immunodeficiency disorders 
(such as ataxia telangiectasia and Wiskott-Aldrich syn-
drome). The increased production of IgG2 in Crohn's 
disease therefore may represent an inappropriate immune 
response that could partially contain, but not eradicate, a 
chronic infectious process (MacDermott and Nahm, 1987). 
Delineation of the stimuli and antigens that induce in-
creased secretion of IgG subclasses in intestinal mucosa 
may provide valuable insights into possible etiologic and im-
munopathogenic aspects of IBD (MacDermott and Nahm, 
1987). 

We now know that (l)intestinal mononuclear cells in health 
and disease constitute a unique immunological compartment 
with distinct functional capabilities; (2) major alterations oc-
cur with respect to spontaneous antibody secretion in IBD, 
thereby demonstrating potential regulatory defects in the mu-
cosal immune system in IBD; (3) within the intestine involved 
with disease itself, major alterations in antibody secretion 
occur, particularly with respect to IgA and IgG subclasses; 
and (4) further research addressing the specificity and func-
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tion of IgG antibodies secreted in IBD may delineate im-
portant effector mechanisms. 

VI. COMPLEMENT PATHWAY ACTIVATION 
IN INFLAMMATORY BOWEL DISEASE 

Complement pathway activation, by either the classical or 
the alternative pathway, leads to the generation of products 
that not only maintain normal host defense integrity, but also 
result in inflammation and tissue destruction. Products of the 
complement activation pathway include large fragments of 
C3 (i.e., C3b, C3bi) that have considerable opsonic activity 
and small, low molecular weight fragments (from both C3 
and C5) that can stimulate leukocytes directly and possess 
chemotactic activity. Human C3a, C4a, and C5 can activate 
smooth muscle cells, small blood vessels, mast cells, and 
basophils directly, whereas phagocytes respond only to C5a 
via specific receptors (Stoughton, 1972; Petersson et al., 
1975; Grant et al., 1976; Siraganian and Hook, 1976; Hartman 
and Glovsky, 1981; Stimler et al, 1981,1983; Yancey et al, 
1985). Investigators have proposed pathogenic roles for com-
plement system molecules in IBD, but the nature and extent 
of their involvement in the immunopathophysiology of IBD 
is still undefined. Some of the clinical findings and histological 
changes that occur in IBD are consistent with the biological 
activities of C3a, C4a, C5a, and C3b. Phagocytosis of bacteria 
and cellular debris occurs at an accelerated rate during intesti-
nal inflammation, in part because of opsonization by comple-
ment components, as well as increased priming and activation 
of monocytes and macrophages. Synergism of IFNy and C5a 
also may be of great importance in IBD with respect to the 
induction of leukotriene release (Nielson et al., 1988). More-
over, C5a, like LTB4, is a potent chemotactic agent for neu-
trophils and increases vascular permeability (Wilkinson, 
1982; Charo et al., 1986). Neutrophils demonstrate distinct 
polarization and enhanced aggregation as well as increased 
adherence after activation by C5a (Ward and Newman, 1969; 
Craddock et al, 1977,1978; Fernandez et al., 1978; Smith et 
al., 1979; Hammerschmidt et al, 1980; Perez et al., 1980; 
Tonnesen et al., 1984; Charo et al., 1986), a mechanism that 
may contribute to the large number of neutrophils present in 
IBD mucosa. Thus, the pathophysiological and histological 
changes seen in IBD may be caused, in part, by the biological 
activities of C3b and C5a coupled with other potent inflam-
matory mediators such as leukotriene B4 (LTB4) released in 
response to bacterial cell wall components. 

Several studies have found normal levels of C3 and C4 in 
the peripheral blood of IBD patients. The state of activation 
of the alternative pathway in IBD has been reported in differ-
ent studies to be decreased, normal, or increased (Lake et 
al., 1979; D'Amelio et al., 1983; Elmgreen, et al.). In support 
of decreased activation of the alternative pathway is a study 
that observed the depression of properidin and properidin 
convertase, in addition to diminished consumption of C3-C9 
after incubation with cobra venom of sera from patients with 
Crohn's disease and ulcerative colitis (Lake et al., 1979; 
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D' Amelio et al., 1983). C5a activity was reported to be dimin-
ished in Crohn's sera; decreased consumption of the major 
complement component C3 was noted; and, finally, a reduced 
generation of C5a after stimulation was seen (D'Amelio et 
al., 1983). In other studies, an increased level of activation 
of complement pathways in IBD (Hodgson et al., 1977; Elm-
green et al., 1983; Simonsen and Elmgreen, 1985; Peterson 
et al., 1988) was demonstrated. After radioiodinated C3 was 
injected intravenously, both the synthesis and the catabolism 
of C3 were found to be increased in patients with Crohn's 
disease and ulcerative colitis, suggesting an increased state 
of complement pathway activation (Hodgson et al., 1977; 
Simonsen and Elmgreen, 1985). The levels of C3c in Crohn's 
disease patients were 10-fold greater than those in healthy 
persons or ulcerative colitis patients (Elmgreen et al., 1983). 
C3c levels did not correlate with disease activity in Crohn's 
disease. In another study, levels of C3d were elevated 
in 6 of 20 patients with Crohn's disease, as were those 
of C4 in 9 of 20 cases (Peterson et al., 1988). Moreover, 
levels of C3d correlated with C4d concentrations in patient 
sera. Elevated levels of C3c in Crohn's disease suggest 
hypercatabolism of C3 and activation of the complement 
cascade in IBD. Elevated levels of C3d and C4d un-
derscore activation of the classical pathway in Crohn's dis-
ease. 

Studies by Halstensen et al. (1990) have demonstrated the 
possible direct role of complement in tissue destruction in 
ulcerative colitis. The authors used monoclonal antibodies 
against a neoepitope, only expressed by activated C3b and 
the cytolytically active terminal complement complex, to 
identify potential complement-induced damage in tissue sec-
tions from inflamed IBD intestine. Of 11 patients with ulcera-
tive colitis, 9 showed activated C3b deposited apically on the 
surface epithelium of involved mucosa, whereas no deposits 
were seen in 31 matched noninflamed specimens or in 16 of 
17 healthy controls. Moreover, a striking colocalization of 
IgGl, activated C3b, and terminal complement complex was 
observed in 4 of the 11 ulcerative colitis patients. Thus, IgGl, 
secreted into the lumen during ulcerative colitis, may provide 
a mechanism for contiguous bowel involvement seen via com-
plement activation. Further, an increased vascular deposition 
of terminal complement complex in both ulcerative colitis 
and Crohn's disease (Halstensen et al., 1989a) could be dem-
onstrated. Interestingly, 5 of 10 ulcerative colitis specimens 
and 1 of 5 Crohn's disease samples contained terminal com-
plement complex located outside the blood vessels in the 
mucosa or the submucosa. In IBD, significantly more C3c 
reactivity was associated with terminal complement complex 
deposition, thus indicating continuous complement activa-
tion and deposition within the blood vessel wall (Halstensen 
et al., 1989b). These findings are consistent with the in vivo 
studies by Ahrenstedt et al. (1990), who found that both C3 
and C4 levels in jejunal perfusates of Crohn's disease patients 
were increased compared with healthy controls (Ahrenstedt 
et al, 1990). A major role for complement activation in IBD, 
therefore, could be participation in the acute effector events 
of tissue destruction. In addition, complement as part of 
immune complexes could lead to enhanced phagocytosis and 

could participate in the in vitro release of potent mediators 
such as LTB4 by neutrophils (Nielson et al, 1986). 

VII. GRANULOCYTE AND 
MACROPHAGE FUNCTION 

During active ulcerative colitis and Crohn's disease, large 
numbers of neutrophils and monocytes leave the bloodstream 
and migrate into the inflamed mucosa and submucosa (Figure 
3). These cells carry out a series of destructive effector 
events, and continue to migrate on through the bowel wall 
into the intestinal lumen. The biological events that occur 
during inflammation are the result of a multiplicity of inter-
acting mediators and autacoids (auto-pharmacological sub-
stances that exert a potent local activity). The regulatory 
events that control the level of inflammation can be divided 
into three areas (Figure 3): (1) the process of adhesion and 
migration through the intestinal mucosa, (2) the secretion of 
cytokines by lymphocytes, monocytes, and macrophages, 
and (3) the pro-inflammatory role of lipid mediators such as 
leukotrienes, prostaglandins, and platelet activating factor 
(PAF). 

Monocyte / granulocyte 
priming 

^Expression of adhesion 
molecules ( A ) 

ICAM - 1 
CD11b 

LUMEN INTESTINAL MUCOSA 

Homing via endothelial 
receptors; migration 

through intestinal wall 

Figure 3 Phagocytic activation and inflammatory events in IBD. 
Bacterial cell wall products from the intestine prime monocytes and 
granulocytes to increase the expression of adhesion molecules with 
increased recognition of endothelial cell receptors. Macrophages and 
granulocytes migrate from the capillaries and venules into the intesti-
nal lamina propria, from which they migrate into the intestinal lumen 
through the intestinal wall. The primed macrophages and granulo-
cytes within the intestinal lamina propria are activated by bacterial 
cell wall products such as lipopolysaccharide (LPS) and peptidogly-
cans (PG), as well as by the chemotactic product FMLP, to release 
a variety of pro-inflammatory cytokines and mediators including 
interleukin 1 (IL1) tumor necrosis factor (TNF), interleukin 6 (IL6), 
platelet activating factor (PAF), leukotrienes (LT), and prostaglan-
dins (PG/TX). In addition, destructive molecules such as oxygen 
radicals and proteases are produced. The involvement of granulo-
cytes and macrophages in inflammatory bowel disease adds an acute 
inflammatory component to the chronic cell-mediated intestinal inju-
rious processes involved in IBD. 
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Polymorphonuclear leukocyte (PMN) function initially 
was evaluated in IBD by assessing migration, chemotaxis, 
adherence, and phagocytosis. Studies by Rhodes and co-
workers suggested intrinsic abnormalities of PMN function 
in IBD, and also revealed that inhibitors of chemotactic factor 
activity are present in the sera of Crohn's disease and ulcera-
tive colitis patients (Rhodes et al., 1981; Wandall and Binder, 
1982). Interestingly, no functional difference between PMNs 
from normal controls and those from IBD patients were ob-
served with respect to phagocytic capacity or chemotaxis 
induced by zymosan-activated serum or casein (Morain et 
al., 1981). 

Saverymuttu et al. (1985a,b) subsequently carried out a 
series of pivotal functional studies in which peripheral blood 
phagocytes (granulocytes and monocytes) were isolated, la-
beled in vitro with H1indium-labeled tropolonate, and rein-
jected into the patient. The migration of the labeled cells was 
assessed with time, using a whole body gamma-radiation 
camera. In 20 of 22 patients with Crohn's disease, over 90% of 
radiolabeled phagocytes accumulated rapidly in the inflamed 
intestine (Saverymuttu et al., 1985a). A similar study con-
ducted in 15 ulcerative colitis patients showed enhanced mi-
gration into areas of inflamed bowel (Saverymuttu et al., 
1985b). These studies established the greatly increased migra-
tion of monocytes, macrophages, and PMNs into the intes-
tine, which occurs in IBD, and showed that monitoring 
phagocytic cell movement could be of potential value in the 
clinical assessment of IBD patients (Saverymuttu et al., 
1985a,b). These findings also indicated the likely central im-
portance of granulocytes and macrophages in mediating in-
flammation in IBD (Saverymuttu et al., 1985a,b). The intro-
duction of "mtechnetium-labeled hexamethyl propylene 
amine oxine as a leukocyte label in Crohn's disease by 
Schoelmerich et al. (1988) refined the technique and further 
eased the assessment of phagocytic cell migration in IBD. 
The selective labeling of mononuclear phagocytes (mono-
cytes) by "mT-labeled stannous colloid likewise has improved 
our understanding of macrophage migration in IBD (Pullman 
et al., 1988). 

The binding of phagocytes to blood vessel endothelial cells, 
followed by migration into the diseased bowel, is mediated 
through well-characterized adhesion molecules (Figure 3) in-
cluding LFA-1 (lymphocyte function-associated antigen 1; 
CD1 la) which binds to ICAM-1 (intercellular adhesion mole-
cule 1; CD54). Although great advances have been made 
regarding our understanding of the integrin family of cell 
surface molecules, their participation in intestinal inflam-
mation is only now being examined. Studies by Malizia 
et al. (1991) have demonstrated that, during IBD, the 
expression of ICAM-1 on endothelial cells increases dra-
matically and is accompanied by an increase of CDlla 
on mononuclear phagocytes. This study demonstrated 
the potential importance of adhesion molecules in medi-
ating granulocyte and monocyte influx into the diseased in-
testine, which promises to be one of the central areas for 
future investigation of the immunopathogenesis of IBD, 
as well as for the development of new treatment strate-
gies. 

VIM. PRO-INFLAMMATORY CYTOKINES 

Lymphocytes and macrophages synthesize and secrete a 
number of potent pro-inflammatory mediators (Figure 1) after 
stimulation and activation by molecules that are present in 
large amounts in the intestinal lumen, such as bacterial cell 
wall products (Fiocchi, 1989). Inflammatory events are medi-
ated in part by the multitude of effects and actions of IL-1 
(IL-Éá and IL-1/3), IL-6, and TNFa (cachectin). When the 
two forms of IL-1 (a and ß) are compared, they exert very 
similar functions despite their different sources and their 
structural dissimilarities. The best known activities of IL-1 
include the induction of fever ("endogenous pyrogen"), the 
stimulation of acute-phase protein synthesis, and the initia-
tion of critical lymphocyte activation events. TNF, which 
shares only 3% homology with IL-1, is identical to 
"cachectin," which causes hemodynamic shock and 
cachexia associated with various disease states. 

Human T-cell activation requires both a cross-linking 
mechanism for the T-cell antigen-receptor complex and the 
presence of IL-1 which, under physiological conditions, are 
both provided by the macrophage. In addition to macro-
phages, B cells, astrocytes, mesangial cells, keratinocytes, 
and endothelial cells also can act as accessory cells by pro-
ducing or expressing membrane-bound IL-1. IL-1 also pro-
motes B-cell activation and differentiation, particularly when 
acting in synergism with IL-4. Moreover, IL-1 can induce 
other B cell-regulating factors such as IFN-ã and IL-2 as 
well as IL-6. Finally, IL-1 will act in an autocrine loop on 
the macrophage itself, and will stimulate further IL-1 produc-
tion as well as induce prostaglandin E2 (PGE2) and granulo-
cyte-macrophage colony stimulating factor (GM-CSF) se-
cretion. 

Work by Isaacs and co-workers (Isaacs et al., 1990) as 
well as by Rachmilewitz and co-workers (1991; Ligumsky et 
al., 1990) has focused on cytokines involved in the initiation 
of intestinal lymphocyte activation. Ligumsky and co-
workers (1990) detected increased levels of IL-1 in inflamed 
mucosa from patients with both Crohn's disease and ulcera-
tive colitis. Moreover, in vitro, increased amounts were syn-
thesized in cultured biopsies as well, indicating that mucosa-
resident cells secrete IL-1. Isaacs and co-workers (1990) as 
well as Stevens and co-workers (1990) demonstrated that IL-
1 mRNA was present in the mucosa of a majority of IBD 
patients. Increasing interest therefore has focused on the role 
of pro-inflammatory cytokines in the initiation and enhance-
ment of intestinal inflammatory processes. 

In IBD intestinal mucosa, increased quantities of IL-1/3 
mRNA have been detected, presumably produced by mono-
nuclear phagocytes (Ligumsky et al., 1990). Mahida and co-
workers (1989) studied IL-1/3 release from isolated intestinal 
lamina propria mononuclear cells and observed enhanced 
spontaneous secretion by monocytes from IBD patients, 
compared with normal controls. Lipopolysaccharide (LPS) 
further enhanced IL-1/3 production by IBD lamina propria 
mononuclear cells but not by those from normal controls 
(Mahida et al., 1989). Moreover, depletion of macrophages 
abolished IL-lß secretion (Mahida et al., 1989). Satsangi and 
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co-workers (1987) demonstrated that PBMNs from Crohn's 
disease patients secrete increased amounts of IL-1, both 
spontaneously as well as after being stimulated with LPS, 
compared with normal controls. Cominelli and co-workers 
demonstrated that increased IL-1 concentrations play a key 
role in the pathogenesis of rabbit immune complex colitis 
and that tissue levels of IL-1 correlate with the severity of 
inflammation (Cominelli and Dinarello, 1989; Cominelli et 
al., 1990). IL-1 mRNA was detectable as early as 4 hr after 
induction of colitis, indicating that IL-1 gene expression oc-
curs as a very early event in experimental immune complex 
colitis (Cominelli et al., 1990). The rise in IL-1 preceded the 
increase of PGE2 and LTB4. Moreover, treatment with IL-
1 receptor antagonist (IL-1 ra) reduced the extent and severity 
of the inflammatory response associated with immune com-
plex colitis in rabbits (Cominelli et al., 1990). 

Studies by Isaacs et al. (1992) using the polymerase chain 
reaction (PCR) to detect cytokines in intestinal lamina propria 
showed a more frequent presence of IL-1, IL-6, and TNFa 
in Crohn's disease and ulcerative colitis patients compared 
with normal patients. We have observed that lamina propria 
monunuclear cells isolated from endoscopic biopsies from 
patients with active IBD spontaneously secreted high 
amounts of IL-1/3 (Reinecker et al., 1993). 

MacDonald and co-workers (1990b) investigated the secre-
tion of TNFa in IBD using a spot enzyme-linked immunosor-
bent assay (ELISA) technique. In Crohn's disease and in a 
subgroup of ulcerative colitis patients, TNFa-screting intesti-
nal mononuclear cells were increased in frequency in compar-
ison with normal controls. We have found very low spontane-
ous in vitro release of TNFa from lamina propria 
mononuclear cells isolated from endoscopic biopsies from 
normal donors and IBD patients (Reinecker et al., 1993). 
However, stimulation of lamina propria mononuclear cells 
with pokeweed mitogen (PWM) induced an enhancement of 
TNFa release that was significantly higher in IBD than in 
normal controls (Reinecker et al., 1993). 

IL-6 also can be released by monocytes as one of the pro-
inflammatory cytokines, and is involved in regulating the 
final maturation of B cells into antibody-forming plasma cells 
(Hubert, 1989). IL-6 shares a number of characteristics with 
granulocyte colony stimulating factor (G-CSF) and can be 
induced in vitro by IL-10 (Yasukawa et al, 1987). Shirota 
and co-workers (1990) reported that normal epithelium can 
express IL-6 as well as its receptor, a finding that may be of 
importance in IBD. Moreover, Mitsuymama et al. (1991) 
reported increased serum levels of IL-6, in Crohn's disease 
and ulcerative colitis patients, that decline with treatment of 
the patients. Increased levels of IL-6, spontaneously secreted 
by lamina propria mononuclear cells from ulcerative colitis 
patients, were observed by Kusagami et al. (1991). We have 
observed an enhancement of IL-6 secretion by lamina propria 
mononuclear cells in ulcerative colitis but not in Crohn's 
disease patients or normal controls (Reinecker et al., 1993). 

Intriguingly, many of the biological activities of IL-1, IL-
6, and TNFa overlap, particularly those leading to amplifica-
tion of immunological and inflammatory processes. TNFa 
and IL-6 share many of the systemic properties and functions 

of IL-1, including the enhancement of cellular catabolism, 
induction of acute phase proteins, and pyrogenic activity. 
TNFa activates endothelial cells and can induce IL-1 and 
IL-6. Both IL-1 and TNFa stimulate PGI2, PGE2, and PAF 
secretion by cultured endothelial cells. Therefore, sustained 
inflammation leading to tissue destruction in IBD could be 
mediated to a significant extent by the potent biological activi-
ties of IL-1, IL-6, and TNFa 

IX. PROSTAGLANDINS 

Mucosal hyperemia, increased microvascular permeabil-
ity, and edema are typical changes seen in a variety of intesti-
nal inflammatory states, independent of the cause. Soluble 
lipid mediators released during the process of inflammation 
(Figure 4) can induce inflammatory tissue damage in vivo. 
These molecules cause tissue edema by increasing vascular 
(postcapillary venule) permeability to albumin and other mac-
romolecules and cause hyperemia by inducing vasodilation. 
Other functional changes (including diminished salt and water 
absorption) that are characteristic of intestinal inflammation 
also may be related to soluble mediators, but their pathogene-
sis is less clear. 

Arachidonic acid is liberated from the second carbon in 
phospholipids by a specific enzyme, phospholipase A2. 
Whereas the remaining lysophosphatide can undergo further 
degradation or subsequently can be acetylated to form PAF, 
arachidonic acid can enter two principal metabolic pathways, 
the cyclooxygenase and the lipoxygenase pathways (Bach, 
1982; Parker, 1984). The pathway leading to prostaglandin 
synthesis is initiated by the enzyme cyclooxygenase, which 

LTC4 
LTD4 

Figure 4 Arachidonic acid metabolism in IBD. Attention has focused 
on the inflammatory mediators that are synthesized and secreted by 
the phagocytic cells during intestinal inflammation. The metabolism 
of arachidonic acid by the cyclooxygenase pathway results in prosta-
glandins such as PGE2, whereas metabolism via the lipoxygenase 
pathway results in leukotriene products such as LTB4, as well as 
other breakdown products. In addition, platelet activating factor is 
produced. All three inflammatory mediators (PGE2, LTB4, and PAF) 
are produced in large amounts during the intestinal inflammatory 
process in patients with ulcerative colitis and Crohn's disease. Cur-
rent and future pharmacologic interventions directed against arachi-
donic acid metabolism pathways are being developed. 
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catalyzes the transformation of arachidonic acid into unstable 
endoperoxides and then into prostaglandin G2 (PGG2) and 
prostaglandin H2 (PGH2), from which PGE2, PGD2, PGF2a, 
PGI2, and thromboxane A2 (TxA2) are derived (Bach, 1982; 
Parker, 1984). Almost all mammalian cells, including intesti-
nal epithelium and cells associated with inflammatory events 
(i.e., macrophages, platelets, endothelial cells, mast cells), 
are capable of producing prostaglandins (Bach, 1982; Parker, 
1984). 

An alternative metabolic pathway for arachidonic acid is 
provided by the enzyme 5-lipoxygenase. The first product of 
the action of 5-lipoxygenase on arachidonic acid is a short-
lived hydroperoxide metabolite, which again is transformed 
by 5-lipoxygenase to the epoxide leukotriene A4 (LTA4). Sub-
sequent reaction products include LTB4 and a series of me-
tabolites (Figure 4)—LTC4, LTD4, and LTE4 (Bach, 1982; 
Lewis and Austen, 1984; Parker, 1984; MacGlashin et al., 
1986). On release into the extracellular space, these leuko-
trienes can be oxidized (i.e., by interaction with myelo-
peroxidase and H202) to sulfoxide metabolites. However, 5-
lipoxygenase and subsequent enzymes of this pathway have 
been shown to exist definitely only in a small number of cell 
types, including neutrophils, eosinophils, basophils, mono-
cytes, macrophages, and mast cells (Lewis and Austen, 1984; 
MacGlashin et al., 1986). Moreover, the key enzyme, 5-
lipoxygenase, can utilize other unsaturated fatty acids in addi-
tion to arachidonic acid, thus leading to different products. 

Eicosanoids, including dietary compounds such as the 
omega-3 unsaturated fatty acids contained in fish oil, have 
unique biological properties: They are not stored in tissues 
but are synthesized de novo in response to stimulation (Doug-
las, 1985). Furthermore, cell-cell interactions involving prod-
ucts of the eicosanoid pathway are of increasing interest. 
Some cells will synthesize de novo their own eicosanoid 
precursors from arachidonic acid, others will acquire precur-
sors from neighboring cells in close physical proximity, thus 
leading to different final products (Douglas, 1986). The pat-
tern of eicosanoid production is tissue specific and most of 
these short-lived mediators exert their action only in the 
immediate microenvironment of the secreting cell. In most 
cases, eicosanoids are not the sole mediators of a certain 
function, but act in synergy with other regulatory mecha-
nisms (Bach, 1982; Lewis and Austen, 1984; Parker, 1984; 
MacGlashin et al., 1986; Douglas, 1985). 

Prostaglandins, in particular those of the E series, have 
biological properties that can induce some of the morphologi-
cal changes observed in inflamed tissue, for example, en-
hanced microvascular permeability and subsequent edema, 
vasodilation, and induction of pain (Bach, 1982; Parker, 
1984). Physiological concentrations of PGE2 have little effect, 
whereas pharmacological concentrations may impair electro-
lyte and water transport. 

Clearly IBD is associated with increased levels of prosta-
glandin production. Elevated levels of prostaglandins (pri-
marily PGE2) are found in the stool, venous blood, and rectal 
mucosa in IBD, and elevated levels of metabolites are found 
in urine (Sharons al., 1978; Gould, 1981; Goulds al., 1981). 
When incubated in vitro, biopsies of rectal mucosa from 
patients with ulcerative colitis contain increased amounts of 

PGE2 and TxB2 (Sharon et al., 1978). An in vivo estimate of 
prostaglandin synthesis by rectal mucosa is achieved using 
a dialysis bag that is filled with buffer and placed into the 
patient's rectum (Lauritsen et al., 1985). Prostaglandin levels 
in IBD, whether in mucosa, serum, or rectal dialysate, corre-
late with disease activity; successful medical management 
results in a reduction in prostaglandin levels (Rampton et al., 
1980; Lauritsen et al., 1985). 

The source of the prostaglandins in colonic mucosa in 
IBD is not well defined; epithelial cells, endothelial cells, 
fibroblasts, and mononuclear inflammatory cells all can pro-
duce prostaglandins. From isolation studies, intestinal mono-
nuclear cells appear to be responsible for as much as or more 
prostaglandin synthesis than intestinal epithelial cells (Zifroni 
et al., 1983). This finding is consistent with studies of inflam-
matory cells in other organ systems in which mononuclear 
cells were found to be the major source of prostaglandin 
synthesis (Bach, 1982; Parker 1984). 

However, evidence against a significant primary role for 
prostaglandins as pro-inflammatory mediators in IBD also 
exists. Clinical evidence comes from a few small studies of 
nonsteroidal anti-inflammatory drugs (NSAIDs), particularly 
indomethacin, in IBD (Levy and Gaspar, 1975; Gilat et al., 
1979; Campieri et al., 1980; Gould et al., 1981). Indomethacin 
and other NSAIDs are potent inhibitors of cyclooxygenase 
but not lipoxygenase (Vane, 1971). Use of these drugs in 
rheumatoid arthritis and other inflammatory diseases results 
in both decreased prostaglandin synthesis and clinical im-
provement, effects that helped establish a role for prostaglan-
dins as important mediators of inflammation. In contrast to 
their usefulness in rheumatoid arthritis, NSAIDs have no 
role in the medical management of IBD. Small trials of indo-
methacin administered orally (Lauritsen et al., 1985) and 
rectally (Levy and Gaspar, 1975; Sharon et al., 1978; Flower 
and Blackwell, 1979; Gilat et al., 1979; Campieri et al., 1980; 
Rampton and Sladen, 1981; Hawkey, 1982; Terano et al., 
1984) revealed no improvement in ulcerative colitis. More-
over, some reports have suggested that both indomethacin 
and flubiprofen, another NSAID, may cause clinical deterio-
ration in ulcerative colitis, despite the decrease in prostaglan-
din production (Campieri et al., 1980; Gould et al., 1981; 
Rampton and Sladen, 1981,1984). The failure of NSAIDs to 
induce clinical improvement in IBD, despite their inhibition 
of prostaglandin production, suggests that prostaglandins and 
other inflammatory mediators such as PAF and leukotrienes 
may all need to be inhibited to reduce tissue injury. 

These clinical observations are also compatible with re-
ports characterizing PGE2 as an anti-inflammatory agent in 
the regulation of mononuclear cell activation. PGE2, as well 
as glucocorticoids or á-fetoprotein, down-regulates HLA 
Class II expression on activated macrophages and thus im-
pairs their ability to present antigen (Hokland et al., 1981; 
Madsen et al., 1981; Snyder et al., 1982). PGE2 inhibits the 
release of inflammatory mediators from stimulated leuko-
cytes via induction of cAMP (Zurier et al., 1974). Prostaglan-
dins of the E series, as well as prostacyclin (PGI2), inhibit 
leukocyte chemotaxis (Gallin et al., 1985), adherence to vari-
ous substrates including endothelium (Boxer et al., 1980), 
phagocytosis (Cox and Karnovsky, 1973), and generation 
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of toxic oxygen radicals (Lehmeyer and Johnston, 1978). 
Proliferative responses of human lymphocytes to mitogens, 
lymphocyte-mediated cytotoxicity, and antibody production 
are all inhibited by PGE2 (Goldyne and Stobo, 1981). More-
over, anti-inflammatory effects of PGE2 can be confirmed in 
vivo: PGE2 compounds suppress adjuvant arthritis (Aspinall 
and Cammarata, 1969; Glenn and Rohloff, 1971; Zurier et 
al., 1973), carrageenan-induced inflammation (Glenn and 
Rohloff, 1971; Zurier et al., 1973), and immune complex-
induced inflammation (Kunkel et al., 1979). An anti-inflam-
matory effect produced by PGE2 may be of importance in 
spontaneous remissions in IBD. PGE decreases the affinity of 
neutrophil formyl methionyl-leucyl-phenylalanine (FMLP)-
receptors (Fantone et al., 1983), resulting in decreased neu-
trophil degranulation (Fantone et ai, 1981), which may be 
another role for anti-inflammatory actions of prostaglandins 
of the E series in IBD. 

X. LEUKOTRIENES 

Whereas the cyclooxygenase pathway is present in almost 
all mammalian cells, the 5-lipoxygenäse pathway is found 
primarily in cells of bone marrow origin involved in the in-
flammatory process (i.e., mast cells, neutrophils, monocytes, 
and macrophages; Borgeat and Samuelsson, 1979; Stenson 
and Parker, 1984). The major products of the 5-lipoxygenase 
pathway (Figure 4) are 5-hydroxy-6,8,11,14-eicosatetraenoic 
acid (5-HETE) and LTB4, LTC4, LTD4, and LTE4. LTB4 

and, to a lesser extent, 5-HETE exert potent chemotactic 
activities on neutrophils. LTB4, in the presence of neutro-
phils, also induces enhanced vascular permeability. The sul-
fidoleukotrienes induce smooth muscle contraction in the 
lung, blood vessels, and gastrointestinal tract (Buckell et ai, 
1978; Stenson and Parker, 1984). 

Incubation of IBD mucosa with radiolabeled arachidonic 
acid results in the synthesis of large quantities of LTB4 and 
5-HETE and smaller quantities of PGE2 and TxB2 (Sharon 
and Stenson, 1984). IBD mucosa produces larger quantities of 
lipoxygenase and cyclooxygenase products than does normal 
mucosa. Patterns of arachidonate lipoxygenase metabolism 
are similar for ulcerative colitis and Crohn's disease. Lipid 
extracts of IBD mucosa contain large amounts of LTB4, up 
to 50-fold as much as normal mucosa (Rampton and Sladen, 
1984). A concentration of 250 ng LTB4/g, as typically found 
in IBD mucosa, is equivalent of a concentration of 5 x 10~7 

M, which is well within the range of biological activity of 
LTB4. Levels of both PGE2 and LTB4 were markedly higher 
in rectal dialysates from ulcerative colitis patients and de-
clined to normal levels after treatment with a short course 
of prednisolone (Lauritsen et al., 1985). 

The presence of large numbers of neutrophils and mononu-
clear phagocytes in IBD mucosa suggests that a chemotactic 
factor (or factors) is present in IBD mucosa that induces 
neutrophils to migrate out of the circulation and into the 
tissue. LTB4 is a potent chemoattractant for human neutro-
phils (Ford-Hutchinson et al., 1984); however, other chemo-
tactic compounds (IL-8, MCP-1) are present in IBD mucosa. 

In an attempt to sort out the contributions of various chemo-
tactic factors for neutrophil infiltration in IBD, a study was 
done using homogenized IBD mucosa as the chemotactic 
stimulus for 51Cr-labeled neutrophils in a Boyden chamber, 
revealing that most of the chemotactic activity is lipophilic 
and coelutes with LTB4 standards in reverse-phase high per-
formance liquid chromatography (HPLC) (Stenson, 1988). If 
the findings using the in vitro assay for neutrophil chemotaxis 
in the Boyden chamber can be extrapolated to the in vivo 
situation, one could argue that LTB4 is the chemotactic medi-
ator that, in addition to adhesion molecules, is primarily 
responsible for neutrophils leaving the circulation and enter-
ing the intestinal tissue in IBD. The generation of LTB4 is cer-
tainly not the initiating event in IBD, nor is it specific to IBD. 

Although the role of LTB4 in IBD has been studied most 
extensively, preliminary reports are available of a possible 
role for the sulfidoleukotrienes (LTC4, LTD4, LTE4; Peskar 
et al., 1985). Crohn's colitis mucosa produced 3-fold more 
sulfidoleukotrienes than normal mucosa produced under both 
stimulated and unstimulated conditions (Peskar et al., 1985). 
The predominant sulfidoleukotriene found was LTE4, sug-
gesting that released LTC4 is degraded rapidly by peptidases. 

XL PLATELET ACTIVATING FACTOR 

The ability to induce platelet aggregation and granulocyte 
activation by PAF led to its recognition as a potent inflamma-
tory mediator. The primary pathway of PAF biosynthesis is 
by reacetylation at the 2 position of the lysophosphatide 
produced by phospholipase A2. Degradation of PAF occurs 
via deacetylation by acetylhydrolase. 

PAF can be synthesized by a variety of cell types including 
PMNs, macrophages, mast cells, eosinophils, basophils, en-
dothelial cells, and platelets. PAF actually consists of multi-
ple species, including saturated homologs and unsaturated 
analogs, as well as derivatives from lysophosphatides with 
polar head groups other than choline (Mueller et al., 1984; 
Ludwig and Pinckard, 1987; Oda et al., 1985; Weintraub et 
al., 1985; Satouchi et al., 1985; Ramesha and Pickett, 1987). 
Some of the pro-inflammatory activities of PAF include in-
duction of aggregation, chemotaxis, and chemokinesis of 
PMNs (McManus et al., 1980; Pinckard et al., 1980; Shaw et 
al., 1981); monocyte aggregation and initiation of Superoxide 
secretion (Ingraham et al., 1982; Yasaka et al., 1982; Här-
tung, 1983; Härtung et al., 1983; Gay et al., 1986); and the 
induction of prostaglandin and leukotriene release by eosino-
phils, neutrophils platelets, endothelial cells, moneytes, and 
epithelial cells (Lin et al., 1982; O'Flaherty et al., 1984; 
Bussolino et al., 1985; O'Flaherty, 1985; Brock and Gim-
brone, 1986; Brunynzeel et al., 1986). Direct contraction of 
vascular smooth muscle also can be induced, as can enhanced 
vascular permeability and intestinal edema (Sanchez-Crespo 
et al., 1982; Härtung et al., 1983). Some of these effects may 
involve cyclooxygenase-derived arachidonic acid products 
or histamine as secondary mediators (Humphrey et al., 1982; 
Archer et al, 1985; Hwang et al, 1985). 

The role of PAF in IBD is just beginning to be studied 
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(Figure 4). The studies by Eliakim et al. (1988) suggest the 
involvement of PAF as a pro-inflammatory mediator in IBD, 
which can be reduced in activity by steroids and 5-AS A. 
Thus, the role of PAF in IBD deserves intensive future inves-
tigation, particularly with respect to the different derivatives 
of PAF. PAF activity may contribute significantly to the 
inflammatory changes seen in IBD. The biological function of 
PAF is related closely to the prostaglandins and leukotrienes, 
which can be induced by PAF and can induce PAF synthesis 
as well (Shaw et al., 1981; O'Flaherty er 0/., 1984; O' Flaherty, 
1985; Sun and Hsueh, 1988). Little is known currently about 
the mechanisms that may regulate PAF synthesis and degra-
dation in IBD. The use of specific PAF antagonists in the 
treatment of IBD patients constitutes an important area for 
future clinical investigation. 

XII. CONCLUSION 

Within the gastrointestinal tract, many different cell types 
contribute to the development of a successful mucosal im-
mune response. M cells within the follicle-associated epithe-
lium overlie Peyer's patches and can mediate the transcytosis 
of antigens and infectious agents to the underlying cells of 
the mucosal immune system. Immature cells within Peyer's 
patches (lymphoid follicles) are stimulated to recognize spe-
cific antigens but, instead of migrating directly to adjacent 
lamina propria, these cells migrate out of the gastrointestinal 
tract. Maturation and activation occurs while the cells are 
traversing through the lymphatic system. After subsequent 
circulation of stimulated lymphoblasts in the peripheral 
blood, mature activated T and B cells "home'' to the intestine 
as specific effector cells. 

In addition to producing specific cytokines that regulate 
cell function, lamina propria and intraepithelial T cells also 
secrete nonspecific inflammatory mediators, such as IFNy, 
that enhance antigen-presenting capabilities through the in-
creased expression of Class IIMHC determinants on epithe-
lial cells and other cell types. 

The intestine is fully capable of mounting an intense protec-
tive inflammatory reaction in response to infectious agents 
or injurious substances. Antigen presentation by intestinal 
macrophages triggers the production of cytokines and in-
flammatory mediators. Antibodies leading to complement 
pathway activation produce chemotactic factors and activate 
macrophages and granulocytes to produce pro-inflammatory 
cytokines and other destructive molecules. Eosinophils and 
mast cells are also important cell types in the intestinal im-
mune response. The final manifestations of intestinal in-
flammation are, in large part, the result of the production of 
a wide variety of pro-inflammatory cytokines, chemotactic 
cytokines, and inflammatory mediators such as prostaglan-
dins, leukotrienes, and PAF. 

Intestinal inflammation in IBD is characterized by the in-
creased activation of B and T lymphocytes in both peripheral 
blood and intestinal lamina propria. Activation events lead 
to the secretion of soluble IL-2 receptors, TNF-á, and IL-
6, which can be detected in diseased intestine and peripheral 
blood and may serve as important markers of disease activity. 

During active IBD, the homing to mucosal sites of 
lymphoblasts involved in the regulation and production of 
Ig A is altered. Not only can increased spontaneous secretion 
of Ig A by peripheral blood mononuclear cells be found, but 
IgA synthesis by intestinal lamina propria mononuclear cells 
is decreased in favor of immunoglobulins of the IgG-isotype. 
Whereas in Crohn's disease the enhancement of IgG secre-
tion is mostly in the form of IgG2 and IgGl5 in ulcerative 
colitis a particular increase of IgGj and IgG3 is observed. 
Through activation of complement components, the dramatic 
increase in IgG may contribute to the tissue destruction seen 
in IBD. 

Monocytes and granulocytes appear to cause pivotal ini-
tiating events and enact specific effector mechanisms by mi-
grating in large numbers into the intestinal mucosa during 
chronic inflammation. Because macrophages and granulo-
cytes secrete large amounts of pro-inflammatory cytokines, 
lipid autacoids, and toxic metabolites, they contribute sig-
nificantly to the heightened state of activation of the mucosal 
immune system in IBD. The investigation of important new 
areas, including the mechanisms leading to activation and 
amplification of inflammatory events as well as to the down-
regulation of mucosal immune responses, will provide novel 
therapeutic approaches in the future. 
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I. INTRODUCTION 

Absorption of nutrients and the permeability of the intes-
tines are affected by a variety of disorders involving the 
immune system (Doe and Hapel, 1983; Kaiser, 1985b; Wright 
and Hey worth, 1989). Conversely, malabsorption and malnu-
trition may impact the status of the immune system and, 
thus, the gut-associated lymphoid tissue (GALT) (Doe and 
Hapel, 1983; Chandra and Wadhwa, 1989). Further, in-
creased permeability of the intestines to microbial and nutri-
ent antigens can lead to enhanced and abnormal immune 
responses (King and Toskes, 1985; Cunningham-Rundles, 
1987). In this chapter, we discuss malabsorption, immunolog-
ically mediated diseases leading to malabsorption, intestinal 
protein loss, and the effects of malabsoprtion and increased 
leakiness of the intestines on the immune system. 

Malabsorption syndromes are defined by the failure of the 
patient to absorb ingested nutrients appropriately. Inappro-
priate absorption can occur in a wide variety of conditions 
with a broad spectrum of pathogenic mechanisms (Doe and 
Hapel, 1983; Kaiser, 1985b; Wright and Heyworth, 1989). 
Malabsorption, on the other hand, may result in a gamut of 
effects, ranging from isolated deficiencies, such as occult 
anemia, to life-threatening conditions. Most severe malab-
sorption syndromes are characterized clinically by abdominal 
distention, diarrhea, progressive loss of weight, malaise, 
borborygmi, and, in children, failure to thrive (Frazer, 1956). 
Passage of abnormal stools is important diagnostically for 
many of the syndromes; the characteristics of the stools re-
flect the nature of the unabsorbed foodstuff. The stools often 
are bulky, yellow to grey, greasy, and soft. Bowel movements 
tend to be frequent. 

Lymphoid cells represent one-fourth of all cells of the 
mucosa (Kagnoff, 1981). Therefore, that GALT is integrated 
closely in the homeostasis of the gastrointestinal tract and 
that it is involved in the pathogenesis of a large number of 
gastrointestinal diseases is not surprising. Malnutrition, on 
the other hand, can lead to a dysregulation of the immune 
response and, thus, to a dysfunction of GALT (Doe and 
Hapel, 1983; Chandra and Walhwa, 1989). A brief look at 
some salient features of nutrient uptake by the gut should 
provide a starting point for the discussion of malabsorption 
syndromes. 

A. Absorption of Nutrients 

The primary function of the gut to assimilate nutrients is 
accomplished in two stages, digestion and absorption 
(Kaiser, 1985a). In the first "intraluminar stage, ingested 
food is broken down into smaller molecules. In the second 
"intestinal" stage, the foodstuff thus prepared reaches the 
body fluids by passage across the intestinal mucosal epithe-
lium and subsequently is removed from the intestines via 
capillaries and lymphatics to reach blood circulation. The 
passage across enterocytes may be effected passively by 
diffusion or actively by transport mechanisms. Although ab-
sorption occurs preferentially in the small intestines, many 
cells and tissues of the gut and of other organ systems contrib-
ute to the assimilation process. Thus, fat assimilation requires 
integration of the functions of the liver and the biliary tract, 
the pancreas, the jejunum, and the ileum. Integration and 
regulation of these diverse activities involves hormonal net-
works and neural interactions; these two systems affect the 
immune system and thus also GALT. Immune effectors may 
be involved in the triggering of other components of the 
gastrointestinal tissue; thus, release of mucus from goblet 
cells may be induced by immune complexes (Walker et al., 
1977) or via anaphylactic responses (Lake et al., 1980). 

In the stomach, ingested fat is emulsified, hypertonic nutri-
ents are diluted, protein digestion is initiated by pepsin, and 
intrinsic factor, necessary for the absorption of vitamin B,2 

in the small intestine, is produced. Arrival of food in the 
duodenum triggers release of gut hormones, which coordinate 
output of pancreatic enzymes and bile and may increase 
secretion of immunoglobulins by GALT (Freier et al., 1989). 
The multitiered regulation of digestion and absorption is illus-
trated vividly by the interaction of enterocyte peptidases and 
pancreatic proenzymes. The brush border-associated entero-
peptidase is necessary to activate trypsin (Rinderknecht, 
1986). Therefore, impaired protein digestion may reflect a 
variety of defects: injury to enterocyte brush border, geneti-
cally determined enteropeptidase deficiency of enterocytes, 
as well as disorders of the exocrine pancreas. 

Enterocyte brush border membranes contain a number of 
peptidases that brake down both large proteins and oligopep-
tides (Erickson and Kim, 1990). Peptidases are also present 
in the enterocyte cytoplasm. 
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Carrier-mediated transport through enterocytes is avail-
able for single amino acids and for an as yet unknown number 
of small peptides (Erickson and Kim, 1990). Patients with 
defects in transport systems for single amino acids (e.g., 
cystin) still can absorp the amino acid as component of oligo-
peptides (Steinhardt and Adibi, 1986). Iron and calcium are 
absorbed most efficiently in the most proximal portion of the 
intestines. Most other nutrients, water, and solutes are taken 
up with highest efficiency in the jejunum. The ileum is the 
primary site of absorption of vitamin B12 and of bile salts. The 
colon is a relatively impermeable barrier for most nutrients. 
However, sodium and organic acids can be absorbed, and 
protons can be secreted into the lumen (Kaiser, 1985a,c). 

Appropriate absorption of food components depends 
(1) on their adequate preparation, that is, digestion or conju-
gation with appropriate factors in the intestinal lumen; 
(2) on the structural and functional integrity of the mucosal 
epithelium; and (3) on the removal of absorbed moieties by 
body fluids, predominantly via lymphatics. Absorption may 
be accomplished by diffusion or solvent drag, occurring pref-
erentially along intercellular spaces, or by active transport 
employing carrier molecules and occurring across intestinal 
epithelial cells. For each component of food, that is, fat, 
protein, carbohydrate, solutes, and water, a well-defined and, 
in general, distinct pathway for assimilation exists. However, 
absorption of one food component may influence uptake of 
other nutrients; in this way, fat-soluble vitamin uptake is 
determined by the efficiency of fat absorption. 

B. Absorption of Nutrients and Immunity 

In addition to absorption, the gastrointestinal tract also has 
other functions, prominent among which is the elimination of 
environmental noxae and parasites (Hanauer and Kraft, 1985; 
Kagnoff, 1989a). 

The gastrointestinal tract can be envisioned as an invagi-
nation of the environment into the host's body. The gut mu-
cosa indeed is the largest host interphase with the outside 
world. This interphase has two functions: (1) it is a barrier 
to deleterious outside stimuli and (2) it is the site of active 
exchange. Since molecules have to pass through the mucosal 
epithelium, this area lacks the mechanical protection that 
the multilayered and keratinized epithelium of the skin can 
provide, which may explain the accumulation of a variety of 
nonspecific host defense mechanisms in the gut, as well as 
the tremendous accumulation of immunologically reactive 
cells. Saliva, mucus, gastric juice, and bile salts, in conjunc-
tion with peristalsis, epithelial cell turnover, and low phago-
cytic potential of epithelial cells, are well designed to prevent 
foreign particulate matter and macromolecules from entering 
the mucosa. Obviously, GALT, divided into its two compart-
ments, the intraepithelial lymphocytes (IEL) and the lamina 
propria lymphocytes (LPL), contributes a stacked specific 
defense mechanism encompassing humoral and cellular im-
munity (see Sections A-C of this handbook). 

Some of the immune effectors may play a direct role in 
assimilating nutrients. Thus, macromolecules, on complexing 
with IgA, are impaired in their adherence to intestinal epithe-
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Hal cells. At the same time, complexing with IgA may enhance 
the intraluminal digestion of nutrients (Walker and Bloch, 
1983), and binding of antigens by SIgA will reduce the poten-
tial to initiate IgG responses. Secretory antibodies and IEL 
may be essential to reducing systemic immunization to the 
contents of the intestines. IgA present in milk may play an 
important role for the immunoregulation of the newborn. 
(Ahlstedt et al., 1977; Crago and Mestecky, 1985). 

G Immunity and Malabsorption 

The immune system can be involved in the pathogenesis 
of malabsorption syndromes (1) by interfering with digestion 
(e.g., antibodies to the intrinsic factor in pernicious anemia); 
(2) by mediating epithelial cell damage; (3) by interfering with 
the removal of absorbed food-derived moieties; and (4) by 
allowing microbial overgrowth. Mechanisms of malabsorp-
tion also may facilitate the entry of antigenic material into 
the mucosa and thus induce overstimulation of the immune 
system. Finally, malabsorption leading to malnutrition may 
interfere with the normal life cycle and responsiveness of 
immunologically reactive cells of GALT and of the immune 
reactivity in general. 

Clinically, malabsorption may be defined as the presence 
of unabsorbed food components in the stool, accompanied 
by weight loss or failure to gain weight on an appropriate 
diet (Kaiser, 1985b; Wright and Hey worth, 1989). Sometimes 
gastrointestinal manifestations are lacking or remain subclini-
cal. Depending on the site of involvement along the digestive 
tract and on the extent of the damage, malabsorption may 
involve one or more of the constituents of food: carbohy-
drates, proteins, fats, small organic compounds such as vita-
mins, and minerals. Exquisitely "specific" malabsorption is 
exemplified by vitamin B12 deficiency leading to pernicious 
anemia. On the other hand, panmalabsorption encompasses 
all foodstuffs to a lesser or greater degree. Diverse etiologies 
and pathogenic pathways may result in the same or similar 
nutrient deficiencies; one disease may express, in various 
patients and at different times, various degrees and types of 
malabsorption, as seen, for example, in celiac disease. 

The traditional pathophysiological classification of malab-
sorption syndromes is based on the stage of nutrient uptake 
affected (Kaiser, 1985b; Wright and Heyworth, 1989). The 
intraluminal stage may be affected either in its digestive phase 
or by decreased availability of ingested nutrients (Wright 
and Heyworth, 1989). Similarly, the intestinal stage may be 
deranged, by interference either with digestion at the level 
of the epithelial cells or with movement across the epithelium. 
Finally, the transport stage may be affected, most frequently, 
via lymphatics. However, several malabsorption syndromes 
exist in which a clear-cut assignment to one of these groups 
is not possible and in which additional as-yet-unknown fac-
tors may be involved (Kaiser, 1985b; Wright and Heyworth, 
1989). 

Diseases evolving from disorders affecting the intraluminal 
stage have been reviewed extensively elsewhere and will not 
be discussed further. In this chapter, delineating selected 
aspects of malabsorption confined to the intestinal stage and 
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to lymphatic transport (Table I) seems appropriate. Malab-
sorption at the intestinal stage often involves deficient carbo-
hydrate digestion at the brush border of epithelial cells or 
impaired transport of fat or proteins through these cells. The 
impairment of transport mechanisms may be restricted to a 
single substance. Finally, transfer of fat and proteins from 
the mucosa to other organ systems for metabolism or storage 
may be hampered by obstruction of capillaries or intestinal 
lymphatic vessels. 

II. MALABSORPTION SYNDROMES 

In an attempt to classify malabsorption syndromes involv-
ing immune mechanisms from the perspective of pathogene-
sis, the syndromes may be categorized as (1) diseases defini-
tively associated with infectious agents; (2) syndromes 
possibly associated with microbes; and (3) disorders not asso-
ciated with infectious agents (Table II). 

A. Malabsorption Syndromes Associated with 
Infectious Agents 

Chronic infection of the small intestine is the leading cause 
of malabsorption. Malabsorption after infection is found in 
apparently immunocompetent as well as in immunocom-
promised hosts. Malabsorption in immunodeficient hosts in-
deed results most often from the increased susceptibility to 

infection and the direct action of the microorganisms on the 
small intestines. However, this does not always seem to be 
the case; malabsorption without demonstrable infection has 
been reported repeatedly in various immunodeficiency syn-
dromes (Doe, 1983; Brown and Strober, 1988). The epidemic 
of acquired immunodeficiency syndrome (AIDS; for review, 
see Kotler, 1991a) has increased the number of patients suf-
fering from malnutrition dramatically. Since this latter topic 
is of great importance and rather new, it will be discussed 
in some detail. The outcome of malabsorption may be compli-
cated by the complex metabolic changes induced by the reac-
tions of the host to infectious agents (Beisel, 1987). Changes 
occur in the hormonal homeostasis, carbohydrate metabo-
lism, and nitrogen balance. Other than the mildest infections 
usually entail anorexia, and, with fever, increased oxygen 
consumption (~ 13% increase per 1°C). In recurrent or 
chronic infectious diseases, both the host defense and general 
nutritional status may be critically reduced, especially in 
children and adolescents. 

1. Gastroenteritis in the Immunocompetent Host 

With fully functioning specific and nonspecific host de-
fense, acute gastroenteritis is a self-limited disease of short 
duration. Malabsorption usually does not develop in such 
patients. Long-lasting, chronic, or recurrent infections, on 
the other hand, can lead to malabsorption, especially in chil-
dren (Owen, 1989). Pathogenic determinants that lead to pro-
tracted diarrhea are not fully understood. Protein-calorie mal-

Table I Classification of Malabsorption Syndromes0 

Stage of absorption Defects Prototype diseases 

Maldigestion 

Malabsorption: Intestinal 
Stage 

Transport Stage 

Pancreatic secretions 
Mechanical/microclimate 

derangements 
Brush border enzymes 

Intraluminal 
derangements 

Mucosal cells 

Vasculature 
Food allergy 
Systemic diseases 

Genetic disorders 
(single enzymes) 

Unclassified 

Lymphatic obstruction 

Chronic pancreatitis, pancreatic neoplasm, cystic fibrosis 
Postgastrectomy syndrome, enzyme inactivation, Zollinger-Ellison 

syndrome, congenital enterokinase deficiency 
Disaccharidase deficiencies, lactase, sucrase-isomaltase, trehalase deficiency 

peptidase deficiencies 

Bacterial overgrowth, ileal dysfunction, hepatocellular disease, cholestasis 

Gluten-induced enteropathy, tropical sprue, short bowel syndrome, 
endocrinopathies, drug-induced disease (Neomycin, Colchicine), acute 
bacterial enteritis, Crohn's disease, Mediterranean lymphoma, Kaposi 
sarcoma, adenocarcinomas, dermatitis herpetiformis, psoriasis, Köhler-
Dager syndrome 

Radiation enteritis, chronic mesenteric vascular insufficiency 
Milk allergy, protein-losing enteropathy with allergy 
Dysgammaglobulinemias, alpha heavy chain disease, systemic lupus 

erythematosus, scleroderma, autoimmune and immune complex 
vasculitides, mastocytosis, amyloidosis, malnutrition (exogenous) 

Hartnup disease, cystinuria, vitamin D, magnesium deficiencies, 
chloridorrhea, vitamin B12 malabsorption, abetalipoproteinemia, 
glucose-galactose malabsorption 

Whipple's disease, congenital malrotation of intestines, idiopathic 
steatorrhea 

Retroperitoneal malignancy, intestinal lymphangiectasia, heart insufficiency, 
sarcoidosis 

a Syndromes discussed in this chapter are underlined. 
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Table II Malabsorption Syndromes with Known or Likely Links to the Immune System 

Category Syndrome Histopathology Distribution 

Associated with 
infectious agents 

Infections in immunocompetent host 

Infections in immunodeficient host 
(including AIDS) 

Presumably associated Tropical sprue 
with infectious agents 

Whipple's disease 

No association with 
infectious agents 

Sarcoidosis 

Gluten-induced enteropathy (including 
dermatitis herpetiformis) 

Cow's milk intolerance 
Crohn's disease 

Immunoproliferative small 
intestinal diseases 

Eosinophilic gastroenteritis 

Connective tissue diseases 
Pernicious anemia 

Variable villous flattening, inflammation, 
usually few microbes 

Variable villous flattening, epithelial 
defects, weak inflammatory response, 
few plasma cells. Lymphocytes; no 
granulomata, usually many microbes 

Shortened and thickened villi, plasma cells 
in LP increased in numbers 

Numerous PAS-positive foamy 
macrophages 

Lymphatics obstructed, lymph node 
involvement 

Flat mucosa, crypt hyperplasia, increased 
IEL, increased plasma cells in LP 

Similar to above 
Noncaseating granulomas with giant cells; 

epithelial disruption; T cells 
predominate surrounding ulcera 

Thick, indurated segments of small 
intestines; extensive infiltrates with 
lymphocytes, immunoblasts, plasma 
cells; reduced crypts and villi, 
sometimes flat mucosa, ulcera 

Eosinophil granulocytes in lamina 
propria 

Collagen accumulation in lamina propria 
None in small intestinal mucosa 

Localized, patchy 

Patchy-diffuse 

Diffuse, proximal jejunum 

Patchy 

Patchy 

Diffuse-patchy, proximal 
jejunum 

Similar to above 
Patchy, small intestines 

Patchy 

Patchy-diffuse 

nutrition seems to predispose to chronic diarrhea by inducing 
changes in the intestinal mucosa (Gracey, 1981). There is 
thinning of the gut wall, flattening of villi, and a cuboidal to 
squamous "metaplasia" of enterocytes. Inflammatory infil-
trates in the lamina propria also are seen frequently in chil-
dren with protein-calorie malnutrition, suggesting decreased 
host-defense. In severe protein-calorie defects, cell-mediated 
immunity (Seth et al.t 1982) is more likely to be affected than 
humoral immunity. It seems, therefore, that malnourishment 
is a primary factor predisposing to chronic diarrhea, both by 
direct effects on the intestinal mucosa and by impairment of 
host defense. The spiral of deficiency of nutrients leading 
to chronic diarrhea, which results in malabsorption, which 
aggravates the malnutrition, is a major killer of children in the 
developing countries of this world. Children with persistent 
diarrhea and malnutrition have recently been shown to be 
frequently infected with Giardia lamblia. Of interest are re-
ports that children with giardiasis of short duration had IgG 
and IgA antibodies to a 57 kDa Giardia heat shock protein 
(HSP), whereas patients with chronic infections lacked the 
IgA response to this antigen (Char et al., 1993). Since IgM 
class antibodies to this moiety were abundant in these pa-
tients, the authors of this report suggest a derranged switch 
from IgM to IgG and IgA in these subjects; this defect must 
be antigen specific, however, since total immunoglobulin iso-
types were elevated in these children. Minute and very spe-

cific immunodeficiencies thus may exist in patients that are 
routinely declared ^immunocompetent." 

In Giardia lamblia infestation, diarrhea results from dis-
ruption of the brush border of epithelial cells and disacchari-
dase (Veghelyi, 1939; Cortner, 1959; Meyer and Radulescu, 
1979). In some studies, these parasites also have been found 
within the intestinal mucosa (Brandborg et al., 1967; Hoskins 
et al., 1967; Morecki and Parker, 1967). Yeast infection and 
bacterial overgrowth may coexist with G. lamblia infestation. 
Co-infections as well as creation of mechanical barriers to 
absorption (Erlandsen and Chase, 1974; Poley and Rosen-
field, 1981), competition for nutrients (Yardley and Bay less, 
1967; Cowen and Campbell, 1973), and alteration of intestinal 
motility (Castro et al., 1976) have been proposed as patho-
genic mechanisms leading to malabsorption in these patients. 
In this infestation, IELs seem to be increased in density 
(Dobbins, 1986), suggesting a contribution of the immune 
system to the pathogenesis of malabsorption or to its perpetu-
ation. 

Extensive involvement of the small intestines in gastroin-
testinal tuberculosis may cause steatorrhea and other mani-
festations of malabsorption (Shin et al., 1988) as a conse-
quence of impaired lymphatic transport from the gut, 
especially when the mesenteric lymphatic system is involved 
("tabes mesenterica";Gorbach, 1989). In addition, intestinal 
luminal obstruction may lead to bacterial overgrowth (King 
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and Toskes, 1985). Although many patients with gastrointes-
tinal tuberculosis have no symptoms, the increasing inci-
dence of tuberculosis in the United States (Bloom and Mur-
ray, 1992) may enhance the relevance of this condition for 
medical professionals in the near future. Overgrowth of bac-
teria that occurs in surgical patients with blind loops or short 
bowel may lead to malabsorption (Weser, 1976). However, 
note that malabsorption is seen only infrequently in infections 
or infestations of immunocompetent, well-nourished hosts. 

2. Gastroenteritis in the Immunocompromised Host 

The immunocompromised host is susceptible to a wider 
range of microorganisms than the immunocompetent individ-
ual; the infections in patients with immunodeficiencies tend 
to be protracted, recurrent, or chronic. Usually, these infec-
tions do not resolve completely even with aggressive antimi-
crobial treatment. The spectrum of potential pathogens obvi-
ously depends on the nature of the underlying immune defects 
(Doe, 1983; Doe and Hapel, 1983; Brown and Strober, 1988; 
Kagnoff, 1989a). 

a. Primary immunodeficiencies. Many of the congenital de-
ficiencies of the host defense system may lead to malabsorp-
tion (Demarchi et al., 1983; Kagnoff, 1989a). The importance 
of an intact immune system is demonstrated by the high 
prevalence of gastrointestinal disease in patients with immu-
nodeficiency, even when nonspecific defense mechanisms 
are functioning (Brown and Strober, 1988). Incidence and 
frequency of malabsorption varies among the distinct entities. 
Immunodeficiencies of B cells and immunoglobulins are more 
common than deficiencies of the T-cell system (Figure 1; 
Stiehm, 1990). Malabsorption deficiency occurs less fre-
quently in patients with isolated immunoglobulin deficiencies 
than in children with severe combined immunodeficiency. 

In general, the severity of the intestinal involvement corre-
lates well with the extent of the immunodeficiency. However, 

Complement 
Deficiencies 

Phogpcytic 
Deficiencies 

Cellular 
Deficiencies 

Antibody 
Deficienc 

Combined Cellular 
and Antibody Deficiencies 

Figure 1 The frequency of primary immunodeficiencies categorized 
according to the host defense mechanisms. (Reproduced with kind 
permission of the author and publisher from Stiehm, 1990.) 

severe immunodeficiencies may not be associated with intes-
tinal disease, suggesting that local immune responses may 
be dissociated from systemic immunity; this option has been 
shown convincingly in the case of Ig A. Patients with reduced 
serum Ig A concentrations may have normal secretory Ig A, 
and individuals with reduced secretory IgA may show normal 
serum IgA concentrations (Strober et al., 1976). Thus, evalu-
ation of the local status of GALT often is necessary to under-
stand the underlying defect of the immune system. 

IgA deficiencies, in Caucasians the most common (1:500) 
and fortunately usually the most benign of primary immuno-
deficiencies (among Japanese, the incidence is much lower; 
Kanoh, 1991), only seldom lead to gastrointestinal disease 
(Fisher et al, 1982; Kagnoff, 1989a). However, IgA defi-
ciencies may be associated with nodular lymphoid hyperpla-
sia of the intestines (Brown and Strober, 1988), inflammatory 
bowel disease (IBD; Hodgson and Jewell, 1977; Doe and 
Hapel, 1983), and disaccharidase deficiencies (Dubois et al., 
1970). Patients with IgA deficiency also may have a propen-
sity for infestation with G. lamblia. Although isolated defi-
ciency of the secretory piece has been described (Strober 
et al., 1976), the patient developed diarrhea and intestinal 
candidiasis but not malabsorption. Ample evidence exists for 
"immune exclusion breakdown" in IgA-deficient patients 
(Soothill et al., 1976; Cunningham-Rundles et al., 1979; 
Cunningham-Rundles, 1987). However, conclusive demon-
stration of a direct relationship between IgA deficiency and 
immune exclusion breakdown still is lacking (Brown and 
Strober, 1988). Similarly, the increased incidence of food 
allergies in IgA-deficient patients requires further analysis 
to understand the mechanism linking the two pnenomena 
(Cunningham-Rundles et al., 1979). 

In patients with X-linked hypogammaglobulinemia, de-
scribed by Bruton (1952) and characterized by Good and his 
collaborators (Peterson et al., 1965), gastrointestinal disor-
ders become seldom manifest. In a few patients, inflammation 
of the colonic mucosa, acute or chronic rotavirus infection 
(Saulsbury et al., 1980), infestation with G. lamblia, bacterial 
overgrowth (Ament et al., 1973), or lactase deficiency (Du-
bois et al., 1970) is apparent. 

Much more frequent are gastrointestinal disorders in pa-
tients with common variable hypogammaglobulinemia 
(CVH). In a study of 50 patients with this primary immunode-
ficiency, 60% had diarrhea and 40% had malabsorption (Her-
mans et al., 1976). In CVH, the lamina propria of the intestine 
usually shows a reduction in numbers of plasma cells of all 
isotypes (Brown et al., 1972a,b). There may be a partial 
villous atrophy, which does not improve with gluten restric-
tion (Brown et al., 1972a). IBD may occur in patients with 
CVH more frequently than in immunocompetent individuals 
(Kagnoff, 1989a). Bacterial overgrowth is documented in 
CVH patients (Brown et al, 1972b; Hermans et al., 1976), 
and infections with Heliobacter jejuni may resemble IBD 
when lasting over prolonged periods of time (Ahnen and 
Brown, 1982). In CVH, Shigella and Salmonella also may 
be seen (Hermans et al., 1976; Ahnen and Brown, 1982). 
Over 65% of patients with CVH have an infestation with G. 
lamblia; this protozoan causes extensive tissue damage in 
some of these patients (Brown et al., 1972b; Ament et al., 
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1973; Hermans et al., 1976). In addition, cryptosporidiosis 
(Current et al., 1983) and strongyloidiasis (Brandt de Oliveira 
et al.y 1981) have been reported in CVH patients. 

Interestingly, pernicious anemia and atrophy of the entire 
stomach mucosa, associated with normal gastrin levels, oc-
curs frequently in CVH patients (Twomey et al., 1969; Brown 
et al., 1972a). CVH patients may show intestinal nodu-
lar lymphoid hyperplasia (Hermans et al., 1976). The nod-
ules contain many IgA-bearing B cells but few mature IgA-
producing plasma cells. The striking difference in the fre-
quency and severity of gastrointestinal symptoms and malab-
sorption between CVH and X-linked hypogammaglobuli-
nemia is still puzzling, but may find an explanation in the 
concomitant T-cell derangements of CVH. 

Congenital thymic aplasia, described by DiGeorge (1968), 
sometimes manifests with malabsorption as well as other 
gastrointestinal symptoms (Cleveland, 1975). Similarly, 
chronic mucocutaneous candidiasis may lead to carbohydrate 
intolerance, iron deficiency, and diarrhea (Asquith, 1979; 
Brown and Strober, 1988). 

Combined B- and T-cell defects lead in many patients to 
severe gastrointestinal disorders, including severe malab-
sorption. Jejunal villi may be shortened and the mucosa may 
show appreciably increased numbers of vacuolated macro-
phages and tissue edema (Brown and Strober, 1988; Kagnoff, 
1989a). Some patients with Nezelof's syndrome, a T-cell 
deficiency associated with variable B-cell defects (Stiehm, 
1990), have malabsorption (Ament, 1975). Ataxia telangiecta-
sia, a T-cell deficiency often combined with IgA deficiency, 
may develop mild malabsorption (Ament et al., 1973). Ste-
atorrhea and vitamin BJ2 deficiency have been described in 
the Wiskott-Aldrich syndrome, encompassing a T-cell defect 
and decreased IgM synthesis (Ament et al., 1973). 

In chronic granulomatous disease, phagocyte deficiency 
in which the oxidative metabolism is disturbed in neutrophilic 
granulocytes (Stiehm et al., 1989a), steatorrhea and panmal-
absorption have been seen (Ament and Ochs, 1973). Lipid-
filled pigmented macrophages similar to those observed in 
Whipple's disease appear sometimes in the mucosa. Some 
patients with this disorder may have lesions resembling those 
of Crohn's disease (Werlin et al, 1982). 

Whereas in most primary immunodeficiency patients with 
gastrointestinal symptoms, intestinal infections are the likely 
causes of malabsorption, others have malabsorption without 
any such apparent infection. The pathogenic mechanisms 
involved in the latter conditions are not known. 

Since mucosal lesions in primary immunodeficiency syn-
dromes often are patchy and therefore can be missed easily, 
several biopsies should be taken of the same patient. In situ 
hybridization techniques may be useful for the identification 
of infectious agents in tissue samples. Correction of the im-
munodeficiency, for example, replacement of immunoglobu-
lin, often reverses malabsorption and histological changes. 

b. Secondary immunodeficiencies. Secondary or acquired 
immunodeficiencies develop in the wake of a host of infec-
tions and other diseases. In the following section, malabsorp-
tion associated with AIDS and with some neoplasms will be 

discussed. Malabsorption and intestinal protein loss as causes 
of impaired immune responsiveness are covered in Sec-
tion IV of this chapter. 

i. The acquired immunodeficiency syndrome (AIDS). 
AIDS increasingly has gained in importance among second-
ary immunodeficiencies. AIDS patients often have involve-
ment of the gastrointestinal system (Friedman-Kien, 1981; 
Gottlieb et al., 1981; Fischel et al., 1990; Kotler, 1991a). 
The spread of AIDS during recent years has contributed 
appreciably to the number of individuals suffering from 
chronic diarrhea and malabsorption syndromes. Whereas 
AIDS was defined originally in developed countries by Ka-
posi sarcoma and Pneumocystis carinii pneumonia, in Africa 
and Caribbean countries, AIDS is most impressively defined 
by the "enteropathic" variant, consisting of chronic diarrhea 
(more than 30 days of diarrhea over a 2 month period), wast-
ing, and fever (Keusch et al., 1992). 

Studies performed in industrialized as well as developing 
countries have documented gastrointestinal dysfunction in 
50-90% of individuals testing positive for antibodies to the 
human immunodeficiency virus (HIV) (Malenbranche et al., 
1983; Budhraja et al., 1985; Friedman and Owen, 1989). and 
30-60% have malabsorption (Brasitus and Sitrin, 1990). Sev-
eral mechanisms have been postulated in attempts to explain 
the high rate of intestinal dysfunction in this immunodefi-
ciency. The gut is a major route of infection in AIDS, which 
has been considered one of the factors leading to the high 
incidence of intestinal derangements in this disease (Kagnoff 
et al., 1991). Nevertheless, in patients with blood-borne HIV 
infection, for example, hemophiliacs, intestinal involvement 
is high also (Okubo and Yasunaga, 1991). Table III lists the 
main pathogens responsible for gastrointestinal morbidity in 
AIDS, as well as the currently available methods for their 
detection and the therapy regimens—in part still experimen-
tal—for their eradication. A depletion of helper T cells in 
the mucosa was hypothesized to lead to impaired immune 
responses to antigenic moieties and mitogens. This immuno-
deficiency could render the patients susceptible to infection 
with opportunistic and nonopportunistic intestinal pathogens 
(Brown and Strober, 1988). These pathogens then could lead 
to debilitating diarrhea and malabsorption. Alternatively, 
HIV infection of small intestinal mucosal cells could be re-
sponsible for malabsorption directly (Nelson et al., 1988; Fox 
et al., 1989; Ullrich et al., 1989; Yolken et al., 1991). AIDS 
patients also have anorexia, resulting in severe malnutrition 
in conjunction with malabsorption. Diarhea and loss of body 
weight are the most common clinical manifestations of gastro-
intestinal AIDS; in Africa, AIDS often is called "Slim's dis-
ease" (Greene, 1988). 

The ratio of CD4+ to CD8+ cells, which is decreased 
severely in the blood of AIDS patients, has been reported 
to be decreased (Rodgers et al., 1986) or increased (Kotier 
et al., 1986) in the intestinal mucosa. In another study 
(Riecken et al., 1991), a decrease of CD4+ LPLs has been 
demonstrated in patients with AIDS, but this decrease was 
much smaller than that seen for blood lymphocytes. At the 
same time, a significant increase of CD8+ cells was seen 
(Riecken et al., 1991). Interestingly, the activation marker 
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Table III Diagnosis and Treatment of Intestinal Infections in Patients with AIDS 

Organism Diagnosis Treatment 

Fungi 
Candida sp. 

Protozoa 
Cryptosporidium 

Isospora belli 
Microsporidia 
Giardia lamblia 
Strongyloides stercoralis 

Viruses 
Cytomegalovirus 
Herpes simplex 

Bacteria 
Mycobacterium Avium-

intracellulare 
Mycobacterium tuberculosis 

Salmonella typhimurium 
Shigella 

SS: gram, culture Ny statin, Amphotericin B, Fluconazole, Clotrimazole 

SS or DA: Ziehl-Neelson, monoclonal antibody; SBB Experimental: Spiramycin, Transfer Factor, 
with histology 

SS or DA: Ziehl-Neelson, modified acid-fast 
SS or DA: Chromotropy; SBB 
SS or DA: microscopy or ELISA 
SS or DA for rhabditiform larvae; SBB 

SBB 

SS or DA: Ziehl-Neelson, culture 
or genome detection 

SS or DA: Ziehl-Neelson, culture 
or genome detection 

SS: gram, culture 
SS: gram, culture 

Hyperimmune Bovine Serum and Colostrum, 
Monoclonal Antibodies, Somatostatin 

Trimethoprim-Sulfamethoxazole 
None proven 
Metronidazole, Quinacrine-HCl, Furazolidone 
Thiabendazole 

Gancyclovir, Foscarnet 
Acyclovir 

Rifampin or Rifabutin + Clofasimine, Ethambutol, 
Ethionamide, Streptomycin and Clarythromycin 

Isoniazid, Rifampin, Pyrazinamide, Streptomycin 

Antibiotics 
Antibiotics 

DA, duodenal aspirate; SBB, small bowel biopsy; SS, stool smear. 

CD25 is expressed on fewer T cells in the mucosa of AIDS 
patients than in that of healthy subjects (Riecken et al., 1991). 
The same authors suggested that CD4+ cells in the mucosa 
may be less susceptible to HIV-induced cell death, but may 
respond to HIV infection by improper activity. 

The number of IgA-producing intestinal plasma cells has 
been found to be decreased (Kotler et al., 1987) or normal 
(Rodgers and Kagnoff, 1987) in AIDS patients compared with 
normal individuals. A study of the parotid glands of AIDS 
patients suggests that IgA production may be reduced se-
verely; Muller et al. (1991) have found a decrease of both 
IgAl and IgA2 concentrations in the secretion of this gland. 
This local mucosal reduction of IgA was accompanied by a 
significant increase of serum IgA, but correlated well with 
decreased CD4: CD8 ratios for blood T cells (Muller et al., 
1991). Immune complexes, predominantly consisting of IgAl 
(Jackson et al., 1988), have been demonstrated in some AIDS 
patients. The impact of circulating immune complexes on 
tissue lesions and immunoregulation in AIDS is not yet under-
stood. 

A direct pathogenic effect of HIV on gastrointestinal tract 
cells in AIDS patients has not yet been demonstrated con-
vincingly, albeit several findings do suggest such an effect 
(Kotier itffl/., 1984; Rodgers et al., 1986; Brown and Strober, 
1988). Intestinal disease has been shown to occur often in 
patients with AIDS who do not have other intestinal infec-
tions (Kotler et al., 1984). However, inability to demonstrate 
infectious agents may not be equated with absence of the 
infectious agents. 

Genetic material of HIV has been reported in the intestinal 
epithelium of AIDS patients (Mathjis et al., 1988; Nelson et 
al., 1988), and HIV core antigen (p24) has been found in 

various cell types of the intestinal mucosa (Rene et al., 1988; 
Reka et al., 1989; Ullrich et al., 1989). Scientists generally 
agree that 20-40% of patients with AIDS have HIV-infected 
mononuclear cells in the lamina propria of the intestines (Fox 
et al., 1989), even early in the disease. Some colonic epithelial 
cell lines can be infected with HIV (Kagnoff et al., 1991). 
HIV seems to attach to some cell lines via CD4. HIV infection 
of the line HT29, however, cannot be inhibited by antibodies 
to CD4 (Kagnoff*?/ al., 1991). Whether infection of epithelial 
cells with HIV is important in the pathogenesis of intestinal 
disorders of AIDS patients is not known, since the conse-
quences of infection of mucosal cells with HIV are not under-
stood as well as those of infection of systemic lymphocytes 
and macrophages (Kotler, 1991b). Recently, no significant 
difference in D-xylose uptake could be detected in patients 
with or without HIV gp41 in their duodenal mucosa (Ehren-
preis et al., 1992). In this study, HIV was present only in 
lamina propria mononuclear cells, and not in neuroendocrine 
cells or enterocytes. Presence of HIV in enterocytes was 
associated with the most severe malabsorption in another 
group of AIDS patients (Heise et al., 1991); localization of 
HIV in enterocyte, however, seems to be a rare event, since 
four out of five patients with HIV in the small intestine had 
the viral antigens only in infiltrating mononuclear cells. Heise 
et al. (1991) conclude that infection of the intestines with 
HIV is an early event and that infection of enterocytes alters 
their differentiation and function, which leads to malab-
sorption. 

The histopathology of HIV-associated intestinal disorders 
may suggest a difference between directly HIV-induced tis-
sue lesions and those mediated by secondary intestinal infec-
tions. Partial villous atrophy combined with crypt hyperplasia 
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seems characteristic in patients with the latter, whereas pa-
tients without detectable secondary infections seem to show 
minimal villous atrophy and reduced mitotic figures in the 
crypt. Kotler et al, (1984) have shown extensive degenera-
tion of intestinal crypt cells among patients with AIDS, with 
a presentation reminiscent of graft-versus-host reactions 
(Sapin et al, 1977). Lactase and ß-glucosidase, as well as 
alkaline phosphatase, deficiencies in intestinal epithelium of 
AIDS patients suggest delay of intestinal epithelial cell matu-
ration. In six AIDS patients with fat malabsorption, only 
the two patients infected with opportunistic enteropathogens 
{Cryptosporidium spp. and Isospora belli) had abnormal ileal 
absorptive functions (Kapembwa et al., 1990). These data 
suggest that in nonsuperinfected AIDS gastroenteritis, only 
the upper jejunum is involved in malabsorption, whereas 
superinfection extends the involvement to the ileum. 

Among the most frequently diagnosed intestinal parasites 
of AIDS patients are Cryptosporidium, Isospora belli, Mi-
crosporidium (Levine, 1980), G. lamblia, and Strongyloides 
stercoralis (Rene et al., 1991). The relative importance of 
other agents such as Blastocystis hominis, Dientamoebafrag-
ilis, Balantidium coli, and nonpathogenic Entamoeba strains 
has not yet been clarified. In immunocompetent patients, 
infestation with these pathogens usually responds well to 
therapy and is of short duration; in AIDS patients, the course 
is protracted and severe. 

Cryptosporidium, known prior to 1982 almost exclusively 
as an animal pathogen (Current et al., 1983; Navin and Jura-
nek, 1984), increasingly causes disease in immunocompetent 
and immunocompromised humans (Rene et al., 1991). In 
immunologically competent patients, this parasite causes 
mild diarrhea, nausea, abdominal cramps, anorexia, and low 
grade fever. In immunodeficient hosts, the organism often 
leads to a devastating disease manifesting with protracted 
diarrhea and malabsorption (Soave et al., 1984; Navin and 
Juranek, 1984; Rene et al., 1989,1991); up to 25 bowel move-
ments per day have been reported in Cryptosporidium-in-
fested AIDS patients (Whiteside et al, 1984). The diarrhea 
most likely is of the enterotoxin-induced secretory type 
(Friedman and Owen, 1989; Rene et al., 1991); however, 
enterotoxin secretion by Cryptosporidium has not yet been 
shown conclusively. Note that immunocompetent individuals 
infested with Cryptosporidium report a history of contacts 
with animals; such an association is lacking in AIDS patients. 
Cryptosporidiosis in AIDS patients is unremitting and, in 
general, refractory to therapy. 

Isospora belli, rare in immunocompetent individuals, 
causes chronic profuse watery diarrhea in AIDS patients, 
resulting in dehydration, weight loss, and steatorrhea 
(DeHovitz et al., 1986), especially in patients in developing 
countries (DeHovitz et al., 1986; Sevankambo et al., 1987). 
Microsporidium has been reported to play a pathogenic role 
in malabsorption syndromes of AIDS (Desportes et al., 1985; 
Dobbins and Weinstein, 1985; Orenstein et al, 1990). On the 
other hand, G. lamblia and Entamoeba histolytica do not 
show a more severe progression in AIDS patients than in 
immunocompetent hosts (Rene et al, 1991), a puzzling 
finding. 

One of the first clinical manifestations of the decay of 

immune functions in HIV-infected patients is the colonization 
of the gastrointestinal tract by Candida species (Rene et al, 
1991). Most commonly, Candida is found in the oral cavity 
and in the esophagus, the latter causing odynophagia and 
dysphagia (Klein et al, 1984; Rene et al, 1991). Ulcers in 
the mouth and the esophagus rarely spread to the submucosa 
or to distant organs. The normal function of neutrophilic 
granulocytes in AIDS patients may explain the relatively 
successful containment of Candida. Although the gastroin-
testinal tract cannot be cleared completely of this yeast, re-
sponse to treatment often is good. Candida has not been 
shown to cause severe malabsorption. 

Salmonella typhimurium and Shigella flexneri have 
been demonstrated in the feces and blood of patients with 
AIDS (Soave et al, 1984; Dobbins and Weinstein, 1985; 
Glaser etal, 1985; Jacobs <?/ al, 1985; Whimbey etal, 1986; 
Baskin et al, 1987). Antibiotic-resistant Heliobacter jejuni 
has been seen to persist in a patient with AIDS (Dworkin et 
al, 1986; Whimbey etal, 1986; Laughon £>/<*/., 1988). Rather 
frequently, patients with bacterial intestinal infections and 
AIDS have atypical mycobacteria (Damsker and Bottone, 
1985; Roth et al, 1985), most common among which is My co-
bacterium avium-intracellulare; Mycobacterium malmoense 
and, most recently described, Mycobacterium ganavense 
may be involved more often than yet recognized. These mi-
croorganisms are found in lymph nodes, bone marrow, 
spleen, liver, and the stool of some AIDS patients. Clinically, 
intestinal mycobacterial infection in AIDS is characterized 
by diarrhea. Despite large numbers of acid-fast microorgan-
isms, a striking absence of granulomatous tissue lesions can 
occur in this syndrome (Shin et al, 1988) Mycobacterium 
tuberculosis has joined HIV in a diabolic marriage, caus-
ing outbreaks of multidrug-resistant tuberculosis in HIV-
positive patients (Chaisson, 1993). The rapid progression of 
M. tuberculosis infections in immunodeficient patients en-
hances propensity for development of multidrug resistance. 
Most recently, the mutual enhancement of M. tuberculosis 
and HIV infections has become better understood. Wallis et 
al. (1993) have obtained elegant data suggesting that PPD 
stimulates peripheral blood mononuclear cells to produce 
large amounts of tumor necrosis factor-a (TNF-á); TNF-a 
up-regulates HIV expression in vitro, and it can be hypothe-
sized that co-infection with M. tuberculosis thus may enhance 
HIV-disease progression. On the other hand, Forte et al 
(1992) showed that T-cell mediated destruction of macro-
phages harboring mycobacteria was significantly impaired in 
patients infected with HIV. M. tuberculosis in AIDS most 
commonly involves the lungs, but extrapulmonary involve-
ment is not unusual. 

Cytomegalovirus (CMV) is by far the most frequent oppor-
tunistic virus in gastrointestinal disorders of AIDS (Figure 
2; Welch et al, 1984). Severe CMV disease occurs virtually 
only in severely immunocompromised hosts. The gastrointes-
tinal disease may involve the stomach, duodenum, and colon 
and, most frequently, the rectosigmoid (Centers for Disease 
Control, 1982; Frank and Raicht, 1984; Meiselman et al, 
1985). Histological findings include isolated viral inclusion 
bodies, vasculitis, and inflammatory cell infiltrates as well as 
ischemic and gangrenous lesions (Clayton, 1991). The clinical 
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Figure 2 CMV enteritis. A 45-year-old male with 3 weeks of malaise, 
diarrhea, and weight loss. The X-ray shows dilatation, fluid retention, 
and marked edema of the jejunum (arrow) with only mild fold promi-
nence in the ileum (open arrow). [Reproduced from Baer, J. and 
Hilton, S. (1991). Radiologie changes in AIDS. In "Gastrointestinal 
and Nutritional Manifestations of the Acquired Immunodeficiency 
Syndrome" (D. P. Kotler, ed.). Raven Press, New York, with the 
kind permission of the authors and the publisher.] 

presentation varies from asymptomatic infection to debilitat-
ing enteritis, colitis, or even perforation of the bowel (Foucar 
et al., 1981; Frank and Raicht, 1984). Sometimes the CMV 
infection mimics IBD (Brown and Strober, 1988). Bacteremia 
with enteric organisms may accompany CMV enteritis and 
colitis. The diagnosis relies on virus culture from biopsy 
material and demonstration of inclusion bodies in tissue sec-
tions (Rene et al., 1991). Blood culture is not useful, since 
many patients have CMV in the blood without any disease 
(Masur and Fauci, 1989). For treatment, 9(l,3-dihydroxy-2-
proepoxymethyl)guanine (DHPG, Ganciclovir; Koretz et al., 
1986) and phosphoformate (Foscarnet) are used (Weber et 
al., 1987). Life-long suppression of the virus may be nec-
essary. 

Herpes simplex virus infects perioral and perianal regions, 
the rectum, the oropharynx, and the esophagus of patients 
with AIDS (Siegal et al., 1981; Goodell et al., 1983; Rene et 
al., 1991). Lesions are hemorrhagic, ulcerative, or necrotic. 
Acyclovir-resistant herpes simplex virus infections usually 
can be treated with foscarnet or vidarabine (Safrin et al., 
1991). 
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In patients with Kaposi's sarcoma (Kaposi, 1872) of the 
gastrointestinal tract, malabsorption has been described 
(Bryk et al., 1978), as has protein-losing enteropathy (Perrone 
et al., 1981; Laine et al., 1987) and intestinal perforation 
(Mitchell and Feder, 1949) or obstruction (White and King, 
1964). Non-Hodgkin's lymphomas, a rather common and of-
ten fatal complication of AIDS, involve the gastrointestinal 
tract in up to 25% of cases (Ziegler et al., 1984; Ioachim et 
al., 1985). These lymphomas are usually of the B-cell type, 
show a translocation between chromosomes 8 and 14 (Pe-
terson et al., 1985; Berheim and Berger, 1988), and may arise 
from polyclonal B-cell stimulation by Epstein-Barr virus 
(EBV) and other viral agents (Knowles et al., 1989). The 
intestinal lesions may lead to bleeding, perforation, and retro-
peritoneal lymphadenopathy (Potter et al., 1984; Subar et 
al., 1991). 

Since Zidovudine (AZT) is associated with hematologic 
toxicity, it is likely that this drug also interferes with the 
rapidly proliferating intestinal epithelium. Fortunately, how-
ever, clinical trials have not documented any significant ad-
verse intestinal reactions to AZT therapy (e.g., Volberding 
et al., 1990), and Ullrich et al. (1992) report even trends of 
morphologic and functional normalization of small intestines 
in HIV-antibody positive patients with gastrointestinal 
involvement without secondary enteric infections, when 
treated with AZT. This data would be in good agreement 
with reports on weight gains in AIDS patients upon AZT 
treatment (Yarchoan et al., 1986); they are, however, statisti-
cally not significant and have to be interpreted with caution. 

ii. Neoplastic diseases not associated with AIDS. Some 
patients with lymphomas, lymphosarcomas, thymomas, or 
chronic lymphatic leukemia may lose their ability to synthe-
size one or more classes of immunoglobulins (Brown and 
Strober, 1988). The resulting hypoglobulinemia may increase 
their susceptibility to intestinal infections and lead to malab-
sorption. Increased immunoglobulin catabolism, sometimes 
seen in patients with severe burns, nephrotic syndrome, or 
protein-losing enteropathy, may initiate the same chain of 
events. 

B. Malabsorption Syndromes Possibly Associated 
with Infectious Agents 

The syndromes discussed in the following section—tropi-
cal sprue, Whipple's disease, and sarcoidosis—long have 
been considered potentially related to infections. Definitive 
demonstration of such an association, however, has not yet 
been accomplished, with the possible exception of Whipple's 
disease. 

1. Tropical Sprue 

Within weeks, months, or, more commonly, 1-2 yr of 
arrival, visitors to the tropics may develop tropical sprue 
(Sheehy, 1985; Klipstein, 1989). The illness is characterized 
by acute onset with an episode of explosive diarrhea that 
resolves within a week into chronic gastrointestinal symp-
toms, including abdominal distension and cramps. Many pa-
tients develop milk intolerance because of lactase deficiency 
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(Klipstein, 1989); some individuals manifest alcohol intoler-
ance (Klipstein, 1989). After 1-3 months, the folate stores 
of the body are depleted. Anorexia, malabsorption, and pro-
gressive weight loss follow. Glossitis and, eventually, symp-
toms of anemia occur 1-3 months later (Gardner, 1958). 
Adults are affected more often than children. The disease 
may occur as a single case, or in epidemics (O'Brien and 
England, 1971; Jones et al, 1972). Formerly, the condition 
was believed to develop exclusively in European travelers 
or immigrants, but now the disease is recognized to affect 
native populations of the endemic, (i.e., tropical) areas even 
more often (Thomas and Clain, 1976). 

The epidemiological aspects of tropical sprue strongly sug-
gest an infectious cause. However, no single specific infec-
tious agent has been isolated to date (Sheehy 1985;Klipstein, 
1989). Contamination of the small intestines by coliform bac-
teria including Klebsiella pneumoniae, Eschericia coli, and 
Enterobacter cloacae (Gorbach et al., 1969) has been consid-
ered to play a role in the pathogenesis of tropical sprue be-
cause these bacteria synthesize enterotoxins and ethanol, 
which are able to damage intestinal mucosa (Klipstein et al, 
1973,1978). Also, a not-yet-identified virus may be associated 
with this disease. Dietary lipids may have some relevance 
for the pathogenesis. Secondary folic acid deficiency seems 
to play a perpetuating role, since treatment with folic acid 
may lead to resolution of the disease (Chuttani et al., 1968). 

Pathophysiologically, tropical sprue is characterized by 
impaired production of intrinsic factor and hydrochloric acid 
by the stomach and net secretion of water and electrolytes 
by the jejunum (Corcino et al., 1983). Malabsorption of carbo-
hydrates, amino acids, fat, fat-soluble vitamins, vitamin B]2, 
and bile salts occurs (Klipstein, 1989). In chronic disease, 
megaloblastic anemia develops because of deficiency of folic 
acid and vitamin B12. In 50% of the patients, hypoalbumi-
nemia and decreased serum concentrations of cholesterol are 
seen; one-third of patients present with a mild hypocalcemia. 

Diagnosis of tropical sprue is based on the exclusion of 
other pathognomonic entities such as intestinal infestation 
by parasites and small intestinal contamination with coliform 
bacteria. The mucosa shows lengthening of the crypts, broad-
ening and shortening of the villi (which are usually thickened 
and coalesce to form leaves), and infiltration by cells charac-
teristic of chronic inflammation. These changes are seen al-
ready early in disease. Less than 10% of the patients have a 
classical "flat mucosa* \ Jejunal biopsy allows differentiation 
from gluten enteropathy (flat villi), infiltrative disorder 
(lymphoma), and Whipple's disease. The optimal treatment 
consists of oral folic acid (5 mg/day for 6 months), tetracy-
cline (250 mg qid for 1 month, followed by 250 mg bid for 5 
months), and 1000 μ% vitamin B]2 several times initially and 
then at monthly intervals (Klipstein, 1989). Clinical improve-
ment with the appropriate treatment gives final evidence for 
the correctness of the diagnosis. 
2. Whipple's Disease 

Recently, the etiologic agent of Whipple's disease or intes-
tinal lypodystrophy, first described in 1907 (Whipple, 1907), 
has been tentatively identified as Tropheryma wippelii. The 

disease has not been reproduced in animals; clinically, the 
disorder commonly is defined as a systemic bacterial illness 
affecting primarily middle-aged Caucasian males (Dobbins, 
1985). Affected individuals have a history of intermittent 
arthralgia in several joints, lasting for years. The actual illness 
develops gradually with diarrhea turning into steatorrhea in 
93% of the patients, with subsequent weight loss and a deteri-
oration of the patients' general status. Normocytic and nor-
mochromic anemia is noted in 90% of the patients. Half the 
patient population demonstrates hypotension and hyperpig-
mentation. Other clinical manifestations include low grade 
fever, peripheral lymphadenopathy, and neurological abnor-
malities. A few patients have Whipple's disease without gas-
trointestinal involvement (Mansbach et al., 1978). Most 
frequently, such extragastrointestinal Whipple's disease 
seems to involve neural tissue (Feurle et al., 1979; Brown 
et al, 1990; Wroe et al, 1991; Amarenco et al, 1991). 
In some cases, diagnosis may be delayed when gas-
trointestinal involvement occurs only after many years. 
Thus, Ig A nephropathy and hypercalcemia have been 
reported to preceed gastrointestinal symptoms of Whipple's 
disease by 2 to 5 years (Stoll et al, 1993), and chronic 
polyarthritis by 16 years in one patient (Scheib and Quinet, 
1990). 

The diagnosis is established by small bowel biopsy; the 
disease shows, in the proximal small intestine, typical club-
shaped villi and a lamina propria replete of macrophages 
loaded with sickle-form particles (SPC cells) intensively 
stained by periodate-Schiff reagent (PAS) (Sieracki and Fine, 
1959). Such SPC cells are found in virtually all organs, but 
most prominently in the lamina propria of the small intestine 
and its lymphatic drainage, the heart valves, and the central 
nervous system. 

Electronmicroscopically, the Whipple organism resembles 
structurally intact or degenerating bacteria (Dobbins and Ka-
wanishi, 1981). The bacillus is gram positive, and is present 
not only in macrophages but also in intestinal epithelial cells, 
lymphatic and capillary endothelial cells, smooth muscle 
cells, polymorphonuclear leucocytes, plasma cells, mast 
cells, and IELs. The nucleotide sequence of bacterial 16 S 
ribosomal DNA from the intestinal biopsy of a patient with 
Whipple's disease was shown to have close relation to Rhodo-
coccus, Streptomyces, and Actinobacter genera, and weaker 
homology with mycobacteria (Wilson et al, 1991). One year 
later, Relman et al (1992) reported on a 1321-base-long bacte-
rial 16S rRNA sequence amplified by PCR from duodenal 
tissue of a patient with Whipple's disease. Subsequently, it 
was shown that the same sequence was present in intestinal 
tissue of all five patients studied with Whipple's disease, but 
in none of the 10 patients with other diseases. Phylogenetic 
analysis suggested that the bacterium is a gram-positive acti-
nomycete, unrelated to any of the known genera. This bacte-
rium (as yet uncultured) was named Tropheryma whippelil 

Most patients respond to treatment with antibiotics. Cur-
rently, the recommended regimen is penicillin G (1.2 million 
Units/day) and streptomycin (1.0 g/day) for 10-14 days, fol-
lowed by trimethoprim/sulfamethoxazole for 1 yr (Trier, 
1989a). 
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3. Sarcoidosis 

Sarcoidosis may involve, among other organs, the gastro-
intestinal tract (Fick and Hunninghake, 1988); the stomach 
is the most common gastrointestinal site. However, small 
intestinal involvement also has been described and may cause 
malabsorption and protein-losing enteropathy (Sterling, 
1951). Differential diagnosis includes Crohn's disease. Co-
Ionic sarcoidosis is seen only infrequently. The words of 
Longcope and Freiman (1952), that "the etiology of sarcoido-
sis still is obscure," remain valid. Within lesional tissue, 
acid-fast coccobacillary microorganisms have been seen 
(Canturee, 1982). These findings are compatible with the pres-
ence of wall-deficient bacteria, most likely related to my co-
bacteria or non-diphtheria Corynebacterium species. How-
ever, mycobacteria, especially atypical mycobacteria, have 
been associated most frequently with sarcoidosis (Vanek and 
Schwarz, 1970; Mitchell et al., 1992; Saboor et al., 1992). 
Nevertheless, convincing evidence for a pathogenic role of 
these microorganisms has never been established. Twenty 
years ago, combined infection with mycobacteria and viruses 
has been suggested to explain the pathogenesis of sarcoidosis 
(Hanngren et al., 1974). Bacillus Calmette-Guerin (BCG) 
vaccination in individuals with virus-induced T-cell impair-
ment has been proposed to lead to sarcoidosis. In addition 
to microbial agents, chemicals and drugs have been discussed 
in the framework of a pathogenesis for sarcoidosis, as have 
allergy and autoimmunity (Fick and Hunninghake, 1988). 
Sarcoidosis occurs in a familial pattern (Prendville et al., 
1982) and some clinical manifestations have been associated 
with HLA-encoded antigens. 

The granulomatous lesions of sarcoidosis are characterized 
by large numbers of T cells. These T cells are predominantly 
carrying a/ß TcR on their surface, as do the T cells in granulo-
mata of tuberculosis (Tazi et al., 1991), and they show signs 
of recent antigenic stimulation (Du Bois et al., 1992). As in 
many other inflammatory conditions, increased expression 
of adhesion molecules is seen in sarcoidosis, where it may 
contribute to extravasation, aggregation in tissue and granu-
loma formation (Shakoor and Hamblin, 1992). Similarly most 
likely reflecting inflammation, alveolar macrophages in sar-
coidosis have been shown to release spontaneously tumor 
necrosis factor-a (TNF-á), interleukin l(IL-l) (Strausz et al., 
1991), and prostaglandin E2 (PGE2); however, there was no 
correlation between the amount of inflammatory mediators 
released and clinical status of disease or steroid usage (Puer-
inger et al., 1993). Of more potential interest for the under-
standing of the pathogenesis of tissue lesions in sarcoidosis 
is a report on a defect at the level of G-proteins in peripheral 
blood lymphocytes of patients with sarcoidosis (Nemoz et 
al., 1993). These authors hypothesize that a defect in the 
negative control of adenylate cyclase, mediated by the inhibi-
tory G-protein Gi, prevents the lowering of cAMP necessary 
for normal mitogenic responses of blood lymphocytes. In 
addition, both cAMP and cGMP phosphodiesterase activities 
were found decreased in blood lymphocytes of sarcoidosis 
patients. 

The small intestine malabsorption in this disease arises 
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indirectly, through lymphatic obstruction following mesen-
teric lymph node enlargement. Dilated lacteals can be seen 
in patient intestinal biopsies (Sprague et al., 1984). 

C. Malabsorption Syndromes Not Associated with 
Infectious Agents 

Several malabsorption syndromes are not related to infec-
tious agents but are associated with immune responses and 
heightened activity of GALT. These conditions comprise a 
heterogeneous group of diseases, usually with poorly under-
stood pathogenesis, and present with a gamut of tissue lesions 
(Table II). In some of these syndromes, immunoreactive cells 
could be the primary mediators of the pathogenesis; in others, 
exogenous noxae, primarily extraintestinal diseases, and in-
born errors of metabolism may be of etiological importance. 

1. Gluten-Induced Enteropathy 

The first description of "sprue" is attributed to Areteus 
of Cappadocia (1856), who lived in the second century of our 
era. Nevertheless, the formal definition of gluten-induced 
enteropathy (GIE; synonyms: celiac disease, celiac sprue) 
still is not fully satisfactory and its causes are poorly under-
stood. Gee (1888) described the clinical manifestations of 
GIE in pediatric patients; Thaysen (1932) gave the classical 
description of this syndrome in adults. In the early 1950s, 
Dicke (1950) established the association between the clinical 
syndrome and the intake of wheat and some other cereal 
grains through epidemiological analysis. He and his co-
workers (van de Kamer et al., 1953) subsequently recognized 
gluten as the major component of cereals involved in GIE. 
Finally, Paulley (1954) published an extensive study on the 
histopathology of this disease. 

The major clinical manifestations of GIE result from the 
malabsorption of nutrients, predominantly involving the 
proximal small intestine. The disease is defined further by 
characteristic, but not specific, changes of the small intestinal 
mucosa, namely deepening of crypts and loss of villi ("flat 
mucosa"), and by striking improvement of clinical and histo-
logical presentation on withdrawal of gluten from the diet 
(Falchuk, 1983; Cooke and Holmes, 1985; Mike and Asquith, 
1987; Trier, 1989b, 1991). Diagnostic criteria rely on these 
characteristics [Working Group of European Society of Pedi-
atric Gastroenterology and Nutrition (WGESPGN), 1991). 
The additional requirement to demonstrate deterioration 
of mucosa on gluten challenge (Meuwisse, 1970; Bramble 
et al., 1985) has been questioned (McNeish et al., 1979; 
WGESPGN, 1991). A workshop on diagnostic criteria of 
celiac disease, organized by the European Society of Pediat-
ric Gastroenterology and Nutrition in 1989, stressed the con-
tribution of recently developed serological tests to the diagno-
sis of GIE (WGESPGN, 1991). Antigluten (Schmitz et al., 
1978), anti-reticulin (Mäki et al., 1984), and anti-endomysial 
(Chorzelski et al., 1984; Kumar et al., 1989) antibodies of 
the IgA isotype have proved to be reliable indicators of sensi-
tization to gluten at the time of diagnosis (WGESPGN, 1991), 
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with the exception of GIE in individuals with hypogammaglo-
bulinemia or Ig A deficiency. 

It is important to emphasize that, in addition to full-blown 
celiac disease, a host of clinical presentations may be associ-
ated with gluten hypersensitivity. These include dermatitis 
herpetiformis (see subsequent text), recurrent aphthae, Ig A 
nephropathy, and arthritides (Ferguson et al, 1993; Marsh, 
1993). Some patients may present with more atypical and 
diffuse symptoms, such as malaise, psychological problems, 
abdominal pain, and ill-defined growth defects (Collin et al, 
1990). Finally, 50-60% of patients with gliadin hypersensitiv-
ity are asymptomatic. All these conditions could be subsum-
marized under the term"gluten sensitivity complex." Fergu-
son et al. (1993) have proposed recently to subdivide 
"permanent gluten sensitive enteropathy " (i.e., celiac dis-
ease) into "active," "silent," "latent," and "potential." 
This may be helpful in the understanding of the pathogenesis 
of this group of diseases. 

Malabsorption in GIE results from the drastic decrease of 
absorptive surface and from derangements and loss of the 
epithelial cell brush border and its enzymes. Clinically, sever-
ity of symptoms spans a wide range, reflecting, at least in 
part, the extent of the intestinal lesions. Thus, GIE may 
present as isolated iron or folate deficiency anemia without 
any gastrointestinal symptoms. On the other end of the spec-
trum are failure to thrive, in pediatric patients, and devasta-
ting life-threatening panmalabsorption with secondary 
involvement of many organ systems. In its long-term evolu-
tion, GIE has proven more variable than previously thought 
(Schmitz et al, 1978; Kamath and Dorney, 1983; Mäki and 
Visakorpi, 1988; WGESPGN, 1991). 

Histology of the small intestinal tissue lesions presents 
as villous atrophy, crypt epithelial cell hyperplasia, crypt 
hypertrophy, and changes in the lymphoid-cell population of 
the mucosa. Mucosa of patients with GIE was shown to 
produce six times more epithelial cells than healthy mucosa 
per time unit (Watson and Wright, 1974), with a doubling of 
the rate of cell division and a 3-fold increase in numbers of 
proliferating cells. Numbers of undifferentiated crypt cells 
and frequency of mitoses among crypt cells are increased 
significantly (Padykula et al, 1961; Yardley et al, 1962). The 
ultrastructure of crypt epithelial cells usually is normal (Rubin 
et al., 1966). The populations of goblet and Paneth cells also 
seem comparable to those of healthy subjects. However, 
endocrine cells appear to be increased in numbers in the 
mucosa of GIE patients with severe lesions (Polak et al., 
1973). This increase may result from impaired release of 
cholecystokinin and secretin from such cells. The cuboidal 
surface epithelial cells display degenerative changes: promi-
nent loss of organelles, accentuation of lysosomes, swelling 
of mitochondria and endoplasmic reticulum, incomplete de-
velopment of the terminal web, and staining variability and 
electron density of the cytoplasm (Rubin et al., 1966). Im-
portantly, microvilli are short, irregular, fused, or absent. In 
addition, thinning of the glycocalyx occurs. The density of 
CD8+ and ã/ä TcR+ IELs and mucosal mast cells (Strobel 
et al., 1983) is increased in untreated patients with GIE; 
however, the total number of lymphoid cells per area remains 
in the normal range, reflecting the severely decreased area 

of intestinal surface (Ferguson and Murray, 1971; Holmes et 
al., 1974). Plasma cells are much more abundant in the lamina 
propria mucosae of GIE patients than in that of healthy indi-
viduals, whereas lymphocytes tend to appear in lower than 
normal numbers (Holmes et al., 1974). The mucosal cellular 
infiltrates usually show high numbers of neutrophilic and 
eosinophilic granulocytes and mast cells (Marsh and Hinde, 
1985). Succinctly, the histopathology of GIE has been de-
scribed as ' 'extensive villous atrophy with hyperplasia of the 
crypts and an abnormal surface epithelium" (Marsh, 1988). 
Remember that the mucosal lesions in GIE are rather variable 
in character, severity, and extent (Mäki and Visakorpi, 1988), 
and that the same patients may have, concomitantly, several 
types of intestinal lesions (Roy-Choudhury et al., 1967). Flat 
mucosa most often is found only in the proximal portion of 
the jejunum and, even here, distribution of lesions may be 
patchy (Thompson, 1974). Recently, the spectrum of the in-
terrelated patterns of mucosal tissue lesions seen in GIE have 
been classified by Marsh (1992a, 1992b) as follows: infiltra-
tive, infiltrative-hyperplastic, flat-destructive, and irrevers-
ible hypoplastic atrophic, spanning the gamut of isolated in-
crease of IEL to the end-stage disease with progressive 
intestinal failure. 

The pathophysiological mechanisms leading to malabsorp-
tion, in addition to simply decreased absorptive surface, re-
sult from a variety of derangements of the intestinal epithelial 
cell involving the microenvironment defined by the brush 
border and its enzymes (Padykula et al., 1961; Dissanyake 
et al, 1974; Bramble et al, 1985) and the glycocalyx (Rubin 
et al, 1966). The microenvironment (or microclimate) defined 
by the glycocalyx seems essential to normal absorption of 
neutral molecules. The pH of the microenvironment has been 
shown to be changed strikingly in GIE patients compared 
with healthy subjects (Lucas et al, 1978). In addition, de-
creased activity or lack of enzymes, most importantly of the 
brush border, must contribute to impaired uptake of nutrients 
(Padykula et al, 1961; Dissanyake et al, 1974; Bramble et 
al, 1985). Indeed, this enzymatic activity may be reduced 
by 90% in GIE. Further, lysosomal enzymes are increased 
and may contribute to the production of abnormal, potentially 
toxic metabolites, as well as to absorption of such moieties. 
In addition to malabsorption proper, maldigestion also may 
occur; thus the intraluminal pH in the proximal small intestine 
is higher than normal in untreated GIE patients, and the 
bacterial flora of the intestines may be changed. 

Intensive research over the last four decades has allowed 
the formulation of several hypotheses attempting to explain 
the pathogenesis of GIE. One of the major problems, as is 
often the case in such endeavors, is the difficulty in differenti-
ating primary pathogenic factors from those arising as sec-
ondary phenomena during the disease. 

Central in the discussion of pathogenesis is the clearly 
established association of GIE and gluten. Gluten makes up 
90% of wheat flour protein; it is a heterogeneous preparation 
of proteins that can be separated into an ethanol-soluble 
fraction termed gliadin and an insoluble fraction, glutenin. 
Gliadin itself consists of over 40 moieties that can be grouped 
into four categories (Kasarda et al, 1984). A-gliadin, which 
is a major component of alpha gliadin, has been shown to 
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activate GIE (Kagnoff, 1989b). Closely related to gliadin are 
the prolamins of rye, barley, and oats, which also may induce 
intestinal damage. 

Even though demonstration of a direct toxic effect on 
mature normal enterocytes still is lacking (Davidson and Brid-
ges, 1987), direct toxic action on fetal animal or human intesti-
nal epithelial cells and cultured tumor cells has been docu-
mented for enzymatic digests of gluten (gluten fraction III) 
(Dissanyake et al, 1974) and fraction 9 of gliadin (Townley 
et al, 1973). Subsequently, lack of a normally present pepti-
dase on jejunal mucosal tissue was suggested to explain the 
accumulation of these toxic products of gluten. This " missing 
enzyme hypothesis" still has not received substantial support 
from available data. Since enzymatic activities that are de-
pressed in untreated GIE return in most cases to normal 
values, after exclusion of gluten from the diet, with the possi-
ble exception of lactase, the enzymatic defects seem likely 
to be secondary to GIE. A primary lack of peptidases has 
not been documented yet in patients with GIE. Similarly, 
carbohydrase deficiency, implicated by others (Phelan et al, 
1977) in the toxogenesis of gluten, still remains a possible 
but rather unlikely candidate. Since lactase levels remain low 
even after histological normalization of the mucosa, lactase 
deficiency may be an enhancing or precipitating factor in the 
pathogenesis of GIE (McNicholl et al., 1976). 

Weiser and Douglas (1976) have proposed a lectin-like 
harmful action of gluten on intestinal epithelial cells; this 
interaction could involve incomplete glycoproteins on imma-
ture epithelial cells. Such moieties do indeed occur in large 
numbers in GIE mucosa, and immature epithelial cells have 
been shown to have increased reactivity to several known 
plant lectins, and lectin interaction can induce cell death. On 
the other hand, stress to enterocytes during enteric infec-
tions, inflammation, or increased gluten intake, could derange 
glycosyl transferases of intestinal epithelial cells and interfere 
with the synthesis of oligosaccharide side chains of cell sur-
face glycoproteins. This original hypothesis has gained sup-
port by the demonstration that mucosa of patients with celiac 
disease indeed binds the gluten fraction Glyc-Gli (Douglas, 
1976). 

Increased permeability of the mucosa has been repeatedly 
demonstrated in GIE patients (e.g., Parkins, 1960). Green 
and Wollaenger (1960) showed hypoalbuminemia in 60% of 
celiac disease patients in the United States; more recently, 
Bai et al. (1991) reported decreased serum albumin in 54% 
of Argentinian patients. Increased intestinal permeability has 
been proposed as a factor in the pathogenesis of GIE. It was 
suggested that facilitated influx of gluten or prolamin-derived 
peptides may lead to enhanced or deregulated immunological 
reactivity in the mucosa, or to direct toxicity. However, 
evaluation of the impact of hyperpermeability on the develop-
ment of GIE remains difficult. On one hand it seems probable 
that untreated patients have more permeability disturbances 
than treated patients (e.g., Bai et al., 1991); this suggests 
that permeability changes observed in GIE are secondary to 
the tissue lesions in the mucosa. On the other hand, a recent 
report (van Elburg et al., 1993) on sugar absorption in patients 
with celiac disease showed a significantly increased ratio of 
lactulose vs. mannitol in the urine of patients as well as their 

relatives; this suggests that asymptomatic relatives of GIE 
patients may have increased intestinal permeability, and that 
such hyperpermeability may contribute to the pathogenesis 
of GIE. 

Involvement of immune reactions in the pathogenesis of 
GIE is evidenced by a large number of observations (Kagnoff 
1989a,b; Cole and Kagnoff, 1985; Marsh, 1989; Brandt-
zaeg et al., 1991). However, it still seems difficult to 
assign convincingly to any of the collected data a definitive 
place and value in the pathogenesis of GIE and to formulate 
a hypothesis compatible with the great majority of observa-
tions. Over the past few years, many studies have evaluated 
exciting aspects of the immune response in GIE. In the fol-
lowing section, we review the major of the findings and 
hypotheses proposed for an immunopathogenesis of GIE. 

Any role for atopic and anaphylactic reactivity in the 
pathogenesis of GIE remains to be established. Some re-
searchers have reported a significant increase of asthma, 
eczema, and urticaria in patients with GIE compared with 
the healthy population (Friedman and Hare, 1965; Hodgson 
et al., 1976; Williams et al., 1984). Others could not confirm 
these results (Cooper et al., 1978). However, improvement 
of eczema has been reported on gluten withdrawal (Cooper 
et al., 1978). A child on a gluten-free diet was reported to 
develop systemic anaphylaxis after introduction of small 
amounts of gluten ("gluten shock"; Krainick et al., 1958). 
However, no differences in serum IgE concentrations exist 
between patients with GIE and normal controls (Williams et 
al., 1984), and antibodies of the IgE isotype that react with 
wheat proteins were not elevated in the circulation of patients 
with GIE (Bahna et al., 1980). Immediate hypersensitivity 
skin tests with gluten were not detectable in these patients 
(Baker and Read, 1976). On the other hand, IgE-producing 
cells increase in numbers in the jejunal mucosa of both un-
treated and treated patients with celiac disease (Scott et al., 
1983). Gluten challenge leads to further increase of frequency 
of IgE-producing plasma cells (O'Donoghue et al., 1979). 
A Type I hypersensitivity reaction, according to Gell and 
Coombs, has been described in patients with GIE; mast cell 
degranulation and increased concentrations of histamine and 
5-hydroxytrptamine occur in the intestinal lesional mucosa, 
followed by influx of eosinophilic granulocytes (McLaughlin 
et al, 1983; Strobel et al., 1983). Collectively, these data 
suggest a secondary rather than a primary involvement of 
atopic reactions in GIE. Atopy in GIE possibly results from 
increased permeability of the gut to various allergens. 

Numbers of Ig A, IgG and IgM-producing plasma cells are 
increased in lesional mucosa of GIE; (Brandtzaeg et al., 
1991). Concurrently, the percentage of plasma cells produc-
ing antibodies to gliadin is increased in GIE mucosa (Brant-
zaeg et al., 1991). In some patients with dermatitis herpeti-
formis, Ig A and IgM isotype antibodies to gliadin are 
demonstrable in the intestinal fluid only (Kett et al., 1990). 
Since this disease is related closely to, or a variant of, celiac 
disease, this finding has been interpreted to suggest that IgA 
and IgM gliadin antibodies in the intestinal lumen are the 
hallmark of early GIE (O'Mahony et al, 1990;1991; Brandt-
zaeg et al, 1991; Ferguson et al, 1993; Marsh 1993). As the 
disease progresses, IgA isotype antibodies to gliadin increase 
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in circulation also, whereas IgM isotype antibodies do not 
(Baklien et al., 1977). Since IgM has a stronger affinity for 
secretory component (SC) than Ig A, IgM may be excreted 
efficiently into the intestinal lumen whereas IgA is inhibited 
from reacting with SC and thus finds its way into circulation 
(Brandtzaeg, 1985). Importantly, SC shows an enhanced ex-
pression on intestinal epithelial cells in GIE (Kvale et al., 
1988), and J chains are expressed more densely in IgA-
producing cells in GIE patients than in healthy individuals 
(Kett et al., 1990). Ultimately, however, more IgG- than 
IgA-producing cells are specific for gliadin (5.7% vs. 1.6%; 
Brandtzaeg and Baklien, 1976). These antibodies may con-
tribute to the pathogenesis of GIE by interacting with gliadin 
adsorbed to epithelial cells or by formation of immune com-
plexes. Terminal complement components (TCC) have been 
demonstrated in subepithelial sites of GIE mucosa (Brandt-
zaeg et al., 1991). Complement-mediated lysis and sublytic 
effects of the membrane attack complex (MAC; Morgan et 
al., 1988) could contribute significantly to the desquamation 
of surface epithelium observed in GIE (Brandtzaeg et al., 
1991). Alternatively, antibodies to gliadin may collaborate 
with K cells in antibody-dependent cellular cytotoxicity 
(ADCC). The only skin test reactivity documented to date 
in patients with GIE is an Arthus-like reaction agaist gliadin 
(Baker and Read, 1976; Anand et al., 1977), which could 
suggest a major role for immune complexes in GIE tissue 
lesions. Finally, polymeric IgA has been shown to activate 
and degranulate neutrophilic and eosinophilic granulocytes, 
which could enhance the overall inflammatory response and 
damage epithelial cells (Abu-Ghazaleh et al., 1989). 

In addition to a possible role in the pathogenesis of GIE, 
several antibodies promise to play increasingly important 
roles in the diagnosis of celiac disease and related syndromes 
(WGESPGN, 1991; Ferguson et al., 1993). In addition to 
antibodies to gliadin (Schmitz et al., 1978), antibodies to 
reticulin (Mäki et al., 1984), and antibodies to smooth muscle 
endomysium (Chorzelski et al., 1984; Kumar et al., 1989) 
have contributed significantly to the confirmation of diagnosis 
of celiac disease and dermatitis herpetiformis. Antibodies to 
endomysium (Figure 3) have proven to be of especially high 
specificity and sensitivity (Kumar et al., 1989); their involve-
ment in the immune reactions of GIE, however, remains to 
be investigated further. 

Great potential for improved understanding of various syn-
dromes of gluten sensitivity as well as for the institution of 
gluten free diet offer reports on a characteristic pattern of 
antibodies to food antigens detected in jejunal fluid and whole 
gut lavage fluids (reviewed in Ferguson et al., 1993 and 
Marsh, 1993). Gliadin-specific antibodies of the IgA, but most 
impressively, of the IgM isotype were detected in a small 
group of patients with dermatitis herpetiformis lacking enter-
opathy (O'Mahony etal., 1990) as well as patients with active, 
silent, latent, or potential celiac disease (O'Mahony et al., 
1991; Ferguson et al., 1993). These pattern of antibodies was 
termed "celiac-like intestinal antibody" or "celiac-associated 
intestinal antibody pattern" and given the ominous acro-
nym "CIA." Most recently, an extensive study was con-
ducted on the presence of CIA, with special emphasis on 
celiac disease patients with normal jejunal biopsy histology 

Figure 3 IgA-antibodies to endomysium from a patient with GIE. 
Indirect immunofluorescence on monkey esophagus. (Microphoto-
graph kindly supplied by Dr. V. Kumar, Buffalo, New York.) 

(Arranz and Ferguson, 1993). In addition to antibodies to 
gliadin, the intestinal fluid contained also increased titers 
of IgM class antibodies to ovalbumin and ß lactoglobulin. 
Antibodies to food antigens have been described in a number 
of diseases. Thus, Knoflach et al. (1987) showed impressive 
amounts of circulating IgM-class antibodies to a number of 
milk antigens, including ß lactoglobulin, in adult patients with 
inflammatory bowel disease (IBD), and a somewhat distinct 
pattern was seen in sera of pediatric IBD patients by Lerner 
et al. (1989). Occurrence of food antibodies in a variety of 
intestinal disorders suggests that at least some of them may 
be secondary to widely shared defects of intestinal function 
(e.g., increased permeability leading to enhanced penetration 
of the mucosa by antigens). The preferential increase in IgA 
and, most impressively, IgM antibodies may represent a char-
acteristic mucosal antibody response pattern present in many 
diseases. However this may be, studies of CIA and of antiglia-
din antibodies in circulation (Ferguson et al., 1993; Marsh, 
1993) should open up new diagnostic potentials, especially 
in conjunction with other parameters, and help us define what 
may be called in future "gluten-sensitive disease complex." 

An early influx of lymphocytes into the epithelium of small 
intestinal crypts has been demonstrated in elegant experi-
ments (Marsh, 1988,1989). This event is followed by crypt 
cell hyperplasia and crypt hypertrophy, and by villus atrophy. 
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Especially in flat mucosa, CD3+CD45RO+ cells are frequent, 
attesting to T cell activation (Scott et al., 1987). IELs also 
show morphological signs of activation (Spencer et al., 
1989a). The number of T ãä cells has been shown to be 
increased among IELs (Halsensten et al., 1989b; Spencer et 
al., 1989b; Brandtzaeg et al., 1991; Kutlu et al., 1993). A 
high percentage of these cells employs the variable delta 1 
gene (V6 - J8,2), suggesting that a large proportion of these 
cells has a limited specificity (Spencer et al., 1989a). The T 
ãä cells could react with heat-shock protein (HSP; Born et 
al., 1990) on stressed cells (Evans et al., 1990; Brandtzaeg 
etal., 1991). Indeed, HSP has been detected on jejunal epithe-
lium of patients with GIE. 

Enhanced T counter-suppressor cell activity among IELs 
(Brandtzaeg et al., 1991) could contribute to an abrogation 
of oral tolerance, including that to gliadin. The abrogation 
of oral tolerance also could result from the increased expres-
sion of HLA-DR antigens on intestinal epithelial cells; several 
cytokines are known to mediate increased expression of 
HLA-encoded moieties (Scott et al., 1987). Therefore, that 
increased HLA-DR antigen expression parallels the increase 
in numbers of CD3+CD45RO+ cells in GIE is of special 
interest (Scott et al., 1987; Schreibern al., 1991). Obviously, 
cytokine production by activated T cells may have a wide 
range of effects, for example, induction of hyperplasia of 
crypt cells, increase of permeability of the intestinal epithe-
lium, and stimulation of B cells and effector T cells (Brandt-
zaeg et al., 1991). 

Striking is the association of GIE with genetic markers 
(Falchuk et al., 1972; Keuning et al., 1976; Demarchi et al., 
1983). An extended HLA haplotype (Howell et al., 1988) 
seems characteristic in GIE patients (Tosi et al., 1983; Cole 
and Kagnoff, 1985; Corazza et al., 1985; Alper et al, 1987). 
The genetic markers include HLAB8 (Class I region) and 
SC01 in the adjacent Class III region. The strongest associa-
tion between disease and major histocompatibility complex 
(MHC) haplotype is found in Class II moieties; these mole-
cules are also of special interest in relation to immune re-
sponses, since Class II molecules participate in cell interac-
tions, especially during antigen presentation. Of Caucasian 
patients with GIE, 80-90% show HLA-DR3 and HLA-DQw2 
markers, whereas these markers are found in only 20% of 
healthy Caucasians. More recently, restriction fragment 
length polymorphism (RFLP) analysis using restriction endo-
nuclease Rsa I defined a polymorphic 4-kb genomic DNA 
fragment in over 90% of HLA-DR3-/DQw2+ patients with 
celiac disease, but only in 30% of healthy patients with this 
HLA haplotype (Howell et al., 1986). The 4kb fragment is 
part of a gene encoding a HLA-DP ß chain (Howell et al., 
1988). In addition, a similar polymorphism was suggested for 
the HLA-DP a chain-encoding gene (Hitman et al., 1987; 
Kagnoff, 1989b). 

Genes outside the HLA haplotype also seem to be involved 
in GIE, as was suggested by the much higher concordance 
rate for GIE among monozygotic twins (-75%) than among 
HLA-identical siblings (-40%) (Polanco et al., 1981; Schols 
and Albert, 1983). Similarly, among individuals sharing the 
susceptibility HLA haplotype, disease manifests more fre-
quently in the patients' family members than in nonrelated 

subjects (Kagnoff, 1989b). Thus, immunoglobulin heavy 
chain allotypic markers may show association with celiac 
disease (Kagnoff et al., 1983; Weiss et al., 1983). Particular 
MHC Class II gene products may enhance the presentation 
of selected environmental epitopes to T cells, and distinct 
immunoglobulin genes may up-regulate the magnitude and 
increase specificity of host antibody responses. The impor-
tance of environmental factors in the pathogenesis of GIE, 
however, is demonstrated clearly by the discordant pairs of 
monozygotic twins (Polanco et al., 1981). 

Kagnoff and co-workers (1984) have demonstrated a ho-
mology between amino acid sequences of A-gliadin and a 
dodecapeptide of the Elb protein of adenovirus type 12. 
These authors also showed that untreated patients with celiac 
disease had significantly more frequently infections with ade-
novirus type 12 than controls (Kagnoff et al., 1987). Further, 
the homology region seems to be an antigenic determinant 
(Kagnoff et al., 1987; Karagiannis etal., 1987). Kagnoff and 
co-workers (1987) have proposed that such cross-reactive 
epitopes on microbial, most likely viral, moieties may trigger 
the reactivity to gliadin. 

Several other factors may influence the immune response 
in GIE. Exorphins, opioid agonists similar to ß-casomorphin, 
have been shown to be generated during digestion of gluten 
(Zioudrou et al., 1979; Morley et al., 1983). These molecules 
are known to influence, among others, the proliferation of 
LPLs. In addition, bacterial and nutrient antigens passing 
more easily through the intestinal epithelium in GIE patients 
than in healthy subjects could engage the immune system 
and contribute to its deregulation. 

On the basis of the large but somewhat scattered portfolio 
of data on the pathogenesis of GIE, a comprehensive hypoth-
esis can be envisioned. The initial event in GIE must be the 
coming together of genetic predisposition and environmental 
factors. The genetic predisposition could be some defect of 
the intestinal enzymes crucial in detoxifying gluten metabo-
lites as well as a predisposition of the immune system, for 
example, enhanced gliadin presentation to T cells, abnor-
mally active T counter-suppressor cells among IELs, and so 
on. The triggering event could be a lectin-like or toxic activity 
of gluten as well as its immunogenic property; alternatively, 
cross-reactive microbial epitopes, such as adenovirus type 
12 Elb protein, could activate an immune response to gluten. 
The immune reactivity, induced either as a primary patho-
genic mechanism or in response to lectin- or toxin-induced 
tissue damage, could lead to crypt cell hyperplasia and degen-
eration of surface epithelial cells by the action of cytotoxic 
T cells, cytokines, and antibodies or immune complexes acti-
vating complement or interacting with K cells in ADCC. 
Stimulating the immune response further, cytokines could 
enhance expression of MHC Class II antigens and modulate 
changes in immunologically reactive cells. The deleterious 
effect of the immune response could be amplified further by 
the induced expression of HSPs (Born etal., 1990) on stressed 
cells and the interaction of T ãä or other cells with these 
moieties. The destruction of brush border and degenerative 
changes in intestinal epithelial cells, as well as the ultimate 
loss of intestinal surface, possibly resulting from a combined 
onslaught of toxic and lectin-like gluten moieties and immune 
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reactants, then causes malabsorption, which is the major 
clinical manifestation of GIE. 

A two-stage model of GIE pathogenesis has been proposed 
by O'Mahony et al. (1990), comprising latent and fully ex-
pressed disease. The first stage is characterized by a geneti-
cally determined abnormal interaction of the immune system 
with gluten, without full-blown lesions in the gut, (e.g., T-cell 
activation in the mucosa without other changes, or isolated 
increased density of IEL). The second stage of severe or full 
intestinal involvement ("celiac disease" proper) could be 
triggered by a number of environmental factors or changes 
of endogenous regulatory mechanisms, illustrated by Fergu-
son et al. (1993) as episode of hyperpermeability, nutrient 
deficiency, increased dietary gluten, impaired intraluminal 
digestion of ingested gluten, adjuvant effects of intestinal 
infection and a HLA associated gene. Even though the in-
terphase of these two stages of GIE probably still is very 
fuzzy, this hypothesis provides a workable framework for 
further research and is well supported by clinical and animal 
research. Clinically, the more recent realization of the high 
frequency of individuals showing abnormal immune response 
to gluten and other prolamins without manifest enteropathy 
fits well the two stage concept. In animal experiments, Tron-
cone and Ferguson (1991) have shown that enteropathy in 
mice sensitized to gliadin does not occur after simple feeding 
of gliadin, but requires "triggering" factors, such as those 
associated with intestinal anaphylaxis or graft-versus-host 
reactions. The exact mechanisms that come to bear in this 
events are not well understood but could be enhanced antigen 
presentation, T-cell recruitment, enhanced expression of 
MHC class II antigens, etc. As such triggering events, obvi-
ously, inflammation induced by antibody or cell mediated 
mechanisms may be of importance. 

Avoidance of gluten-containing food is the treatment of 
choice and results in complete restoration of absorptive func-
tion and reparation of the mucosal structure. In severe cases, 
patients should be supplemented with essential nutrients such 
as vitamin B12. In some patients with transient adrenal insuf-
ficiency resulting from malnutrition, corticosteroids may be 
beneficial. Importantly, in patients with malnutrition, that is, 
before the effects of gluten-free diet have set in, parenteral, 
rather than oral administration of drugs seems preferable 
since drugs, like nutrients, may be absorbed abnormally in 
GIE patients (Trier, 1989b). 

As bleak as the prognosis may be for unrecognized or 
inadequately treated GIE, the promptly diagnosed and 
treated patient with the disease, whether child or adult, has 
a very good to excellent prognosis. Only seldom may compli-
cations of GIE, such as peripheral neuropathy, not resolve 
completely (Trier, 1989b), and only few patients develop 
refractory sprue (Rubin et al., 1970; Trier et al., 1978) or 
ulcerations and strictures of the small intestine (Bayless et 
al., 1967). A propensity for malignancies, however, is present 
in an appreciable number of GIE patients (Holmes et al., 
1976; Selby and Gallagher, 1979) and their relatives (Stokes 
et al, 1976; Holmes and Thompson, 1992). Whether gluten-
free diet influences these predispositions is not yet fully estab-
lished (Holmes et al., 1989). 

2. Dermatitis Herpetiformis 

Dermatitis herpetiformis (Alexander, 1975; Cooke and 
Holmes, 1985; Jordon and Provost, 1988) is a skin disease 
closely related in its intestinal manifestations to celiac sprue. 
This disorder is characterized by chronic papulovesicular 
lesions located symetrically on elbows, knees, buttocks, sa-
crum, face, scalp, neck, trunk, and sometimes oral cavity. 
The vesicles are subepidermal. The lesions are associated 
with intense pruritus. IgA deposits are found around microfi-
brillar bundles in the dermal papillary tips and along the 
anchoring fibrils on the basement membrane (Katz and 
Strober, 1978). Complement is activated (Provost and To-
masi, 1974; Katz et al., 1980), and circulating immune com-
plexes containing IgA occur in 40% of patients (Hall et al., 
1980; Zone et al., 1980). IgA is found in lesional and extrale-
sionalskin(Chorzelskieifl/., 1971), suggesting that the induc-
tion of tissue lesions relies on additional pathogenic factors, 
a situation similar to that seen in GIE (O'Mahony et al., 
1990). The etiology and pathogenesis of this disease still re-
mains poorly understood. The hypotheses proposed to ex-
plain celiac disease also may apply to dermatitis herpeti-
formis. Of patients with this skin disorder, 90% have patchy 
duodenal and jujunal atrophy (Brow et al., 1971) that cannot 
be distinguished from the lesions of celiac disease. However, 
gastrointestinal clinical symptoms, that is, diarrhea, fatigue, 
abdominal distension, and pain, are infrequent. Neverthe-
less, steatorrhea is seen often, usually combined with iron 
and folic acid malabsorption (Katz and Strober, 1978). In 
addition to malabsorption, protein loss into intestines as well 
as dapsone therapy may contribute to hypoalbuminemia 
(Cooke and Holmes, 1985; see Section III of this chapter). 

Gluten-free diet is successful in restoring the intestinal 
tissue to normalcy more often than affecting skin lesions. 
However, all patients that show gluten-dependent improve-
ment of skin lesions also have improvement of mucosal le-
sions (Cooke and Holmes, 1985). Gluten has not been found 
in the skin lesions (Cooke and Holmes, 1985). 

3. Cow's Milk and Soy Protein Intolerance 

Although food allergies may lead sometimes to fatal or 
near-fatal anaphylactic reactions, most often in children and 
adolescents (Sampson et al., 1992), most food allergens (e.g., 
shellfish, fish, eggs, and nuts) do not lead to malabsorption. 
However, ingestion of cow's milk or soy bean protein may be 
associated with intestinal symptoms. Both food intolerance 
(i.e., a process induced by direct toxicity) and food allergy, 
(i.e., a process involving immune reactivity) could result in 
deranged mucosal absorption and permeability (F. Shanahan, 
1993). Classically a time-limited condition of infancy 
(Walker-Smith et al., 1978), cow's milk protein intolerance 
presents with jejunal mucosal lesions comparable to those 
of GIE (Kuitunen et al., 1973; Walker-Smith et al, 1978). 
However, the numbers of IELs usually are not as high 
as those seen in the intestinal epithelium of GIE patients 
(Walker-Smith et al, 1978). In some patients, milk intol-
erance is combined with gluten sensitivity. Malabsorption 
may be induced by mechanisms similar to those operating 
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in GIE (see Section II.C.l.). Patients may respond to soy 
protein with jejunal mucosal lesions comparable to those 
of cow's milk protein and gluten intolerance (Donavan 
and Torres-Pinedo, 1987). The treatment of choice for food 
intolerance and allergy is avoidance diet. 

4. Crohn's Disease 

The etiology and pathogenesis of chronic idiopathic IBD 
still are not well understood (Donaldson, 1989; Kagnoff, 
1989a). However, increasing evidence suggests that the im-
mune system plays an important role in the pathogenesis of 
the diseases. The two main diseases—Crohn's disease and 
ulcerative colitis—could be caused by two distinct patho-
genic mechanisms. This topic is reviewed in detail in Chapter 
38 of this volume, so a brief review will suffice here. 

The early histopathology of Crohn's disease suggested a 
link to intestinal tuberculosis (Crohn et al., 1932). This link, 
however, could not be substantiated. Only recently, a series 
of reports reawakened the hypothesis that mycobacteria may 
be an etiological agent in Crohn's disease (Burnham and 
Lennard-Jones, 1978; Chiodini, 1988). Currently, observa-
tions are accumulating which again caution against a patho-
genic link between these bacteria and the disease (Ibbotson 
et al., 1992; Stainsby et al., 1993). Similar was the fate of 
other bacteria or viruses implicated over the years in the 
pathogenesis of Crohn's disease, and thus the quest for a 
microbial pathogenesis of this inflammatory bowel disease 
still remains in limbo. Both humoral and cell-mediated im-
mune abnormalities have been described in Crohn's disease. 
Although circulating immune complexes seem not to be in-
creased significantly in frequency or amount in patients with 
IBD (Soltis et al., 1979; Knoflach et al., 1986b), in situ forma-
tion of these reactants seems possible (Figure 4; Knoflach 
et al., 1989), especially since complement activation has been 
suggested by demonstration of TCC and C3b in lesional tissue 
of both ulcerative colitis (Halstensen et al., 1990) and Crohn's 
disease (Halstensen et al., 1989b,c). The histopathological 
lesion of Crohn's disease consists of deep ulcers in the trans-
murally inflamed intestinal wall. Sankey et al. (1993) have 
shown that the earliest mucosal changes in Crohn's disease 
may be an accumulation of eosinophilic macrophages, defec-
tive basement membranes and ruptured capillaries with hem-
orrhages and fibrinol plugs containing platelet antigens. The 
vascular lesions could be, it seems, immunologically medi-
ated, possibly facilitated by the abnormal reactivity of plate-
lets in Crohn's disease (Webberley et al., 1993). These re-
ports suggest to look more towards the vasculature than the 
intestinal lumen in the quest for the early pathogenesis of 
Crohn's disease. 

Many features of a response involving CD4+ T cells have 
been reported. Increased Class II MHC expression is seen 
on intestinal epithelial cells (Selby et al., 1983; Brandtzaeg 
et al., 1987,1989; Morise et al., 1991), many of the T cells 
of the lamina propria express interleukin-2 receptors as mark-
ers of activation (Schreiber et al., 1991; Sengu et al., 1991; 
Choy et al., 1990), and high concentrations of soluble in-
terleukin-2 receptor have been detected in serum of patients 
with active Crohn's disease (Brynskov and Tvede, 1990; 
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Figure 4 Colon of a patient with Crohn's disease. Granular IgG 
deposits along the intestinal basement membrane x80. [Reproduced 
with kind permission from Knoflach, P., Albini, B. and Weiser, 
M. M. (1989). Experimental immune complex disease of the intestine. 
In ''Immunology and Immunopathology of the Alimentary Canal" 
(B. Albini, R. J. Genco, P. L. Ogra, and M. M. Weiser, eds), Marcel 
Dekker, Inc., New York and Basel.] 

Müller et al., 1990). Macrophages are activated, and tumor 
necrosis factor (TNF) can be detected in sera from patients 
with Crohn's disease (Brandtzaeg et al., 1991; Murch et al., 
1991), as well as in their lesional mucosa (MacDonald et al., 
1990) and feces (Braegger et al., 1992). Lesional endothelin-
1 production by activated macrophages and endothelial cells 
may contribute to vasculitis in chronic IBD by inducing intes-
tinal vasoconstriction and ischemia (Murch et al., 1992). 
These findings have been interpreted to suggest a primary 
T-cell hypersensitivity in Crohn's disease. Interestingly, the 
most exciting studies now are on cytokines (Fiocchi, 1993), 
adhesion molecules, and immune effectors. Such studies can 
best be done in animal models, and the re-evaluation of classi-
cal, and the search for new, models of IBD should allow 
dissection of the extremely complex interplay of exogenous 
and endogenous factors in this disease complex. 

The severe nutritional problems common in patients with 
Crohn's disease have a multifactorial pathogenesis (Table 
IV; Donaldson, 1989). Most important are deficiencies arising 
from anorexia and dietary restrictions (Sitrin et al., 1980). 
However, the extensive inflammatory cellular infiltrates and 
the severe damage to the intestinal tissue impair absorption 
of several nutrients, especially carbohydrates and lipids, as 
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Table IV Malabsorption, Mucosal Permeability Change, and Malnutrition in Crohn's Disease 

Clinical sign Primary factor Mechanisms 

Malnutrition 

Maldigestion 

Malabsorption 

Anorexia 
Bacterial overgrowth 

Mucosal 
inflammation 

Therapy 

Mucosal permeability Mucosal 
change inflammation 

Inadequate intake of nutrients 
Altered bile salt metabolism (fat) 
Enhanced intraluminal catabolism (carbohydrates, protein) 
Disaccharidase deficiency 
Obstruction of lymphatics (fat) 
Derangement of epithelium and lamina propria (panmalabsorption) 
Enhanced catabolism of various moieties 
Dietary restrictions 
Surgery: loss of absorptive surface (vitamin B12 malabsorption; panmalabsorption; 

bacterial overgrowth, see above) 
Sulfasalazine: Competition for folate conjugase binding sites (vitamin B12 

malabsorption) 
Diarrhea: fluid and electrolyte loss 
Protein loss: disruption of epithelium (ulcers) 
Immunologically mediated change of protein permeability 
Lymphatic obstruction 
Blood loss: iron deficiency, protein deficiency, reduction of lymphocyte numbers. 

well as water- and lipid-soluble vitamins. Disaccharidase de-
ficiency is common in these patients. On the other hand, 
Crohn's disease patients frequently have a normal absorption 
of vitamin B12. 

Stasis of intestinal content caused by stenoses and stric-
tures leads to bacterial overgrowth and panmalabsorption 
(Donaldson, 1989). Entero-enteric or entero-cutaneous fistu-
las may dramatically reduce the length of bowel with absorp-
tive capacity. Therapy of Crohn's disease can add to malab-
sorption; surgical resection or bypass operations reduce 
further the absorptive surface available (Donaldson, 1989), 
and administration of sulfasalazine may impair uptake of 
folate, possibly by competition for sites on intestinal folate 
conjugase (Franklin and Rosenberg, 1973; Seihub et al., 
1978). Lymphatics in these patients are often obstructed, 
which may impair fat absorption significantly (Donaldson, 
1989). 

In addition to malabsorption, the changes in intestinal mu-
cosal permeability may lead to protein losing enteropathy 
(see Section III) and may allow increased stimulation of the 
immune system to otherwise-excluded antigens, which may 
explain the significant increase in circulating antibodies to 
cow's milk reported in adult (Knoflach et al., 1987) and pedi-
atric (Lerner et al., 1989) patients with IBD, It is interesting 
that the characteristic intestinal fluid pattern of antibody de-
scribed for celiac disease and its related disorders as well as 
IBD show impressive increases of IgM class antibodies to 
food antigens (Arranz and Ferguson, 1993). These similarities 
may suggest that permeability changes in these intestinal 
diseases are epiphenomena (i.e., common pathways of patho-
genesis). However, some evidence suggests that permeabil-
ity changes may antedate Crohn's disease (see Section III) 
and that such changes, as speculated also for celiac dis-
ease, may be a predisposing factor for disease manifesta-
tion. 

5. Immunoproliferative Intestinal Diseases 

Especially in countries located around the Mediterranean 
Sea, premalignant and malignant lymphomes of GALT have 
been reported, predominantly among underprivileged young 
adults 10-30 years of age (Rambaud et al., 1968; Seligmann 
and Rambaud, 1969 Rambaud et al, 1990). These prolifera-
t e disorders, primarily of B cells, often are associated with 
intestinal parasitic infestation (Rambaud and Seligmann, 
1976). More than one-third of the patients have G. lamblia 
in their gastrointestinal tract. The disease most often is seen 
in the small intestines, which can be involved along the whole 
length; other segments of the gastrointestinal tract are in-
volved only infrequently (Rambaud, 1983). This syndrome 
has been termed "Mediterranean lymphoma" (ML; Ram-
baud et al., 1968). A similar presentation has been reported 
for a nosological entity called "alpha heavy chain disease" 
(aHCD; Seligmann et al., 1968; Seligmann and Rambaud, 
1969). For some time, the exact relationship between ML 
and aHCD remained open, since 70% of patients with ML 
were reported to lack a heavy chains in the serum. The lack 
of demonstrability, however, could be a function of limits 
on the sensitivity of the assays used to demonstrate a heavy 
chains (Rachmilewitz and Okon, 1985). In general, aHCD 
was thought to be either a subclass of immunoproliferative 
intestinal diseases or the same entity as ML (World Health 
Organization, 1976). Currently, a HCD, with predominantly 
B-cell proliferation, is frequently termed immunoprolifera-
tive small-intestinal disease (IPSID), whereas the bulk of 
what was formerly called ML, with diffuse cellular prolifera-
tion involving intestinal mucosa and without a heavy chain 
production, is termed "non-IPSID lymphoma" (Strober and 
James, 1992). Even though there are histological presenta-
tions preferred in IBSID and non-IPSID lymphomas, there is 
enough overlap to treat them here as one histopathological entity. 
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The intestines show diffuse thickening and induration of 
the affected intestinal segments and flat mucosa (Figure 5). 
Extensive cellular infiltration of the lamina propria is seen 
and, late in the disease, of the submucosa as well. In the 
early stages of the disease, infiltrating cells are polymorphic. 
The infiltrates consist of large and small lymphocytes, immu-
noblasts, plasma cells, granulocytes, and, sometimes, multi-
nucleated giant cells (Rachmilewitz and Okon, 1985). The 
plasma cell lineage usually shows a variety of maturation 
stages, but sometimes rather uniformly mature plasma cells 
are seen. Later in the disease, the cells infiltrate the muscu-
laris propria and may reach serosal fat (Rachmilewitz and 
Okon, 1985). Widespread lesions take on the typical appear-
ance of immunoblastic lymphomas (Selzer et al., 1979). Se-
rum electrophoresis detects a protein in the a2 and ß2 region 
that reacts with antibodies to the a chain but not with antibod-
ies to K or ë chains (Selzer et al., 1979). Serum concentrations 
of IgG and IgM usually are depressed (Rachmilewitz and 
Okon, 1985). In some patients, other truncated heavy chains 
(ì and y) are demonstrable. 

The primary clinical manifestation of IPSID and non-
IPSID is severe malabsorption and diarrhea. Mild anemia, 
hypoalbuminemia, electrolyte imbalance, and low serum 
concentrations of lipids and cholesterol may occur, D-
Xylose absorption, Schilling tests, and other assays of ab-
sorptive function tend to be abnormal. Serum often contains 
high concentrations of the intestinal isotype of alkaline phos-
phatase. Steatorrhea and creatorrhea usually exist (Rachmi-
lewitz and Okon, 1985). 

The cellular infiltrates mentioned earlier reduce the num-
ber of crypts and villi; in some patients, a flat mucosa as 
a result of complete villous atrophy is seen. The surface 
epithelium may be deranged and ulcerated. In this disease, 
malabsorption seems to be brought about primarily by the 

direct effect of proliferating cells of the B-cell lineage on the 
surrounding tissue and cells. In addition, the stagnant loop 
syndrome seen in this disease may contribute to the derange-
ments of absorption (Doe and Hapel, 1983). 

The heavy chains of immunoglobins in IPSID are truncated 
and often begin at sites of interdomain and exon boundaries 
(Korsmeyer, 1989). The molecular defects in HCD have been 
elucidated to some degree for μ~ and yHCD (Alexander et 
al., 1982;Bakhshieia/., 1986;Guglielmi^ö/., 1988); similar 
defects can be expected in «HCD, although the defects are 
multiple and varied. Bakhshi et al. (1985) have reported an 
aberrant RNA splice between the leader sequence and the 
constant region in /xHCD. A small DNA insertion and dele-
tion event removed a J4 donor splice site; thus an aberrant 
RNA splice between the leader region and the first exon (CH1) 
of Ïì arose. A recognition sequence for signal peptidase was 
created at the fifth amino acid residue of Ïì. As a result, a 
shortened μ chain was produced that lacked the V region 
and therefore did not bind light chains. In a yHCD, sequences 
probably of nongenomic origin were placed into a V region 
by a number of insertion and deletion events. Downstream, 
the CH1 splice site was eliminated by an abnormal switch 
(Guglielmi et al., 1988). A splice resulted between leader and 
hinge exon; the y\ protein amino-acid sequence indeed began 
inside the hinge region. In conclusion, the genomic defect in 
HCD seems to involve elimination of donor or acceptor splice 
sites through insertion and deletion events, inappropriate 
rearrangement, or somatic mutation. As a consequence, the 
leader exon is spliced to the next available Ig exon. Since 
the synthesized heavy chain proteins always are small, post-
synthetic degradation seems not to be prominent as a mecha-
nism of shortening the heavy chain in HCD (Korsmeyer, 
1989). 

Whereas ^HCD plasmacytic elements synthesize light 

Figure 5 Jejunal biopsy specimen from a patient with alpha heavy chain disease. Extensive 
infiltration of the lamina propria by a polymorphous infiltrate. Villi are short and wide, number 
of crypts is reduced, and in one area, there is complete villous atrophy (arrow). [From Rachmi-
lewitz, D. and Okon, E. (1985). Primary small intestinal lymphoma. In "Bockus Gastroenterol-
ogy" (J. E. Berk, ed.), W. B. Saunders, Co., Philadelphia, with kind permission from the 
authors and the publisher.] 
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chains and result in Bence-Jones proteins in the urine of the 
patients (Korsmeyer, 1989), most y- and aHCD patients do 
not produce light chains. In the latter, a dual defect involving 
both heavy and light chains has been postulated. Further, 
Wilde and Milstein (1980) have shown that free intact y chains 
are toxic for cells. Light chain defects are most likely the 
primary events in y- and aHCD; the simultaneous defects in 
heavy and light chains could be the results of hypermutational 
mechanisms in a- and ã-synthesizing B cells that are absent 
from ì-producing cells (Korsmeyer, 1989). In á-HCD, a vari-
ety of forms of heavy chain molecules appear in intestinal 
fluid, and a recent case report may shed some light on this 
aspect of the pathogenesis (Lucidarme et aL, 1993). 

The diagnosis of IPSID and non-IPSID relies on multiple 
small intestinal biopsy. In IPSID, Ig heavy chains can be 
detected in serum and in the jejunal fluid. The serum concen-
trations of the abnormal protein usually fall as the disease 
progresses, and the plasmocytic elements become less differ-
entiated. Mild forms of the disease may be treated with antibi-
otics. This could suggest participation of infectious agents 
in the pathogenesis of these syndromes. Without significant 
decrease in the synthesis of the abnormal a heavy chain 
molecule over 3 months, chemotherapy should be instituted 
(Rachmilewitz and Okon, 1985). Distinct palpable lympho-
mas should be removed surgically. The severe malabsorption 
should be treated by administration of fluids and electrolytes 
as well as blood units. Hyperalimentation sometimes is neces-
sary (see Chapter 36). 

6. Other Malabsorption Syndromes 

Several other diseases involve the immune response and 
may manifest with malabsorption. Eosinophilic gastroenteri-
tis is a disease of unknown etiology, associated with eosino-
philic granulocytes infiltrating the mucosa of the esophagus, 
stomach, and small and large intestines. Peripheral eosino-
philia and elevated serum IgE concentrations are common 
(Klein et aL, 1970; Johnstone and Morson, 1978; Zora et 
aL, 1984). The patients have abdominal pain, nausea and 
vomiting, diarrhea, protein-losing enteropathy, and malab-
sorption with steatorrhea. Often, eosinophilic gastroenteritis 
occurs in conjunction with asthma, eczema, or rhinitis (Cello, 
1979). Tissue injury in eosinophilic gastroenteritis was sug-
gested to involve a major basic protein released from eosino-
philic granulocytes (Zora et aL, 1984). Diagnosis is made by 
biopsy of lesional tissue. Steroid treatment may be beneficial. 
Attempts to institute elimination diets usually are not suc-
cessful, but the prognosis is favorable, although the disease 
may become chronic. (For the discussion of this disease and 
of food allergies in general we refer the reader to Chapter 40 
of this volume.) A possible role of hypochlorhydria, chronic 
gastritis, and Heliobacter infection on mineral and amino 
acid absorption has been recently proposed (Cater, 1992). 
In chronic alcohol abuse, malabsorption may have several 
pathogenic roots (Roggin et al., 1961; Rubin et aL, 1972). 
Primarily, pancreatic insufficiency and maldigestion are made 
responsible for the steatorrhea of alcoholics. Toxic epithelial 
cell damage may cause D-xylose, thiamine, and methionine 
malassimilation. In addition, small bowel motility may be 
increased and contribute to the diarrhea. Since immunologi-
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cal derangements have been described in chronic alcoholic 
abuse (MacGregor, 1986; Chadha et aL, 1991), we cannot 
exclude a contribution of a deregulated immune system to 
the malabsorption in such patients. Malabsorption can also 
be seen in autoimmune diseases of endocrine organs, for 
example, Grave's disease (Thomas et aL, 1973; Shater et aL, 
1984), thyroiditides (Siurala et aL, 1968), Addison's disease 
(McBrien et aL, 1963), hypoparathyroidism (Clarkson et aL, 
1960; Arulanantham et aL, 1979), and diabetes mellitus (Wru-
ble and Kaiser, 1964). Connective tissue diseases, such as 
progressive systemic sclerosis (Akesson et aL, 1985), sys-
temic lupus erythematosus (Bazinet and Marin, 1971), rheu-
matoid arthritis (Dyer et aL, 1970), and Reiter's syndrome 
(Mielants et aL, 1985), may show malabsorption. In many 
of these disorders, increased deposition of collagen fibers in 
the small intestines may be of importance in the pathogenesis 
of malabsorption. However, systemic effects of the diseases 
on the immune system also may contribute significantly to 
bacterial overgrowth of the intestines and to malabsorption. 
Finally, many vasculitides may involve the small intestines 
and lead to malabsorption, for example, polyarteritis nodosa, 
Wegener's granulomatosis, and Henoch-Schoenlein pur-
pura. In all these syndromes, immune responses likely are 
involved (Camilleri et aL, 1983). 

With increasing age, the nutritional status of the individual 
tends to decrease (Webster et aL, 1977; Feibusch and Holt, 
1982). This malnutrition of aging can be explained to a large 
extent by the anorexia that arises in old age. However, bacte-
rial overgrowth also is seen frequently in the intestines of the 
elderly. Here, immunological changes of old age (DeWeck, 
1984) could contribute to the malnutrition by facilitat-
ing bacterial infections of the intestines. However, mucosal 
immunity in aging is only poorly understood and seems not 
to reflect systemic changes. Using whole gut lavage, Arranz 
et aL (1992) obtained evidence for changes in IgA secretion 
and numbers of IEL in aged humans. Others have seen little 
changes of MALT with aging. As in all studies on aging, 
the species studied may yield results not applicable to other 
species. Recently, Taylor et aL (1992), using monkeys, 
showed that aging compromises gastrointestinal mucosal im-
mune response. Whether there is malnutrition simply associ-
ated with aging in healthy individuals is not clear. Thus, Holt 
and Balint (1993), reviewing intestinal lipid absorption, could 
not find conclusive evidence for malabsorption in the aged. 

D. Concluding Remarks 

Malabsorption thus is observed in a large number of syn-
dromes involving immune reactivity. The mechanisms by 
which immune reactions may contribute to malabsorption 
are varied and include humoral and T cell-mediated re-
sponses. As an indirect effect, deficiencies and dysregulation 
of the immune system contribute significantly to bacterial 
overgrowth and facilitate opportunistic infections and infesta-
tions of the small intestines, which then lead to inflammatory 
changes and malabsorption. On the other hand, infiltration 
of the small intestinal mucosa with immunoreactive cells, 
as seen in aHCD, may contribute to malabsorption by the 
derangement of tissue structure. Further, immune effector 
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mechanisms—be they mediated by cytotoxic antibodies, 
ADCC, immune complexes, or delayed hypersensitivity me-
diated by CD4+ or cytotoxic T cells and possibly natural 
killer (NK) cells—may damage or destroy intestinal epithelial 
cells and other structures of the mucosa and thus interfere 
with normal absorption. Proliferation of lymphocytes may 
obstruct the transport of absorbed nutrients; derangements of 
lymphatics may have the same effects. Finally, intraluminal 
antibodies may impede the absorption of nutritional moieties, 
increase their intraluminal digestion, or react with transport 
molecules, such as the intrinsic factor for vitamin B12, and 
thus prevent their uptake. Still understood only in the most 
superficial way, the interaction of the immune system with 
gut and other hormones and the nervous system could con-
tribute significantly to disturbances of the homeostasis of the 
small intestines and, thus, also to malabsorption. Further 
research is needed to obtain insight into the various pathways 
of immunologically mediated pathogenesis of malabsorption 
in the various nosological entities. 

III. PROTEIN-LOSING 
GASTROENTEROPATHY 

Many serum proteins are synthesized in the small intestinal 
mucosa, most importantly lipoproteins, complement compo-
nents, and immunoglobulins. The gut also seems to play a 
role in the catabolism of plasma proteins (Waldmann, 1985). 
Most importantly, protein loss occurs also through the mu-
cosa (i.e., there is an efflux of plasma proteins into the intesti-
nal lumen). Healthy subjects show an enteric loss of plasma 
proteins of usually less than 1-2% of the body pool per day 
(Editor, 1959). In addition to being a site of synthesis and 
catabolism as well as protein loss into the intestines, the 
mucosa is a primary site of absorption of the products of 
protein digestion. Therefore, obviously, the gastrointestinal 
tract plays a significant role in the homestasis of plasma 
proteins. 

Hypoproteinemia without plasma protein loss into the 
urine and with normal rates of plasma protein synthesis was 
described in the 1950s. Albright et al. (1949) were the first 
to demonstrate convincingly a major role of catabolism, 
rather than of deficient synthesis, in this condition. The loss 
of plasma protein into the intestinal lumen, however, was 
described first by Citrin et al. (1957). Since then, the term 
44protein-losing gastroenteropathy" denotes a gamut of gas-
trointestinal syndromes associated with excessive loss of 
plasma proteins into the intestinal lumen (Editor, 1959). 

Protein loss into the intestinal fluid can be demonstrated 
by several methods (Jeffries, 1989), most of which require 
the use of radioactive markers. 51Cr-Labeled albumin (Wald-
mann, 1961); 51CrCl (Rootwelt, 1966; van Tongeren and Ma-
joor, 1966; Walker-Smith et al., 1967), which labels plasma 
proteins, predominantly albumin and transferrin, in situ in 
the patient; radioiodinated serum proteins (Sterling, 1951); 
as well as other radiolabeled plasma proteins (MacFarlane, 
1957) have been used to measure intestinal loss in humans 
and animals. Most promising for clinical studies is the use 

of OLX antitrypsin, which does not require radioactive markers 
(Bernier et al, 1978; Thomas et al, 1981). Tc-99m albumin 
scintigraphy can now be used to localize the site of protein 
loss in the gut (Oommen et al, 1992). 

Many gastrointestinal diseases manifesting malabsorption 
(see Section II) also show protein-losing enteropathy. Se-
lected syndromes involving responses of immunoreactive 
cells directly or indirectly and often associated with protein-
losing enteropathy are summarized in Table V. The end result 
of protein-losing enteropathy is hypoproteinemia. This condi-
tion manifests as dependent edema following decreased col-
loidal osmotic pressure of plasma and fluid transudation (Jef-
fries, 1989). Decreased plasma concentration of albumin in 
most patients is accompanied by diminished levels of fibrino-
gen, lipoproteins, ax antitrypsin, transferrin, ceruloplasmin, 
and, importantly, globulin (see Section IV). Blood clotting 
factors also are lost, but plasma proteins with a long half-
life are affected more severely than those with a short life-
span. The loss into the intestines, in contrast to many in-
stances of proteinuria, is not selective regarding molecular 
size of the proteins; small and large proteins seem to be lost 
without preference (Jeffries, 1989). 

With the exception of Ig A and IgM bound to SC, intestinal 
epithelial cells are not known to transport any plasma proteins 

Table V Syndromes Associated with Protein-Losing 
Enteropathy and Probable Involvement of the 

Immune System 

Syndromes with disruption of intestinal epithelium: 
Acute infectious enteritis 
Chronic ulcerative jejunitis 
Crohn's disease 
Ulcerative colitis 
Kaposi's sarcoma 
Enteropathies in immunodeficient patients 

Syndromes with impaired transport via lymphatics: 
Intestinal lymphangiectasia 
Tuberculosis {tabes mesenterica) 
Infections of mesenteric lymph nodes 
Whipple's disease 
Lymphomas 

Syndromes with unknown mechanism of intestinal protein loss: 
Gluten-induced enteropathy 
Allergic protein-losing gastroenterpathy 
Eosinophilic gastroenteritis 
Tropical sprue 
Giardiasis 
Campylobacter infection 
Schistomsoma-associated polyposis coli 
Dermatitis herpetiformis 
Enteropathies in immunodeficient patients 
Connective tissue disease 
a Chain disease 
Vasculitides 
Rheumatoid arthritis 
Nephrotic syndrome 
Autoimmune diseases 
Antibiotica-induced pseudomembranous colitis 
Arsenic and heavy metal poisoning 
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actively into the lumen of the gut. Cells, and the intercellular 
spaces sealed off by apical junctional complexes, present a 
formidable barrier to protein efflux. Protein loss seems most 
likely to occur through rapid shedding of the epithelial cells, 
especially at the tips of the villi. Granger et al. (1976) have 
shown, in an experiment using Evans blue as an albumin 
tracer, that the villus tips of canine intestines were the sites 
of the most active protein transfer into the lumen. Extravasa-
tion of protein was detected by this method only with an 
experimentally increased venous pressure. This mechanism 
most likely plays a role in mucosal diseases without ulceration 
and in diseases with lymphatic obstruction (see Table V). 
With extensive erosions of the intestinal mucosa, protein 
oozes out of the lesional tissue, often accompanied by bleed-
ing. The mechanisms leading to protein loss into the intestinal 
lumen can be summarized as follows: (a) lymphatic obstruc-
tion; (b) mucosal ulceration or erosion; (c) enterocyte damage 
or increased turnover; and (d) leakeage between enterocytes. 
Vascular derangements obviously can contribute to protein 
loss by increasing tissue fluid pressure, as well as by inflam-
mation. 

Immunologically mediated lesions of intestinal epithelial 
cells and their supportive structure may contribute in a vari-
ety of reactions to protein loss. Cellular and humoral immune 
mechanisms, involving cytokines and inflammatory media-
tors, are likely to be involved. Protein loss is seen in bacterial 
overgrowth of the small intestine and in viral and parasitic 
infections, and often accompanies primary and secondary 
immunodeficiency syndromes (Waldmann, 1985). Protein 
loss is frequent in allergic enteropathies, for example, cow's 
milk intolerance, and often is seen in GIE and dermatitis 
herpetiformes with intestinal involvement, in vasculitides, 
and in graft-versus-host disease developing after bone mar-
row transplantation (Epstein et al., 1980; Jafri et al., 1990). 
Many patients with IBD show protein loss, even in the ab-
sence of ulcerative lesions (Holman et al., 1959; Steinfeld et 
al., 1961). In Crohn's disease, there is a general hyperpermea-
bility, and molecules can penetrate mucosa from the intestinal 
lumen easier than in healthy individuals. Interestingly, larger 
probes penetrate the mucosa better than smaller ones (Hol-
lander, 1993). Of great interest for the understanding of the 
pathogensis of this disease is the current discussion on altered 
barrier functions in the mucosa of healthy relatives of patients 
with Crohn's disease (Mayer et al., 1993). In systemic lupus 
erythematosus (SLE), the paradigm of a primarily immune 
complex-mediated connective tissue disease, intestinal pro-
tein loss may occur with or without proteinuria and may 
lead to severe hypoproteinemia (Bazinet and Marin, 1971; 
Trenthan and Masi, 1976; Brentjens et al., 1977). Weiser et 
al. (1981) have shown the association of intestinal protein 
loss with intestinal venulitis characterized by immune depos-
its, that is, most likely, an immune complex-mediated venu-
litis (Figure 6). 

In most of the patients with PLE and SLE—most of them 
young women— the mechanism leading to PLE is not well 
understood, since overt signs of intestinal vasculitis are miss-
ing (Perednia and Curosh, 1990). Possible candidates for this 
mechanism are intestinal lymphangiectasia, mucosal defects, 
chronic lupus enteritis (Nadorra et al., 1987), and cytokine 

Figure 6 Thickened basement membranes in the intestines of a pa-
tient with systemic lupus erythematosus and protein-losing enteropa-
thy. [Reproduced from Weiser, M. M., et al. (1981). Gastroenterol-
ogy 81, 570, with kind permission from authors and the publisher.] 

induced capillary leakiness. Protein losing enteropathy may 
be associated with chronic interstitial cystitis and paralytic 
ileus in a subgroup of SLE patients usually responsive to 
steroid therapy (Meulders et al., 1992). Protein losing enter-
opathy occurs also in Henoch-Schönlein's Purpura (Reif et 
al., 1991) and other disorders related to the group of connec-
tive tissue diseases (e.g., Tsutsumi et al., 1991; Stark et al., 
1992). 

Knoflach et al. (1989) studied mercuric chloride-induced 
enteropathy ofrats(Sapine/ al., 1977; Knoflach et al., 1986a). 
In this model, linear immune deposits, predominantly of Ig A, 
had been documented along the intestinal basement mem-
brane by Andres (1984). A shift from these linear and not 
complement-activating deposits to granular and complement-
activating (Figure 7) deposits of IgG along the intestinal base-
ment membrane entails significant increase of protein loss 
into the intestines (Knoflach et al., 1989) that is accompanied 
by influx of granulocytes into subepithelial sites of intestinal 
mucosa and increase of mitotic figures among crypt epithelial 
cells, suggesting immune complex-mediated tissue injury and 
accelerated turnover of intestinal epithelial cells. The mecha-
nism responsible for the change in the intestinal immune 
deposits, especially the switch from complement nonactivat-
ing to activating immunoglobulin deposits, is not yet under-
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Figure 7 Complement C3 deposits in the small intestines of a rat 
with HgC12-induced protein-losing enteropathy. 

stood. It may be of importance, however, that rats with 
mercuric chloride-induced immune complex disease have 
anti-idiotypic antibodies as well as IgG rheumatoid factors 
several weeks into the experimental protocol (unpublished 
observations, Miyata, and Milgrom). This model seems to 
offer a well-defined approach to the study of immune com-
plex-mediated protein loss into the intestines and may be 
of interest in increasing our understanding of heavy metal-
induced, immunologically mediated injury of the gut. These 
studies on mercuric chloride-induced mucosal lesions have 
been confirmed and extended by others (Mathieson et al., 
1992; Hultman and Enestrom, 1992; Böhme et al., 1992). Itoi 
et al. (1989) have, indeed, shown deposits of IgG, IgM, and 
C3 in capillary walls in the intestines of a patient with protein-
losing enteropathy. Studies using gut lavage in patients with 
IBD have shown a close correlation of protein loss into the 
intestinal fluid and disease activity (O'Mahony et al., 1991b; 
Choudanetal., 1993). One could speculate that events similar 
to those leading to protein loss in the experiments of Knoflach 
et al. (1989) could operate also in IBD. Most recently, Hals-
tensen et al. (1993) have demonstrated co-localization of 
IgGi, terminal complement components and the 40 kDa "pu-
tative autoantigen" on the surface of colonic epithelial cells 
of patients with active ulcerative colitis. This finding supports 
the notion that an autoimmune reaction contributes to the 
pathogenesis of ulcerative colitis, and that complement acti-
vating antigen-antibody complexes may occur in active dis-
ease. Protein loss, especially in the presence of defects of the 
epithelium and bleeding into the intestines, may be associated 

with loss of blood cells, including lymphocytes (Douglas et 
al., 1976). 

IV. EFFECTS OF MALABSORPTION AND 
INTESTINAL PROTEIN LOSS ON THE 

IMMUNE SYSTEM 

Malabsorption and protein-losing gastroenteropathy can 
lead to severe protein-energy malnutrition. However, even 
mild protein-energy malnutrition and selected nutrient defi-
cits can have serious effects on the immune system (Doe and 
Hapel, 1983). 

With severe protein loss into the intestinal lumen, hypo-
gammaglobulinemia ensues, usually affecting IgG most se-
verely because of its relatively slow rate of synthesis (Wald-
man and Strober, 1969). Whereas the hypogamma-
globulinemia itself tends to have little impact on the health 
of the patient, a combination with malabsorption and loss of 
immunoreactive cells (Douglas et al., 1976)—as observed, 
for example, in IBD, GIE, and intestinal lymphangi-
ectasia—can induce overt secondary immunodeficiency 
(Sorensen et al., 1985). 

Obviously, malnutrition also influences GALT. Only scant 
data are available on this aspect of mucosal immunity, but 
the still preliminary results of human and animal experiments 
suggest a decreased secretory IgA response (Chandra, 1975); 
decreased numbers of IELs and LPLs (Barry and Pierce, 
1979; Chandra, 1979), especially IgA-producing plasma cells; 
impeded migration of labeled mesenteric lymphoblasts in the 
entero-systemic cycle (Chandra, 1983); and decreased muco-
sal NK-cell activity (Chandra and Wadhwa, 1989). Several 
reviews are available on the topic of the effect of nutrient 
deficiency on the immune system (Chandra and Chandra, 
1986; Chandra, 1989; Chandra and Wadhwa, 1989). A conse-
quence of malnutrition is atrophy of lymphoid tissue. In the 
lymph nodes and the spleen, predominantly T cells are dimin-
ished in numbers. Helper T cells are affected more than T 
suppressor cells in protein-losing enteropathy (Muller et al., 
1991). Lymphocyte proliferation and other functions seem 
to be impaired, not only because of lack of nutrients, but 
also because of possible production of inhibitory factors. 
Delayed hypersensitivity skin tests are weak or negative in 
many malnourished individuals. Although humoral antibody-
mediated responses tend to remain much longer intact than 
T cell-mediated reactivity, some evidence is available for 
inhibition of antibody formation to particular antigens, for 
example, Salmonella typhi; antibodies, even when produced 
in normal quantities, may have lower affinities. An increased 
incidence of immune complexes is seen in malnourished pa-
tients. Phagocytosis and availability of complement compo-
nents are decreased by nutrient deficit. Vitamin B6 deficit 
also has been shown to decrease lymphocyte stimulation 
responses (Chandra and Wadhwa, 1989). 

Kowdley et al. (1992) have shown polyneuropathy and 
impairment of T-cell function in the wake of intestinal fat 
malabsorption and subsequent vitamin E deficiency; correc-
tion of the vitamin deficiency also led to improvement of the 
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T cell function. Diseases of the gastrointestinal tract often 
are associated with defective splenic function (Corazza and 
Gasbarrini, 1983); malabsorption as well as protein and lym-
phocyte loss may account for some aspects of these disor-
ders. The combination of immunodeficiency, infection, mal-
nutrition, and malabsorption creates a fatal spiral of mutually 
enhancing pathological processes, as seen most dramatically 
in AIDS and in other conditions (e.g., chronic diarrhea of 
childhood). 

V. SUMMARY 

Immune reactions may contribute to malabsorption (Sec-
tion II), intestinal protein and lymphocyte loss (Section III), 
and increased influx of antigens (Cunningham-Rundles, 1987) 
in several diseases. Conversely, malabsorption and protein 
loss may lead to malnutrition and, thus, to derangements and 
deficiencies of the immune system. A vicious cycle may be 
established that insures chronicity of disease and continued 
deterioration. Obviously, infectious agents often participate 
in this deleterious interaction of the immune system and the 
gut, leading to derangements of intestinal permeability and 
absorptive funcions. Improved understanding of mucosal im-
munity is needed to enhance development of new diagnostic 
and therapeutic tools in gastroenteropathies associated with 
malabsorption or protein loss. 

Acknowledgments 

The authors thank Judy Marino for typing and retyping this manu-
script. 

References 

Abu-Ghazaleh, R. I., Fujisawa, T., Mestecky, J., Kyle, R. A., and 
Gleich, G. J. (1989). IgA-induced eosinophil degranulation. 
J. Immunol. 142, 2393-2400. 

Ahlstedt, S., Carlsson, B., Fallstrom, S. P., Hanson, L. A., Holm-
gren, J., Lidin-Janson, G., Lindblad, B. S., Joohal, U., Kaijser, 
B., Sohl-Äkerlund, A., and Wordsworth, O. (1977). Antibodies 
in human serum and milk induced by enterobacteria and food 
proteins. Ciba Found. Symp. 46, 115-129. 

Ahnen, D. J., and Brown, W. R. (1982). Campylobacter enteritis in 
immunodeficient patients. Ann. Intern. Med. 96, 187-188. 

Akesson, A., Akesson, B., Gustafson, T., and Wollhein, F. (1985). 
Gastrointestinal function in patients with progressive systemic 
sclerosis. Clin. Rheumatol. 4, 441-450. 

Albright, F., Bartter, F. C , and Forbes, A. P. (1949). The fate of 
human serum albumin administered intravenously to a patient 
with idiopathic hypoalbuminemia and hypoglobulinemia. Trans. 
Assoc. Amer. Phys. 62, 204-213. 

Alexander, A., Steinmetz, M., Barritault, D., Frangione, B., Frank-
lin, E. C , Hood, L., and Buxbaum, J. N. (1982). Ã-heavy chain 
disease in man: cDNA sequence supports partial gene deletion 
model. Proc. Natl. Acad. Sei. U.S.A. 79, 3260-3264. 

Alexander, J. O. D. (1975). ''Dermatitis Herpetiformis." Saunders, 
Philadelphia. 

Alper, C A . , Fleischnick, E., Awdeh, Z., Katz, A. J., and Yunis 
E. J. (1987). Extended major histocompatibility complex haplo-
types in patients with gluten-sensitive enteropathy. J. Clin. Invest. 
79, 251-256. 

Amarenco, P., Roullet, E., Hannoun, L., and Marteau, R. (1991). 
Progressive supranuclear palsy as the sole manifestation of sys-
temic Whipple's disease treated with perfloxacine (letter) J. Neu-
rol. Neurosurg. Psychiatry 54, 1121-1122. 

Ament, E. (1975). Immunodeficiency syndromes and gastrointestinal 
disease. Pediatr. Clin. North Am. 22, 807-825. 

Ament, E., and Ochs, H. D. (1973). Gastrointestinal manifestations 
of chronic granulomatous disease. N. Engl. J. Med. 288,382-387. 

Ament, M. E., Ochs, H. D., and Davis, S. D. (1973). Structure and 
function of the gastrointestinal tract in primary immunodeficiency 
syndromes: A study of 39 patients. Medicine 52, 227-248. 

Anand, B. S., Truelove, S. C , and Offord, R. E. (1977). Skin test for 
coeliac disease using a subfraction of gluten. Lancet I, 118-120. 

Andres, P. (1984). IgA-IgG disease in the intestine of brown Norway 
rats ingesting mercuric chloride. Clin. Immunol. Immunopathol. 
30, 488-494. 

Aretaeus the Cappadocian (1856). "The Extant Works of Aretaeus." 
(I. E. Drabkin, ed. and transl.). Chicago University Press, 
Chicago. 

Arranz, E., and Ferguson, A. (1993). Intestinal antibody pattern of 
celiac disease: occurance in patients with normal jejunal biopsy 
histology. Gastroenterology 104, 1263-1272. 

Arranz, E., O'Mahony, S., Barton, J. R., and Ferguson, A. (1992). 
Immunosenescence and mucosal immunity; significant effects of 
old age on secretory IgA concentrations and intraepithelial lym-
phocyte counts. Gut 33, 882-886. 

Arulanantham, K., Dwyer, J. M., and Genel, M. (1979). Evidence 
for defective immunoregulation in the syndrome of familial candi-
diasis endocrinopathy. N. Engl. J. Med. 300, 164-168. 

Asquith, P. (1979). "Immunology of the Gastrointestinal Tract." 
Churchill Livingstone, New York. 

Bahna, S. L., Tateno, K., and Heiner, D. C. (1980). Elevated IgD 
antibodies to wheat in coeliac disease. Ann. Allergy 44, 146-151. 

Bai, J. C , Sambuelli, A., Niveloni, S., Sugai, E., Mazure, R., Kogan, 
Z., Pedreira, S., and Boerr, L. (1991). Alpha-antitrypsin clearance 
as an aid in the management of patients with celiac disease. Am. 
J. Gastroenterol. 86, 986-991. 

Baker, P. G., and Read, A. E. (1976). Positive skin reactions to 
gluten in coeliac disease. Q. J. Med. 45, 603-610. 

Bakhshi, A., Jensen, J. P., Goldman, P. G., Wright, J. J., McBride, 
O. W., Epstein, A. L., and Korsmeyer, S. J. (1985). Cloning the 
chromosomal breakpoint of (14; 18) human lymphomas: Clustering 
around JH on chromosome 14 and near a transcriptional unit on 
18. Cell 41, 899-906. 

Bakhshi, A., Guglielmi, P., Siebenlist, U., Ravetch, J. V., Jensen, 
J. P., and Korsmeyer, S. J. (1986). A DNA insertion/deletion 
necessitates an aberrant RNA splice accounting for a ì,-heavy 
chain disease protein. Proc Nat I. Acad. Sei. U.S.A. 83, 
2689-2693. 

Baklien, K., Brandtzaeg, P., and Fausa, O. (1977). Immunoglobulins 
in jejunal mucosa and serum from patients with adult coeliac 
disease. Scand. J. Gastroenterol. 12, 149-159. 

Barry, W. C , and Pierce, N. F. (1979). Protein deprivation causes 
reversible impairment of mucosal immune response to cholera-
toxoid/toxin in rat gut. Nature (London) 281, 64-65. 

Baskin, D. H., Lax, J. D., and Barenberg, D. (1987). Shigella bacter-
emia in patients with the acquired immunodeficiency syndrome. 
Am. J. Gastroenterol. 82, 338-341. 

Bayless, T. M., Kapelowitz, R. F., Shelly, W. M., Ballinger, 
W. F., II., and Hendrix, T. R. (1967). Intestinal ulceration: A 
complication of celiac disease. N. Engl. J. Med. 276, 996-1002. 

Bazinet, P., and Marin, G. (1971). Malabsorption in systemic lupus 
erythematosus with protein-losing enteropathy. Dig. Dis. Sei. 16, 
460-471. 



39 · Malabsorption Syndromes 481 

Beiser, W. R. (1987). Metabolie response of host to infections. In 
"Textbook of Pediatric Infectious Diseases." (R. D. Feigin and 
J. D. Cheny, eds.), pp. 1-16. W. B. Saunders, Philadelphia. 

Berheim, A., and Berger, R. (1988). Cytogenetic studies of Burkitt, 
lymphoma-leukemia in patients with acquired immunodeficiency 
syndrome. Cancer Genet. Cy to genet. 32, 67-74. 

Bernier, J. J., Floerent, C , Desmazures, C , Aymes, C , and 
L'Hirondel, C. (1978). Diagnosis of protein losing enteropathy by 
gastrointestinal clearance of alpha antitrypsin. Lancet II, 763-764. 

Bloom, B. R., and Murray, C. J. L. (1992). Tuberculosis: Commen-
tary on a reemergent killer. Science 257, 1055-1064. 

Böhme, M., Diener, M., Mestres, P., and Rummel, W. (1992). Direct 
and indirect actions of HgCl2 and methyl mercury chloride on 
permeability and chloride secretion across the rat colonic mucosa. 
Toxicol. Appl. Pharmacol. 114, 285-294. 

Born, W., Happ, M. P., Dallas, A., Reardon, C , Kubo, R., Shinnick, 
T., Brennan, P., and O'Brien, R. (1990). Recognition of heat 
shock proteins and Ôãä cell function. Immunol. Today 11,40-43. 

Braegger, C. P., Nicholl, S., Murch, S., Stevens, S., andMacDonald, 
T. T. (1992). Tumour necrosis factor alpha in stool as a marker 
of intestinal inflammation. Lancet I, 89-91. 

Bramble, M. G., Zucoloto, S., Wright, N. A., and Record, C. O. 
(1985). Acute gluten challenge in treated adult coeliac disease: A 
morphometric and enzymatic study. Gut 26, 169-174. 

Brandborg, L. L., Tankersley, C. B., Gottlieb, S., Barancik, M., 
and Sartor, V. E. (1967). Histological demonstration of mucosal 
invasion by Giardia lamblia in man. Gastroenterology 52, 
143-150. 

Brandt deOliveira, R., Voltarelli, J. C , and Meneghelli, U. G. (1981). 
Severe strongyloidiasis associated with hypogammaglobulinemia. 
Parasite Immunol. 3, 165-169. 

Brandtzaeg, P. (1985). Role of J chain and secretory component in 
receptor-mediated glandular and hepatic transport of immuno-
globulins in man. Scand. J. Immunol. 22, 111-146. 

Brandtzaeg, P., and Baklien, K. (1986). Immunohistochemical stud-
ies of the formation and epithelial transport of immunoglobulins 
in normal and diseased human intestinal mucosa. Scand. J. Gas-
troenterol. 11, S1-S45. 

Brandtzaeg, P., Baklien, K., Bjerke, K., Rognum, T. O., Scott, 
H., and Valnes, K. (1987). Nature and properties of the human 
gastrointestinal immune system. In "Immunology of the Gastroin-
testinal Tract" (K. Miller and S. Nicklin, eds.), Vol. 1, pp. 1-85. 
CRC Press, Boca Raton, Florida. 

Brandtzaeg, P., Halstensen, T. S., Kett, K., Krajci, P., Kvale, D., 
Rognum, T. O., Scott, H., and Sollid, L. M. (1989). Immunobiol-
ogy and immunopathology of human gut mucosa: Humoral immu-
nity and intraepithelial lymphocytes. Gastroenterology 97, 
1562-1584. 

Brandtzaeg, P., Farstad, I. N., Halstensen, T. S., Helgeland, L., 
Kvatum, M., Kett, K., Krajvi, P., Muller, F., Nüssen, D. E., 
and Scott, H. (1991). Immune functions in the normal and diseased 
human gut. In "Frontiers of Mucosal Immunology" (M. Tsuchiya, 
H. Nagura, T. Hibi, and I. Moro, eds.), Vol. 1, pp. 29-36. Ex-
cerpta Medica, Amsterdam. 

Brasitus, T. A., and Sitrin, M. D. (1990). Intestinal malabsorption 
syndromes. Annu. Rev. Med. 41, 339-347. 

Brentjens, J. R., Ossi, E., Albini, B., Sepulveda, M., Kano, K., 
Sheffer, J., Vasilion, P., Marine, E., Baliah, T., Jockin, H., and 
Andres, G. (1977). Disseminated immune deposits in lupus erythe-
matosus. Arthr. Rheum. 20, 962-968. 

Brow, J. R., Parker, F., Weinstein, W. M., and Rubin, C. E. (1971). 
The small intestinal mucosa in dermatitis herpetiformis. I. Sever-
ity and distribution of small intstinal lesions and associate malab-
sorption. Gastroenterology 60, 355-361. 

Brown, A. P., Lane, J. C , Murayama, S., and Vollmer, D. G. 
(1990). Whipple's disease presenting with isolated neurological 
symptoms. Case report. J. Neurosurg. 73, 623-627. 

Brown, W. R., and Strober, W. (1988). Immunological diseases of 
the gastrointestinal tract. In "Immunological Diseases" (M. 
Samter, D. W. Talmage, M. M Frank, K. F. Austen, and H. N. 
Claman, eds.), 4th Ed. pp. 1995-2033. Little, Brown, Boston. 

Brown, W. R., Butterfield, D., Savage, D. C , and Tada, T. (1972a). 
Clinical, microbiological and immunological studies in patients 
with immunologlobulin deficiencies and gastrointestinal disor-
ders. Gut 13, 441-449. 

Brown, W. R., Savage, D. C , Dubois, R. S., Alp, M. H., Mallory, 
A., and Kern, F., Jr. (1972b). Intestinal microfloraof immunoglob-
ulin deficient and normal subjects. Gastroenterology 62, 
1143-1152. 

Bruton, O. C. (1952). Agammaglobulinemia. Pediatrics 9, 722-728. 
Bryk, D., Farman, J., and Dalleman, S. (1978). Kaposi's sarcoma 

of the intestinal tract: roentgen manifestations. Gastroint. Radiol. 
3, 425. 

Brynskov, J., and Tvede, N. (1990). Plasma interleukin-2 and solu-
ble/shed interleukin-2 receptor in serum of patients with Crohn's 
disease. Effect of cyclosporin. Gut 31, 795-799. 

Budhraja, M., Levndoglu, H., and Sherer, R. (1985). Spectrum of 
sigmoidoscopic findings in AIDS patients with diarrhea. Am. J. 
Gastroenterol. 80, 828A. 

Burn ham, W. R., and Lennard-Jones, J. E. (1978). Mycobacteria 
as a possible cause of inflammatory bowel disease. Lancet, ii, 
693-696. 

Camilleri, M., Pusey, C. D., Chadwick, V. S., and Rees, A. J. (1983). 
Gastrointestinal manifestations of systemic vasculitis. Q. J. Med. 
206, 141-149. 

Canturee, A. R. (1982). Histologie observations of variable acid-fast 
pleomorphic bacteria in systemic sarcoidosis: A report of 3 cases. 
Growth 46, 113-121. 

Castro, G. A., Badial-Aceves, F., Smith, J. W., Dudrick, S. J., 
and Weisbrodt, N. W. (1976). Altered small bowel propulsion 
associated with parasitism. Gastroenterology 71, 620-625. 

Cater, R. E. III. (1992). The clinical importance of hypochlorhydria 
(A consequence of chronic Heliobacter infection): Its possible 
etiological role in mineral and amino acid malabsorption, depres-
sion, and other syndromes. Med. Hypotheses 39, 375-383. 

Cello, J. P. (1979). Eosinophilic gastroenteritis—A complex disease 
entity. Am. J. Med. 67, 1097-1104. 

Centers for Disease Control (1982). Update on acquired immunode-
ficiency syndrome (AIDS) in the United States. Morbid. Mortal. 
Wkly. Rep. 2A9 507-509. 

Chaisson, R. (1993). Mycobacterial infections and HIV. Current 
Opin. Infect. Dis. 6, 237-243. 

Chadha, K. C , Stadler, I., Albini, B., Nakeeb, S. M., and Thacore, 
H. R. (1991). Effect of alcohol on spleen cells and their functions 
in C57B1/6 mice. Alcohol 8, 481-485. 

Chandra, R. K. (1975). Reduced secretory antibody response to 
live attenuated measles and poliovirus vaccines in malnourished 
children. Br. Med. J. 2, 583-585. 

Chandra, R. K. (1979). Nutritional deficiency and susceptibility to 
infection. Bull. WHO 57, 167-177. 

Chandra, R. K. (1983). The nutrition-immunity-infection nexus: The 
enumeration and functional assessment of lymphocyte subsets in 
nutritional deficiency. Nutr. Res. 3, 605-615. 

Chandra, R. K. (1989). Nutritional regulation of immunity and risk 
of infection in old age. Immunology 67, 141-147. 

Chandra, R. K., and Wadhwa, M. (1989). Nutritional modulation 
of intestinal mucosal immunity. Immunol. Invest. 18, 119-
126. 



482 D. Nadaletal. 

Chandra, S., and Chandra, R. K. (1986). Nutrition, immune re-
sponse, and outcome. Prog. Food Nutr. Sei. 10, 1-65. 

Char, S. Cevallos, A. M., Yamson, P., Sullivan, P. B., Neale, G., 
and Farthing, M. J. G. (1993). Impaired IgA response to Giarodia 
heat shock antigen in children with persistent diarrhoea and giardi-
asis. Gut 34, 38-40. 

Chiodini, R. J. (1988). Identification of mycobacteria from Crohn's 
disease by restriction polymorphism of the 5s ribosomal DNA 
genes. In Inflammatory Bowel disease. Current status and future 
approach. (R. P. MacDermott, ed.), pp. 509-514. Elsevier, Am-
sterdam. 

Chorzelski, T. P., Beutner, E. H., Jablonska, S., Blaszczyk, M., 
and Triftshauser, C. (1971). Immunofluorescent studies in the 
diagnosis of dermatitis herpetiformis and its differentiation from 
bullous pemphigoid. J. Invest. Dermatol. 56, 373-380. 

Chorzelski, T. P., Beutner, E. H., Sulej, J., Tchorzewska, H., 
Jablonska, S., Kumar, V., and Kapuscinska, A. (1984). IgA anti-
endomysium antibody. A new immunologic marker of dermatitis 
herpetiformis and coeliac disease. Br. J. Dermatol. I l l , 395-402. 

Choudari, C. P., O'Mahony, S., Brydon, G., Mwantembe, O., and 
Ferguson, A. (1993). Gut lavage fluid protein concentrations: Ob-
jective measures of disease activity in inflammatory bowel dis-
ease. Gastroenterology 104, 1064-1071. 

Choy, M. Y., Walker-Smith, J. A., Williams, C. B., and MacDonald, 
T. T. (1990). Differential expression of CD25 (interleukin-2 recep-
tor) on lamina propria T cells and macrophages in the intestinal 
lesions in Crohn's disease and ulcerative colitis. Gut 31, 
1365-1370. 

Chuttani, H. K., Kasthuri, D., and Misra, R. C. (1968). Course and 
prognosis of tropical sprue. J. Trop. Med. Hyg. 71, 96-99. 

Citrin, Y., Sterling, K., and Halsted, J. A. (1957). Mechanism of 
hypoproteinemia associated with giant hypertrophy of gastric mu-
cosa. N. Engl. J. Med. 257, 906-912. 

Clarkson, B. O., Kowlessar, O. D., Horwith, M., and Sleisenger, 
M. H. (1960). Clinical and metabolic study of a patient with malab-
sorption and hypoparathyroidism. Metabolism 9, 1093-1106. 

Clayton, F. (1991). Gross and microscopic pathology of AIDS in the 
gastrointestinal tract. In "Gastrointestinal and Nutritional Mani-
festions of the Acquired Immunodeficiency Syndrome" (D. P. 
Kotler, ed.), pp. 141-186. Raven Press, New York. 

Cleveland, W. W. (1975). Immunologic reconstitution in the Di-
George syndrome by fetal thymic transplant. Birth Defects 11, 
352-365. 

Cole, S. G., and Kagnoff, M. F. (1985). Celiac disease. Ann. Rev. 
Nutr. 5, 241-266. 

Collin, P., Halstrom, O., Maki, M., Viander, M., and Keyrilainen, 
O. (1990). Atypical coeliac disease found with serologic screening. 
Scand. J. Gastronetrol. 25, 245-250. 

Cooke, W. T., and Holmes, G. K. T. (1985). Gluten-induced enterop-
athy (celiac disease). In "Bockus Gastroenterology" (J. E. Berk, 
ed.), 4th Ed. pp. 1719-1757. Saunders, Philadelphia. 

Cooper, B. T., Holmes, G. K. T., and Cooke, W. T. (1978). Coeliac 
disease and immunological disorders. Br. Med. J. 1, 537-539. 

Corazza, G. R., and Gasbarrini, G. (1983). Defective splenic function 
and its relation to bowel disease. Clin. Gastroenterol. 12,651-669. 

Corazza, G. R., Tabacchi, P., Frisoni, M., Prati, C , and Gasbarrini, 
G. (1985). DR and non-DR la allotypes are associated with suscep-
tibility to coeliac disease. Gut 26, 1210-1213. 

Corcino, J. J., Maldonado, M., and Klipstein, F. A. (1983). Intestinal 
perfusion studies in tropical sprue. I. Transport of water, electro-
lytes and D-xylose. Gastroenterology 65, 192-198. 

Cortner, J. A. (1959). Giardiasis, a cause of celiac syndrome. Am. 
J. Dis. Child 98, 311-318, 1959. 

Crago, S. S., and Mestecky, J. (1985). Presence of antibodies to 

food antigens in human milk and milk cells. Protides Biol. Fluids 
32, 227-230. 

Crohn, B. B., Ginzburg, L., and Oppenheimer, G. D. (1932) Regional 
ileitis: A pathologic and clinical entity. JAMA 99, 1323-1329. 

Cunningham-Rundles, C. (1987). Failure of antigen exclusion. In 
"Food Allergy and Intolerance" (J. Brostoff and S. J. Challa-
combe, eds.), pp. 223-236. Bailliere Tindall, London. 

Cunningham-Rundles, C , Brandeis, W. E., Good, R. A., and Day, 
N. K. (1979). Bovine antigens and the formation of circulating 
immune complexes in selective immunoglobulin A deficiency. 
J. Clin. Invest. 64, 272-279. 

Current, W. L., Reese, N. C , Ernst, J. V., Bailey, W. S., Heyman, 
M. B., and Weinstein, W. M. (1983). Human cryptosporidiosis 
in immunocompetent and immunodeficient persons. Studies on 
an outbreak and experimental transmission. N. Engl. J. Med. 308, 
1252-1257. 

Damsker, B., and Bottone, E. J. (1985). Mycobacterium avium-
intracellulare from the intestinal tracts of patients with acquired 
immunodeficiency syndrome: Concepts regarding acquisition and 
pathogenesis. J. Infect. Dis. 151, 179-181. 

Davidson, A. G. F., and Bridges, M. A., (1987). Coeliac disease: A 
critical review of etiology and pathogenesis. Clin. Chim. Acta 
163, 1-40. 

DeHovitz, J. A., Pape, J. W., Bohcy, M., and Johnson, W. D., 
Jr. (1986). Clinical manifestations and therapy of Isospora belli 
infection in patients with the acquired immunodeficiency syn-
drome. N. Engl. J. Med 315, 87-90. 

Demarchi, M., Carbonara, A., Ansaldi, N., Santini, B., Barbera, 
C , Borelli, I., Rossino, P., and Rendine, S. (1983). HLA-DR3 
and DR7 in coeliac disease: Immunogenetic and clinical aspects. 
Gut 24, 706-712. 

Desportes, I., LeCharpentier, Y., Galian, A., Bernard, F., Cochand-
Priollet, B., Lavegne, A., Ravisse, P., and Modigliani, R. (1985). 
Occurrence of a new microsporidium: Enterocytozoon bieneusi; 
n. g., n. sp., in the enterocytes of a human patient with AIDS. 
J. Protozool. 32, 250-254. 

De Week, A. (1984). Lymphoid cell function in aging. In "Topics in 
Aging Research in Europe," Vol. 3. Eurage, Rijswijk, Iceland. 

Dicke, W. K. (1950). Coeliac disease: Investigation of harmful effects 
of certain types of cereal on patients with coeliac disease. Ph.D. 
thesis., University of Utrecht, The Netherlands. 

DiGeorge, A. M. (1968). Congenital absence of the thymus and its 
immunologic consequences: Concurrence with congenital hypo-
parathyroidism. Birth Defects 4, 116-121. 

Dissanyake, A. S., Jerrome, D. W., Offord, R. E., Truelove, S. C , 
and Whitehead, R. (1974). Identifying toxic fractions of wheat 
gluten and their effect on the jejunal mucosa in coeliac disease. 
Gut 15,931-946. 

Dobbins, W. O., Ill (1985). Whipple's disease. In "Bockus Gastroen-
terology" (J. E. Berk, ed.), 4th Ed., pp. 1803-1813. Saunders, 
Philadelphia. 

Dobbins, W. O. (1986). Human intestinal intraepithelial lympho-
cytes. Gut 27, 972-985. 

Dobbins, W. O., Ill, and Kawanishi, H. (1981). Bacillary characteris-
tics in Whipple's disease: An electron microscopic study. Gastro-
enterology 80, 1468-1475. 

Dobbins, W. O., HI, and Weinstein, W. M. (1985). Electron micros-
copy of the intestine and rectum in acquired immunodeficiency 
syndrome. Gastroenterology 88, 738-749. 

Doe, W. F. (1983). Immunodeficiency and the gastrointestinal tract. 
Clin. Gastroenterol. 12, 839-853. 

Doe, W. F., and Hapel, A. J. (1983). Intestinal immunity and malab-
sorption. Clin. Gastroenterol. 12, 415-435. 

Donaldson, R. M., Jr. (1989). Crohn's disease. In "Gastrointestinal 



39 · Malabsorption Syndromes 483 

Disease" (M. H. Sleisenger and J. S. Fordtran, eds.), 4th edition. 
pp. 1327-1358. Saunders, Philadelphia. 

Donovan, G. K., and Torres-Pinedo, R. (1987). Chronic diarrhea 
and soy formulas. Inhibition of diarrhea by lactose. Am. J. Dis. 
Child 141, 1069-1071. 

Douglas, A. P. (1976). The binding of glycopeptide component of 
wheat gluten to intestinal mucosa of normal and coeliac human 
subject. Clin. Chim. Acta 73, 357-361. 

Douglas, A. P., Weetman, A. P., and Haggith, J. W. (1976). The 
distribution and enteric loss of 5ICr-labelled lymphocytes in nor-
mal subjects and in patients with coeliac disease and other disor-
ders of the small intestine. Digestion 14, 29-43. 

Du Bois, R. M., Kirby, M., Balbi, B., Saltini, C , and Crystal, 
R. G. (1992). T-lymphocytes that accumulate in the lung in sar-
coidosis have evidence of recent stimulation of the T-cell antigen 
receptor. Rev. Resp. Dis. 145, 1205-1211. 

Dubois, R. S., Roy, C. C , Fulginiti, V. A., Merrill, D. A., and 
Murray, R. L. (1970). Disaccharidase deficiency in children with 
immunologic deficits. J. Pediatr. 76, 377-385. 

Dworkin, B., Warmser, G. P., Abdoo, R. A., Cabello, F., Aquero, 
M. E., and Sivak, S. L. (1986). Persistence of multiple antibiotic 
resistant Campylobacter jejuni in a patient with the acquired im-
munodeficiency syndrome. Am. J. Med. 80, 965-969. 

Dyer, N. J., Kendall, M. J., and Hawkins, C. J. (1970). Malabsorp-
tion in rheumatoid disease. Ann. Rheum. Dis. 30, 626-630. 

Editorial (1959). Protein losing gastroenteropathy. Lancet I, 
351-352. 

Ehrenpreis, E. D., Patterson, B. K., Brainer, J.A., Yokoo, H., 
Rademaker, A. W., Glogowski, W., Noskin, G. A., and Craig, 
R. M. (1992). Histopathologic findings of duodenal biopsy speci-
mens in HIV-infected patients with and without diarrhea and 
malabsorption. Am. J. Clin. Pat hoi. 97, 21-28. 

Elsagher, A., Lathigre, R., and Ivanyi, J. (1992). Localization of 
linear epitopes at the carboxy-terminal end of the mycobacterial 
71 kDa heat shock protein. Mol. Immunol. 29, 1153-1156. 

Epstein, R. J., McDonald, G. B., Sole, G. E., Shulman, H. M., and 
Thomas, E. D. (1980). The diagnostic accuracy of the rectal biopsy 
in acute graft-versus-host disease. A prospective study of thirteen 
patients. Gastroenterology 78, 764-771. 

Erickson, R. H., and Kim, Y. S. (1990). Digestion and absorption 
of dietary protein. Annu. Rev. Med. 41, 133-139. 

Erlandsen, S., and Chase, D. G. (1974). Morphological alterations 
in the microvillous border of villous epithelial cells produced by 
intestinal microorganisms. Am. J. Clin. Nutr. 27,1277-1286,1974. 

Falchuk, Z. M. (1983). Gluten-sensitive enteropathy. Clin. Gas-
troenterol. 12, 475-494. 

Falchuk, Z. M., Rogentine, G. N., and Strober, W. (1972). Predomi-
nance of histocompatibility antigen HL-A8 in patients with gluten-
sensitive enteropathy. J. Clin. Invest. 51, 1602-1605. 

Feibusch, J. M., and Holt, P. R. (1982). Impaired absorptive capacity 
for carbohydrate in the aging human. Dig. Dis. Sei. 27,1095-1100. 

Ferguson, A., and Murray, D. (1971). Quantitation of intraepithelial 
lymphocytes in human jejunum. Gut 12, 988-994. 

Ferguson, A., Arranz, E., and O'Mahony, S. (1993). Clinical and 
pathological spectrum of coeliac disease—Active, silent, latent, 
potential. Gut 34, 150-151. 

Feurle, G. E., Volk, B., and Waldherr, R. (1979). Cerebral Whipple's 
disease with negative jejunal histology. N. Engl. J. Med. 300, 
907-908. 

Fick, R. B., Jr., and Hunninghake, G. W. (1988). Sarcoidosis. In 
"Immunological Diseases" (M. Samter, D. W. Talmage, M. M. 
Frank, K. F. Austen, and H. N. Claman, eds.), 4th Ed., pp. 
1587-1607. Little, Brown, Boston. 

Fiocchi, C , (1993). Cytokines and animal models: A combined path 

to inflammatory bowel disease pathogenesis. Gastroenterology 
104, 1202-1219. 

Fischel, B., Burke, M., Sasson, E., and Feiner, S. (1990). Acquired 
immunodeficiency, malabsorption and lymphoma. Postgrad. 
Med. J. 66, 122-124. 

Fisher, S. E., Smith, W. I., Jr. Robin, B. S., Tomasi, T. B., Jr., 
Lester, R., and VanThiel, D. H. (1982). Secretory component and 
serum immunoglobulin A deficiencies with intestinal autoantibody 
formation and autoimmune disease: A family study. J. Pediatr. 
Gastroenterol. Nutr. 1, 35-42. 

Forte, M., Maartens, G., Rahelu, M., Pasi, J., Ellis, C , Gaston, 
H., and Kumararatne, D. (1992). Cytolytic T-cell activity against 
mycobacterial antigens in HIV. AIDS 6, 407-411. 

Foucar, E., Mukai, K., Foucar, K., Sutherland, D. E. R., and Van 
Buren, C. T. (1981). Colon ulceration in lethal cytomegalovirus 
infection. Am. J. Clin. Pathol. 76, 788-801. 

Fox, C. H., Kotier, D., Tierney, A., Wilson, C. S., and Fauci, 
A. S. (1989). Detection of HIV-1 RNA in lamina propria of patients 
with AIDS and gastrointestinal disease. J. Infect. Dis. 159, 
467-471. 

Frank, D., and Raicht, R. F. (1984). Intestinal perforation associated 
with cytomegalovirus infection in patients with acquired immune 
deficiency syndrome. Am. J. Gastroenterol. 79,201-205. 

Franklin, J. L., and Rosenberg, I. H. (1973). Impaired folic acid 
absorption in inflammatory bowel disease: Effects of salicylazo-
sulfapyridine. Gastroenterology 64, 517-525. 

Frazer, A. C. (1956). Discussion on some problems of steatorrhea 
and reduced stature. Proc. R. Soc. Med. 49, 1009-1013. 

Freier, S., Eran, M., and Alon, I. (1989). A study of stimuli operative 
in the release of antibodies in the rat intestine. In "Immunology 
and Immunopathology of the Alimentary Canal" (B. Albini, 
R. T. Genco, P. L. Ogra, and M. M. Weiser, eds.). pp. 431-447. 
M. Dekker, New York. 

Friedman, M., and Hare, P. F. (1965).Gluten sensitive enteropathy 
and eczema. Lancet I, 521-524. 

Friedman, S. L., and Owen, R. L. (1989). Gastrointestinal manifesta-
tions of AIDS and other sexually transmissable diseases. In "Gas-
trointestinal Disease" (M. H. Sleisenger and J. S. Fordtran, eds.), 
4th Ed., pp. 1242-1280. Saunders, Philadelphia. 

Friedman-Kien, A. E. (1981). Disseminated Kaposi's sarcoma syn-
drome in young homosexual men. J. Am. Acad. Dermatol. 5, 
468-471. 

Gardner, R. H. (1958). Tropical sprue. N. Engl. J. Med2S%, 791-796. 
Gee, S. (1888). On the celiac affection. St. Bartholomew's Hosp. 

Rep. 24, 17-20. 
Glaser, J. B., Morton-Kute, L., Berger, S. R., Weber, J., Siegal, 

F. P., Lopez, C , Robbins, W., and Landesman, S. H. (1985). 
Recurrent Salmonella typhimurium bacteremia associated with 
the acquired immunodeficiency syndrome. Ann. Intern. Med. 102, 
189-193. 

Goodell, S. E., Quinn, T. C , Mkrtichian, E., Schuffler, M. D., 
Holmes, K. K., and Corey, L. (1983). Herpes simplex proctitis 
in homosexual men. Clinical, sigmoidoscopic and histopathologic 
features. N. Engl. J. Med. 308, 868-871. 

Gorbach, S. L. (1989). Infectious diarrhea. In "Gastrointestinal Dis-
ease" (M. H. Sleisenger and J. S. Fordtran, eds.), 4th ed., pp. 
1191-1232. Saunders, Philadelphia. 

Gorbach, S. L., Mitra, R., Jacobs, B., Banwell, J. G., Chatter-
jee, B. D., and Guha Mazunder, D. N. (1969). Bacterial contam-
ination of the upper small bowel in tropical sprue. Lancet I, 
74-77. 

Gottlieb, M. S., Schroff, R., Schanker, H. M., Weisman, J. D., Fan, 
P. T., Wolf, R. A. and Saxon, A. (1981). Pneumocystis carinii 
pneumonia and mucosal candidiasis in previously healthy homo-



484 D. Nadalero/. 

sexual men: Evidence of a newly acquired cellular immunodefi-
ciency. N. Engl. J. Med. 305, 1425-1431. 

Gowen, A. E., and Campbell, C. B. (1973). Giardiasis—A cause of 
vitamin B12 malabsorption. Am. J. Digest. Dis. 18, 384-390. 

Gracey, M. (1981). Chronic diarrhoea in protein-energy malnutrition. 
Paediatrica Indonnesiana 21, 235-239. 

Granger, D. N., Cook, B. H., and Taylor, A. E. (1976). Structural 
locus of transmucosal albumin efflux in canine ileum. A fluores-
cent study. Gastroenterology 71, 1023-1027. 

Green, P. A., and WoUaeger, E. E. (1960). The clinical behaviour 
of sprue in the United States. Gastroenterology 38, 399-418. 

Greene, J. B. (1988). Clinical approach to weight loss in the patient 
with HIV infection. Gastroenterol. Clinics North Am. 17, 
573-586. 

Guglielmi, P., Bakhshi, A., Cogne, M., Seligmann, M., and Kors-
meyer, S. J. (1988). Multiple genomic defects result in the alterna-
tive RNA splice creating a human Ã H-chain disease protein. 
J. Immunol. 141, 1762-1768. 

Hall, R. P., Lawley, T. J., Heck, J. A., and Kats, S. I. (1980). IgA 
containing circulating immune complexes in dermatitis herpeti-
formis, Henoch-Schönlein purpura, systemic lupus erythemato-
sus and other diseases. Clin. Exp. Immunol. 40, 431-437. 

Halstensen, T. S., Das, K. M., and Brandtzaeg, P. (1993). Epithelial 
deposits of immunoglobulin Gl and activated complement colo-
calise with the Mr40 kDa putative autoantigen in ulcerative colitis. 
Gut 34, 650-657. 

Halstensen, T. S., Scott, H., and Brandtzaeg, P. (1989a). Intraepi-
thelial T cells of the TcR gamma/delta -»- CD8" and V delta 1/J 
delta 1+ phenotypes are increased in coeliac disease. Scand. J. 
Immunol. 30, 665-672. 

Halstensen, T. S., Mollnes, T. E., and Brandtzaeg, P. (1989b). Persis-
tent complement activation in submucosal blood vessels of active 
inflammatory bowel disease: Immunohistochemical evidence. 
Gastroenterology 97, 10-19. 

Halstensen, T. S., Mollnes, T. E., Fausa, O., and Brandtzaeg, P. 
(1989). Deposits of terminal complement complex (TCC) in mus-
cularis mucosae and submucosal vessels in ulcerative colitis and 
Crohn's disease of the colon. Gut 30, 361-366. 

Halstensen, T. S., Mollnes, T. E., Garred, P., Gausa, O., and Brandt-
zaeg, P. (1990). Epithelial deposition of immunoglobulin Gl and 
activated complement (C3b and terminal complement complex) 
in ulcerative colitis. Gastroenterology 98, 1264-1271. 

Hanauer, S. B., and Kraft, S. C. (1985). Intestinal immunology. 
In "Bockus Gastroenterology" (J. E. Berk, ed.), 4th Ed., pp. 
1607-1631. Saunders, Philadelphia. 

Hanngren, A., Biberfeldt, G., Carlens, E., Herdfers, E., Nilsson, 
B. S., Ripe, E., and Wahren, B. (1974). Is sarcoidosis due to 
an infectious interaction between virus and mycobacterium? In 
"Proceedings of the VI International Conference on Sarcoidosis" 
(K. Iwai and Y. Hosoda, eds.), pp. 8-11. University Park Press, 
Baltimore. 

Heise, C , Dandekar, S., Kumar, P., Duplantier, R., Donovan, 
R. M., and Halsted, C. H. (1991). Human immunodeficiency virus 
infection of enetrocytes and mononuclear cells in human jejunal 
mucosa. Gastroenterology 100, 1521-1527. 

Hermans, P. E., Diaz-Buxo, J. A., and Stobo, J. D. (1976). Idiopathic 
late onset immunoglobulin deficiency. Am. J. Med. 61, 221-237. 

Hitman, G. A., Niven, M. J., Festenstein, H., Cassell, P. G., Awad, 
F., Walker-Smith, J., Leonard, J. N., Lionel, F., Ciclitira, P., 
Kumar, P., and Sachs, J. A. (1987). HLA Class II alpha chain 
gene polymorphisms in patients with insulin dependent diabetes 
mellitus, dermatitis herpetiformis, and celiac disease. J. Clin. 
Invest. 79, 609-615. 

Hodgson, H. J., and Jewell, D. P. (1977). Selective IgA deficiency 
and Crohn's disease: Report of two cases. Gut 18, 644-646. 

Hodgson, H. J. F., Davies, R. J., Gent, A. E., and Hodson, 
M. E. (1976). Atopic disorders and adult coeliac disease. Lancet 
I, 115-117. 

Hollander, D. (1993). Editorial: Permeability in Crohn's disease: 
Altered barrier functions in healthy relatives? Gastroenterology 
104, 1848-1873. 

Holman, H., Nickel, W. F., Jr., and Sleisenger, M. H. (1959). Hypo-
proteinemia antedating intestinal lesions, and possibly due to ex-
cessive serum protein loss into the intestine. Am. J. Med. 27, 
963-975. 

Holmes, G. K. T., and Thompson, H. (1992). Malignancy as a compli-
cation of coeliac disease. In "Coeliac Disease" (M. N. Marsh, 
ed.), pp. 105-135. Blackwell Scientific Publ, Oxford. 

Holmes, G. K. T., Prior, P., Lane, M. R., Pope, D., and Allan, 
R. N. (1989). Malignancy in coeliac disease—Effect of gluten free 
diet. Gut 30, 333-338. 

Holmes, G. K. T., Asquith, P., Stokes, P. L., and Cooke, W. T. 
(1974). Cellular infiltrate of jejunal biopsies in celiac sprue. Gut 
15, 278-283. 

Holmes, G. K. T., Stokes, P. L., Sorahan, T. M., Prior, P., Water-
house, J. A. H., and Cooke, W. T. (1976). Coeliac disease, gluten-
free diet, and malignancy. Gut 17, 612-619. 

Holt, P. R. and Balint, J. A. (1993). Effects of aging on intestinal 
lipid absorption. Am. J. Physiol. 264, G1-G6. 

Hoskins, L. C , Winawer, S. J., Broitman, S. A., Gottlieb, L. S., 
and Zamcheck, N. (1967). Clinical giardiasis and intestinal malab-
sorption. Gastroenterology 53, 265-279. 

Howell, M. D., Austin, R. K., Kelleher, D., Nepom, G. Y., and 
Kagnoff, M. F. (1986). An HLA-D region restriction fragment 
length polymorphism associated with celiac disease. J. Exp. Med. 
164, 333-338. 

Howell, M. D., Smith, J. R., Austin, R. K., Kelleher, D., Nepom, 
G. Y., Volk, B., and Kagnoff, M. F. (1988). An extended HLA-
D region haplotype associated with celiac disease. Proc. Natl. 
Acad. Sei. U.S.A. 85, 222-226. 

Hultman, P., and Enestrom, S. (1992). Dose-response studies in 
murine mercury-induced autoimmunity and immune complex dis-
ease. Toxicology Appl. Pharmacol. 113, 199-208. 

Ibbotson, J. P., Lowes, J. R., Chahal, H., Gaston, J. S., Life. P. 
Kumararatne, D. S., Sharif, H., Alexander-Williams, J., and Al-
lan, R. N. (1992). Mucosal cell-mediated immunity to mycobacte-
rial and other microbial antigens in inflammatory bowel disease. 
Clin. Exp. Immunol. 87, 224-230. 

Ioachim, H. L., Cooper, M. C , and Hellman, G. C. (1985). Lympho-
mas in men at high risk for acquired immune deficiency syndrome 
(AIDS). Cancer 56, 2831-2892. 

Itoi, K., Sasaki, T., Sawai, T., Nakamura, M., Hiwatashi, N., Mur-
yoi, T., Yokoyama, N., and Yoshinagi, K. (1989). Protein-losing 
gastroenteropathy in association with immune deposits in gastro-
intestinal mucosal capillaries. Am. J. Gastroenterol. 84, 187— 
191. 

Jackson, S., Dawson, L. M., and Kotler, D. P. (1988). IgA, is the 
major immunoglobulin component of immune complexes in the 
acquired immune deficiency syndrome. J. Clin. Immunol. 86, 
64-68. 

Jacobs, J. L., Gold, J. W. M., Murray, H. W., Roberts, R. B., and 
Armstrong, D. (1985). Salmonella infections in patients with the 
acquired immunodeficiency syndrome. Ann. Intern. Med. 102, 
186-188. 

Jafri, F. M., Mendelow, H., Shadduck, R. K., and Sekas, G. (1990). 
Jejunal vasculitis with protein-losing enteropathy after bone mar-
row transplantation. Gastroenterology 98, 1689-1692. 

Jeffries, G. H. (1989). Protein-losing gastroenteropathy. In "Gastro-
intestinal Disease" (M. H. Sleisenger and J. S. Fordtran, eds.), 
4th ed., pp. 283-290. Saunders, Philadelphia. 



39 · Malabsorption Syndromes 485 

Johnstone, J. M., and Morson, B. C. (1978). Eosinophilic gastroen-
teritis. Histopathology 2, 335-348. 

Jones, T. C , Dean, A. G., and Parker, G. W. (1972). Seasonal 
gastroenteritis and malabsorption at an American military base 
in the Philippines. Am. J. Epidemiol. 95, 128-139. 

Jordon, R. E., and Provost, T. T. (1988). BuUous skin diseases. In 
"Immunological Diseases" (M. Samter, D. W. Talmage, M. M. 
Frank, K. F. Austen, and H. N. Claman, eds.), 4th Ed., pp. 
1281-1295. Little, Brown, Boston. 

Kagnoff, M. F. (1981). Immunology of the digestive system. In 
"Physiology of the Digestive System" (L. R. Johnson, ed.), pp. 
1337-1359. Raven Press, New York. 

Kagnoff, M. F. (1989a). Immunology and disease of the gastrointesti-
nal tract. In "Gastrointestinal Disease" (M. H. Sleisenger and 
J. S. Fordtran, eds.), 4th Ed., pp. 114-144. Saunders, Philadelphia. 

Kagnoff, M. F. (1989b). Immunpathogenesis of celiac disease. Immu-
nol. Invest. 18, 499-508. 

Kagnoff, M. F., Weiss, J. B., Brown, R. J., Lee, T., and Schanfield, 
M. S. (1983). Immunoglobulin allotype makers in gluten-sensitiv-
ity enteropathy. Lancet I, 952-953. 

Kagnoff, M. F., Austin, R. K., Hubert, J. J., Bernardin, J. E., and 
Kasarda, D. D. (1984). Possible role for a human adenovirus in 
the pathogenesis of celiac disease. J. Exp. Med. 160, 1544-1557. 

Kagnoff, M. F., Paterson, Y. J., Kumar, P. J., Kasarda, F. R., 
Carbone, F. R., Unsworth, D. J., and Austin, R. K. (1987). Evi-
dence for the role of a human intestinal adenovirus in the pathogen-
esis of coeliac disease. Gut 28, 995-1001. 

Kagnoff, M. F., Omary, M. B., Roebuck, K. A., deGrandpre, L., 
Richman, D. V., and Brenner, D. A. (1991). HIV-1 infection and 
expression in human colonic epithelial cell lines. In "Frontiers 
of Mucosal Immunology" (M. Tsuchiya, H. Nagura, T. Hibi, and 
I. Moro, eds.), Vol. 1, pp. 623-625. Excerpta Medica, Am-
sterdam. 

Kaiser, M. H. (1985a). Principles of absorption. In "Bockus Gastro-
enterology" (J. E. Berk, ed.), 4th Ed. pp. 1504-1509. Saunders, 
Philadelphia. 

Kaiser, M. H. (1985b). Clinical manifestations and evaluation of 
malabsorption. In "Bockus Gastroenterology" (J. E. Berk, ed.) 
4th Ed. pp. 1667-1671. Saunders, Philadelphia. 

Kaiser, M. H. (1985c). Water and mineral transport. In "Bockus 
Gastroenterology" (J. E. Berk, ed.), 4th Ed., pp. 1538-1552. 
Saunders, Philadelphia. 

Kamath, K. R., and Dorney, S. F. A. (1983). Is discordance for 
coeliac disease in monozygotic twins permanent? Pediatr. Res. 
17, 422A. 

Kanoh, T. (1991). Gastrointestinal disorders in adult-onset primary 
immunodeficiency diseases. In "Frontiers of Mucosal Immunol-
ogy" (M. Tsuchiya, H. Nagura, T. Hibi, and I. Moro, eds.), Vol. 
1, pp. 611-614. Excerpta Medica, Amsterdam. 

Kapembwa, M. S., Bridges, C., Joseph, A. E., Fleming, S. C , 
Batman, P., and Griffin, G. E. (1990). Heal and jejunal absorptive 
function in patients with AIDS and enterococcidial infection. 
J. Infect. 21, 43-53. 

Kaposi, M. (1872). Idiopathisches multiples Pigmentsarkom der 
Haut. Arch. Dermatol. Syphil. 4, 265-273. 

Karagiannis, J. A., Priddle, J. D., and Jewell, D. P. (1987). Cell-
mediated immunity to a synthetic gliadin peptide resembling a 
sequence from adenovirus. 12. Lancet I, 884-886. 

Kasarda, D. D., Okita, T. W., Bernardin, J. E., Baecker, P. A., 
and Nimmo, C. C. (1984). Nucleic acid (cDNA) and amino acid 
sequences of alpha gliadin from wheat (Triticum sativum). Proc. 
Natl. Acad. Sei. USA 81, 4712-4716. 

Katz, S. I., and Strober, W. (1978). The pathogenesis of dermatitis 
herpetiformis. J. Invest. Dermatol. 70, 63-75. 

Katz, S. I., Hall, R. P., Lawley, T. J., and Strober, W. (1980). 

Dermatitis herpetiformis: The skin and the gut. Ann. Intern. Med. 
93, 857-874. 

Kett, K., Scott, H., Fausa, O., and Brandtzaeg, P. (1990). Secretory 
immunity in celiac disease. Cellular expression of immunoglobulin 
A subclass and joining chain. Gastroenterology 99, 386-392. 

Keuning, J. J., Pena, A. S., van Hooff, J. P., van Leeuwen, A., and 
vanRood, J. J. (1976). HLA-DW3 associated with coeliac disease. 
Lancet I, 505-507. 

Keusch, G. T., Thea, D. M., Kamenga, M., Kakanda, K., Mbala, M., 
Brown, C , and Davachi, F. (1992). Persistent diarrhea associated 
with AIDS. Acta Paediatr. Suppl. 381, 45-48. 

King, C. E., and Toskes, P. P. (1985). Bacterial overgrowth syn-
dromes. In "Bockus Gastroenterology" (J. E. Berk, ed.), 4th 
Ed., pp. 1781-1791. Saunders, Philadelphia. 

Klein, N. C , Hargrove, L., Sleisenger, M. H., and Jeffries, G. H. 
(1970). Eosinophilic gastroenteritis. Medicine 49, 299-319. 

Klein, R. S., Harris, C. A., Small, C. B., Moll, B., Lesser, M., and 
Friedland, G. H. (1984). Oral candidiasis in high risk patients 
as the intitial manifestation of the acquired immune deficiency 
syndrome. N. Engl. J. Med. 311, 354-358. 

Klipstein, F. A. (1989). Tropical sprue. In "Gastrointestinal Dis-
ease" (M. H. Sleisenger and J. S. Fordtran, eds.), 4th Ed., pp. 
1281-1289. Saunders, Philadelphia. 

Klipstein, F. A., Holdeman, L. V., Corcino, J. J., and Moore, 
W. E. C. (1973). Enterotoxigenic intestinal bacteria in tropical 
sprue. Ann. Intern. Med. 79, 632-641. 

Klipstein, F. A., Engert, R. F., and Short, H. B. (1978). Enterotoxi-
genicity of colonising bacteria in tropical sprue and blind-loop 
syndrome. Lancet I, 342-344. 

Knoflach, P., Albini, B., and Weiser, M. M. (1986a). Autoimmune 
disease induced by oral administration of mercuric chloride in 
Brown-Norway rats. Toxicol. Pathol. 14, 188-193. 

Knoflach, P., Vladutiu, A. O., Swierczynska, Z., Weiser, M. M., 
and Albini, B. (1986b). Lack of circulating immune complexes in 
inflammatory bowel disease. Int. Arch. Allergy Appl. Immunol. 
80, 9-16. 

Knoflach, P., Park, B. H., Cunningham, R., Weiser, M. M., and 
Albini, B. (1987). Serum antibodies to cow's milk proteins in 
ulcerative colitis and Crohn's disease. Gastroenterology 92, 
479-485. 

Knoflach, P., Albini, B., and Weiser, M. M. (1989). Experimental 
immune complex disease of the intestine. Immunol. Invest. 18, 
473-483. 

Knowles, D. M., Inghirami, G., Ubriaco, A., and Dalla-Favera, 
R. (1989). Molecular genetic analysis of three AIDS-associated 
neoplasms of uncertain lineage demonstrates their B-cell deriva-
tion and the possible pathogenetic role of the Epstein-Barr virus. 
Blood 73, 792-799. 

Koretz, S. H., and the Collaborative DMPG Treatment Group (1986). 
Treatment of serious cytomegalovirus infections using 9-(l,3-di-
hydroxy-2propoxymethyl) guanine in patients with AIDs and 
other immunodeficiencies. N. Engl. J. Med. 314, 801-806. 

Korsmeyer, S. J. (1989). Immunoglobulin genes in human lymphoid 
neoplasms. In "Immunoglobulin Genes" (T. Honjo, F. W. Alt, 
and T. H. Rabbits, eds.), pp. 233-255. Academic Press, London. 

Kotler, D. P. (1991a). "Gastrointestinal and Nutritional Manifesta-
tions of the Acquired Immunodeficiency Syndrome." Raven 
Press, New York. 

Kotler, D. P. (1991b). Biological and clinical features of HIV infec-
tion. In "Gastrointestinal and Nutritional Manifestations of the 
Acquired Immunodeficiency Syndrome" (D. P. Kotler, ed.), pp. 
1-16. Raven Press, New York. 

Kotier, D., Gaetz, H. P., Lange, M., Klein, E. B., and Holt, P. R. 
(1984). Enteropathy associated with the acquired immunodefi-
ciency syndrome. Ann. Intern. Med. 101, 421-428. 



486 D. Nadalero/. 

Kotler, D. P., Francesco, A., and Ramey, W. G. (1986). Intestinal 
lymphoid composition: Alterations in AIDS. Clin. Res. 34,442A. 

Kotier, D. P., Tierney, A. R., and Scholes, J. V. (1987). Intestinal 
plasma cell alteration in acquired immunodeficiency syndrome. 
Dig. Dis. Sei. 32, 129-138. 

Kowley, K. U., Mason, J. B., Meydani, S. N., Cornwall, S., and 
Grand, R. J. (1992). Vitamin E deficiency and impaired cellular 
immunity related to intestinal fat malabsorption. Gastroenterol-
ogy 102, 2039-2142. 

Krainick, H. G., Debatin, F., and Gauter, E. (1958). Additional 
research on the injurious effect of wheat flour in coeliac disease. 
I. Acute gliadin reaction—gliadin shock. Helv. Paediatr. Acta 
13, 432-454. 

Kuitunen, P., Rapola, J., Savilahti, E., and Visakorpi, J. K. (1973). 
Response of the jejunal mucosa to cow's milk in the malabsorption 
syndrome with cow's milk intolerance. Acta Paediatr. Scand. 62, 
585-595. 

Kumar, V., Lerner, A., Valeski, E., Beutner, E. H., Chorzelski, 
T. P., and Rossi, T. (1989). Endomysial antibodies in the diagnosis 
of celiac disease and the effect of gluten on antibody titers. Immu-
nol. Invest. 18, 533-544. 

Kutlu, T., Brousse, N., Rambaud, D., Le Deist, F., Schmitz, J., 
and Cerf-Bensussan, N. (1993). Number of T cell receptor (TCR) 
aß + but not TcR ã,ä + intraepithelial lymphocytes correlate 
with the grade of villous atrophy in coeliac patients on a long 
term normal diet. Gut 34, 208-214. 

Kvale, D., Lovhaug, D., Sollid, L. M., and Brandtzaeg, P. (1988). 
Tumor necrosis factor-á up-regulates expression of secretory 
component, the epithelial receptor for polymeric Ig. J. Immunol. 
140, 3086-1089. 

Laine, L., Politoske, E. J., and Gill, P. (1987). Protein losing enterop-
athy in acquired immunodeficiency syndrome due to intestinal 
Kaposi's sarcoma. Arch. Intern. Med. 147, 1174-1175. 

Lake, A. M., Bloch, K. J., Sinclair, K. J., and Walker, W. A. (1980). 
Anaphylactic release of intestinal goblet cell mucus. Immunology 
39, 173-178. 

Laughon, B. E., Druckman, D. A., Vernon, A., Quian, T. C , Polk, 
B. F., Modlin, J. F., Yolken, R. H., and Bartlett, O. G. (1988). 
Prevalence of enteric pathogens in homosexual men with and 
without acquired immunodeficiency syndrome. Gastroenterology 
94, 984-993. 

Lerner, A., Rossi, T. M., Park, B., Albini, B., and Lebenthal, E. 
(1989). Serum antibodies to cow's milk proteins in pediatric in-
flammatory bowel disease Acta Paediatr. Scand. 78, 384-389. 

Levine, N. D. (1980). A newly revised classification of the protozoa. 
J. Protozool. 27, 37-42. 

Longcope, W. T., and Freiman, O. G. (1952). A study of sarcoidosis. 
Medicine 31, 132-147. 

Lucas, M. L., Cooper, B. T., Lei, F. H., Holmes, G. K. T., Blair, 
J. A., and Cooke, W. T. (1978). Acid microclimate in coeliac 
disease and Crohn's disease: A model for folate malabsorption. 
Gut 19, 735-742. 

Lucidarme, D., Colombel, J. F., Brandtzaeg, P., Tulliez, M., Chaus-
sade, S., Marteau, P., Dehennin, J. P., Vaerman, J. P., and Ram-
baud, J. C. (1993). Alpha-chain disease: Analysis of alpha-chain 
protein and secretory component in jejunal fluid. Gastroenetrol-
ogy 104, 278-285. 

McBrien, D. J., Jones, R. V., and Creamer, B. (1963). Steatorrhoea 
in Addison's disease. Lancet I, 25-26. 

MacDonald, T. T., Hutchings, P., Choy, M. Y., Murch, S., and 
Cooke, A. (1990). Tumour necrosis factor alpha and interferon-
gamma production measured at the single cell level in normal and 
inflamed human intestine. Clin. Exp. Immunol 81, 301-305. 

MacFarlane, A. S. (1957). The behavior of ,31I-labelled plasma pro-
teins in vivo. Ann. N.Y. Acad. Sei. 70, 19-25. 

MacGregor, R. R. (1986). Alcohol and immune defense. J. Am. Med. 
Assoc. 256, 1474-1479. 

McLaughlin, P., Hunter, J. O., and Easter, G. B. (1983). Histamine 
release in vitro from jejunal mucosa following challenge with glia-
din and also anti-IgE. In "Proceedings of the Second Fusions 
Food Allergy Workshop," pp. 7-9. Oxford Medical Publications, 
Oxford. 

McNeish, A. S., Harms, K., Rey, J., Shmerling, D. H., Visakorpi, 
J. K., and Walker-Smith, J. A. (1979). The diagnosis of coeliac 
disease. Arch. Dis. Child. 54, 783-786. 

McNicholl, B., Egan-Mitchell, B., Stevens, F., Keane, R., Baker, 
S., McCarthy, C. F., and Fottrell, P. F. (1976). Mucosal recovery 
in treated celiac disease (gluten sensitive enteropathy). J. Pediatr. 
89, 418-424. 

Mäki, M., and Visakorpi, J. K. (1988). Normal small bowel histology 
does not exclude coeliac disease. Pediatr. Res. 24, 411 A. 

Mäki, M., Hällström, O., Vesikari, T., and Visakorpi, J. K. (1984). 
Evaluation of a serum IgA class reticulin antibody test for the 
detection of childhood coeliac disease. J. Pediatr. 105, 901-905. 

Malenbranche, R., Guerin, J. M., Laroche, A. C , Elie, R., Spira, 
T., Drotman, P., Arnoux, E., Pierre, G. D., Pöan-Guichard, C , 
Morisset, P. H., Mandeville, P. H., Seemeyer, T., and Dupuy, 
J.-M. (1983). Acquired immunodeficiency syndrome with severe 
gastrointestinal manifestations in Haiti. Lancet II, 873-878. 

Mansbach, C. M., II, Shelburne, J. D., Stevens, R. D., and Dobbins, 
W. O., III. (1978). Lymph node bacilliform bodies resembling 
those of Whipple's disease in a patient without intestinal involve-
ment. Ann. Intern. Med. 88, 64-70. 

Marsh, M. N. (1988). Studies on intestinal lymphoid tissue. XI. The 
immunopathology of cell-mediated reactions in gluten sensitivity 
and other enteropathies. Scanning Microsc. 2, 1663-1684. 

Marsh, M. N. (1989). The immunopathology of the small intestinal 
reaction in gluten-sensitivity. Immunol. Invest. 18, 509-531. 

Marsh, M. N. (1992a) Gluten, major histocompatibility complex, 
and the small intestine: a molecular and immunobiologic approach 
to the spectrum of gluten-sensitivity "celiac sprue"). Gastroenter-
ology 102, 330-354. 

Marsh, M. N. (1992b). The mucosal pathology of gluten-sensitivity. 
In Coeliac disease. (M. D., Marsh, ed.). pp. 136-191. Blackwell 
Sei. Publ., Oxford. 

Marsh, M. N. (1993). Gluten sensitivity and latency: Can patterns 
of intestinal antibody secretion define the great "silent majority"? 
Gastroenterology 104, 1550-1562. 

Marsh, M. N., and Hinde, J. (1985). Inflammatory component of 
celiac sprue mucosa. I. Mast cells, basophils and eosinophils. 
Gastroenterology 89, 91-101. 

Masur, H., and Fauci, A. (1989). Acquired immunodeficiency syn-
drome (AIDS). In "Gastrointestinal Disease" (M. H. Sleisenger 
and J. S. Fordtran, eds.), 4th Ed., pp. 1233-1242. Saunders, 
Philadelphia. 

Mathieson, P. W., Thiru, S., and Oliviera, D. B. G. (1992). Mercuric 
chloride-treated brown Norway rats develop widespread tissue 
injury including necrotizing venulitis. Lab. Invest. 67, 121-129. 

Mathijs, J. M., Hing, M., Grierson, J., Dwyer, D. E., Goldschmidt, 
C , Cooper, D. A., and Cunningham, A. L. (1988). HIV infection 
of rectal mucosa. Lancet 1,1111. 

May, G. R., Sutherland, L. R., and Meddings, J. B. (1993). Is small 
intestinal permeability really increased in relatives of patients with 
Crohn's disease? Gastroenterology 104,1627-1632. 

Meiselman, M. S., Cello, J. P., and Margaretten, W. (1985). Cyto-
megalovirus colitis: Report of the clinital, endoscopic, and patho-
logic findings in two patients with acquired immune deficiency 
syndrome. Gastroenterology 88, 171-175. 

Meulders, Q., Michel, C , Marteau, P., Grange, J. D., Mougenot, 
B., Ronco, P., and Mignon, F. (1992). Association of chronic 



39 · Malabsorption Syndromes 487 

interstitial cystitis, protein-loosing enteropathy and paralytic ileus 
with seronegative systemic lupus erythematosus: Case report and 
review of the literature. Clin. Nephrology 37, 239-244. 

Meuwisse, G. W. (1970). Diagnostic criteria in coeliac disease. Acta 
Paediatr. Scand. 59, 461-463. 

Meyer, E. A., and Radulescu, S. (1979). Giardia and giardiasis. Adv. 
Parasitol. 17, 1-47. 

Mielants, H., Veys, E. M., Cuvelier, C , De-Vos, M., and Botel-
berghe, L. (1985). HLA B27 related arthritis and bowel inflamma-
tion. II. Ileocolonoscopy and bowel histology in patients with 
HLA B27 related arthritis. J. Rheumatol. 12, 294-298. 

Mike, N. and Asquith, P. (1987). Gluten toxicity in coeliac disease 
and its role in other gastrointestinal disorders. In "Food Allergy 
and Intolerance" (J. Brostoff and S. J. Challacombe, eds.), pp. 
521-548. Bailliere Tindall, London. 

Mitchell, I. C , Turk, J. L., and Mitchell, D. N. (1992). Detection 
of mycobacterial rRNA in sarcoidosis with liquid-phase hybridisa-
tion. Lancet 339, 1015-1017. 

Mitchell, N., and Feder, I. A. (1949). Kaposi's sarcoma with second-
ary involvement of the jejunum, perforation and peritonitis. Ann. 
Intern. Med. 31, 324-329. 

Miura, S., Morita, A., Erickson, R. H., and Kim, Y. S. (1983). 
Content and turnover of rat intestinal microvillus membrane 
aminopeptidase. Gastroenterology 85, 1340-1349. 

Morecki, R., and Parker, J. G. (1967). Ultrastructural studies of the 
human Giardia lamblia and subadjacent mucosa in a subject with 
steatorrhea. Gastroenterology 52, 151-164. 

Morgan, B. P., Daniels, R. H., Watts, M. J., and Williams, 
D. B. (1988). In vivo and in vitro evidence of cell recovery from 
complement attack in rheumatoid synovium. Clin. Exp. Immunol. 
73, 467-472. 

Morise, K., Kimura, M., Saito, Y., Inagaki, T., Iwase, H., Kanay-
ama, K., Horiuchi, Y., Sakakibara, M., Kusugami, K., and Na-
gura, H. (1991). Expression of HLA-DR antigens by colonic epi-
thelium and lamina propria dendritic cells in inflammatory bowel 
disease. In "Frontiers of Mucosal Immunology" (M. Tsuchiya, 
H. Nagura, T. Hibi, and I. Moro, eds.), Vol. 1, pp. 193-194. 
Excerpta Medica, Amsterdam. 

Morley, J. E., Levine, A. S., Yamada, T., Genhard, R. L., Prigge, 
W. F., Shafer, R. B., Goetz, F. C , and Silvis, S. E. (1983). Effect 
of exorphins on gastrointestinal function, hormone release, and 
appetite. Gastroenterology 84, 1517-1523. 

Müller, C , Knoflach, P., and Zielinski, C. C. (1990). T-cell activation 
in Crohn's disease. Gastroenterology 98, 639-646. 

Müller, C , Wolf, H., Göttlicher, J., Zielinski, C , and Eibl, M. M. 
(1991). Cellular immunodeficiency in protein-losing enteropathy. 
Predominant reduction of CD3+ and CD4+ lymphocytes. Dig. 
Dis.Sci.36, 116-122. 

Muller, F., Froland, S. S., and Brandtzaeg, P. (1991). Reduced 
parotid secretory Ig A in patients with AIDS. In "Frontiers 
of Mucosal Immunology" (M. Tsuchiya, H. Nagura, T. Hibi, 
and I. Moro, eds.), Vol. 1, pp. 635-636. Excerpta Medica, Am-
sterdam. 

Murch, S. H., Lamkin, V. A., Savage, M. O., Walker-Smith, J. A., 
and MacDonald, T. T. (1991). Serum concentrations of tumour 
necrosis factor alpha in childhood chronic inflammatory bowel 
disease. Gut 32, 913-917. 

Murch, S. H., Braegger, C. P., Sessa, W. C , and MacDonald, 
T. T. (1992). High endothelin-1 immunoreactivity in Crohn's dis-
ease and ulcerative colitis. Lancet I, 381-385. 

Nadorra, R. L., Nakazato, Y., and Landing, B. H. (1987). Pathologic 
features of gastrointestinal tract lesions in childhood-onset sys-
temic lupus erythematosus: Study of 26 patients with review of 
the literature. Pediatr. Pathol. 7, 245-259. 

Navin, T. R., and Juranek, D. D. (1984). Cryptosporidioidosis: Clini-

cal, epidemiologic and parasitologic review. Rev. Infect. Dis. 6, 
313-327. 

Nelson, J. A., Wiley, C. A., Reynolds-Kohler, C , Reese, C. E., 
Margaretten, W., and Levy, J. A. (1988). Human immunodefi-
ciency virus detected in bowel epithelium from patients with gas-
trointestinal symptoms. Lancet I, 259-262. 

Nemoz, G., Prigent, A. F., Aloui, R., Charpin, G., Gor, and, F., 
Gallet, H., Debos, A., Biot, N., Perrin-Fayolle, M., Lagarde, M., 
and Pacheco, Y. (1993). Impaired G-proteins and cyclic nucleotide 
phosphodiesterase activity in T-lymphocytes from patients with 
sarcoidosis. Eur. J. Clin. Invest. 23, 18-27. 

O'Brien, W., and England, N. W. J. (1971). Tropical sprue amongst 
British servicemen and their families in South East Asia. In "Trop-
ical Sprue and Megaloblastic Anemia," pp. 25-60. Churchill-
Livingstone, London. 

O'Donoghue, D. R., Swarbrick, E. T., and Kumar, P. J. (1979). 
Type 1 hypersensitivity reactions in coeliac disease. Gastroenter-
ology 76, 1211A. 

Okubo, S., and Yasunaga, K. (1991). Present status of AIDS in Japan 
with special reference to digestive tract disorders. In "Frontiers 
of Mucosal Immunology" (M. Tsuchiya, H. Nagura, T. Hibi, and 
I. Moro, eds.), Vol. 1, pp. 627-630. Excerpta Medica, Am-
sterdam. 

O'Mahony, S., Vestey, J. P., and Ferguson, A. (1990). Similari-
ties in intestinal humoral immunity in dermatitis herpetiformis 
without enteropathy and in coeliac disease Lancet 335, 1487— 
1490. 

O'Mahony, S., Choudari, C. P., Barton, J. R., Walker, S., and 
Ferguson, A. (1991b). Gut lavage fluid proteins as markers of 
activity in inflammatory bowel disease. Scand. J. Gastroenterol. 
26, 940-944. 

O'Mahony, S., Arranz, E., Barton, J. R., and Ferguson, A. (1991a). 
Dissociation between systemic and mucosal immune responses 
in coeliac disease Gut 32, 29-35. 

Oommen, R., Kurien, G., Balakrishnan, N., and Narasimhan, S. 
(1992). Tc-99m albumin scintigraphy in the localization of protein 
loss in the gut. Clin. Nucl. Med. 17, 787-788. 

Orenstein, J. M., Chiang, J., Steinberg, W., Smith, P., Rotterdam, 
H., and Kotier, D. P. (1990). Intestinal microsporidiosis as a cause 
of diarrhea in HIV-infected patients: A report of 20 cases. Hum. 
Pathol. 21,475-481. 

Owen, R. L. (1989). Parasitic diseases. In "Gastrointestinal Disease" 
(M. H. Sleisenger and J. S. Fordtran, eds.), 4th Ed., pp. 
1153-1191. Saunders, Philadelphia. 

Padykula, H. A., Strauss, E. W., Ladman, A. J., and Gardner, 
F. H. (1961). A morphologic and histochemical analysis of the 
human jejunal epithelium in non-tropical sprue. Gastroenterology 
40, 735-765. 

Parkins, R. A. (1960). Protein-losing enteropathy in the sprue syn-
drome. Lancet 2, 1366-1369. 

PauUey, L. W. (1954). Observations on the aetiology of idiopathic 
steatorrhea. Br. Med. J. 2, 1318-1321. 

Perednia, D. A. and Curosh, N. A. (1990). Lupus-associated protein-
losing enteropathy. Arch. Intern. Med. 150, 1806-1810. 

Perrone, V., Pergola, M., Abate, G., Silvestro, L., Ronga, D., Bruni, 
G., D'Aprile, M., and Blesi, A. (1981). Protein-losing enteropathy 
in a patient with generalized Kaposi's sarcoma. Cancer 47, 
588-591. 

Petersen, J. M., Tubbs, R. R., Savage, R. A., Calabrese, L. C , 
Proffitt, M. R., Manolova, Y., Manolov, G., Shumaker, A., Tat-
sumi, E., McClain, K., and Purtilo, D. T. (1985). Small non-
cleaved B cell Burkitt-like lymphoma with chromosome t(8;14) 
translocation and Epstein-Barr virus nuclear-associated antigen 
in a homosexual man with acquired immune deficiency syndrome. 
Am. J. Med. 78, 141-148. 

http://Dis.Sci.36


488 D. Nadalero/. 

Peterson, R. D. A., Cooper, M. D., and Good, R. A. (1965). The 
pathogenesis of the immunologic deficiency diseases. Am. J. Med. 
38, 579-604. 

Phelan, J. J., Stevens, F. M., McNicholl, B., Fottrell, P. F., and 
McCarthy, C. F. (1977). Coeliac disease: The abolition of gliadin 
toxicity by enzymes from Aspergillus niger. Clin. Sei. Mol. Med. 
53, 35-43. 

Polak, J. M., Pearse, A. G. E., van Noorden, S., Bloom, S. R., and 
Rossiter, M. A. (1973). Secretin cells in coeliac disease. Gut 14, 
870-874. 

Polanco, I., Biemond, I., van Leeuwen, A., Schreuder, I., Kahn, 
P. M., Guerrero, J., D'Amaro, J., Vazquez, C , van Rood, J. J., 
and Pena, A. S. (1981). Gluten sensitive enteropathy in Spain: 
Genetic and environmental factors. In "Genetics of Coeliac Dis-
ease" (R. B. McConnell, ed.), pp. 211-230. MTP Press, Lan-
caster. 

Poley, J. R., and Rosenfield, S. (1981). Giardiasis and malabsorption: 
Presence of an organic mucosal barrier. A scanning (SEM) and 
transmission (TEM) electron microscopic study of small bowel 
mucosa. Gastroenterology 80, 1245A. 

Potter, D. A., Danforth, D. N., Macher, A. M., Longo, D. L., 
Steward, L., and Masur, H. (1984). Evaluation of abdominal pain 
in the AIDS patient. Ann. Surg. 199, 332-339. 

Prendville, J., Robinson, A., and Young, M. (1982). Familial sarcoid-
osis. Ir. J. Med. Sei. 151, 258-260. 

Provost, T. T., and Tomasi, T. B., Jr. (1974). Evidence for the 
activation of complement via the alternate pathway in skin dis-
ease. II. Dermatitis herpetiformis. Clin. Immunol. Immunopathol. 
3, 178-186. 

Pueringer, R. J., Schwartz, D. A., Dayton, C. S., Gilbert, S. R., and 
Hunninghake, G. W. (1993). The relationship between alveolar 
macrophage TNF, IL-1, and PGE2 release, alveolitis, and disease 
severity in sarcoidosis. Chest 103, 832-838. 

Rachmilewitz, D., and Okon, E. (1985). Primary small intestinal 
lymphoma. In "Bockus Gastroenterology" (J. E. Berk, ed.), 4th 
Ed., pp. 1865-1873. Saunders, Philadelphia. 

Rambaud, J. C. (1983). Small intestinal lymphomas and alpha chain 
disease. Clin. Gastroenterol. 12, 743-766. 

Rambaud, J. C , and Seligmann, M. (1976). Alpha-chain disease. 
Clin. Gastroenterol. 5, 341-358. 

Rambaud, J. C , Halphen, M., Galian, A., and Tsapis, A. (1990). 
Immunoproliferative small intestinal disease (IPSID): Relation-
ship with alpha chain disease and "Mediterranean" lymphomas. 
Springer Semin. Immunopathol. 12, 239-250. 

Rambaud, J. C , Bognel, C , Prost, A., Bernier, J. J., LeQuintrec, 
Y., Lambling, A., Danon, F., Huves, D., and Seligmann, M. 
(1968). Clinico-pathologic study of a patient with "Mediterranean 
type of abdominal lymphoma and a new type of IgA abnormality 
(Alpha-chain disease)." Digestion 1, 321-336. 

Reif, S., Jain, A., Santiago, J., and Rossi, T. (1991). Protein losing 
enteropathy as a manifestation of Henoch-Schönlein purpura. 
Acta Paed. Scand. 80, 482-485. 

Reka, S., Borcich, A., Cronin, W., and Kotler, D. P. (1989). Diarrhea 
associated with intestinal HIV infection in ARC, Clin. Res. 37, 
371A. 

Relman, D. A., Schmidt, T, M., McDermott, R. P., and Falkow, 
S. (1992). Identification of the uncultured bacillus of Whipple's 
disease. N. Engl. J. Med. 327, 346-348. 

Reno, E., Jarry, A., Brousse, N., Vazeux, R., Marche, C , Regnier, 
B., Saimot, A. G., Roze, C , Roussel, J. Y., Vallot, T., Mignon, 
M., Potet, F., and Bonfils, S. (1988). Demonstration of HIV infec-
tion in the gut in AIDS patients: Relation with symptoms and 
other digestive infection. Gastroenterology 94, A373. 

Rend, E., Marche, C , Regnier, B., Saimot, A. G., Vilde, J. G., 

Perrone, C , Michon, C , Wolf, M., Chevalier, T., Vallot, T., 
Brun-Vesinet, F., Pangon, B., Deluol, A. M., Camus, F., Roze, 
C , Pignon, J. P., Mignon, M., and Bonfils, S. (1989). Intestinal 
infection in patients with acquired immunodeficiency syndrome: 
A prospective study in 132 patients. Dig. Dis, Sei. 34, 773-780. 

Rene, E., Roze, C , and the AIDS GIT (1991). Diagnosis and treat-
ment of gastrointestinal infections in AIDS, In "Gastrointestinal 
and Nutritional Manifestations of the Acquired Immunodeficiency 
Syndrome" (D. P. Kotler, ed.), pp. 65-91. Raven Press, New 
York. 

Riecken, E.-O., Zeitz, M., and Ullrich, R. (1991). HIV infection of 
the gut. In "Frontiers of Mucosal Immunology" (M. Tsuchiya, 
H. Nagura, T. Hibi, and I. Moro, eds.), Vol. 1, pp. 619-622. 
Excerpta Medica, Amsterdam. 

Rinderknecht, H. (1986). Pancreatic secretory enzymes. In "The 
Exocrine Pancreas: Biology, Pathobiology and Diseases" 
(V. L. W. Go, ed.), pp 375-386. Raven Press, New York. 

Rodgers, V. D., and Kagnoff, M. F. (1987). Gastrointestinal manifes-
tations of the acquired immunodeficiency syndrome. West. J. 
Med. 146, 57-67. 

Rodgers, V. D., Fassett, R., and Kagnoff, M. F. (1986). Abnormali-
ties in intestinal mucosal T cells in homosexual populations includ-
ing those with the lymphoadenopathy syndrome and acquired 
immunodeficiency syndrome. Gastroenterology 90, 552-558. 

Roggin, G. M., Iber, F. L., and Kater, R. M. H. (1961). Malabsorp-
tion in the chronic alcoholic. Johns Hopkins Med. J. 125, 321. 

Rootwelt, K. (1966). Direct intravenous injection of 5,chromic chlo-
ride compared with ,25I-polyvinylpyrrolidone and 131I-albumin in 
the detection of gastrointestinal protein loss. Scand. J. Clin. Lab. 
Invest. 18, 405-416. 

Roth, R. I., Owen, R. L., Keren, D. F., and Volberding, P. A. 
(1985). Intestinal infection with Mycobacterium avium in acquired 
immune deficiency syndrome (AIDS). Histologie and clinical com-
parison with Whipple's disease. Dig. Dis. Sei. 30, 497-504. 

Roy-Choudhury, D. C , Cooke, W. T., Banwell, J. G., and Smits, 
B. J. (1967). Multiple jejunal biopsies in adult celiac disease. Am. 
J. Dig. Dis. 12, 657-663. 

Rubin, C. E., Eidelman, S., and Weinstein, W. M. (1970). Sprue by 
any other name. Gastroenterology 58, 409-413. 

Rubin, E., Rybac, B. J., Lindenbaum, J., Gerson, C. D., Walker, 
G., and Lieber, C. S. (1972). Ultra-structural changes in the small 
intestine induced by ethanol. Gastroenterology 63, 801-814. 

Rubin, W., Ross, L. L., Sleisenger, M. H., and Weser, E. (1966). 
An electron microscopic study of adult celiac disease. Lab. Invest. 
15, 1720-1747. 

Saboor, S. A., Johnson, N. M., and McFadden, J. (1992). Detection 
of mycobacterial DNA in sarcoidosis and tuberculosis with poly-
merase chain reaction. Lancet 339, 1012-1015. 

Safrin, S., Crumpacker, C , Chatis, P., Davis, R., Hafner, R., Rush, 
J., Kessler, H. A., Landry, B., and Mills, J. (1991). A controlled 
trial comparing Foscarnet with Vidarabine for Acyclovir-resistant 
mucocutaneous Herpes simplex in the acquired immunodeficiency 
syndrome. (The AIDS Clinical Trial Group). N. Engl. J. Med. 
325, 551-555. 

Sale, G. E., McDonald, G. B., Shulman, H. M., and Thomas, 
E. D. (1979). Gastrointestinal graft-versus-host disease in man. 
Am. J. Surg. Pathol. 3, 291-299. 

Sampson, H. A., Mendelson, L. and Rosen, J. P. (1992). Fatal and 
near-fatal anaphylactic reactions to food in children and adoles-
cents. N. Engl. J. Med. 327, 380-384. 

Sankey, E. A., Dhillon, A. P., Anthony, A., Wakefield, A. J., Sim, 
R., More, L., Hudson, M., Sawyerr, A. M., and Pounder, 
R. E. (1993). Early mucosal changes in Crohn's disease. Gut 34, 
375-381. 



39 · Malabsorption Syndromes 

Sapin, C , Druet, E., and Druet, P. (1977). Induction of antiglomular 
basement membrane antibodies in the Brown-Norway rat by mer-
curic chloride. Clin. Exp. Immunol. 28, 173-179. 

Saulsbury, F. T., Winkelstein, J. A., and Yolken, R. H. (1980). 
Chronic rotavirus infection in immunodeficiency. J. Pediatr. 97, 
61-65. 

Savilahti, E., Viander, M., Perkkio, M., Vainio, E., Kalimo, K., and 
Reunala, T. (1983). IgA gliadin antibodies: A marker of mucosal 
damage in childhood coeliac disease Lancet I, 320-322. 

Scheib, J. S., and Quinet, R. J. (1990). Whipple's disease with axial 
and peripheral joint destruction. South Med. J. 83, 684-687. 

Schmitz, J., Jos, J., and Rey, J. (1978). Transient mucosal atrophy 
in confirmed coeliac disease. In "Perspectives in Coeliac Dis-
ease" (B. McNicholl, C. F. MacCarthy, and P. F. Fottrell, eds.), 
pp. 259-262. MTP, Lancaster, England. 

Scholz, S., and Albert, E. (1983). HLA and diseases: Involvement of 
more than one HLA-linked determinant of disease susceptibility. 
Immunol. Rev. 70, 77-88. 

Schreiber, S., Nash, G. S., Raedler, A., Pinnau, R., Berovich, M., 
and McDermott, R. P. (1991). Human lamina propria mononuclear 
cells are activated in inflammatory bowel disease. In "Frontiers 
of Mucosal Immunology" (M. Tsuchiya, H. Nagura, T. Hibi, and 
I. Moro, eds.), Vol. 1, pp. 749-753. Excerpta Medica, Am-
sterdam. 

Scott, B. B., Goodall, A., Stephenson, P. M., and Jenkins, D. (1983). 
Is reaginic hypersensitivity involved in coeliac disease? Gut 2A, 
A990. 

Scott, H., Brandtzaeg, P., Solheim, B. G., and Thorsby, E. (1981). 
Relation between HLA-DR-like antigens and secretory com-
ponent (SC) in jejunal epithelium of patients with coeliac dis-
ease or dermatitis herpetiformis. Clin. Exp. Immunol. 44, 233— 
238. 

Scott, H., Sollid, L. M., Fausa, O., Brandtzaeg, P., and Thorsby, 
E. (1987). Expression of major histocompatibility complex class II 
subregion products by jejunal epithelium on patients with coeliac 
disease. Scand. J. Immunol. 26, 563-572. 

Selby, W. S., and Gallagher, N. D. (1979). Malignancy in a 19-year 
experience of adult celiac disease. Dig. Dis. Sei. 24, 684-688. 

Selby, W. S., Janossy, G., Mason, D. Y., and Jewell, D. P. (1983). 
Expression of HLA-DR antigens by colonic epithelium in in-
flammatory bowel disease. Clin. Exp. Immunol. 53, 614-618. 

Selhub, J., Dhar, G. J., and Rosenberg, I. H. (1978). Inhibition of 
folate enzymes by sulfasalazine. J. Clin. Invest. 61, 221-224. 

Seligmann, M., and Rambaud, J. C. (1969). IgA abnormalities in 
abdominal lymphoma (alpha-chain disease). Israel J. Med. Sei. 
5, 151-157. 

Seligmann, M., Danon, F., Hurez, D., Mihaesco, E., and 
Preud'homme, J-L. (1968). Alpha-chain disease: A new immuno-
globulin abnormality. Science 62, 1396-1397. 

Selzer, G., Sherman, G., Callihan, T. R., and Schwartz, Y. (1979). 
Primary cell intestinal lymphomas and alpha heavy chain disease: 
A study of 43 cases from a pathology department in Israel. Israel 
J. Med. Sei. 15, 111-123. 

Senju, M., Umene, Y., Yamasaki, K., Murata, I., Makiyama, K., 
Hara, K., and Jewell, D. P. (1991). Peripheral blood lymphocyte 
subsets in inflammatory bowel disease. In "Frontiers of Mucosal 
Immunology" (M. Tsuchiya, H. Nagura, T. Hibi, and I. Moro, 
eds), Vol. 1, pp. 759-760. Excerpta Medica, Amsterdam. 

Seth, V., Kukreja, N., and Saundaram, K. R. (1982). Waning of cell 
mediated immune response in preschool children given BCG at 
birth. Indian J. Med. Res. 76, 710-715. 

Sewankambo, N., Mugerwa, R. D., and Godgame, R. D. (1987). 
Enteropathic AIDS in Uganda. An endoscopic, histologic and 
microbiologic study. AIDS 1, 9-13. 

489 

Shafer, R. B., Prentiss, R. A., and Bond, J. H. (1984). Gastrointesti-
nal transit in thyroid disease. Gastroenterology 86, 852-855. 

Shakoor, Z., and Hamblin, A. S. (1992). Increased CD11/CD18 ex-
pression on peripheral blood leucocytes of patients with sarcoido-
sis. Clin. Exp. Immunol. 90, 99-105. 

Shanahan, F. (1993). Summary: Food allergy: Fact, fiction, and 
fatality. Gastroenterology 104, 1229-1231. 

Sheehy, T. W. (1985). Tropical sprue. In "Bockus Gastroenterol-
ogy" (J. E. Berk, ed.), 4th ed., pp. 1758-1780. Saunders, Phila-
delphia. 

Sherman, S., Rohwedder, J. J., Ravikrishnan, K. P., and Weg, J. G. 
(1980). Tuberculous enteritis and peritonitis: Report of 36 general 
hospital cases. Arch. Intern. Med. 140, 506-508. 

Shin, J.-Y., Barnes, P. F., Rea, T. H., and Meyer, P. R. (1988). 
Immunohistology of tuberculous adenitis in symptomatic HIV 
infection. Clin. Exp. Immunol. 72, 186-189. 

Siegal, F. P., Lopez, C , Hammer, G. S., Brown, A. E., Kornfeld, 
S. J., Gold J., Hassett, J., Hirschman, S. Z., Cunningham-
Rundles, C , Adelsberg, B. R., Parham, D. M., Siegal, M., 
Cunningham-Rundles, S., and Armstrong, D. (1981). Severe ac-
quired immunodeficiency in male homosexuals manifested by 
chronic perianal ulcerative herpes simplex lesions. N. Engl. J. 
Med. 305, 1439-1444. 

Sieracki, J. C , and Fine, G. (1959). Whipple's disease: Observation 
on systemic involvement. I. Gross and histologic observation. 
Arch. Pathol. 67, 81-93. 

Sitrin, M. D., Rosenberg, I. H., Chawla, K., Meredith, S., Sellin, 
J., Rabb, J. M., Coe, F., Kirsner, J. B., and Kraft, S. C. (1980). 
Nutritional and metabolic complications in a patient with 
Crohn's disease and ileal resection. Gastroenterology 78, 1069-
1079. 

Siurala, M., Varis, K., and Lamberg, B. A. (1968). Intestinal absorp-
tion and autoimmunity in endocrine disorders. Acta. Med. Scand. 
184, 53-64. 

Smith, P. D., Macher, A. M., and Brookman, M. A. (1985). Salmo-
nella typhimurium enteritis and bacteremia in the acquired immu-
nodeficiency syndrome. Ann. Intern. Med. 102, 207-208. 

Soave, R., Danner, R. L., Honig, C. L., Ma, P., Hart, C. C , Nash, 
T., and Roberts, R. B. (1984). Cryptosporidiosis in homosexual 
men. Ann. Intern, Med. 100, 504-511. 

Soltis, R. D., Hasz, D., Morris, M. J., and Wilson, J. D. (1979). 
Evidence against the presence of circulating immune complexes 
in chronic inflammatory bowel disease. Gastroenterology 76, 
1380-1385. 

Soothill, J. F., Stikes, C. R., Turner, M. W., Norman, A. P., and 
Taylor, B. (1976). Predisposing factors and the development of 
reaginic allergy in infancy. Clin. Allergy 6, 305-319. 

Sorensen, R. U., Halpin, T. C , Abramowsky, C. R., Hornick, 
D. L., Miller, K. M., Naylor, P., and Incefy, G. S. (1985). Intesti-
nal lymphangiectasia and thymic hypoplasia. Clin. Exp. Immunol. 
59, 217-226. 

Spencer, J., MacDonald, T. T., Diss, T. C , Walker-Smith, J. A., 
Ciclitira, P. J., and Isaacson, P. G. (1989a). Changes in intraepi-
thelial lymphocyte subpopulations in coeliac disease and entero-
pathy associated T cell lymphoma (malignant histiocytosis of the 
intestine). Gut 30, 339-346. 

Spencer, J., Isaacson, P. G., Diss, T. C , and MacDonald, T. T. 
(1989b). Expression of disulfide-linked and non-disulfide-linked 
forms of the T cell receptor ô/ä heterodimer in human intestinal 
intraepithelial lymphocytes. Eur. J. Immunol. 19, 1335-1338. 

Sperber, S. J., and Schleupner, C. J. (1987). Salmonellosis during 
infection with human immunodeficiency virus. Rev. Infect. Dis. 
9, 925-934. 

Sprague, R., Harper, P., McClain, S., Trainer, T., and Beeken, W. 



490 D. Nadal etal. 

(1984). Disseminated intestinal sarcoidosis. Gastroenterology 87, 
421-425. 

Stainsby, K. J., Lowes, J. R., Allan, R. N., and Ibbotson, J. P. 
(1993). Antibodies to Mycobacterium paratuberculosis and nine 
species of environmental mycobacteria in Crohn's disease and 
control subjects. Gut 34, 371-374. 

Stark, M. E., Batts, K. P., and Alexander, G. L. (1992). Protein-
losing enteropathy with collagenous colitis. Am J. Gastroenterol. 
87, 780-783. 

Steinfeld, J. L., Davidson, J. D., Gordon, R. S., Jr., and Greene, 
F. E. (1961). The mechanism of hypoproteinemia in patients with 
regional enteritis and ulcerative colitis. Am. J. Med. 29,405-415. 

Sterling, K. (1951). Turnover rate of serum albumin in man as mea-
sured by I131 tagged albumin. J. Clin. Invest. 30, 1228-1237. 

Stiehm, E. R. (1990). Immunodeficiency disorders: General consider-
ations. In "Immunologie Disorders in Infants and Children" 
(E. R. Stiehm, ed.), 3d Ed., pp. 157-195. Saunders, Philadelphia. 

Steinhardt, J. J., and Adibi, S. A. (1986). Kinetics and characteristics 
of absorption from an equimolar mixture of 12 glycyl-dipeptides 
in the human jejunum. Gastroenterology 90, 577-582. 

Stokes, P. L., Prior, P., Sorahan, T. M., McWalter, R. J., Water-
house, J. A. H., and Cooke, W. T. (1976). Malignancy in relatives 
of patients with coeliac disease. Br. J. Prev. Soc. Med. 30,17-21. 

Stoll, T., Keusch, G., Jost, R., Burger, H., Oelz, O. (1993). IgA 
nephropathy and hypercalcemia in Whipple's disease. Nephron 
63, 222-225. 

Strausz, J., Mannel. D. N., Pfeifer, S., Borkowski, A., Ferlinz, R., 
and Müller-Quernheim, J. (1991). Spontaneous monokine release 
by alveolar macrophages in chronic sarcoidosis. Int. Arch. Allergy 
Appl. Immunol. 96, 68-75. 

Strobel, S., Busittil, A., and Ferguson, A. (1983). Human intestinal 
mucosal mast cells: Expanded population in untreated coeliac 
disease. Gut 24, 222-227. 

Strober, W., and James, S. P. (1992). The immunopathogenesis 
of gastrointestinal and hepatobiliary diseases. JAMA 268, 
2910-2917. 

Strober, W., Krakauer, R., Klaeveman, H. L., Reynolds, H. Y., 
and Nelson, D. L. (1976). Secretory component deficiency. A 
disorder of the IgA immune system. N. Engl. J. Med. 294, 
351-356. 

Subar, M., Chadburn, A., and Knowles, D. M. (1991). Gastrointesti-
nal neoplasms in AIDS. In "Gastrointestinal and Nutritional Man-
ifestations of the Acquired Immunodeficiency Syndromes" 
(D. P. Kotler, ed.), pp. 93-117. Raven Press, New York. 

Taylor, L. D., Daniels, C. K., and Schmucker, D. L. (1992). Ageing 
compromises gastrointestinal mucosal immune response in the 
rhesus monkey. Immunology 75, 614-618. 

Tazi, A., Fajac, I., Soler, P., Valeyre, D., Battesti, J. P., and Hance, 
A. J. (1991). Gamma/delta T lymphocytes are not increased in 
number in granulomatous lesions of patients with tuberculosis or 
sarcoidosis. Am. Rev. Resp. Dis. 144, 1373-1375. 

Thaysen, T. E. H. (1932). "Non-Tropical Sprue." Oxford University 
Press, London. 

Thomas, D. W., Sinatra, F. R., and Merritt, R. J. (1981). Random 
fetal alpha! antitrypsin concentration in children with gastrointes-
tinal disease. Gastroenterology 80, 776-782. 

Thomas, F. B., Caldwell, J. H., and Greenberger, N. J. (1973). 
Steatorrhea in thyrotoxicosis: Relationship to hypermotility and 
excessive dietary fat. Ann. Intern. Med. 78, 669-675. 

Thomas, G., and Clain, D. J. (1976). Endemic tropical sprue in 
Rhodesia. Gut 17, 877-887. 

Thompson, H. (1974). The small intestine at autopsy. Clin. Gas-
troenterol. 3, 171-181. 

Tosi, R., Vismara, D., Tanigaki, N., Ferrara, G. B., Cicimarra, F., 
Buffolano, W., Folio, D., and Auricchio, S. (1983). Evidence 

that celiac disease is primarily associated with a DC locus allelic 
specificity. Clin. Immunol. Immunopathol. 28, 395-404. 

Townley, R. R. W., Bhathal, P. S., Cornell, H. J., and Mitchell, 
J. D. (1973). Toxicity of wheat gliadin fraction in coeliac disease. 
Lancet I, 1363-1364. 

Trenthan, D. E., and Masi, A. T. (1976). Systemic lupus erythemato-
sus with protein-losing enteropathy. J. Am. Med. Assoc. 236, 
287-288. 

Trier, J. S. (1989a). Whipple's disease. In "Gastrointestinal Disease" 
(M. H. Sleisenger and J. S. Fordtran, eds.), 4th Ed., pp. 
1297-1306. Saunders, Philadelphia. 

Trier, J. S. (1989b). Celiac sprue. In "Gastrointestinal Disease" 
(M. H. Sleisenger and J. S. Fordtran, eds.), 4th Ed., pp. 
1134-1152. Saunders, Philadelphia. 

Trier, J. S. (1991). Celiac sprue. N. Engl. J. Med. 325, 1709-
1719. 

Trier, J. S., Falchuk, Z. M., Carey, M. C , and Schreiber, D. S. 
(1978). Celiac sprue and refractory sprue. Gastroenterology 75, 
307-316. 

Troncone, R., and Ferguson, A. (1991). An animal model of gluten-
induced enteropathy in mice. Gut 32, 871-875. 

Tsutsumi, A., Sugiyama, T., Matsumura, R., Sueishi, M., Takabay-
ashi, K., Koike, T., Tomioka, H., and Yoshida, S. (1991). Protein 
losing enteropathy associated with collagen diseases. Ann. 
Rheum. Dis. 50, 178-181. 

Twomey, J. J., Jordan, P. H., Jarrold, T., Trubowitz, S., Ritz, 
N. R., and Conn, H. O. (1969). The syndrome of immunoglobulin 
deficiency and pernicious anemia: A study of ten cases. Am. J. 
Med. 47, 340-350. 

Ullrich, R., Heise, W., Bergs, C , L'Age, M., Riecken, E.-O., and 
Zeitz, M. (1992). Effects of ziduvine treatment on the small intesti-
nal mucosa in patients infected with the human immunodeficiency 
virus. Gastroenterology 102, 1483-1492. 

Ullrich, R., Zeitz, M., Heise, W., L'age, M., Höffken, G., and 
Riecken, E. O. (1989). Small intestinal structure and function 
in patients infected with human immunodeficiency virus (HIV): 
Evidence for HIV-induced enteropathy. Ann. Intern. Med. I l l , 
15-21. 

van de Kamer, J. H., Weijers, H. A., and Dicke, W. K. (1953). 
Coeliac disease. IV. An investigation into the injurious constit-
uents of wheat in connection with the reaction on patients with 
coeliac disease. Acta Paediatr. 42, 223-231. 

Vanek, J., and Schwarz, J. (1970). Demonstration of acid-fast rods 
in sarcoidosis. Am. Rev. Respir. Dis. 101, 395-400. 

Van Elburg, R. M., Uil, J. J., Mulder, C. J. J., and Heymans, 
H. S. A. (1993). Intestinal permeability in patients with coeliac 
disease and relatives of patients with coeliac disease. Gut 34, 
354-357. 

VanTongeren, J. H. M., and Majoor, C. L. H. (1966). Demonstration 
of protein-losing gastroenteropathy. The disappearance rate of 
51Cr from plasma and the binding of 51Cr to different serum pro-
teins. Clin. Chim. Acta 14, 31-41. 

Veghelyi, P. (1939). Celiac disease imitated by giardiasis. Am. J. 
Dis. Child 57, 894-902. 

Volberding, P. A., Lagakos, S. W., Koch, M. A., Pettinelli, C , 
Myers, M. W., Booth, D. K., Balfour, H. H., Reichman, R. C , 
Bartlett, J. A., Hirsch, M. S., Murphy, R. L., Hardy, W. D., 
Soeiro, R., Fischl, M. A., Bartlett, J. G., Merigan, T. C , Hyslop, 
N. E., Richman, D. D., Valentine, F. T., Corey, L., and the AIDS 
clinical trials group of NIAID. (1990). Ziduvine in asymptomatic 
human immunodeficiency virus infection: A controlled trial in 
persons with fewer than 500 CD4-positive cells per cubic millime-
ter. N. Engl. J. Med. 322, 941-949. 

Waldman, R. H., and Strober, W. (1969). Metabolism of immuno-
globulins. Progr. Allergy 13, 1-110. 



39 · Malabsorption Syndromes 491 

Waldmann, T. A. (1961). Gastrointestinal protein loss demonstrated 
by 51Cr-labelled albumin. Lancet II, 121-123. 

Waldmann, T. A. (1985). Protein-losing gastroenteropathies. In 
"Bockus Gastroenterology" (J. E. Berk, ed.), 4th Ed., pp. 
1814-1837. Saunders, Philadelphia. 

Walker, W. A., and Bloch, K. J. (1983). Intestinal uptake of macro-
molecules: In vitro and in vivo studies. Ann. N. Y. Acad. Sei. 409, 
593-601. 

Walker, W. A., Wu, M., and Bloch, K. J. (1977). Stimulation by 
immune complexes of mucus release from goblet cells of the rat 
small intestine. Science 197, 370-372. 

Walker-Smith, J. A., Skyring, A. P., and Mistilis, S. P. (1967). Use 
of 51CrCl3 in the diagnosis of protein-losing enteropathy. Gut 8, 
166-168. 

Walker-Smith, J., Harrison, M., Kilby, A., Philips, A., and France, 
N. (1978). Cow's milk-sensitive enteropathy. Arch. Dis. Child 53, 
375-380. 

Wallis, R. S., Vjecha, M., and Amir-Tahmasseb, M. (1993). Synergy 
of Mycobacterium tuberculosis and HIV-1: Enhanced cytokine 
expression and elevated beta-2 microglobulin in HIV-positive tu-
berculosis. J. Infect. Dis. 167, 43-48. 

Watson, A. J., and Wright, N. A. (1974). Morphology and cell kinet-
ics of the jejunal mucosa in untreated patients. Clin. Gastroen-
terol.3, 11-31. 

Webberley, M. J., Hart, M. T., and Melikian, V. (1993). Thromboem-
bolism in inflammatory bowel disease: role of platelets. Gut 34, 
247-251. 

Weber, J. N., Thorn, S., Barrison, I., Unwin, R., Forster, S., Jeff-
ries, D. J., Boylston, A., and Pinching, A. J. (1987). Cytomegalo-
virus colitis and esophageal ulceration in the context of AIDS: 
Clinical manifestations and preliminary report on treatment with 
Foscarnet. Gut 28, 482-487. 

Webster, S. G. P., Wilkinson, E. M., and Gowland, E. (1977). A 
comparison of fat absorption in young and old subjects. Age Aging 
6, 113-117. 

Weiser, M. M., and Douglas, A. P. (1976). An alternative mechanism 
for gluten toxicity in coeliac disease. Lancet I, 567-569. 

Weiser, M. M., Andres, G. A., Brentjens, R. T., Evans, R. T., and 
Reichlin, M. (1981). Systemic lupus erythematosus and intestinal 
venulitis. Gastroenterology 81, 570-579. 

Weiss, J. B., Austin, R. K., Schanfield, M. S., and Kagnoff, M. F. 
(1983). Gluten-sensitive enteropathy: Immunoglobulin G heavy 
chain (Gm) allotypes and the immune response to wheat gliadin. 
J. Clin. Invest. 72, 96-101. 

Welch, K., Finkbeiner, W., Alpers, C. E., Blumenfeld, W., Davis, 
R. L., Smuckler, E. A., and Beckstead, J. H. (1984). Autopsy 
findings in the acquired immunodeficiency syndrome. J. Am. Med. 
Assoc. 252, 1152-1159. 

Werlin, S. L., Chusid, M. J., Caya, J., and Oechler, H. W. (1982). 
Colitis in chronic granulomatous disease. Gastroenterology 82, 
328-331. 

Weser, E. (1976). The management of patients after small bowel 
resection. Gastroenterology 71, 146-150. 

Whimbey, E., Gold, J. W. M., Polsky, B., Dryjanski, J., Hawkins, 
C , Blevins, A., Brannon, P., Kiehn, T. E., Brown, A. E., and 
Armstrong, D. (1986). Bacteremia and fungemia in patients with 
acquired immunodeficiency syndrome. Ann. Intern. Med. 104, 
511-514. 

Whipple, G. H. (1907). A hitherto undescribed disease characterized 
anatomically by deposits of fat and fatty acids in the intestinal 
and mesenteric lymphatic tissues. Bull. Johns Hopkins Hosp. 18, 
382-391. 

White, J. A. M., and King, M. H. (1964). Kaposi's sarcoma 

presenting with abdominal symptoms. Radiology 46, 197-
201. 

Whiteside, M. E., Barkin, J. S., May, R. G., Weiss, S. D., Fischl, 
M. A., and MacLeod, C. L. (1984). Enteric coccidiosis among 
patients with the acquired immunodeficiency syndrome. Am. J. 
Trop. Med. Hyg. 33, 1065-1072. 

Wilde, C. D., and Milstein, C. (1980). Analysis of immunoglobulin 
chain secretion using hybrid myelomas. Eur. J. Immunol. 10, 
462-467. 

Williams, A., Asquith, P., and Stableforth, D. E. (1984). Asthma, 
eczema, seasonal rhinitis and skin atopy in adult coeliac disease. 
Gut 25, A1991. 

Wilson, K. H., Blitchington, R., Frothingham, R., and Wilson, J. A. 
(1991). Phylogeny of the Whipple's-disease-associated bacterium. 
Lancet II, 474-475. 

Working Group of European Society of Pediatric Gastroenterology 
and Nutrition (1991). Revised criteria for diagnosis of coeliac 
disease. Arch. Dis. Child 65, 909-911. 

World Health Organization (1976). Report of WHO meeting of inves-
tigators. Alpha heavy chain disease. Arch. Fr. Mal. App. Dig. 
Malnutr. 65, 591-607. 

Wright, T. L., and Heyworth, M. F. (1989). Maldigestion and malab-
sorption. In "Gastrointestinal Disease" (M. H. Sleisenger and 
J. S. Fordtran, eds.), 4th Ed., pp. 263-282. Saunders, Phila-
delphia. 

Wroe, S. J., Pires, M., Harding, B., Youl, B. D., and Shorvon, S. 
(1991). Whipple's disease confined to the CNS presenting with 
multiple intracerebral mass lesions. J. Neurol. Neurosurg. Psychi-
atry 54, 989-992. 

Wruble, L. D., and Kaiser, M. H. (1964). Diabetic steatorrhea: A 
distinct entity. Am. J. Med. 37, 118-129. 

Yarchoan, R., Klecker, R. W., Weinhold, K. J., Markham, P. D., 
Lyerly, H. K., Durack, D. T. Gelmann, E., Nusinoff-Lehrmann, 
S., Blum, R. M., Barry, D. W., Shearer, G. M., Fischl, M. A., 
Mitsuya, H., and Gallo, R. C. (1986). Administration of 3'-azido-
3'-dexythymidine, an inhibitor of HTLVIII/LAV replication, to 
patients with AIDS or AIDS-related complex. Lancet 1,575-580. 

Yardley, J. B., and Bayless, T. M. (1967). Giardiasis. Gastroenterol-
ogy 52, 301-304. 

Yardley, J. H., Bayless, T. M., Norton, J. H., and Hendrix, T. R. 
(1962). A study of the jejunal epithelium before and after a gluten-
free diet. N. Engl. J. Med. 267, 1173-1179. 

Yolken, R. H., Hart, W., Oung, I., Shiff, C , Greenson, J., and 
Perman, J. A. (1991). Gastrointestinal dysfunction and di-saccha-
ride intolerance in children infected with human immunodefi-
ciency virus. J. Pediatr. 118, 359-363. 

Ziegler, J. L., Beckstead, J. A., Volberding, P. A., Abrams, D. I., 
Levine, A. M. Lukes, R. J., Gill, P. S., Burkes, R. L., Meyer, 
P. R., Metroka, C. E., Mouradian, J., Moore, A., Riggs, S. A., 
Butler, J. J., Cabanillas, F. C, Hersh, E., Newell, G. R., 
Laubenstein, L. J., Knowles, D., Odognyk, C , Raphel, B., 
Koziner, B., Urmacher, C , and Clarkson, B. D. (1984). Non-
Hodgkin's lymphoma in 90 homosexual men: Relation to gen-
eralized lymphadenopathy and the acquired immunodeficiency 
syndrome. N. Engl. J. Med. 311, 565-570. 

Zioudrou, C , Streaty, R. A., and Klee, W. A. (1979). Opioid peptides 
derived from food proteins. J. Biol. Chem. 254, 2446-2449. 

Zone, J. J., Lasalle, B. A., and Provost, T. T. (1980). Circulating 
immune complexes of IgA type in dermatitis herpetiformis. 
J. Invest. Dermatol. 75, 152-155. 

Zora, J. A., O'Connell, E. J., Sachs, M. I., and Hoffman, A. D. 
(1984). Eosinophilic gastroenteritis: A case report and review of 
the literature. Ann. Allergy 53, 45-49. 



_ 4 0 _ 
Food Allergy 

Dean D. Metcalfe 

I. INTRODUCTION 

Food allergy is a term applied to an immunological reaction 
to a food or food additive that occurs only in some individuals 
and is unrelated to a physiological effect of the substance. 
The term "food allergy" is synonymous with the phrase 
"food hypersensitivity." "Food intolerance" is a general 
term describing an abnormal physiological response to an 
ingested food or food additive that is not immunological in 
origin (Anderson, 1986). Under the term "food allergy" are 
several distinct clinicopathological entities, including classic 
immediate reactions to foods, eczema, eosinophilic gastroen-
teritis, and the food-induced enterocolitis syndrome. 

The prevalence of food allergy in the general population 
has not been determined. However, two prospective surveys 
reported that 23-28% of parents believe their children had 
experienced at least one adverse reaction to food (Kayosaari, 
1982; Bock, 1987). After evaluation, only approximately one-
third of the complaints could be reproduced and only 2-4% 
of these children experienced reproducible allergic reactions 
to foods. Similar studies of food allergy are not available in 
adult populations, although allergic reactions to foods in 
adults generally are believed to occur less frequently than 
in children. The prevalence of reactions to food additives, 
assessed by questionnaire and compared with the number 
that could be confirmed by a double-blind challenge in a group 
of 18,582 respondents, has been estimated at 0.01-0.23% 
(Young et al., 1987). In summary, 2-4% of children and even 
fewer adults suffer from food allergies; the prevalence of 
reactions to food additives is less than 1%. 

II. IMMEDIATE REACTIONS TO FOODS 

IgE-mediated immediate hypersensitivity reactions are the 
basis for the majority of allergic reactions to foods. Such 
reactions occur within minutes of consuming a food to which 
a given individual is sensitive. These reactions occur in all 
age groups and may involve multiple target organs. These 
responses appear to be IgE dependent and involve the release 
of chemical mediators of inflammation from mast cells and 
basophils. 

Patients who develop immediate reactions to foods are 
usually atopic to begin with (Atkins et al., 1985). Patients 
who develop food allergies tend to be individuals with severe 

respiratory allergies and a greater number of positive skin 
tests (Fiorini et al., 1990). Thus, patients with food allergies, 
although representing a subgroup of atopic individuals, ap-
pear to have severe allergies in general and more difficulty 
regulating IgE levels in response to environmental antigens. 

A. Pathogenesis 

Immediate hypersensitivity reactions to foods are caused 
by the production of IgE in response to specific food antigens. 
This food-specific IgE then binds to mast cells in the gastroin-
testinal mucosa as well as elsewhere. On subsequent expo-
sure to a specific food antigen, the potential exists for IgE-
dependent mast cell activation. This process is influenced by 
age, digestive processes, and gastrointestinal permeability. 

Both nonspecific and specific barrier systems limit ingress 
of intact proteins. After ingestion, food initially is subjected 
to stomach acid and pepsins, pancreatic enzymes, and intesti-
nal peptidases. Large proteins generally are degraded into 
peptides and amino acids. Mucosal epithelial cells absorb 
amino acids and small peptides. Antigenic proteins and pep-
tides that successfully traverse the mucosal epithelial barrier 
elicit an immune response. This response, in part, leads to 
the secretion of antigen-specific IgA onto the mucosal sur-
face. This IgA further complexes with specific antigens and 
helps prevent their absorption. Abnormalities in these sys-
tems associated with achlorhydria, cystic fibrosis, selective 
IgA deficiency, or immaturity of the gut may result in in-
creased antigenic penetration of the gastrointestinal barrier. 
Substances such as alcohol, aspirin, and tobacco are exam-
ples of exogenous substances that may reduce gastric mucus 
and disrupt the epithelial barrier. 

Clinical evidence supports the concept that food antigens 
do indeed penetrate the normal gastrointestinal tract. When 
65 adults were sensitized intradermally with serum from a fish 
allergic individual and then fed raw fish (Prausnitz-Küstner 
test), 94% developed a wheal-and-flare response at the sensi-
tized site. Reactions developed within 15-60 min of the inges-
tion of fish. No reactions were observed at control sites 
(Brunner and Walzer, 1928). Wilson and Walter (1935) also 
reported that 74% of children sensitized with serum from an 
egg-allergic subject exhibited wheal-and-flare responses at 
sites of sensitization after consuming eggs. Intravenous injec-
tion of the protein nitrogen equivalent of 1/44,000 of a peanut 
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kernel reportedly is sufficient to elicit a wheal-and-flare re-
sponse at a passively sensitized skin site (Walzer, 1942). 

Local mucosal reactions reminiscent of those that follow 
mast cell degranulation in human skin have been reported in 
vivo after passive sensitization of human ileum and colonic 
mucosa. Local reactions after passive sensitization could be 
induced by ingestion or by direct application of the antigen. 
Human jejunal mucosal mast cells also have been reported 
to degranulate in vitro in IgE-dependent reactions (Selbekk 
et al., 1978). 

The increased susceptibility of young infants to food aller-
gic reactions is believed to be the result of both immunological 
immaturity and immaturity of the gastrointestinal barrier. In 
genetically predisposed infants, ingested antigens conse-
quently may stimulate production of food-antigen-specific 
IgE antibodies or other abnormal immune responses. Pro-
spective studies suggest that exclusive breast-feeding pro-
motes the development of oral tolerance and prevents some 
food allergy and atopic dermatitis in infants and young chil-
dren (Zeiger et al., 1989). This protective effect may be the 
result of decreased exposure to foreign proteins, passive pro-
tection provided by breast milk SIgA, and soluble factors in 
breast milk that induce earlier maturation of the gut barrier 
and the infant immune response. 

Several studies have demonstrated increased lymphocyte 
proliferation after food antigen stimulation in vitro in patients 
with food allergy. However, in vitro T-cell responses also 
commonly are found in normal individuals. Whether these 
T-cell responses in vitro represent an immunopathogenic 
marker or simply reflect a response to increased antigen pene-
tration of the gastrointestinal tract is not clear. 

B. Food Allergens 

Only a few foods provoke the majority of immediate hyper-
sensitivity reactions to foods. In children, foods most com-
monly incriminated include egg, milk, peanut, tree nuts, and, 
less commonly, fish, soy, shrimp, and pea (Bock, 1986). 
Other foods also have been incriminated, including wheat, 
chicken, and turkey, leading to the conclusion that many 
individuals under the appropriate circumstances can develop 
IgE-dependent reactions to any one of a number of diverse 

food groups. The prevalence of reactions to specific foods 
depends, in part, on the eating habits of a given population; 
for example, fish allergies appear to be more prevalent in 
Scandinavian countries (Aas, 1966) and soybean allergy is 
more common in Japan (Moroz and Yang, 1980). 

Infants with food allergies tend to outgrow certain food 
sensitivities, particularly those to milk and eggs (Bock, 1982). 
Some adults also may lose food sensitivity if they practice 
rigorous food avoidance for a period of time. Pastorello et 
al. (1989) demonstrated by a double-blind food challenge that, 
out of 10 adults with food sensitivity, 1- to 2-yr avoidance of 
specific foods led to tolerance of the food in 4 patients. Thus, 
at least a subgroup of adults appears to lose the food allergy 
after a period of food avoidance. However, the data also 
show that several adults continued to be sensitive despite 
food avoidance. Further evidence supporting the latter obser-
vation is provided by a study of the natural history of shrimp 
hypersensitivity (Dual et al., 1990). Baseline levels of shrimp-
specific IgE did not appear to be altered in the long term by 
isolated shrimp challenges. 

Several specific food antigens responsible for immediate 
IgE-mediated food reactions have been isolated and charac-
terized, including allergens from codfish (Aas and Jebsen, 
1967; Elsayed and Bennich, 1975), shrimp (Hoffman et al., 
1981; Nagpal et al., 1989), peanuts (Sachs et al., 1981), and 
soybeans (Moroz and Yang, 1980). These water-soluble food 
allergens tend to be relatively resistant to acid and to proteo-
lytic enzymes (Table I). Protein fractions from cow's milk 
and egg also have been examined for antigenicity. Cow's 
milk consists of casein (80%) and whey (20%). ß-Lactoglobu-
lin and á-lactalbumin are the principal proteins in whey, ß-
Lactoglobulin is a glycoprotein with a molecular weight of 
18,263; á-lactalbumin has a molecular weight of 14,174; and 
bovine serum albumin consists of a polypeptide with a molec-
ular weight of 67,000. Positive skin tests have been reported 
to occur in response to casein, á-lactalbumin, /3-lactoglobu-
lin, and bovine serum albumin in milk-allergic children in 
approximately equal numbers (Goldman et al., 1963b). Posi-
tive oral challenges have been reported in response to all 
fractions tested, but ß-lactoglobulin produced the highest rate 
of positive challenges (Goldman et al., 1963a). Individuals 
reactive to egg are usually sensitive to the egg white. Oval-

Table I Common Food Allergens 

Allergen 

Antigen M 
(Gad c I) 

Antigen I 

Antigen II 
(Pen i I) 

Peanut I 

Kunitz soybean 
trypsin inhibitor 

Source 

Codfish 

Shrimp 

Shrimp 

Peanut 

Soybean 

Molecular weight 

12,328 

42,000 

38,000 

20,000; 30,000 

20,500 

Composition 

113 Amino acids, 1 glucose 

Dimer 

96% protein; 4% 
carbohydrate 

Two bands 

Polypeptide chain, two 
disulfide bridges 

Characteristics 

Parvalbumin; chelates 
calcium; relatively acid 
and protease resistant 

Heat labile 

Heat stable 

Relatively acid, protease, 
and heat resistant 

Relatively acid and 
protease resistant 

Reference 

Aas and Jebsen (1967); 
Elsayed and Bennich 
(1975) 

Hoffman et al. (1981); 
Nagpal et al. (1989) 

Sachs et al (1981) 

Moroz and Yang (1980) 
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bumin and ovomucoid are the primary allergens in egg white 
protein. Both are present in uncooked and cooked egg. Conal-
bumin (ovotransferrin) is also allergenic. Lysozyme appears 
to be much less allergenic (Yunginger, 1991). 

Related foods sometimes contain allergens that cross-react 
clinically. Cross-reactive allergens have been reported in cer-
tain foods and pollens, for example, in melons, banana, and 
ragweed pollen; celery and mugwort pollen; and apple, car-
rot, hazelnut, and birch pollen. Food-allergic patients should 
be evaluated by history and/or with oral food challenges to 
determine whether foods within similar food groupings are 
capable of causing clinical reactions. 

G Clinical Manifestations 

Immediate hypersensitivity reactions to food antigens are 
evidenced by a spectrum of signs and symptoms from abdom-
inal pain to anaphylaxis. Reactions are influenced by factors 
including the age of the patient and the quality and quantity 
of food ingested. The presence of other medical problems 
also must be considered. 

The oropharynx is the initial site of exposure to food anti-
gens. Edema and pruritus of the lips, oral mucosa, and phar-
ynx may be reported since the food contacts the mucosal 
surfaces. Such reactions are transient and may not be fol-
lowed by other allergic manifestations. The term' Oral allergy 
syndrome" has been suggested for the clinical situation domi-
nated by oropharyngeal symptoms. The oral allergy syn-
drome consists of the development of oropharyngeal symp-
toms most commonly associated with the ingestion of fruits 
or vegetables. Symptoms include tingling, pruritus, and angi-
oedema of the lips, and occasionally throat tightness, facial 
flushing, and oral mucosal blebs and hoarseness (Enberg, 
1991). Symptoms usually occur within 5-30 min of exposure 
to the inciting food. Foods such as apple, which cross-reacts 
with birch, or watermelon and cantaloupe, which cross-react 
with ragweed, have been suggested to be more likely to in-
duce symptoms. This observation suggests a relationship be-
tween the oral allergy syndrome and allergic rhinitis. How-
ever, oropharyngeal symptoms may be a prelude to other 
symptoms of food allergy. 

Entry of food into the stomach and intestine may result 
in nausea, cramping, pain, abdominal distension, vomiting, 
flatulence, and diarrhea. Symptoms of gastrointestinal 
involvement may be the only expression of food hypersensi-
tivity. However, this condition alone is unusual. 

Food allergy usually also is expressed in one or more 
extraintestinal target tissues. The basis of reactivity of one 
system over another has not been determined. The skin is a 
common target organ in food allergy. Skin reactions consist of 
acute urticaria, acute angioedema, and, much less frequently, 
chronic urticaria. In one study of adults with recurrent urti-
caria, food allergy was demonstrated as the cause in only 
1.4% (Champion et al., 1969). Clinically significant food hy-
persensitivity has been estimated to exist in approximately 
20% of children and 10% of adults with atopic dermatitis 
(Hanifin, 1984). Because of the unique features of eczema, 
this condition is discussed in a separate section. Asthma and 

rhinitis secondary to food hypersensitivity are more common 
in children (Bock et al., 1978) than in adults (Van Metre et 
al., 1968). 

Systemic anaphylaxis associated with allergy to ingested 
foods generally occurs within 1-30 min but rarely has been 
reported hours after ingestion of the offending food (Golbert 
et al., 1969). The first anaphylactic episode may be unex-
pected or may be preceded by minor symptoms such as 
abdominal discomfort or urticaria on previous exposure to 
the food. Anaphylaxis may be evidenced clinically by tongue 
itching and swelling, palatal itching, throat itching and tight-
ness, wheezing and cyanosis, chest pain, urticaria, angi-
oedema, abdominal pain, vomiting, diarrhea, hypotension, 
and shock. Severe life-threatening reactions most often are 
associated with the ingestion of peanuts, nuts, fish, and Crus-
tacea. Fatal reactions from the onset may progress rapidly 
or begin with mild symptoms and then progress to cardiore-
spiratory arrest and shock over 1-3 hr. Systemic anaphylaxis 
also has been reported only after ingestion of food followed 
by exercise. In some cases, symptoms occur only after eating 
certain foods but in other individuals no specific food can be 
identified, although the association of the meal with exercise 
did predispose to anaphylaxis (Dohi et al., 1991). 

D. Laboratory Procedures 

Laboratory procedures supporting the diagnosis of food 
hypersensitivity rely on the identification of antigen-specific 
IgE to water-soluble allergens in extracts of foods. In the 
case of skin testing, the IgE examined is fixed to skin mast 
cells. In vitro tests identify antigen-specific IgE in serum. 
Laboratory tests such as total IgE determinations and eosino-
phil counts do not correlate with immediate hypersensitivity 
reactions to foods. 

Skin testing with food extracts consists of the application 
of extracts to the dermis. Such testing is the most reliable 
method of demonstrating specific IgE antibodies. The routine 
method is the puncture or prick skin test, in which a drop of 
food extract is placed on the skin. The skin is then punctured 
through the drop with a sterile needle. Extracts for testing 
usually are supplied as 1:20 w/v extracts in 50% glycerine. 
Skin testing using 1:1000 or 1:100 w/v extracts may be per-
formed by the intradermal technique. However, intradermal 
tests are more likely to produce clinically irrelevant positive 
tests (Bock et al., 1977) and are associated with a higher 
frequency of systemic reactions that, in rare instances, have 
been fatal. Allergic reactions to foods are unusual in the 
face of negative skin tests (false negatives). Food extracts 
including nuts, egg, milk, soy, and fish induce reactions that 
correlate reliably with allergic manifestions. Patients should 
never be advised that they are allergic to certain foods solely 
on the basis of positive skin tests, because skin tests may be 
positive in the absence of symptomatic food allergy (false-
positive tests). In cases of the oral allergy syndrome, the use 
of extracts of fresh fruits and vegetables is often necessary to 
exclude IgE-mediated food hypersensitivity. Skin testing is 
not feasible or recommended in some clinical situations. 
Thus, in patients with extensive skin disease or significant 



496 Dean D. Metcalfe 

and prolonged dermatographism, or in patients in whom ex-
posure to minute quantities of a specific food resulted in 
a life-threatening reaction, in vitro diagnostics are used to 
demonstrate food-allergen-specific IgE. 

The radioallergosorbent test (RAST) is an in vitro test 
that is considered less sensitive than skin testing. Although 
modifications of the RAST procedure have been made, all 
involve antigens coupled to a solid phase (e.g., paper disk). 
Patient sera are reacted with the solid phase and, after wash-
ing, the amount of bound IgE antibodies is calculated by 
adding labeled anti-human IgE antibodies. The enzyme-
linked immunosorbent assay (ELISA) is a variation on this 
theme. The amount of antigen that binds to the plastic surface 
of a microtiter plate used in the ELISA assay is generally 
lower than that bound by coupling in the RAST. Thus, the 
number of available antibody sites may be lower and the test 
may be more subject to inhibition by antigen-specific IgG. 

Basophil degranulation tests sometimes are employed in 
the evaluation of allergic reactions to foods. In this test, 
heparinized venous blood (or separated blood leukocytes) is 
incubated with extracts of suspected foods. Histamine will 
be released into the supernatant fluid and may be measured 
as an index of reactivity if antigen-specific IgE is present on 
the basophils that interacts with allergens in the added food 
extract. Basophil degranulation tests are comparable in out-
come to the RAST. Interestingly, a high spontaneous in vitro 
release of histamine from basophils occurs in subjects allergic 
to foods who ingest them on a frequent basis (Sampson et 
ai, 1989). 

E. Diagnosis 

The evaluation of a possible food allergy uses medical 
history, physical examination, and relevant laboratory stud-
ies. Reactions or diseases that sometimes mimic food allergy 
must be eliminated. The diagnosis in some instances must 
be confirmed by double-blind food challenge. 

A comprehensive history of each reaction is obtained first, 
including its clinical features, severity, duration, extent, and 
response to therapeutic intervention. The patient should be 
questioned to determine whether the reaction was associated 
with exercise. Details on how the food was prepared, includ-
ing whether it was consumed raw or cooked, must be deter-
mined. A suspected food may fail to lead consistently to an 
allergic reaction. Reasons for this inconsistency include the 
amount consumed (larger amounts are more likely to induce 
reactions), the presence of other simultaneously ingested 
foods that may delay digestion, and the possibility that con-
comitant medications such as antihistamines may have 
masked the reaction. When evaluating an adverse reaction 
to a food, the patient and physician must consider a number of 
other diseases, anatomic defects, and reactions to additives, 
toxins, and contaminants that may in some way mimic an 
allergic reaction (Table II). 

Several enzyme deficiencies mimic or may complicate gas-
trointestinal inflammatory diseases. For instance, abdominal 
cramps, bloating, and diarrhea accompany the ingestion of 
milk and milk products in individuals with lactase deficiency. 

Table II Differential Diagnosis of Food Allergy* 

Enzyme deficiencies 
Lactase deficiency 
Sucrase deficiency 
Phenylketonuria 

Gastrointestinal disease 
Hiatal hernia 
Peptic ulcer 
Gallbladder disease 
Postsurgical dumping 

syndrome 
Neoplasia 
Inflammatory bowel disease 
Pancreatic insufficiency 

Additives and contaminants 
Dyes 

Tartrazine 
Exogenous chemicals 

Monosodium glutamate 
Sulfiting agents 
Nitrates and nitrites 
Antibiotics 

Endogenous chemicals 
Caffeine 
Tyramine 
Phenylethylamine 
Theobromine 
Tryptamine 
Alcohol 
Histamine 

Toxins 
Bacterial toxins 

Botulinum 
Staphylococcal toxin 

Endogenous toxins 
Certain mushrooms— 

alpha-amanitine 
"Shellfish"—saxitoxin 
Ichthyotoxin 

Fungi 
Aflatoxin 
Ergot 

Physiological reactions 
Bulemia 
Anorexia nervosa 

a Adapted with permission from Sampson and Metcalfe (1991). 

Deficiencies such as galactose-4-epimerase (galactosemia) 
may be diagnosed in infancy as a result of vomiting and 
diarrhea after milk ingestion. Cystic fibrosis initially may 
be confused with a food-induced malabsorption syndrome 
because of associated pancreatic enzyme deficiency. 

Symptoms accompanying a number of gastrointestinal dis-
eases initially may be attributed to food allergies. Chronic 
cough and wheezing secondary to aspiration may occur with 
hiatal hernia, pyloric stenosis, and, rarely, an H-type tracheo-
esophageal fistula. Overfeeding and chalasia are estimated 
to occur in up to 50% of newborns and result in vomiting 
associated with feeding (Sampson and Metcalfe, 1991). Par-
ticularly in adults, abdominal pain following meals may be 
due to peptic ulcer disease or cholelithiasis. 

Drugs, dyes, additives, bacteria, and bacterial products 
occasionally are present in foods. Milk from cattle has been 
contaminated with bacitracin, penicillin, and tetracycline 
used to treat bovine diseases. Tartrazine yellow (FD&C Yel-
low Dye No. 5) is a rare cause of hives. Sulfiting agents used 
to reduce spoilage of such foods as lettuce and shrimp; to 
inhibit undesirable microorganisms during fermentation, as 
in wine making; to sanitize food containers; and to prevent 
oxidative discoloration of foods have been demonstrated to 
induce problems reminiscent of allergic diseases (Taylor et 
al.t 1991). Foods that may have higher amounts of sulfiting 
agents include salads, dehydrated potatoes, fruits, vegeta-
bles, wines, shrimp and other seafood, baked goods, tea 
mixes, and vegetable and fruit juices. Asthmatic patients in 
some instances experience wheezing and associated anaphy-
lactoid symptoms and signs after challenge with potassium 
metabisulfite (Stevenson and Simon, 1981). Monosodium glu-
tamate in sufficient quantity (usually greater than 6 g) can lead 
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to a transient syndrome consisting of a warmth or burning 
sensation (especially over the head and shoulders), stiffness 
or tightness, extremity weakness, pressure, tingling, head-
ache, light-headedness, and gastric discomfort, occurring ap-
proximately 15 min after ingestion. Monosodium glutamate 
also is said to induce wheezing in some asthmatics (Allen, 
1991). 

Toxins ingested in foods may induce signs and symptoms 
closely resembling allergic reactions. In scombroid poison-
ing, ingestion of fish containing high levels of histamine is 
followed shortly by symptoms including diffuse erythema 
and headaches. Scombroid fish commonly implicated include 
tuna, skipjack, and mackerel. Nonscombroid fish implicated 
include mahi mahi, sardines, anchovies, and herring (Saave-
dra-Delgado and Metcalfe, 1993). Ciguatera poisoning is seen 
especially in the Caribbean and Pacific islands. Symptoms 
include tingling of the lips, tongue, and throat, followed by 
nausea, vomiting, abdominal pain, diarrhea, headache, and 
chills, fever, and myalgias. The toxin is produced by algae 
that are eaten by small herbivores off the reef; these in turn 
are consumed by carnivorous fish. Paralytic shellfish poison-
ing is caused by ingestion of bivalve mollusks (especially 
mussels, clams, oysters, and scallops) contaminated with 
dinoflagellates of the genus Gonyaulax, which produce neuro-
toxins. When these dinoflagellates "bloom," they lead to a 
red to reddish-brown discoloration of the water known as a 
"red tide." Amnesic shellfish poisoning is an acute illness 
characterized by gastrointestinal symptoms and neurological 
abnormalities including seizures, coma, disorientation, and 
loss of memory after the ingestion of mussels. This disease 
is caused by domoic acid, a potent neurotoxin produced by 
the bloom of the pennate phytoplanktonic diatom Nitzia 
pungens. 

If the relationship between ingestion of foods and symp-
toms is unclear, elimination diets may be warranted. The 
possibility of establishing a diagnosis by the use of such diets 
is higher when fewer foods are responsible for the symptoms. 
Elimination diets followed by the return of suspect foods to 
the diet should be applied only in situations in which symp-
toms are not life-threatening, as in chronic hives or rhinitis. 
Before any elimination diet is initiated, the patient should 
remain on the usual diet for 1-2 wk. During that time, the 
patient records the type and amounts of foods ingested and 
the occurrence and character of adverse reactions. This rec-
ord is useful in searching for suspect foods and in establishing 
baseline symptoms against which the success or failure of 
elimination diets can be measured. If symptoms fail to appear 
within this baseline period, the occurrence of symptoms is 
too infrequent to be appreciated during the period of an elimi-
nation diet. If no more than a few foods are suspected to 
cause the symptoms, the initial elimination diet may consist 
of removing these foods. 

If removal of selected foods from the diet is not successful 
in eliminating symptoms or if symptoms are unlikely to be 
caused by foods, as in chronic urticaria, a severely limited 
diet sometimes is warranted. Severe elimination diets, espe-
cially in children, are used for only short periods. Extensive 
elimination diets for infants under 3 months of age consist 
of milk substitute alone; for 3-6 months of age, milk substi-

tute and rice cereal; for 6 months to 2 yr, milk substitute with 
vitamin supplement, rice cereal, applesauce, pears, carrots, 
squash, and lamb (Crawford, 1980); and for older children 
and adults, lamb and rice. Continuation of symptoms while 
patients are on restricted diets indicates that the symptoms 
are not caused by foods. If symptoms resolve on the restricted 
diet, resumption of a normal diet should be accompanied by a 
return of symptoms; subsequent resumption of the restricted 
diet should alleviate these symptoms. Such cycling reproduc-
ibly should eliminate or provoke symptoms to allow the con-
clusion that symptoms are caused by foods. If a relationship 
to diet is established, foods, representing food groups eaten 
by the patient during the control period should be returned 
individually to the diet in normal amounts at intervals of 
3-4 days. Foods returned to the diet without induction of 
symptoms remain in the diet. Foods provoking symptoms 
are removed until the procedure is completed. If resumption 
of symptoms is associated with the introduction of specific 
foods, this cause-and-effect relationship must be verified by 
the disappearance of symptoms on elimination of that food. 

Double-blind placebo-controlled food challenge (DBP-
CFC) is the diagnostic procedure by which other diagnostic 
approaches are judged. DBPCFC is employed in difficult 
cases in children and adults (Bock et al., 1988). Before 
DBPCFC, suspect foods should be eliminated for 10-14 days. 
Antihistamines are discontinued long enough to establish a 
normal histamine skin test. Other medications are minimized 
to levels sufficient to prevent breakthrough of acute symp-
toms. The food challenge is administered in a fasting state, 
starting with a dose unlikely to provoke symptoms. The dose 
is then doubled every 30-60 min or more, depending on the 
type of reaction suspected and the length of time required 
to produce symptoms. Once the patient has tolerated 10 g 
lyophilized food blinded in capsules or liquid, clinical reactiv-
ity generally is ruled out. If the blinded challenge is negative, 
the food must be given openly in usual quantities under obser-
vation to rule out the rare false-negative challenge. To control 
for a variety of confounding factors, an equal number of 
placebo and food antigen challenges is necessary; the order 
of administration should be randomized. DBPCFCs should 
be conducted in a clinic or hospital setting, especially if an 
IgE-mediated reaction is suspected, only if trained personnel 
and equipment for treating systemic anaphylaxis are present 
and only with informed consent. 

The diagnosis of food allergy is dependent on the history, 
selective skin tests or RASTs, an appropriate exclusion diet, 
and blinded provocation. No evidence at this time suggest 
any diagnostic value for food-specific IgG or IgG4 antibody 
levels, measurement of food antigen-antibody complexes, 
evidence of lymphocyte activation or sublingual or intracuta-
neous provocation. In gastrointestinal disorders in which pre-
and post-challenge biopsy studies are performed for diagno-
sis, blinded challenge may not be essential. 

F. Therapy 

The only proven therapy for food allergy is strict elimina-
tion of the offending allergen. However, severe elimination 
diets may lead to malnutrition or eating disorders, and should 
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be instituted only with nutritional guidance. Patients must 
learn to read and understand food labels to detect hidden food 
allergens. Clinical reactivity to food allergens is generally 
specific. Patients rarely react to more than one member of 
a botanical family or animal species. No appropriately de-
signed trial has demonstrated clear efficacy for the use of 
prophylactic medications, injection immunotherapy, oral de-
sensitization, or subcutaneous provocation and neutraliza-
tion in the prevention of allergic reactions to foods. 

A patient sometimes may consume a food inadvertently 
to which he or she is sensitive. Treatment for a specific 
symptom that results from inadvertent exposure is the same 
as that employed when other factors provoke symptoms. 
Thus, laryngeal or pulmonary symptoms following an inad-
vertent food exposure should be treated immediately with 
epinephrine, bronchodilator therapy, or both. The treatment 
of food-induced anaphylaxis is essentially the same as that 
for anaphylaxis caused by a medication or insect sting. A 
patient with potential anaphylactic reactivity should be 
taught to self-administer epinephrine, and should have an 
epinephrine-containing syringe and an antihistamine avail-
able at all times. For children, day care centers and schools 
should have a list of emergency telephone numbers with 
back-ups to be called in case of incident. Note that a patient 
may exhibit only mild symptoms in the first few minutes after 
ingesting a food to which he or she is allergic, but these may 
be followed 10-60 min later by hypotension and other severe 
problems. Following self-medication for systemic reactions, 
the patient should seek medical attention immediately. All 
patients with IgE-mediated food allergy should be warned 
about the possiblity of developing a severe anaphylactic reac-
tion and should be educated in the appropriate treatment 
measures to be taken in case of an accidental ingestion (Samp-
son and Metcalfe, 1992). 

III. ATOPIC DERMATITIS AND 
FOOD ALLERGENS 

A. Pathogenesis 

Atopic dermatitis is a form of eczema that usually has 
its onset in infancy. The rash is a pruritic, erythematous, 
papulovesicular eruption that progresses to a scaly lichenified 
state. The dermatitis tends to be relapsing. Atopic dermatitis 
involves the cheeks and extensor surfaces of the arms and 
legs of infants. In young children, the condition tends to 
involve flexor surfaces; in teenagers and young adults, the 
flexor surfaces, hands, and feet are involved. The association 
with other atopic disease is remarkable; 50-80% of children 
with atopic dermatitis develop allergic rhinitis or asthma. In 
addition, 60-70% of children with atopic dermatitis have a 
family history of allergic rhinitis or asthma (Marsh et al., 
1981). In children with atopic dermatitis, approximately one-
third can be found to have food-related hypersensitivity reac-
tions (Sampson, 1989). 

The histological findings in atopic dermatitis depend on 
the chronicity of the lesion. Acute lesions demonstrate intra-
cellular edema (spongiosis) and an inflammatory infiltrate of 

mononuclear cells in the upper dermis. Chronic lesions show 
epidermal thickening, increased numbers of mast cells, and 
decreased numbers of sebaceous glands (Mihn et al., 1976). 
Dermal deposits of major basic protein have been described 
(Leiferman et al., 1985). The serum IgE is elevated in most 
patients with atopic dermatitis. On average, serum IgE levels 
are higher in patients with atopic dermatitis than in patients 
with allergic rhinitis or asthma. The serum IgE level typically 
remains elevated regardless of the clinical state of the atopic 
dermatitis, although some patients have demonstrated a de-
crease in serum IgE with healing or remission of their skin 
lesions. 

A relationship between food allergy and atopic dermatitis 
is supported by the demonstration of rises in plasma hista-
mine after positive oral food challenges in children with atopic 
dermatitis (Sampson and Jolie, 1984). A relationship of food 
hypersensitivity to atopic dermatitis also is supported by 
the results of DBPCFCs in 113 children with severe atopic 
dermatitis (Sampson and McCaskill, 1985). In this study, 
56% of the children exhibited positive food challenges, as 
manifested by signs and symptoms that included diffuse pru-
ritic erythematous or morbilliform rash, nausea, vomiting, 
abdominal pain, diarrhea, and bronchospasm. Significantly, 
egg, peanut, and milk accounted for 42%, 19%, and 11%, 
respectively, of the positive food challenges. Soy, wheat, 
fish, chicken, pork, beef, and potato each accounted for 5% 
or less. When 31 patients were placed on a restrictive diet 
for 1-2 yr, approximately 40% of the individuals with intitial 
positive food challenges no longer exhibited a positive chal-
lenge; most of them showed improvement in their atopic 
dermatitis. 

B. Clinical Manifestations 

Acute lesions of atopic dermatitis are characterized by 
erythematous papules, edema, and weeping whereas chronic 
lesions appear scaly with thickening and hyperpigmentation. 
Typically, the lesions are preceded by an intense pruritis, 
resulting in the classic description of "the itch that rashes." 
Approximately 60% of atopic dermatitis is manifested during 
the first year of life; 95% is seen by 5 years of age. In infants, 
the lesions predominate in the head and neck region, whereas 
lesions in the flexural regions of the popliteal and antecubital 
fossae predominate in older children. Atopic dermatitis can 
have a fluctuating course with improvement of symptoms 
in the spring and summer. Children with onset of atopic 
dermatitis after 2 years of age generally have a worse progno-
sis. In severe cases of atopic dermatitis, 70% have had persis-
tence of their symptoms for 20 years. Overall, 90% of patients 
with atopic dermatitis can expect improvement of their symp-
toms with time. 

C. Diagnosis 

Demonstration of the relationship between immediate re-
actions to foods and eczema requires the elicitation of posi-
tive skin tests to foods in question as well as clinical reactions 
in response to these foods on oral food challenge. Associating 
specific food allergies with atopic dermatitis is difficult. Many 
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foods that provoke skin symptoms during a double-blind chal-
lenge do not provoke obvious symptoms when the patients 
consume them on a regular basis. Urticaria is uncommon in 
children with atopic dermatitis exacerbated by food allergies. 

The avoidance of foods shown to induce a positive re-
sponse on double-blind controlled challenge leads to substan-
tial improvement in the disease. Once a specific food allergen 
has been avoided for 6-12 months and the patient's skin 
largely has returned to a normal state, the re-administration 
of these foods often will precipitate urticarial skin lesions 
rather than the morbilliform rash that is seen during challenge 
procedures during active atopic dermatitis. 

The differential diagnosis of atopic dermatitis includes seb-
orrheic dermatitis, contact dermatitis, candidiasis, and histio-
cytosis X. Similar skin lesions also may be seen in patients 
with the Wiskott-Aldrich syndrome, ataxia telangiectasia, 
phenylketonuria, X-linked infantile agammaglobulinemia, 
the syndrome of elevated serum IgE with recurrent furuncu-
losis, and the hyper-IgE syndrome. Initially, the rash of 
acrodermatitis enteropathica from zinc deficiency may be 
confused with atopic dermatitis, although its characteristic 
distribution, other associated symptoms, and a history of a 
deficient zinc intake allow for differentiation. 

D. Treatment 

When exacerbation of atopic dermatitis has been docu-
mented to be related to a specific food allergen, that food 
should be eliminated from the diet. Symptomatic control of 
pruritis may be attempted with antihistamines. In severe 
cases, a brief application of a topical steroid to control a 
flare of the disease may be warranted. When an infection is 
suspected, an antistaphylococcal antibiotic may be pre-
scribed. Other general measures include avoidance of irri-
tants, such as soaps and wools, as well as of trauma, as from 
scratching. Maintenance of skin hydration is an important 
component of therapy. 

IV. FOOD PROTEIN-INDUCED 
GASTROENTEROPATHY 

Food protein-mediated gastroenteropathy is a disease of 
infants and children in which a hypersensitivity reaction to 
a food protein results in damage to the intestinal mucosa and 
mucosal dysfunction. The best-known food protein gas-
troenteropathy is that induced by cow's milk protein (Kuitu-
nen et al., 1975; Lake, 1991). Soy protein gastroenteropathy 
also has been identified and has a similar clinical and histologi-
cal pattern (Ament and Rubin, 1972). Intolerances to egg, 
fish, rice, and chicken have been reported (Iyngkaran et al., 
1982; Victoria^«/., 1982). 

A. Pathogenesis 

The pathogenesis of food protein-mediated gastroentero-
pathy is unknown. The disease typically resolves with age. 
Thus, the immaturity of the infant gastrointestinal mucosa 
and immune system appears to be a factor. Immaturity or 
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disruption of the normal gastrointestinal mucosal barrier may 
allow for sensitization to intact food antigens, as suggested 
by the observation that a protein gastroenteropathy may fol-
low an acute episode of gastroenteritis (Jackson et al., 1983). 
Likewise, a transient deficiency of secretory Ig A may allow 
more food antigen access to the gastrointestinal mucosa. 
Histological examination of intestinal biopsies of untreated 
children with food protein-induced gastroenteropathy has 
shown an increased number of plasma cells, lymphocytes, 
eosinophils, and neutrophils in the mucosa and between epi-
thelial cells, consistent with an evolving immune reaction. A 
cell-mediated delayed hypersensitivity mechanism has been 
supported by the demonstration of an in vitro lymphoblastic 
transformation to á-lactalbumin and ß-lactoglobulin in 38% 
of 45 children (1-34 months of age) with cow's milk protein 
gastroenteropathy. This result compares with a rate of 9.5% 
in a similar age-matched control group (Scheinmann et al., 
1976; Savilahti and Verkasala, 1984). 

The role of antibody in the pathogenesis of cow's milk 
protein gastroenteropathy is unclear. At birth, virtually no 
infants exhibit serum antibodies against cow's milk proteins 
but, by age 2 years, 95% of formula-fed children exhibit IgA 
and IgG antibodies against these antigens. Total serum IgE 
is often normal, and IgE specific to cow's milk protein is 
usually absent in affected children (Danneus and Johansson, 
1979). Antibodies to cow's milk proteins also have been found 
in stools of normal children, those recovering from acute 
gastroenteritis, and those with cow's milk protein gastroent-
eropathy (Davis et al., 1970). 

B. Clinical Manifestations 

The predominant symptoms of food protein-mediated gas-
troenteropathy are vomiting, diarrhea, malabsorption re-
sulting in growth failure, and gross or occult stool blood loss 
resulting in anemia. Subtle symptoms such as irritability or 
colic may be the initial manifestations in some infants. Symp-
toms usually appear within 1 month of introducing cow's milk 
or a cow's milk-based formula into the diet. Gross intestinal 
bleeding may occur in infants aged 1-5 wk that may mimic 
necrotizing enterocolitis. Resolution of the intestinal bleeding 
occurs 24-48 hr after removal of milk from the diet. Radio-
logic features of four infants with gross intestinal bleeding 
secondary to cow's milk consumption suggested segmental 
colitis with short segment colonic spasm as well as mucosal 
ulceration in two of the four infants (Swischuk and Hayden, 
1985). Occult intestinal bleeding in infants 4-12 months of 
age can result in a hypochromic microcytic anemia, in which 
associated occasional protein-losing gastroenteropathy may 
cause periorbital and gross edema from hypoproteinemia. 
Gastrointestinal blood loss results in iron deficiency anemia 
with guaiac-positive stools. Carbohydrate malabsorption 
may be present secondary to an intestinal mucosal injury, as 
is manifested by stools containing reducing sugars (lactose 
or sucrose) as well as by a low stool pH. Eosinophilia may 
be present in some patients. An unusual manifestation of milk 
hypersensitivity has been described in which precipitating 
antibodies to cow's milk protein is associated with chronic 
pulmonary disease (Heiner's syndrome) in children (Heiner 
etal., 1962). 
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C. Diagnosis 

The diagnosis of cow's milk protein hypersensitivity re-
quires the demonstration of a relationship between ingestion 
of cow's milk and symptomatology consistent with intestinal 
damage. In children exhibiting diarrhea and malabsorption, 
biopsy of the small intestine usually reveals villous atrophy, 
primarily in the jejunum. In some children only the colon is 
involved, manifesting as colitis (Lake, 1991). 

Histological evaluation of the intestinal mucosa may be 
unrevealing in mild cases or may resemble celiac disease. In 
such instances, oral challenge with cow's milk protein may 
allow confirmation of the diagnosis. A lactose tolerance test 
should be performed to rule out lactase deficiency. (If a soy 
protein gastroenteropathy is being evaluated, a sucrose toler-
ance test should be performed, since the carbohydrate source 
in soy formula is sucrose; Ament, 1972). This tolerance test 
is followed by an oral challenge that is not blinded. The 
child's stool is carefully followed for weight, presence of 
blood, pH, and reducing substances. A volume greater than 
20 g/kg/day, appearance of blood, or the development of 
carbohydrate malabsorption as demonstrated by a stool pH 
below 6.0 or a positive test for reducing sugars is sufficient 
evidence of cow's milk hypersensitivity. A second approach 
is to demonstrate a reproducible clinical response in a 48-hr 
period to three separate cow's milk challenges, with total 
resolution of symptoms after withdrawal of milk. 

D. Treatment 

Treatment is dependent on removal of milk or other sensi-
tizing protein from the child's diet. An elemental formula or 
formulation or total parenteral nutrition may be required to 
allow repair of and return of normal function to the gastroin-
testinal mucosa. Reintroduction of offending protein may be 
attempted, since protein-mediated gastroenteropathy typi-
cally resolves by 18-24 months of age (Walker-Smith, 1986). 

V. EOSINOPHILIC GASTROENTERITIS 

Eosinophilic gastroenteritis is a disease characterized by 
eosinophilic infiltration of the gastrointestinal wall, peripheral 
eosinophilia, and gastrointestinal symptoms. The sites of 
involvement of eosinophilic gastroenteritis include the esoph-
agus, stomach, small intestine, colon, and, rarely, extraintes-
tinal organs. Approximately half the cases have allergic fea-
tures and may be related to food allergy. 

The true incidence of eosinophilic gastroenteritis is not 
known. Males are affected slightly more often than females. 
Eosinophilic gastroenteritis may occur at any age, although 
the peak age of onset is in the third decade. Most individuals 
with food-dependent disease are under the age of 20 years 
(Johnstone and Morrison, 1978; Thounce and Tanner, 1985). 

A. Pathogenesis 

The cause of eosinophilic gastroenteritis is largely un-
known, although an IgE-dependent, mast cell-mediated 
mechanism has been advocated as the immunological basis 
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of this disorder in some patients with an immunological reac-
tion to food antigen (Caldwell et al., 1978). Atopic diseases, 
such as childhood food allergies, eczema, allergic rhinitis, 
bronchial asthma, and urticaria, and a positive family back-
ground for allergy are common in patients with eosinophilic 
gastroenteritis. Moreover, many patients have peripheral eo-
sinophilia, an elevated serum IgE level, and positive RASTs 
for specific IgE antibodies to food antigens. Results of RASTs 
or skin tests may be accompanied by a symptomatic response 
to food challenge (Caldwell et al., 1979). 

Participation of a similar allergic mechanism has been dem-
onstrated in cow's milk allergy in childhood. Some children 
with severe milk allergy present with iron-deficiency anemia 
and hypoprotenemia, demonstrating that ingested bovine 
milk protein may cause protein and fat malabsorption. Milk 
challenge results in an increase of IgE-positive plasma cells, 
mast cell degranulation, and an infiltration of eosinophils in 
the small intestinal mucosa (Oyaizu et al., 1985). Eosinophils 
infiltrating the bowel mucosa are both activated and degranu-
lated; in this way, they may induce tissue damage by releasing 
eosinophil major basic protein (Keshavarzian, 1985). An ul-
trastructural study of mucosal eosinophils obtained from 
damaged duodenum also has shown that the electron core 
density of eosinophil granules is inverted or absent, and tubu-
lovesicular structures appear. Major basic protein is detected 
diffusely in the matrix of eosinophil granules and outside of 
granules in tight association with extragranular membrane 
formations. In contrast, eosinophil cationic protein and eosin-
ophil peroxidase normally are distributed in the granular ma-
trix, supporting a selective release of eosinophil mediators 
and a role for major basic protein in tissue damage in eosino-
philic gastroenteritis (Torpier et al., 1988). Indeed, many 
pediatric cases of food protein intolerance, such as milk pro-
tein or soy protein intolerance, have been classified as allergic 
gastroenteropathy when convincing evidence of an allergic 
mechanism was available and when the clinical findings were 
those of eosinophilic gastroenteritis. In these cases, the elimi-
nation of the incriminated food antigen frequently resulted 
in improvement (Katz et al., 1984). 

All patients with eosinophilic gastroenteritis, however, are 
not atopic, and all cases cannot be explained by food allergy. 
Only approximately half the patients with eosinophilic gastro-
enteritis have findings consistent with atopy. Many patients 
show no personal or family history of allergy, no positive 
skin tests for food allergens, no elevation in serum IgE, and 
no adverse reactions to foods. Even in patients who have 
suspected food allergies, sequential withdrawal of various 
food substances may fail to provide amelioration of symp-
toms, and a poor correlation may exist between the results 
of skin tests to specific food antigens and the results of an 
elimination diet. In addition, most patients show no abnor-
mality after extensive immunological studies, including se-
rum IgE, IgM, and Ig A levels; complement levels; lympho-
cyte quantification; and lymphocyte responses to nonspecific 
mitogens (Elkon et al., 1977). 

B. Clinical Manifestations 

Patients with eosinophilic gastroenteritis experience post-
prandial nausea with vomiting, abdominal pain, diarrhea, 
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steatorrhea, and weight loss in the adult or growth failure in 
the child. Both weight loss and growth failure are associated 
with malabsorption or a restricted caloric intake. Radiologie 
findings may reveal mucosal edema and coarsening with nod-
ularity of the folds of the small bowel (Goldberg et al., 1973). 
Muscular disease can precipitate abdominal distress with 
vomiting from proximal small bowel obstruction. Radiologie 
features in such cases include evidence of pyloric narrowing 
and obstruction. Small bowel obstruction is unusual in chil-
dren. Subserosal disease results in ascites with a marked 
eosinophilia. 

C. Diagnosis 

Significant mucosal disease typically presents with evi-
dence of iron-deficiency anemia, hypoalbuminemia, and 
hypogammaglobulinemia secondary to a protein-losing gas-
troenteropathy, steatorrhea, and an eosinophilic leuko-
cytosis. Multiple positive skin tests in response to food ex-
tracts may be present. The mucosal form of eosinophilic 
gastroenteritis disease may be confused with celiac disease, 
regional enteritis, neoplasms (lymphoma), polyarteritis no-
dosa, parasites, the hypereosinophilic syndrome, or another 
protein-losing gastroenteropathy (Robert et al., 1977; 

Greenberger and Gryboski, 1978). The diagnosis of eosino-
philic gastroenteritis is established with a gastrointestinal 
biopsy, demonstrating an eosinophilic infiltration of the gas-
trointestinal wall (Figure 1). Examination of the stool may 
reveal Charcot-Leyden crystals. An impaired D-xylose ab-
sorption secondary to damage of the intestinal mucosa can 
be present (Cello, 1979). 

Eosinophilic gastroenteritis in children may be difficult to 
differentiate from a transient cow's milk gastroenteropathy 
of infancy. In a study of 12 children with symptoms and 
diagnostic findings of eosinophilic gastroenteritis, two groups 
were clinically distinguishable (Katz et al., 1984). One group 
of children, all of whom were less than 1 year of age and had 
no IgE antibodies to milk protein antigens, responded to 
withdrawal of milk from their diet with resolution of their 
symptoms. The other group of children was generally older 
than 1 year of age, demonstrated other atopic symptoms, 
exhibited IgE to food antigens, and had a poor response to 
dietary manipulation; this group required oral steroids to 
control the symptoms. Clinically, the first group of children 
who responded to cow's milk exclusion was diagnosed as 
having a cow's milk gastroenteropathy with eosinophilia. The 
follow-up of the infants with a cow's milk gastroenteropathy 
revealed that most of these children were able to have milk 
reintroduced into their diet by 30 months of age. 

Figure 1 Small bowel biopsy. The lamina propria is infiltrated heavily with eosinophilic leukocytes, which contain many 
eosinophilic granules. The villous architecture is preserved. Hematoxylin and eosin stain (H & E), x400. Reprinted with 
permission from Min and Metcalfe (1991). 
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D. Treatment 

Treatment of eosinophilic gastroenteritis is often unsatis-
factory. Food hypersensitivity should be ruled out as the 
precipitating or exacerbating factor in eosinophilic gastroen-
teritis. History and skin testing or RAST may identify food 
allergens for a trial of elimination. A trial diet that eliminates 
multiple food antigens from the diet in a systematic order 
may be performed when no clear history or evidence of IgE-
mediated hypersensitivity is elicited. In patients with eosino-
philic gastroenteritis and food sensitivity, the number of 
foods involved may preclude the long-term use of an elimina-
tion diet for symptom control, although improvement may 
be demonstrated initially. Patients who respond poorly to 
dietary restrictions as well as those without evidence of food 
hypersensitivity may require oral steroid therapy. Although 
this treatment usually results in clinical improvement, the 
need for long-term steroid therapy is variable. In some cases, 
steroids eventually may be withdrawn without recurrence 
of the symptoms. In other cases, withdrawal of steroids is 
followed by an exacerbation of disease. Individuals with mul-
tiple food sensitivities appear to be less likely to have resolu-
tion of their eosinophilic gastroenteritis with treatment, per-
haps because of persistence of food antigen-induced 
immunological responses in the gastrointestinal tract. Ini-
tially, in adults, prednisone should be instituted to suppress 
inflammation. As evidenced by improvement of clinical 
symptoms and resolution of the histological abnormalities, 
prednisone may be tapered to an every-other-day regimen. 
When exacerbations occur, a brief burst of steroids is usually 
sufficient to bring the symptoms under control (Klein et al., 
1970; Min and Metcalfe, 1991). 
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Intestinal Infections 

Myron M. Levine · James P. Nataro 

I. INTRODUCTION II. EPIDEMIOLOGY 

Various bacteria, viruses, protozoa, and helminths are ca-
pable of causing intestinal infections accompanied by clinical 
illness in immunologically competent individuals (Table I); 
this list would lengthen considerably with the inclusion of 
agents known to cause illness in immunocompromised hosts. 
These various pathogens cause an array of diarrheal illnesses, 
dysenteries, enteric fevers, and malabsorptive states. 
Clearly, discussing every known enteric pathogen or even 
mentioning them is beyond the scope of this chapter. Instead, 
we emphasize the common themes encountered among di-
verse intestinal infections with respect to virulence properties 
of the etiologic agents, steps in pathogenesis, modes of inter-
action with the host intestinal mucosa, resultant clinical syn-
dromes, and components of the host immune system that 
mount putatively protective responses. 

Table I Some Bacteria, Viruses, Protozoa, and Helminths 
That Are Incriminated as Causes of Intestinal Illness 

Bacteria 
Shigella 
Escherichia coli 

enterotoxigenic 
enteroinvasive 
enteropathogenic 
enterohemorrhagic 
enteroaggregative 
diffuse-adherent 

Aeromonas hydrophila 
Clostridium dificile 

Viruses 
Group A rotaviruses 
Group B rotaviruses 
Astroviruses 
Pestiviruses 

Protozoa 
Giardia lamblia 
Entameba histolytica 
Balantidium coli 

Helminths 
Capillaria philippinensis 

Vibrio cholerae 
01 
non-01 

Campylobacter jejuni 
Yersinia enterocolitica 
Salmonella, nontyphoidal 
Vibrio parahemolyticus 
Vibrio mimicus 
Plesiomonas shigelloides 
Bacterioides fragillis, 

enterotoxigenic 

Norwalk-like 27-nm 
gastroenteritis viruses 

Enteric adenoviruses 
Caliciviruses 
Picobirnaviruses 

Cryptosporidium parvum 
Isospora belli 

Strongyloides stercoralis 

On the global level, diarrheal diseases, dysenteries, and 
enteric fever are predominantly problems of populations liv-
ing in less-developed areas of the world, where infants and 
young children suffer the highest incidence rates. Travelers of 
all ages from industrialized countries experience high attack 
rates of diarrheal illness and other enteric infections when 
they visit such less-developed areas of the world. Intestinal 
infections constitute a much smaller health problem in indus-
trialized countries. Nevertheless, problems that remain in-
clude viral gastroenteritis (e.g., rotavirus in infants), certain 
foodborne infections (e.g., salmonellosis and campylobacter-
iosis), and shigellosis in subpopulations in which hygiene is 
compromised (e.g., children in day care, patients in custodial 
institutions). 

Although the list of etiologic agents capable of causing 
intestinal infection and disease is long, a relatively small 
number of pathogens worldwide accounts for the majority 
of intestinal diseases of public health importance. Those that 
have been cited as being of paramount public health impor-
tance include enterotoxigenic Escherichia coli, enteropatho-
genic E. coli, Shigella, and rotavirus as causes of endemic 
diarrheal disease; Vibrio cholerae 01 and Shigella dysen-
teriae 1 as causes of epidemic disease; and Salmonella 
typhi as the predominant cause of enteric fever. Agents of 
lesser importance include Campylobacter jejuni, enteric 
adenoviruses, and Entamoeba histolytica. In many industri-
alized countries, enterohemorrhagic E. coli, which causes 
hemorrhagic colitis and (more rarely) the hemolytic-uremic 
syndrome, increasingly is being recognized as an important 
enteric pathogen. 

III. PATHOGENESIS 

A. Virulence Properties 

Bacterial enteric pathogens are, arguably, better under-
stood than viral or parasitic infections with respect to their 
virulence properties and the manner in which they interact 
with the host intestinal mucosa. Therefore, bacterial entero-
pathogens are used as examples to illustrate certain funda-
mental concepts (e.g., the interaction of pathogens with mu-
cosal epithelial cells). 

Copyright © 1994 by Academic Press, Inc. 
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Among the recognized virulence properties elaborated by 
bacterial enteropathogens are cytotonic enterotoxins that 
lead to intestinal secretion (Levine et al., 1983), fimbrial 
attachment factors that permit adherence to epithelial cells 
(Knutton et al., 1985), expression of proteins that lead to 
effacement of the microvilli of enterocytes (Jerse et al., 
1991), expression of certain outer membrane proteins that 
allow the bacteria to be internalized by epithelial cells (Isberg 
and Leong, 1990; Miller et al., 1990), cytotoxins that suppress 
protein synthesis and lead to cell death (Brown et al., 1980), 
and expression of proteins that allow survival within the 
phagolysosomes of macrophages (Fields et al., 1989; Miller, 
1991). Bacterial enteropathogens often possess several dis-
tinct virulence properties, the particular array of which mark-
edly affects the mode of interaction of the pathogen with the 
intestinal mucosa of the host as well as the clinical syndromes 
caused, Table II lists some of the most important bacterial 
enteric pathogens and the virulence properties they are 
known to possess. 

Two pathogenic motifs encountered recurrently among di-
verse bacteria are (1) mechanisms to adhere to mucosa and 
(2) elaboration of toxins. Adherence to mucosal epithelium 
allows the bacteria to counteract peristalsis, an important 
and effective nonspecific defense mechanism of the proximal 
small intestine. Bacteria have developed a variety of distinct 
means to achieve adherence; sometimes initial adherence 
represents a preliminary step to more intimate attachment 
or to actual invasion of epithelial cells. Many bacterial entero-
pathogens express fimbrial attachment factors. Fimbriae 
(also called pili) are hairlike appendages that radiate from 
the surface of bacteria and are composed of thousands of 
protein subunits stacked end-on-end to result in long fila-
ments that can bind to specific receptors on enterocytes. 
Fimbriae that serve as attachment factors are found, for ex-
ample, in enterotoxigenic E. coli (Evans et al., 1975; Levine 
et al., 1983,1984), enteropathogenic E. coli (Giron et al., 
1991), enterohemorrhagic E. coli (Karch et al., 1987), enter-
oaggregative E. coli (Vial et al., 1988; Nataro et al., 1992), 

diffuse adherence E. coli (Bilge et al., 1989), and V. cholerae 
01 (Taylor et al., 1987). After contact with epithelial cells, 
some bacteria, such as Shigella, Salmonella, and Yersinia 
enterocolitica, are internalized by the epithelial cells (Levine 
et al., 1983). In each instance, the bacteria must express 
specific outer membrane proteins that are involved in the 
internalization process (Hale et al., 1983; Elsinghorst et al., 
1989; Isberg and Leong, 1990; Miller^«/., 1990) the epithelial 
cell plays an active role in the process. Certain other bacterial 
enteropathogens demonstrate an intimate form of attachment 
to epithelial cells in which the outer membrane of the entero-
cyte appears to wrap partially around the bacterium, giving 
the impression that the bacterium is perched on a pedestal 
of enterocyte membrane (Rothbaum et al., 1983). 

The second recurring pathogenic motif is the elaboration 
of toxins. Enterotoxins that resemble cholera toxin and LT 
(the heat-labile enterotoxin of enterotoxigenic E. coli) in 
structure, pharmacological properties, and immunological 
properties are produced by C. jejuni (Ruiz-Palacios et al., 
1983), S. typhimurium (Finkelstein et al., 1983), and Vibrio 
mimicus (Chowdhury et al., 1987), for example. Small pep-
tide heat-stable enterotoxins (ST) are elaborated by entero-
toxigenic E. coli, Y. enterocolitica (Delor et al., 1990), Citro-
bacter freundii (Guarino et al., 1987), non-Ol V. cholerae 
(Arita et al., 1986), and enteroaggregative E. coli (Savarino 
et al., 1991). Enteroinvasive E. coli and Shigella now are 
recognized to elaborate enterotoxins as well (Fasano et al., 
1990). 

The genes encoding virulence properties of bacterial en-
teropathogens often are located on plasmids. Genes encoding 
other virulence factors, as well as regulatory genes that con-
trol the plasmid genes, often are found on the bacterial chro-
mosome. Some bacterial pathogens exhibit" coordinate regu-
lation of virulence properties," in which regulatory genes 
sense a change in the environment and generate a cascade 
effect in which the transcriptional promoters of certain genes 
are activated while those of others are suppressed (Miller et 
al., 1989). 

Table II Virulence Properties of Some Major Bacterial Enteropathogens 

Pathogen 

Escherichia coli 
enterotoxigenic 
enteroinvasive 
enteropathogenic 
enterohemorrhagic 
enteroaggregative 
diffuse adherence 

Shigella dysenteriae 1 

Shigella, other 

Salmonella, nontyphoidal 

Yersinia enterocolitica 

Campylobacter jejuni 

Fimbrial 
colonization 

factor 

+ 

+ 
+ 
+ 
+ 

-

-
9 

-
-

Intimate 
attachment 

+ 
+ 

-

-

-
-
-

Effacement 
of 

microvilli 

+ 
+ 

-

-

-

-
-

Enterocyte 
invasion 

+ 
+ / -

+ 

+ 

+ 

+ 

+ 

LT 

+ 

-

-
Some 

-
+ 

ST or 
ST-like 

+ 

+ 

-

-

-
Some 

-

Toxins 

Other 

+ 
? 

? 

+ 

+ 
-

-
-

Potent 
cytotoxins 

+ 
7 
7 

+ 

-

-

-

+ / -



41 · Intestinal Infections 507 

B. Modes of Interaction with the Host Mucosa 

The various bacterial enteric pathogens can be categorized 
on the basis of the manner in which their virulence properties 
interact with the intestinal mucosa of the host and on their 
degree of invasiveness. 

1. Mucosal Adherence and Enterotoxin Production 

Pathogens in this class, exemplified by V. cholerae 01 and 
enterotoxigenic E. coli (ETEC), adhere to the mucosa of the 
proximal small intestine before elaborating enterotoxins that 
lead to intestinal secretion (Levine et al., 1983). In each 
instance, the attachment or colonization factor consists of 
one or another type of fimbria that adheres to specific recep-
tors on the enterocytes. The fimbrial colonization factor of 
V. cholerae 01 is the toxin co-regulated pilus (TCP), so-
called because its expression is controlled by the same regula-
tory gene (toxR) that controls expression of cholera toxin 
(Taylor et al., 1987). A series of antigenically distinct fimbrial 
colonization factors is found in ETEC. Some fimbriae are 
rigid structures 6-7 nm in diameter, whereas others consist 
of thin flexible fibrillae that are ~3 nm in diameter (Levine 
et al., 1984). The plasmids that encode the fimbrial subunits 
often also carry genes encoding enterotoxins (Levine et al., 
1983). Certain colonization factor antigen fimbriae are associ-
ated with particular 0:H serotypes of ETEC. 

Although cholera or ETEC infection can result in copious 
diarrhea, virtually no morphological damage to the intestinal 
mucosa is evident in such infections; functionally, such infec-
tions can be considered intracellular intoxications leading 
to disruption of biochemical pathways within enterocytes. 
Cholera toxin and LT activate adenylate cyclase within en-
terocytes, leading to an intracellular accumulation of AMP. 
The consequence is that enterocytes in the crypts secrete 
and those of the villus tips manifest diminished absorption. 
The ST of ETEC is a small peptide consisting of 18 or 19 
amino acids, rich in cysteines. ST activates guanylate cy-
clase, leading to an intracellular accumulation of GMP; this 
effect also culminates in net secretion to the gut. 

2. Intimate Mucosal Adherence and Effacement 
of Microviili 

Enteropathogenic E. coli (EPEC) of classical 0:H sero-
types that originally were incriminated as causes of infant 
diarrhea in the 1940s and 1950s exhibit a multistep pathogene-
sis. Plasmid-encoded bundle-forming fimbriae (BFP, bearing 
some genetic relatedness to TCP) result in a preliminary 
adherence to epithelial cells (Giron et al., 1991). This is fol-
lowed by an intimate attachment mediated by a 94-kDa outer 
membrane protein called intimin (Jerse et al., 1990; Don-
nenbert and Kaper, 1992). The gene encoding this protein 
is located on the EPEC chromosome (Jerse et al., 1990). 
Nevertheless, the same EPEC Adherence Factor (EAF) plas-
mid (Nataro et al., 1987) that carries genes encoding the 
fimbrial attachment factor (Giron et al., 1991) also regulates 
expression of the 94-kDa protein. Yet other genes encode 
proteins that result in the effacement of the microviili of the 
enterocyte. This process may be mediated by protein kinases 

that cause an intracellular accumulation of Ca2+ (Baldwin et 
al., 1991). Transmission electron microscopy reveals occa-
sional EPEC bacteria within vacuoles internalized by the 
enterocytes (Donnenberg et al., 1990). Note that the 94-kDa 
protein intimin bears considerable DNA homology to invas-
ins, outer membrane proteins expressed by Yersinia pseudo-
tuberculosis and Y. enterocolitica (Jerse et al., 1990) that 
are involved in invasion of epithelial cells. 

3. Intimate Mucosal Adherence, Effacement of 
Microviili, and Production of Potent Cytotoxins 

Enterohemorrhagic E. coli (EHEC), a new category of 
pathogen recognized only since the early 1980s, manifests 
an unusual interaction with the intestinal mucosa consequent 
to the interplay of several virulence properties. Novel fim-
briae (the expression of which requires the presence of a 
60-MDa plasmid) are believed to foster initial attachment to 
epithelial cells (Karch et al., 1987). Ultimately, the expres-
sion of phage-encoded potent Shiga-like cytotoxins (O'Brien 
et al., 1984) is thought to cause death of enterocytes in the 
colon, leading to sloughing of these epithelial cells and denu-
dation of the mucosa (Pai et al., 1986). In animal models of 
EHEC infection (Tzipori et al., 1986,1987), intimate attach-
ment and effacement of microviili is observed. Indeed, the 
EHEC chromosome harbors a gene bearing close homology 
to eae of EPEC and is believed to encode a protein similar 
to intimin. Note, however, that although intimate attachment 
and effacement of microviili are prominent in animal models 
of EHEC, they not been observed in biopsy or autopsy speci-
mens of patients with hemorrhagic colitis or hemolytic-ure-
mic syndrome caused by EHEC (Griffin and Tauxe, 1991). 

4. Expression of Enterotoxin and Potent Cytotoxin 

Some enteric pathogens, typified by Clostridium difficle, 
elaborate enterotoxins and potent cytotoxins that lead to 
enterocyte death and denudation of mucosa, particularly in 
the colon. Clostridium difficile is the predominant pathogen 
in cases of antibiotic-associated diarrhea and pseudomembra-
nous colitis. The ability of C. difficile to grow vigorously in 
the intestine and to cause disease is promoted strongly by 
derangement of the normal microflora (Rolfe et al., 1981). 
Clostridium difficile produces at least two exotoxins: the cell-
associated cytotoxin/enterotoxin toxin A and the cytotoxin 
toxin B (Mitchell et al., 1986). When fed intragastrically in 
animal models, these toxins appear to work synergistically 
to induce mucosal damage and to induce fluid secretion (Ly-
erly et al., 1985). In contrast to the bacterial pathogens de-
scribed earlier, adherence of C. difficile to the intestinal mu-
cosa has not been recognized as a prominent component of 
the organism's pathogenic nature. Few bacteria are noted on 
pathologic examination of C. difficile lesions. 

5. Enterotoxin Production, Epithelial Cell Invasion, 
and Intraenterocytic Proliferation 

The cardinal feature of Shigella and of enteroinvasive E. 
coli (EIEC) is their ability to invade epithelial cells, multiply 
therein, invoke an inflammatory response characterized by 
immigration of polymorphonuclear neutrophilic leukocytes, 
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and cause mucosal ulcerations (Dupont et al., 1971; Hale 
and Formal, 1986; Yoshikawa et al., 1988). The major sites 
of intestinal pathology caused by Shigella are the colon and 
terminal ileum. The invasion process is complex and requires 
the involvement of genes located on the 120- to 140-MDa 
Shigella invasiveness plasmid, as well as chromosomal regu-
latory genes, and the active participation of the host epithelial 
cell (Hale and Formal, 1986; Yoshikawa et al, 1988). 

Shigella flexneri 2a and EIEC have been shown to elabo-
rate enterotoxins that cause intestinal secretion (Fasano et 
al., 1990). Such enterotoxins can explain the early phase of 
clinical shigellosis, when watery diarrhea is prominent, prior 
to the onset of dysentery. 

6. Mucosal Translocation Followed by Proliferation 
in the Lamina Propria and Mesenteric 
Lymph Nodes 

Nontyphoidal Salmonella, Y. enterocolitica, and C.jejuni 
invade enterocytes in membrane-bound vesicles. These or-
ganisms migrate intracellularly through the enterocytes in 
these pinocytotic vesicles from the apical end to the basal 
extremity to exit finally into the lamina propria, where they 
elicit a chemotactic response resulting in an influx of polymor-
phonuclear leukocytes (Levine et al., 1983). These enteric 
pathogens readily reach the mesenteric lymph nodes, but 
further invasion accompanied by bacteremia is believed to 
be relatively uncommon, except in immunocompromised 
hosts (or in very young infants). Salmonella also gains entry 
to the gut lymphoid tissue after active uptake by M cells that 
cover the Peyer's patches and other lymphoid tissue. 

7. Mucosal Translocation Followed by Generalized 
Infection of the Reticuloendothelial System 

Salmonella typhi and Salmonella paratyphi A and B pass 
through the mucosa like other Salmonella, both by M-cell 
uptake (Yokoyama et al., 1989) and by pinocytotic vesicles 
that transmigrate through enterocytes (Levine et al., 1983). 
However, on reaching the lamina propria, these organisms 
elicit a chemotactic response that leads to an influx of macro-
phages (Harris et al., 1972) rather than polymorphonuclear 
leukocytes. These macrophages ingest the Salmonella but, 
in the nonimmune host, not only do S. typhi and S. paratyphi 
readily drain to the mesenteric lymph nodes but some reach 
the bloodstream via lymphatic drainage through the thoracic 
duct (Levine et al., 1983). During this silent primary bacter-
emia, these Salmonella spp. are removed by fixed phagocytic 
cells of the reticuloendothelial system in the spleen, liver, 
bone marrow, and so on. In the susceptible host, virulence 
properties possessed by these Salmonella allow them to sur-
vive within the phagolysosomes of the macrophages (Fields 
et al., 1989; Miller, 1991). Following an incubation period 
that usually lasts 8-14 days, the clinical features of enteric 
feaver (typhoid or paratyphoid fever) commence, accompa-
nied by secondary bacteremia. 

8. Viruses 

Among the viruses that cause gastrointestinal disease (Ta-
ble I), the pathogenesis of rotavirus infection is the best 
studied (Table I) (Davidson et al., 1977; Mebus et al., 1977; 

Estes and Cohen, 1989). Specific rotaviruses of one type or 
another cause diarrheal disease in many mammals. Rotavi-
ruses consist of nonenveloped double-shelled capsids, 
—70 nm in diameter, that enclose an RNA core that is divided 
into 11 separate segments. Each of the 11 genes encodes a 
protein, of which 6 form part of the structure of the virus 
particle. Viral proteins VP1, VP2, VP3, and VP6 form the 
inner shell of the virus, whereas glycosylated viral proteins 
VP7 and VP4 on the surface of the virus play critical roles 
in the attachment and internalization of rotaviruses into en-
terocytes. The surface-exposed proteins VP4 and VP7, which 
make up the outer shell of the virion, constitute the major 
neutralization antigens against which protective antibodies 
are directed. VP7 contains 326 amino acids, whereas VP4 
consists of 775 or 776 amino acids. For rotavirus to be able 
to infect enterocytes, VP4 must be split by intestinal trypsin 
into two components (Espejo et al., 1981). 

Rotavirus invades enterocytes of the villus tips leading to 
cell death, sloughing of the dead enterocytes, and denudation 
of the villus tips (Mebus et al., 1977; Estes and Cohen, 1989). 
This behavior is accompanied by striking diminutions in the 
activities of disaccharidases and other enzymes in the af-
fected areas of the intestine. Since villus tip cells represent 
mature enterocytes that are important for absorption, the 
loss of absorptive capacity that follows destruction of these 
cells creates an imbalance with the secreting cells of the villus 
crypts; the result is net secretion. Visualization of the human 
infant intestine infected by rotavirus reveals foci of severe 
pathology intermingled with virtually unaffected areas. 

9. Protozoa 

The best-studied protozoa that cause intestinal disease are 
Giardia lamblia, E. histolytica, and Cryptosporidium par-
vum. These protozoa possess adhesion factors that allow 
them to attach to enterocytes. Entamoeba histolytica has 
been shown to effect mucosal colonization using specific 
adherence factors and also has been shown to elaborate solu-
ble toxins (Ravdin, 1989). Giardia lamblia also adheres 
strongly to the intestinal mucosa, in this case in the small 
bowel (Farthing et al., 1986). However, neither invasion nor 
enterotoxin production has been demonstrated conclusively. 
Instead, data suggest that the immune response of the host 
may be important in pathogenesis, as may the ability of the 
parasite to promote deconjugation of bile salts (Farthing et 
al., 1985). Cryptosporidium effaces microvilli, leading to 
host-parasite interaction that resembles that of EPEC (Tzi-
pori et al, 1983). 

IV. CLINICAL SYNDROMES 

With few exceptions, when the various enteric pathogens 
listed in Table I cause clinical disease, the result is one or 
another of the seven distinct syndromes shown in Table III. 
By far the most common clinical syndrome is " simple diar-
rhea," characterized by the passage of multiple loose stools 
(without blood), low-grade fever, malaise, nausea, and some 
vomiting. Simple diarrheal illnesses usually are self-limited 
and require only oral rehydration therapy. Most of the patho-
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Table III Most Common Clinical Syndromes Caused by Enteric Pathogens 

Syndrome Features Pathogens0 

Simple diarrhea 

Dysentery 

Persistent diarrhea 

Hemorrhagic colitis 

Rice water purging 

Vomiting without 
diarrhea 

Enteric fever 

Watery diarrhea; nausea; low grade fever 

Scanty stools with gross blood and mucus; high fever; 
toxemia; sheets of fecal leukocytes 

Diarrhea > 14 days 

Copious bloody diarrhea; no fever; no fecal leukocytes 

Voluminous Na+-rich "rice water" stools 

Acute, short-lived 
Persistent 

Persisting fever; malaise; headache; abdominal discomfort 

Rotavirus, ETEC, EPEC, Campylobacter jejuni, enteric 
adenovirus, astroviruses, Shigella, Salmonella, Yersinia 
enterocolitica, Cryptosporidia, EIEC 

Shigella, C. jejuni, EIEC, Y. enterocolitica 

EAggEC, EPEC, Giardia lamblia 

EHEC 

Vibrio cholerae 01, ETEC 

27-nm Norwalk-like gastroenteritis viruses 
G. lamblia, Strongyloides stercoralis 

Salmonella typhi; Salmonella paratyphi A, B 

a Abbreviations: ETEC, enterotoxigenic E. coli; EPEC, enteropathogenic E. coli; EIEC, enteroinvasive E. coli; EAggEC, enteroaggregative 
E. coli; EHEC, enterohemorrhagic E. coli. 

gens listed in Table I can cause this syndrome; perhaps 85% 
of health care visits for diarrheal illness are the result of 
clinical infections of this nature and severity. 

Some agents, particularly invasive bacterial pathogens, 
are capable of causing the syndrome of dysentery, that is, the 
passage of scanty stools containing gross blood and mucus. 
Dysenteric illnesses tend to be severe and commonly are 
accompanied by high fever, toxemia, and notable malaise. 
Approximately 5-10% of patients with diarrheal illness vis-
iting health care facilities in less-developed countries suffer 
from dysentery. Although Shigella is the most common cause 
of dysentery, C. jejuni, Y. enterocolitica, and occasionally 
nonthphoidal Salmonella can cause an identical clinical pic-
ture. Entamoeba histolytica infection also leads to dysentery, 
but such infections usually are not associated with the high 
fever, malaise, and toxemia seen with the bacterial dysen-
teries. 

Approximately 5% of episodes of acute diarrhea in less-
developed countries persist for more than 14 days, at which 
point they become defined as 4'persistent diarrhea." The 
clinical-epidemiological syndrome of persistent diarrhea car-
ries a poor prognosis for afflicted infants and young children 
in the developing world (Bhan et al., 1989a); the conse-
quences include malnutrition and death. Until recently, no 
specific pathogen was associated with this syndrome. How-
ever, several reports now have shown a statistically signifi-
cant association between enteroaggregative E. coli (EAggEC) 
and persistent diarrhea; up to 51% of cases have been attrib-
uted to this etiology (Cravioto et al., 1991). 

Hemorrhagic colitis is a syndrome caused by EHEC. The 
salient clinical features include copious bloody diarrhea in 
the absence of fever (Riley et al., 1983; Griffin and Tauxe, 
1991). The copious nature of the bloody diarrheal stools, the 
lack of fever, and the absence of fecal leukocytes differentiate 
this syndrome from dysentery caused by Shigella or other 
organisms, which consists of scanty stools, accompanying 
high fever, and sheets of fecal leukocytes that can be visual-
ized in simple stains of stool mucus. Occasionally, patients 
with hemorrhagic colitis (or milder diarrheal illness) caused 
by EHEC proceed to develop the hemolytic-uremic syn-

drome that includes hemolytic anemia, fragmented erythro-
cytes (schistocytes), severe thrombocytopenia, and acute re-
nal failure (Karmali et al., 1985) 

Some intestinal infections, particularly in cholera-endemic 
areas, are characterized by the passage of voluminous stools 
resembling "rice water." An older child or adult with cholera 
can pass stools of 1.0-1.25 liters hourly. Such diarrheal infec-
tions, which rapidly lead to severe dehydration, acidosis, 
and circulatory collapse, must be treated aggressively with 
rehydration. 

Another uncommon syndrome caused by intestinal infec-
tion is vomiting in the absence of diarrhea or accompanied by 
scanty diarrhea. Acute short-lived bouts of "winter vomiting 
disease" are mainly caused by 27-nm gastroenteritis viruses 
typified by the Norwalk agent. Persistent vomiting in the 
absence of diarrheal illness, a particularly uncommon syn-
drome, usually is associated with duodenitis or jejunitis 
caused by G. lamblia or Strongyloides stercoralis infection. 

Salmonella typhi and S. paratyphi A and B cause typhoid 
and paratyphoid fever, respectively. These conditions repre-
sent generalized infections that involve the intestinal 
lymphoid tissue, the reticuloendothelial system, and the gall 
bladder. Following a relatively long incubation (usually 8-14 
days), the clinical illness commences with fever (that in-
creases in stepwise fashion), abdominal discomfort, and 
headache. Because these infections are generalized, inappro-
priate or delayed treatment can result in a wide array of 
complications. In the pre-antibiotic era, the case fatality rate 
of typhoid fever was 10-20%. 

V. IMMUNE RESPONSES 

The immune responses elicited by various enteric patho-
gens and their role in protection against subsequent infection 
vary and depend, to a large extent, on the virulence properties 
of the agent, the type of host-parasite interaction as de-
scribed earlier, and the degree of invasiveness. Virtually all 
intestinal infections prime the intestinal immune system (as 
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measured by gut-derived IgA-antibody-secreting cells de-
tected in peripheral blood) (Van de Verg et al., 1990; Kantele 
and Makela, 1991; Quiding et al., 1991) to respond to subse-
quent contact with antigen by producing specific SIgA anti-
bodies. The impressive capacity of mucosal antibodies to 
protect is evidenced by the fact that, in experimental chal-
lenge studies, passively administered milk immunoglobulin 
concentrates conferred a very high level of protection to adult 
volunteers against challenge with ETEC or Shigella (Tacket 
et al., 1988,1992). Similarly, in veterinary studies, piglets or 
calves nursed by sows or cows that received intramammary 
immunization with vaccines consisting of purified coloniza-
tion factor fimbriae were protected highly against otherwise 
lethal challenge with ETEC bearing the homologous antigenic 
type of fimbriae (Rutter and Jones, 1973; Acres et al., 1979; 
Levine, 1981). 

Serum antibodies commonly are detected, even after non-
invasive intestinal infections. Although serum antibodies are 
not believed to play an important role in protection against 
noninvasive infections of the gut, such antibodies often show 
strong correlations with protection. An example is the corre-
lation between serum vibriocidal antibody and protection 
against cholera (Mosley et al., 1968a,b; Glass et al., 1985). 

An unusual form of antibody-dependent cellular cytotoxic-
ity (ADCC) is seen in Salmonella and Shigella infections 
in which antibodies provide the specificity and mononu-
clear cells mediate the killing of these bacteria (Lowell et 
al, 1980; Tagliabue et al., 1986; Levine etal., 1987). In gen-
eral, cytokine-mediated cellular immune responses are im-
portant in immunity to Salmonella, particularly S. typ hi. 

Increasingly scientists are recognizing that infection with 
intracellular bacteria can elicit major histocompatibility com-
plex (MHC) Class I-restricted cytotoxic lymphocyte re-
sponses of a type that once were thought to occur only in 
infections by viruses (Kaufmann, 1988). Attenuated Salmo-
nella are attractive candidates for "live vectors" or "carrier 
vaccines" for the expression of foreign antigens (Dougan et 
al., 1987; Levine et al., 1990). In this regard, note that animals 
immunized with attenuated S. typhimurium expressing the 
circumsporozoite protein of Plasmodium falciparum were 
shown to develop MHC I-restricted CD8+ cytotoxic lympho-
cytes that recognized epitopes of the P. falciparum circum-
sporozoite protein (Aggarwal et al., 1990). 
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I. IgA IN HEPATOBILIARY DISEASES 

A. Alcoholic Liver Disease 

Many attempts have been made to implicate abnormalities 
in the IgA immune system in diseases of the liver and biliary 
tract. The most provocative of the putative associations is 
that of alcoholic liver disease (ALD), which some writers 
refer to as an IgA-associated disease (Van de Wiel et al., 
1987a). Several alterations in serum IgA have been described 
in ALD. Total serum IgA levels may be elevated (Kutteh et 
al., 1982; Chandy et al., 1983; Kalsi et al., 1983; Newkirk 
et al., 1983); the proportions of serum IgA present as poly-
meric IgA (pigA) and secretory IgA (SIgA) may be increased, 
and the ratio of IgAl to IgA2 may be decreased (Delacroix 
etal., 1983; Van de Wiel etal., 1987b). Most of these changes, 
however, are mild and not specific. One piece of evidence 
favoring a unique link between IgA abnormalities and ALD 
is that serum IgA concentrations may be increased even in 
mild ALD (steatosis). In contrast, increased concentrations 
do not occur in other disease until later, when histopathologi-
cal abnormalities are more severe. The causes of elevated 
levels of serum IgA in ALD seem to include a selective and 
significant reduction in the catabolic rate in conjunction with 
increased synthesis of plgA (Delacroix and Vaerman, 1983; 
Delacroix et al., 1983), impaired removal of plasma plgA by 
hepatocytes (Delacroix et al., 1983), and increased spontane-
ous production of IgA by peripheral blood mononuclear cells 
(Kalsi et al., 1983; Van de Wiel et al., 1987c). Increased 
amounts of IgA antibodies against dietary and microbial anti-
gens have been reported in ALD (Bjorneboe et al., 1972; 
Nolan et al., 1986), leading to the suggestion that the liver fails 
to extract circulating antigens and gut-derived endotoxins 
properly, perhaps because of impaired function of hepatic 
macrophages (Staun-Olsen et al., 1983). 

Far more interesting and potentially important than alter-
ations in serum IgA in ALD are the deposits of IgA in the 
liver, skin, and kidneys of many such patients. IgA deposited 
in a continuous pattern along the margins of liver sinusoids 
has been described in about 75% of patients with ALD com-
pared with less than 10% in non-ALD patients (Swerdlow 
and Chowdhury, 1984,1983; Van de Wiel et al., 1987b). In 
addition, the presence of the IgA deposits has been associ-

ated with a higher likelihood of progressive hepatic injury 
(Swerdlow and Chowdhury, 1984); some authors, however, 
have reported the common occurrence of IgA deposits in 
non-ALD individuals, especially those with chronic hepatitis 
(Amano et al., 1988). The hepatic deposition of IgA in ALD 
occurs about equally often in all histological expressions 
(steatosis, fibrosis, hepatitis, and cirrhosis), so this condition 
may be a consequence of alcohol-induced changes in the liver 
per se. 

Most evidence now indicates that the hepatic IgA deposits 
in ALD are of the IgAl subclass (Van de Wiel et al., 
1986,1987b; Amano et al., 1988). The IgA also lacks J chain, 
does not bind to the polymeric immunoglobulin receptor (se-
cretory component), and therefore appears to be mostly in 
a monomeric form. That the IgA deposits are predominantly 
IgAl raises the intriguing possibility that the deposition is 
linked to an abnormality in the handling of IgAl by the asia-
loglycoprotein receptor. The receptor, expressed on the si-
nusoidal surface of hepatocytes, functions to remove desialy-
lated glycoproteins from plasma and degrades them in the 
liver (Ashwell and Harford, 1982). Because of its high content 
of galactose residues, IgAl can bind to the receptor (Stockert 
et al., 1982; Tomana et al., 1988) and stimulate receptor-
mediated clearance of the IgA (Tomana et al., 1988). Conceiv-
ably, alcohol-induced damage to the hepatocyte membrane 
could impair such a clearance mechanism and lead to accumu-
lation of IgAl on the sinusoidal margin. The reported fre-
quency of renal deposits of IgA in ALD varies from more 
than 50% (Berger et al., 1977; Woodroffe et al., 1981) to less 
than 20% (Montoliu et al., 1986). Likewise, the severity of 
the disease also varies from a latent asymptomatic state to 
a very active proliferative condition. The prevailing opinion 
is that the deposits are complexes of IgA with various anti-
gens, but no specific antigen has been identified consistently. 
The characteristics of the IgA renal deposits are now defined 
fairly conclusively. The IgA most likely is not associated 
with the polymeric immunoglobulin receptor and is IgAl 
(Russell et al., 1986). We have suggested that an abnormality 
in the handling of IgAl by the liver in ALD is responsible 
for the renal accumulation of IgA (Brown and Klöppel, 1989). 
We speculate that complexes of IgA and the receptor, re-
leased from the liver or formed in the circulation, are 
"trapped" in the renal mesangium. 

Copyright © Ί994 by Academic Press, Inc. 
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B. Primary Biliary Cirrhosis 

Marked elevations of SIgA are common in primary biliary 
cirrhosis (PBC); values greater than 118 mg/ml have been 
called specific for the disease (Homburger et al, 1984). How-
ever, on the basis of several reports, measurement of serum 
SIgA does not appear to distinguish PBC reliably from other 
cholestatic diseases. Also, Ig A seems unlikely to be linked 
in any way pathogenically to the biliary ductule injury in 
PBC, since the disease has been reported in patients with 
selective and severe Ig A deficiency (James et al, 1986; Lo-
gan, 1987). However, an interesting relationship between IgA 
and biliary epithelium has been described. IgA allegedly stim-
ulated the proliferation of extrahepatic bile duct epithelium 
in mice (Fallon-Friedlander et al., 1987), but that observation 
subsequently has been refuted convincingly (Solbreux et al., 
1991). 

C. Other Obstructive Biliary Tract Disease 

Early reports suggested that measurement of IgA, espe-
cially SIgA, in serum would be useful in diagnosing extrahe-
patic biliary obstruction (Thompson et al., 1973; Goldblum 
et al., 1980) but, regrettably, that is not the case (Kutteh et 
al, 1982; Delacroix et al., 1983). The failure of SIgA and 
secretory component to reach high levels in biliary obstruc-
tive disease in humans, as they do after bile duct ligation in 
the rat (Lemaitre-Coelho et al., 1978), no doubt reflects the 
fact that the human liver normally does not clear much IgA 
from the circulation (Delacroix et al., 1982). 

II. IMMUNODEFICIENCY AND 
HEPATOBILIARY DISEASES 

Although congenital immunodeficiency states commonly 
have associated gastrointestinal abnormalities, diseases of 
the biliary tract and liver ordinarily are not prominently asso-
ciated. Infrequently, however, selective IgA deficiency may 
be accompanied by an autoimmune-type liver disease (Brown 
et al., 1972). Biliary tract sepsis evidently is not a feature of 
congenital immunodeficiencies or acquired hypogammaglob-
ulinemia. 

In contrast to the apparent sparing of hepatobiliary tissues 
in the immunodeficiencies just mentioned, these tissues are 
not spared in the acquired immunodeficiency syndrome 
(AIDS), in which numerous infectious and neoplastic mani-
festations have been described (Lebovics et al., 1985; Gordon 
et al, 1986; Cappell et al, 1990; Schaffner, 1990). Since all 
persons at risk for infection with the human immunodefi-
ciency virus (HIV) also are at risk for hepatitis B virus, 
this type of hepatitis is, not surprisingly, very commonly 
associated with the HIV positive condition. However, histo-
logical sequelae of the infection (chronic hepatitis) are not 
common in AIDS patients, perhaps because of the underlying 
immunoincompetent state. A common finding in the liver of 
AIDS patients are hepatic granulomas. Often the granulomas 

are ill defined or composed of foamy histiocytes, perhaps 
reflecting the decreased ratio of helper to suppressor type 
T cells. Infection of the gall bladder or biliary ducts with 
cytomegalovirus, Cryptosporidium, or both agents may oc-
cur in AIDS, and obstruction of the ducts with a sclerosing 
cholangitis-like lesion is a feature of these infections (Mar-
gulis et al, 1986; Viteri and Green, 1987). Biopsy of the liver 
in AIDS patients who have hepatomegaly and unexplained 
fever often is recommended and may yield a diagnosis but, 
regrettably, this information usually does not lead to an effec-
tive treatment (Cappell et al, 1990; Schaffner, 1990). 
Kaposi's sarcoma and lymphoma are the most common neo-
plasms of the liver in AIDS (Friedman, 1988). A list of many 
of the recognized infections of the liver and bile ducts in 
AIDS is given in Table I. 

III. AUTOIMMUNE LIVER DISEASES 

Primary biliary cirrhosis and idiopathic '4autoimmune'' 
chronic active hepatitis are hypothesized to be autoimmune 
in origin. Both disorders fulfill several of the proposed criteria 
for an autoimmune disease (Shoenfeld and Isenberg, 1989), 
including the presence of circulating autoantibodies, cell-
mediated immunity to autoantigens, induction of disease in 
experimental animals by adoptive transfer of T cells or by 
immunization with self antigens, and the production of auto-
antibodies and autoreactive cells after immunization of mice. 
However, the role of the identified autoantigen(s) in disease 
induction and the immune effector mechanisms responsible 
for liver injury in both disorders remain undefined. Primary 
sclerosing cholangitis also is hypothesized to be autoimmune 
in origin, but will not be reviewed here. 

Table I Infections of the Liver and Bile 
Ducts Associated with AIDS 

Viral infections 
Hepatitis B, nonA, nonB (C), D 
Herpes (I, II, and Varicella zoster) 
Cytomegalovirus 
Epstein-Barr virus 

Bacterial infections 
Mycobacteria (M. avium-intracellulare, M. 

kansasii, M. tuberculosis) 
Salmonella species 
Vibrio species 

Fungal infections 
Cryptococcosis 
Candidiasis 
Histoplasmosis 
Coccidioidomycosis 

Parasitic infections 
Toxoplasma gondii 
Cryptosporidium 
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A. Primary Biliary Cirrhosis 

PBC is a chronic cholestatic disease (characterized by 
impaired excretion of bile acids) of unknown etiology that 
primarily affects middle-aged females (Sherlock and Scheuer, 
1973; Christensen et al., 1980). The fundamental pathological 
process is T cell-mediated inflammation and destruction of 
interlobular and septal bile ducts, a process referred to as 
nonsuppurative destructive cholangitis (Rubin et al., 1965). 
Similar lesions are observed during chronic graft-versus-host 
disease (Shulman et al., 1988) and liver allograft rejection 
(Vierling and Fennell, 1985). 

1. Clinical Features of PBC 

The natural history of PBC includes a preclinical period 
in which no symptoms of liver disease are apparent (Long 
et al., 1977; Fleming et al., 1978; Beswick et al., 1985). Up 
to 50% of patients are diagnosed during this phase of the 
disorder and may remain free of liver symptoms for at least 
10 years. These ''asymptomatic" patients are discovered 
because of elevated liver tests or symptoms of the extrahe-
patic autoimmune diseases associated with PBC (keratocon-
junctivitis siccaor Sjogren's syndrome, scleroderma, autoim-
mune thyroidits, seronegative nondestructive arthritis, and 
Raynaud's phenomenon). As bile duct destruction pro-
gresses, symptoms (pruritus and jaundice) and signs of cirrho-
sis ultimately develop and result in either death or the need 
for liver transplantation (Christensen et al., 1980; Balasubra-
maniam et al., 1990). 

2. Hypergammaglobulinemia and Autoantibodies 

In addition to biochemical markers of liver disease (ele-
vated fasting serum bile acids, copper, ceruloplasmin, liver 
alkaline phosphatase, bilirubin), PBC is characterized by 
polyclonal hypergammaglobulinemia. Serum IgM, IgG, and 
Ig A all are elevated, but the most striking elevation is in IgM 
levels, which may be higher than 5 times the normal level 
(Christensen et al., 1980). Several autoantibodies, including 
antinuclear, antithyroid, and anti-smooth muscle antibodies, 
have been reported in PBC; the most notable and relatively 
disease-specific are the M2 antimitochondrial antibodies 
(AMA) found in 83-99% of patients (discussed subse-
quently). The natural history of PBC is the same in patients 
with and without serum AMA. 

3. Pathogenesis of PBC 

a. Genetic susceptibility and environmental factors. The 
pathogenesis of PBC is undefined. The increased frequency 
of extrahepatic autoimmune disorders, autoantibody pro-
duction, abnormalities of T-cell immunity, and absence of a 
defined infectious, toxic, or metabolic etiology led to the 
hypothesis that PBC is mediated by autoimmune mechanisms 
(James et al., 1983). The induction of liver injury is hypothe-
sized to involve an interplay between host susceptibility and 
an environment factor(s) that triggers the onset of disease. 
Indeed, an increased frequency of HLA-DRw8 (Gores et al., 
1987), -DRw3 (Ercilla et al., 1979), and -DR2 (Miyamori et 

al., 1983) in patients compared with controls has been re-
ported. Further, patients and their first-degree relatives have 
an increased frequency of autoantibodies as well as defective 
T-cell suppressor activity (Galbraith et al., 1974; Miller et 
al., 1983). These observations suggest that susceptibility to 
PBC may be determined by (or linked to) genetic factors. 

Clusters of cases in urban areas and near a common water 
source in one report is consistent with the existence of a yet-
to-be defined environmental agent (Hamlyn and Sherlock, 
1974), yet such clustering usually is not observed (Lofgren 
et al., 1985). In addition, reports of an increased frequency 
of gram-negative bacterial urinary infections (a potential 
source of sensitization to mitochondrial antigens) in PBC 
have been refuted (Floreani et al., 1989; Morreale et al., 
1989). Nonetheless, AMA-positive sera react with mitochon-
drial antigens from rough-mutant gram-negative bacteria. 
Hopf (1989) reported that the feces of PBC patients have 
increased numbers of rough mutants and that PBC patients 
have lipid A (endotoxin) deposits in the liver. These results 
have not been confirmed by others. However, since immuni-
zation of rabbits with rough mutants but not wild-type gram-
negative organisms results in production of AM As, sensitiza-
tion to mitochondria of mutant gram-negative bacteria may 
be involved in induction of AMA and, possibly, in the patho-
genesis of bile duct destruction. 

b. Histological features of PBC. Liver histology in PBC is 
characterized by accumulation of mononuclear inflammatory 
cells in portal triads and inflammation of septal and interlobu-
lar bile ducts (Rubin etal., 1965; Ludwig, 1978). Inflammation 
of bile ducts is associated with necrosis of biliary epithelial 
cells and ultimately results in destruction of the ducts. Bile 
duct inflammation occurs in a segmental distribution and 
varies in intensity along the length of the ducts. Piecemeal 
necrosis of periportal hepatocytes, portal lymphoid aggre-
gates, and granulomas also are observed. Progressive de-
struction of bile ducts is accompanied by proliferation of bile 
ductules and liver fibrosis, and ultimately results in cirrhosis. 

T cells with receptors for antigen-major histocompatibility 
complex (MHC) composed of a and ß heterodimers consti-
tute 81-99% of mononuclear cells in the liver in PBC (Shimizu 
et al., 1986; Yamada et al., 1986; Krams et al., 1990). The 
percentage of CD4+ (MHC Class II-restricted) T cells is gen-
erally equal to or greater than that of CD8+ (MHC Class I-
restricted) T cells. CD4+ and CD8+ T cells infiltrate the bile 
duct epithelium, but CD8+Leul5" (cytotoxic) T cells appear 
to predominate. Lymphocytes frequently are observed in 
intercellular spaces between injured and necrotic biliary epi-
thelial cells. Biliary epithelial cells show increased expression 
of MHC Class I (Shimizu et al., 1986; Calmus et al., 1990) 
as well as new expression of Class II antigens (Spengler, 1988) 
and intracellular adhesion molecule 1 (ICAM-1) (Calmus et 
al., 1990). Periportal hepatocytes also show increased expres-
sion of MHC Class I antigens. Increased HLA antigen and 
ICAM-1 expression, presumably induced by cytokines re-
leased locally (Paradis and Sharp, 1989), may allow biliary 
epithelial cells and hepatocytes to present antigen(s) more 
efficiently and to stimulate the T-cell response to bile duct 
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cells and periportal hepatocytes. However, the functions of 
liver T cells and the significance of increased MHC antigen 
and ICAM-1 expression in the liver during PBC remain to 
be clarified. 

The hepatic non-T-cell population is composed primarily 
of plasma cells, with a smaller percentage of natural killer 
and interstitial dendritic cells (Krams et aL, 1990). Deposits 
of IgG, IgA, and IgM have been observed on biliary epithelial 
cells (Ghadiminejad and Baum, 1987; Krams et aL, 1990). 
These results suggest that antibody-mediated cellular cyto-
toxicity, either through complement activation (IgG and IgM) 
or through the activation of antigen-nonspecific FcR y posi-
tive (NK, macrophage, or K) cells, may be involved in bile 
duct injury. 

c. Autoantigens in PBC. The bile duct antigen(s) recog-
nized in PBC is (are) unknown. The large number of autoanti-
bodies in PBC is indicative of a lack of immunological toler-
ance to the respective antigens. Elucidation of the 
mechanisms responsible for lack (or loss) of immune toler-
ance may provide insight into the pathogenesis of bile duct 
destruction in this disorder. However, only one of the autoan-
tigens identified in PBC (the asialoglycoprotein receptor) is 
liver specific; only the M2 mitochondrial autoantigens are 
nearly disease specific. Serum autoantibodies and T-cell sen-
sitization to the asialoglycoprotein receptor (ASGR), a 
hepatocyte-specific glycoprotein expressed in hepatocyte 
plasma membranes, have been reported (McFarland et aL, 
1985; Vento et aL, 1986). Recognition of the peptide frag-
ments of ASGR by autoreactive T cells could contribute to 
destruction of periportal hepatocytes by T cells. However, 
the ASGR is not expressed by bile duct epithelial cells. ASGR 
may be shed by periportal hepatocytes, processed by bile 
duct cells, and presented to ASGR-specific T cells. However, 
evidence of such a phenomenon is lacking. Further, since 
sensitization to the ASGR is not specific to PBC, this receptor 
is not likely to play a primary (initiating) role in the pathogene-
sis of bile duct destruction. 

d. M2 mitochondrial autoantigens. Serum complement-
fixing antibodies to mitochondria in PBC first were reported 
by Walker et aL (1965). Subsequent studies indicated that 
AMAs recognize antigens located in the inner membrane of 
the mitochondria. Based on the pattern of immunofluores-
cence and reactivity with submitochondrial particles, AMAs 
can be subdivided into 9 subtypes (Ml-9; Berg and Klein, 
1989). Subtypes 2, 4, 8, and 9 are observed in PBC. The M2 
pattern is most specific for PBC. Immunoblots of submito-
chondrial fractions with PBC sera show reactivity with five 
major bands at 70-75, 55-56,51-52,48, and 36 kDa (referred 
to as M2a-e; Bassendine et aL, 1989). The genes for the 
74-kDa and 52-kDa antigens have been cloned, and recombi-
nant M2 proteins have been produced (Gershwin et aL, 1987; 
Coppel et aL, 1988; Yeaman et aL, 1988; Van de Water et 
aL, 1989). The M2 antigens are subunits or components of 
inner membrane enzymes of the 2-oxo acid dehydrogenase 
complex. This complex includes three enzymes of similar 
structure and function—pyruvate dehydrogenase (PDH), 
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alpha-keto acid dehydrogenase, and the oxoglutarate dehy-
drogenase complex. Each enzyme plays a critical role in 
intermediary metabolism. Each complex consists of several 
copies of three subunits termed El, E2, and E3. The 74-kDa 
and 56-kDa antigens are the E2 of PDH and a protein X that 
co-purifies with it. The 52-kDa antigen has been found to be 
the E2 of alpha-keto acid dehydrogenase; the 48- and 36-kDa 
antigens are the El a and ß subunits of PDH (Fussey et aL, 
1989). Approximately 100% of AMA-positive sera react with 
at least one of these antigens (90-95% react with the 74- and 
52-kDa antigens). Alderrucio et aL (1986) have reported that 
sera from patients with scleroderma also react with the 70-
74-kDa submitochondrial antigen recognized by PBC sera. 
AMA reactivity also is found in other disorders (chronic active 
hepatitis, systemic lupus erythematosus, rheumatoid arthri-
tis, and Sjögren's syndrome), indicating that M2 AMAs are 
not specific to PBC. The ability of M2 AMAs to inhibit the 
activity of inner mitochondrial enzymes indicates that the 
active sites of the enzymes may be recognized (Van de Water, 
1988; Fregeau et aL, 1989,1990a,b). Alternatively, binding 
of the AMA to its epitope may induce a conformational 
change that prevents the enzyme from binding to its sub-
strates. The immunoglobulin or B-cell epitope of the 74-kDa 
E2 of PDH consists of a 75-93 amino acid segment of the 
lipoic acid domain (Surh et aL, 1990). The T-cell epitope(s) 
has (have) not been identified. Like many autoantigens, the 
mitochondrial autoantigens in PBC are highly conserved in 
nature and are present in prokaryotic as well as eukaryotic 
cells. Additional similarities to other autoantigens include 
(1) that they are intracellular enzymes composed of multiple 
subunits and (2) that autoantibodies directed toward these 
enzymes are directed toward functional sites or domains. 
However, the role of sensitization to mitochondrial autoanti-
gens in the pathogenesis of PBC is unclear. The occurrence 
of PBC in the absence of M2 AMA reactivity suggests that an 
AMA response is not required for induction of PBC. Indeed, 
immunization of mice with the recombinant 70-kDa human 
mitochondrial autoantigen results in a high titer AMA re-
sponse but no liver inflammation. Transfer of peripheral 
blood mononuclear cells (PBMC) from patients with PBC 
into severe combined immunodeficient (SCID) mice results 
in liver lesions that are histologically similar to those in PBC 
(Krams et aL, 1989a). Similar lesions were induced also (al-
beit much less frequently) by PBMCs from normal subjects, 
suggesting that graft-versus-host disease may be in part re-
sponsible. Van de Water et aL (1991) reported that CD4+ 

T-cell clones derived from the liver during PBC are sensitized 
to mitochondrial autoantigens. Whether T-cell sensitization 
to these antigens is a primary or secondary event in the 
pathogenesis of bile duct destruction remains to be defined. 

e. Plasma membrane expression of mitochondrial antigens 
by bile duct. Studies in yeast indicate that the M2 mitochon-
drial antigens are encoded by nuclear (and not mitochondrial) 
DNA, synthesized in the cytoplasm, and transported to the 
mitochondria. For mitochondrial antigens to be recognized 
by T cells, they must be presented in association with self-
MHC Class I or II antigens on the plasma membrane of 
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antigen-presenting cells (macrophages, dendritic cells, B 
cells) or biliary epithelial cells. Two studies suggest that 
AMAs recognize antigens expressed on the plasma mem-
branes of mammalian hepatocytes (Ghadiminejad and Baum, 
1987) and intrahepatic bile duct cells (Krams et al, 1990). 
These observations suggest that mitochondrial autoantigens 
are transported aberrantly to the plasma membrane, where 
they can be recognized by effector T cells or AMAs. Alterna-
tively, a cross-reactive plasma membrane antigen may be 
recognized. The plasma membrane antigen(s) recognized by 
AMA-positive sera and the mouse antibody to recombinant 
autoantigens used in these studies have not been identified. In 
addition, hepatocytes and biliary epithelial cells from normal 
subjects and patients with other liver diseases show less 
intense but similar patterns of staining when reacted with 
antibodies to mammalian E2 of PDH. Therefore, plasma 
membrane expression of E2 by bile duct cells and hepatocytes 
is not sufficient to initiate PBC. Consistent with this notion, 
Joplin (1991) reported that macrophages in lymph nodes 
draining the livers of PBC patients stain more intensely with 
antibodies to E2 than do macrophages from normal subjects 
and patients with other liver disease. These observations 
suggest that the release of mitochondrial antigen (and presum-
ably other self components) from senescent and injured liver 
cells into hepatic lymph is a normal physiological phenome-
non. A comparison of the handling of mitochondrial antigens 
(processing, presentation, accessory signal production) by 
macrophages of PBC patients compared with that of control 
subjects may provide insight into the process by which loss 
of immunological tolerance to self antigens occurs in PBC. 

f. Peripheral blood B- and T-cell activity. An increase in the 
mean number of peripheral blood B cells that spontaneously 
secrete immunoglobulins has been reported in PBC (James 
et al., 1985; Bird et al., 1988). Immunoglobulin secretion 
after mitogen stimulation has been either normal or slightly 
diminished. The percentage of activated peripheral blood B 
cells in PBC is not increased. These results suggest that 
immunoglobulin secretion is not the result of an intrinsic 
defect in B-cell functions. James, 1980a and Suou et al., 1989 
have reported that increased Ig secretion is the result of 
defective CD4+ (suppressor-inducer) T-cell function. Others 
(Zetterman and Woltjen, 1980) also have reported defects 
in inducible T-cell suppressor activity in PBC. However, 
defective suppressor-inducer T-cell function is not present 
in all patients. Therefore, other mechanisms must be involved 
in the induction of hypergammaglobulinemia. Since a similar 
defect in T-cell suppressor function occurs in disease-free 
relatives of PBC patients (Galbraith et al., 1974; Miller et 
al., 1983), other yet-to-be defined factors maybe required for 
the expression of the disease. 

Other manifestations of altered immunity in PBC include 
impaired cutaneous delayed hypersensitivity (skin test an-
ergy) (Fox et ai, 1969), decreased mean antibody response 
after immunization (Fox et al., 1969), defective mitogen-
induced lymphocyte blastogenesis (Fox et al., 1973; Mac-
Sween and Thomas, 1973), defective recognition of self in 
autologous mixed-lymphocyte culture (Lindor et al., 1988), 
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circulating immune complexes, and impaired clearance of 
C3b-containing immune complexes by Kupffer cells. The role 
of these factors in the pathogenesis of PBC is also unknown. 

g. Activity of liver-derived T cells. Studies of T-cell lines 
propagated from liver biopsies of patients suggest that PBC 
may be mediated by a limited number of T-cell clones (Moe-
bius, 1990). However, cloned liver T cells consistently show 
only lectin-dependent cellular cytotoxicity (LDCC) and mini-
mal natural killer and antibody-dependent cellular cytotox-
icity (ADCC) activities (Meuer et al., 1988; Hoffman et 
al., 1989). No spontaneous T cell-mediated cytotoxicity 
toward a number of mammalian cell lines, including a well-
differentiated bile duct carcinoma, has been reported. The 
lack of classic cytotoxic T lymphocyte (CTL) activity by T-
cell lines that presumably are sensitized to bile duct cells is 
puzzling, but may reflect the use of allogeneic target cells 
that either do not express the antigen(s) recognized in PBC 
or do not present the antigen(s) in association with syngeneic 
HLA antigens. Alternatively, these liver T lymphocytes 
(LTLs) are propagated in the absence of specific antigen and 
may not play a role in bile duct destruction. Whether LDCC 
in these studies is mediated by bile duct-specific T cells is 
not clear since mitogens may stimulate nonspecific cytotoxic 
activity in vitro. T-cell reactivity toward intrahepatic bile 
duct epithelial cells has not been reported in PBC, primarily 
because of the difficulty in obtaining autologous or syngeneic 
biliary epithelial cells. Saidman et al. (1990) have reported 
that a liver T-cell line proliferates when stimulated with autol-
ogous extrahepatic biliary epithelial cells. Since extrahepatic 
bile ducts are not affected in PBC, the meaning of this obser-
vation is unclear. 

4. Conclusion 

The features of PBC mentioned earlier do not generate a 
unified hypothesis of its etiology. However, susceptibility to 
PBC appears to be determined genetically. The factor(s) that 
acts in association with genetic susceptibility to induce dis-
ease is (are) unknown. Bile duct destruction appears to be 
mediated by CD4+ and CD8+ T-cells. Although T-cell de-
struction of bile ducts appears to be the primary pathogenic 
process, a bile duct-specific antigen has not been identified 
and the mechanisms by which T cells mediate bile duct injury 
are not defined. Circumstantial evidence also suggests that 
ADCC also may be involved. A better understanding of the 
function of liver-derived T and non-T cells is necessary to 
elucidate the immunological effector mechanisms responsible 
for bile duct destruction. Such studies are not feasible in 
humans because intrahepatic bile duct cells are not readily 
available. The surface membrane expression of M2 mito-
chondrial autoantigens by hepatocytes, bile duct cells, and 
macrophages of normal individuals as well as patients, and 
the presence of AMAs in disease-free relatives of patients, 
casts doubt on (but does not exclude) a primary role for 
sensitization to mitochondrial antigens in the pathogenesis 
of PBC. On the other hand, recognition of mitochondrial or 
other self-peptide fragments may be a secondary mechanism 
that helps perpetuate or amplify the immune response to bile 
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ducts. Pursuit of these issues using animal models (graft-
versus-host diseases, SCID mouse) of nonsuppurative de-
structive cholangitis may overcome the limitations of human 
studies. 

B. Autoimmune Chronic Active Hepatitis 

Autoimmune chronic active hepatitis (ACAH) is a clinical 
syndrome defined by idiopathic, hepatitis B and C virus-
negative, chronic active hepatitis that is associated with 
marked hypergammaglobulinemia, circulating autoantibod-
ies, immune-mediated extraintestinal organ injury, and re-
sponsiveness to treatment with immunosuppressive medica-
tions (Joske and King, 1955; Beam et al., 1956; Mackay et 
al., 1956). In untreated patients with severe ACAH, the natu-
ral history is characterized by progressive hepatocyte de-
struction that results in cirrhosis and high mortality. The 
clinical and serological features of this syndrome have led 
to the hypothesis that hepatocyte injury in ACAH is mediated 
by autoimmune mechanisms. The targeted hepatocyte anti-
gen(s) have not been identified conclusively and the autoim-
mune effector mechanism(s) responsible for liver injury are 
undefined. 

1. Pathogenesis of ACAH 

a. Genetic susceptibility and environmental factors. The 
pathogenesis of ACAH also is not defined completely. An 
increased frequency of HLA-A1, -B8, -DR3, -DR4, and IgG 
heavy chain Gm a+x+ alleles suggests that susceptibility to 
ACAH may be determined genetically (Whittingham et al., 
1981; O'Brien et al., 1986; Krawitt et al., 1988; Johnson et 
al., 1991). The occurrence of decreased serum complement 
components (Vergani et al., 1985) and decreased peripheral 
blood T suppressor-cell activity (Nouri-Aria et al., 1985; 
O'Briens a/., 1986; Ventoetal., 1986; Krawitt etal., 1988) in 
patients and first-degree relatives provides additional support 
for inherited susceptibility to ACAH. 

Much attention has focused on the role of environmental 
agents (especially medications and viral infections) in ACAH. 
Chronic active hepatitis (CAH) that is both clinically and 
histologically similar to that in idiopathic autoimmune CAH 
occurs as idiosyncratic reactions to several prescription med-
ications (i.e., alpha-methyl DOPA, oxyphenistatin, nitrofu-
rantoin; Johnson et al., 1991). In addition, liver lesions during 
chronic hepatitis B, C, and non-A, non-B infections are fre-
quently indistinguishable from those in ACAH. Therefore, 
much attention has been focused on a search for a viral 
etiology of ACAH. An increased frequency of antibodies 
to measles and persistence of the measles virus genome in 
lymphocytes (but not hepatocytes) of ACAH patients has 
been reported (Robertson et al., 1987). Vento and colleagues 
(1991) have reported that acute hepatitis A may trigger ACAH 
in disease-free relatives who have defective T-cell suppressor 
activity. The role of the hepatitis C virus (HCV), the etiologic 
agent for 70-90% of chronic non-A, non-B hepatitis (both 
transfusion-related and sporadic cases) has become the focus 
of many studies. Depending on the population, up to 80% of 
patients with ACAH have antibodies to recombinant HCV 
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clOO antigen. In most patients, anti-clOO reactivity appears 
to be falsely positive (McFarlane et al., 1990; Schvarcz et 
al., 1990; Czaja et al., 1991; Pohjanpelto et al., 1991), since 
the antibody HCV titer correlates with the degree of hyper-
gammaglobulinemia and antibody reactivity disappears when 
disease activity and serum y globulin levels decrease in re-
sponse to immunosuppressive therapy. More importantly, in 
ACAH patients, most anti-clOO-positive sera are nonreactive 
in supplemental HCV antibody tests (i.e., immunoblot and 
neutralization assays) and do not contain HCV RNA. This 
result does not apply to Italians with ACAH, in whom anti-
body to HCV is confirmed using supplemental anti-HCV 
assays in up to 73% of cases (Lenzi et al., 1990; Magrin et 
al., 1991; Todros et al., 1991). In addition, Garson et al. 
(1991) have reported HCV RNA in sera of 9 of 13 (69%) 
selected Italian patients with ACAH. Further, some of these 
patients have responded to antiviral (but not immunosuppres-
sive) therapy, suggesting that active HCV is responsible for 
liver disease. Although chronic HCV in Italians can mimic 
some of the clinical features of ACAH, the lack of response 
to immunosuppressive medications by definition excludes a 
diagnosis of ACAH. 

In Japanese patients, chronic HCV is associated with 
production of antibodies to a host (GOR 47-1) autoantigen 
(Mishiro et al., 1990), suggesting that the hepatitis C infection 
can induce autoantibody formation. Indeed, GOR and the 
polyprotein of HCV share considerable homology with the 
kidney microsomal autoantigen-1 (cytochrome P450IID6; 
Manns et al., 1991a,b) that is associated with ACAH. 
These results provide circumstantial evidence that molecular 
mimicry of self by viral antigens may result in autoantibody 
formation in some instances. However, anti-GOR antibodies 
were not found in patients with ACAH (or PBC). Therefore, 
no direct evidence is available that HCV infection is an etio-
logical agent in rigorously defined cases of ACAH. 

b. Histological features. Liver histology shows infiltration 
and expansion of portal triads by mononuclear inflammatory 
cells. These cells infiltrate the limiting plate of hepatocytes 
and induce necrosis of periportal hepatocytes. In severe 
cases, bridging and multilobular hepatocyte necrosis are ob-
served and indicate a high risk for rapid progression from 
CAH to cirrhosis. Most lymphocytes in portal tracts and 
areas of periportal hepatocyte piecemeal necrosis are mature 
T cells. The representation of T-cell subsets is somewhat 
controversial. Eggink et al. (1982) have reported that CD8+ 

cells predominate. Others have shown a more equal percent-
age of CD4+ and CD8+ cells. Natural killer (NK) cells and 
plasma cells also are present, but at frequencies less than 
10%. ACAH is associated with increased expression of Class 
I and new expression of Class II MHC antigens by hepato-
cytes, which may allow hepatocytes to present the relevant 
antigen to liver T cells. T-cell recognition of autologous anti-
gens in association with induced MHC antigens on hepato-
cytes is hypothesized to be a mechanism of liver cell injury 
during ACAH. However, the significance of aberrant expres-
sion of MHC antigens by hepatocytes is unknown. The pres-
ence of NK and plasma cells and immunoglobulin deposits on 
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hepatocytes (Hopf et al, 1976; Kawanishi and McDermott, 
1979; Frazer et al, 1983) also suggest that non-MHC-
restricted cytotoxic activity and ADCC may be involved. 

c. Autoantigens in ACAH. The specific hepatocyte anti-
gens) and autoimmune effector mechanism(s) that mediate 
liver cell injury in ACAH also are undefined. Several autoan-
tibodies and corresponding autoantigens have been identified 
in ACAH. The list includes antibodies to nuclear (Joske 
and King, 1955; Penner et al, 1986), mitochondrial (Walker, 
1965), smooth muscle (actin) (Whittingham et al., 1966), liver 
kidney microsomal-1 (i.e., cytochrome P450 II D6; Kyriat-
soulis et al., 1987; Peakman et al., 1987; Franch-Codoner et 
al., 1989), ASGR (MpFarlane et al., 1985), and soluble liver 
(Manns et al., 1987) antigens. In general, these autoantigens 
and autoantibodies are neither liver, species, nor disease 
specific. With few exceptions, antibody titers do not correlate 
with disease activity. Further, all autoantigens identified to 
date, except the ASGR, are localized to intracellular organ-
elles and not the plasma membrane where they can be recog-
nized by autoantibodies or antigen-specific T cells. Nonethe-
less, two autoantigens (ASGR and cytochrome P450 II D6) 
are particularly worthy of further discussion. 

The ASGR is a hepatocyte-specific glycoprotein located 
in the basolateral plasma membrane. Antibodies to the ASGR 
have been reported during ACAH, chronic active hepatitis 
B, and PBC and, therefore, are not disease specific (McFar-
lane et al., 1985). Nonetheless, a feature common to these 
disorders is inflammatory necrosis of periportal hepatocytes 
that appear to express more ASGR than do hepatocytes in 
the centrilobular zone. In addition, peripheral blood and liver 
T cells of ACAH patients are sensitized to the ASGR (Vento 
et al., 1986; Wen et al., 1990), and peripheral blood mononu-
clear cells lyse autologous hepatocytes in vitro. Although 
whether the ASGR is the targeted antigen is not clear in these 
studies, these observations keep alive the possibility that 
recognition of the ASGR may result in immune-mediated 
liver injury in ACAH. 

A subgroup of patients with ACAH has been described in 
whom antinuclear and anti-actin antibodies are absent but in 
whom antibodies that, by immunofluorescence, react with 
liver and kidney microsomes (anti-LKM-1; Manns, 1991; 
Manns et al., 1991a) are present. The antigen recognized by 
anti-LKM-1 is a 33-amino-acid segment of cytochrome P450 
II D6. The smallest epitope is an 8-amino-acid peptide in 
which a 6-amino-acid sequence is identical to that found in 
the herpes simplex 1 immediate early antigen 175. In addition, 
the 33-amino-acid segment includes segments highly homolo-
gous to the polyprotein of HCV and the GOR 47-1 autoantigen 
associated with HCV infection. This finding raises the possi-
bility that sensitization to herpes simplex or HCV antigens 
triggers induction of antibodies to LKM. Autoantibodies to 
cytochrome P450 inhibit enzyme activity in vitro. However, 
the enzymatic activity of cytochrome P450 isolated from the 
livers of patients with antibodies to LKM-1 is normal. There-
fore, inhibition of cytochrome P450 by anti-LKM-1 is not 
significant in vito. Further, a report that LKM-1 antigen is 
expressed in liver plasma membrane has been disputed (Peak-

man et al., 1987). In light of these results, hypothesizing a 
role for anti-LKM-1 in the pathogenesis of liver injury in 
ACAH is difficult. 

d. Peripheral blood B- and T-cell activity. Increased spon-
taneous and pokeweed mitogen-induced polyclonal IgG pro-
duction by PBMCs isolated during ACAH has been reported 
(Kayhan, 1985). Increased Ig secretion has been attributed 
to an abnormality in regulatory T-cell function. Indeed, de-
creased concanavalin A (Con A)-induced and antigen-specific 
T-cell suppressor activity in patients and first- and second-
degree relatives has been reported (Hodgson et al., 1978; 
O'Brien et al., 1986; Krawitt et al., 1988). However, the 
relationship between increased Ig secretion and decreased 
T-cell suppressor activity is undefined. 

PBMCs from patients with ACAH are capable of mediating 
cytotoxic activity toward xenogeneic, allogeneic, and autolo-
gous hepatocytes in vitro (Thompson et al., 1974; Wands and 
Isselbacher, 1975; Cochrane et al., 1976; Geubel et al, 1976; 
Kawanishi, 1977; Kawanishi, and McDermott, 1979). The 
mononuclear cell subpopulation responsible for peripheral 
blood cytotoxic activity is a non-T cell that expresses Fc 
receptor for IgG and mediates ADCC in vitro (Vergani et 
al, 1979; Stefanini et al, 1983; Mondelli et al, 1985. T-cell 
cytotoxic activity appears to be less important. PBMCs from 
patients with ALD and chronic non-A, non-B hepatitis also 
show cytotoxic activity toward autologous hepatocytes 
(Izumi et al, 1983; Poralla et al, 1984). Further, most of 
these experiments have assayed adherence of cocultured he-
patocytes to measure cytotoxicity. The high rate of spontane-
ous hepatocyte death in control cultures (Stefanini et al, 
1983) suggests that cytotoxicity as defined in these experi-
ments in part reflects cell death of a nonimmune nature. 
Given the predominance of T cells in the liver during ACAH, 
the lack of CTL activity toward autologous hepatocytes is 
perplexing. However, the functions of peripheral T cells may 
not reflect the functions of liver T cells accurately. 

e. Activity of liver-derived T-cell clones. T-cell clones de-
rived from the liver during ACAH are also predominantly 
(75%) CD4+. Like peripheral blood T cells, liver T-cell clones 
also are sensitized to the ASGR and LKM-1 antigen (Lohr 
et al., 1991; Poralla et al, 1991). However, of 89 liver LKM-
specific T-cell clones tested, 24 of 26 CD8+ and 20 of 63 
CD4+ clones showed only LDCC (Lohr et al, 1991) toward 
autologous but not allogeneic B cells. Of the remaining 
clones, 14 showed non-MHC-restricted cytotoxic activity to-
ward NK-sensitive K562 cells. The cytotoxic activity of 5 
CD8+ clones was restricted to autologous Epstein-Barr 
virus-transformed B cells. Since cytotoxic activity against 
autologous human hepatocytes was not assessed, the mean-
ing of these results is unclear. The requirement for lectins to 
induce cytotoxicity and the high rate of non-MHC-restricted 
killing are perplexing but may be explained by propagation 
of clones in high dose interleukin-2 in the absence of antigen 
(autologous hepatocytes). Further, in the absence of chal-
lenge with hepatocyte antigens, B cells (normal or immortal-
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ized) are unlikely to express the antigens recognized by "he-
patocyte-specific" T cells. 

2. Conclusion 

The pathogenesis of AC AH is undetermined. Susceptibil-
ity appears to be determined by genetic factors. In some 
susceptible individuals, a number of environmental agents 
(medications, viral infections) appear to trigger the onset 
of disease. However, in the majority of cases, no specific 
environmental trigger can be identified. In addition, the hepa-
tocyte antigen(s) targeted by the immune system in ACAH 
has not been identified conclusively. Contrary to histochemi-
cal studies, which show a predominance of T cells in the 
liver, studies of PBMCs suggest that non-T cells are primarily 
responsible for liver injury in ACAH. However, a complete 
understanding of the mechanisms involved must include in-
vestigations of the functions of T cells isolated from the liver. 
The ability to clone liver T cells should allow better definition 
of the roles of T cells in the pathogenesis of ACAH. 
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Bronchial Mucosal Lymphoid Tissue 
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I. INTRODUCTION 

The lymphoid tissue of the bronchus is linked primarily 
to mucosal defense against inhaled microbes. Therefore, this 
tissue is one of a series of integrated units that operate to 
insure that sterile air is delivered into the gas exchange appa-
ratus of the lungs in such a way that sensitization to inhaled 
antigen is avoided. The cooperative activity between these 
different lymphoid units, and their involvement in generating 
down-regulation of the inflammatory response within various 
compartments of the bronchopulmonary system, suggests 
the value of reviewing the bronchial mucosal lymphoid tissue 
in terms of its relationship with these additional pools of 
lymphocytes. A second general issue requiring discussion is 
the relationship within the bronchial mucosa itself between 
the aggregated collections of bronchial lymphoid tissue that 
originally were termed the bronchus-associated lymphoid tis-
sue (BALT; Bienenstock, 1984), which constitutes the major-
ity of bronchial mucosal lymphocytes in some species, and 
the less-organized lymphoid tissue that predominates in oth-
ers, such as humans (Kyriazis and Esterly, 1970; Emery and 
Dinsdale, 1973,1974). 

T and B lymphocyte effector mechanisms are generated 
from bronchial mucosal lymphoid tissue and delivered into 
the bronchial lumen. The secretory IgA system initially fo-
cused attention on a discrete mucosal defense mechanism. 
An IgA response to luminal antigen plays a key role in local 
defense in the initial control of microbial colonization (Wald-
mann and Henney, 1971). The susceptibility of secreted IgA 
antibody to high zone tolerance (Clancy et al., 1987), the 
relatively poor immunological memory associated with this 
isotype (Clancy and Bienenstock, 1976), and the reasonable 
health of most subjects with IgA deficiency suggest that addi-
tional immune mechanisms are crucial to mucosal defense. 
The vigorous T-cell response to inhaled antigen (Clancy and 
Bienenstock, 1974) and the capacity of CD4+ T cells to trans-
fer immunity in animal models of colonization (Wallace et al., 
1989,1991) suggest T cells as candidates for the controllers of 
infection involving persistent microbes or under circum-
stances under which a large inoculum of antigen is inhaled. 

Communication between the bronchial mucosal lymphoid 
tissue and distant mucosal sites through an intermucosal cell 
circuit known as the common mucosal immune system (Mc-
Dermott and Bienenstock, 1979) involves predominantly a 
"gut to bronchus" flow of cells originating in Peyer's patches 
(Scicchitano et al., 1984). Depending on antigen dose and 

previous immunological experience, antigen-reactive T cells 
(Husband et al., 1984) and antibody-secreting B cells (Rudzik 
et al., 1975a; Scicchitano et al., 1984) can populate bronchial 
mucosa to modulate immunity, a principle used successfully 
to develop an oral vaccine that protects against acute bronchi-
tis (Clancy et al, 1985,1989; Lehmann et al., 1991). Study 
of animal models in which activated T lymphocytes contrib-
ute to mucosal defense suggests that T-dependent neutrophil 
recruitment is important (Wallace et al., 1991), although addi-
tional mechanisms such as secretion of lysozyme from T-cell 
activated macrophages have been implicated (Taylor et al., 
1990). 

Communication with other effector mechanisms within the 
bronchial lumen is indicated by these latter observations. An 
ascending carpet of mucus contains cells derived mainly from 
the bronchoalveolar compartment. About 90% of these cells 
are bone marrow-derived macrophages, whereas the re-
maining cells are predominantly lymphocytes (Young and 
Reynolds, 1984). The relationship between the bronchoal-
veolar lymphocytes and macrophages the two large pools of 
lymphocytes within the lung interstitum, and the pulmonary 
circulation are not known (Pabst, 1990), but these larger 
collections almost certainly play a role in determining the 
constitutional make-up and function of the bronchoalveolar 
cell population. The vascular and interstitial pools of cells 
represent both selective contributions from the systemic 
pool and an inductive effect of the pulmonary macrophages 
whereas about half the resident macrophage population is 
derived from local cell proliferation (Mezzette et al., 1990). 
About 10-20% of the mucosal interstitium lymphocyte pool 
is composed of T cells—the expansion of cells bearing V 
chain determinants in a nonrandom way is consistent with 
further tissue restrictive elements operating in the lung inter-
stitium (Augustin et al., 1989. 

That these effector mechanisms normally operate with 
minimal inflammation within the bronchial lumen or the bron-
chial mucosa depends on two factors. First, a series of down-
regulating mechanisms restricts cell division and recruitment 
of nonspecific inflammatory cells. Second, regional lymph 
nodes rather than the mucosa are primary sites for both 
antigen handling (Yoshizawa et al., 1989) and induction of 
immune responses (van der Brugge-Gamelkoorn et al., 1986). 
The down-regulating mechanisms are linked to the site of 
deposition of antigen. Thus, allergens deposited in the naso-

Copyright © 1994 by Academic Press, Inc. 
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pharynx initiate a series of suppressor-cell loops within re-
gional lymph nodes that regulate immediate and delayed hy-
persensitivity reactions (Sedgwick and Holt, 1985), whereas 
colonization of the bronchial mucosa is associated with an 
expanded suppressor T-cell population that inhibits antigen-
induced T-lymphocyte proliferation (Pucci et al, 1982; Figure 
1). Whether mucosal suppressor cells within the bronchus 
are activated by presentation of antigen by Class II-bearing 
epithelial cells, as has been suggested for the gut (Pang et 
al., 1990), or through the aggregated BALT is not clear. The 
lumen is protected from inflammation by the antiproliferative 
effect of T cell-activated alveolar macrophages, which also 
carry antigen away from the mucosa, to regional lymph nodes 
(Warner et al., 1981), and upward over the epiglottis into the 
gut, where aspirated antigen can activate Peyer's patches. 

The bronchial mucosal lymphocyte compartment has, 
therefore, a complex relationship with various lymphocyte 
populations important in the activation and regulation of 
bronchial immunity. This collection of cells is a mixture of 
antigen-reactive, effector, and regulatory lymphocytes, as 
well as ancillary cells, derived from various mucosal and 
systemic sources. Early studies on bronchial mucosal 
lymphoid tissue used animal species with organized BALT, 
which facilitated on understanding of function, in part by 
analogy with Peyer's patches in the gut (Bienenstock et al., 
1973a,b). Differences between species in the degree of organi-
zation of bronchial mucosal lymphoid tissue have led to the 
idea that early studies on aggregated structures may not be 
relevant to bronchial immune function, at least in species 
such as humans, who are not characterized by major BALT 
development (Pabst and Gehrke, 1990). However, failure to 
detect BALT in some studies (Pabst and Gehrke, 1990), may 
reflect sampling error, since BALT has been well described 
in normal human bronchus (Jeffery and Corrin, 1984), and 
epithelium covering less-organized aggregates, and even 
some areas without lymphoid accumulations, including cells 
that are flattened and possess irregular microvilli and no cilia 
(Jeffery and Corrin, 1984). Since these cells may transport 
antigen by pinocytosis (Owen, 1977) and since a network of 

Figure 1 The nature of the mucosal lymphoid follicle and the epithe-
lial relationship are seen clearly. Reprinted with permission from 
Klein (1875). 
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la antigen-bearing dendritic cells and processes penetrating 
into the lumen exists (Holt et al., 1985,1988), a classical 
lymphoepithelium with M cells may not be essential for anti-
gen processing. This chapter continues by describing knowl-
edge gained from the study of classical BALT, and subse-
quently addresses the issue of interspecies variation in 
mucosal lymphoid tissue morphology and bronchial mucosal 
immune function. 

II. CLASSICAL BRONCHUS-ASSOCIATED 
LYMPHOID TISSUE 

The existence of lymphoid aggregates in the bronchial wall 
was noted in 1867 by Burdon-Sanderson; the observation 
that they were analogous to the lymphoid follicles found in 
other mucous membranes such as the tonsil and intestine 
was made by Klein in 1875 (see Bienenstock, 1984). Recent 
interest in the lymphoid tissue of the bronchial mucosa began 
with a systematic study of lymphoid aggregates in experimen-
tal animals in 1973 (Bienenstock et al., 1973a,b), when their 
similarity to Peyer's patches in the gut was noted. Subse-
quently, BALT was described in a number of species includ-
ing rats (Bienenstock et al., 1973a; Chamberlain et al., 1973; 
Fournier et al., 1977), rabbits (Bienenstock et al., 1973a,b; 
Racz et al., 1977; Tenner-Racz et al., 1979), and mice (Milne 
et al., 1975), as well as sheep, chickens, and guinea pigs, but 
has been characterized best in rats and rabbits. Other species, 
such as pigs, cats, and humans, have few classical BALT 
aggregates (Jeffery and Corrin, 1984; Daniele, 1988a), al-
though in humans BALT aggregates are well described and, 
in the pig, infection with mycoplasma was linked to the regu-
lar development of BALT (Chu et al., 1989). These and other 
studies (Bienenstock et al., 1973a,b; Weisz-Carrington et al., 
1987) emphasize the importance of antigenic stimulation in 
the full expression of organized BALT, with, however, con-
siderable species variation. Since much of the current under-
standing of bronchial mucosal lymphoid tissue comes from 
study either directly of BALT aggregates or indirectly of 
lymphocytes derived from bronchial tissues containing nu-
merous BALT aggregates, review of these studies on struc-
ture and function provides an excellent model for understand-
ing bronchial mucosal lymphoid tissue. 

BALT develops in early postnatal life in most species 
(Bienenstock et al., 1973a; Milne et al., 1975). Antigen is not 
necessary for this development since BALT is present in 
germ-free rats (Bienenstock et al., 1973a) and mice (Milne et 
al., 1975) as well as in fetal lungs transplanted into syngeneic 
adults (Milne et al., 1975). BALT development under these 
circumstances is primitive compared with conventionally 
raised animals (Bienenstock et al., 1973a), and antigenic chal-
lenge (Rudzik et al., 1975a) induces early and hyperplastic 
BALT. Lymphoreticular aggregates appear at 1 week in hu-
mans (Weisz-Carrington et al., 1987), although larger and 
more confluent aggregates are described with a lymphoepi-
thelium in sudden infant death syndrome (Emery and Dins-
dale, 1973), in which intercurrent infection is common. BALT 
can be identified macroscopically in experimental animals 
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including rabbits, rats, guinea pigs, and chickens (Bienen-
stock et al., 1973a) as white patches after acetic acid fixation 
(Cornes, 1965) for example, 30-50 BALT aggregates appear 
in adult rats (Plesch, 1982), concentrated around bifurcations 
in the major bronchus divisions that are, additionally, the 
sites of impaction of inhaled particles. 

Although classical BALT has a structure similar to that 
of Peyer's patches, division into distinct structural and func-
tional areas is less apparent. The epithelium overlying BALT 
aggregates is not as specialized and is infiltrated heavily with 
lymphocytes; scanning electron microscopy shows the pres-
ence of M (microfold) cells similar to those described in the 
Peyer's patch and the bursa of Fabricius (Figure 2) (Bienen-
stock et al., 1973a,b; Bockman and Cooper, 1973; Bockman 
and Stevens, 1977). Cells of BALT cluster within a reticulin 
framework into a "dome" beneath the epithelium and a folli-
cle that is usually single (Bienenstock etal., 1973; Owen and 
Bhalla, 1983). In the mammalian BALT, germinal centers 
usually are found only after antigenic stimulation (Bienen-
stock et al., 1973a). Tenner-Racz and colleagues (1979) de-
scribed a parafollicular area after immunization, considered 
to be populated by T cells. Plasma cells are found around 
the periphery (Bienenstock et al., 1973a; Milne et al., 1975), 

whereas cells capable of presenting antigen, including macro-
phages (Owen, 1977) and follicular dendritic cells (Milne et 
al., 1975; Holt et ai, 1988), appear within BALT. Efferent 
but not afferent lymphatic vessels are described (van der 
Brugge-Gamelkoorn and Kraal, 1985). 

In rabbit BALT, about 20% of lymphocytes have the T-
cell marker rabbit thymic lymphocyte antigen (RTLA), a 
percentage similar to that in the Peyer's patch, but location 
in a distinct parafollicular area can be recognized only under 
conditions of antigenic stimulation (Bienenstock et al., 
1973b). The presence of high endothelial venules (HEV) 
and interdigitating dendritic cells are characteristic of T-
dependent areas in other lymphoid structures, although the 
HEV in BALT tends to be more like the structures in mesen-
teric lymph nodes than those in Peyer's patches (Nash and 
Holle, 1973), with respect to the immunohistochemical defi-
nition of T and B cells clustered about them (Bienenstock et 
al., 1973a,b). About 50% of the lymphocytes in the BALT 
of rabbit (Rudzik et al., 1975b) and rat (Plesch, 1982) bear 
surface immunoglobulin. In the rabbit, equal proportions 
stain with anti-IgM and anti-IgA, whereas in the rat a minority 
(15%) reacts with anti-IgA and few (5%) stain with anti-IgE. 

Study of the function of BALT has focused on analogy 

Figure 2 A scanning electron micrograph showing the junction between the ciliated and nonciliated lymphoepi-
thelium overlying the BALT follicle immediately below. Note the microprojections on the M cells and the 
crevices between cells, x 378. Reprinted with permission from Bienenstock and Johnston (1976). A morphologic 
study of rabbit bronchial lymphoid aggregates and lymphoepithelium. Lab. Invest. 35, 343-348. © the US and 
Canadian Academy of Pathology. 



532 John Bienenstock · Robert Clancy 

with Peyer's patches. Thus, induction of a mucosal immune 
response and use of the common mucosal system to deliver 
this response have been prominent. Horseradish peroxidase 
(HRP) is taken up preferentially by the epithelium over B ALT 
(Fournier et aL, 1977), a process that can be enhanced after 
antigen stimulation with Bacillus Calmette-Guerin (BCG), 
which causes hypertrophy of the specialized epithelium 
(Tenner-Racz et aL, 1979). In this latter study, bacteria were 
found within BALT macrophages, supporting earlier work 
(Bienenstock, 1984) that identified BALT as an early site for 
the uptake of particulate material. Other studies that have 
demonstrated that epithelial cells can present soluble antigen 
(Pang et aL, 1990) and that a carpet of dendritic cells bearing 
Class II antigen lies within and beneath the epithelium of 
species bearing numerous BALT aggregates (Holt et aL, 
1988), as well as of species such as humans (Holt et aL, 
1986), raises important questions about the qualitative and 
quantitative contributions of BALT aggregates to the devel-
opment of local immunity. The description of numerous non-
specialized epithelial cells in the normal human respiratory 
tract (Daniele, 1988b), and the clear link between the amount 
of BALT and antigenic stimulus (Meuwissen and Hussain, 
1982; Delventhal et aL, 1992a,b; Pabst, 1991) support the 
concept that''classical'' BALT is, in part, an adaptation to 
antigen load, with variable degrees of expression of aggre-
gate structure appearing constitutively. The transforma-
tion of young mature epithelial cells into M cells induced by 
lymphocyte-epithelial contact (Craig and Cebra, 1971) is con-
sistent with this view. Of particular interest with respect to 
human BALT was a study on chronically inflamed human 
lungs, in which classical BALT was noted in 8% of 100 pa-
tients; in those with an occlusive tumor, BALT was confined 
to the poststenotic segments (Delventhal et aL, 1992b). 

A study by Craig and Cebra (1971) gave the first clear 
indication of the major role mucosal aggregates of lymphoid 
tissue play in generating mucosal immunity. These investiga-
tors used allotypic markers and adoptive transfer of Peyer's 
patch cells in rabbits to demonstrate that this tissue was 
an enriched source of IgA plasma cell precursors. Cebra 
suggested that environmental factors, including antigen and 
bacterial lipopolysaccharide (LPS), drove B-cell differentia-
tion during an antigen-stimulated clonal expansion, a concept 
that was consistent with the observation that oral immuniza-
tion induced an increase in numbers of B cells expressing 
surface IgA in the Peyer's patch (Fuhrman and Cebra, 1981). 
Subsequently, Elson et aL (1979) demonstrated that IgA 
"switch" T helper cells within the Peyer's patch directed 
clonal expansion of IgA-secreting B cells. The isolation of 
T-cell clones from the Peyer's patch (Kiyono et aL, 1982; 
Kawanishi et aL, 1983) that bore receptors for IgA suggested 
that a number of T-lymphocyte populations may be involved 
in immunoregulation, possibly by secreting type-specific 
immunoglobulin-binding factors (Kiyono et aL, 1985). The 
repopulation studies of Rudzik et al. (1975a,c), in which bron-
chial lamina propria cells were transferred to lethally irradi-
ated rabbits, demonstrated IgA-containing plasma cells re-
populating the gut and bronchial mucosa. These studies 
identified the BALT analogous to the Peyer's patch, and 
provided the information on which the concept of a "common 

mucosal immune system" was developed (McDermott and 
Bienenstock, 1979). Inhaled antigen stimulated T-cell prolif-
eration within the bronchial mucosal lymphocyte population 
that correlated in time with the appearance of proliferating 
T cells in the bronchial lumen (Waldman and Henry, 1971; 
Clancy and Bienenstock, 1974), as well as of T cells secreting 
cytokines (Clancy et aL, 1977) and of cytotoxic T cells (Hus-
band et aL, 1983). The contribution of specific T lymphocytes 
to the common mucosal immune system (Clancy et aL, 1977), 
as well as the specific relocation of influenza-specific T-cell 
clones to the lung (Bienenstock et aL, 1983), is consistent 
with the observed circulation pathway of T lymphoblasts 
from mediastinal lymph nodes and thoracic duct lymph that 
included mucosal surfaces (Guy-Grand et aL, 1974; Sprent, 
1986), and their origin in part from Peyer's patches (Guy-
Grand et aL, 1978). The specific role played by aggregates 
of BALT in the localization of T and B cells in bronchial 
mucosa is uncertain. The immune functions localized to ag-
gregated lymphoid tissue in the bronchus may be restricted 
to the generation and distribution of specific T- and B-cell 
responses to inhaled antigen. The potential for aggregated 
lymphoid structures to generate suppression within mucosal 
(Pucci et aL, 1982) or systemic tissues (Ngan and Kind, 1978; 
Richman et aL, 1981) is raised by the appearance of antigen-
specific suppressor T cells within Peyer's patches. Down-
regulation within bronchopulmonary tissues suggests that, 
indeed, a similar function exists in BALT, as does the rapid 
development of a state of nonresponsiveness in mucosal T-
cell populations following inhalation of antigen (Clancy and 
Bienenstock, 1974). 

Important cells linked to BALT and the bronchial epithe-
lium are the "granulated lymphocytes" and mast cells in the 
adjoining mucosa (Sprent, 1986). The heterogeneity of mast 
cells based on differential sensitivity of rat mast cells in differ-
ent tissues to various fixation procedures (Enerback, 1966) 
was extended to demonstrate functional heterogeneity (Befus 
et aL, 1986). Similar heterogeneity based on distinct neutral 
protease contents (Irani et aL, 1986) has been described in 
humans, particularly for cells within the bronchial mucosa 
(Shanahan et aL, 1987). We described granulated basophil-
like cells in and adjacent to BALT follicles and in the epithe-
lium lateral to these follicles (Bienenstock, 1984). Similar 
cells can be washed from the bronchial lumen; such cells 
contain histamine and may be sensitized by IgE to release p 
histamine in response to antigen (Patterson et aL, 1974,1977). 
Ahlstedt et al. (1983) showed an increase in these cells after 
inhalation of antigen that is likely to be influenced by T cells 
(Ruitenberg and Elgersma, 1976). Of particular interest is the 
association between the mast cells in and below the epithe-
lium of the respiratory tract and the nerves, forming a homeo-
static regulatory unit (Bienenstock et aL, 1988). Many of 
these epithelial leukocytes have an unusual phenotype related 
to, but not conclusively demonstrated to be, a part of the T-
lymphocyte population (Petit et aL, 1985). Indeed the whole 
question of origin and function of the intraepithelial lympho-
cyte pool in the respiratory tract is even less clear than it is 
in the intestine, on which most work has been focused. The 
demonstration of an expanded population of T-cell receptor-
expressing cells in this population (Goodman and Lefrancois, 
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1988) added an additional facet to the puzzle presented by 
these cells. Are these cells a population uniquely geared to 
cope with intraluminal pathogens? Do they represent a 
thymic-independent T-cell population, developed in a muco-
sal epithelial environment? Do the variously demonstrated 
cytotoxic activities have a physiological role (Ernst et al., 
1985)? 

III. BRONCHUS ASSOCIATED LYMPHOID 
TISSUE REVISITED 

BALT has been defined classically as an aggregated 
lymphoid structure separated from the bronchial lumen by a 
specialized lymphoepithelium. The availability of this rela-
tively organized structure has allowed structural and func-
tional analysis, which has focused in particular on its role in 
the development of a local immune response to inhaled anti-
gen (Rudzik et al., 1975a). The similarity in structural rela-
tionships between BALT and Peyer's patches that have been 
identified by these studies have given us, by extension, a 
better understanding of respiratory tract immunity, as was 
discussed already. Certain differences observed between the 
two lymphoid structures, often quantitative in nature, have 
been explained in terms of environmental stimuli associated 
with gut content. The similarity of structure, however, led 
to the concept of a common mucosal immune system when 
the morphological similarities between Peyer's patches and 
BALT were extended to include the observation that 
both contained an enriched precursor population of IgA-
committed lymphocytes (Rudzik et al., 1975a), that were 
capable of repopulating mucosal sites of irradiated recipient 
rabbits. Subsequent studies in sheep (Scicchitano et al., 1984) 
and rats (van der Brugge-Gamelkoorn et al., 1986) modified 
the general concept to emphasize a "gut to bronchus" direc-
tional flow of activated lymphocytes. Based on these observa-
tions, an orally administered, killed, nontypable Haemophi-
lus influenzae vaccine was shown to be protective against 
recurrent episodes of acute bronchitis in carriers of this bacte-
ria with chronic lung disease; the vaccine functioned by re-
ducing the level of bronchial colonization (Clancy et al., 
1985,1989; Lehmann et al., 1991). In an animal model, protec-
tion was transferred with primed thoracic duct T cells (Wal-
lace et al., 1989; Lehmann et al., 1991). These observations 
raise the question of the role played by BALT in localizing 
gut-derived T and B lymphocytes. Since no afferent lymphat-
ics have been described in BALT, the majority of lympho-
cytes are likely to reach the bronchial mucosa via binding of 
specific adhesions to receptors on postcapillary venules with 
high cuboidal endothelium (Sminia and van der Brugge-
Gamelkoorn, 1989), which is the mechanism used by lympho-
cytes for entry into other lymphoid organs. Adherence in 
vitro by lymphocytes to the HEVs in BALT differs from that 
in the Peyer's patches, where the majority of adhering cells 
are B cells (Kieran et al., 1989). The BALT HEVs function 
more like those of mesenteric lymph nodes (van der Brugge-
Gamelkoorn and Kraal, 1985), with equal numbers of T and B 
lymphocytes adhering. Using peroxidase staining, a selective 
attachment of B cells bearing μ and L chains was described 

(Otuski et al., 1989) that is consistent with the pattern of 
localization of gut-derived IgA-secreting B cells in the sheep 
respiratory tract, which in form corresponds to the geo-
graphic distribution of BALT (Scicchitano et al., 1984). 

BALT is likely to play a key role in the localization of both 
T and B lymphocytes within the bronchial mucosa where, 
additionally, regulatory T cells (Iwata and Sato, 1991) and a 
transport epithelium, allowing migration into the bronchial 
lumen (Bienenstock et al., 1973a,b), are sited conveniently. 

Early studies suggesting a regulatory role for BALT 
(Clancy and Bienenstock, 1974) have been extended by infec-
tion and immunization models that have confirmed the nar-
row antigen dose range that stimulates a local antibody re-
sponse and a time-frame of T-cell help followed by immune 
suppression (Iwata and Sato, 1991). Thus, in a rat model of 
pulmonary infection with Pseudomonas aeruginosa, an early 
dominance of SIgA+ cells correlated with a predominance 
of W3/25+ T cells, which gave way to a dominance of 0X8+ 

suppressor T cells after 2 weeks, correlating with a decrease 
in both SIgA+ cells and inflammatory changes in the lung 
(Iwata and Sato, 1991). A pro-inflammatory cytokine profile, 
detected as both RNA expression and cytokine secretion, by 
T cells cloned from sputum in subjects with chronic bronchial 
inflammation (G. Pang and R. Clancy, unpublished observa-
tions) would indicate that T cells derived from bronchial 
mucosa that migrate into the bronchial lumen, may play a 
more prominent role in mucosal defense under circumstances 
of high dose or chronic antigenic stimulation. A regional 
distribution of peptidergic nerve fibers within classical 
BALT, and localization of immunoreactive neuropeptides 
known to influence lymphocyte physiology in different zones 
of the BALT (Inoue et al., 1990), suggest important neuroim-
munological control mechanisms in the bronchial mucosa. 
The close connection between BALT and regional 
lymph nodes, involving efferent lymphatics (van der Brugge-
Gamelkoorn et al., 1986), is reflected in the compartmental-
ized response to bronchial infection that includes both 
lymphoid structures (Weisz-Carrington et al., 1987). The re-
gional lymph nodes relating to BALT appear to have several 
important roles. The migratory patterns of lymphocytes in 
efferent lymphatics are more eclectic than those from mesen-
teric nodes (Rudzik et al., 1975a; Butler et al., 1982; Spencer 
and Hall, 1984; Joel and Chanana, 1987; Scicchitano et al, 
1988). Clearly, despite the potential of BALT B cells to popu-
late intestinal mucosa (Scicchitano et al., 1988), respiratory 
tract immunization has little influence on the intestinal im-
mune response (Scicchitano et al., 1984; Bice and Shopp, 
1988). The regional node, however, has an important role in 
establishing a generalized immune response within the lung 
(Scicchitano et al., 1984) as well as systemic sensitization 
(Butlers al, 1982; Kattreider era/., 1987;Muggenburg£>/a/., 
1987). A second role relates to the generation of an immune 
response to inhaled antigen. Macrophage-associated anti-
gen transported from the lumen requires cytokine activation 
for T-cell presentation (Thomas et al, 1974), which occurs 
within regional nodes. Down-regulation of IgE- and T cell-
dependent hyposensitization after inhalation of allergens in-
volves the generation of a suppressor T-cell population in 
regional nodes of the upper respiratory tract (Holt et al, 



Figure 3 (A) Lymphoid follicle (BALT) protruding into the lumen of a bronchiole from a child with undetermined recurrent 
pneumonic episodes. (B) High power view of the classic lymphoepithelium. Reprinted with permission from Meuwissen 
and Hussain (1982). 
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1981). The detection of T-cell populations in Peyer's patches 
that are capable of mediating down-regulation (Clancy and 
Pucci, 1978; Kiyono et al., 1980), and the switch toward a 
T-suppressor phenotype (Iwata and Sato, 1991) in chronic 
infection in the lung, indicates a regulatory role for BALT, 
but the relative contribution of BALT compared with the 
regional lymph node is not clear. 

Much of the discussion in this chapter is based on studies 
involving a variety of species, including humans, that vary 
considerably in their expression of organized BALT in a 
physiological state. Several general observations can be 
made. First, no major differences in mucosal handling of 
antigen, nor in the development of a local immune response 
nor participation in a gut-driven common mucosal immune 
system, are noted among those species in which bronchial 
lymphoid tissue predominantly occurs in organized BALT 
and those in which the bronchial lymphoid tissue has less 
structure. Second, most, if not all, species (including humans) 
can develop classical BALT structures including a lympho-
epithelium under conditions of increased antigen load. In 
those species with small amounts of BALT, under normal 
conditions, an adaptive immune function would focus the 
elements of an immune response into an efficient mechanism 
for the induction, capture, and delivery of a local mucosal 
immune response, as well as its control and integration within 
a broader defense network of lymphoid structures. Third, 
study of aggregated BALT and cells obtained essentially from 
these aggregates have given much insight into mechanisms of 
mucosal defense, both within the bronchopulmonary system 
and within mucosal tissues in general. 

The presence of additional antigen-handling mechanisms 
within the bronchial mucosa that involve dendritic cells and 
epithelial cells, and the presence of T- and B-cell effector 
and regulatory lymphocytes within the bronchial mucosa, 
however, requires a dissection of the various components of 
mucosal immunity to determine the degree to which BALT 
in its classical form encompasses all these functions in one 
efficient unit. Further, the interdependence of various 
"pools" of lymphocytes within the lungs (Figure 4), and their 
functional interaction in health and disease, must be studied 
carefully. Perhaps particular insight into these interactions 
could come from careful analysis of cell traffic through the 
often forgotten regional lymph node, which not only repre-
sents a crossroad for lymphocyte traffic but appears to be 
central to the generation of mucosa-related immune re-
sponses, the up- and down-regulation of immune pathways, 
and the expansion of lung-specific immunity. 
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Figure 4 Schematic drawing of the elements of the lung lymphoid 
tissue. An immune regulation loop involves cervical lymph nodes, 
particularly relevant to the down regulation of IgE (Holt et al., 1981). 
The immune regulation loop involving mucosal T lymphocytes is 
particularly relevant to the inhibition of T cell proliferation (Pucci 
et al., 1982). The bronchus associated lymphoid tissue (BALT) is 
a mechanism for effectively generating both T and B lymphocyte 
immunity in response to luminal antigen, both locally and at distinct 
mucosal sites. The role of the mesenteric regional lymph node ap-
pears crucial to the expansion of mucosa-associated immunity. The 
exact role of the bronchial and mediastinal nodes is less clear. The 
interstitial lymphocyte pool is modified in function from that of the 
circulating blood pool and is at least as large as the latter. Its role 
within the lung, and its relationship to other "pulmonary lympho-
cyte" pools, is undefined (Pabst, 1990). The vascular lymphocyte 
pool has been identified on the basis of cell sequestration studies. 
Whether this pool represents more than differential cell sequestration 
or has an important modulatory effect on cell traffic within other 
lymphocyte pools is not known (Pabst, 1990). The broncho-alveolar 
cell pool contains 5-10% lymphocytes, whose functions probably 
involve immunoregulating activities that range from afferent to effer-
ent limbs of the inflammatory response. 
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The pathogenesis of the asthmatic state represents a com-
plex disease process that involves mast cells, eosinophils, 
neutrophils, basophils, macrophages, platelets, and T cells 
in a complex series of cross-interactions, with the participa-
tion of a cascade of cytokines, complement factors, and other 
inflammatory mediators. 

The understanding of the cellular interactions in the muco-
sal compartment of human lung is central to our understand-
ing of the development of the asthmatic process. Studies of 
immune interactions in the pathological lung must be seen 
against the background of immune function in normal tissue. 
Largely for technical reasons, our understanding of the muco-
sal immune process has lagged behind that of the peripheral 
immune system. Clearly, however, with respect specifically 
to the mucosal compartment, the T cell is the major orchestra-
tor of immune function and also represents the cellular com-
ponent that exhibits antigenic specificity. In this chapter, we 
initially describe features of the T-cell populations that are 
characteristic of mucosal sites and subsequently describe 
changes in these populations and the various cellular interac-
tions that are known to occur after the development of the 
asthmatic condition. 

I. MUCOSAL T 
LYMPHOCYTE POPULATIONS 

In the literature, investigations of the T-cell component of 
the mucosal compartment of the gut appear to have pro-
ceeded at a faster rate than those relating to lung mucosa. 
However, based on the rapidly expanding lung literature, 
clearly general statements can be made that are relevant to 
both sites. We have adopted this approach to our discussion 
of mucosal T cells. 

A. T-Cell Development 

T lymphocytes undergo maturation within the cortical area 
of the human thymus, which they enter as committed T-
lymphocyte precursors (Janossy et al., 1981). During their 
passage through the thymus, two important events occur. 
First, shuffling of genes encoding various components of the 
T-cell receptors allows the random development of the T-
cell repertoire. Second, individual T cells that express self 
(host)-directed specificity are deleted or inactivated. 

The majority of T cells present in the peripheral compart-
ment of the lymphoid system express a surface receptor com-
posed of a and ß polypeptides that are bonded covalently. 
A minority population expresses a receptor composed of 
ã/ä polypeptide chains that may or may not show disulfide 
linkage. The significance of this population in relation to 
mucosal sites will be discussed subsequently. In addition to 
the expression of antigen-specific receptor molecules, the 
maturation of T cells involves the production of the CD3 
molecular complex and its association with the T-cell recep-
tor, as well as the expression of membrane CD4 or CD8 
glycoproteins. These molecules, which are members of the 
immunoglobulin gene superfamily, dictate aspects of antigen 
recognition by T cells and, in conjunction with CD3, form 
the basis of early studies of T-lymphocyte subset function. 

B. T-Lymphocyte Subset Markers in Relation to 
Antigen Experience 

Exposure of T cells to antigen is accompanied by changes 
in the molecular species of CD45 expressed on their surface. 
CD45, formerly known as leukosialin or leukocyte common 
antigen, has a short intracellular tail and an extended, heavily 
glycosylated, extracellular portion that varies in length 
(Akbar et al., 1988). Changes in CD45 isoforms, which can 
be expressed variably on different leukocyte subtypes, are 
achieved largely by alternative splicing but also, as more 
recent comparisons of human and neonatal T cells have 
shown, by changes in the rate of turnover of the different 
subspecies of the molecule (Yamada et al., 1992). Within T 
cells, the most significant isoform change is from CD45RA 
to CD45RO, demonstrating the switch from immunological 
immaturity to immunological experience. The CD45RO pop-
ulation contains the bulk of T cells reactive to recall antigens 
(Akbar et al., 1988). The CD45RA-CD45RO switch is accom-
panied by a change in the cytokine profile secreted by the 
cells on activation (Ferrer et al., 1992). 

In mice, CD4+ T cells are known to be subdivided into 
two categories, Thl and Th2, which differ in their capacity 
to secrete cytokines and also in the efficiency with which 
they can support delayed type hypersensitivity (Thl) or IgE 
synthesis (Th2). Experimental studies of these two CD4+ 

subsets suggest that the functional differences shown may 
be significant in the pathogenesis of the asthmatic state (Frew 
and Kay, 1991; Robinson et al., 1992). Currently, CD45RA 
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and CD45R0 human T-cell subsets have not been definitively 
characterized as direct human correlates to murine Thl and 
Th2 T cells. Nevertheless, studies of cytokine mRNA produc-
tion suggest that human T-cell populations containing a high 
proportion of CD45R0+ lymphocytes show cytokine secre-
tion patterns that closely resemble those of the murine Th2 
subpopulation (Ferrer et al., 1992). 

C. Phenotype of the Intraepithelial 
T-Lymphocyte Population 

The intraepithelial lymphocyte (IEL) population of the 
human intestine has been investigated extensively; numerous 
reviews on this topic exist. Both phenotypic and functional 
investigations of IELs demonstrate selective recruitment of 
functionally distinct T-lymphocyte subsets (Selby et al., 
1981; Harvey and Jones, 1991). In the human intestine, the 
majority of CD3+ IELs strongly express CD7, a 40-kDa anti-
gen that has been considered to represent an activation 
marker (Spencer et al, 1989a). Between 70 and 90% of small 
intestinal IELs are CD8+, although CD8 dominance is less 
marked in the colon (Trejdosiewicz et al., 1987). A large 
proportion of intestinal IELs is positive for CD45R0, demon-
strating selective recruitment of an antigen-experienced pop-
ulation, and also expresses the antigen recognized by the 
monoclonal antibody HML1. The molecule identified by 
HML1 is claimed to be associated intimately with recruitment 
of lymphocytes into mucosal surfaces (Cerf-Bensussan et al., 
1987; Schieferdecker et al., 1990). IELs also show positivity 
for the ßl integrin VLA-4 (Choy et al., 1990). IELs would, 
therefore, appear to be well adapted to cell-stroma and 
cell-cell interactions. Functional studies of intestinal IELs 
show widely varying results among and within species (Bland 
and Warren, 1986; Mayer and Shlien, 1987). These differ-
ences presumably relate to some genuine interspecies varia-
tion but also reflect difficulties inherent in the extraction of 
IELs from tissue biopsies, as well as wide variation in the 
experimental design of the functional studies performed. To 
date, the immunological consensus would appear to be that 
CD3+ IELs are, at least in part, responsible for the regulation 
of oral tolerance in humans. Beneath the intestinal mucosal 
compartment lies the lamina propria, which contains a much 
more complex cell mixture in which CD4+ T cells are more 
common, as are B lymphocytes, plasma cells, basophils, mast 
cells, and eosinophils (reviewed by Harvey and Jones, 1991). 

In comparison with studies of the human intestine or inves-
tigations conducted on bronchoalveolar lavage fluid, immu-
nophenotypic analysis of lymphocyte populations present 
within human lung tissue of normal histology are infrequent 
(Azzawi et al., 1990). From the studies that do exist, based 
either on tissue removed from resection specimens or on 
biopsies obtained during bronchoscopy, the following general 
statements can be made. T cells are relatively abundant both 
in the lung parenchyma and within the epithelial lining of 
the bronchial wall (Azzawi et al., 1990). Unlike the human 
intestine, CD8+ cells are not present in great excess. At least 
with respect to parenchymal tissue, this absence may reflect 
dilution by circulating peripheral blood. HML1 is expressed 

widely on lung T cells (Cerf-Bensussan et al., 1987); up to 
80% of bronchial wall T lymphocytes are CD45R0+. As in 
the human intestine, CD7 is expressed strongly and, at least 
in histologically normal tissue, CD25 [the interleukin 2 (IL-
2) receptor] is shown very infrequently on CD3+ T cells. 
From these data, the mucosal compartments of histologically 
normal human lung and intestine could be considered to con-
tain phenotypically equivalent IEL populatons. 

D. T-Cell Receptor Gene Expression in 
Intraepithelial Lymphocytes 

In mice and birds, ã/ä T-cell receptor-carrying lympho-
cytes appear to predominate at all mucosal surfaces. These 
cells have been considered to have a specialized function in 
the immune surveillance of epithelia (Janeway, 1988). In 
humans, however, α/β- expressing T lymphocytes represent 
the predominant mucosal T-cell population in gut (Brandt-
zaeg et al., 1989; Trejdosiewicz et al., 1989) and in lung 
(Augustin et al., 1989). ã/ä Receptors exist in biochemically 
distinct forms. In the intestine, ã/ä-positive cells appear to 
carry the nondisulfide linked heterodimer (Spencer et al., 
1989b), in contrast to peripheral blood, suggesting that the 
small population of ã/ä positive cells present in humans may 
have some specialized function. ã/ä-Positive T cells have 
been claimed to represent an early form of immune surveil-
lance of epithelial surfaces (Janeway, 1988), based on their 
appearance early in ontogeny, the demonstration in nude 
mice that their development may occur independently of 
thymic influences, and their claimed restricted gene reper-
toire. Note, however, that a high level of junctional diversity 
could produce a much higher level of receptor variability 
than is apparent from the numbers of coding genes. 

In contrast to the ã/ä T-cell receptor, the genomic informa-
tion encoding the α/β receptor encompasses a large number 
of V/3 genes. These genes have been placed into 24 subfamil-
ies based on the presence of 75% homology between individ-
ual genes at the sequence level (Robinson, 1991). Monoclonal 
antibodies have been produced that identify a proportion of 
these Vß gene families. Although our data are preliminary, 
by comparison with the peripheral lymphoid system, the Vß6 

and V/38 subfamilies appear to be overrepresented in the 
lung (S. Berry, S. T. Holgate, and D. B. Jones, unpublished 
observations). Should this prove to be true, preferential usage 
of individual V gene segments may occur at mucosal sites in 
addition to preferential selection of T cells with specialized 
function and phenotype. 

E. Macrophages and Accessory Cells 

Macrophages and dendritic cells show much greater phe-
notypic heterogeneity than lymphocytes. Surface markers 
vary during maturation, and this plasticity is compounded 
by the effects of macrophage-mediator and macrophage-cell 
interactions in tissue sites. The intestinal mucosa contains a 
population of cells resembling interdigitating reticulum cells 
that may have a role in the sampling of incoming antigen 
(Tseng, 1984; Mahida et al., 1989; Harvey et al., 1990). Scav-
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enging macrophages are described also that differ in pheno-
type. Many of these show up-regulation of a range of surface 
receptors, suggesting an activated state (Selby et al., 1983; 
Trejdosiewicz et al., 1987). Within the lung, populations can 
be identified that have the characteristics of antigen-
presenting (dendritic) cells as well as phagocytes with varying 
phenotypes (Spiteri and Poulter, 1991). The precise interac-
tion of these cell populations, in terms of allergen presenta-
tion, antigen and cell clearance, and production of inflamma-
tory mediators, and their overall contribution toward the 
asthmatic process have yet to be determined. 

F. Synthesis 

The preceding data clearly demonstrate that unique popu-
lations of lymphocytes are recruited selectively to mucosa-
associated lymphoid tissue. Also clearly, from the pathologi-
cal picture seen in asthma, these cells operate in conjunction 
with a range of inflammatory cells types. In addition, complex 
mediator interactions occur during the development of lung 
pathology. In the following sections, we discuss a variety of 
different cell types and their actions in terms of mediator 
production and response in the context of asthmatic disease. 

II. IMMUNOLOGICAL MECHANISMS 
IN ASTHMA 

Until recently, asthma was viewed primarily in terms of 
contraction of bronchial smooth muscle; relatively little at-
tention was paid to the underlying processes responsible. 
Attempts to define asthma focused on disordered airway 
function rather than on pathological abnormalities. However, 
although bronchoconstriction is undeniably important, the 
causes of airway narrowing are multiple and include, in addi-
tion, airway wall edema and hypersecretion of mucus. An-
other feature characteristic of asthma is nonspecific bronchial 
hyperresponsiveness, the ability of the airways to respond 
to a wide variety of stimuli in an exaggerated manner. Using 
modern techniques, real progress is now being made in unrav-
eling the complex and interrelated events that can explain 
these disparate features. 

Increasing clinical and pathological evidence points to air-
way inflammation as a basic underlying abnormality. For 
over a century, scientists have known that the airways of 
patients with asthma are inflamed. Early postmortem studies 
on the lungs of patients who died of asthma (Dunnill, 1960; 
Dunnill et al., 1969) demonstrated extensive inflammation of 
the airway wall, characterized by infiltration of the tissue 
with eosinophils and mononuclear cells, extensive loss of the 
bronchial epithelium, hyperplasia of mucus-secreting cells, 
hypertrophy of bronchial smooth muscle, and the presence 
of an exudate within the lumen containing mucus and cellular 
debris. Asthma also frequently is associated with atopy—the 
genetic predisposition to produce IgE in response to common 
enviornmental allergens—suggesting an association between 
asthma and immediate hypersensitivity. Finally, drugs with 
the predominant action of suppressing inflammatory re-

sponses, for example, corticosteroids, sodium cromoglycate, 
and cyclosporin, are all effective in the treatment of asthma. 

Considering these lines of evidence together builds a strong 
case for implicating inflammatory responses in the disordered 
airway function of asthma. Until recently, testing this hypoth-
esis directly has not been possible; however, the advent of 
fiber-optic bronchoscopy has provided an opportunity to ob-
tain bronchoalveolar lavage fluid and mucosal biopsy speci-
mens from patients with asthma, thereby enabling a detailed 
characterization of the inflammatory response. This approach 
has been applied both in day-to-day asthma and following 
bronchial provocation with specific allergen, which results 
in both early and late phases of airway constriction as well 
as in an acquired increase in bronchial responsiveness. 

Using these techniques, a number of specific cells and 
mediators stand out as particularly important. These cells 
and mediators are considered in more detail. 

A. Mast Cells 

Mast cells play a central role in allergic reactions involving 
immediate or type I hypersensitivity responses; asthma is no 
exception. Good evidence exists that mediators released on 
activation of mast cells are responsible for the early broncho-
constrictor response provoked by inhaled allergen. These 
mediators include histamine, prostaglandin (PG) D2 and its 
metabolite 9a,110-PGF2, and the sulfidopeptide leukotrienes 
(LTs) C4, D4, and E4. All these molecules are powerful con-
tractile agonists of bronchial smooth muscle and, in addition, 
are vasodilators and increase micro vascular permeability. 

Mast cells are found throughout the airway wall, particu-
larly beneath the bronchial epithelium and surrounding the 
airway smooth muscle. Most of these cells contain tryptase 
as their only neutral protease, in contrast to mast cells from 
skin and other connective tissue sites which contain both 
tryptase and chymase. Although the total number of mast 
cells does not differ greatly between patients with mild-to-
moderate asthma and normal subjects, increased activation 
of these cells is believed to occur in asthma. 

Several lines of evidence support the view that mast cell 
activation occurs in asthma. First, transmission electron mi-
croscopy (Figure 1) demonstrates ultrastructural evidence of 
mast cell degranulation, with loss of electron density of the 
characteristic scroll-containing granules and the formation of 
secretory channels (Beasley et al., 1989a). Second, mast cell-
derived mediators such as histamine (Casale et al., 1987), 
tryptase (Wenzel et al., 1988), and LTC4 (Lam et al., 1988) 
are found in increased quantities in lavage from asthmatics 
compared with normal controls. Finally, bronchial provoca-
tion of the airway, either by inhalation challenge or by intro-
duction of the allergen directly onto the airway surface via 
a bronchoscope, results in an early bronchoconstrictor re-
sponse accompanied by the release of mast cell-derived medi-
ators including histamine, tryptase, PGD2, and leukotrienes 
(Murray et al., 1986; Wenzel et al., 1988; Miadonna et al., 
1990). 

Pharmacological manipulation also supports a role for mast 
cells in mediating the early bronchoconstrictor response. This 
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Figure 1 Electron micrograph of a mast cell showing evidence of 
extensive degranulation. 

response can be inhibited effectively by drugs known to in-
hibit mast cell function, for example, sodium cromoglycate 
(Atkins et al, 1978), and can be attenuated markedly by 
mediator antagonists, specifically those directed against his-
tamine HI (Rafferty et al, 1987), prostanoid TP (Beasley et 
al, 1989), and leukotriene (Taylor et al, 1991) receptors. ßl 
Adrenoceptor agonists such as salbutamol are also powerful 
inhibitors of the immediate reaction (Cockcroft and Murdock, 
1987), probably by a combination of a direct action on bron-
chial smooth muscle and inhibition of mast cell mediator 
release. The ability of histamine HI antagonists (Rafferty et 
al, 1990) and leukotriene antagonists (Hui and Barnes, 1991) 
to produce a degree of bronchodilation in symptomatic 
asthma suggests that mast cell products contribute to airflow 
obstruction even in the absence of specific antigen challenge. 

In addition to the traditional mediators just discussed, evi-
dence indicates that mast cells are also a source of a number 
of cytokines. Initial work showed that activated murine mast 
cells generate a wide range of cytokines including IL-1, IL-
3, IL-4, IL-5, IL-6, and GM-CSF (Burd et al., 1989; Plaut 
et al, 1989; Wodnar-Filipowicz et al, 1989). These findings 
have now been in part extended to human lung mast cells 
which have been shown to produce TNFa (Ohkawara et 
al, 1992) and IL-4 (Bradding et al, 1992). The potential 
implications of these molecules in the inflammatory processes 
of asthma is currently under investigation but the likelihood 
is that the role of the mast cell is more far-reaching than has 
recently been supposed. 

Finally, mast cells probably play an important role in exer-
cise-induced asthma (McFadden, 1987). In this case, the im-
mediate stimulus for mast cell activation is believed to be 
provided by local hypertonicity resulting from water loss 
from the airway surface. Therefore, not surprisingly drugs 
such as histamine HI antagonists (Finnerty and Holgate, 
1990) and leukotriene antagonists (Manning et al, 1990) are 
able to attenuate the bronchoconstrictor response when ad-
ministered prior to exercise. Sodium cromoglycate, nedo-
cromil sodium, and ß agonists are also effective inhibitors 
of exercise-induced asthma, consistent with their known in-
hibitory effects on mast cells. Reflex bronchoconstriction 
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produced by cooling of the airway by inspired air also may 
contribute to exercise-induced asthma. 

B. Eosinophils 

At one time, the eosinophil was believed to be a protective 
cell in allergic responses but now the opposite is known to 
be true. The frequent association of asthma with peripheral 
blood and sputum eosinophilia, the extensive infiltration of 
eosinopils into the airways of patients dying of acute severe 
asthma, and the demonstration of the release of eosinophil-
derived pro-inflammatory mediators all point to a central role 
for this cell in contributing to the inflammatory response 
characteristic of asthma. 

Recruitment of eosinophils from the circulation entails a 
series of separate processes. Initial adherence to endothelium 
is followed by transendothelial migration and chemotaxis 
toward the site of inflammation. The process by which eosino-
phils are slowed down and eventually arrested against the 
endothelium as they traverse postcapillary venules is depen-
dent on the induction or up-regulation of specific adhesion 
molecules by activated endothelial cells. These molecules 
are E-selectin (formerly known as endothelial leukocyte ad-
hesion molecule 1 or ELAM-1; Bevilacqua et al, 1989), 
which interacts with a carbohydrate ligand known as sialyl 
Lewis X that is expressed on eosinopils and neutrophils; 
intercellular adhesion molecule 1 (ICAM-1; Pober et al, 
1986), which interacts with molecules of the integrin family, 
LFA-1 and Mac-1, again expressed on both types of leuko-
cyte; and, finally, vascular cell adhesion molecule (VCAM-
1; Bochner et al, 1991), a member of the immunoglobulin 
superfamily, the ligand of which on the eosinophil is the ß\ 
intergrin VLA-4, which has been shown to be more specific 
to eosinophil recruitment, endobronchial provocation of the 
airways of atopic asthmatics with allergen results in the in-
creased expression of E-selectin and ICAM-1 (evident at 
5-6 hr; S. Montefort, unpublished observations) and 
VCAM-1 (apparent at 24 hr postchallenge; Bentley et al, 
1992). Transendothelial migration of leukocytes also is be-
lieved to be dependent on interactions with adhesion mole-
cules including ICAM-1 (Smith, 1988). 

Within the perivascular space, eosinophils are capable of 
responding to a variety of chemoattractant factors including 
C5a, LTB4, platelet activating factor (PAF), and IL-5. Two 
factors that have generated interest as potent chemoattrac-
tant stimuli for eosinophils are IL-2 (Rand et al, 1991a) and 
lymphocyte chemoattractant factor (LCF; Rand et al, 
1991b). LCF is a 14-kDa highly cationic protein that is thought 
to be released by activated CD8+ lymphocytes. This glyco-
protein interacts with eosinophils at extremely low concen-
trations (10~n-10"12M) in a process involving CD4, which 
is expressed on eosinophils as well as on T lymphocytes. 
An additional finding is that allergen itself can provide a 
chemotactic stimulus for eosinophils via an interaction with 
IgE bound to low-affinity cell-surface IgE receptors. 

To survive in the airways, eosinophils require the presence 
of certain cytokines and growth factors. IL-3, granulo-
cyte-macrophage colony stimulating factor (GM-CSF), and 
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IL-5 all can maintain eosinophils in a viable state in culture 
(Tai et al., 1991) and are known to be generated within the 
airway wall in asthma. T lymphocytes probably provide the 
majority of the IL-5, whereas GM-CSF is likely to be derived 
additionally from both the monocyte-macrophage population 
and the bronchial epithelium. Stimulated fibroblasts also can 
produce GM-CSF (Kaushansky et al., 1988). Eosinophil sur-
vival in vitro is prolonged by coculture with fibroblasts, an 
effect mediated by GM-CSF (Owen et al., 1987). This result 
may be important in light of the population of myofibroblasts 
beneath the bronchial epithelium. 

The mechanisms by which eosinophils become activated 
are not understood completely. However, these cells appear 
to possess at least two types of IgE binding site on their 
surface—low-affinity FCER2 receptors and the carbohydrate 
binding protein MAC-2 described previously on macrophages 
(Cherayil et al., 1989)—as well as FcyR2 receptors for IgG, 
receptors for IgA, and receptors for certain components of 
the complement cascade. Different receptors have been 
shown to be able to mediate the release of different mediators 
(Tomassini et al, 1991). Further, IL-3 (Rothenberg et al., 
1988), IL-5 (Lopez et al., 1988), and GM-CSF (Owen et 
al., 1987) all can increase the functional activation status of 
eosinophils. 

Once activated, eosinophils represent a potent source of 
pro-inflammatory mediators (Figure 2), including oxygen 
radicals, lipids such as LTC4 15-HETE and PAF, and the 
arginine-rich proteins of the eosinophil granule: major basic 
protein (MBP), eosinophil cationic protein (ECP), eosinophil-
derived neurotoxin (EDN), and eosinophil peroxidase (EPO). 
These proteins are directly toxic to airway epithelial cells, 
but an additional source of damage to the epithelium may 
result from a cognate interaction between eosinophils and 
epithelial cells, resulting in the induction of epithelial cell-
derived proteases (Herbert et al., 1991). 

Finally, evidence suggests that eosinophils are an im-
portant source of cytokines, in particular IL-3 (Kita et al., 
1991), GM-CSF (Kita et al., 1991; Moqbel et al., 1991), IL-
5 (Desreumaux et al., 1992), IL-6 (Hamid et al., 1992), trans-
forming growth factor (TGF)a (Wong et al., 1990), and TGF/3 
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Figure 2 Mediators released by activated eosinophils. 

(Ohno et al, 1992; Wong et al.t 1991). These cytokines may, 
in some cases, have important autocrine effects, but also 
would amplify and prolong the inflammatory response and 
perhaps contribute to airway fibrosis. 

C. Neutrophils 

Traditionally, neutrophils have not been associated with 
the inflammatory response of asthma, although some evi-
dence implicates them in both occupational asthma (Fabbri 
et al., 1987) and the late-phase response of allergic asthma 
(Metzger et al., 1987). 

As with eosinophils, their initial recruitment involves the 
increased expression of endothelial adhesion molecules, in-
cluding E-selectin and ICAM-1 (Kyan-Aung et al., 1991), 
and they are influenced by a number of chemotactic factors 
such as C5a, LTB4, PAF, and IL-8. Some of these fac-
tors—including C5a, LTB4, and PAF—also have the capacity 
to prime neutrophils for enhanced mediator release. A num-
ber of other neutrophil chemotactic activities have been rec-
ognized in the serum and lavage fluid of patients with asthma. 
The molecular identity of these activities will, no doubt, be 
discovered, as was the newly described monocyte-derived 
neutrophil-activating peptide 2 (NAP-2) (Walz et al., 1989). 
Activated neutrophils are capable of generating a number 
of mediators that might be relevant to the pathogenesis 
of asthma, including oxygen radicals, LTB4, and various 
granule-derived enzymes such as myeloperoxidase. 

Currently, however, the possible importance of neutro-
phils and of novel mediators such as IL-8 and NAP-2 in 
asthma remains unclear. 

D. Basophils 

Basophils once were considered to be circulating precur-
sors of mast cells, but recently more emphasis has been 
placed on the differences between these two cells (Hender-
son, 1990). Like mast cells, however, basophils possess high-
affinity IgE receptors and can be activated directly by aller-
gen. Several "histamine releasing factors" also have been 
described, including NAP-2 (Kaplan et al., 1991) and mono-
cyte chemotactic activating factor (MCAF) (Kuna et al., 
1992). Once activated, basophils are capable of releasing a 
range of inflammatory mediators including histamine, LTB4 

LTC4 (but not PGD2), as well as various proteases. 
A late increase in basophils has been demonstrated in 

bronchoalveolar lavage fluid after direct allergen challenge 
via the bronchoscope (Liu et al., 1991). Evidence also exists 
from the upper airway to implicate basophils in the late-
phase response (Bascom et al., 1988). However, the true 
importance of this potential pro-inflammatory cell in asthma 
is unknown. 

E. T Lymphocytes 

An important advance has been our increasing knowledge 
about the role of T lymphocytes in initiating and prolonging 
the inflammatory response in asthmatic airways. 
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Evidence for the involvement of T lymphocytes in asthma 
derives from a number of sources. Increased numbers of T 
lymphocytes expressing activation markers (IL-2R VLA-1 
and HLA-DR) (Corrigan et al., 1988) and elevated levels of 
T-lymphocyte-derived cytokines (Corrigan and Kay, 1990) 
have been described in the blood of patients with acute severe 
asthma. Markers of T-lymphocyte activation also have been 
shown to be increased in bronchoalveolar lavage fluid (Mat-
toli et al., 1991) and in bronchial biopsies (Azzawi et al., 
1990) from asthmatics. 

Dendritic cells of macrophage lineage are present in large 
numbers within the bronchial epithelium (Holt et al., 1990) 
and are responsible for processing antigen and presenting it 
to T lymphocytes in association with Class II major histocom-
patibility complex (MHC) determinants. This process may 
take place locally in the bronchial epithelium, but a more 
important site is probably local lymphoid tissue after migra-
tion of the dendritic cells to that location. Once activated, 
antigen-specific T lymphocytes undergo selective clonal 
expansion and proliferation. 

In response to allergen challenge, CD4+ T lymphocytes 
are recruited from the circulation over a period of 1-12 hr, 
a process again involving the up-regulation of endothelial 
adhesion molecules such as VCAM-1 and their interaction 
with cell-surface ligands. As discussed in the previous sec-
tion, two types of CD4+ T lymphocytes have been described 
in the mouse that differ in their pattern of cytokine secretion 
(Mosmann and Coffman, 1989). Comparable subsets are be-
lieved to exist in humans, and the Th2 subset is believed to 
be important in asthma. These cells express (in addition to 
IL-3 and GM-CSF) IL-4, IL-5, IL-6, and IL-10, cytokines 
that are important for regulation of IgE synthesis by B lym-
phocytes; for mast cell growth and differentiation; for eosino-
phil recruitment, survival, and activation; and, in the case 
of IL-10 (Fiorentino et al., 1989), for inhibition of production 
of the Thl subset cytokines, namely IL-2, interferon (IFN)y, 
and lymphotoxin (LT). Thl lymphocytes are believed to be 
involved in delayed type hypersensitivity, so a reciprocal 
relationship would appear to exist between this type of im-
mune response and allergic inflammation. 

F. Monocytes and Macrophages 

Human airway macrophages are derived from circulating 
monocytes and normally are resident throughout the respira-
tory tract, both in the lumen and in the airway wall. 

The ability of these cells to act as antigen-presenting cells 
is limited in comparison to that of dendritic cells and their 
main role in asthma seems to be as primary mediator-
secreting cells after activation via their low-affinity IgE recep-
tors. Increased release of macrophage products has indeed 
been demonstrated in bronchoalveolar lavage fluid from asth-
matics after allergen challenge (Tonnel et al., 1983). In-
creased numbers of macrophages also have been reported in 
bronchial biopsies from asthmatics (Poston et al., 1992). 

Activated macrophages are capable of generating numer-
ous inflammatory mediators including oxygen radicals, leuko-
trienes, and PAF, as well as many enzymes such as ß-

glucuronidase. However, the relative importance of these 
molecules in comparision with mediators derived from other 
inflammatory cells is unclear. In addition, macrophages are 
a potential source of cytokines—both pro-inflammatory, 
such as IL-1 and TNFa, and fibrogenic, including platelet-
derived growth factor (PDGF) and TGF0. 

Macrophages also may play a part in terminating the in-
flammatory response in a process known as apoptosis (Co-
hen, 1991). Aging neutrophils and eosinophils express 
specific cell-surface markers that are recognized by macro-
phages. This process is not well understood but appears to 
involve the macrophage vitronectin receptor and, perhaps, 
recognition of membrane phosphatidylserine. These granulo-
cytes are phagocytosed and degraded. It is possible to specu-
late that in asthma, a defect in leuykocyte removal may con-
tribute to the disease state. 

G. Platelets and Platelet Activating Factor 

During the 1980s, researchers suggested that platelets 
might have an important pro-inflammatory action in asthma 
via the production of PAF (Morley et al., 1984). Inhalation 
of PAF by normal volunteers was reported to be capable 
of inducing not only acute bronchoconstriction but also a 
prolonged increase in bronchial responsiveness (Cuss et al., 
1986). Other studies, however, have been unable to confirm 
this result (Lai et al, 1990). More recently, the PAF antago-
nist WEB 2086 failed to attenuate late-phase bronchocon-
striction (Wilkens et al., 1991) and also failed to demonstrate 
any evidence of therapeutic benefit (Johnston et al., 1992). 
Despite its undoubted relevant biological actions, PAF now 
seems unlikely to play a central role in the inflammatory 
response of asthma. 

H. Bronchial Epithelium 

The bronchial epithelium is a major target for the inflam-
matory response of asthma. Many studies indicate that the 
bronchial epithelium in asthma is either disrupted or com-
pletely absent (Dunnill, 1960; Beasley et al., 1989a; Jeffery 
et al., 1989). 

Under normal circumstances, the integrity of the epithe-
lium is maintained by a variety of adhesive mechanisms (S. 
Montefort, J. Baker, W. R. Roche, and S. T. Holgate, in 
press). Tight junctions connect the suprabasal cells distally 
to form a selectively permeable barrier. Below these connec-
tions are intermediate junctions which contain adhesion mol-
ecules of the cadherin family, the most important of which 
is L-CAM or uvomorulin, connected intracellularly to actin 
filaments. Desmosomes connected the suprabasal cells to 
each other and to the basal cells. These junctions contain 
cadherin-like desmosomal glycoproteins or desmogleins 
linked to an intracellular plaque, made up of at least three 
desmosomal proteins or desmoplakins, which is itself 
attached to intracellular intermediate filaments composed of 
keratin. Finally, hemidesmosomes connect the basal epithe-
lial cells to the basement membrane and contain the integrin 
αö4. 
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As discussed previously, the highly cationic proteins of 
the eosinophil granule are directly toxic to airway epithelial 
cells. However, a more subtle damaging effect might arise 
from an interaction between eosinophil and epithelial cells 
resulting in the induction of epithelial cell-derived proteases 
(Herbert et al., 1991) such as collagenase, gelatinase, and 
stromolysin. These enzymes would have the capacity to 
break the desmosomal links, thereby releasing suprabasal 
cells from their attachment; indeed, such isolated clumps 
of suprabasal cells have been observed in bronchoalveolar 
lavage fluid from asthmatics (Montefort et al., 1992). 

The net result of this disruption is impairment of the ability 
of the epithelium to maintain homeostasis with respect to 
permeability. Using "mTc-labeled DTPA clearance, in-
creased epithelial permeability has been demonstrated both 
in stable asthmatics (Ilowite et al., 1989) and during acute 
attacks (Urzua et al., 1992). Clearly, this event will expose 
the airway to a range of environmental insults including viral 
infections and hyperosmolar stimuli provided by exercise. 

Myofibroblast proliferation has been demonstrated be-
neath the epithelium in asthmatic airways (Brewster et al., 
1990). These cells may be important in prolonging the survival 
of both mast cells and eosinophils, thereby maintaining the 
chronicity of the response, and are also believed responsible 
for the deposition of collagen types III and V and fibronectin 
immediately below the basement membrane (Roche et al., 
1989; Figure 3). In longstanding poorly controlled asthma, 
this subepithelial fibrosis could contribute to the development 
of fixed airways obstruction. 

/. Smooth Muscle 

Although recent attention has focused on underlying 
pathogenic mechanisms, contraction of airway smooth mus-
cle still is of critical importance in producing airway obstruc-
tion, both during the early phase and, to a lesser extent, 
during the late-phase response. 

Bronchial smooth muscle is clearly under autonomic con-
trol, allowing manipulation by bronchodilator drugs such as 
ß-agonists and anticholinergics. However, this muscle is also 
under the influence of certain cytokines and growth factors. 
The actions of PDGF and TGF/3 might account for the smooth 
muscle hypertrophy and hyperplasia that characterize persis-
tent asthma. TNFa and IL-8 have been shown to be able to 
up-regulate the expression of substance P and muscarinic M3 
receptors on airway smooth muscle, possibly contributing to 
the pathogenesis of bronchial hyperresponsiveness. A num-
ber of other mediators, including tryptase (Sekizawa et al., 
1989), also can increase airway smooth muscle respon-
siveness by a mechanism not currently understood. 

J. Airway Nerves 

Sensory nerve endings in the airway have been determined 
to contain many neuropeptides with important biological ef-
fects. These peptides can be released by the spread of nerve 
impulses antidromically along the nerve plexus in the airway 
wall, so these nonmyelinated C-fibers can cause neurogenic 

inflammation (Barnes, 1991). For example, calcitonin gene-
related peptide (CGRP) and the related tachykinins substance 
P and neurokinin A (NKA) are all bronchoconstrictors. In 
addition, these molecules have actions on the microvascula-
ture; CGRP is a particularly potent and long-lasting vasodila-
tor whereas substance P and NKA increase microvascular 
permeability. Substance P is also a potent stimulus to mucus 
secretion and can activate inflammatory cells. 

Direct evidence for the involvement of neurogenic in-
flammation in asthma has been obtained only recently. After 
allergen challenge, for example, the airway response to in-
haled bradykinin, which mediates its effects through stimula-
tion of C-fibers, is increased by several orders of magnitude 
in comparison with the 2- to 3-fold enhancement observed 
for methacholine (DjuKanovic et al., 1992), suggesting that, 
in response to allergen challenge, a change occurs in the 
sensitivity of the afferent nerves so they respond to lower 
concentrations of bradykinin. 

Nerve growth factors released by T lymphocytes or 
other inflammatory cells could lead to proliferation of 
neuropeptide-containing nerves, which might explain why 
a component of bronchial hyperresponsiveness in chronic 
asthma appears to be relatively resistant to resolution by 
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Figure 4 Network of cellular interactions occuring in allergic inflammation. 

corticosteroids (Lundgren et al.f 1988). However, currently 
our understanding of the importance of neuropeptides and 
neurogenic inflammation in asthma is still at an early stage. 

K. Clinical Implications 

Figure 4 shows how the various inflammatory cells in 
asthma are thought to interact via the generation of cytokines. 
T lymphocytes are involved centrally through the secretion 
of cytokines that are responsible for isotype switching of B 
lymphocytes to make IgE and that have specific activities 
for mast cells and eosinophils. However, asthma is more 
than simple inflammation involving mast cells and eosinophils 
since nerves, smooth muscle, and myofibroblasts are all also 
important in the response. 

Using this diagram as a framework, we can consider the 
actions of the various anti-asthma drugs. ß~Agonists, as pow-
erful bronchodilators and inhibitors of mast cell function, 
attenuate the early bronchconstrictor response to allergen 
challenge but have relatively little effect on the late-phase 
response (Cockcroft and Murdock, 1987). In contrast, corti-
costeroids and cyclosporin down-regulate cytokine expres-
sion by T lymphocytes, which in turn leads to a decrease in 
mast cell and eosinophil numbers. Finally, sodium cromogly-
cate (Holgate, 1989) and nedocromil sodium, long recognized 
as mass cell stabilizers, now are known to have additional 
effects on various other cell types. 

Clearly, with our improved knowledge about the mucosal 
immune system and how it becomes disturbed in asthma, 
real advances are now being made, not only in understanding 
the nature of this disease but also in providing opportunities 
for novel therapeutic strategies designed to intervene in the 
inflammatory cascade in a more specific manner than cur-
rently possible. 
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Respiratory Infections 

Robert C Welliver 

I. INTRODUCTION 

The respiratory tract is the primary site of entry for numer-
ous microbial pathogens. Many agents initiate replication 
events on the respiratory mucosa, leading to eventual sys-
temic spread, without producing any clinical disease locally. 
In other cases, the respiratory tract is the principal target 
organ of the disease-producing microbe (Table I). Coloniza-
tion of the respiratory tract with a potentially infectious or-
ganism represents a situation in which the invasiveness or 
virulence of the organism is opposed by local or systemic 
immunity. In most cases, little or no clinical illness occurs 
and some persistent immunity may develop, even in the ab-
sence of clinically evident infection. Clinical illness appar-
ently results from infection of the uniquely susceptible host, 
or inoculation with an organism in sufficent quantity or with 
sufficient virulence to overcome the natural or acquired im-
munity of the host. 

In the United States, upper respiratory tract infections are 
a common nuisance, representing the most frequent reason 
for seeking medical attention and disrupting lifestyles by re-
quiring absence from school or employment. Lower respira-
tory tract infections are relatively uncommon and are usually 
only life-threatening at the extremes of age. In contrast, in 
developing countries, respiratory tract infections are second 
only to gastrointestinal infections as the leading cause of 
death in infants and children in the first few years of life. 

This chapter summarizes the clinical features of viral, bac-
terial, and mycobacterial infections of the respiratory tract. 
In addition, the contribution of the immune system to recov-
ery from the infection as well as its role in the pathogenesis 
of the disease is described. 

II. EPIDEMIOLOGY OF COMMON 
RESPIRATORY INFECTIONS 

Although numerous viruses can result in minor upper respi-
ratory infections, respiratory syncytial virus (RSV) and in-
fluenza virus account for the most severe infections in infants 
and adults, respectively. An estimated 50% of infants in the 
first year of life acquire RSV infection during their first epi-
demic exposure; 1-2% of all infants will be admitted to a 
hospital in the first year of life for lower respiratory disease 
caused by RSV infection (Beem et al., 1934; Clarke et al., 

1978). Influenza viruses cause yearly outbreaks of respiratory 
illness of varying severity. During 10-wk epidemic periods 
in 1982 and 1983, approximately 2500 hospitalizations for 
acute respiratory disease occurred in the Houston area 
(Glezen et al., 1987). Weekly tabulations of deaths from pneu-
monia and influenza from large United States cities permit 
an accurate estimation of influenza virus activity in the com-
munity. Reported deaths in excess of expected thresholds 
correlate well with the occurrence of widespread influenza 
activity (Langmuir and Housworth, 1969; Glezen et al., 
1982). Mortality from infection with each of these agents is 
most common in individuals with pre-existing heart or lung 
disease or other underlying illnesses, or in the elderly (Eick-
hoff et al, 1961; McDonald et al, 1982; Groothuis et al, 
1988). Streptococcus pneumoniae is the leading cause of otitis 
media in children, is a major cause of mortality due to pneu-
monia in infants and the elderly, and is still a common cause 
of overwhelming bacterial sepsis and meningitis (Austrian 
and Golb, 1964; Klein, 1981). Tuberculosis, however, proba-
bly has accounted for more chronic respiratory illness than 
any infectious agent, particularly since the era of urbanization 
and industrialization in the 18th and 19th centuries (Dubos 
and Dubos, 1952). 

III. VIRAL INFECTIONS 

An impressive amount of information has been gathered 
concerning the role of the immune system in influenza and 
RSV infections with respect to mechanisms of eradication 
of primary infection, pathogenesis of severe disease, and 
prevention of reinfection (Table II). A review of the immune 
response to infection with these specific agents provides an 
overall perspective that probably can be applied to infection 
with other viral agents. 

A. Respiratory Syncytial Virus 

1. Clinical Presentation 

RSV is the major cause of serious lower respiratory disease 
in infancy and early childhood. An estimated 28 episodes of 
lower respiratory disease caused by RSV occur for every 
100 children followed through the first 12 months of life. 
Reinfections in the second year of life are extremely common 
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Table I Pathogens Associated with Different Forms of Respiratory Illness0 

Form of illness 

Upper respiratory 
illness 

Pharyngitis 

Croup 

Bronchiolitis or 
"infectious 
asthma" 

Pneumonia 

Rhinovirus 

+ + + 

+ 

0 

+ + 

+ 

Influenza 
virus 

+ + 

+ + 

+ 

+ 

+ 

Respiratory 
syncytial 

virus 

+ + 

+ 

+ 

+ + + 

+ + 

Parainfluenza 
virus 

+ + 

+ 

+ + + 

+ + 

+ 

Pathogen 

Adenovirus 

+ 

+ + 

+ 

+ 

+ + 

Streptococcus 
pyogenes 

0 

+ + + 

0 

0 

+ 

Streptococcus 
pneumoniae 

0 

0 

0 

0 

+ + + 

Staphylococcus 
aureus 

0 

0 

0 

0 

+ 

a 0, Little or no causal relationship to disease at this site; +, occasional relationship; + +, frequent relationship; + + +, very common 
relationship. 

and occur with some frequency at all ages (Glezen et al., 
1986). Therefore, although most individuals develop rela-
tively mild symptoms at the time of RSV infection, certain 
individuals seem more prone to develop lower respiratory 
illness (in particular, bronchiolitis) at the time of RSV infec-
tion. The fact that bronchiolitis (as well as croup) can be 
seen with a wide variety of viral agents suggests that the 
development of these illnesses is not entirely specific to any 
feature of RSV, but to a similar feature of a variety of viruses 
as well as to some unique host component. 

Inoculation of RSV occurs through the nasal mucosal sur-
face or through the eye (Hall et al., 1981). The incubation 
period is assumed to be 4-5 days, at which time the infected 
child develops symptoms of rhinorrhea, nasal obstruction, 
and low-grade fever. In most patients, the illness resolves 
over 7-10 days, but in others the cough becomes progressive 
and eventually signs of lower respiratory tract involvement 
appear. At this point, secretions and profuse and contain 
105-106 infectious units of virus per milliliter of secretion 
(Hall et al., 1976). In cases of pneumonia, descent of virus 
to the lower respiratory tract probably occurs as a result of 
aspiration. In the syndrome of bronchiolitis, whether disease 
is entirely the result of spread of virus to the bronchioles 
or the result of the involvement of the immune response 
simultaneously is not yet clear. In any case, the child at this 
point manifests respiratory distress that may be severe. Nasal 
flaring, dyspnea, and retractions are noted, and auscultation 
of the chest reveals rhonchi and harsh wheezing. Otherwise 
the child remains remarkably free of other symptoms. Fevers 
are usually not marked and the child may be quite active 
despite the presence of moderate to severe hypoxia, again 
suggesting that severe illness may be mediated, at least in 
part, by mechanisms other than progressive viral infection. 

2. Histopathology 

The histological picture of interstitial pneumonia reveals 
lymphocytes within the alveolar walls and small airways. 
Engorgement of the capillary bed with edema is also noted. 
Lymphocytes and plasma cells are recruited into alveolar 

walls. The alveolar walls may become increasingly thick and 
filled with proteinaceous material, and intranuclear or cyto-
plasmic inclusions and giant cells may be observed (Aherne 
et al., 1970). Bronchiolitis, in contrast, is characterized by 
necrosis and sloughing of the respiratory epithelium and plug-
ging of the small bronchioles with fibrin and mucus. An in-
tense peribronchiolar infiltration of lymphocytes and plasma 
cells occurs, with considerable edema. Localized hyperinfla-
tion due to airflow obstruction is characteristic, and atelecta-
sis is common. 

3. Protective Immune Response 

The precise role of RSV-specific antibody in recovery from 
primary infection is controversial. Local antibody responses, 
predominantly in the secretory Ig A class, appear in the respi-
ratory tract shortly after the onset of primary infection (Mcln-
tosh et al., 1979; Kaul et al., 1981). In some studies (Mclntosh 
et al., 1979), viral shedding is terminated at about the time 
of appearance of antibody-free secretions. However, in other 
studies (Kaul et al., 1981), antibody is present at a time when 
substantial quantities of virus are still recoverable from the 
respiratory tract. Administration of very high concentrations 
of neutralizing antibody of the IgG isotype to infants with 
RSV infection did not have a dramatic effect on viral shedding 
(Hemming et al., 1987). In contrast, the presence of neutraliz-
ing antibody in serum correlates with resistance to reinfection 
(Hall et al., 1991). Although repeated infection tends to result 
in accelerated local antibody responses (Kaul et al., 1981) 
and reduced severity of illness, whether local antibody is 
responsible for protection is not clear. In one study of adults 
undergoing experimental RSV challenge, specific nasal IgA 
antibody titers did not correlate with protection against infec-
tion (Hall et al., 1991). In other investigations (Mills et al., 
1971), neutralizing activity in nasal secretions apparently was 
related to partial resistance to infection. However, subse-
quent studies (Mclntosh et al., 1979) demonstrated that such 
neutralizing activity is not necessarily antibody related. 
Therefore, serum antibody, presumably appearing in the re-
spiratory tract by transudation following infection with RSV, 
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appears to be better associated with protection against detect-
able infection than locally synthesized IgA antibody. Never-
theless, even the highest titers of antibody in serum or respira-
tory secretions do not seem to provide absolute protection 
against RSV, since as many as 25% of adults can be infected 
despite very high antibody titers (Mills et al, 1971; Hall et 
al, 1991). 

RSV-specific IgE antibody responses have been docu-
mented in respiratory secretions of infants and young children 
undergoing natural RSV infection (Welliver et al, 1980,1981; 
Bui et al, 1987). As with secretory IgA, IgE appears first 
bound to the surface of RSV-infected cells and later free in 
secretions (Welliver et al., 1980,1981). Higher concentrations 
of RSV-IgE were observed in infants with bronchiolitis in 
comparison with infants with upper respiratory illness alone 
(Welliver et al, 1981; Bui et al, 1987). In addition, histamine 
and various leukotrienes also have identified in secretions of 
infants with bronchiolitis Welliver et al, 1981; Garofalo et 
al, 1991). Therefore, in certain individuals, RSV infection 
may elicit the release of chemical mediators of airway ob-
struction, either directly or by IgE-dependent mechanisms. 

Cell-mediated immune mechanisms also may be important 
in recovery from RSV infection. Individuals with congenital 
or acquired defects in cell-mediated immune function shed 
virus for prolonged periods of time and seem to have a greater 
frequency of development of pneumonia than immunologi-
cally intact individuals (Fishauterß/., 1980; Halle/ al, 1986). 
T lymphocytes expressing cytotoxic activity against RSV-
infected cells have been demonstrated in human infants, and 
appear at about the time that viral shedding begins to decrease 
(Issacs et al, 1987; Chiba et al, 1989). No studies of lympho-
cytes obtained from the respiratory tract have been comp-
leted 

Evidence also suggests exaggerated T-cell responses may 
result in enhanced lung disease after RSV infection. Reconsti-
tution of RSV-infected mice with cytotoxic T cells that have 
been stimulated repeatedly with RSV antigen clears virus 
rapidly from lungs, but results in enhanced mortality and 
increases histopathological changes in the lungs (Cannon et 
al, 1988). Whether similar events occur in humans is not 
known, but infants with RSV bronchiolitis have been re-

ported to have peripheral blood lymphocytes that are more 
responsive to RSV antigen than similar cells from infants 
with upper respiratory infection alone due to RSV (Welliver 
et al, 1979). In addition, recipients of an inactivated RSV 
vaccine developed evidence of cell-mediated hypersensitivity 
to RSV after vaccination, and subsequently developed en-
hanced lung disease when naturally infected with RSV (Kim 
et al, 1976). 

B. Influenza Virus Infections 

1. Clinical Presentation 

Influenza viruses are responsible for yearly outbreaks of 
respiratory illness among all age groups. The highest mortal-
ity rates are observed in infants and in the elderly. Character-
istic "flu-like" symptoms include fever, headache, intense 
myalgia, and prolonged malaise. Cough may or may not be 
a prominent finding, especially early in the illness. The princi-
pal sites of involvement in most influenza virus infections 
are the trachea and the bronchi. As with RSV infections, 
lower respiratory tract illnesses such as pneumonia or wheez-
ing are not as common in otherwise healthy persons. Never-
theless, croup and bronchiolitis may occur in infancy and 
pneumonia may occur at any age. 

2. Histopathology 

Influenza infection of the respiratory tract results in swell-
ing and desquamation of infected ciliated cells. Airway edema 
and infiltration by mononuclear and polymorphonuclear cells 
follows, with extensive sloughing to the layer of the basal 
cells. Influenza pneumonia is characterized by hemorrhagic 
alveolar infiltrates, formation of hyaline membranes, and 
marked lymphocytic infiltration of the interstitium and alveo-
lar walls (Kilbourne, 1987). Increased bronchial reactivity is 
a frequent complication of influenza infection (Little et al, 
1978; Laitenen and Kava, 1980). The increase in bronchial 
reactivity is associated with loss of the epithelium and may 
be caused by either exposure of airway irritant receptors 
(Empey et al, 1976) or a loss of natural inhibitors of airway 
reactivity (Jacoby et al, 1988). The role of influenza-specific 

Table II Role of Aspects of the Immune System in Infection Caused by Various Pathogens 

Immune system 
component 

Serum IgG antibody 

Secretory IgA 
antibody 

Mucosal IgE 
antibody 

Cell-mediated 
immunity 

Respiratory syncytial 
virus 

Partially protective 

Partially protective 

Potentially pathogenic 

Clears primary 
infection, potentially 
pathogenic 

Pathogen 

Influenza virus 

Strongly protective 

Possibly protective 

Unknown 

Clears primary 
infection, potentially 
pathogenic 

Streptococcus 
pneumoniae 

Strongly protective 

Probably not protective 

Unknown 

Unknown 

Mycobacterium 
tuberculosis 

Probably not protective 

Probably not protective 

Unknown 

Related to immunity 
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IgE responses and mediator release has not been evaluated 
extensively for a possible role in inducing bronchial hyper-
reactivity. 

In contrast to infection with RSV and most other viruses, 
influenza infection is accompanied by an increased frequency 
of bacterial superinfection that may be the result of reduced 
mucociliary clearance after influenza virus infection (Camner 
et al., 1973), greater damage to the mucosa with resultant 
diminished resistance to bacterial invasion (Kilbourne, 1987), 
or suppression of activity of phagocytic cells (Casali et al., 
1984; Hartshorn and Tauber, 1988). 

3. Protective Immune Response 

Initial infection with one strain of influenza virus provides 
partial immunity to reinfection with the same strain. Reinfec-
tions are generally asymptomatic (Frank et al., 1979; Sono-
guchi et al., 1986). Resistance to reinfection has been attrib-
uted to the presence of antibody in serum or respiratory 
secretions; high titers of antibody at either site appear to 
be capable of conferring resistance (Clements et al., 1986). 
Whether local or serum antibody is most efficient in providing 
protection against reinfection in humans is uncertain. 

Antibody to the hemagglutinin of influenza appears to con-
tribute to immunity by preventing attachment of the virus to 
the respiratory epithelium, whereas antibody to the neur-
aminidase antigen inhibits cleavage of preformed virus from 
the cell membrane (Ogra et al., 1977). Virtually no data are 
available on the role of serum or secretory antibody in recov-
ery from primary influenza virus infection. Minor changes in 
hemagglutinin structure by variation in amino acid sequences 
("antigenic drift") or major changes via genetic reassortment 
("antigenic shift") enable the virus to infect previously ex-
posed individuals. 

The role of cell-mediated immunity in influenza virus infec-
tion has been investigated extensively in mice and, to a 
lesser extent, in humans, Transfer of primary or secondary 
influenza-immune splenic cells to mice infected intranasally 
with influenza virus results in significant clearance of virus 
from the lung and protection against death in the recipients. 
T lymphocytes represent the cell population primarily re-
sponsible for this immunity (Yap and Ada, 1978). Evidence 
suggests that the pathogenesis of influenza virus infection 
may be a reflection of the cell-mediated immune response in 
the lung. First, influenza virus replicates in and is released 
from the cells without causing cell death. Second, mice with-
out functioning T cells develop extensive replication of virus 
in the lung with dissemination to other organs, but develop 
minimal pulmonary infiltration after influenza virus challenge 
(Wyde et al., 1977). In contrast, cytotoxic T cells appear in 
the lungs of immunocompetent mice at the peak of respiratory 
symptoms and when histopathology in the lung is most promi-
nent (Ennis et al., 1977). 

Although such definitive studies have not been repeated 
in humans, cytotoxic T-cell responses are known to develop 
in humans after influenza virus infection. Maximal responses 
occur in the second week after infection (Greenberg et al., 
1978). These cytotoxic cells apparently recognize all influ-
enza type A strains but not influenza viruses of other types 

or non-influenza viruses. These cytotoxic cells appear to be 
HLA-restricted and apparently are capable of providing pro-
tection against subsequent influenza virus infection, even 
when influenza-specific serum antibody is undetectable in 
serum or secretions. These cytotoxic responses are appar-
ently short lived, since only 30% of individuals exposed to 
a given strain of influenza virus had inducible cytotoxic T-
cell activity when tested 5 years later (McMichael et al., 
1983). The majority of the cytotoxic T-cell responses appear 
to be mediated by CD8+ cells with major histocompatibility 
complex (MHC) restriction Class I (Fleischer et al., 1985; 
Yamada et al., 1986). 

In addition to specific cytotoxic T cells, nonspecific natural 
killer cell activity also increases after influenza virus infection 
in humans. However, the same increase in natural killer activ-
ity is observed in humans who continue to shed virus as in 
those individuals who do not continue to shed virus (Ennis 
et al., 1981). A sufficiently large viral inoculum may be able 
to overcome natural killer cell resistance. 

Therefore, although data on mucosal cell-mediated im-
mune responses are lacking, cytotoxic T cells circulating in 
the blood appear to be important in restricting primary viral 
infection by RSV and influenza, and probably by other vi-
ruses. These cytotoxic cells may play some role in protection 
against reinfection, and are almost undoubtedly responsible 
for much of the histopathology seen with viral infections of 
the lung. Some evidence suggests that exaggerated T-cell 
responses may be responsible for unusually severe forms of 
infection, both by RSV and by influenza virus. 

C Bacterial Infections 

1. Clinical Presentations 

Pharyngitis is the most frequent infection caused by direct 
bacterial effects on the respiratory tract. However, these 
infections are generally sources of only temporary discomfort 
and not serious morbidity, in comparison with bacterial infec-
tions of the lower respiratory tract. Bacterial infections in 
the lung and, to a lesser extent, of the trachea are less com-
mon but are of greater severity. Most of these infections 
represent secondary bacterial infection following a precipitat-
ing viral infection. Bacterial infections of the lung usually 
are associated with more prominent fever than are viral infec-
tions, with more dyspnea, greater degrees of hypoxia, more 
prominent radiologic infiltrates, and higher mortality. Typical 
patients are infants or the elderly, who may or may not 
provide a history of antecedent viral upper respiratory tract 
illness. Cough and dyspnea become progressively more 
prominent, and patients appear more acutely ill. 

The mechanism by which viral infections predispose to 
bacterial superinfection is not yet clear (Table HI). Viral 
infections promote Desquamation of Ciliated Epithelial Cells 
(Reynolds, 1987) and Diminish Ciliary Function (Carson, 
1983) Theraby Promoting Bacterial Adherence. However, 
bacterial superinfection occurs at a later time in the lung. 
Influenza virus infection down-regulates the antibacterial 
function of neutrophils (Hartshorn and Tauber, 1988). In 
addition, virus infections of the lung result in a progressive 
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Table III Secondary Bacterial Invasion of the Lung: Relationship to Viral and Immunologie Events0 

Stage of viral infection 

Infection Incubation Replication in lung Recovery phase 

Viral growth Undetectable Slight 
Histopathology Unchanged Unchanged 
Cytotoxic lymphocyte response Undetectable Undetectable 
Macrophage function Unchanged Unchanged 
Bacterial growth Not present Not present 

Maximal 
Sloughing of epithelium 
Detectable 
Increased 
Adherent to damaged 

Reduced 
Inflammation maximal 
Maximal 
Reduced 
Maximum potential 

a See Jakab et al. (1980); Jakab (1982). 

decrease in virtually all antibacterial functions of pulmonary 
macrophages. This dysfunction of phagocytic cells coincides 
with the time at which the lung is most susceptible to second-
ary bacterial pneumonias, that is, about 7 days after viral 
infection (Jakab et al., 1980) and a few days after the peak 
lung titers of virus are achieved. This result implies that 
susceptibility to bacterial infections is not simply a function of 
viral replication and tissue destruction in the lung. Cytotoxic 
immune activity peaks in the lung at about the time that the 
titer of virus replicating in the lung disappears. Pulmonary 
macrophage function becomes abnormal at this time, sug-
gesting that cytotoxic activity may suppress macrophage 
function. Treatment with antilymphocyte serum ameliorates 
the virus-induced suppression of pulmonary bacterial de-
fenses. However, this phagocytic defect can be re-established 
after antilymphocyte treatment by addition of specific antivi-
ral immunoglobulin (Jakab, 1982). Although a clear explana-
tion for these findings is not evident, the normal immune 
response to viral infection does appear in some ways to sup-
press antibacterial defenses, probably by direct immunologi-
cal attack on the alveolar macrophages. 

2. Histopathology 

Streptococcus pneumoniae is the most frequent cause of 
bacterial pneumonia. In the earliest stages of pneumococcal 
pneumonia, bacteria are present in the alveolar spaces. Alve-
olar capillaries become intensely congested, with extravasa-
tion of erythrocytes and neutrophils through the interstitium 
into the alveolar spaces. The alveoli eventually fill with red 
cells, white cells, and fibrin. The lesion generally heals with-
out scarring or disruption of the normal architecture (Loosli 
and Baker, 1962). In pneumonia caused by Staphylococcus 
aureus, persistent scarring of the lung is more likely to occur. 

The strikingly toxic appearance of individuals with pneu-
mococcal pneumonia suggests to some investigators that the 
release of some biologically active compound by pneumo-
cocci contributes heavily to the clinical appearance. This 
possibility is supported by the fact that death can occur days 
after antibiotic therapy for pneumococcal pneumonia has 
been started, when tissues are sterile and when the pneumo-
nia is clearing (Austrian and Golb, 1964), The polysaccharide 
capsule is nontoxic and, to date, no evidence exists that 
pneumococci produce a toxin that is related to clinical illness 

(MacLoud, 1970) nor is evidence available that pneumococci 
are more readily able to provoke release of tumor necrosis 
factor (cachectin) or other inflammatory substances than any 
other bacterial species. 

3. Protective Immune Response 

In adults and children, most pneumococcal infections oc-
cur after the recent acquisition of a particular serotype rather 
than after prolonged carriage of a given serotype (Gray et 
al.y 1980). In addition, overwhelming infection is more com-
mon in infants who lack antibody to pneumococcal antigens 
(Mufson et al., 1974) and in adults with hypogammaglobuli-
nemia or complement deficiencies (Winkelstein, 1984; Gray 
and Dillon, 1988). These findings suggest that antibody and 
complement play a major role in resistance to pneumococcal 
infection. The virulence of pneumococci appears to be related 
to the polysaccharide capsule. Certain capsular serotypes 
are highly associated with potential for invasive disease (Aus-
trian and Golb, 1964; Greyer a/., 1980). Virulence of encapsu-
lated strains appears to be related to their resistance to phago-
cytosis. Indeed, the presence of opsonic antibody to a given 
capsular serotype in serum is required for protection against 
illness after challenge. Antibodies to cell wall polysaccha-
rides, surface proteins, and phosphocholine also provide 
lesser degrees of resistance (Briles et al., 1989; Musher et 
al., 1990). In addition to its antiphagocytic effect, incubation 
of the pneumococcal capsule with serum destroys some na-
tual antipneumococcal activity (Schweinle, 1986). 

Pneumococcal infections, particularly otitis media, also 
can result in mucosal immune responses. Antipneumococcal 
antibody of the IgA isotype has been demonstrated in middle 
ear fluids (Giebink, 1981; Karjalainen et al, 1990), in colos-
trum, in saliva, and in nasal secretions (Mouton et al., 1970). 
However, protection against otitis media is correlated with 
IgG antibody present via transudation rather than with locally 
formed IgA antibody (Giebink, 1981; Karjalainen et al., 
1990). 

Immunization with polyvalent pneumococcal vaccines ap-
parently has reduced the mortality from pneumonia in devel-
oping countries (Reilly et al., 1981). Whether local or sys-
temic antibody is more important in providing resistance to 
pneumococcal infection in the lung remains unclear (Bull and 
McKee, 1929). 
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D. Tuberculosis 

1. Clinical Presentation 

Although Mycobacterium tuberculosis can spread to virtu-
ally all body organs under appropriate circumstances, the 
primary target organ for disease is the lung. Asymptomatic 
primary infection occurs after inhalation of bacteria sus-
pended in aerosols. Infection of the lung occurs initially in 
the subpleural area. A primary complex consisting of the 
primary subpleural focus, lymphangitis, and regional lymph-
adenitis is a regular feature of primary lung involvement 
(Ghon, 1916). Pulmonary tuberculosis also can be arrested 
at this stage, or it can become progressive with the develop-
ment of larger alveolar ilfiltrates or extension of the inflam-
matory focus into the bronchus, causing bronchial obstruc-
tion or atelectasis. The location of the primary focus close 
to the pleural area frequently results in irritation of the pleural 
surface and development of pleural effusions. The initial pri-
mary focus can undergo liquefaction and the development 
of cavitary lesions. These lesions contain high numbers of 
tubercle bacilli with a propensity to spread to other areas of 
the lung. Enlarging primary foci also can rupture into the 
pleural cavity, causing pneumothorax or even a fistula 
through the chest wall. Children and adults with primary foci 
alone may remain asymptomatic or develop only progressive 
weight loss. In contrast, individuals with primary progressive 
pulmonary tuberculosis or cavitary lesions usually have much 
higher fevers, much more prominent cough, and profound 
malaise and weight loss. Tuberculosis was often fatal in the 
pre-antibiotic era, and profound scarring of the lung was 
prominent among survivors. In addition, dissemination to 
bones, joints, and other organs including the brain was not 
unusual, with severe long-term consequences. 

2. Histopathology 

An inflammatory focus consisting primarily of macro-
phages occurs in the area where tubercle bacilli are inhaled 
into the alveoli. These macrophages then change into epitheli-
oid cells, forming tubercules. These nodules may disappear 
or develop central caseation. The caseous lesions, character-
istic of tuberculosis, contain enormous numbers of tubercle 
bacilli. These bacilli may enter the regional lymphatic vessels 
and spread to regional lymph nodes. Caseating granulomas, 
appearing at the primary site or along the routes of drainage 
to the lymph nodes, also may calcify. Evidence of dermal 
hypersensitivity develops within 3-10 weeks of initial infec-
tion. The radiographic appearance of prominent lymphadeni-
tis, in contrast to the relatively insignificant size of the initial 
focus, suggests that hypersensitivity responses also occur in 
the lungs. As noted earlier, bronchial obstruction can result 
from compression of the airway by the enlarged lymph nodes. 
Alternatively, the adjacent infection can destroy the cartilagi-
nous component of the airway or caseous material may perfo-
rate into the bronchus, forming semiliquid plugs. Collapse 
of the lung distal to the site of the obstruction is common. 

In adults, reactivation of pulmonary tuberculosis acquired 
in earlier life is the most common form of tuberculosis. The 
lesions in the lung in active' 'adult" tuberculosis are probably 
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caused by reactivation of primary foci with spread to new 
areas of lung (Stead, 1967). The lesions in adults are smaller 
than those in children and are less likely to spread to lymph 
nodes or to other organs. Protracted cough, persistent high 
fevers, chest pain, and hemoptysis are the most common 
clinical manifestations of tuberculosis in adults. 

Certain races appear to be more disposed to infection with 
M. tuberculosis than others on similar exposures (Stead et 
al., 1990). Malnutrition appears to be associated with an 
increased risk of infection and, in particular, vitamin D defi-
ciency may be associated with increased susceptibility to 
tuberculosis (Rook, 1988). In addition, patients on immuno-
suppressive medications or with underlying diseases associ-
ated with immunosuppression are at a greater risk for devel-
oping severe forms of tuberculosis. 

3. Protective Immune Response 

The findings just described suggest that cell-mediated im-
munity is important in resistance to tuberculosis and in recov-
ery from infection. Tuberculin-specific cell-mediated and hu-
moral immune responses have been evaluated in individuals 
with various forms of tuberculosis (Table IV). Anergy, both 
to tuberculin and to unrelated antigens, seems to be related 
to the severity of illness. In one study, only 2 of 10 individuals 
with miliary tuberculosis had positive cutaneous reactions 
to tuberculin, whereas 14 of 15 individuals with active pulmo-
nary tuberculosis and 20 of 22 healthy controls who probably 
had been infected with tuberculosis early in life had positive 
cutaneous reactions (Bhatnagar et al., 1977). Tuberculin an-
ergy apparently is more likely to be noted during the first 
few weeks of acute pulmonary tuberculosis than during con-
valescence (Daniel et al., 1981). In vitro lymphocyte transfor-
mation assays also have been used to assess cell-mediated 
immune function in tuberculosis (Cox et al., 1981). These in 
vitro responses correlate quite well with skin test reactivity, 
and are occasionally positive when skin tests are negative. 

Serologie tests also have been developed for diagnosis of 
tuberculosis. These tests include passive hemagglutination 
techniques using PPD-coated red blood cells (Bhatnagar et 
al., 1977) and enzyme-linked immunosorbent assays (ELISA) 
(Daniel et al., 1981; Benjamin and Daniel, 1982). These Sero-
logie tests have not been useful in the diagnosis of tuberculo-
sis because of a high degree of cross-reactivity of antibodies 
directed against M. tuberculosis with other environmental or 
"atypical" mycobacteria. Antigen 5 appears to be somewhat 
more specific for M. tuberculosis than for other mycobacte-
rial antigens (Benjamin and Daniel, 1982). Analaysis of anti-
body responses in individuals with tuberculosis reveals the 
opposite of the findings for cell-mediated immunity, that is, 
individuals with remote asymptomatic infection have very 
low levels of antibody despite their strong cutaneous reactiv-
ity. Antibody titers are somewhat higher in individuals with 
acute or resolving primary pulmonary tuberculosis, and are 
the highest in individuals with miliary tuberculosis (Bhatna-
gar et al., 1977; Lenzini et al, 1977; Daniel et al., 1981). 

The observed immunological aberrations in tuberculosis 
return to normal with recovery from disease, that is, evidence 
of cell-mediated immunity is present in essentially all individ-
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Table IV Humoral and Cell-Mediated Immunity to Mycobacterium tuberculosis in Different Stages of Illness0 

Miliary or 
Asymptomatic Primary pulmonary disseminated 

infection tuberculosis disease Convalescence 

Antibody titers to M. tuberculosis Low Mildly increased Markedly increased Mildly increased 

Cell-mediated responsiveness Present Generally present Diminished Generally present 

a See Bhatnager et al. (1977); Lenzini et al. (1977); Daniel et al. (1981). 

uals who have recovered from acute tuberculosis whereas 
antibody titers fall with recovery (Bhatnagar et al., 1977; 
Daniel et al., 1981). These observations suggest that the im-
munological abnormalities are a result of tuberculosis rather 
than a cause of invasive infection. 

Although cell-mediated immunity appears to be the princi-
pal means of protection against invasive tuberculosis, 
whether macrophages (Patterson and Youmans, 1970) or lym-
phocytes (Lefford et al., 1973) are primarily responsible for 
tuberculocidal activity is not clear. Each of these cell types 
has been shown to have some activity in eradication of infec-
tion, but has not been shown clearly to have tuberculocidal 
activity. In addition, humans appear to have significant natu-
ral immunity to tuberculosis (Kallmann and Reisner, 1943; 
Skamene, 1989). When one monozygotic twin became in-
fected with tuberculosis, the other twin was more likely to 
be infected than when one of a pair of dizygotic twins became 
infected (Kallmann and Reisner, 1943). 

Despite the correlation of cell-mediated hypersensitivity 
with clinical phases of illness, cell-mediated hyperrespon-
siveness has never been demonstrated conclusively to be 
responsible for immunity. In fact, numerous experiments 
have demonstrated a clear dissociation of hypersensitivity 
and immunity in tuberculosis (Rich and McCordock, 1929). 
Some experiments have indicated that macrophages have 
minor intrinsic ability to inactivate M. tuberculosis, and that 
this capability can be enhanced by interaction of macro-
phages with tuberculin-sensitized T cells (Wilson et al., 
1940). However, this degree of tuberculocidal activity is 
rather limited and probably does not account for the fairly 
solid immunity resulting from tuberculous infection. Produc-
tion of lymphokines from sensitized T lymphocytes seems 
more likely to play an important role in restriction of immu-
nity to tuberculosis (Youmans, 1975, Rook et al., 1986), 
perhaps recruiting a variety of inflammatory cell types. 
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Inhalant Allergy and Hypersensitivity Disorders 

Bengt Björksten 

I. INTRODUCTION 

Asthma is the most common chronic debiliating disease 
in children and one of the major causes of repeated absence 
from work in adults. IgE antibodies play an important role 
in childhood asthma and are considered to be at least a con-
tributing factor in over 80% of the cases. In adults, atopy 
and other confirmed allergy are much less common causes 
of asthma. 

Immunologically triggered immediate type hypersensitiv-
ity reactions seem to be mediated exclusively by IgE antibod-
ies. Although other homocytotropic antibodies have been 
described in humans, their role in disease is still obscure. 
Other hypersensitivity diseases of the lung are much less 
common in children. In adults, however, allergic alveolitis 
and other hypersensitivity disorders constitute a large pro-
portion of occupational diseases of the respiratory tract. The 
pathogenesis of these conditions includes a strong immuno-
logical component, although the precise underlying mecha-
nisms are not fully understood. 

The presentation in this chapter is limited to disorders of 
the respiratory tract in which immunological mechanisms and 
allergic reactions play a dominating role. Although inhaled 
allergens are well established to cause symptoms not only 
in the respiratory tract, for example, dermatitis and severe 
systemic reactions such as anaphylaxis, these conditions are 
beyond the scope of this chapter. 

II. DEFINITIONS 

In this chapter, asthma is defined as reversible episodes 
of severe wheezy breathlessness. Such patients may be atopic 
or nonatopic, depending on whether antibodies of the IgE 
isotype are involved. However, even in atopic patients, the 
allergens precipitating an attack are not always known. No 
clinically discernible difference exists between the two. Fur-
ther, in both types of patients, attacks of varying severity 
usually are triggered by inhaled irritants, and airway hyper-
responsiveness (BHR) is characteristic of all patients. This 
hyperreactivity expresses itself clinically by bronchial and 
nasal obstruction after exposure to various nonspecific stim-
uli such as cold, humid, or polluted air, physical exercise, 
and emotional stress. BHR can be verified objectively in 
the laboratory by provocation tests with cold air, various 
compounds including histamine, and exercise. 

Sensitization, as proven by the demonstration of low levels 
of IgE antibodies directed against environmental allergens, 
appears to be part of the normal immune response. In most 
instances, at least in children, these antibodies are only tem-
porary since continued IgE antibody formation is suppressed 
rapidly. However, when genetically predisposed individuals 
are exposed to an allergen at a time when the regulation of 
the immune system is impaired, higher levels of IgE antibod-
ies that persist for a long time may appear. The more suscepti-
ble to sensitization the individual is, the lower the allergen 
dose needed for this response to occur. The fact that an 
individual is sensitized does not, however, mean that clinical 
symptoms such as allergic disease will develop. 

III. GENETIC BACKGROUND OF 
ALLERGIC DISEASE 

Phenotype and genotype are two terms used when describ-
ing the genetics of an illness. The first term represents the 
observed manifestations of the disease, whereas genotype 
describes the underlying structural lesion in the DNA. Al-
lergy (atopy) can be defined in several ways, and the pheno-
type is highly variable. Nevertheless, however defined, al-
lergy is well known to be much more common in individuals 
with a family history of allergy. Thus, the likelihood of allergy 
appearing in a child is elevated if one of the parents is allergic, 
and reaches over 50% if both parents are allergic (Björksten 
and Kjellman, 1992). If both parents are allergic with the 
same disease, then the chance of allergy in their child is 
increased further and reaches over 70%. A strong genetic 
influence also is seen in asthma, independent of other atopic 
manifestations. 

Several studies have addressed the mode of inheritance for 
elevated serum IgE and for IgE antibody formation against 
individual allergens. Studies of serum IgE levels in families 
with allergic individuals have not revealed any simple pattern 
of Mendelian inheritance, although in most of the studies 
data best fit a condition of one or two loci that determine 
high IgE levels and are, in turn, influenced by other genes. 

Immune responses, including IgE antibody formation, 
against at least some major allergens are partially HLA deter-
mined (Marsh, 1990). Thus, significant relationships have 
been demonstrated between haplotypes DR2/Dw2 and DR5 
and responsiveness to some major ragweed allergens and 
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between DR3/Dw3 and antibody responses to grass. A ge-
netic linkage was suggested in some atopic families between 
allergy and a gene on the long arm of chromosome 11. How-
ever, this result could not be confirmed in any of three other 
studies performed by other investigators. Thus, the genetics 
of allergy remain poorly understood. 

IV. NATURAL HISTORY OF ALLERGIC 
DISEASE AND EPIDEMIOLOGICAL ASPECTS 

The highest incidence (new cases appearing during a given 
year) of allergy appears in infants and adolescents. The preva-
lence of a disease, that is, the presence of symptoms at any 
time during the past 12 months, depends on the incidence, 
the age of the subjects, and the natural history of the disease, 
including healing and change to a latent phase. The accumu-
lated incidence (sick presently or previously) of a disease in 
a particular region therefore should increase with age, unless 
a dramatic reduction has occurred in the prevalence as a 
consequence of efficient prevention, reduced exposure to 
allergens, or adjuvant factors, or improved treatment. 

The clinical symptoms of allergic disease vary with age. 
Symptoms from the skin, such as dermatitis and urticaria, and 
gastrointestinal tract dominate in infants and the offending 
allergens mainly are introduced with food. After infancy, 
inhaled allergens become increasingly more common as trig-
gers of symptoms, and after the age of 3 the appearance of 
new food allergies is not common. 

From the second year of life, wheezing becomes increas-
ingly common. Wheezy bronchitis occurs before 18 months 
of age in up to 20% of all young children. In most cases, the 
episodes of wheezing are not associated with development 
of asthma. The wheezing is, however, diagnosed as asthma 
when the episodes of wheezing recur three times, and as soon 
as a relationship is determined to exposure to a particular 
allergen. Wheezing in older children often is associated with 
asthma. The prevalence of asthma then increases to a peak 
level in school children and declines after puberty. Through 
adolescence, asthma is associated with allergy in up to 80% 
of the patients and IgE antibodies can be demonstrated in 
most patients. In young adults with asthma, an IgE-mediated 
component is also present in the majority of the patients. 
After the age of 50, however, allergy is less common. 

Allergic rhinoconjunctivitis is not commonly seen before 
5-6 years of age, and then increases to a peak prevalence in 
adolescence. In adults, particularly in middle-aged and old 
patients, the etiology of rhinitis is usually nonallergic. 

Scandinavian studies show a total accumulated incidence 
of one or more of the allergic diseases in over 30% of adoles-
cents and young adults (Björksten and Kjellman, 1989). In 
prospective studies, the prevalence of asthma in childhood 
is 3-5% whereas the accumulated incidence is around 8%. 
Similar and higher figures have been reported from other 
industrialized countries. In a few studies, the incidence of 
allergic disease has been studied repeatedly over 10-20 years 
with a similar methodology. These studies all indicate a true 
increased incidence over time, although none of the investiga-

tions conclusively proves this statement. The incidence of 
allergic disease is higher in boys than in girls, at least in 
infants and young children. In adolescents, however, no sex 
differences seem apparent. Children with biparental family 
history of allergic disease begin to have symptoms at an 
earlier age than children with less pronounced or no family 
history of allergy. 

V. ENVIRONMENTAL FACTORS IN THE 
DEVELOPMENT OF ALLERGIC DISEASE 

Several studies strongly indicate that the prevalence of 
allergic diseases is increasing in many parts of the world. 
Since the human genotype has not changed appreciably over 
the past few generations, we can assume that the increase is 
caused by environmental influence. Available epidemiologi-
cal data strongly suggest that the development of allergic 
disease is enhanced when a genetically predisposed individ-
ual is exposed to allergens in the presence of various environ-
mental adjuvant factors that may enhance sensitization 
(Munir and Björksten, 1992). According to this hypothesis, 
the impact of the environment is best studied in individuals 
with a family history of allergy or in individuals who pre-
viously have shown allergic symptoms. The impact of the 
environment may begin before birth. Thus, maternal immu-
nity, tobacco, smoking, and medication appear to affect the 
likelihood of allergic disease in the offspring (Hattevig and 
Björksten, 1993). 

A. Early Exposure to Antigens 

Early weaning to cow's milk formulas has been associated 
with an increased rate of allergic disease. However, many 
studies also have been done in which prolonged breast-
feeding was not associated with less allergy than early admin-
istration of cow's milk formulas. The explanation for the 
apparently conflicting results seems to lie in selection of pa-
tients for the studies, the necessity for other dietary precau-
tions, and self-selection bias. Studies showing a protective 
effect of prolonged exclusive breast-feeding have included 
infants with a genetic propensity to allergy rather than an 
unselected group of infants. Also, the breast-feeding in these 
cases was associated with an avoidance of other foods, for 
example, juices and solid foods. Critical reviews indicate, 
however, that even under the best circumstances the effect 
of breast-feeding on the development of atopy or allergy is 
limited to risk individuals and that it appears merely to delay 
rather than prevent the onset of allergy. 

Several possible explanations are available for the protec-
tive role of breast milk against allergy, including low content 
of allergens, protection against intestinal and respiratory in-
fections, passive transfer of immunity from the mother by 
secretory IgA antibodies, and transfer of components that 
stimulate the maturation of the infantile immune system. 
Human milk is well established to contain food antigens simi-
lar to cow's milk proteins and egg if these items are ingested 
by the mother, which may sensitize the breast-fed baby. The 
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small amounts of allergens that may be present in breast milk 
can, thus, be sufficient to cause a high grade of sensitization 
in a genetically predisposed infant, and even to evoke allergic 
symptoms during lactation. 

The effect of maternal hypoallergenic diet during the lacta-
tion period has been addressed recently. Both studies show 
that maternal avoidance of certain allergenic foods such as 
eggs, cow's milk, fish, soy, and peanuts was associated with 
less allergic disease for the first years of life in their babies. 
Also, the disease tended to be less severe in babies of mothers 
who had adhered to the diet (Hattevig et al., 1989; Zeiger et 
al, 1992). 

Similar to early exposure to foreign antigenic foods, expo-
sure of infants to inhaled allergens may result in sensitization 
that becomes manifested clinically only several years later. 
Thus, several clinical studies indicate a period in early infancy 
during which exposure to inhalant allergens readily may sen-
sitize the baby. The relationship between early exposure to 
inhalant allergens and allergic disease seems, however, to be 
limited to children with a congenital propensity for allergy, 
rather than being present in all children. Reasons for the 
association between early exposure and disease are poorly 
understood, since clinical symptoms in response to inhalant 
allergens usually only appear several years after infancy. 
Animal experiments may, however, offer an explanation. 
Holt and associates (1990) have shown that, when young rats 
of a strain with a low propensity for IgE antibody formation 
inhale an allergen, they initially respond with a low-grade IgE 
antibody formation. On repeated exposure, the IgE antibody 
response is suppressed. In contrast, rats of a strain with a 
higher tendency to IgE antibody formation respond to re-
peated exposure with increasing levels of IgE antibodies. 
Cloning experiments have shown that repeated allergen expo-
sure of normal low-responder rats induces T cells with the 
capacity to suppress IgE antibody formation, whereas T 
helper cells are induced in young high-responder rats. 

The normal induction of tolerance can be disturbed by 
exposure to various environmental agents. Thus, if young 
rats of the low-responder genotype are exposed to tobacco 
smoke, ozone, or S02 (for example) at the time of initial 
antigen exposure, then repeated exposure to antigen results 
in prolonged IgE antibody formation. As indicated by clinical 
observations, these findings in rats also may be relevant for 
humans. 

B. Nonspecific Factors 

In addition to allergens, several environmental factors fa-
cilitate sensitization to almost any allergen to which the indi-
vidual is exposed (Table I). Among these "adjuvant" factors, 
exposure to tobacco smoke and certain infections appear to 
play a particular role in early infancy (Munir and Björksten, 
1992). The role of tobacco smoke has been substantiated in 
several studies in infants, young children, and adults. There-
fore, strongly discouraging parents from smoking near a 
young infant, particularly in families with allergic disease, 
and regarding smoking and passive smoking as occupational 
health hazards in adults is reasonable. Other nonspecific fac-

Table I Environmental Factors Encountered during Fetal 
Life and Early Infancy That May Influence the 

Development of Allergy 

In children and 
Prenatally In infancy adults 

Placental barrier Early introduction of Exposure to 
function? formula tobacco smoke 

Maternal immunity Amount and quality of Exposure to air 
breast milk pollution 

Maternal smoking? Exposure to tobacco Psychological 
smoke stress? 

Maternal Exposure to outdoor air 
medication pollutants 

Maternal health? Living in tight, poorly 
ventilated buildings 

Early exposure to 
inhalant allergens 

Infections 
Neonatal complications 

tors that appear to play a role in allergy include industrial 
air pollution and living in modern, tight, poorly ventilated 
houses. 

Several studies suggest an association between respiratory 
infections and appearance of allergic disease. Possible expla-
nations for these observations include that infectious agents 
may induce an inflammatory reaction in the airways, may 
alter immune defense, and may act as adjuvants or as aller-
gens. From animal studies, pertussis bacteria are well known 
to be adjuvants for the induction of IgE antibody formation 
against various antigens. In humans, whooping cough is asso-
ciated with a prolonged period of bronchial hyperreactivity, 
and IgE antibodies against pertussis toxin commonly are 
encountered in children with whooping cough and after im-
munization. 

All these specific nonallergen environmental influences 
seem to play a major role only in individuals with a genetically 
predetermined tendency toward allergic disease. Based on 
extensive experimental work in rodents and analysis of epide-
miological data on the apprearance of IgE antibodies in in-
fants and children, researchers have proposed that the capac-
ity to produce IgE antibodies in response to environmental 
allergens is controlled genetically through the T-cell system 
(Holt, 1990). The ultimate expression of a genetic potential 
for high IgE production requires the intervention of additional 
environmental risk factors (e.g., air pollution). Many of those 
factors described so far appear to function at a level that 
enhances contact between the allergen and the immune sys-
tem, particularly by increasing net flux of inhalant allergen 
across respiratory mucous membranes. At the time of initial 
contact with an allergen not previously encountered, the im-
mune system responds to it. A transient IgE production is 
part of this normal response. In nonatopic individuals, the 
initial IgE response is self-limiting and is replaced by a life-
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long tolerance to the allergen. However, if the individual at 
the time of initial exposure, for example, in early infancy, 
is exposed simultaneously to appropriate risk factors, the 
immune response may, instead, increase steadily and give 
rise to an expanding pool of memory T cells that effectively 
prime the immune system, laying the foundation for a state of 
hyersensitivity to the allergen. Once in allergic inflammatory 
response to an allergen occurs, this process enhances sensiti-
zation to new allergens encountered during the reaction. 

VI. PREVENTION AND TREATMENT OF 
RESPIRATORY ALLERGY 

Obviously the best treatment for all diseases would be 
prevention. Through primary prevention, sensitization to al-
lergens is avoided. In principle, prevention is only possible 
in early childhood. As discussed earlier, a period seems to 
exist early in life during which an individual is particularly 
susceptible to sensitization. The conditions under which the 
first exposure to allergens occurs may influence the immune 
system for a long time, possibly even for life. 

Secondary prevention aims at the prevention of symptoms 
of disease in the already sensitized individual, which can be 
achieved by avoiding exposure to triggering factors and to 
allergens against which the individual is sensitized, by drugs, 
and by other means to reduce hyperreactivity. Clean air, air 
filters, and elimination of allergen sources at home, in 
schools, and in working places are all important in this re-
spect. Also, several prophylactic drugs are available on the 
market, including sodium cromoglycate. 

Asthma induced by exercise and cold air often may be 
prevented by a prolonged warming-up period before exercis-
ing and by prophylactic medication through inhalation of a 
ß-2-stimulating agent. 

Tertiary prevention aims at reducing permanent damage 
as a consequence of the allergic disease. The most important 
measure in this respect is reducing inflammation in the lungs 
by adequate treatment with corticosteroids. Usually, this 
treatment can be achieved by inhalation therapy. If such 
medication is insufficient, oral prednisone should be consid-
ered, bearing in mind the potential harmful effects of pro-
longed systemic treatment with corticosteroids. Other treat-
ment possibilities in severe asthma, if steroid treatment fails 
or is associated with unacceptable side effects, include meth-
otrexate, chloroquine, cyclosporin A, and intravenous infu-
sion of immunoglobulin. None of these procedures, however, 
is established in clinical practice and each should be consid-
ered only in highly selected cases, preferably as part of clini-
cal research. 

VII. NONALLERGIC RHINITIS 

The nose is exposed constantly to allergenic particles as 
it filters them from inhaled air. Accordingly, it is the site of 
more allergic symptoms and illnesses than any other organ. 
In some patients with chronic noninfectious rhinitis, neither 
an allergic etiology nor evidence of inflammation can be 

found. Such patients often act as though they have hyperreac-
tive nasal ucosa with exaggerated responses to a large number 
of stimuli that are ordinarily tolerated. (Anderson and Pip-
korn, 1990). 

In the lower airways, bronchial challenge tests with hista-
mine and metacholine can be used to differentiate normal 
subjects from patients with hyperreactive airways. A similar 
approach has been taken to test for hyperreactivity of the 
upper airways with the same agents given in nasal challenge 
procedures. 

Treatment includes environmental control, for example, 
avoidance of known irritating agents, short-term treatment 
with nasal decongestants, local steroids, and cromolyn 
sodium. 

VIII. ALLERGIC ALVEOLITIS OR 
HYPERSENSITIVITY PNEUMONITIS 

Several eponyms for this condition are used in the litera-
ture, including farmer's lung, bird fancier's lung, pigeon 
breeder's disease, saw dust disease, and byssinosis. (Fink, 
1983,1984). All the names give an indication of the conditions 
under which this disease appears. Some overlap exists be-
tween occupational asthma and allergic alveolitis, and epi-
sodes of bronchiolitis obliterans can cause diagnostic diffi-
culty. The condition is characterized clinically by acute 
episodes of tachypnea and dyspnea, often with inspiratory 
rales and fever, appearing several hours after inhalation of 
organic dust that contains a wide variety of antigenic material 
from thermophilic organisms, birds, animal proteins, chemi-
cals, or drugs. 

Some of these antigens are encountered only in the working 
environment. Hypersensitivity pneumonitis also may be 
caused by inhalation of high doses of fungi, including Tri-
chosporum, Alternaria, Aspergillus, and Penicillium. Aller-
gic alveolitis is an important occupational disease and is seen 
only rarely in children and adolescents. Exposure to birds 
(pigeon breeder's disease) is the most common and best stud-
ied pediatric hypersensitivity pneumonitis. Severe alveolitis 
has been recorded in mushroom workers. Of more general 
importance is the occurrence of sensitivity reactions to 
thermophilic actinomycetes and Aspergillus in office cool-
ing systems that use water contaminated with these orga-
nisms. Certain drugs, including belomycin, furazolidine, hy-
drochlorthiazide, and tetracyclines, also have been reported 
to cause allergic alveolitis after oral ingestion. Because of a 
delay in onset of symptoms following exposure to the caus-
ative agent, the patient may fail to notice a relationship. The 
symptoms usually resolve within 18 hr of onset but occasion-
ally may persist for several days, unless treated with cortico-
steroids. 

From the clinical perspective, the diagnosis should be sus-
pected from a careful history. Typically, a person working in 
an exposed environment experiences increasing respiratory 
symptoms during the week and then improves remarkably 
over the weekend. Radiologie changes usually consist of 
patchy diffuse interstitial infiltrates, often more evident in 
the lower zones of the lungs. Lung function tests reveal 
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restrictive impairment of pulmonary function with reduced 
forced vital capacity. Morphological findings always include 
an interstitial infiltrate. In most cases, pneumonitis, intersti-
tial fibrosis, and bronchiolitis are seen. Edema and pleural 
fibrosis are other common microscopic findings. Since the 
clinical radiologic and functional characteristics are suffi-
ciently well defined, a lung biopsy is not usually required to 
confirm the diagnosis in the presence of a clear history of 
exposure to a known precipitating agent. 

The condition is, at least in part, immunologically medi-
ated. Antigens inducing reactions are small enough to reach 
the bronchial tree, where they are processed by pulmonary 
macrophages. High titers of precipitating IgG antibodies 
against the causative antigens usually are found in the serum. 
Therefore, a type III reaction long was thought to be the 
major underlying pathogenic mechanism. These antibodies, 
however, may also be detected in up to 50% of asymptomatic 
similarly exposed individuals; therefore their presence is not 
conclusively indicative of the disease. Patients with farmer's 
lung disease have broad immune responses with elevated 
specific antibody levels against many common respiratory 
viruses and miocroorganisms compared with healthy per-
sons, possibly indicating abnormal host responsiveness. 
More likely, the presence of precipitating IgG antibodies 
simply reflects antigen exposure. Although type III reactions 
appear to occur in these diseases, experimental and clinical 
studies indicate that type IV reactions involving monocytes 
and lymphocytes are more important in the pathogenesis of 
the pulmonary reaction. Possibly, the precipitating antibodies 
may play a protective role in antigen-clearing mechanisms. 
The antibody titers are, however, generally higher in symp-
tomatic individuals. 

Like asthma and atopic disease, genetic control of the 
pulmonary immune response is suggested by studies in hu-
mans and animals. However, no link to a particular haplotype 
has been confirmed to date. Pulmonary damage appears to 
develop after an immune response that combines both anti-
gen-specific humoral antibodies and cellular hypersensitivity 
with mononuclear cells releasing lymphokines. Complement 
activation in the lung and irritant effects of thermophilic 
agents also may be important. Cellular hyerpsensitivity to 
organic dusts may lead to hypersensitivity pneumonitis, after 
being triggered by a nonspecific inflammatory process such 
as respiratory infection. 

Allergic alveolitis often is associated strongly with the 
conditions of the workplace. As indicated by the many names 
given to the condition, a continued exposure to inhalation of 
organic material, for example, on farms and in saw mills, once 
was very common. Today, home and office air conditioning 
systems may present specific hazards of hypersensitivity 
pneumonitis. This disorder may be a contributing factor to 
the "sick building" syndrome and, thus, be one of several 
diseases and symptoms associated with poorly ventilated, 
faultily constructed buildings. 

Although complete recovery from allergic alveolitis does 
occur, residual abnormality with dyspnea is common. Sus-
pected causative agents may be confirmed by challenge test-
ing after the acute episode is over. The disease can cause 
long-term effects if repeated exposures occur. Farmer's lung 
can be prevented entirely by an intensive educational pro-

gram and by wearing a mask when exposure is likely. Families 
in which severe cases of allergic alveolitis occur as a result 
of exposure to pet birds should be advised on the importance 
of avoiding exposure. In homes and offices, care should be 
taken to avoid microbial contamination of humidifiers, if the 
machines are used at all. 

IX. OTHER HYPERSENSITIVITY DISORDERS 
OF THE RESPIRATORY TRACT 

Allergic bronchopulmonary aspergillosis (ABA) is an im-
mune bronchial disease that occurs in asthmatics and is char-
acterized by pulmonary infiltrates and eosinophilia in blood 
and sputum (Slavin, 1985; Massie, 1988). Skin testing with 
Aspergillus fumigatus antigen usually reveals a dual reaction 
with an immediate (within 20 min) and a late (after 4-8 hr) 
response. The immediate, and possibly also the late, response 
is IgE mediated. Also IgG, IgM, and Ig A antibodies against 
the fungus are often detectable, but histological examination 
does not support their role in the pathogenesis. Roentgeno-
graphic findings in ABA vary according to disease activity, 
and include bronchial wall edema, inflammation, obstruction, 
and infiltrates, predominantly in the upper lobes. In advanced 
cases, central bronchiectasia appears as hilar shadows, cavi-
tation, fibrosis, and contracted upper lobes. Determined cor-
ticosteroid therapy is the preferred treatment. 

The typical patient with chronic obstructive pulmonary 
disease (COPD) in adults presents with a mixed form of 
chronic bronchitis and emphysema, with wheezing similar 
to that in asthma. This condition may be complicated by 
manifestations of right-sided heart failure. Cigarette smoking 
is the major cause of COPD. The condition often is lumped 
together with other obstructive lung disease, including 
chronic bronchitis and emphysema of various etiologies. Al-
though this assessment may be reasonable with respect to 
clinical symptoms, this tendency may result in overmediation 
for the severely emphysematic patient and in inadequate ther-
apy for those with predominant chronic bronchitis. Clinically, 
physicians often recognize the reversible component of air-
way obstruction in elderly patients with COPD. Elevated IgE 
levels in serum also are a common finding, although a search 
for IgE antibodies against defined allergens in sera is usually 
negative (Itabaskis et al., 1991). Possibly, the elevated IgE 
levels are secondary to increased airway mucosal permeabil-
ity caused by mucosal epithelial damage from chronic in-
flammation. The goals of treatment of COPD include preven-
tion of progression of the disease, treatment of potentially 
reversible components of the disease, and teaching patients 
to participate in their own management. 
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Ocular Mucosal Immunity 

David A Sullivan 

I. INTRODUCTION 

The secretory immune system of the eye defends the ocular 
surface against antigenic challenge (Franklin, 1989; Fried-
man, 1990; Sullivan, 1990). This immunological role is medi-
ated primarily through secretory Ig A (SIgA) antibodies, 
which are known to inhibit viral adhesion and internalization; 
prevent bacterial attachment, colonization, and activity; in-
terfere with parasitic infestation; and reduce antigen-related 
damage in mucosal sites (Underdown and Schiff, 1986; Bran-
dtzaeg, 1985; Mestecky, 1987; Mestecky and McGhee, 1987; 
Brown and Klöppel, 1989; Childers et al, 1989; McGhee et 
al, 1989; MacDonald et al, 1990). Thus, the ocular secretory 
immune system appears to protect the eye against allergic, 
inflammatory, and infectious disease, thereby promoting con-
junctival and corneal integrity and preserving visual acuity. 

This chapter reviews the immunological architecture and 
regulation of the secretory immune system of the eye, and 
explores the impact of ocular infection and autoimmune dis-
ease on the structure and function of this system. For infor-
mation on nonmucosal aspects of ocular immunity, for exam-
ple, anterior chamber-associated immune deviation and 
retinal immunology, the reader is referred to several excellent 
reports (Gery et al, 1986; Streilein, 1987; Usui et al, 1990). 

II. ARCHITECTURE OF THE SECRETORY 
IMMUNE SYSTEM OF THE EYE 

A. Tissues Involved in Ocular Mucosal Immunity 

The principal tissues involved in immunological protection 
of the ocular surface are the lacrimal gland and the conjunc-
tiva. The lacrimal gland, which serves as the predominant 
source of tear SIgA antibodies (Sullivan and Allansmith, 
1984; Peppard and Montgomery, 1987), is the primary ef-
fector tissue in the secretory immune defense of the eye 
(Franklin, 1989; Friedman, 1990; Sullivan, 1990). This gland 
contains a diverse array of lymphocytes, including plasma 
cells, T cells, B cells, dendritic cells, and macrophages (Table 
I; Figure 1). In humans, plasma cells represent the most 
numerous lymphocytic population, accounting for more than 
50% of all mononuclear cells in lacrimal tissue (Weiczorek 
et al., 1988). The vast majority of these plasma cells are IgA 
positive (Franklins al., 1973; Allansmith et al., 1976a,1985; 

Brandtzaeg et ai, 1979,1987; Gillette et al., 1980; Crago et 
ai, 1984; Damato et al., 1984; Brandtzaeg, 1985; Kett et 
al., 1986; Weiczorek et al, 1988) and express an IgAl/IgA2 
subclass distribution that is either different from (Kett et al, 
1986) or similar to (Crago etal, 1984; Allansmith etal, 1985) 
that of other mucosal tissues. In addition, a high percentage 
of lacrimal IgA plasma cells, which are located in the gland's 
interstitium, synthesizes both J chain and polymeric IgA 
(plgA; Brandtzaeg, 1985) that may bind secretory component 
(SC; Brandtzaeg, 1983). These cells are complemented by 
limited numbers of IgG, IgM, IgE, and IgD plasma cells 
(Franklin et al, 1973; Allansmith et al, 1976; Brandtzaeg 
et al, 1979,1987; Gillete et al, 1980; Damato et al, 1984; 
Wieczorek et al, 1988), although the IgD-containing subset 
may increase during IgA deficiency (Brandtzaeg et al, 1979). 
The second most frequent lymphocyte population in human 
lacrimal tissue consists of T cells, which are situated between 
acinar and ductal epithelial cells, throughout glandular inter-
stitial regions, and within small periductular lymphoid aggre-
gates (Weiczorek ei al, 1988; Pepose ei a/., 1990). The distri-
bution of T cells appears to vary topographically according 
to specific subclasses, including suppressor/cytotoxic and 
helper T cells (Weiczorek et al, 1988; Pepose et al, 1990), 
and presents with an overall helper: suppressor ratio of ap-
proximately 0.56 (Weiczorek et al, 1988). Minor or rare 
populations of lacrimal lymphocytes include surface Ig-
bearing B cells, Langerhans-type dendritic cells, monocyte-
macrophages, and activated IL-2+ T cells, which occur al-
most exclusively in periductular lymphocyte foci (Weiczorek 
etal, 1988; Pepose etal, 1990). These latter lymphoid aggre-
gates, when present, typically appear as primary follicles 
without germinal center formation and, theoreticaly, may be 
involved in antigen processing (Weiczorek et al, 1988). 

The human lacrimal gland also 

1. produces lysozyme (Gillette et al, 1980,1981), and SC 
(Franklin et al, 1973; Allansmith and Gillette, 1980; 
Gillette et al, 1980), the plgA antibody receptor 
(Underdown and Schiff, 1986; Brandtzaeg et al, 1987; 
Brown and Klöppel, 1989) in acinar and ductal 
epithelium 

2. synthesizes lactoferrin (Gillette and Allansmith, 1980; 
Gillette et al, 1980) and convertase decay-accelerating 
factor, which protects against autologous complement 
activation (Lass et al, 1990), in acinar cells 

3. expresses HLA-DR antigens on B cells, dendritic cells, 
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Table I Lymphocyte Populations Identified in Lacrimal Glands of Various Species 

Species References 

Human 
IgA (predominant; both IgAl and IgA2), IgG, IgM, IgD, and IgE 

plasma cells 
Suppressor/cytotoxic (predominant), helper, and activated (IL2+) 

T cells 
Surface IgM- (predominant), IgD-, IgG-, or IgA-bearing B cells 
Macrophages and dendritic cells 

Rabbit 
IgA (predominant) and IgG plasma cells 

Rat 
IgA (predominant), IgG, IgGl, IgG2a, IgG2b, IgG2c, and IgM 

plasma cells 
Immature, suppressor/cytotoxic, and helper T cells 
Surface IgM-, IgA-, and IgG-bearing B cells 
Macrophages and mast cells (rare) 

Mouse 
IgA (predominant), IgG, and IgM plasma cells 
Surface IgA-, IgG-, or IgM-bearing B cells 

Franklin et al. (1973); Allansmith et al. (1976a,1985); Brandtzaeg et 
al. (1979,1987); Gillette et al. (1980); Crago et al. (1984); Damato 
et al. (1984); Brandtzaeg (1985); Kett et al. (1986); Wieczorek et 
al. (1988) 

Shimada and Silverstein (1974); Franklin et al. (1979); Jackson and 
Mestecky (1981) 

Gudmundsson et al. (1984,1985a, 1988); Sullivan et al. (1986,1990a, 
1990/91); Allansmith et al. (1987); Hann et al. (1988); Pappo et 
al. (1988); Montgomery et al. (1989,1990); Sullivan and Hann 
(1989a) 

McGee and Franklin (1984); Montgomery et al. (1985) 

ductule epithelium (Weiczorek et al., 1988) and certain 
acini (Mircheff et al., 1991) 

4. contains lymphatic channels that drain into local 
cervical and preauricular lymph nodes (Iwamoto and 
Jakobiec, 1989) 

With respect to human accessory lacrimal tissue, its immuno-
logical characteristics appear to be identical to those of the 
major lacrimal gland (Gillette et al, 1980,1981; Sacks et al, 
1986). 

Lacrimal tissues of rats, rabbits, cows, and mice also seem 
to share the immune features of the human gland (Table I). 
Thus, rat lacrimal glands contain a pronounced population 
of IgA plasma cells (Gudmundsson et al., 1985a; Sullivan et 
al, 1986,1990a,1990/91;Allansmith^a/., 1987; Hann etal, 
1988; Sullivan and Hann, 1989), which undergo a striking 
age-related increase in density from infancy to adulthood 
(Hann et al, 1988; Sullivan et al, 1990a). These cells are 
accompanied by IgG and IgM plasma cells (Gudmundsson 
et al, 1985a; Allansmith et al, 1987; Hann et al, 1988; 
Sullivan et al, 1990a), immature suppressor/cytotoxic and 
helper T cells (Gudmundsson et al, 1988; Pappo et al, 1988; 
Montgomery et al, 1989,1990), surface Ig-bearing B cells 
(Pappo et al, 1988; Montgomery et al, 1989,1990) that prolif-
erate in response to mitogen exposure (Pappo et al, 1988), 
phagocytic macrophages that express Fc receptors and la 
antigens (Pappo et al, 1988), and rare mast cells (Gudmunds-
son et al, 1984). Moreover, acinar cells from rat lacrimal 
tissue synthesize and secrete SC (Sullivan et al, 
1984b, 1990b; Gudmundsson et al, 1985a; Hann et al, 1989, 
1991; Kelleher et al, 1991; Lambert et al, 1993) which 
appears to transport plgA into tears against an apparent con-
centration gradient (Allansmith et al, 1987; Sullivan and 
Allansmith, 1988; Sullivan and Hann, 1989b). Similarly, lacri-

mal glands of cows (Butler et al, 1972), rabbits (Shimada 
and Silverstein, 1975; Franklin et al, 1979), and mice (McGee 
and Franklin, 1984) either produce IgA or harbor plasma cell 
populations that are predominantly IgA positive and, at least 
in rabbits, contain acinar and ductal cells that produce SC 
(Franklin et al, 1979). However, periductular lymphoid ag-
gregates appear to be very uncommon in lacrimal tissues of 
these species, except under pathological conditions (e.g., 
autoimmune disorders; Kessler, 1968; Mizejewski, 1978; 
Hoffman et al, 1984; Jabs et al, 1985; Liu et al, 1987; 
Jabs and Prendergast, 1988; Ariga et al, 1989; Liu, 1989; 
Vendramini et al, 1991; Sato et al, 1991). 

The primary origin of IgA-containing lymphocytes and 
T cells in the lacrimal gland remains to be determined, but 
may, in part, be local cervical (Brandtzaeg et al, 1979; Eber-
sole et al, 1983), distant peripheral (Montgomery et al, 1985; 
O'Sullivan and Montgomery, 1990), and gut-associated 
lymphoid tissue (Montgomery et al, 1983; O'Sullivan and 
Montgomery, 1990), as well as the thoracic duct (O'Sullivan 
and Montgomery, 1990), spleen (McGee and Franklin, 1984), 
and mammary gland (Montgomery et al, 1985). The migra-
tion of lymphocytes into the lacrimal gland appears to be 
random (McGee and Franklin, 1984), yet the selective reten-
tion and heterogeneous distribution of IgA-containing cells 
within lacrimal tissue is not random (Sullivan et al, 1990/ 
91) and may be stimulated by antigenic challenge (Jackson 
and Mestecky, 1981; Allansmith et al, 1987) and regulated 
by microenvironmental (Franklin, 1981; Pockley and Mont-
gomery, 1990/91a), endocrine (Sullivan et al, 1986; Hann et 
al, 1988; Sullivan and Hann, 1989a), neural (Walcott et al, 
1986; Franklin et al, 1988,1989; Oeschger et al, 1989; Sulli-
van et al, 1990/91), T-cell (Franklin et al, 1985; Franklin, 
1989; Franklin and Shepard, 1990/91), or acinar epithelial-cell 
(Franklin et al, 1985) signals. The lymphocytic accumulation 
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Figure 1 Schematic representation of the secretory immune system of the human lacrimal gland. Topographical features 
include acinar cells, which contain endoplasmic reticulum (ER) and lysozyme- and lactoferrin-positive zymogen granules 
(ZG), and synthesize and secrete SC (termed secretory piece); myoepithelial cells, which are adjacent to acinar cells and 
surrounded by a basement membrane (BM); interstitial plasma cells, which are the primary lymphoid cell and produce 
principally Ig A, but also some IgG, IgM, or IgD; T helper (Th) and suppressor (Ts) cells, which are distributed throughout 
the interstitium, the intercellular spaces between acinar or ductal cells, and the periductular lymphoid aggregates; B 
cells (B), OKT6+ Langerhans-type dendritic cells (DC), and OKMl+ monocyte-macrophages, predominantly located in 
periductular lymphoid aggregates, which most often appear as primary follicles without germinal center formation and 
may be active in antigen processing; and unlabeled darkened cells, which refer to circulating T or B lymphocytes, which 
may originate in other mucosal tissues (e.g., intestinal Peyer's patch) and, if not retained locally, possibly exit the lacrimal 
gland through lymphatic channels to regional cervical ro preauricular lymph nodes. Immunoglobulin A is secreted by 
plasma cells (1), bound by SC on the acinar cell basolateral membrane (2,3), transported in distinct vesicles (4), and 
released at the apical surface as SIgA into tear-containing lumina (5). [This figure has been reproduced and published, 
courtesy of Ophthalmology (1988). 95:100-109.] 

in, or adherence to, lacrimal tissue appears to require calcium 
as well as functional oxidative phosphorylation and contrac-
tile microfilament systems, and to depend on cell-surface 
protein and carbohydrate determinants (O' Sullivan and 
Montgomery, 1990). 

In addition to the lacrimal gland, the conjunctiva has been 
postulated to play an active role in both inductive and effector 

actions of the ocular secretory immune system (Chandler 
and Gillette, 1983; Franklin and Remus, 1984; Franklin, 1989; 
Tagawa et al., 1989; Allansmith and Ross, 1991). In support of 
this hypothesis, the rabbit conjunctiva contains a substantial 
number of Ig A, and occasional IgG and IgM, plasma cells 
in the substantia propria and numerous T and B cells in 
specialized lymphoid follicles (Shimada and Silverstein, 1975; 
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Franklin et aL, 1979; Franklin and Remus, 1984). Moreover, 
rabbit conjunctival B cells may be induced to differentiate 
into IgA-positive cells by mitogen stimulation (Franklin and 
Remus, 1984) and the rabbit conjunctival epithelium produces 
SC (Franklin etaL, 1979; Liu et aL, 1981). Since investigators 
also have reported the presence of plasma cells (AUansmith 
et aL, 1976a; Bhan et aL, 1982; Tagawa et aL, 1989); T cells 
(Bhan et aL, 1982; Sacks et aL, 1986; Tagawa et aL, 1989); 
HLA-DR-positive epithelial, stromal (Lee et aL, 1990/91), 
and Langerhans cells; interdigitating dendritic cells; macro-
phages; neutrophils (Sacks et aL, 1986); mast cells (AUens-
mith et aL, 1978a; AUansmith and Ross, 1991); and lymphatic 
channels (Srinivasan et aL, 1990) in human conjunctival tis-
sue, these findings might indicate that the conjunctiva is in-
volved in antigen processing, lymphocyte migration, and ocu-
lar secretory immune defense (Chandler and Gillette, 1983). 
However, this conclusion is somewhat controversial and per-
haps not entirely correct. 

1. The evidence for plasma cell existence in normal 
human conjunctiva appears tenuous: plasma cell 
identification by light microscopy could not be verified by 
immunofluorescent staining for cell-associated IgA, IgG, 
IgM, IgD, or IgE (Aliensmith et aL, 1976b) and plasma 
cell enumeration in another study was performed with an 
antibody that cross-reacted with T cells (Bhan et aL, 
1982). In contrast, more recent investigations have 
demonstrated a complete absence of plasma cells in 
conjunctival tissue of humans (Sacks et aL, 1986) and rats 
(Gudmundsson et aL, 1985a). Instead, the majority of 
lymphocytes in human conjunctiva appears to be primarily 
suppressor/cytotoxic T cells, with a smaller population of 
helper T cells that are distributed in a subclass-dependent 
manner throughout the epithelium and substantia propria 
of the forniceal, tarsal, and epibulbar conjunctiva (Sacks et 
aL, 1986. 

2. B cells (Bhan et aL, 1982; Sacks et aL, 1986) and 
activated T cells (Sacks et aL, 1986) rarely are observed in 
human conjunctiva. 

3. SC is not synthesized or expressed in either human 
(AUansmith and Gillette, 1980) or rat (Sullivan et aL, 
1984b; Gudmundsson et aL, 1985a) conjunctival 
epithelium. Although one study has reported SC, as well 
as IgA and IgG, synthesis in human conjunctival biopsies 
(Lai et aL, 1973), tissue samples may have contained 
accessory lacrimal tissue. 

4. The conjunctival epithelium in humans (Sacks et aL, 
1986) and rats (Setzer et aL, 1987) does not possess 
specialized cells for antigen sampling, as found in the 
intestine (Owen, 1977), or lung (Bienenstock, 1985), and 
appears to limit severely the passage of most antigens 
because of structural size and molecular weight 
restrictions (Huang et aL, 1989; Kahn et aL, 1990). 
Therefore, the normal human or rat conjunctiva seems 
unlikely to synthesize IgA, transport IgA antibodies to the 
ocular surface, or play a direct and significant role in B-
cell maturation or migration. 

Nevertheless, the conjunctiva does contain the immunologi-
cal capacity for antigen processing, cell-mediated immunity, 

and hypersensitivity responses (e.g., AUansmith et aL, 
1981,1983; Chandler and Gillette, 1983; Hann et aL, 1985; 
Cornell-Bell et aL, 1986; Sacks et aL, 1986; Abelson and 
Smith, 1991). 

As concerns the cornea, this tissue does not actively pro-
vide immune protection for the anterior surface of the eye. 
The cornea possesses interstitial IgA, IgG, IgM, IgD, and 
IgE (AUansmith et aL, 1978b), which appear to originate from 
serum, diffuse from the limbal to central regions, and require 
extended time periods (months) for complete turnover (Ver-
hagen et aL, 1990). However, lymphocytes (AUansmith et 
aL, 1978b) and differentiated Langerhans cells (Seto et aL, 
1987) are essentially absent from, and SC is not produced 
by (AUansmith and Gillette, 1980), the avascular corneal epi-
thelium and stroma. The cornea, though, is certainly suscep-
tible to viral (e.g., Sabbaga et aL, 1988; Bale et aL, 1990; 
Pavan-Langston, 1990), bacterial (e.g., Hazlett et aL, 1981a; 
Snyder and Hyndiuk, 1988) or other antigenic (e.g., graft; 
Smolin and O'Connor, 1981) challenge, and the possible ensu-
ing vascularization or inflammation may impair corneal func-
tion and vision significantly (Smolin and O'Connor, 1981; 
Theodore et aL, 1983). 

Other tissues, organisms, and factors involved in mucosal 
defense of the eye (Smolin, 1985) include: 

1. the orbital skeletal structure, which minimizes potential 
trauma 

2. the eyelid architecture, which is relatively impermeable 
to macromolecules 

3. the eyelid blink reflex and ciliary movement, which 
rapidly clear foreign objects from the ocular surface 

4. the resident conjunctival populations of nonpathogenic 
bacteria, consisting of aerobes and facultative and 
obligate anaerobes, which may curtail the ability of 
invasive bacteria to attach and colonize (McNatt et aL, 
1978 

5. the continuous tear flow and reflex tearing, which act to 
remove microorganisms and cellular debris through 
hydrokinetics and eventual drainage into the 
nasolacrimal duct 

B. Role of the Tear Film in Ocular Surface Defense 

The preocular tear film plays a critical role in the defense 
of the eye against microbial and antigenic exposure, as well 
as in the maintenance of corneal clarity and visual ability 
(Holly, 1987). These functions are extremely dependent on 
the stability, tonicity, and composition of the tear film struc-
ture, which includes an underlying mucin foundation, a con-
siderable middle aqueous component, and an overlying lipid 
layer (Holly, 1987; Whitcher, 1987). Alteration, deficiency, 
or loss of the tear film may increase significantly the suscepti-
bility to ocular surface desiccation and infection, corneal 
ulceration and perforation, and marked visual impairment 
and blindness (Lamberts, 1983; Whitcher, 1987; Lubniewski 
and Nelson, 1990). 

With respect to immune protection, the tear film contains 
numerous components (Gachon et aL, 1979; van Haeringen, 
1981; Bron and Seal, 1986; Smolin, 1987) that combine to 
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provide both specific and nonspecific immunological activity 
(Tables II and III). Specific immunity is mediated primarily 
through the action of IgA antibodies, which are the predomi-
nant immunoglobulin in tears of humans (Josephson and 
Weiner, 1968; Table III) and experimental animals (Butler 
et aL, 1972; Hazlett et aL, 1981b; Sullivan and Allansmith, 
1985,1987; Gudmundsson et aL, 1985; Wells and Hazlett, 
1985; Sullivan and Hann, 1989a; Sullivan et aL, 1992a), occur 
almost entirely in polymeric form (Delacroix et aL, 1982; 
Delacroix and Vaerman, 1983; Gudmundsson et aL, 1985a; 
Allansmitheia/., 1985; Coyle era/., 1987,1989), and originate 
from local production in lacrimal gland plasma cells (Butler 
et aL, 1972; Chao et aL, 1980; Janssen and van Bijisterveld, 
1983; Sullivan and Allansmith, 1984; Peppard and Montgom-
ery, 1987). In humans, tear IgA is distributed almost equally 
among IgAl and IgA2 subclasses (Delacroix et aL, 1982; 
Fullard and Snyder, 1990; Fullard and Tucker, 1991). Most 
tear IgA appears to be transported by and bound to SC, 
which is synthesized and secreted by lacrimal epithelial cells 
(Franklin et aL, 1973; Allansmith and Gillette, 1980; Gillette 
et aL, 1980; Sullivan et aL, 1984b; Gudmundsson et aL, 
1985a; Hann etaL, 1989,1991; Sullivan et aL, 1990b; Kelleher 
et aL, 1991; Lambert et aL, 1993) and is present in the tear 
film as an SIgA conjugate or as free SC (Gachon et aL, 1979; 
Delacroix and Vaerman, 1983; Sullivan et aL, 1984a; Sullivan 
and Allansmith, 1984,1987,1988; Gudmundsson et aL, 1985a; 
Watson et aL, 1985; Sullivan et aL, 1988; Coyle et aL, 1989; 
Sullivan and Hann, 1989a). The high concentrations of SIgA 
coexist with low levels of IgG and very limited quantities of 
IgM and IgE (Table III; Sullivan and Hann, 1989a; Sullivan 
et aL, 1990c). Tear IgG may be derived, in part, from lacrimal 
tissue synthesis (Butlern aL, 1972; Chao et aL, 1980;Janssen 

Table II Specific and Nonspecific Immunological Factors 
in Tears of Individuals without Ocular Pathology 

Secretory immunoglobulin A 
Monomeric immunoglobulin A 
Immunoglobulin G 
Immunoglobulin M 
Immunlglobulin E 
Secretory component 
Lysozyme 
Lactoferrin 
ß-Lysin 

Peroxidase 

Transferrin 
Plasminogen activator 
al-Antitrypsin 
/32-Macroglobulin 
a 1 - Antichy motrypsin 
Inter-a-trypsin inhibitor 
a2-Macroglobulin 

Ceruloplasmin 
Prostaglandin E2 

Tear-specific prealbumin 
Histamine 
Properdin factor B 
Leukotrienes 
Complement (C3, C3 activator) 
Anti-complement factor 
Complement decay-accelerating 

factor 
Superoxide radical producing 

system 
Anti-chlamydial factor 
Lysosomal enzymes 
Antibiotic-producing bacteria 
T cells 
B cells 
Macrophages 
Polymorphonuclear leukocytes 

and van Bijsterveld, 1983), after which it moves down a steep 
concentration gradient into tears (Sullivan and Allansmith, 
1988; Sullivan and Hann, 1989a; Sullivan et aL, 1990c), as 
well as from serum, after deposition in and passage through 
the conjunctival or lacrimal gland interstitium (McGill et aL, 
1984; Fullard and Snyder, 1990; Fullard and Tucker, 1991; 
D. A. Sullivan, unpublished data). The source of tear IgM 
may be lacrimal tissue (Fullard and Snyder, 1990; Fullard 
and Tucker, 1991), whereas the origin of IgE in normal tears 
has yet to be determined. No IgD has been detected in the 
tear film (McClellan et aL, 1973; Bluestone et aL, 1975; Sen 
et aL, 1976,1978). It is important to note that the concentra-
tion of tear immunoglobulins, as shown in Table III, may be 
influenced significantly by the method of tear collection, the 
extent of tear stimulation, and the procedures that involve 
processing of tear samples (van Haeringen, 1981; Stuchell et 
aL, 1984; Fullard, 1988; Tuft and Dart, 1989; Fullard and 
Snyder, 1990; Fullard and Tucker, 1991; Kuizenga et aL, 
1991). In addition, although tear Ig levels do not appear to 
display diurnal rhythms (Horwitz et aL, 1978), IgA concentra-
tions may be exceedingly high after prolonged closure of the 
eyelids (Sack et aL, 1991). 

Additional specific and nonspecific agents in human tears 
that support ocular mucosal immunity follow. 

1. Lysozyme and lactoferrin, which are secreted by the 
lacrimal gland (Gillette and Allansmith, 1980; Gillette 
et aL, 1980,1981), represent major tear components 
(van Haeringen, 1981; Gachon, 1982/83) and possess 
antibacterial activity (Smolin, 1987). Lactoferrin also 
may prevent activation of the classical complement 
pathway through inhibition of C3 convertase and may 
modulate ocular inflammatory reactions (Kijlstra, 
1990/91). 

2. 0-Lysin may rupture bacterial cell membranes (Ford 
et aL, 1976). The presence of this substance in human 
tears is controversial (Selsted and Rafael, 1982; 
Janssen et aL, 1984). 

3. Complement factors C3 and C3 activator, properdin 
and properdin factor B (Chandler et aL, 1974; 
Bluestone et aL, 1975; Yamamoto and Allansmith, 
1979; Liotet et aL, 1982; Ballow et aL, 1985; Smolin, 
1987), as well as anti-complement (Kijlstra and 
Veerhuis, 1981) and convertase decay-accelerating 
(Medof et aL, 1987; Lass et aL, 1990) factors are 
present. In certain eye diseases, tear IgA appears to 
fix complement (Barnett, 1968). 

4. Nonlysozyme antibacterial factor (NLAF), which 
inhibits growth of staphylococci (Thompson and 
Gallardo, 1941) actually may be ß-lysin (Ford et aL, 
1976); its presence is controversial (van Haeringen, 
1981; Selsted and Rafael, 1982; Janssen et aL, 1984). 

5. Anti-chlamydial factor is a heat-stable substance that 
reduces Chlamydia attachment (Elbagir et aL, 1989). 

6. Peroxidase (van Haeringen et aL, 1979; Fullard and 
Snyder, 1990; Fullard and Tucker, 1991) may exert 
bactericidal, viricidal, and fungicidal activity, as 
observed in other secretions, given appropriate levels 
of H202 and oxidizable cofactors (De et aL, 1987). 
Such peroxidase functions, however, may not operate 
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Table III Immunlglobulin Concentrations in Tears of Individuals without Ocular Pathology 

Tear concentration 
(/xg/ml) 

Number of 
Reference samples IgA SIgA mlgA IgG IgM IgE IgD 

Chordiker and Tomasi 

Douglas et al. 

Bracciolini 

Little et al. 

Bazzi et al. 1 

Knopf et al. ( 

Brauninger and Centifanto ( 

McClellan et al. ( 

Chandler et al. 

Bluestone et al. 

Allansmith et al. 

Sen et al. 

Sen et al. 

Zavaro et al. I 

Delacroix et al. ( 

Donshik and Ballow I 

Gachon et al. 1 

Gupta and Sarin ( 

Mackie and Seal ( 

Mannucci et al. ( 

McGill et al. ( 

Samra et al. ( 

Aalders-Deenstra et al. ( 

Coyle and Sibony ( 

Sand et al. ( 

Coyle et al. ( 

Coyle and Sibony ( 

Vinding et al. ( 

Fullard ( 

Lue et al. ( 

Coyle ( 

Hoebeke et al. ( 

Yuasa et al. ( 

Fullard and Snyder ( 

Lai et al. ( 

Mavra ( 

Fullard and Tucker ( 

Temel et al. ( 

[1963) 

(1967) 

(1968) 

(1969) 

(1970) 

(1970) 

(1971) 

(1973) 

(1974) 

(1975) 

(1976b) 

(1976) 

(1978) 

(1980) 

(1982) 

(1983) 

(1982/83) 

(1983) 

(1984) 

(1984) 

(1984) 

(1984) 

1985) 

1986) 

1986) 

1987a) 

1987) 

1987) 

1988) 

1988) 

1989) 

1989) 

1989) 

1990) 

1990) 

1990) 

1991) 

1991) 

7 

4 

40 

10 

9 

7 

24 

74 

3 

5 

10 

50 

220 

26 

6 

10 

38-101 

5-35 

54 

17 

55 

54 

16 

20 

25 

23 

12 

42 

6 

3 

19 

8 

8 

30 

15 

5 

6 

22 

70 

118 

850 

212 

230 

125 

88-500 

170 

230-300 

246 

307 

199 

124 

123 

411 

233 

<100 

113 

410-630 

186 

198 

200 

398 

83 

350 

80 

70.6 

795 

2420 

542 

374 

793 

1930 

trace 

trace 

trace 

790 

36 

140 

trace 

trace 

<10 

31 

10 

32 

trace 

400-600 

32 

7-65 

6.7 

2.0 

0.54 

2.1 

12.15 1.50 

110 

18.5 

13.21 3.66 

70 

0 

0 

0 

0/trace 

0-12 

0 

~0 

~0 

<6.0 

0/trace 

18 

0 

5.6 

4.9 

0.31 

1.2 

2.94 

120 

18.3 

9 

detectable 

0.25 

0.061 

2.1* 

<5.0fl 

0.82* 

0.058° 

0 

0 

0 

0 

0 

0 

a International Units/ml. 
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through the thiocyanate-H202 system, because tear 
thiocyanate concentrations are suboptimal (van 
Haeringen et aL, 1979). 

7. Plasminogen activator (van Haeringen, 1981) is 
chemotactic for leukocytes (Bron, 1988). 

8. Histamine, prostaglandins, and leukotrienes most 
likely derive from conjunctival mast cell production 
(van Haeringen, 1981; Gluud et aL, 1985; Abelson and 
Smith, 1991; Allansmith and Ross, 1991). 

9. Antiproteases (e.g., cd-antitrypsin) are found (Zirm et 
aL, 1976; van Haeringen, 1981; Liotet et aL, 1982). 

10. Lysosomal enzymes are present (Yamaguchi et aL, 
1989). 

11. Specific tear prealbumin and transferrin may have 
antibacterial actions (van Haeringen, 1981; Selsted and 
Rafael, 1982). 

12. Ceruloplasmin may reduce viral infectivity and also 
may act as a Superoxide dismutase (Bron and Seal, 
1986). 

13. Antibiotic-producing bacteria, primarily staphylococci, 
apparently occur frequently among ocular flora 
(Halbert and Swick, 1952). 

14. A Superoxide radical-producing system, which exhibits 
bactericidal activity, is situated within conjunctival 
mucus threads (Proctor et aL, 1977) 

15. A low density of T and B lymphocytes, plasma cells, 
macrophages, and polymorphonuclear leukocytes has 
been identified in the normal tear film (Coyle and 
Bulbank, 1989). 

III. IMMUNE RESPONSE OF THE OCULAR 
SECRETORY IMMUNE SYSTEM TO 

ANTIGENIC CHALLENGE 

A. Organisms and Naturally Occurring or Induced 
Antibodies in Human Tears 

In human tears, a diverse array of bacterial and viral or-
ganisms has been identified, including Staphylococcus 
epidermidis, Corynebacterium (Gregory and Allansmith, 
1986,1987), Staphylococcus aureus, Pneumococcus, Pseu-
domonas pyocyanea, Streptococcus viridans, Streptococcus 
pyogenes, Proteus vulgaris, Klebsiella pneumoniae, Esche-
richia coli, á-hemolytic streptococci (Sen and Sarin, 1982), 
HTLV-III (Ablashi et aL, 1987), hepatitis B virus (Gastaud 
et aL, 1989), coxsackie virus (Langford et aL, 1980), herpes vi-
rus 1 (Shani et aL, 1985; Fox et aL, 1986; Wilhelmus et aL, 
1986), and cytomegalovirus (Cox et aL, 1975). Moreover, 
lacrimal tissue of healthy adults may contain both cytomega-
lovirus and Epstein-Barr virus (Pepose et aL, 1990; Pflug-
felder et aL, 1990a,b). Perhaps in response to these and other 
microbial exposures, tears may harbor a variety of naturally 
occurring or induced IgG or SIgA antibodies against numer-
ous antigens, including herpes simplex virus 1 (Little et aL, 
1969; Norrild et aL, 1982; Pedersen et aL, 1982; Fox et aL, 
1986; Coyle and Sibony, 1988), Epstein-Barr virus, varicella 

zoster virus, rubella, mumps, cytomegalovirus (Coyle and 
Sibony, 1988), measles (Coyle and Sibony, 1988; Friedman 
etaL, 1989), adenovirus (Nordboeiß/., 1986), influenza virus 
(Waldman and Bergman, 1987), rhinovirus (Douglas et aL, 
1967), human immunodeficiency virus (HIV; Liotet et aL, 
1987), S. epidermidis, Streptococcus mutans serotypes c and 
d, a Corynebacterium species (Burns et aL, 1982; Gregory 
et aL, 1984; Gregory and Allansmith, 1986,1987), Chlamydia 
trachomatis (Treharne et aL, 1978; Herrmann et aL, 1991), 
and other allergens (Ballow et aL, 1983; Kari et aL, 1985). 
These antibodies, although sometimes expressed in quiescent 
eyes (Waldman and Bergman, 1987; Coyle and Sibony, 1988), 
may increase in concentration significantly during active in-
fection (refer to Table VI). The levels of natural tear Ig A 
antibodies against bacterial organisms have been suggested 
to be either dependent on (Gregory and Allansmith, 1987) or 
independent of (Burns et aL, 1982) local antigenic stimu-
lation. 

B. Ocular Immune Response to Defined Antigens 

Antigenic challenge to the surface of the eye may result 
in a marked accumulation of specific SIgA, IgG, and IgM 
antibodies in tears (Table IV); an accelerated and enhanced 
anamnestic response after secondary exposure (Mestecky et 
aL, 1978; Gregory et aL, 1984; MacDonald et aL, 1984; Greg-
ory and Filler, 1987; Levenson et aL, 1988); and the genera-
tion of immune resistance to, and protection against, antigen 
reapplication (Table V; also Malaty et aL, 1988). In addition, 
definitive ocular immune responses, as well as the possible 
accumulation of Ig-containing cells in lacrimal tissue (Jack-
son and Mestecky, 1981; Allansmith et aL, 1987), may be 
stimulated by antigenic challenge to other sites, including 
subconjunctival, intracorneal, intravitreal, oral, intrabron-
chial, gastric, intraduodenal, intravenous, subcutaneous, in-
tradermal, or intramuscular sites (Table IV). The nature (e.g., 
antibody isotype), extent, and kinetics of these immune reac-
tions appear to be very dependent on the form (e.g., live 
versus inactivated microorganisms; strain), concentration, 
route, duration, and frequency of antigen administration: po-
tential immune responses may be augmented, intermittent, 
suppressed, or absent (Banyard and Morris, 1980; Montgom-
ery*?/ aL, 1983,1984a,b;Mondinoe/a/., 1987a, 1991;Peppard 
et aL, 1988; Centifanto et aL, 1989; Hall and Pribnow, 1989). 
Moreover, the magnitude of induced ocular immunity may 
be altered by the use of adjuvants (e.g., Peppard et aL, 1988; 
Peppard and Montgomery, 1990) and may be influenced by 
the concurrent state of systemic immunity (Waldman and 
Bergmann, 1987; Bergmann et aL, 1987). 

The mechanism by which antigenic exposure to the surface 
of the eye stimulates a local (e.g., IgA) immune response 
remains to be elucidated. Direct antigen transfer across the 
conjunctival epithelium (Huang et aL, 1989; Kahn et aL, 
1990) or countercurrent passage through the lacrimal duct 
(Sullivan et aL, 1990c) appears to be restricted severely. 
Further, the immunological architecture of healthy lacrimal 
tissue appears to be limited in its capacity to process and 
present antigen effectively (Weiczorek et aL, 1988). Conse-
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Table IV Ocular Secretory Immune Response to Defined Antigenic Challenge 

Species Antigen Route0·* Ocular response Reference 

Rat 

Rat 

Dinitrophenylated type HI 
pneumococcal vaccine 

Cholera toxin 

Intravenous 
Subcutaneous 

Gastric 
Ocular 
Ocular/Ocular 

—/Ocular 
Intraduodenal/— 
Intraduodenal/intraduodenal 
Intraduodenal/ocular 

Infrequent tear IgA antibodies Montgomery et al. (1983,1984a) 
À Tear IgA, IgG, and IgM 

antibodies 
t Tear IgA antibodies 
f Tear IgA antibodies 

Rat 

Rat 

Rat 

Guinea 

Guinea 

Guinea 

Guinea 

Guinea 

Rabbit 

Rabbit 

Rabbit 

Pig 

Pig 

Pig 

Pig 

Pig 

Dinitrophenylated type III 
pneumococcal vaccine 

Dinitrophenylated 
Pneumococcus 
(inactivated) 

Dinitrophenylated 
Streptococcus pneumoniae 
(inactivated) 

Live guinea pig inclusion 
conjunctivitis organisms 

Inactivated guinea pig 
inclusion conjunctivitis 
organisms 

Live guinea pig inclusion 
conjunctivitis organisms 

Live guinea pig inclusion 
conjunctivitis organisms 

Inactivated guinea pig 
inclusion conjunctivitis 
organisms 

Live guinea pig inclusion 
conjunctivitis organisms 

Shigella ribosomal vaccine 
Lipopolysaccharide 

Human serum albumin 

Herpes simplex virus 1 

Peptidoglycan-ribitol teichoic 

Intragastric/ocular 

Ocular 
Ocular/gastric 
Gastric 
Gastric/ocular 

Ocular 
Gastric 

Gastric/ocular 

Ocular 

Intraperitoneal 

Ocular 

Ocular 

Ocular 

Ocular 

Subcutaneous 
Subcutaneous 
Oral and intravenous 

Ocular 

Intradermal with CF> 
acid (from Staphylococcus 
aureus) Subconjunctival with CFA 

Live S. aureus 
Ocular 

Rabbit Herpes simplex virus 

Ocular 

Scarified cornea 

t Conjunctival antitoxin-
containing cells 

No cellular response 
No cellular response 
No cellular response 
t Conjunctival antitoxin-

containing cells 
t Conjunctival antitoxin-

containing cells 

t Tear IgA antibodies 
| Tear IgA antibodies 
t Tear IgA antibodies 
t Tear IgA antibodies 

t Tear IgA antibodies 
t Tear IgA antibodies 

t Tear IgA antibodies 

f Tear SIgA antibodies 

No tear SIgA antibodies 

t Tear SIgA antibodies 

t Tear IgA and IgG 
antibodies 

No tear IgA or IgG antibodies 

t Tear SIgA antibodies 

Pu et al. (1983) 

t Tear IgA 'Ï' antibodies 
t Tear IgA ¼ ' antibodies 
t Lacrimal gland IgA 

antibody-producing cells 

T Tear IgG, no IgA or IgM Willey et al. (1985) 
antibodies 

Montgomery et al. (1984b) 

Peppard et al. (1988) 

Peppard and Montgomery (1990) 

Murray et al. (1973) 

Watson et al. (1977) 

Malaty et al. (1981) 

Finney and Bushell (1986) 

Levenson et al. (1988) 

Jackson and Mestecky (1981) 

t Tear IgG and SIgA 
antibodies 

t Tear IgG and SIgA 
antibodies 

t Tear IgG and SIgA 
antibodies 

t Tear IgG and SIgA 
antibodies 

t Tear IgA, IgM, and IgG 
antibodies 

Mondino et al. (1987a,b) 

Centifanto et al. (1989) 

(continues) 
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Table IV (continued) 

Species Antigen Route06 Ocular response Reference 

Rabbit 

Rabbit 

Cattle 

Calves 

Horse 

Monkey 

Monkey 

Monkey 

Monkey 

Ovalbumin Ocular 

Intravitreous 
Intravenous 

Peptidoglycan-ribitol teichoic Intradermal with CFA 
acid (from S. aureus) 

Subconjunctival with CFA 

Intradermal with CFA/ocular 

Live S. aureus 

Subconjunctival with CFA/ 
ocular 

Ocular 

Keyhole limpet hemocyanin Subconjunctival with IFA 
Intramuscular with IFA 
Ocular (3 months) 
Ocular (3 days) 

Live rotavirus Oral 

Oral/oral 
Oral/oral/ocular 
Oral(2)/ocular/intrabronchial 

Intrabronchial 

Intrabronchial/oral 

Intramuscular 

Ocular 
Leptospira interrogans 
Inactivated Chlamydia 

trachomatis 
Inactivated C. trachomatis! 

Live C. trachomatis 

C. trachomatis 

Ocular 

Ocular 

t Tear IgG, infrequent IgA 
antibodies; | IgG and IgM 
antibody-producing cells in 
conjunctiva but not in 
lacrimal gland 
Tear IgG antibodies 

No IgG or IgA antibodies 

Tear IgG and SIgA 
antibodies 
Tear IgG and SIgA 

antibodies 
Tear IgG and SIgA 

antibodies 
Tear IgG and SIgA 

antibodies 
Tear IgG and SIgA 

antibodies 

Tear antibodies 
Tear antibodies 
Tear antibodies 

No tear antibody response 

Tear IgA and IgM 
antibodies 

No tear antibodies 
Tear IgA antibodies 
Tear IgA and IgM 

antibodies 
Tear IgA and IgM 

antibodies 
Tear IgA and IgM 

antibodies 

Tear antibodies 

Tear antibodies 

Tear antibodies 

Conjunctival suppressor/ 
cytotoxic and helper T cells; 
t lymphoid follicles 
containing IgM-positive B 
cells, some IgG- and IgA-
positive B cells 

Hall and Pribnow (1989) 

Mondino et al. (1991) 

Banyard and Morris (1980) 

van Zaane et al. (1987) 

Parma et al. (1987) 

MacDonald et al (1984) 

Whittum-Hudson et al. (1986) 

Inactivated C. trachomatis 
Live C. trachomatis 

C. trachomatis 
lipopolysaccaride 
expressed in recombinant 
Escherichia coli 

Oral 
Ocular 

Oral 
Rectal 
Rectal/oral/intramuscular 

Rectal/oral/intramuscular/ 
ocular 

Oral 

No IgA, IgG, IgM antibodies 
t Tear IgA, IgG and IgM 

antibodies 
No IgA antibodies 
No IgA antibodies 
t Tear IgA and IgG 

antibodies 
t Tear IgA, IgG and IgM 

antibodies 
No IgA, IgG, IgM antibodies 

Taylor et al. (1987) 

(continues) 



578 

Species 

Monkey 

Monkey 

Human 

Human 

Human 

Human 

Human 

Human 

Human 

Human 

Human 

Human 

Antigen 

C. trachomatis major outer 
membrane protein/[live C. 
trachomatis]0 d 

C. trachomatis/ch\amyaia\ 
antigen extract 

Live rhinovirus 

Live rhinovirus 
Inactivated rhinovirus 

Inactivated streptococcus 
mutans 

Inactivated S. mutans 
type c whole cells 

Influenza virus vaccine 

Influenza virus vaccine 

Inactivated S. mutans 
whole cells 

Inactivated S. mutans 
type c 

Influenza virus vaccine 

Pneumococcal vaccine 

Table IV (continued) 

Route0·* 

Ocular/ [ocular] 
Intraperitoneal/oral/ [ocular] 
Intraperitoneal/oral/ocular/ 

[ocular] 
[ocular]/[ocular] 
—/[ocular] 

Ocular 

Intranasal 

Intranasal 

Intranasal 

Oral 

Oral 

Oral 

Oral 

Oral 

Oral 

Oral 
Intramuscular 

Subcutaneous 

Ocular response 

t Tear IgA antibodies 
Rare antibodies 
À Tear IgA antibodies 

t Tear IgA antibodies 
t Tear IgA antibodies 

t C/i/ömvi#a-specific 
lymphocytes in conjunctiva 

t Tear IgA neutralizing 
antibodies 

t Tear IgA and IgG 
antibodies 

t Tear IgA antibodies 

t Tear IgA antibodies 

t Tear IgA antibodies 

t IgA antibodies 

t Tear IgA antibodies 

t Tear IgA antibodies 

| Tear IgA, IgG and IgM 
antibodies 

t Tear IgA antibodies 
t Tear IgA antibodies 

t Tear IgA, IgG, and IgM 
antibodies 

David A. Sullivan 

Reference 

Taylor et al. (1988) 

Pal et al. (1990/91) 

Douglas et al. (1967) 

Knopf etal. (1970) 

Mestecky et al (1978) 

Gregory et al. (1984) 

Bergmann et al. (1986) 

Bergmann et al. (1987) 

Gregory and Filler (1987) 

Czerkinsky et al. (1987) 

Waldman and Bergmann (1987) 

Lue et al. (1988) 

a The route of antigen exposure does not convey information about the frequency of antigen application, that is, antigens may have been 
administered once or multiple times via the specific route. If different routes were used, the sequence of use is given and the routes are 
separated by a slash. In addition, if primary and secondary immunizations by one route yielded different responses, a distinction is made 
between these challenges. 

b Abbreviations: CFA, complete Freund's adjuvant; IFA, incomplete Freund's adjuvant. 
c The use of sequential antigen administration at different times is designated by a slash. 
d Note, oral doses given with cholera toxin. 

quently, the ocular secretory immune response to infectious 
or toxic substances may require antigenic clearance through 
the nasolacrimal duct and stimulation of gut-associated 
lymphoid tissue. Consistent with this hypothesis are the fol-
lowing observations: 

1. Topical application of noninvasive antigens to the rat 
ocular surface appears to result in passage through the 
nasolacrimal canal into the gastrointestinal tract, and 
not retrograde transfer to the lacrimal gland or 
lymphatic drainage into local lymph nodes (Sullivan et 
al., 1990a). 

2. Intranasal, oral, or gastric administration of bacteria, 
viruses, or other antigens may induce the accumulation 
of specific tear IgA antibodies and the generation of 
ocular surface protection (Mestecky et al, 1978; 

Nichols et al., 1978; Montgomery et al., 1983,1984a,b; 
Gregory et al, 1984; Bergmann et al, 1986,1987; 
Czerkinsky et al, 1987; van Zaane et al, 1987; 
Waldman and Bergman, 1987; Peppard et al, 1988; 
Peppard and Montgomery, 1990). 

This remote-site stimulation most likely would involve IgA 
lymphoblast migration from mesenteric and peripheral lymph 
nodes, spleen, and thoracic duct lymph to the lacrimal gland 
(Montgomery et al, 1983,1985; McGee and Franklin, 1984; 
O'Sullivan and Montgomery, 1990), followed by local anti-
body production and transport to the ocular surface. In con-
trast, the contribution of serum IgA antibodies to ocular 
surface defense appears to be minimal or nonexistent (Sulli-
van and Allansmith, 1984; Montgomery ei al, 1984a,b; Berg-
manns al, 1987; Czerkinsky et al, 1987; Peppard and Mont-
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Table V Influence of Prior Immunization on Subsequent Ocular Response to Infectious Organisms 

Species Immunogen0 Immunization routeb 
Clinical response to 

ocular challenge Reference 

Guinea pig 

Guinea pig 

Guinea pig 

Guinea pig 

Guinea pig 

Guinea pig 

Rabbit 

Calves 

Monkey 

Monkey 

Live GPIC 

Inactivated GPIC 

Live GPIC 

Live GPIC 

Inactivated GPIC 

Live GPIC 

Shigella ribosomal vaccine 

SOMP 

SOMP 
Rabbit antiserum to SOMP 

Modified live bovine 
rhinotracheitis virus vaccine 

Inactivated Chlamydia 
trachomatis 

Inactivated C. trachomatis 

Ocular 

Intraperitoneal 

Oral 

Ocular 

Ocular 

Ocular 

Subcutaneous 

Subcutaneous with CFAC 

Subcutaneous with CFA 
Intravenous 

Ocular 

Intranasal 

Ocular 

Oral 

Monkey 

Monkey 

Live C. trachomatis Ocular 

Oral 

Rectal/oral/intramuscular 

Lipopolysaccaride from Oral 
C. trachomatis expressed in 
recombinant Escherichia coli 

C. trachomatis major, outer 
membrane protein^ 

Ocular 

Intraperitoneal/oral 

t Resistance to GPIC infection Murray et al. (1973) 

No resistance to GPIC infection 

t Resistance to GPIC infection Nichols et al. (1978) 

t Resistance to GPIC infection Malaty et al (1981) 

No resistance to GPIC infection 

À Resistance to GPIC infection 

À Resistance to Shigella sonnei 
infection 

t Resistance to Shigella infection 

t Resistance to Shigella infection 
À Resistance to Shigella infection 

i Resistance to Moraxella bovis 
infection 

| Resistance to M. bovis 
infection 

4 Resistance to C. trachomatis 
infection 

No resistance to C. trachomatis 
infection 

À Resistance to C. trachomatis 
infection 

Mild or no resistance to 
C. trachomatis infection 

t Resistance to C. trachomatis 
infection 

No resistance to C. trachomatis 
infection 

Partial resistance to 
C. trachomatis infection 

Partial resistance to 
C. trachomatis infection 

Finney and Bushell (1986) 

Levenson et al. (1988) 

Adamus et al. (1980) 

Adamus et al. (1980) 

George et al. (1988) 

MacDonald et al. (1984) 

Taylor et al. (1987) 

Taylor and Prendergast (1987) 

Taylor et al. (1988) 

Intraperitoneal/oral/ocular Partial resistance to 
C. trachomatis infection 

a GPIC, Guinea pig inclusion conjunctivitis organisms; SOMP, Shigella outer membrane protein. 
b The route of antigen exposure does not convey information about the frequency of antigen application, that is, antigens may have been 

administered once or multiple times via the specific route. If different routes were used, the sequence of use is given and the routes are 
separated by a slash. 

c CFA, Complete Freund's adjuvant. 
d Note, oral doses are given with cholera toxin. 

gomery, 1987; Lue et al., 1988). IgG antibodies from serum, 
however, may play a significant role in certain inflammatory 
disorders of the eye (Chandler et al., 1974; Mackie and Seal, 
1984; Seal, 1985; Wilhelmus et al., 1986; Gupta and Sarin, 
1983). Overall, ocular immune protection may be conferred 

by both local and distant antigenic exposure; lacrimal tissue 
acts at least as a recipient of committed IgA-containing cells 
that elaborate antigen-specific antibodies. However, the de-
velopment of an optimal strategy to promote secretory immu-
nity in the eye has yet to be established. 



580 David A. Sullivan 

C Influence of Ocular or Systemic Disease or 
Contact Lens Wear on the Secretory Immune 

System of the Eye 

As demonstrated in Table VI, various ocular and systemic 
diseases, as well as contact lens wear, may influence secre-
tory immune expression in the human eye significantly. Thus, 
bacterial, viral, and fungal infections of the ocular surface; 
exposure to allergens; endocrine abnormalities; or graft-
versus-host disorders may increase levels of specific antibod-
ies, total immunoglobulins, complement proteins, and non-
specific immune factors significantly or may induce changes 
in the lymphocytic profile of the conjunctiva. Interestingly, 
if pathological alterations are evident in only one eye, immune 
responses may (Krichevskayaeia/., 1980;Shanieiß/., 1985) 
or may not (Centifanto et al, 1970; Hall and O'Connor, 1970) 
occur in the contralateral unaffected eye. With respect to 
contact lenses, these may bind (Gudmundsson et al., 1985b) 
and also cause modifications in the concentrations of (Table 
VI) immune components in the tear film; the precise immuno-
logical effects may depend on the composition of lens mate-
rial, the efficacy of cleaning regimens, and the length of wear 
(Manucci et al., 1984; Vinding et al., 1987; Temel et al., 
1991). 

In contrast, such conditions as IgA deficiency, intrauterine 
infection, ocular surgery, keratoconjunctivitis sicca, malnu-
trition, and autoimmune disease often may suppress ocular 
mucosal immunity (Table VI). For example, severe malnutri-
tion may lead to a significant decrease in tear IgA and SC 
concentrations, a diminished number of IgA-containing cells 
in lacrimal tissue, and a blunted SIgA antibody response to 
infectious challenge (McMurray et al., 1977; Watson et al., 
1977,1985; Sullivan et al., 1990d; Sullivan et al., 1993). Simi-
larly, autoimmune disorders such as multiple sclerosis or 
Sjögren's syndrome may alter or disrupt immune function 
in the eye significantly. Multiple sclerosis, an autoimmune 
disease of possible viral origin, is associated with heightened 
levels of monomeric IgA and lymphocytes, and reduced 
amounts of SC, in tears of afflicted individuals (Coyle and 
Sibony, 1987; Coyle, 1989; Coyle and Bulbank, 1989). Sjö-
gren's syndrome, an autoimmune disease that occurs almost 
exclusively in females, is characterized by a progressive 
lymphocytic infiltration into the lacrimal gland, an immune-
mediated destruction of lacrimal acinar and ductal epithelial 
cells, decreased tear IgA content, and keratoconjunctivitis, 
sicca (Tabbara, 1983; Boukes et al., 1987; Moutsopoulos and 
Talal, 1987; Talal and Moutsopoulos, 1987; Kincaid, 1987). 
Further, in experimental models of this complex disorder, 
generation of autoantibodies to (Ohashi et al., 1985) and 
deposition of IgG, IgA, and complement in ductal epithelial 
cells of (DeLuise et al., 1982) lacrimal tissue may accompany 
the striking glandular inflammation (Kessler, 1968; Hoffman 
et al., 1984; Jabs et al., 1985; Jabs and Prendergast, 1988; 
Ariga et al., 1989; Vendramini et al., 1991; Sato et al., 1992). 
The etiology of Sjögren's syndrome may involve the endo-
crine system (Ahmed et al., 1985,1989; Raveche and 
Steinberg, 1986; Nelson and Steinberg, 1987; Talal and 
Ahmed, 1987; Ahmed and Talal, 1990; Carlsten et al., 1990), 

but also may be the result of primary infection with and 
reactivation of Epstein-Barr virus, cytomegalovirus, herpes 
virus-6, or retroviruses. These viruses have been identified 
in lacrimal or salivary tissues of Sjögren's syndrome patients 
(Burns, 1983; Fox et al., 1986; Fox, 1988; Garry et al., 1990; 
Krueger et al., 1990; Prepose et al., 1990; Pflugfelder et al., 
1990a,b; Mariette et al., 1991) and may stimulate the inappro-
priate epithelial-cell HLA-DR expression, T helper/inducer-
cell activation, B-cell hyperactivity, and autoantibody pro-
duction evident in these affected tissues (Maini, 1987; 
Moutsopoulos and Talal, 1987; Fox, 1988; Venables, 1989). 
In support of this possibility, certain viral infections in experi-
mental animals exert a striking impact on the lacrimal gland 
and induce a periductular infiltration of plasma cells, lympho-
cytes, and macrophages; distinct nonsuppurative periductu-
lar inflammation; significant interstitial edema; widespread 
necrosis of the acinar and ductal epithelium; degenerative 
and atrophic alterations in epithelial cells; diminished tear 
flow; and keratoconjunctivitis sicca (Jacoby et al., 1975; Lai 
et al., 1976; Percy et al., 1984,1990; Green et al., 1989). 
Moreover, research has demonstrated that herpes viruses 
(e.g., cytomegalovirus) and coronaviruses (e.g., sialodacry-
oadenitis virus) may invade and replicate in rat lacrimal 
gland acinar cells (Huang et al., 1993, Wickham et al., 1992); 
Epstein-Barr virus may bind to specific receptors in ductal 
epithelium of the human lacrimal gland (Levine et al., 1990/ 
91); and HIV infection may predispose patients to keratocon-
junctivitis sicca (Couderce/ al., 1987; Ulirsch and Jaffe, 1987; 
deClerck et al., 1988; Lucca et al., 1990). However, the 
precise role of viruses in the induction of autoimmune dis-
ease, as well as the mechanism by which viral infection may 
interfere with lacrimal gland function and immune expres-
sion, remains to be determined. 

IV. ENDOCRINE, NEURAL, AND IMMUNE 
MODULATION OF THE OCULAR 

SECRETORY IMMUNE SYSTEM 

During the past three decades, scientists have recognized 
increasingly that the endocrine and nervous systems regulate 
multiple aspects of cellular and humoral immunity. The exact 
nature of this hormonal and neural control—which influences 
significantly such parameters as lymphocyte maturation, anti-
gen presentation, lymphokine production, and antibody syn-
thesis—critically depends on the specific signal, target cell, 
and local microenvironment (Besedovsky and Sorkin, 1977; 
Comsa et al., 1982; Grossman, 1984; Munck et al., 1984; 
Pay an et al., 1984; Ahmed et al., 1985; Besedovsky et al., 
1985; Berczi, 1986; Berczi and Kovacs, 1987; Feiten et al., 
1987; Jancovik et al., 1987; Weigent and Blalock, 1987; 
Freier, 1989; Hadden et al., 1989; Talal and Ahmed, 1987; 
Ahmed and Talal, 1990; Ader et al., 1991). Moreover, this 
neuroendocrine-immune interrelationship is bidirectional, 
that is, antigenic exposure also may induce the lymphocytic 
secretion of lymphokines, hormones, and neuropeptides that 
directly modulate endocrine and neural function (Besedovsky 
and Sorkin, 1977; Besdovsky et al., 1985; Cotman et al., 
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Table VI Impact of Ocular or Systemic Disease or Contact Lens Wear on the Secretory System of the Human Eye 

Disease Ocular immune response in the tear film* Reference 

Acute adenovirus conjunctivitis 

Acute bacterial conjunctivitis 

Acute bacterial corneal ulcer 

Acute endogenous uveitis 

Acute follicular conjunctivitis 

Acute hemorrhagic conjunctivitis 

Acute keratoconjunctivitis 

Allergic conjunctivitis 

contact lens 
Atopic asthma without conjunctivitis 

Atopic conjunctivitis 
chronic 
seasonal 

Bacterial corneal ulcer 

Blepharoconjunctivitis 

Bronchopneumonia 

Chronic conjunctivitis 

Chronic graft versus host disease 

Chronic irritative conjunctivitis 

Chronic nonulcerative blepharitis and 
meibomianitis 

Contact lens wear 

extended wear 

rigid 
soft 

Corneal dendritic ulcers 

Corneal graft reaction 

Follicular conjunctivitis (+ /-trachoma) 

Fungal corneal ulcer 

Fungal ulcer—active 

Giant papillary conjunctivitis 

Grave's ophthalmopathy 

Herpes simplex virus keratitis 

-IgA, t IgG, -IgM 

—Lysozyme, f IgA 

~IgA 

~IgA 

TIgA, TIgG, TIgM 
f SIgA and | IgG antibodies to herpes simplex virus 
T Neutralizing activity to enterovirus and coxsackie virus; 

| fibroblast interferon 

tlgA 
-IgG, -IgE 
TlgE 
tlgE 
TlgE 
—Complement C3, factor B, and C3 des Arg 
NoIgE 

TlgE 

TlgE 
TlgE 
T IgA, -IgG, -IgM 

-IgA, -IgG 
TIgA 
-IgA, TIgG, TIgM 

—IgA, —lysozyme 

—IgA, —Iactoferrin, —lysozyme 

TIgG 
T T cells in conjunctiva 
I Lysozyme 
—IgA, —IgG, —lysozyme, —Iactoferrin 

Gupta and Sarin (1983) 

Sen and Sarin (1979,1982) 

Sen and Sarin (1979) 

Sen and Sarin (1979) 

McClellan et al. (1973) 
Fox et al. (1986) 

Langford et al. (1985) 

Sen and Sarin (1979) 

Donshik and Ballow (1983) 
Hoebeke et al. (1989) 
Yuasa et al. (1989) 
Kari et al. (1985) 
Ballow et al. (1985) 
Hoebeke et al. (1989) 

Aalders-Deenstra et al. (1985) 

Aalders-Deenstra et al. (1985) 
Aalders-Deenstra et al. (1985) 

Lai et al. (1990) 

McClellan et al. (1973) 
Sen and Sarin (1979) 
Zavaro et al. (1980) 

Bhaskaram et al. (1986) 

Boukes et al. (1987) 

Heitman et al. (1988) 
Bhan et al. (1982) 

Sen and Sarin (1982) 

Seal (1985) 

UgA 
—Complement C3, factor B, and C3 des Arg 
1 IgA, -lysozyme 
T IgA, -IgG, -IgM, -IgE 
T IgA, -IgG, -IgM 
-IgA, -IgG, -IgM 

—Iactoferrin 

T SIgA and T IgG antibodies to herpes simplex virus 

TIgA 

IgA and IgG plasma cells in conjunctiva 
TIgA, TIgG, TIgM 

T IgA, -IgG, -IgM 

TIgG 
-IgA, TIgG, TIgM, TlgE 
I Lactoferrin 
ilgA 
T Complement C3, factor B, and C3 des Arg 

TSIgA 

-IgA, TIgG 
T Antibodies to HSV 
T IgA antibodies 

Suttorp-Shelton et al. (1989) 
Ballow et al. (1985) 
Vinding et al. (1987) 
Mannucci et al. (1984) 
Temel et al. (1991) 
Temel et al. (1991) 
Ballow et al. (1987) 

Fox et al. (1986) 

Sen and Sarin (1979) 

Tagawa et al. (1989) 
Zavaro et al. (1980) 

Lai et al. (1990) 

Chandler et al. (1974) 

Donshik and Ballow (1983) 
Ballow et al. (1987) 
Suttorp-Shelton et al. (1989) 
Ballow et al. (1985) 

Khalil et al. (1989) 

McClellan et al. (1973) 
Krichevskaya et al. (1980) 
Shani et al. (1985) 

(continues) 
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Table VI (continued) 

Disease Ocular immune response in the tear film0 Reference 

active 

dendritic 

Herpetic keratoconjunctivitis 

HIV-1 infection 

Idiopathic dry eye 

IgA deficiency 

IgG multiple myeloma 

Keratoconjunctivitis sicca 

Keratomalacia 

Malnutrition—severe 

Malnutrition with epithelial xerosis 

Measles 

Mooren's ulcer 

Multiple sclerosis 

Myotonie muscular dystrophy 

Neurosarcoidosis 

Nonatopic conjunctivitis 

Ocular pemphigoid 
mild 
severe 
dry eye 

Ocular cicatricial pemphigoid 

Orofacial herpetic vesicles 

Pemphigus 

Perrenial conjunctivitis (dry eye) 

Phlyctenular conjunctivitis 

Picornavirus epidemic conjunctivitis 

Postintrauterine infection (infant) 

Postoperative cataract surgery 

Rheumatoid arthritis and 
keratoconjunctivitis sicca 

Sicca syndrome 

Sjögren's syndrome 

t SIgA and f IgG antibodies to HSV, | serum albumin 
t SIgA antibodies to HSV 
t IgG antibodies to HSV, —IgA antibodies 
—IgA, IgA HSV neutralizing antibodies present 

t Incidence of keratoconjunctivitis sicca 

1 IgA, | lactoferrin, I lysozyme 

Recurrent or chronic conjunctivitis 

t Oligoclonal IgG 

| Lysozyme 
| IgA, t IgG, | lysozyme, 1 lactoferrin 
t Superoxide 
tlgA, TIgG, flgM 
TIgA 

1 IgA, 1 free secretory component (FSC), I lysozyme 
UgA, tlgG 
1 Lysozyme 

i SIgA, | lysozyme, f bacterial pathogens 
t SIgA and | IgA antibodies to measles 

TIgG 
No oligoclonal IgG 
t Monomeric IgA 
t Monomeric IgA, j secretory component 
t Oligoclonal IgG 
t Total lymphocytes, | T cells, null cells 
f SIgA and f IgG antibodies to measles, herpes simplex virus, 

and rubella virus 

| Lactoferrin 

t Oligoclonal IgG 

-IgE 

t T cells in conjunctiva 
À IgA, —lysozyme, —lactoferrin 
t IgG, —lysozyme, —lactoferrin 
1 IgA, t IgG, 1 lysozyme, 1 lactoferrin 
t IgG or t IgA in conjunctival basement membrane 

t SIgA and | IgG antibodies to herpes simplex virus 

1 IgA, t IgG, 1 lysozyme, | lactoferrin 

-IgG, -IgE 

—IgA, —lysozyme 

Human fibroblast interferon 

| IgA, llgG 

A IgA 
| Lactoferrin, 
tPGE2 

t Superoxide 
| Lysozyme 

i Lactoferrin 
i Antimicrobial properties 

| IgA, | lactoferrin, j lysozyme 
i Globulins 
t B and | T cell infiltration into lacrimal tissue 

| neutrophils 

Pedersen et al. (1982) 
Fox et al. (1986) 
Wilhelmus et al. (1986) 
Little et al. (1969) 

Lucca et al. (1990) 

Boukes et al. (1987) 

South et al. (1968) 

Mavra et al. (1990) 

Scharf er a/. (1982) 
Seal (1985) 
Bron (1988) 
Zavaro et al. (1980) 

Sen and Sarin (1979) 

Watson et al. (1985) 
McMurray et al. (1977) 

Sen and Sarin (1982) 

Bhaskaram et al. (1986) 
Friedman et al. (1989) 

Chandler et al. (1974) 

Mavra et al. (1990) 
Coyle et al. (1987a) 
Coyle (1989) 
Coyle et al. (1987b) 
Coyle and Bulbank (1989) 
Coyle and Sibony (1987) 

Tsung et al. (1983) 

Mavra et al. (1990) 

Aalders-Deenstra et al. (1985) 

Bhan et al. (1982) 
Seal (1985) 
Seal (1985) 
Seal (1985) 

Furey et al. (1975) 

Fox et al. (1986) 

Seal (1985) 

Donshik and Ballow (1983) 

Sen and Sarin (1979,1982) 

Langford et al. (1980) 

McMurray and Rey (1981) 

Sand et al. (1986) 
Jensen et al. (1985) 
Gluud et al. (1985) 
Bron (1988) 

Sharfef a/. (1982) 

Mackie and Seal (1984) 
Liotet et al. (1980) 

Boukes et al. (1987) 
Suarez (1987) 
Pepose et al. (1990) 

(continues) 
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Table VI (continued) 

Disease Ocular immune response in the tear film0 Reference 

Specific granule deficiency 

Steven's Johnson syndrome 

Subacute sclerosing panencephalitis 

Systemic lupus erythematosus 

Thygeson's conjunctivitis 

Trachoma 

Trachoma-induced conjunctivitis 

Vernal conjunctivitis 

Vernal keratoconjunctivitis 

Viral corneal ulcer 

Viral meningitis 

—Lactoferrin 

-IgA, t IgG, -IgM 

t Oligoclonal IgG 

t Oligoclonal IgG 

NoIgE 

1 Lysozyme 
fHistamine, |PGF2 

| Serotype-specific antibodies 

t IgA antibodies to Chlamydia trachomatis 

—IgA, —lysozyme 
-IgA, TIgG 
~IgE 
i Lactoferrin 
t Antibodies to pollen, | IgG, | IgM, —IgA 
JHistamine, |PGF2 

t IgA, t IgD> t IgE conjunctival plasma cells 
t IgE, -IgA 

TIgG, TlgE 
t Major basic protein 
f T cells in conjunctiva 
f Complement C3, factor B, and C3 des Arg 
TIgA, TIgG, flgM 

TlgE 
TlgE 
TlgE 

TIgA, tlgG, flgM 

t Oligoclonal IgG 

Raphael et al. (1989) 

Zavaro et al. (1980) 

Mavra et al. (1990) 

Mavra et al. (1990) 

Hoebeke et al. (1989) 

Sen and Sarin (1982) 
Bron (1988) 
Treharne et al. (1978) 

Herrmann et al. (1991) 

Sen and Sarin (1979,1982) 
McClellan et al. (1973) 
Allansmith et al. (1976b) 
Ballow et al. (1987) 
Ballow et al. (1983) 
Bron (1988) 
Allansmith et al. (1976) 
Brauninger and Centifanto 

(1971) 
Donshik and Ballow (1983) 
Udell et al. (1981) 
Bhan et al. (1982) 
Ballow et al. (1985) 
Zavaro et al. (1980) 

Yuasa et al. (1989) 
Samra et al. (1984) 
Aalders-Deenstra et al. (1985) 

Lai et al. (1990) 

Mavra et al. (1990) 

a Symbols: f: increase; i: decrease; —: no detectable change. 

1987; Weigent and Blalock, 1987; Raine, 1988; Freier, 1989; 
Hadden et al, 1989; Ader et al, 1990,1991; DOrisio and 
Panerai, 1990). In fact, researchers have proposed that the 
immune system serves as a sensory organ, providing input 
to the endocrine and nervous compartments in response to 
noncognitive stimuli such as infection (Blalock, 1984). Conse-
quently, an extensive triangular association appears to exist 
between the endocrine, nervous, and immune systems that 
acts to promote and maintain homeostasis. 

In the secretory immune system, diverse hormones and 
neural agonists are known to exert a tissue-selective influence 
that may augment, antagonize, or curtail immunological pro-
cesses (Stead et al., 1987,1991; Sullivan, 1990; Kelleher et 
al., 1991; Lambert et al., 1993). Thus, depending on the 
precise agent and the specific mucosal site, neuroendocrine 
interactions may significantly modify 

1. the accumulation, proliferation, retention, or function of 
IgA- and IgG-positive cells, T cells, mast cells, 
eosinophils, basophils, natural killer cells, 
polymorphonuclear leukocytes, and/or macrophages 

2. the synthesis or secretion of IgA and IgG antibodies 
and cytokines, the expression of major 

histocompatibility complex (MHC) Class II antigens, 
the elaboration and release of SC, and the uptake and 
transport of plgA into luminal secretions 

3. the adherence and presentation of microorganisms to 
mucosal cells, the magnitude of neurogenic 
inflammation, and the extent of local immune protection 
against infectious agents 

In addition, antigen-induced immune responses may alter 
mucosal neuroendocrine structure, sensitivity, or function 
significantly (Rowson et al, 1953; Baker and Plotkin, 1978; 
Botta, 1979; Forslin et al, 1979; Stead et al, 1987,1991; 
Weisz-Carrington, 1987; Sullivan, 1990; Ader et al, 1991; 
Kelleher et al, 1991; Bienenstock, 1992; Lambert et al, 
1993; McKay et al, 1992; Wira and Prabhala, 1992; Wood, 
1992). 

With respect to the ocular secretory immune system, endo-
crine and neural factors appear to exert a dramatic effect on 
immunological expression and activity (Table VII). How-
ever, although this neuroendocrine-immune interrelation-
ship has been shown definitively in eyes of experimental 
animals, it has yet to be evaluated in humans. In rats, andro-
gens elicit a marked increase in the production and secretion 
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Table VII Neural, Endocrine, and Immune Regulation of Ig A and Secretory Component Levels 
in the Rat Ocular Secretory Immune System0 

Lacrimal 
gland Tears 

Treatment IgA SC IgA SC Reference 

Neural 
Vasoactive intestinal peptide 
Calcitonin gene-related peptide 
Cholinergic agonist (carbachol) 
0-Adrenergic agonist (isoproterenol) 
á-Adrenergic agonist (phenylephrine) 
a-Endorphin 
0-Endorphin 
Leucine-enkephalin 
Methionine-enkephalin 
Neuropeptide Y 
Somatostatin 
Substance P 

Endocrine 
Testosterone 

Dihydrotestosterone 

Dihydrotestosterone/carbachol 
Cyproterone acetate 
Dihydrotestosterone/cyproterone acetate 
Dihydrotestosterone/actinomycin D 
4-Estren-7a-methy 1-17ß-ol-3-one 
5a-Androstan-1 ºβ-ï\ 
Danazol 
Estradiol 

Testosterone/estradiol 
Progesterone 

Testosterone/progesterone 
Cortisol 

Dexamethasonec 

Aldosterone 
Prolactin 
Growth hormone 
á-Melanocyte stimulating hormone 
Adrenocorticotrophic hormone 
Arginine vasopressin 
Oxytocin 
Insulin'' 
Melatonin 
Human chorionic gonadotropin 
Bovine pituitary extract 
Rat hypothalamic extract 
Cyclic adenosine monophosphate 
cAMP Inducer (cholera toxin) 

Cholera toxin/carbachol 
Cyclic guanosine monophosphate 
Phosphodiesterase inhibitor (IBMX) 
Prostaglandin E2 

Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991); Lanbert et al. (1993) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 

t Sullivan et al. (1984a,b; 1988,1990b); Sullivan and 
Allansmith (1985,1987); Sullivan (1988); Sullivan 
and Hann (1989a) 

f Sullivan et al. (1984a, 1990b); Hann et al. (1991); 
Kelleher et al. (1991); Lambert et al. (1993) 

Kelleher et al. (1991); Lambert et al. (1993) 
Lambert et al. (1992) 
Lambert et al. (1993) 
Lambert et al. (1993) 

t Sullivan et al. (1988); Sullivan and Hann (1989a) 
t Sullivan et al. (1988) 

— Sillivan et al. (1988) 
— Sullivan et al. (1984a, 1990b); Sullivan and 

Allansmith (1985) 
t Sullivan and Allansmith (1987) 

— Sullivan et al. (1984a, 1990b); Sullivan and 
Allansmith (1987) 

t Sullivan and Allansmith (1987) 
— Sullivan et al. (1984a); Sullivan and Allansmith 

(1985) 
— Sullivan and Hann (1989b); Sullivan et al. (1990b) 

Sullivan et al. (1990b) 
— Sullivan et al. (1988); Kelleher et al. (1991) 
— Sullivan et al. (1988); Kelleher et al. (1991) 

Sullivan et al. (1988); Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 

t Sullivan and Hann (1989a); Hann et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991); R 
Hann et al. (1991); Kelleher et al. (1991) 

et al. 1993 
Lambert et al. (1993) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 

W. Lambert et al. (1993) 
Lambert 

{continues) 
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Table VII (continued) 

Lacrimal 
gland Tears 

Treatment IgA SC IgA SC Reference 

Immune 
ã-Interferon 
Interleukin la 
Interleukin Iß 
Interleukin 5 
Interleukin 6 

Tumor necrosis factor a T 

Kelleher et al. (1991) 
Kelleher et al. (1991) 
Kelleher et al. (1991) 
Pockley and Montgomery (1990/91b) 
Pockley and Montgomery (1990/91b); Kelleher et 

al. (1991) 
Kelleher et al. (1991) 

a Symbols: f: increase; i : decrease; —: no change; blank: not determined. 
b The stimulatory effects of dihydrotestosterone and cholera toxin were reduced significantly by the presence of carbachol. 
c Low concentrations of glucocorticoid are required for optimal acinar cell production of SC in vitro (Hann et al., 1991). 
d Insulin's influence has been observed in vitro or inferred from studies with diabetic rats (Sullivan and Hann, 1989a; Hann et al., 1991). 

of SC by lacrimal gland acinar cells (Sullivan et al., 
1984b,1990b; Kelleher et al, 1991; Hann et al, 1991), en-
hance the concentration of IgA in lacrimal tissue (Sullivan 
and Hann, 1989a), and stimulate the transfer and accumula-
tion of SC and IgA, but not IgG, in tears (Sullivan et al., 
1984a; Sullivan and Allansmith, 1985; Sullivan and Hann, 
1989a). These hormone actions, which may be induced by 
various andogenic compounds (Sullivan et al., 1988), are not 
duplicated by estrogen, progestin, glucocorticoid, or mineral-
ocorticoid treatment (Sullivan et al., 1984a,1990b; Sullivan 
and Allansmith, 1985). Morevoer, the immunological effects 
of androgens appear to be unique to the eye, because andro-
gen administration does not seem to influence IgA or SC 
levels in salivary, respiratory, intestinal, uterine, or bladder 
tissues (Sullivan et al., 1988) and actually suppresses mucosal 
immunity in the mammary gland (Weisz-Carrington et al., 
1978). The mechanism by which androgens regulate ocular 
SC dynamics may involve hormone association with specific 
nuclear receptors in lacrimal gland acinar cells, binding of 
these androgen-receptor complexes to genomic acceptor 
sites, and promotion of SC mRNA transcription and transla-
tion. In support of this hypothesis: 

1. saturable, high-affinity, and androgen-specific receptors, 
which adhere to DNA, have been identified in lacrimal 
tissue (Ota et al., 1985; Edwards et al, 1990; Rocha et 
al, 1993) 

2. androgens increase mRNA levels in lacrimal glands and 
stimulate lacrimal glycoprotein synthesis (Quintarelli 
and Dellovo, 1965; Shaw et al, 1983; Gubits et al, 
1984) 

3. androgen-induced SC production by acinar cells may be 
inhibited by androgen receptor (cyproterone acetate), 
transcription (actinomycin D), or translation 
(cycloheximide) antagonists (Sullivan et al, 1984b; 
Lambert et al, 1993). In contrast, the processes 
underlying androgen action on IgA in the rat eye, as 
well as hormone enhancement of tear IgA levels in the 
mouse (Sullivan et al, 1992a) remain to be determined. 

Androgen activity also may explain the pronounced 
gender-related differences in the rat ocular secretory immune 
system. The number of IgA-containing cells (Sullivan et al, 
1986; Hann et al, 1988) and the IgA and SC output (Sullivan 
et al, 1984b; Sullivan and Allansmith, 1985,1988) are signifi-
cantly greater in adult male lacrimal tissue than in that of 
adult females. This sexual dimorphism also extends to tears 
in which, from puberty to senescence, free SC and IgA but 
not IgG occur at considerably higher levels in male rats (Sulli-
van ei al, 1984a,1990c; Sullivan and Allansmith, 1985,1988). 
Indeed, androgen influence may be involved in the distinct 
gender-associated differences in the structural appearance, 
histochemistry, biochemistry, immunology, and molecular 
biological expression of the lacrimal gland in a variety of 
species, including mice, hamsters, guinea pigs, rats, rabbits, 
and humans (e.g., Tier, 1944; Martinazzi and Baroni, 1963 
Cavallero, 1967; Shaw et al, 1983; Cornell-Bell et al, 1985 
Mhatre et al, 1988; Pangerl et al, 1989; Warren et al, 1990 
Sullivan and Sato, 1992a). With respect to humans, gender 
appears to influence (1) the degree of lymphocyte accumula-
tion in the lacrimal gland (Waterhouse, 1963); (2) the IgA 
concentrations in tear of adults (Sen et al, 1978), but not 
elderly (Sand et al, 1986); and (3) the frequency of Sjögren's 
syndrome-related lacrimal gland imjunopathology (Tabbara, 
1983; Moutsopoulos and Talal, 1987; Kincaid, 1987). Interest-
ingly, androgen administration to animal models of Sjögren's 
syndrome (i.e., MRL/Mp-lpr/lpr and NZB/NZW Fl female 
mice) results in an almost complete suppression of autoim-
mune sequelae in lacrimal tissue (Ariga et al, 1989; Vendram-
ini et al, 1991; Sato et al, 1991,1992; Sullivan and Sato, 
1992a); and an increased output of IgA (Sullivan et al, 
1992b). 

In addition to androgens, the hypothalamic-pituitary axis 
appears to play an important role in the expression of the 
rat ocular secretory immune system. Disruption of this axis 
by hypophysectomy or extirpation of the anterior pituitary 
significantly reduces the number of IgA plasma cells in lacri-
mal tissue, diminishes the acinar cell production of SC, 
causes a striking decrease in the levels of tear IgA and SC, 
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and almost completely curtails androgen action on ocular 
mucosal immunity (Sullivan and Allansmith, 1987; Sullivan, 
1988; Sullivan and Hann, 1989a). Moreover, this endocrine 
disturbance has a marked effect on lacrimal gland structure 
and function, leading to both acinar cell atrophy (Martinazzi, 
1962) and diminished tear output (Sullivan and Allansmith, 
1986). The physiological mechanisms responsible for 
hypothalamic-pituitary involvement in the ocular secretory 
immune system remain to be elucidated, but may include 
numerous neuroendocrine and immunological pathways: the 
hypothalamus and pituitary regulate multiple endocrine cir-
cuits, directly influence neural innervation in the lacrimal 
gland, and clearly modulate immune activity (Hosoya et al., 
1983; Wilson and Foster, 1985; Berczi, 1990; Berczi and 
Nagy, 1990). Further, the hypothalamic-pituitary axis is 
known to control many hormones, neurotransmitters, and 
lymphokines that modify androgen and acinar cell function 
and control mucosal immunity (Mooradian et al., 1987; Sulli-
van, 1990). 

Other studies in experimental animals also have demon-
strated that (1) sex steroids may alter the development of 
allergic conjunctivitis in rabbits significantly (Saruya, 1968) 
and (2) diabetes may diminish significantly the expression of 
the secretory immune system of the eye. Thus, in diabetic 
rats, the density of IgA-containing cells in lacrimal tissue 
and the concentrations of IgA and SC in tears are reduced 
significantly (Sullivan and Hann, 1989a). These diabetic ef-
fects most likely relate to the absence of insulin, which is 
essential for optimal SC synthesis by acinar (Hann et al., 
1991) as well as intestinal (Buts et al., 1988) cells, and appar-
ently is required for maximal androgen action on target tis-
sues (Jackson and Hutson, 1984). Similarly, both the thyroid 
and the adrenal glands are necessary to achieve the full magni-
tude of androgen-induced effects on the secretory immune 
system of the eye (Sullivan and Allansmith, 1987). 

From the perspective of neural regulation, the stromal, 
periductal, perivascular, and acinar areas of lacrimal tissue 
are innervated by many parasympathetic, sympathetic, and 
peptidergic fibers that harbor numerous immunoactive trans-
mitters, including vasoactive intestinal peptide (VIP), sub-
stance P, methionine enkephalin, leucine enkephalin, calcito-
nin gene-related peptide, and adrenergic and cholinergic 
agents (Ruskell, 1971,1975; Uddman et al., 1980; Nikkinen 
etal., 1984,1985; Lehtosaloei al., 1987;Uusitaloef a/., 1990; 
Walcott, 1990). These neural agonists are known to control 
lymphocyte retention or function at other mucosal sites (Otto-
way, 1984; Stanisz et al., 1986; Walcott et al., 1986; Freier 
et al., 1987; Scicchitano et al., 1988; Hart et al., 1990) and 
their release may influence the adherence, distribution, or 
activity of IgA plasma cells or T cells in the lacrimal gland 
(Franklin et al., 1988,1989; Oeschger et al., 1989; Sullivan 
et al., 1990/91). Consistent with this possibility, VIP appears 
to augment T-cell attachment to murine lacrimal tissue 
(Oeschger et al., 1989) and systemic administration of the 
ß-adrenergic blocker practolol suppresses human tear IgA 
levels (Wright, 1975; Garner and Rahi, 1976). However, the 
nature of the sympathetic-immune interaction requires fur-
ther clarification, because ocular application of the ß-blocker 
timolol to humans (Coakes et al., 1981) and sympathetic 

denervation in rats (Sullivan et al., 1990/91) have no apparent 
effect on tear IgA content. 

VIP and the ß-adrenergic agent isoproterenol have been 
demonstrated to increase, whereas the cholinergic agonist 
carbamyl choline has been shown to decrease, basal and 
androgen-stimulated SC production by rat acinar cells (Kel-
leher et al., 1991). This neural regulation of SC synthesis may 
be mediated through the modulation of intracellular adenylate 
cyclase and cAMP activity. In support of this hypothesis, 
VIP and adrenergic agents are known to enhance (Mauduit 
et al., 1984; Dartt, 1989), and cholinergic agents possibly 
suppress (Jumblatt et al., 1990), the generation of cellular 
cAMP. Further, exposure of lacrimal gland acinar cells to 
cAMP analogs, cAMP inducers (i.e., PGE2 and cholera 
toxin), or phosphodiesterase inhibitors may elevate SC pro-
duction (Kelleher et al., 1991). This cAMP influence on SC 
elaboration, although pronounced in the lacrimal gland, is 
not necessarily reproduced in other mucosal epithelial cells 
(Lambert et al, 1993). 

Additionally, neural pathways are extremely important in 
the spread of herpes virus infection in the eye (Shimeld et 
al., 1987) and ocular viral transmission and activity may be 
modulated by neuropeptides (Herbort et al., 1989). More-
over, although the optic nerve does not appear to regulate 
the ocular secretory immune system (Sullivan et al., 1990/ 
91), light does seem to control anterior chamber-associated 
immune deviation (Ferguson et al., 1988), herpes virus-
related retinitis (Hayashi et al., 1988), and various parameters 
of systemic immunity (Maestroni et al., 1987). 

The secretory immune system of the eye in experimental 
animals also may be regulated by lymphokines. For example, 
interleukins (IL) la and 1/3 and tumor necrosis factor a 
(TNFa), but not IL-6 or interferon y (IFNy), stimulate the 
acinar cell synthesis and secretion of SC (Kelleher et al., 
1991). The regulatory effect of TNFa on acinar cell SC pro-
duction is similar to that found in colonic cell lines, in which 
TNFa increases the production, surface expression, and re-
lease of SC (Kvale et al., 1988a,b). However, the absence 
of IFNy effect on SC output by acinar cells is notable because 
this lymphokine regulates SC dynamics in both intestinal 
(Sollid et al, 1987; Kvale et al., 1988a) and uterine (Wira 
and Prabhala, 1992) epithelial cells. Although IL-6 appears 
to have no influence on lacrimal SC production (Kelleher et 
al., 1991), both IL-6 and IL-5 stimulate the synthesis of IgA 
in lacrimal tissue explants (Pockley and Montgomery, 1990/ 
91b) and, in combination, augment the secondary tear IgA 
antibody response to pneumococcal antigen (Pockley and 
Montgomery, 1991) and suppress IgG and IgM synthesis in 
lacrimal tissue (Pockley and Montgomery, 1990/9la). As a 
further consideration, androgens, VIP, and IL-1 all share the 
capacity to increase IgA production in specific tissues (Drew 
and Shearman, 1985; Stanisz et al, 1986; Crowdery et al, 
1988; Sullivan and Hann, 1989a); plgA, in turn, may heighten 
the monocytic output of TNFa (Deviere et al, 1991). If 
analogous activity occurs in the lacrimal gland, then various 
neuroimmunoendocrine factors may control the synthesis of 
both IgA antibodies and the IgA receptor, leading to en-
hanced antibody transfer to tears and improved ocular sur-
face defense. 
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I. INTRODUCTION II. MUCOUS MEMBRANE OF 
THE TUBOTYMPANUM 

Our understanding of middle ear immunology is based 
largely on studies conducted using middle ear effusions and 
mucosal biopsies collected from patients with otitis media. 
With the availability of a number of animal models for otitis 
media, for example, mice, rats, gerbils, and chinchillas, sys-
tematic data have been added to our current understanding 
of the immune mechanisms of the middle ear and eusta-
cnian tube (tubotympanum) and of tubotympanum develop-
ment. 

Studies conducted in the early 1970s showed that elevated 
levels of immunoglobulins, particularly IgG and IgA, in mid-
dle ear effusion (MEE) suggested the local synthesis of these 
immunoglobulins in the mucosa of middle ear (Ishikawa et 
al., 1972; Mogi et al., 1973; Veltri and Sprinkle, 1973). Liu 
et al. (1975) further demonstrated that the effusion levels of 
immunoglobulin and lysozyme are much higher than those 
of the sera and that they increase steadily with advancing 
age in children, reflecting the development of the local middle 
ear immune system. 

Findings of secretory IgA in MEE (Mogi et al., 1973;1974; 
Ogra et al., 1974) further confirmed the presence of a local 
middle ear mucosal immune system similar to that of other 
mucosal epithelia. Mogi et al. (1974a) isolated secretory IgA 
from pooled MEEs and demonstrated that its antigenicity 
and subunit structure are identical or very similar to those 
of secretory IgA obtained from other external secretions such 
as saliva, nasal secretion, colostrum, and bronchial fluid. 
Ogra et al. (1974) also detected secretory IgA and secretory 
component in MEEs and demonstrated that specific antibody 
activity in MEEs against mumps, measles, rubella, and polio-
virus, essentially is limited to IgA. Fluorescent antibody 
staining of mucosal tissues of the tympanic cavity showed 
characteristic staining for a secretory component in the sur-
face epithelium (Mogi et al., 1974; Ogra et al., 1974). These 
data suggest the existence of a distinct secretory immune 
system in the human middle ear. 

The purpose of this chapter is to review available data on 
immune mechanisms, particularly mucosal immunology of 
the tubotympanum, and the clinical implications of under-
standing the immunologic aspects of otitis media. 

The middle ear consists of the eustachian tube, tympanic 
cavity, antrum, and mastoid air cells. The eustachian tube can 
be divided into two parts, cartilaginous and bony. Secretory 
glands of mixed type exist only in the cartilaginous portion of 
the eustachian tube (Figure 1). Although these tubotympanal 
structures are very similar among different species, rodents 
lack air cells. 

Although the nasopharynx is not a part of the middle ear, 
this site also affects middle ear pathophysiology. Mucous 
membranes of the tympanic cavity, antrum, and air cells 
communicate via the eustachian tube with nasopharyngeal 
mucosa. 

The tubotympanal mucosa are basically a respiratory type, 
although the tympanic cavity, antrum, and air cells are cov-
ered mostly by cuboidal or squamous cells with few secretory 
and ciliated cells (Lim, 1974; Figure 2). 

III. IMMUNOCOMPETENT CELLS IN THE 
TUBOTYMPANAL MUCOSA 

Although many lymphocytes, plasma cells, macrophages, 
leukocytes, and other inflammatory cells accumulate in in-
flamed mucosa (Hussi and Lim, 1974; Lim 1974; Mogi et al., 
1980), only a few immunocompetent cells (without organized 
lymphoid follicles) are found in the normal middle ear mu-
cosa. Takahashi et al. (1989) investigated immunocompetent 
cells and inflammatory cells in the middle ear mucosa of 
normal and nonsensitized BALB/c mice, demonstrating the 
presence of (in the order of frequency) Mac-1+, Lyt-1+, IgA+, 
Lyt-2+, IgG+, and IgM+ cells. Ichimiya et al. (1990) also 
analyzed quantitatively the immunocompetent cells in the 
middle ear mucosa of mice bred under germ-free, specific 
pathogen-free, and conventional conditions. According to 
their results, mast cells and Mac-1+ cells exist in the middle 
ear mucosa of mice bred under all three conditions. The 
number of mast cells was highest, followed by Mac+ cells and 
lymphocytes. As seen in Figure 3, the numbers of lymphocyte 
subsets are fewer in the middle ear mucosa than in the nasal 
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Figure 1 Middle ear, mastoid, and Eustachian tube, demonstrating 
anatomical landmarks. Reprinted with permission from Lim (1974). 

mucosa. Although IgA+, IgM+, and Lyt-1+ cells are seen in 
the middle ear mucosa of conventional mice, IgM+ cells exist 
only in mucosae of specific pathogen-free and germ-free mice. 
This finding can be interpreted to indicate that, anatomically, 
the middle ear has less frequent opportunity to be exposed to 
antigenic stimulation than other areas of the upper respiratory 
and alimentary tracts. In otitis media-induced mice that have 
been inoculated with nontypable Haemophilus influenzae or 
lipopolysaccharide (LPS), Mac-1+ cells were dominant. Al-
though the numbers of IgM+ and Lyt-1+ cells increased mark-
edly, the numbers of other lymphocyte subsets did not in-
crease until 14 days after inoculation (Ichimiya et al., 1990). 
Takahashi et al. (1992) induced immune-mediated otitis me-
dia in mice using keyhole limpet hemocyanin (KLH) as an 
antigen and observed immunocytes appearing in the middle 
ear and eustachian tube. Their results showed that Mac-1 + 

cells are the predominant cell type, followed by helper T 
cells, IgG+ cells, IgA+ cells, and IgM+ cells. Although the 
difference of infiltrating cell types between these two studies 
may be related to differences in the procedures to induce 
otitis media, these findings suggest that the tubotympanum is 
a potentially immuno-competent organ that can be activated 
with appropriate antigenic stimulation. 

IV. MAST CELLS IN THE MIDDLE EAR 

Although few immunocompetent cells exist in the normal 
middle ear mucosa, mast cells have been demonstrated to 
be found often in the lamina propria of the pars flaccida of 
the tympanic membrane (Alm et al., 1982) and middle ear 
mucosa (Widemar et al., 1986). Almost all mast cells that 
are distributed in the middle ear and eustachian tube mucosa 
are of the connective tissue type (Watanabe et al., 1991). 
The exact role of mast cells in normal middle ear mucosa is 
not yet known. Since mast cells are involved in type I and 
III allergic inflammatory reactions, these mast cells may be 

involved in the pathogenesis of otitis media with effusion 
(OME). Watanabe et al. (1991) investigated the distribution of 
mast cells in the tubotympanum of both adult and developing 
guinea pigs, and found a large number of mast cells in the 
tubotympanic mucosal membrane of the adult but only a few 
in that of the fetal guinea pig. The middle ear mucosal mast 
cells accumulate in areas covered with ciliated cells or in 
areas richly vascularized (Albiin et al., 1986; Watanabe et 
al., 1991). Jeffrey (1983) suggested that the appearance of 
mast cells in the airway epithelium is indicative of disease 
and not a normal feature. One of the major mediators respon-
sible for mast cell accumulation is interleukin 3 (IL-3; Ernst 
et al., 1987). This lymphokine is derived from many different 
cells such as T lymphocytes, myeloid cells, and epidermal 
cells. Judging from the distribution pattern of mast cells in 
the tubotympanum of developing and adult guinea pigs, one 
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Figure 2 Distribution of ciliated cells in the normal human ear, 
shown graphically between lateral and medial side. Eustachian tube, 
et; hypotympanum, h; promontory, p; epitympanic recess, e; promi-
nence of facial canal, pfc; antrum, a; mastoid air cells, m. Reprinted 
with permission from Shimada and Lim (1972). 
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Figure 3 Distribution of lymphocyte subsets in the mucosa of murine middle ear and nose. (A) Middle ear. (B) Nose. 
Conventional mice, CV; specific pathogen-free mice, SPF; germ-free mice, GF. Note that in the nasal mucosa, all 
lymphocyte subsets are seen in higher numbers than in the middle ear. 

can suggest that mast cell precursors are recruited to the 
tubotympanal mucosa as a result of antigenic stimulation 
during development, and differentiate into mast cells locally. 
These cells also may play a role in the local defense system 
of the tubotympanum. Mast cells may be recruited to the 
tubotympanum as part of biological defense mechanism in 
response to the continuous presence of antigenic stimuli. 
Biologically active compounds of mast cells induce changes 
in blood flow and permeability, causing the flooding of plasma 
and leukocytes that facilitates the removal of antigenic sub-
stances (Lembeck, 1983). 

V. ROLE OF CIRCULATING ANTIBODIES IN 
OTITIS MEDIA 

Immunity is an important defense system against bacterial 
otitis media. Immunodeficiency and immaturity of the im-
mune system lead to otitis proneness. Congenital immunode-
ficiency is causally related to recurrent otitis media (Mogi 
and Maeda, 1982). Prellner et al. (1984) reported that infants 
with recurrent otitis media have significantly lower IgG anti-
body levels against pneumococcal capsular polysaccharide 
6A or 19F at 1 year of age than those of the control group, 
but attain normal levels at 8 years of age. Freijd et al. (1985) 
also found that otitis-prone children have lower levels of 
serum IgG2 subclass, both at 12 months and at 32 months 
of age, than do age-matched non-otitis-prone children. These 
findings support the idea that systemic humoral immunity 
protects the middle ear from bacterial infection, and that 
certain populations of children may have a delayed immune 
development of the IgG subclass. 

Although overwhelming evidence indicates that specific 

antibodies are protective against bacterial otitis media, some 
evidence also suggests that an immune mechanism may be 
involved in inducing or sustaining MEE. Experimentally, 
OME can be produced by inoculating the tympanic cavity 
with a protein antigen after systemic immunization with the 
same antigen. Smirnov (1938) induced OME in guinea pigs 
by inoculating horse serum into the middle ear after systemic 
immunization. Subseqently, Koch (1947) and Hopp et al. 
(1964) were successful in reproducing these results. Ryan et 
al. (1982,1986) and Suzuki et al. (1988) further investigated 
immunologically induced otitis media and demonstrated that 
immune-mediated otitis media cannot be produced without 
prior systemic challenge. Inoculation of protein antigen into 
the tympanic cavity after systemic sensitization of the host 
with the same antigen induced immune-mediated otitis media 
(Ryan et al., 1986). These data are interpreted to mean that 
the afferent limb of systemic immunity from the middle ear 
appears to operate less effectively and rapidly than that from 
the dermis. Middle ear mucosa responds in a manner that is 
more similar to that of oral and nasal mucosa than to that 
of tracheal mucosa (Kasturi and Hannoun, 1977). Immune-
mediated otitis media also is produced by injecting a protein 
antigen into the tympanic cavity of animals that are sensitized 
passively with antigen-specific IgG antibodies. However, no 
OME is produced by inoculating the antigen into the tympanic 
cavity of hosts that are transfused passively with sensitized 
lymphocytes (Ryan and Catanzaro, 1983; Mogi, 1989). For-
mation of immune complex, followed by complement activa-
tion and the release of granulocyte proteases from neutro-
phils, is the key factor in the production of immune-mediated 
OME (Suzuki et al., 1988; Mogi, 1989). Mravic et al. (1978) 
produced inflammatory response in the middle ear by inocula-
tion of the chinchilla bulla with immune complex. Inoculation 
of immune complexes of pneumococcal antigens (but not IgG 
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antibodies) into the normal tympanic cavity of nonsensitized 
chinchillas also produced MEE (G. Mogi et al., in press). 
Palva et al. (1985) found pneumococcal immune complexes 
in at least 25% of MEEs in patients with chronic OME (secre-
tory otitis media). 

Epidemiological and clinical evidence indicates that 
chronic OME is associated closely with prior episodes of 
acute otitis media (Groothuis et al., 1979; J. Schwin et 
al., 1979). In a chinchilla animal model, acute otitis media 
becomes chronic OME in certain cases (G. Mogi, unpub-
lished data). In this study, chinchillas were immunized sys-
temically with killed Streptococcus pneumoniae 19F and then 
inoculated with live bacteria of the same strain into the middle 
ear. Of 20 chinchillas, 7 cases became chronic OME, 5 cases 
showed a drumhead perforation following acute otitis media, 
5 animals died, and 2 cases healed within 14 days, and one 
showed no otitis media. However, of 12 control chinchillas 
(normal and nonimmunized) receiving live S. pneumoniae 
19F, 4 chinchillas died, 6 chinchillas healed within 11 days, 
1 chinchilla had a drumhead perforation, and one showed no 
otitis media. None of the control animals developed chronic 
OME. The formation of the immune complex itself can be 
viewed as a host defense mechanism to eliminate the anti-
gens. However, during the activation process of this defense 
mechanism, the activation of the complement system also 
may have contributed to the initiation and sustenance of 
inflammatory reactions. Therefore, although humoral sys-
temic immunity is an important defense against infection, its 
immune reactions can, at the same time, contribute to the 
pathogenic mechanisms of chronic OME. 

VI. SUPPRESSION OF IMMUNE-MEDIATED 
OTITIS MEDIA 

Oral administration of antigens has been known to lead 
to immune tolerance. Ueyama et al. (1988) investigated the 
effects of mucosa-derived T suppressor cells on the induction 
of immune-mediated OME in C3H/Hen mice bred under spe-
cific pathogen-free conditions. Splenic T suppressor cells, 
which were obtained after oral administration of ovalbumin 
(OVA), were transferred intravenously into syngeneic mice. 
The mice receiving the T suppressor cells were immunized 
with OVA intraperitoneally, followed by instillation of OVA 
into the tympanic cavity. OME was seen in only 1 of 10 mice 
receiving splenic T cells from OVA-fed mice, whereas 9 of 
10 control mice to which splenic T cells from saline-fed mice 
were administered developed OME. IgG-mediated OME can 
be suppressed to a certain extent by the induction of antigen-
specific, mucosa-derived T suppressor cells. 

VII. SECRETORY IgA IN MIDDLE 
EAR EFFUSIONS AND 

NASOPHARYNGEAL SECRETIONS 

A previous study, using a radioactive single radial diffusion 
technique, reported that the mean value of secretory IgA 

concentration in the serous effusions is 212.7 ± 13.5 ^g/ml 
and 357.7 ± 13.2 ̂ g/ml in the mucoid effusions (Mogi et al., 
1974). Mogi et al. (1984) measured secretory IgA and serum 
type IgA in MEEs using an electro-immunodiffusion method. 
As shown in Table I, the mean concentration in mucoid MEEs 
is significantly greater than that in the serous MEEs. Al-
though not statistically significant, the mean concentration 
of serum type IgA exceeded the value of secretory IgA in 
both types of MEEs. This finding is in accordance with that 
reported by Sorensen (1982), who also summarized reported 
data of concentrations of secretory IgA and IgA in MEEs, 
nasopharyngeal secretions, and nasal secretions (Sorensen, 
1990). 

VIII. LOCAL PRODUCTION OF ANTIBODIES 
IN THE MIDDLE EAR 

Streptococcus pneumoniae, nontypable//. influenzae, and 
Moraxella catarrhalis are the major pathogens for acute otitis 
media. On the basis of the presence of specific antibodies in 
MEEs, these bacteria are also considered causative factors 
for OME, although bacterial cultures only occasionally dem-
onstrate these bacteria in the MEE (Lim and DeMaria, 1982; 
Kurono et al., 1988). Investigations of specific antibody activ-
ities against these bacteria in the effusions have contributed 
to our current understanding of the immune mechanism of 
the middle ear. Whereas specific antibodies in MEE against 
certain viruses are restricted mainly to IgA class antibodies 
(Ogra et al., 1974; Meurman et al., 1980; Yamaguchi et al., 
1984), those against bacterial antigens belong to IgG, IgA, 
and IgM classes (Sloyer et al., 1974; 1975; Faden et al., 
1989a). Liu et al. (1975) investigated, immunochemically and 
bacteriologically, MEEs from children with chronic OME 
and found that IgA levels are significantly higher in the 
culture-negative fluids than in the positive effusions, and that 
bacterial recovery rate is related inversely to the dramatic 
increase with age of IgA and IgG levels in effusions. Sloyer 
et al. (1974,1975) found specific antibodies against causative 
pneumococcal serotype in 27% of effusions of patients with 
acute otitis media taken at the time of diagnosis. These anti-
bodies were IgG, IgM, and IgA classes, but IgA class antibod-
ies were detected more often in MEEs without the simultane-
ous presence of IgA antibodies in serum. These investigators 
also found the same results in acute otitis media caused by 
H. influenzae. Faden et al. (1989a,b) investigated systemic 
and local immune responses of young children with recurrent 
otitis media caused by nontypable H. influenzae during and 
after the infection. However, their results showed that 
the titer of strain-specific antibody against H. influenzae 
was much higher for the IgG class than for the IgM and 
IgA classes. Although antibody titers in MEEs declined 
over time, serum antibody. titers remained stable. These 
researchers suggested that immunity to nontypable 
H. influenzae in the middle ear, in part, reflects systemic 
immunity. These clinical findings indicate that the local 
immunity in the middle ear, in conjunction with systemic 



48 * Middle Ear and Eustachian Tube 603 

Table I Mean Levels of Secretory IgA and Serum Type IgA in Middle Ear Effusionfl,6,c 

Mucoid group (N = 77) Serous group (N = 41) 

MEE S e r u m MEE Serum 

Secretory IgA (1) 2045.5 ± 1560.0 — (4) 1326.6 ± 1240.0 — 
Serum-type IgA (2) 2367.3 ± 1461.0 (3) 2867.4 ± 1347.0 (5) 2832.7 ± 2011.0 (6) 3179.0 ± 1382.8 

a Mean ± SD, ̂ g/ml. 
b Significant difference: (1) > (2), p < 0.05; (3) > (2), p < 0.01; (5) > (4), p < 0.05. 
c Significant correlation between: (1) and (2), p < 0.05, r = 0.236; (2) and (3), p < 0.01, r = 0.330; (4) and (5), p < 0.05, r = 0.527. 

immunity, plays an important role in middle ear infec-
tion. 

IX. ROLE OF SECRETORY IgA 
IN BACTERIAL ADHERENCE 

Colonization of pathogenic bacteria in the nasopharynx is 
an important etiological factor of middle ear infection (Kur-
ono et al., 1988; Stenfors and Raisanen 1990). Nasopharyn-
geal bacterial adherence is known to be of crucial importance 
in the pathogenesis of otitis media. The adherence of both 
nontypable H. influenzae and S. pneumoniae to nasopharyn-
geal epithelial cells in vitro was reported to be significantly 
greater in children with OME than in normal control children 
(Mogi, 1988). Shimamura et al. (1990) detected secretory 
IgA antibody activities in nasopharyngeal secretions against 
nontypable H. influenzae and S. pneumoniae, and reported 
that adherence of both bacteria is significantly less in the 
group of patients with secretory IgA antibody activity than 
in the group of patients with no activity. Kurono et al. (1991) 
further investigated bacterial adherence to nasopharyngeal 
epithelial cells in vitro and found that adherence is reduced 
remarkably by treating bacteria (H. influenzae or S. pneu-
moniae) with nasopharyngeal secretions and that the 
adhesion-blocking activity is significantly greater in nasopha-
ryngeal secretions with secretory IgA antibody activity 
against bacteria than in those with no activity. These findings 
suggest that secretory IgA in nasopharyngeal secretions may 
inhibit bacterial adherence, thus significantly reducing naso-
pharyngeal bacterial colonization, a first important step in 
the process of otitis media. Results of an animal study support 
this concept (Y. Kurono, K. Shimamura, and G. Mogi, un-
published results). When nontypable H. influenzae was inoc-
ulated into the nasopharynx of BALB/c mice immunized by 
oral administration of formalin-killed bacteria, salivary IgA 
antibody titers against H. influenzae were increased signifi-
cantly by oral immunization but salivary IgG antibody titers 
were not. The bacteria inoculated to the nasopharynx were 
eliminated more rapidly in immunized mice than in control 
mice (Figure 4). Further, systemic immunization of mice with 
H. influenzae was found to raise serum IgG antibody titer, but 
nasopharyngeal colonization of the bacteria was not inhibited 
(G. Mogi et al. unpublished data). Oral immunization that 
enhances mucosal immunity may be useful in preventing 

otitis media by inhibiting the colonization of pathogenic bac-
teria in the nasopharynx. 

X. SOURCE OF IgA PRECURSORS IN 
MIDDLE EAR 

The presence of secretory IgA in MEE and the existence 
of IgA immunocytes in the inflamed middle ear mucosa 
(rarely in normal mucosa) indicate that mucosal immunity 
is activated in the tubotympanic cavity under inflammatory 
conditions. In humans, the tonsils and adenoids were pro-
posed to be possible sources of antibody-producing cells in 
the tubotympanum (Sorensen, 1983; Brandtzarg, 1984). Wa-
tanabe et al. (1988) induced antigen-specific IgA-forming cells 
in the middle ear mucosa of guinea pigs by immunizing the 
animals intraduodenally or intratracheally with protein anti-
gen after systemic priming. Antigen-specific IgA-forming 
cells were detected in the inflamed middle ear mucosa, 
whereas these cells could not be found in animals that re-
ceived only intratympanic inoculation after systemic priming 
(Figure 5). However, the number of IgA-forming cells in the 
inflamed middle ear mucosa was apparently smaller than that 
of cells induced in the mucosa of the alimentary tract and 
other sites of the respiratory tracts. These findings show 
that gut-associated lymphoid tissues (GALT) and bronchus-
associated lymphoid tissues (BALT) are two of the sources 
of IgA precursors for inflamed tubotympanic mucosa and 
that the tubotympanum shares common mucosal immunity. 
The selective recruitment of precursors of IgA-forming cells 
to mucosal sites is thought to be influenced by factors such 
as hormones and organ-specific endothelial-cell determinants 
of high endothelial venules (Butcher and Scollary, 1980). 
Although the number of determinants is extremely small com-
pared with that in the small intestine and spleen (Mogi et al., 
1990), a further study suggested that the inflamed mucous 
membrane of the middle ear possesses determinants to which 
lymphocytes bind. Normal middle ear mucosa does not ex-
press such determinants. Ryan et al. (1990) investigated the 
homing mechanism of middle ear lymphocytes and found 
that they do not appear to have specialized ligands or recep-
tors that can recruit mucosal lymphocytes selectively to the 
middle ear sites, since lymphocytes of difference origin show 
no preferential homing during active recuitment of lympho-
cytes to the middle ear cavity. 
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Figure 4 Secretory antibody production by oral immunization and effects of oral immunization on nasopharyngeal 
colonization of Haemophilus influenzae. (A) Salivary antibody activities against H. influenzae after oral immuniza-
tion. Mice immunized orally with GM 53 (adjuvant) only, O; mice immunized orally with liposomes containing H. 
influenzae and GM 53 ( · ) . (B) Numbers of H. influenzae detected from the nasopharynx after nasopharyngeal 
inoculation of bacteria. Mice immunized with H. influenzae, shaded bars; mice immunized with adjuvant only, 
open bars. 

XL PREVENTION OF IMMUNE-MEDIATED 
OTITIS MEDIA BY ORAL IMMUNIZATION 

Antigen loading onto the duodenal mucosa enhances the 
mucosal immunity of various mucosal sites, including the 

nasopharynx and tubotympanum (Watanabe et al„ 
1988,1989). Moreover, the mucosal immunization that stimu-
lates GALT prevents the occurrence of immune-mediated 
otitism media (Watanabe et al.y 1988), Yoshimura et al. (1991) 
investigated the efficacy of oral immunization of killed bacte-

Figure 5 Localization of antigen-specific IgA-forming cells in middle ear mucosa of guinea pigs immunized 
intraduodenally with protein antigen after systemic priming. Same section was treated with fluoresceinated 
isothiocyanate conjugates for antigen-specific antibody-forming cells (A) and consequently stained with 
rhodamine conjugates for IgA-forming cells (B). 
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ria on the prevention of bacterial otitis media in guinea pigs. 
With intratympanic inoculation of 105 and 106 live 5. pneu-
moniae, the occurrence of pneumococcal otitis media sig-
nificantly decreased in guinea pigs that received intraduode-
nal or intragastric immunization by enteric capsules 
containing killed bacteria of the same strain. In these guinea 
pigs, the values of salivary IgA antibody titers against S. 
pneumoniae were increased significantly. These findings indi-
cate that oral vaccination by enteric capsules elicits mucosal 
IgA responses, presenting an opportunity for clinical applica-
tion of oral vaccination by enteric capsules for the prevention 
of middle ear infection. 

XII. SUMMARY 

The middle ear is anatomically and immunologically 
unique. Because the normally functioning eustachian tube 
protects the tympanic cavity, antrum, and mastoid cavities 
from bacterial invasion, these compartments are aseptic and 
only a few immunocompetent cells are present in the normal 
healthy middle ear. Tubotympanal encounters of antigens 
(bacteria/ viruses) stimulate the development of local and sys-
temic immune systems in an age-dependent manner, thus 
contributing to the protection of the tubotympanum from 
pathogenic bacteria. Whereas IgG (to a lesser extent IgM) is 
the main immunoglobulin affording protection, some evi-
dence suggests that IgG-mediated immune reactions in the 
tympanic cavity also may contribute to the chronicity of 
MEEs. The role of IgA in protection against otitis media is 
not well defined. Evidence suggests that the secretory IgA 
response is beneficial in reducing bacterial adherence in the 
nasopharynx and in recovery from otitis media. 
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Immunology of Diseases of the Oral Cavity 
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I. INTRODUCTION 

Oral health is dependent on the integrity of the oral mucosa 
which normally prevents the penetration of microorganisms 
and macromolecules that might be antigenic. The mucosa is 
protected by both nonspecific and specific defense mecha-
nisms. The former include mucins, lysozyme, lactoferrin, 
and lactoperoxidase; specific immunity includes the systemic 
immune system and the secretory immune system, both of 
which play a role in local immune defense in the oral cavity. 

The mouth is part of the mucosal lining of the body, and 
structurally shows similarities with those tissues of the gut 
and lungs, among others. The most striking difference be-
tween the mouth and the tissue lining the remainder of the 
gastrointestinal tract is the presence of teeth. The junction 
between the teeth and mucosa not only allows a greater 
access of serum proteins to the mucosal surface than is found 
in other mucosae, but also results in exposure of a unique 
epithelium, the junctional epithelium, to microbial challenge. 
This epithelium is affected in periodontal diseases. As are 
other parts of the mucosal system, oral mucosa is exposed 
to both the systemic and the secretory immune systems but 
some immune mechanisms are found there that differ from 
those found elsewhere. Local immune responses include 
those that are part of the secretory immune system, emanat-
ing from major and minor salivary glands, and those of the 
systemic immunue system, emanating from crevicular fluid 
or within the gingival and mucosal tissues. 

The oral mucosa is bathed constantly in antigens; any 
deficiency in the surface mucosal systems may result in in-
creased antigen access, as does trauma or inflammation. Such 
antigens and microorganisms may contain B-cell mitogens, 
for example, the polysaccharide capsules or antigens of some 
fungi and bacteria in plaque. If antigen is not cleared from 
the mucosal site or if additional antigen gains access, locally 
activated T and B cells may release various cytokines and 
interact with associated macrophages and neutrophils, re-
sulting in localized inflammatory reactions that cause damage 
to the host as a by-product of an attempt to clear antigen 
from the area. The pathogenesis of some mucosal diseases 
may be related to cross reaction of some microbial compo-
nents with host antigens, resulting in host damage subsequent 
to a normal immune response. 

The main salivary immunoglobulin is secretory IgA (SIgA). 
Whole saliva is made of the secretions of the parotid gland 
(40%), the submandibular glands (40%), the sublingual glands 

(10%), and the minor salivary glands (10%) of which many 
dozens occur around the oral mucosa, especially in the labial 
and buccal mucosae. A small but significant contribution to 
whole saliva is made by crevicular fluid (see subsequent text). 
The total volume of saliva produced per day is probably 
between 750 and 1000 ml. The majority of the IgA in saliva 
is dimeric, but 5-10% is monomeric. The IgAl:IgA2 ratio is 
about 55:45. The concentration of SIgA differs in various 
secretions but is always greater than that of IgG. In whole 
saliva, the contributions of SIgA, IgG, and IgM are approxi-
mately 200, 1, and 1 mg per 1000 ml, respectively. 

A. Induction of Salivary IgA Antibodies 

Antibodies in saliva can be stimulated at remote sites (cen-
trally) or locally. Locally, direct application of antigen to the 
mucosa may lead to the induction of antibodies in minor 
salivary glands (Krasse et al., 1988) whereas injection of 
antigen submucosally or instillation into the ducts of the 
glands (Emmings et al., 1975) may lead to antibodies in the 
saliva from major salivary glands. Centrally, the most effec-
tive method of inducing antibodies in saliva seems to be 
by intragastric or intraduodenal immunization (reviewed by 
Challacombe, 1987). Salivary antibody induction has been 
used widely as a model to study secretory responses, primar-
ily because saliva is an easy secretion to collect and analyze. 
The induction of salivary antibodies after intragastric immu-
nization has been demonstrated in a variety of species includ-
ing humans (Mestecky et al., 1978), rhesus monkeys (Challa-
combe and Lehner, 1980), rabbits (Montgomery et al., 1978), 
rats (Michalek et al., 1977), and mice (Challacombe and To-
masi, 1980). Most of these studies have used particulate anti-
gens. Scientists now generally accept that, in the absence of 
adjuvants, antigen in particulate form is more effective than 
antigen in soluble form in the induction of salivary antibodies 
by remote site stimulation. However, salivary antibodies 
after intragastric immunization with soluble antigens have 
been reported in rabbits with bovine gamma globulin (Mont-
gomery et al., 1978) and in mice with ovalbumin (Challa-
combe and Tomasi, 1980) and streptococcal antigen I/II 
(Challacombe, 1983). 

A feature of salivary antibodies shared with secretory anti-
bodies elsewhere in the mucosal immune system is that anti-
bodies are generally short lived and of low titer (Mestecky et 
al., 1978). In humans (Mestecky et al., 1978) and in monkeys 
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(Challacombe and Lehner, 1980), even secondary immuniza-
tions only lead to a salivary response slightly greater than 
that after the primary immunization. These studies suggest 
that either large doses of antigen or more persistent antigen 
presentation are needed to mount longer lasting salivary re-
sponses to central immunization. Several groups have exam-
ined the potential of biodegradable microparticles containing 
antigen to induce longer lasting secretory antibody responses 
using saliva as the mucosal model (Eldridge et al., 1991; 
O'Hagan et al., 1991; Challacombe et al., 1992). These stud-
ies suggest that intragastric immunization with antigen incor-
porated in biodegradable particles not only gives rise to 
enhanced salivary antibodies, but also induces serum IgG, 
IgA, and IgM responses. Thus, oral immunization of this 
type would seem to lead to antibodies in serum and 
saliva as well as in other secretions and to have great poten-
tial in the development of vaccines against mucosal patho-
gens. 

B. Major and Minor Salivary Glands 

Salivary gland lymphoid tissue, particularly that sur-
rounding minor salivary glands (DALT), is thought to play 
a role in local production to secretory antibody (Nair and 
Schroeder, 1986). Minor salivary glands contribute only 
about 10% to the total volume of saliva (Dawes and Wood, 
1973) but, since the secretory IgA content is much greater 
than in the main salivary glands (Crawford et al., 1975), the 
contribution to the total salivary IgA could be as great as 25%. 
Bacteria have been observed in DALT (Nair and Schroeder, 
1986) and direct access of antigens in the oral cavity to 
lymphoid aggregates may occur via the short ducts of the 
minor salivary glands. 

C. Mechanisms of Action of Salivary IgA 

SIgA does not rely on opsonization or complement fixation 
for its biological activity since neither complement com-
ponents nor phagocytes normally are found in abundance in 
secretions such as saliva. The main actions of SIgA in saliva 
are thought to be: 

1. virus neutralization (e.g., polio virus) 
2. neutralization of toxins or enzymes (e.g., streptococcal 

glucosyltransferase); note that the interaction of SIgA 
antibody and enzymes may, on occasion, lead to 
enhanced rather than inhibited enzyme activity (Russell 
and Challacombe, 1976) 

3. inhibition of adherence (or growth) of microorganisms 
on epithelial cells or on teeth 

4. antigen trapping and antigen exclusion by preventing 
the access of antigen to the systemic immune system; 
antigens are removed from the oral cavity by 
swallowing of saliva and mucins 

5. interaction of IgA with nonspecific defense mechanisms 

S. J. Challacombe · P. J. Shirlaw 

1. Salivary IgA and Mucin 

Secretory IgA will bind to mucins through cysteine resi-
dues. Salivary IgA can be found in a complex of very high 
molecular weight that has agglutinin activity and presumably 
reflects an IgA-mucin complex. In the intestinal mucosa, in 
vivo challenge of orally immunized rats has been shown to 
lead to intestinal goblet cell release of mucins. In addition, 
antigen-antibody complexes or IgE-mast cell reactions can 
lead to the release of mucins, which may contribute to inhibi-
tion of adherence of bacteria or viruses and to immune exclu-
sions of antigens and of toxic substances. Although no such 
release of mucins by antigen complexes has been demon-
strated within the oral cavity, the association of salivary IgA 
and mucins and the observation that salivary glycoproteins 
may inhibit the adherence of bacteria strongly suggest that 
a similar mechanism is operative (Biesbrock et al., 1991). 

2. Salivary IgA and Lactoferrin 

Lactoferrin is an iron binding protein that has bacterio-
static activity. This activity can be enhanced or, under some 
circumstances, reduced by SIgA antibodies. Experiments 
have used purified colostral IgA; investigators assume that 
IgA from saliva acts in a similar manner. Presumably, when 
enhancement of lactoferrin activity is found, the synthesis 
of iron binding proteins (or their release) is prevented by the 
antibodies and, as a result, the lactoferrin binds the iron that 
is required as a growth factor for the bacteria. 

3. Salivary IgA and Lysozyme 

Purified SIgA from colostrum has been shown to inhibit 
Escherichia coli in the presence of complement and lyso-
zyme, whereas either component on its own was ineffective 
(Hill and Porter, 1974). These observations suggest that a 
similar mechanism might be operative within the oral cavity, 
although the concentrations of complement in whole saliva 
would seem too small for this to be a major defense mecha-
nism unless inflammation is present. Also, salivary mucins 
may inhibit lysozyme activity; thus, the effectiveness of lyso-
zyme as an antibacterial mechanism in the oral cavity is in 
some doubt. 

4. Salivary IgA and Lactoperoxidase 

Salivary IgA can enhance the antimicrobial effect of lacto-
peroxidase (LPO; Crawford et al., 1975). Interestingly, either 
IgAl or IgA2 is effective but serum IgG of IgM has no effect, 
suggesting a specific relationship between IgA and LPO that 
might be of great importance at mucosal surfaces. 

D. Cingival Crevicular Fluid 

Components of blood can reach the tooth surface through 
the junctional epithelium of the gingiva and is referred to 
subsequently as the crevicular fluid. This fluid contains both 
the humoral and cellular elements of blood, although in lower 
amounts and in different proportions (Shillitoe and Lehner, 
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1972). Much of the flow is likely to be secondary to the local 
inflammation in response to bacterial plaque that accumulates 
continuously, even within minutes of its removal, and causes 
a physiological inflammatory response in the gingiva. Even 
in subjects with no clinically detectable inflammation, a cre-
vicular fluid flow rate of about 1-2 /il per tooth per hour 
has been calculated (Challacombe, 1980b). Crevicular flow 
increases greatly with the inflammatory changes caused by 
gingivitis and periodontitis. The total surface area of crevicu-
lar epithelium around 28 teeth is approximately 760 mm2 and 
can increase 10-fold with periodontal disease. 

Many experiments have shown that both humoral (e.g., 
immunoglobulins) and cellular (e.g., lymphocytes and macro-
phages) components from blood can reach the tooth surface 
(Challacombe et al.y 1978). The immunological reactions of 
blood are, therefore, directly relevant to those found in crevi-
cular fluid and may affect the health of the tooth and gingiva, 
and perhaps other mucosa. Crevicular fluid passes from the 
gingival crevice into the mouth, where it is mixed with saliva 
from the major and minor glands at a dilution of 1:500 to 
1:1000. Thus, in addition to salivary IgA derived from the 
major and minor salivary glands, IgG derived from serum 
via crevicular fluid also could play a role in defense at mucosal 
surfaces. 

II. ORAL MUCOSAL DISEASES 

A. Recurrent Aphthous Stomatitis 

1. Characterization 

Recurrent aphthous stomatitis (RAS; or recurrent oral ul-
ceration, ROU) is one of the most common oral mucosal 
diseases and is characterized by oral ulcers, occurring singly 
or in crops, that usually persist for 7-21 days before healing 
spontaneously. These ulcers recur after a variable period of 
time, which may be a few days or several weeks. RAS can be 
separated clinically into three types: minor aphthous ulcers 
(MiAU), major aphthous ulcers (MjAU; Figure 1), and her-
petiform ulcers (HU; Table I). Clinicians have shown a ten-
dency to describe any ulcer occurring in the mouth as aph-
thous. However, aphthous ulcers have been defined carefully 
to allow differentiation from the many other types of ulcers 
occurring in the oral cavity (Table II) (Challacombe and Shir-
law, 1991). 

The prevalence of RAS is on the order of 10% of the 
population, with a wide range reported in the literature. The 
peak age of onset of MiAU is in the second decade of life, 
MjAU in the first decade of life, and HU in the third decade 

Figure 1 Major aphthous ulcer showing periulcer erythema. 
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Table I Characteristics of Recurrent Aphthae 

Size Shape Color Duration Site Ulcers/crop Age of onset 

Major >0.5 cm irregular/oval 

Herpetiform 0.5-3 mm round/may coalesce 
to form irregular 
shape 

Minor 2-7.5 mm oval 

gray base with 
indurated edges 
that may resemble a 
carcinoma 

yellow with marked 
periulcer erythema 

yellow/gray base with 
thin erythematous 
border 

2/52-3/12; heal with 
scarring 

1/52-2/52; heal 
without scarring 

1/52-2/52; heal 
without scarring 

most oral mucosa, but 1-0 5-20 years 
particularly fauces 
and soft palate 

nonkeratinized oral 5-20 20-35 years 
mucosa, but 
particularly ventral 
surface of tongue, 
anterior labial sulci, 
and soft palate 

most nonkeratinizing 1-5 5-45 years 
oral mucosa, but 
particularly labial 
and buccal mucosa 

of life. Thus some 85% of patients have developed RAS in 
the first three decades of life. 

2. Genetic Aspects 

A family history of ulcers is found in approximately 40% 
of patients. The highest incidence is found in sibling offspring 
of parents both of whom have RAS (Ship, 1965). Identical 
twins show a 90% concordance, implicating a genetic compo-
nent (Miller et aL, 1977). The prevalence of HLA-A2 and 
B12 (B44) was shown to be higher in 100 patients with RAS 
than in 100 controls, suggesting that Class I gene products 
may be associated with the condition (Challacombe et aL, 
1977b). 

3. Etiology of Aphthous Ulceration 

An impressive array of factors has been implicated as 
potentially causative in RAS, although many factors are likely 
to influence the nature of the disease rather than cause it 
(Table III). These factors include hereditary factors, hyper-
sensitivity predisposition, socioeconomic status, psychologi-
cal factors, endocrine factors, microbial agents, and chemical 
factors in foods (Wilson, 1980). No evidence exists that food 
allergy is causative in the majority of cases of aphthous ulcer-
ation although food allergy or intolerance is likely to initiate 
some cases of oral ulceration. Whether these cases can be 
distinguished clinically from the majority of cases of RAS is 
not clear. 

Hematological deficiencies (Wray et aL, 1975; Challa-
combe 1977a); may not only cause some types of oral ulcer-
ation but also may influence susceptibility to other types of 
ulceration. In addition, lesions clinically consistent with RAS 
are found in association with some systemic or multisystem 
illnesses such as Behcet's syndrome, clinical neutropenia, 
vitamin B12 deficiency, and celiac disease. 

Little evidence exists to support a viral etiology for RAS. 
Typical RAS lesions fail to show any significant relationship 
to herpes virus on the basis of histopathology, culture, or 
serological investigations (Lehner, 1978). However, deoxyri-

bonucleic acid (DNA) hybridization experiments have indi-
cated some homology between DNA of herpes type 1 virus 
and the DNA in mitogen-transformed lymphocytes from 
some cases of Behcet's syndrome and MiAU (Eglin et aL, 
1982). Adenovirus has been identified in some aphthous le-
sions by immunofluorescence techniques, but no causative 
role has been determined (Sallay et aL, 1973). 

4. Theory of Pathogenesis of RAS 

Although no definitive infective microorganism has been 
identified, a currently accepted hypothesis for the etiology 
of RAS is that patients are exposed to an unidentified infective 
agent that, in susceptible patients, triggers an autoimmune 
response against oral mucosa (Donatsky, 1976). Therefore, 
the agent either is in or cross-reacts with oral mucosa in 
these patients. Autoantibodies, cytotoxic lymphocytes, and 
circulating sensitized lymphocytes to oral mucosa can be 
demonstrated in RAS patients (Lehner, 1978). In the majority 
of RAS patients, anti-epithelial antibodies that are cytotoxic 
to oral epithelial cells can be found (Thomas et aL, 1990). 

5. Behcet's Syndrome 

ROU, genital ulcers, and uveitis are the major features of 
Behcet's syndrome (BS; Behcet, 1937). Cutaneous, vascular, 
arthritic, neurological, and gastrointestinal manifestations 
may occur also (Lehner and Barnes, 1979). BS is an uncom-
mon condition in the United Kingdom and the United States 
but is probably underdiagnosed. A high prevalence has been 
reported in Japan and in Eastern Mediterranean countries. 
Patients may suffer a variety of manifestations and, since 
only some may have the classical triad of ROU, genital ulcers, 
and iridocyclitis, involvement of a minimum of two of the 
major sites is sufficient for diagnosis. BS can be separated 
on clinical and prognostic bases into four types (Lehner and 
Barnes, 1979): 

1. mucocutaneous type, in which the mouth, genitals, 
skin, and conjunctiva may be involved 



49 · Diseases of the Oral Cavity 611 

Table II Classification of Oral Ulcers Related 
to Cause 

Recurrent ulceration 
Recurrent aphthous ulcers 

Minor 
Major 
Herpetiform 

Recurrent aphthous ulcers associated with Behcet's disease 
Smoking-related aphthous ulcers 
Atypical recurrent oral ulceration 
Recurrent erythema multiforme 

Recurrent/persistent oral ulceration 
Secondary to haematological deficiency state/anemia 

B12/Folate/Iron 
Secondary to a gastrointestinal enteropathy 

Ulcerative colitis 
Crohn's disease 
Celiac disease 

Secondary to a dermatological condition 
Benign mucous membrane/bullous pemphigoid 
Pemphigus 
Erosive lichen planus 
Dermatitis herpetiformis and linear IgA disease 

Secondary to connective tissue disease 
Systemic/discoid lupus erythematosus 
Oral ulcers as part of Reiter's syndrome 

Single episode of ulceration 
Infective 

Viral (may also be recurrent) 
Syphilitic 
Tuberculous 

Traumatic 
Physical/mechanical 
Chemical 

Drug reaction 
Single persistent ulcer 

Neoplastic 

2. arthritic type, in which one or more of the large joints 
is involved in addition to one or more of the 
mucocutaneous manifestations 

3. neurological type, in which neurological involvement 
exists without ocular lesions 

4. ocular type, which shows ocular involvement in 
addition to any of the mucocutaneous or arthritic 
features; of those with neurological manifestations, 92% 
show ocular involvement 

Behcet (1937) proposed a viral etiology, but attempts to 
isolate viruses have been largely unsuccessful. However, 
several studies using DNA hybridization again have sug-
gested a viral involvement (Denman et al., 1986). Histopatho-
logical examination shows an early intense mononuclear cell 
infiltration, prominent vascular lesions, endarteritis obliter-
ans, fibrinoid necrosis, and thromboses. The basic underlying 
histopathological lesion, therefore, is consistent with a vascu-
litis (Chajek and Fainaru, 1975). 

6. Immunological Findings 

No obvious association with classical autoimmune dis-
eases has been demonstrated. Cellular immunity and hemag-
glutinating antibodies to fetal oral mucosa homogenates can 
be found in the majority of patients (Lehner, 1978). Antibod-
ies against polymorphonuclear leukocytes and increased leu-
kocyte chemotaxis (Matsumura and Mizushima, 1975) have 
been reported as well. Serum C9 levels may be increased 
(Adinolfi and Lehner, 1976) and C3 and C4 levels may be 
depressed before an attack of uveitis (Shimada et al., 1974). 
Since C2 is reduced also, the classical pathway of comple-
ment may be activated. Immune complexes have been de-
tected in the serum of 60% of patients, especially in those 
with the active form of neuroocular and arthritic types of BS 
(Williams and Lehner, 1977). 

The abnormalities in the complement components and the 
clinical manifestations of uveitis, arthritis, and erythema no-
dosum suggest that such immune complexes may play a role 
in the pathogenesis of BS. The size and nature of the immune 
complexes may differ in the different types of BS. Recently 
an association between antibodies to a bacterial 65 kDa heat 
shock protein and Behcet's syndrome has been described 
(Lehner et al., 1991). 

BS has a well-established association with the major histo-
compatibility complex (MHC). The Class I gene product 
HLA-B51 (B5) is raised in all ethnic groups with BS studied 
to date (Spitler et al., 1974; Lehner et al., 1982). The Class 
II products DRw52 and DR7 also have raised prevalences, 
although this might be because of linkage disequilibrium with 
the Class I genes (Sun et al, 1991). 

B. Lichen Planus 

Lichen planus is a common and distinctive mucocutaneous 
disease that usually presents in the mouth as bilateral sym-
metrical white patches or striae on the mucosa, but may 
present as a bullous, ulcerative, or erosive condition, or even 
as desquamation of the gingivae. The most common form is 
a reticular pattern with a network of white striae, principally 
on the buccal mucosa (Wickham's striae: Figure 2). The 
lesions sometimes appear as white plaques on mucosa or 

Table III Etiological Factors in Recurrent 
Aphthous Stomatitis 

Immunological 
Hematological 
L forms of bacteria 
Mycoplasma 
Viruses 
Trauma 
Food allergy 
Hormones 
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Figure 2 Classical reticular white striae in the buccal mucosa in lichen planus. Note also the erosive lesions medially in 
the buccal mucosa. 

tongue, but often are associated with radiating peripheral 
white striae. Desquamative gingivitis is essentially an 
atrophic form of lichen planus. About 10% of patients pre-
senting with oral lesions have cutaneous manifestations that 
appear as a papular rash, predominantly affecting the flexor 
surfaces of the arms. This condition is common and has a 
peak incidence in middle age. The lesions of the mucosa may 
persist for several years. 

Lichenoid drug eruptions, which closely resemble 
lichen planus, can be precipitated by a number of drugs 
including methyl-DOPA, ß blockers, and nonsteroidal anti-
inflammatories and some antimalarials. Clinically, the lesions 
are often asymmetrical and histologically they may have a 
greater plasma cell or eosinophilic component, but distin-
guishing between true lichen planus and such lichenoid reac-
tions often has been difficult. 

1. Histopathological Features 

Histologically, lichen planus is characterized by a dense, 
often band-like connective tissue infiltrate of lymphocytes 
that hugs the epithelium. This tissue formation is associated 
with widening of the basement membrane zone and loss of 
the basal cell layer, a phenomenon referred to as liquefaction 
degeneration. Also hyperparakeratosis, acanthosis, and, 

classically, a saw-tooth configuration of the rete pegs occur. 
In the lower epithelial layers, circular eosinophilic Civatte 
bodies, which are probably degenerating epithelial cells, may 
be found. Alternating with acanthosis, epithelial atrophy may 
be found and, in some cases, is the predominant feature 
(Barnett, 1976). 

2. Immunological Findings 

Little evidence suggests that lichen planus is a classical 
autoimmune disease, but the finding of an intense lympho-
cytic infiltrate in addition to degeneration of the basal cell 
layer clearly suggests that immunological mechanisms may 
be of major importance in the pathogenesis. An early increase 
in the number of Langerhans cells in the epithelium (Ragaz 
and Ackerman, 1981) suggests that these cells may be func-
tioning as antigen-presenting cells interacting with the lym-
phocytes. Contact between the Langerhans cells and mono-
nuclear cells in lichen planus has been reported (Medenica 
and Lorincz, 1977). The antigen that might be responsible is 
unknown, but some studies have reported a lichen planus-
specific epidermal antigen in the granular and deep-prickle 
epithelial cells in cutaneous lichen planus (Olson et al., 1983). 

Another early change in lichen planus is the expression of 
HLA-DR by keratinocytes. This expression by keratinocytes 
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also provides a possible mechanism by which epithelium-
associated antigen could be presented to the lymphocytic 
infiltrate. However, this expression of HLA-DR by keratino-
cytes might be secondary to inflammation and switched on 
by interferon y (IFNy) produced by infiltrating lymphocytes 
rather than being a primary event. 

The lymphocytic infiltrate is almost entirely composed of 
T cells (Dockrell and Greenspan, 1979). These T cells in the 
infiltrate are la antigen positive, suggesting they are activated 
T lymphocytes (DePanfilis et al, 1983). The phenotype of 
the lymphocytes in established oral lichen planus appears to 
be predominantly CD8+ or suppressor cytotoxic (Matthews 
et al., 1984), although early lichen planus lymphocytes may 
be mainly CD4+. Predominantly helper-inducer CD4+ T cells 
have been reported in cutaneous lesions (Bhan et al., 1981). 
An antigen in the epithelium, possibly associated with local 
virus infection or induced by drugs, may be presented to 
lymphocytes in the connective tissue by Langerhans cells 
migrating from the epithelium. Reacting helper-inducer T 
cells then lead to the accumulation and retention of cytotoxic 
T cells that effect the keratinocyte damage. HLA-DR expres-
sion by keratinocytes is induced by IFNy and allows the 
keratinocytes to become involved in the persistence of the 
lesion by further presentation of antigen. 

C. Oral Candida Infections 

Species of Candida can be found in the mouths of some 
40% of normal subjects in amounts up to approximately 800 
per ml. However, in patients with the various forms of candi-
diasis, these amounts are increased greatly; counts of more 
than 104 may be found. A classification of Candida infections 
is shown in Table IV. 

1. Acute pseudomembranous candidiasis (thrush) is a 
common infection in the young, elderly, or debilitated. The 
white plaques are easily removable and contain candidal 
hyphae, spores, epithelial cells, and polymorphs. 

2. Acute atrophic candidiasis also is known as antibiotic 
sore mouth because it frequently occurs during antibiotic 
therapy. This condition is a response to the suppression of 
the normal bacterial flora and is characterized by wide-
spread erythematous stomatitis with accompanying depapil-
lation of the tongue. 

3. Chronic atrophic candidiasis (Figure 3A) also is 
known as denture sore mouth and presents as a relatively 

asymptomatic confluent erythema and inflammation of the 
entire denture-bearing mucosa of the palate. This condition 
results from candidal colonization of the surface of the den-
ture, usually in patients who wear their prosthesis continu-
ously day and night. 

4. Chronic hyperplastic candidiasis (candidal leukopla-
kia; Figure 3B) is a speckled or nodular chronic leukopla-
kia usually found in middle-aged or elderly patients. This 
invasive form of candidiasis shows hyphae present often 
throughout the depth of the epithelium, and carries a sig-
nificant risk of malignant transformation. 

Infection with Candida albicans is an almost universal 
finding in patients with severe immunodeficiency of the T-
cell type. However, this condition is not seen in patients with 
B-cell defects in the absence of concomitant T-cell defects. 
Candida infections are found in about 40% of human immuno-
deficiency virus (HlV)-infected individuals and in over 75% 
of patients who suffer from acquired immunodeficiency syn-
drome (AIDS). Acute pseudomembranous candidiasis is 
found particularly in association with low CD4 counts, but 
a newly recognized entity, erythematous candidiasis, is found 
often. This condition presents as areas of erythema, usually 
of the palate or tongue, in the absence of white plaques 
(Challacombe, 1991). 

Theoretically, Ig A and cellular immunity might be ex-
pected to play a role in the protection of mucosal surfaces 
against candidal infections. Certainly in IgA-deficient individ-
uals, a markedly increased prevalence of Candida infection 
is apparent. Animal studies using the rhesus monkey have 
emphasized the role of cellular immunity in chronic Can-
dida infections (Budtz-Jorgensen, 1973). In this model, 
azathioprine-treated monkeys showed a depression of cellu-
lar immunity to Candida but a normal humoral antibody 
response. These animals had a prolonged and severe Candida 
infection, suggesting that cellular immunity to Candida, not 
serum antibody titer, is of primary importance in host resis-
tance. Candida infection is not a noted feature of selected IgA 
deficiency although, in patients with chronic mucocutaneous 
candidiasis, over 50% appear to have reduced salivary IgA 
antibodies (Lehner et al., 1972). Although serum IgG antibod-
ies against Candida can be detected readily in humans, sero-
diagnosis of candidal infections is inconsistent. 

In chronic mucocutaneous candidiasis (CMCC), a wide 
spectrum of immune abnormalities has been reported that 
ranges from lowered serum IgM and IgG antibodies to defects 

Table IV Classification of Oral Candidiasis 

Acute Acute/chronic Chronic 

Pseudomembranous candidiasis 
Thrush 

Atrophic candidiasis 
Antibiotic sore mouth 

Erythematous candidiasis 
(HIV associated) 

Angular cheilitis 

Mucocutaneous candidiasis 

Hyperplastic candidiasis 
Candidal leukoplakia 
Median rhomboid glossitis 

Atrophic candidiasis 
Denture induced stomatitis 
(Denture sore mouth) 



Figure 3 (A) Chronic atrophic candidiasis (denture-induced stomatitis) with marked erythema of palate corresponding to 
the denture outline. (B) Adherent nodular white patch at angle of mouth—histologically hyperplastic candidiasis. 
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in lymphocyte transformation and mitogen stimulation in the 
most severe types of CMCC (Lehner et al., 1972). However, 
whether these immune defects are primary to the disease or 
a consequence of it is not clear. Several studies have shown 
restoration of immune functions once Candida has been 
cleared by antifungal therapy (Valdimarrson et al., 1973). 

D. Immunology of Denial Caries 

Dental caries is one of the most prevalent diseases of 
humans. Despite reductions in the rate of decay in Western 
societies, the prevalence of caries in developed countries 
remains at greater than 95% of the population. Caries is still 
increasing in the developing countries. Thus, for practical 
purposes, the condition can be considered ubiquitous in de-
veloped countries. The cost of treatment of dental disease 
is probably the highest among bacterial infections and also 
results in considerable loss of time and productivity. 

Dental caries may be defined as the localized destruction 
of tooth tissue by bacterial action. Dissolution of the hy-
droxyapatite crystals seems to precede the loss of organic 
components of both enamel and dentine. Demineralization 
is thought to be caused by acids resulting from the bacterial 
fermentation of dietary carbohydrates. Not all surfaces of 
the tooth are afflicted equally; areas that are protected from 
cleansing, for example, the fissures and areas between the 
teeth, are much more susceptible to decay. 

1. Immunity to Caries 

The concept of immunity to caries depends on the demon-
stration that caries is a bacterial infection. Although vaccina-
tion against dental caries was attempted in the 1930s, the 
real impetus for development of vaccination came with the 
demonstration, using germ-free animals, that caries could not 
occur in the absence of bacteria regardless of diet and that 
specific bacteria were needed. 

The tooth sits in a unique position between the secretory 
and systemic immune systems. The majority of the tooth 
surface would seem to be accessible to saliva, although the 
most caries-susceptible sites around the gingival margin and 
between the teeth are bathed in crevicular fluid (Figure 4). 
(Shillitoe and Lehner, 1972). Antibodies in crevicular fluid are 
derived largely from serum, although the local contribution, 
particularly of IgG, is up to +20% of the total antibody con-
tent (Brandtzaeg, 1972). 

Both serum and secretory systems have been examined 
for natural immunity in humans, and for the protective effects 
in vaccination experiments in animal models. Induction of 
antibodies in both immune systems might be necessary to 
achieve effective protection by immunological methods. 

2. Causative Bacteria 

Streptococci, lactobacilli, and Actinomyces species all 
have been shown to be able to cause caries in animal models. 
In humans, by far the strongest association is with Strepto-
coccus mutans. This organism can produce copious amounts 
of extra polysaccharide from sucrose, much of which is insol-
uble in water (or saliva). Streptococcus mutans is also very 
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1. Major salivary glands 2. Minor salivary glands 

4. Crevicular fluid 

Figure 4 Source of immunoglobulins bathing the teeth. Modified 
from Lehner, T. (1992). Immunology of Oral Diseases, 3rd ed. 
p. 12. Blackwell Scientific Publications, Oxford. 

to date, including rats, hamsters, monkeys, and gerbils. 
In the absence of detectable caries, the number of S. mu-

tans in plaque is very low, but in carious lesions the numbers 
are raised substantially in nearly all subjects (Huis in't Veld 
et al., 1979). However, some lesions apparently can develop 
in the absence of S. mutans, particularly in fissures. In addi-
tion, large numbers of S. mutans in plaque do not necessarily 
lead to the initiation of caries. 

3. Natural Immunity to Caries in Humans 

The question of natural immunity requires the comparison 
of subjects with low caries experience with those with high 
caries experience in the absence of carious lesions. Several 
studies have compared low caries with rampant caries, but 
these studies confuse the question of natural immunity with 
that of an immune response to the caries process. 

Subjects with low caries experience have significantly 
raised serum IgG antibody titers against whole cells of S. 
mutans compared with subjects with high caries experience 
(Figure 5; Challacombe and Lehner, 1976). This relationship 
seems to be specific to S. mutans and has not been found with 
strains of Streptococcus sanguis, Streptococcus salivarius, 
Lactobacillus casei, Lactobacillus acidophilus, or Actinomy-
ces viscosus (Challacombe and Lehner, 1976). Serum IgG 
antibodies against the surface protein antigen I/II also are 
raised in subjects with low caries experience (Challacombe 
et al., 1984). This protein has been used in immunization 
experiments in animals; inhibition studies indicate that anti-
gen I/II is a major antigenic component of the S. mutans cell 
wall. (Czerkinsky et al., 1983). IgG antibodies against antigen 
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I/II are mainly of the IgGl subclass, whereas those against 
whole cells of S. mutans are mainly IgGl and IgG2 (Challa-
combe et al., 1986). These studies are consistent with the 
interpretation that serum IgG antibody contributes to protec-
tion against caries in humans. 

4. Immune Responses That Follow Dental Caries 

Raised serum IgG antibody titers against S. mutans are 
found in subjects with carious lesions (Figure 5) compared 
with those without. This raised antibody titer seems to be 
specific to S. mutans, thus further implicating this bacterium 
in the pathogenesis of caries (Challacombe and Lehner, 1976; 
Challacombe, 1980). These findings are consistent with the 
view that infection with S. mutans and the development of 
carious lesions is associated with a rise in specific antibodies 
against S. mutans, as was confirmed in longitudial studies 
(Challacombe, 1980), and are similar to findings in most infec-
tive diseases in which a rise in antibodies after infection is 
common. 

Salivary antibody levels appear to be more variable than 
serum antibodies. The secretion rate of antibodies has been 
considered in few studies, although the great variation in 
salivary secretion rates is well known. No consistent patterns 
have emerged; raised levels of salivary IgA antibodies against 
5. mutans have not been found in subjects with low caries 

Serum IgG Antibodies 

Low High Caries Low High Caries 

experience, and may reflect cumulative caries experience 
rather than protection (Challacombe and Lehner, 1976). 

5. Genetic Factors 

Genetic factors long have been thought to play a role in 
caries resistance. Evidence has been found of genetically 
related immune factors in association with caries. In a study 
of caries-prone and low caries subjects using streptococcal 
antigen I/II, specific helper factor was found to be released 
optimally by a dosage between 1 and 10 ng antigen I/II from 
lymphocytes of low caries subjects, but the optimal dosage 
for caries-prone subjects was 1000 ng (Lehner, 1982). This 
marked difference in responses supports the suggestion that 
caries-resistant and caries-prone subjects differ in their ability 
to mount and maintain serum antibody responses to S. mu-
tans. The response to antigenic stimulation using antigen 1/ 
II was related to the HLA status of the subjects (Figure 6). 
HLA-DRw6-positive subjects generally showed an optimal 
response at a low dose, whereas subjects who showed an 
optimal response at the high antigen dose were found to be 
HLA-DRw6 negative. These findings suggest that the ability 
to respond to very small amounts of streptococcal antigen 
may be the reason for the high levels of antibody against S. 
mutans in low-caries subjects. However, the immunoregula-
tion of such responses is complex, and this area requires 
further study. 

6. Immunization against Dental Caries 

Theoretically, local or systemic immunization might lead 
to protection against dental caries. With respect to local im-
munization, the rat has been used extensively as a model. 
Several groups have shown that the induction of salivary 
antibodies may be related to a reduction in caries (Smith et 
al., 1979; McGhee and Michalek, 1981). Salivary IgA antibod-
ies in humans may be induced by ingestion of capsules filled 
with S. mutans organisms (Mestecky et al., 1978). No ex-
tended studies have been performed to see the effect of such 
antibody on caries. At present, longterm immunization seems 

Salivary IgA Antibodies (parotid) 

Low High Caries Low High Caries 

Figure 5 Serum and salivary antibodies in relation to dental caries. 
■, antibodies to S. mutans; D, antibodies to S. sanguis; low, low 
DMF group; high, high DMF group; caries, group with carious le-
sions. 
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TO CLASS II ANTIGENS IN MAN 
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Figure 6 T-cell helper function in relation to streptococcal antigen 
I/II concentration. 
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Caries Index 

- Sub-cutaneous Oral Control 

Figure 7 Reduction in caries by immunization with Streptococcus 
mutans antigens. Weeks 0-24 oral immunization; subcutaneous im-
munization at week 0. 

to be necessary since the salivary antibody response is short 
lived. Salivary antibodies may prove to be effective since a 
reduction in S. mutans numbers has been reported in such 
immunized subjects (Cole et al., 1984). 

Successful systemic immunization against dental caries in 
monkeys was reported first in 1969. Since then, Lehner and 
colleagues (1976,1980) have described many experiments in 
the rhesus monkey model, and have demonstrated unequivo-
cally that caries can be reduced by immunization. In early 
experiments, animals were immunized subcutaneously with 
whole cells of S. mutans in Freund's incomplete adjuvant; 
reduction in caries on the order of 75-80% was seen. Antibod-
ies were detected in both serum and saliva, but the reduction 
in caries correlated best with serum antibodies against S. 
mutans. Passive transfer experiments in the monkey (Lehner 
et al., 1978) have confirmed that serum IgG antibodies may 
be effective in reducing caries. 

Subsequently, purified antigens from S. mutans also have 
been shown to be effective in reducing caries in the monkey 
(Figure 7). These antigens include glucosyltransferase and 
antigen I/II (Lehner et al., 1980), as well as other protein 
antigens. Immunization with antigen I/II elicits serum IgG 
antibodies, skin delayed hypersensitivity, and a reduction of 
caries equivalent to that seen with immunization with whole 
cells of S. mutans (Lehner et al., 1980). These studies suggest 
that vaccr tion of humans is a very real possibility. 

An additional exciting possibility in caries prevention is 
passive immunization. Lehner and colleagues have shown 
that a monoclonal antibody against antigen I/II may inhibit 
the colonization of 5. mutans in the oral cavity of humans and 
monkeys (Ma and Lehner, 1990). Given a suitable delivery 
system for monoclonal antibodies into humans, this method 
could be useful in reducing caries, and overcomes some of 
the objections to systemic therapy. 

E. Immunology of Periodontal Diseases 

1. Classification 

Periodontal diseases can be divided into at least four clini-
cal entities (Table V). Gingivitis is a reversible inflammation 

of the gingivae and can be considered an inflammatory reac-
tion to the presence of plaque. Plaque contains many bacterial 
species; currently, the consensus is that gingivitis repre-
sents a nonspecific response to bacterial toxins and anti-
gens. 

Marked advances have been made in the past two decades 
in understanding the host responses that play a critical role 
in determining the course of periodontal infections. These 
advances have been facilitated greatly by additional knowl-
edge of the microflora associated with different periodontal 
diseases. Porphyromonas (Bacteroides) gingivalis appears 
to be the major etiological organism associated with adult 
periodontitis, Actinobacillus actinomycetemcomitans is as-
sociated with localized juvenile periodontitis, and Prevotella 
(Bacteroides) intermedia and spirochaetes are associated 
with acute necrotizing ulcerative gingivitis. In addition, Cap-
nocytophaga species have been associated with periodontal 
disease in immunocompromised hosts (Genco and Slots, 
1984). Long-term epidemiological studies (Loe et al., 1986) 
suggest that, even in subjects with gingivitis, only 10-15% 
eventually develop severe periodontal disease, clearly sug-
gesting a role for host factors in the progression of periodontal 
diseases. 

2. Adult Periodontitis 

Not all cases of gingivitis ultimately develop periodontitis 
(Figure 8), but gingivitis always seems to precede periodontal 
disease. The hypothesis of four stages in the development 
of periodontal lesions (Page and Schroeder, 1982) was based 
primarily on histopathological findings and generally has been 
accepted (Figure 9). 

1. The initial lesion is essentially gingivitis, localized to 
the gingival sulcus, and is reversible. Histologically, this 
condition is characterized by a polymorphonuclear leuko-
cyte infiltration in response to plaque. This infiltrate has 
been shown in experimental gingivitis to develop within 
2-4 days of plaque accumulation. Since serum antibodies 
against a variety of plaque bacteria can be detected 
(Genco and Slots, 1984), this initial lesion could be caused 
by activation of complement by the alternative pathway by 
plaque components or by the classical pathway by anti-
bodies. 

2. The early lesion is still essentially reversible and is 
characterized by a replacement of the polymorphonuclear 
infiltrate with lymphocytes, which may constitute some 
75% of the cellular infiltration. At this stage, few plasma 
cells are seen. Most of the lymphocytes are T cells, with a 
small proportion of B cells, depending on the site ex-
amined. 

3. The established lesion exists 2-3 wk after plaque ac-
cumulation. The distinguishing histopathological feature is 
the predominant plasma cell infiltrate. Many of the B cells 
seen in the early lesion are assumed to have been trans-
formed by plaque antigens. Most of the plasma cells are 
IgG isotype. At this stage, the junctional epithelium may 
extend apically into the connective tissue, with an associ-
ated loss of collagen. Pocket formation occurs by a deepen-
ing of the gingival sulcus. Circulating systemic lympho-
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Table V Classification of Periodontal Diseases0 

Gingivitis Periodontal diseases 

Acute 
Acute necrotizing gingivitis 

(ANUG) 
Acute herpetic gingivostomatitis 
Traumatic gingivitis 

Physical (Toothbrushing) 
Chemical (Aspirin burn) 

Leukemia 

Chronic 
Chronic marginal gingivitis 
Plasma cell gingivitis 
Desquamative gingivitis 

(Dermatoses) 
HIV-associated gingivitis 
Drug-induced gingivitis (e.g., 

Phenytoin) 

Adult periodontitis 
Early onset periodontitis 

Prepubertal periodontitis 
Generalized 
Localized 

Juvenile periodontitis 
Generalized 
Localized 

Rapidly progressing periodontis 

Periodontitis with systemic disease 
Down's syndrome, diabetes, 

cyclical neutropenia, Papillon-
Lefevre syndrome, HIV 
infection 

Necrotizing ulcerative periodontitis 

Refractory periodontitis 

a Reprinted with permission from the Proceedings of the World Workshop in Clinical Periodontics. Concensus Report, pp. 123-124. Princeton, New 
Jersey (1989). American Academy of Periodontology, Chicago, Illinois. 

cytes sensitized to plaque bacteria can be detected (Ivanyi 
and Lehner, 1970). 

4. The advanced lesion marks the transition from a 
chronic established lesion to a destructive state. The host 
factors responsible for this transition have not been estab-
lished fully, but evidence suggests that this stage of the dis-
ease is specific. Porphyromonas (Bacteroides) gingivalis 
has been associated strongly with this condition. Undoubt-
edly, the host immune responses play a critical role also. 
Histopathological features include pocket formation, ul-
ceration of the pocket epithelium, destruction of the collag-
enous periodontal ligament, and, significantly, resorption 
of bone. These features eventually lead to mobility and 
loss of the teeth. The dense infiltration of plasma cells, 
lymphocytes, and macrophages now extends apically and 
is progressive. 

3. Mechanisms of Damage in Periodontal Diseases 

a. Bacterial invasion. Bacteria have been reported to in-
vade the gingivae in gingivitis, in adult periodontitis (Saglie 
et ai, 1982), in acute ulcerative gingivitis (Listgarten, 1965), 
and in juvenile periodontitis (Gillett and Johnson, 1982). Bac-
terial invasion of the periodontal tissues could be an im-
portant component of the pathogenesis of periodontal dis-
ease, although bacterial toxins or the immune reaction to 
toxins could account equally for most of the damage seen. 

b. Tissue destruction. Extensive studies have been made 
of the capabilities of periodontopathic bacteria to produce 
tissue damaging factors. Porphyromonas gingivalis shows an 
impressive ability to produce toxins or enzymes that are 
active against many substrates, including collagen, epithelial 
cells, and fibroblasts, and can stimulate bone resorption 
(Genco and Slots, 1984). No doubt, therefore, these organ-
isms could inhibit most host responses marshalled against 
them. 

c. Healing and fibrosis. An attractive hypothesis for the 
destructive phase of periodontal disease is that bacterial tox-
ins or the reactions to them inhibit normal healing and repair, 
and that this inhibition leads to progressive damage to the 

periodontium (Figure 9). The role of macrophages, for exam-
ple, in fibrosis and repair, has received little attention al-
though they are important cells in tissue repair. Activated 
macrophages produce fibroblast activating factors that stimu-
late the fibroblasts into active proliferation (Wahl and Wahl, 

Figure 8 Anterior teeth showing loss of soft tissue attachment and 
underlying bone, with heavy plaque, and calculus deposits in adult 
periodontitis. 
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Figure 9 Hypothesis of periodontal aetiology. Reprinted with per-
mission from Linde (1989). 

1981). Fibroblast function also is affected by lymphocytes in 
inflammatory lesions, since the latter produce a chemotactic 
factor for fibroblasts (Postlethwaite et aL, 1976). Macro-
phages and lymphocytes therefore produce factors that re-
cruit fibroblasts to the area of inflammation, stimulate their 
proliferation, and, thus, indirectly stimulate collagen produc-
tion with replacement of lost collagen. Bacterial factors that 
interfere with this normal repair could have a profound effect 
on disease activity. 

4. Serum Antibodies to Periodontal Bacteria 

a. Adult periodontitis. Many studies have examined the 
presence of antibodies against periodontopathic bacteria in 
the serum of patients with periodontal disease (Genco and 
Slots, 1984). Most of these studies have found raised antibod-
ies against P. gingivalis in patients with adult periodontitis 
in comparison with controls (Mouton et aL, 1981; Taubman 
et aL, 1982). Prevotella intermedia has not been associated 
immunologically with adult periodontitis, but has been impli-
cated in acute necrotizing gingivitis (Dzink et al., 1985). Over-
all, the immunological findings confirm bacteriological find-
ings and support the association of P. gingivalis with adult 
periodontitis. 

b. Juvenile periodontitis. This disease is associated 
strongly with the bacterium. A. actinomycetemcomitans 
(Genco and Slots, 1984). In addition, antibodies against A. 
actinomycetemcomitans have been found in all patients with 
juvenile periodontitis at levels significantly greater than in 

controls (Genco et al.y 1980). This Actinobacillus species 
produces a powerful leukotoxin (Taichman et ai, 1982); neu-
tralizing activity against this toxin is present in the serum of 
patients with juvenile periodontitis (Tsai et aL, 1981). An 
interesting finding in this disease is the demonstration that 
many patients have depressed neutrophil chemotaxis and 
phagocytosis. Some 75% of patients with the classical local-
ized disorder appear to suffer from a peripheral blood neutro-
phil chemotactic abnormality (Cianciola et aL, 1977). Neutro-
phil migration through the gingival crevice appears to be 
abnormal. These findings suggest a role for neutrophils in 
normal protection and suggest that, in juvenile periodontitis, 
this function is depressed, allowing for the overgrowth of 
organisms, particularly those such as A. actinomycetemcom-
itans that produce leukotoxic factors. 

F. Immunology of Salivary Gland Diseases: 
Sjögren's Syndrome 

Sjögren's syndrome (SS) is by far the most common immu-
nologically based disease affecting the salivary glands. This 
condition is probably the second most prevalent collagen 
disease after rheumatoid arthritis (RA). SS is a chronic in-
flammatory disease with involvement of many systems and 
is characterized by a triad of dry eyes (keratoconjunctivitis 
sicca), dry mouth (xerostomia), and a connective tissue or 
collagen disease. The association of dry eyes and dry mouth, 
in the absence of a connective tissue disease, is known as 
the sicca syndrome. In secondary SS, the most commonly 
associated connective tissue disease is RA, but systemic lu-
pus erythematosus, scleroderma, dermatomyositis, polyarte-
ritis, primary biliary cirrhosis, and idiopathic thrombocytope-
nic purpura may be associated. SS affects females nine times 
more frequently than males, and is seen especially in the 
elderly. A dry mouth is the presenting symptom in the major-
ity of patients. 

A subdivision of Sjögren's syndrome has been described 
in which patients suffer from xerostomia and primary general-
ized nodal osteoarthritis; the salivary glands of these individ-
uals show nonspecific sialadenitis, in contrast to the focal 
lymphocytic infilatrate of primary Sjögrens syndrome. This 
condition has been called SOX syndrome (Challacombe et aL, 
1991). Whether it is a genetically homogeneous group is not 
clear. Nonspecific chronic sialadenitis in the absence of os-
teoarthritis is a common cause of xerostomia. 

1. Pathogenesis of SS 

SS has many of the characteristics of a cell-mediated auto-
immune disease. Histopathology shows a mononuclear cell 
infiltration of the salivary glands, with acinar destruction but 
sparing of the ducts. The lymphocytes appear to originate 
from an extrasalivary source. T-cell sensitization to salivary 
tissue may occur (Berry et aL, 1972). Lymphocytes and 
plasma cells occur in a perivascular distribution and the pro-
portion of T lymphocytes increases as the lesions progress 
(Talal et aL, 1974). Intraductal cell proliferation forms com-
pact epimyoepithelial islands. Patients with primary SS show 
an increased association with HLA-DwA3 (84%) and HLA-
B8 (Chused et aL, 1977). IgG, IgA, or IgM autoantibodies 
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against ductal cell ribonucleoproteins called SSA(Ro) and 
SSB(La), which appear to be dimers of 52 and 65 kDa, are 
found in Sjögrens syndrome but do not appear to be responsi-
ble for tissue destruction (Moutsopoulos and Zerva, 1990) 
and do not correlate with focal lymphocytic sialadenitis. A 
possible association with Epstein-Barr virus infection has 
been claimed (Gaston et al, 1990; Syrjanen et al, 1990), 
Talal et al (1990) have found that sera from many cases 
of primary Sjögrens syndrome react with the retroviral p24 
antigen. The significance of these findings remains to be deter-
mined. 

Rheumatoid factor occurs in 52-100% of patients, even in 
the absence of RA, and antinuclear antibody is found in 60% 
of patients (Beck, 1961). Other autoantibodies, for example, 
to thyroglobulin gastric parietal cells and mitochondria, are 
seen often. B cells in some patients bear multiple classes of 
heavy chains, an abnormally that may be significant since, 
in a small proportion of patients, SS progresses to lymphoma. 

III. ORAL MUCOSAL MANIFESTATIONS OF 
DISTANT IMMUNOLOGICAL DISEASES 

A. Gastrointestinal Diseases 

Celiac disease, ulcerative colitis, and Crohn's disease all 
can appear in the oral cavity. Frequently, the oral cavity 
can be the presenting site, although Crohn's disease can be 
limited to the oral cavity. Each of these gastroenteropathies 
can give rise to oral ulceration. 

1. Celiac Disease 

Some 25% of patients with celiac disease may give a history 
of oral ulceration. However, the converse is not true. Studies 
of the incidence of celiac disease in patients presenting with 
recurrent aphthous stomatitis found 2-4% on the basis of 
jejunal biopsy (Ferguson et al, 1980). The oral ulcers of 
those patients with celiac disease often respond extremely 
well to correction of underlying hematological deficiencies, 
particularly folate and iron. The oral ulceration seems to be 
the result of the associated deficiencies rather than a direct 
response of the oral mucosa to the allergen. Cooper et al 
(1980) have described adult female patients suffering from 
abdominal pain and chronic diarrhea who responded immedi-
ately to a gluten-free diet and in whom symptoms returned 
on gluten challenge. Oral uleration and macroglossia were 
described in several of these patients, but jejunal biopsies 
were normal, suggesting that oral signs and symptoms can 
be associated with gluten in the absence of celiac disease 
and that such oral symptoms are accompanied by varying 
abdominal problems. 

2. Crohn's Disease 

Many cases of oral Crohn's disease have been reported 
over recent years, with or without accompanying gastrointes-
tinal Crohn's. Crohn's disease in the mouth may present 

either as thickened rubbery lips and cheeks with deep fissures 
and enlarged gingiva or as ulcers and epithelial tags in the 
buccal sulcus (Figure 10). In both these clinical manifesta-
tions, biopsy of the affected areas will show granulomata. A 
number of cases of swollen lips without any intraoral signs 
have been reported that also have been classified as oral 
Crohn's by some workers, although the term "cheilitis granu-
lomatosa" would be more appropriate. The role of allergy 
to food or other substances has not been investigated fully, 
although some patients have been reported to be sensitive 
to cinnamon or sodium benzoate. 

3. Ulcerative Colitis 

Oral ulceration frequently is associated with ulcerative 
colitis and may be one of at least four types: (1) aphthous, 
(2) pyostomatitis necrotica, (3) pyostomatitis vegetans, or 
(4) hemorrhagic. The incidence of oral lesions in patients 
with ulcerative colitis is approximately 20%. The oral ulcers 
of groups 2, 3, and 4 are readily distinguishable from the 
more common types of aphthous ulceration. Unlike Crohn's 
disease, these lesions do not appear to occur in the oral cavity 
in the absence of any bowel symptoms. 

4. Food Allergy and Oral Disease 

Allergies to foods certainly may be manifest in the oral 
cavity. These sensitivities may present with a variety of oral 
signs and symptoms, including a perioral rash, swelling of 
the lips, oral pruritis, Assuring of the tongue, or oral ulceration 
(Challacombe, 1986). Aphthous ulceration affects approxi-
mately 10% of the population but food allergy or intolerance 
is unlikely to be responsible for more than a very small pro-
protion of total cases, perhaps less than 1%. Overall, oral 
symptoms are most likely to be found in the atopic patient; 
in these subjects, allergy to foods should be entertained as 
a possible diagnosis in the absence of disease elsewhere. 

Figure 10 Ulceration in lower buccal sulcus associated with oral 
Crohn's disease. Note also folded appearance of buccal mucosa. 
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B. Dermatoses 

1. Discoid Lupus Erythematosus 

Traditionally, lupus erythematosus is classified into a 
chronic discoid type (DLE) and a systemic type (SLE). Both 
types may give rise to lesions within the oral mucosa. The 
buccal mucosa is involved most frequently and bilateral le-
sions are common. Classically, the lesions appear as atrophic 
erythematous areas surrounded by a keratotic border. Some-
times the lesions are more plaque like and may resemble 
lichen planus or leucoplakias. Skin lesions are found in ap-
proximately half the patients. Histologically, the epithelium 
always shows orthokeratosis and parakeratosis, and areas 
of moderate epithelial hyperplasia alternate with areas of 
epithelial atrophy. A rather deeply seated focal or peri vascu-
lar accumulation of lymphocytes is seen. Although a genetic 
susceptibility exists in SLE, with an increased frequency 
of HLA-DR2 and DR3 in Caucasian populations, no such 
relationship has been established for DLE (Woodrow, 1988). 

2. Pemphigus 

Pemphigus is a potentially lethal chronic bullous disease 
of the stratified squamous mucosa and skin, occurring mainly 
in adults over the age of 60 but sometimes in young adults 
(Zegarelli and Zegarelli, 1977). This condition commonly af-
fects the oral mucosa and may present orally. Histologically, 
acantholysis with intraepithelial bulla formation is present. 
Serum IgG, IgM, or sometimes IgA autoantibodies against 
intercellular substances of the suprabasilar epithelium of skin 
and mucosa are found in 95% of cases of pemphigus (Beutner 
et al., 1968). The autoantibody titer is correlated with the 
severity of pemphigus, and antibody disappears as the lesions 
heal (Weissman et al., 1978). 

Serum from patients can produce the characteristic histo-
logical lesion in organ culture of the skin. Antibody can be 
demonstrated to be bound to the epidermal cells prior to the 
onset of acantholysis. Acantholysis may be caused by an 
autoantibody-induced release of autolytic enzymes from the 
damaged epithelial cells (Schütz et al., 1978). Using direct 
immunofluorescence, IgG antibodies bound to intercellular 
areas of epithelium in patients with pemphigus can be demon-
strated (Beutner et al., 1968). These autoantibodies are, 
therefore, likely to be the cause of the lesions. HLA associa-
tions have been reported, particularly in Jewish and Japanese 
populations. An increased incidence of HLA-A10 and HLA-
DR4 is seen in pemphigus. An interesting finding is the associ-
ation of pemphigus with an HLA-DQwlB allele (Sinha et al., 
1988). 

3. Benign Mucous Membrane Pemphigoid 

Benign mucous membrane pemphigoid (BMMP; cicatricial 
or ocular pemphigoid) is a disease giving rise to bullous le-
sions predominatly involving the mucous membranes rather 
than the skin. Most cases are detected in the fourth decade; 
the disease is much more frequent in females than in males 
(McCarthy, 1972). As in bullous pemphigoid, histopathologi-
cal examination of the lesion shows subepithelial vesiculation 

and deposition of IgG, IgA, C3, and C4 in the basement 
membrane area. In contrast to bullous pemphigoid, serum 
autoantibodies against epithelial basement membrane are de-
tected infrequently and are in low titer (Rogers et al., 1982). 

Intraorally, two variants of BMMP are seen. The most 
common consists of bullous lesions involving much of the 
nonkeratinized and occasionally the keratinized mucosa. The 
other type is a form of desquamating gingivitis and involves 
only the gingivae around the teeth. The gingivae are very 
erythematous and hyperemic. Small bullae may be formed 
in protected areas around the teeth. 

4. Erythema Multiforme 

Erythema multiforme is a mucocutaneous disease charac-
terized by typical target skin lesions, with oral or ocular 
involvement in some cases and a marked tendency to recur. 
The condition mainly affects young adult males and has a 
seasonal incidence, being seen mainly in the spring or 
autumn. 

The etiology of oral erythema multiforme has not been 
established, but many agents have been implicated. A wide 
range of drugs may be responsible, especially the barbitu-
rates, phenylbutazone, sulfonamides, carbamazepine, and 
penicillin. The anticonvulsant drugs of the hydantoin and 
succinimide groups may cause a severe bullous form of ery-
thema multiforme (Levantine and Almeyda, 1972). Certain 
infections such as herpes simplex, Mycoplasma, His-
toplasma, and Trichomonas also may be associated with ery-
thema multiforme (Shelley, 1967). The most common identi-
fiable factor associated is a preceding herpes simplex virus 
infection, and this relationship is found in about 15% of 
patients (Lozada and Silverman, 1978). Herpes simplex virus 
usually is not isolated from the lesions nor is it demonstrable 
in biopsy specimens, but erythema multiforme can be induced 
by challenge with a vaccine of herpes simplex virus (Shelley, 
1967). In the majority of instances, however, no causal factor 
is found; little evidence exists for an allergic cause. No abnor-
malities of immunoglobulin levels, lymphocyte transforma-
tion, or skin testing have been reported, but increased macro-
phage aggregation is seen (Krueger et al., 1973). Immune 
complexes may activate the classical pathway of complement 
to initiate bulla formation (Safai et al., 1977). Histologically, 
degenerative changes occur at the dermo-epidermal junc-
tion. Acanthosis occurs, with bullae either sub- or intra-
epithelially. The degenerating oral epithelium is strikingly 
eosinophilic and a lymphohistiocytic infiltration in the lamina 
propria is common (Lozada and Silverman, 1978). 
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Immunobiology of the Tonsils and Adenoids 
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I. INTRODUCTION 

The palatine tonsils and the nasopharyngeal tonsil (ade-
noid) are lymphoepithelial tissues located in strategic areas 
of the oral pharynx and nasopharynx, respectively. These 
immunocompetent tissues represent the first line of defense 
against ingested or inhaled foreign proteins such as bacteria, 
viruses, or food antigens. Tonsillectomy and adenoidectomy 
are the most common major operations performed on children 
under general anesthesia in the United States (Paradise and 
Bluestone, 1976). However, the indications for tonsillectomy 
and adenoidectomy have been complicated by the contro-
versy over the benefits of extracting a chronically infected 
tissue and the possible harm this operation may cause by 
eliminating an important source of local mucosal defense in 
the host. The information necessary to make a rational deci-
sion in resolving this controversy can be obtained by under-
standing the immunological potential of the normal tonsils 
and adenoids and by comparing these functions with the 
changes that occur in the chronically diseased tonsil and 
adenoid. This chapter reviews the distribution of immuno-
competent cells in various locations of the palatine tonsil 
and nasopharyngeal tonsil, and compares their numbers and 
function in aging and chronic infection. Further, the role of 
the tonsils and adenoids as part of the common mucosal 
immune system is reviewed. Finally, the palatine tonsil as a 
potential source of autoimmunity in other parts of the body 
is discussed briefly. 

II. IMMUNOLOGICAL CYTOARCHITECTURE 
OF THE TONSILS AND ADENOIDS 

The palatine tonsil and nasopharyngeal tonsil have a char-
acteristic lymphoid architecture that includes a reticular epi-
thelium, a follicular region or primary and secondary germinal 
centers that are covered with mantle zones, and extrafollicu-
lar regions. The immunocompetent cells that are present in 
these various regions of the tonsil have been studied thor-
oughly by many investigators using specific polyclonal and 
monoclonal antibodies directed against specific epitopes of 
lymphocytes (Brandtzaeg et al., 1979; Surjan et al., 1978; 
Steins a/., 1980;Surjan, 1980; Yamanaka ei a/., 1983b,1992; 
Brandtzaeg, 1984,1987; Harabuchi et al, 1985; Bernstein et 
al, 1988). 

Figure 1 summarizes the immunological cytoarchitecture 
of the palatine tonsil. The principal route of antigen uptake 
occurs in palatine tonsils in their crypts and in the nasopha-
ryngeal tonsils in their furrows. In the human palatine tonsil, 
10-20 crypts markedly increase the surface exposure for 
antigen uptake (Junqueira and Carneiro, 1980). Cells that 
may be important in antigen uptake, microfold (M) cells, are 
present that are also present in Peyer's patches of the small 
bowel (Owen and Nemanic, 1978). In addition, many HLA-
DR-positive cells exist deep in the crypt that also may be 
important in antigen uptake (Brandtzaeg, 1984,1987). Other 
important cells involved in antigen transport are macro-
phages, interdigitating cells (ICs) that are present in the extra-
follicular areas (Tew et al., 1982), and follicular dendritic 
cells (FDCs) that are primarily present in the germinal centers 
(Heinen et al., 1984; Tew et al., 1989). 

Using specific monoclonal antibodies directed against re-
ceptors on the surface of antigen-presenting cells (APCs), 
our laboratory has demonstrated the distribution and location 
of APCs in the nasopharyngeal tonsil (Bernstein et al., 1991). 
MAC387 and CD68 were used to identify cells of the mono-
cyte-macrophage series, S-100 antibody was used to identify 
interdigitating cells, and antibody directed against the C3b 
receptor defined antigen-retaining reticulum in germinal cen-
ters. Quantification of the cells was done in the four compart-
ments of the nasopharyngeal tonsils, namely, the crypt epi-
thelium, the extrafollicular zones, the mantle zone, and the 
germinal center. Table I summarizes the average percentage 
of PC As in the compartments of the nasopharyngeal tonsil. 
Figure 2(a-g) demonstrates different types of APCs in the 
nasopharyngeal tonsil compartments. 

Thymus-derived (T) cells characteristically occupy the 
extrafollicular zones, but the helper-inducer T lymphocytes 
are also present in the germinal centers (Yamanaka et al., 
1983b). B cells are primarily present in the germinal center 
and mantle zone, but also may be found in the reticular 
epithelium. Using the fluorescence activated cell sorter 
(FACS), we measured the percentages of various T-cell sub-
sets and different types of B cells in the palatine tonsil and 
adenoid. These data are summarized in Table II and are 
compared with the lymphocyte subpopulations in the autolo-
gous peripheral blood. The average percentage of T and B 
cells in the palatine tonsils, respectively, is 42% and 52%. 
In the peripheral blood, 67% of lymphocytes are T cells and 
14% are B cells. CD4+Leu8+ cells represent suppressor-
inducer cells, whereas CD4+Leu8~ cells represent helper-

Copyright © 1994 by Academic Press, Inc. 
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Figure 1 High power photomicrograph of the morphology of the 
tonsil surrounding a crypt (C). Antigen (Ag) enters the crypt and is 
taken up by cells of the reticular epithelium (RE). Antigen-presenting 
cells in this region consist of Langerhans cells, macrophages, and 
perhaps M cells. These cells then transport antigen to T cells in the 
extrafollicular zone (EF). In addition, antigen presentation to cells 
in the mantle zone (MZ) may stimulate memory cells with surface 
IgD and IgM to switch to more mature clones of B cells possessing 
Ig A and IgG. Finally, specific dendritic cells in the germinal center 
(GC) may be responsible for antigen presentation to B cells in this 

inducer cells (Lanier et al, 1983). The helper-inducer cells 
represent the majority of cells found in the palatine tonsil, 
whereas the suppressor-inducer T cells are more abundant 
in the peripheral blood. 

Using immunohistological localization of immunoglobu-
lins, various investigators have studied the distribution of 
immunoglobulin-bearing cells in the palatine tonsils (Surjan 
et al., 1978; Brandtzaeg et al., 1978,1979; Brandtzaeg, 
1984,1987,1991; Bernstein 1990; Nadal et al., 1992). Actively 
Ig-secreting cells, or plasma cells, constitute no more than 
2% of the total cells in the palatine tonsil and nasopharyngeal 
tonsils (Nadal et al., 1992). IgG appears to be the predominant 
immunoglobulin. The ratio of Ig A to IgM differs according 
to the methods of study used. Studying the cytoplasmic stain-
ing of immunocytes, Brandtzaeg and his colleagues have 
suggested that the number of IgA immunocytes is signifi-
cantly greater than that of IgM immunocytes (Brandtzaeg, 
1984,1987). However, using the ELISPOT technique, which 
specifically identifies cells that are secreting immunoglobulins 
actively, our laboratory has found that the numbers for IgA-
and IgM-secreting cells are similar (Nadal et al., 1992). How-
ever, IgA secretion in the palatine tonsils is significantly 
greater than in the lymph node (Woloschak et al., 1986), 
suggesting that the palatine tonsil has characteristics of a 
mucosal immune system. 

Table I Average Percentage of Antigen Presenting Cells in Compartments of 
Nasopharyngeal Tonsil0 

Antibody 

MAC387 CD68 S-100 C3b 

Crypt epithelium 

Extrafollicular zone 

Mantle zone 

Germinal center 

6.1 ± 5.7 <H>0.39 ± 1.13* 0.47 ± 0.86 0.01 ± 0.01 

5.4 ± 2.3 4.4 ± 3.6 2.4 ± 1.5 0.01 ± 0.02 

0.17 ±0.19 0.99 ± 2.4 0.05 ± 0.08 11.0 ± 7.8 

0.66 ±1.2 <H> 2.5 ± 1.3* 0.09 ± 0.24 42.0 ± 6.1 

a MAC387 and CD68 are monoclonal antibodies that stain for macrophage cells. However, the 
distribution of CD68 is significantly different than that of MAC387 in the crypt epithelium and in the 
germinal center. CD68 in the germinal centers is believed to represent tingible macrophages. 

*p<0.01 
c p < 0 . 0 1 

Figure 2 (A) Immunohistochemical staining with MAC387 shows staining of macrophages (arrow) in the crypt of the 
nasopharyngeal tonsil (APAAP x 25, alkaline phosphatase-antialkaline phosphatase). C, Crypt. (B) Immunohistochemical 
staining with MAC387 in the extrafollicular zone of the nasopharyngeal tonsil (APAAP x 10). gc, germinal center. These 
cells appear to be confined to the extrafollicular area and are not found in the germinal center. They most likely represent 
macrophages, although they also may represent interdigitating cells. (C) Immunohistochemical localization of CD68 cells 
in the extrafollicular zone of the nasopharyngeal tonsil. These cells are few in the crypt epithelium, but the cells are found 
mainly in the extrafollicular zone (APAAP x 10). (D) Immunohistochemical localization of CD68 cells in the germinal 
center of the nasopharyngeal tonsil (APAAP x 10). mz, Mantle zone. Many cells are found in the follicle of the nasopharyn-
geal tonsil. These cells represent tingible macrophages. (E) Immunohistochemical localization of cells staining with S100 
in the extrafollicular zone of the nasopharyngeal tonsil (APAAP x 10). These cells most likely represent interdigitating 
cells and are found mainly in the extrafollicular zone and not in the germinal center. (F) Immunohistochemical localization 
of C3b receptor on the foUicular dendritic cells (FDC) of the nasopharyngeal germinal center (APAAP x 10). These cells 
stain for the complement receptor in the germinal center. (G) High powered photomicrograph of C3b labeling (arrow) of 
the dendritic processes of FDCs showing the antigen retaining reticulum (ARR) (APAAP x 49). 
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Table II Lymphocyte Subsets in Palatine Tonsils and Peripheral Blood0 

IgD 

IgG 

IgA 

IgM 

CD19 (Total B) 

CD3 (Total T) 

CD4 

CD8 

CD3+ Leu 8+ 

CD3+ Leu 8" 

Peripheral blood 

Total lymphocytes 
(%) 

2.5 

2.1 

0.318 

9.7 

14 

67 

35 

29 

30 

7 

B cells 
(%) 

22 

18 

5 

88 

Palatine tonsils 

Total lymphocytes 
(%) 

1.2 

31.0 

7.3 

19.9 

52 

42 

32 

9 

10 

21 

B cells 
(%) 

8 

73 

20 

43 

a Samples were from 46 patients undergoing tonsillectomy. The predominant immunoglobulin in 
the palatine tonsils is IgG and represents 73% of the B cells, whereas the predominant immunoglobulin 
in B cells in the peripheral blood is IgM. The peripheral blood possesses a majority of T lymphocytes, 
whereas the average number of B cells in the tonsil is 52%. The ratio of T helper to T suppressor 
cells in the palatine tonsil is significantly greater than the ratio in the peripheral blood. CD3+Leu8+ 

cells, which represent suppressor inducer cells, are greater in the peripheral blood, whereas CD3 + 

Leu8" cells, which represent helper inducer cells, are greater in the palatine tonsils. 

The mantle zones of the tonsils appear to be very specific 
for early clones of B cells possessing both IgM and IgD on 
their surfaces (Yamanaka et al., 1992). On the other hand, 
in the germinal center, IgD is found rarely whereas IgG and 
IgM are frequent, suggesting that significant switching of 
early clones of B cells to more mature B cells occurs in the 
germinal center (Brandtzaeg, 1987). Further, IgA and IgG 
immunocytes also are located in the crypt epithelium and in 
the extrafollicular zones (Figure 3A,B). A summary of the 
distribution of the cellular immunoglobulin isotypes in the 
human palatine tonsil is presented in Figure 4. 

The production of J chain by different types of B cells in 
the palatine tonsil was studied by the Brandtzaeg laboratory 
and was shown to represent a very important concept with 
respect to the relationship between normal and diseased ton-
sils (Brandtzaeg et al., 1979). A summary of J-chain expres-
sion by tonsillar immunoglobulin-producing cells in health 
and disease is shown in Figure 5. 

This brief summary of the immunological cytoarchitecture 
of the palatine and nasopharyngeal tonsil suggests that these 
structures possess all the elements required of a mucosal 
immune system. Bacterial, viral, or food antigen can be ad-
sorbed selectively by macrophages, HLA-positive cells, and 
M cells in the crypts of these lymphoepithelial tissues. Fur-
ther, the antigens can be transported to T cells in the extrafol-
licular area by ICs and to B cells in the germinal centers by 
FDCs. Early clones of B cells in the mantle zone, which 
have surface IgM and IgD, may be memory cells that can 
be stimulated to switch into more mature clones of B 
cells, including IgG- and IgA-secreting cells. With proper 
stimulation by interleukins from T-helper cells in the follic-
ular zone, B cells may mature into memory cells or into 
immunoglobulin-synthesizing plasma cells (Tew et al., 1989). 

These plasma cells then are distributed in the extrafollicular 
zone and in the crypt epithelium, and the immunoglobulins 
are secreted into the crypt. Therefore, the tonsil plays an 
important role in maintaining the normal microbiological flora 
in the crypts of the tonsils and in the furrows of the adenoids, 
at least in the healthy person. Finally, B cells that possess 
J chain may mature into IgM and IgA plasma cells that secrete 
J-chain-bearing immunoglobulins. The nasopharyngeal ton-
sil, which possesses secretory component (SC), will function 
as a true secretory immune system. In contrast, the palatine 
tonsil, which possesses either stratified squamous epithelium 
or simple cuboidal epithelium as in the crypt, will secrete 
IgA into the crypt lumen but also may be the source of dimeric 
J-chain-positive IgA B cells for other areas of the upper 
respiratory system, such as the parotid gland, the lacrimal 
gland, the nasal mucosa, and the middle ear mucosa in otitis 
media (Brandtzaeg, 1984,1987). 

Cell-cell interaction in the palatine tonsil has been studied 
by a number of investigators (Perry et al., 1991; Tsubota et 
al., 1991). For example, a series of molecules that play a 
crucial role in adhesion and signal transduction have been 
reported. These molecules are designated, in general, adhe-
sion molecules. Immunohistochemical analysis showed 
vitronectin, fibronectin, and laminin, as well as other surface-
associated adhesions, to be present on tonsillar lymphocytes. 
Further, interleukin 6 (IL-6), an important mediator of B-
cell maturation, has been demonstrated in palatine tonsils 
and seems to be associated with the macrophage in the pala-
tine tonsil (Sugiyama, 1991). Moreover, B cells with IL-6 
receptors have been demonstrated in the tonsil. In addition, 
this cytokine may induce the proliferation and differentiation 
of cytotoxic T cells. 

The microvasculature of the human palatine tonsil and its 
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Figure 3 (A) Immunohistological localization of IgA using FITC 
conjugated anti-immunoglobulin A antibody, cr, Crypt. IgA plasma 
cells are found in the lamina propria underlying the crypt epithelium 
and in the interfollicular areas (APAAP x 25). (b) Immunohistologi-
cal localization of IgG immunocytes in the tonsillar tissue, mz, Man-
tle zone; gc, germinal center; ce, crypt epithelium. Multiple immuno-
cytes possessing IgG are seen in the interfollicular area. Virtually 
no IgG is seen in the mantle zone, and lacy staining between the 
cells is seen in the germinal center (APAAP x 16). 

role in homing of lymphocytes has been studied by investiga-
tors at the University of London (Perry et al., 1991). This 
selective process is thought to be mediated in part by the 
lymphocyte function-associated antigen 1 (LFA-1) that is 

Figure 4 Diagram of the distribution of immunocytes found in the 
human palatine tonsil in 46 cases. IgM and IgG immunocytes are 
found in the germinal centers. A few IgM positive immunocytes are 
found in the mantle zone. IgG and IgA immunocytes are found 
primarily in the extrafoUicular zones and in the crypt epithelium. 
MZ, Mantle zone; IZ, intermediate zone; B2, basal zone; M, medulla; 
C, crypt; · , IgM-positive cells; X, IgG-positive cells; V, IgA-positive 
cells. 

expressed on the surface of lymphocytes and by its ligand, 
the intercellular adhesion molecule-1 (ICAM-1), that is ex-
pressed on the endothelium. Localization of ICAM-1 was 
confined predominantly to the endothelium, with greatest 
expression seen on the high endothelial venules (HEV) in 
both the extrafoUicular and the intraepithehal locations of 
the human palatine tonsil. LFA-1-expressing lymphocytes 
were seen in both intra- and extravascular locations, espe-
cially in the extrafoUicular T-cell region close to the HEV. 
The increased expression of LFA-1 on the large number of 
tonsillar lymphocytes, in conjunction with the up-regulated 
expression of ICAM-1 on the HEV, suggests that the latter 
functions as a promoter of lymphocyte extravasation into 
tonsillar tissue. 

Normal 

^77777777777777777777, 
Follide center 

Recurrent tonsillitis 

Follicle center 

Figure 5 Schematic representation of average J-chain positivity 
shown by intra- and extrafoUicular Ig-producing immunocytes of 
various isotypes, as indicated. A significant decrease in the J-chain 
positive IgA cells is seen in the follicle and in the extrafoUicular area 
in recurrent tonsillitis. Reprinted with permission from Brandtzaeg 
(1987). 
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In summary, the palatine and nasopharyngeal tonsils repre-
sent strategically located lymphoepithelial tissues that harbor 
all the immunocompetent cells and molecules necessary for 
the exhibition of a local immune response. Inasmuch as nor-
mal human lungs lack organized bronchus-associated 
lymphoid tissue (BALT; Brandtzaeg, 1991), which is promi-
nent in certain animal species (Scicchitano et al., 1987), the 
major source of B-cell precursors in the upper respiratory 
tract of humans appears to be the lymphoid tissue of Waldey-
er's ring, dominated by the palatine tonsil. 

III. PALATINE TONSILS AND 
NASOPHARYNGEAL TONSIL AS LOCAL 

IMMUNE SYSTEMS 

Tonsillar lymphocytes have the capacity to produce spe-
cific antibodies against a number of pathogens and other 
foreign proteins (Rynell-Dagoo, 1976; Harabuchi et al., 1989; 
J. M. Bernstein and G. Rich, unpublished data). The predomi-
nant antibody isotype synthesized and released by both ton-
sillar lymphocytes and adenoidal lymphocytes is IgG. The 
observations of considerable interest, however, are that ton-
sillar and adenoidal lymphocytes exhibit specific activity 
against respiratory syncytial virus (RSV), an agent associated 
with upper airway disease, as well as Streptococcus pneu-
moniae, Haemophilus influenzae, and beta hemolytic Strep-
tococcus Group A. Various cow milk antigens, including 
casein and /Mactoglobulin, induce specific T-cell responses 
in tonsillar lymphocytes (J. M. Bernstein and G. Rich, unpub-
lished data). Further, adenoidal lymphocytes are capable of 
synthesizing specific IgG, Ig A, and IgM antibody against 
RSV virus, both spontaneously and when stimulated with the 
virus (Soh et al., 1991). In contrast, adenoidal lymphocytes 
exposed to the polyclonal B-cell mitogens, the lipopolysac-
charide (LPS) from Escherichia coli, and purified protein 
derivative (PPD) demonstrate only a poor response (Rynnel-
Dagoo, 1978; Meistrup-Larsen et al., 1980). Exposure of 
adenoid lymphocytes to H. influenzae in vitro has been dem-
onstrated to elicit higher responses when the cells are ob-
tained from subjects apparently free from immediately pre-
ceding nasopharyngeal exposure to the same pathogen than 
when the cells are derived from individuals currently colo-
nized with this bacterium (Harabuchi et al., 1989). In our 
studies using RSV, the predominant immunoglobulin se-
creted was IgG (So et al, 1991). 

The results of these functional studies provide evidence 
that both the tonsils and adenoids are engaged continuously 
in local immune responses to viral and bacterial pathogens 
that have a tropism to the nasopharynx, oropharynx, and 
respiratory mucosa. In this regard, the clinical otolaryngolo-
gist must consider that tonsillectomy and adenoidectomy may 
result in the reduction of local immune competence against 
various pathogens and allergens, as suggested in a previous 
study detecting the fall of specific antibody titers against polio 
virus in nasopharyngeal washings (Ogra, 1971). 

IV. TONSILS AS A SOURCE OF 
IMMUNOCOMPETENT CELLS FOR OTHER 

AREAS OF THE UPPER RESPIRATORY TRACT 

The existence of a protective local immune system that 
functions fairly independently of systemic immunity was pro-
posed by Besredka (1919) when he demonstrated that, after 
oral immunization with killed Shiga bacillus, rabbits were 
protected against fatal dysentery irrespective of a serum anti-
body titer (Besredka, 1919). The interest in local immunity 
was revived significantly in the 1960s when Tomasi et al. 
(1963) reported that the predominant immunoglobulin in ex-
ternal body fluids was IgA. In 1974, a common epithelial 
transport model was proposed for dimeric IgA and pen-
tameric IgM by Brandtzaeg (1974). The joining J chain had 
been identified a few years earlier as a unique polypeptide 
shared by these two immunoglobulin polymers (Mestecky et 
al., 1971). 

All secretory sites of adults normally contain a remarkable 
predominance of IgA-producing immunocytes, including 
plasma cells and their immediate precursors. Although these 
immunocytes are particularly common in the intestinal mu-
cosa, they also exist in the lacrimal gland, nasal mucosa, 
parotid gland, mammary gland, and the middle ear mucosa 
in otitis media and chronic otitis media with effusion. A 
relatively large proportion of the IgA2 subclass has been 
reported for the IgA immunocytes present in secretory sites 
in the colon (Conley and Bartelt, 1984), whereas the tonsils 
possess primarily IgAl immunocytes, suggesting that the 
source of the IgA B cells may be different for these two 
mucosal systems (Kett et al., 1986). The source of the B cells 
that reach the nasal mucosa, middle ear, or parotid gland 
could be chiefly the lymphoid tissue of Waldeyer's ring. 
Therefore, tonsils and adenoids have been suggested as 
sources of dimeric J-chain-positive IgA B cells. Therefore 
the tonsils would, indeed, play a role as a "Peyer's patch" 
of the upper respiratory tract and seed the upper respiratory 
mucosa with J-chain-positive IgA B cells. This concept has 
been demonstrated by Brandtzaeg (1987). Data from our labo-
ratory support the concept that the tonsil may play such a role 
(Bernstein et al., 1988). Streptococcus mutans, a common 
bacterial organism associated with dental caries, is never 
found in the mucosa of the middle ear or the nose. However, 
B cells with specific surface antibody against this organism 
can be found at these sites (Figure 6A,B). The tonsils and/ 
or adenoids have been suggested to be the source of B cells 
with specific surface immunoglobulin directed against an or-
ganism that is not present in the middle ear or nasal mucosa. 
Thus, a specific B cell arising from the tonsil or adenoid 
lymphoid tissue may migrate to an adjacent site in the upper 
respiratory mucosa. 

The IgD-expressing lymphocytes present in the mantle 
zone of tonsillar lymph follicles, for the most part, bear IgM 
on their surface. These cells are considered to be memory 
cells that follow antigen-driven proliferation. Retained sur-
face IgD is apparently a marker of early memory clones, 
whereas persistent secondary stimulation seems to result in 
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Figure 6 (A) Immunocytes in the extrafollicular zone of the tonsil 
staining positive for antibody specific for Streptococcus mutans 
(APAAP x 25). (B) Immunohistological localization of S. mutans 
in the middle ear mucosa using fluorescent conjugated antiserum 
specific for S. mutans. Multiple immunocytes are present in the 
middle ear mucosa. Streptococcus mutans is virtually never found 
in the middle ear. This result is an example of seeding of specific 
tonsiliar B cells that have been stimulated with S. mutans and have 
migrated to a distant area of the upper respiratory tract mucosa 
(APAAP x 25). 

IgD-negative mature memory clones with the potential to 
produce antibody of higher affinity such as IgG and IgA 
(Brandtzaeg et al., 1979). As previously mentioned, cells 
with concomitant production of IgA and J chain are common 
in the extrafollicular area, but less common in the germinal 
center. This observation indicates that extensive isotype 
switching takes place in the early phase of clonal proliferation 
and differentiation of tonsiliar B cells. 

Such a clonal development of tonsiliar IgA would 
strengthen the potential of palatine tonsil to act as a putative 
precursor source for the secretory IgA system similar to 
BALT and gut-associated lympoid tissue (GALT). Since a 
substantial number of B cells terminate in the extrafollicular 
region with concomitant production of IgA and J chain, pre-
cursors committed to this phenotype are likely to evade the 
tonsils and migrate to mucosal glandular tissue. The observa-
tion that in vitro stimulation of tonsiliar lymphocytes with 
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an alimentary antigen (ß-lactoglobulin) results mainly in gen-
eration of IgA immunocytes from tonsiliar lymphoid cells 
supports the idea that these cells are integrated with the 
secretory immune system (Paganelli and Levinsky, 1981). 

Circumstantial evidence indicates that tonsiliar B cells with 
a potential for J-chain expression may contribute to the secre-
tory immune system in glandular tissue of the upper respira-
tory tract. Moreover, the fact that nasal IgA antibodies show 
relatively broad specificity supports the theory that they are 
products of B-cell clones at an early phase of maturation 
(Brandtzaeg, 1984). Therefore, the normal tonsil and adenoid, 
in addition to playing an important role in immune exclusion, 
also appear to be a source of dimeric J-chain-positive IgA, 
which is the critical secretory antibody for the mucosa of the 
upper respiratory tract. 

Most important for clinicians is an understanding of events 
during the disease state. If alterations in the normal immuno-
globulin function appear in diseased states of the tonsil, and 
immune exclusion and immune regulation are dysfunctional, 
the tonsil will not serve adequately as a first line of defense. 
As is suggested in subsequent discussion, the tonsil actually 
may be harmful to the organism, as in the case of autoimmu-
nity associated with focal tonsillitis. 

V. IMMUNOLOGICAL CYTOARCHITECTURE 
OF THE PALATINE AND 

NASOPHARYNGEAL TONSIL WITH AGE 
AND INFLAMMATORY DISEASE 

Using the technique of image analysis, a quantitative study 
of the distribution of lymphoid cells in the tonsiliar compart-
ments in relation to infection and age has been undertaken 
(Yamanaka et al., 1992). The distribution of lymphoid cells 
in the mantle zone, germinal center, extrafollicular area, and 
subepithelial area of the tonsil was evaluated quantitatively 
by image analysis in 90 subjects, aged 3 to 66 years. The 
number of immunoglobulin-positive cells in the tonsil de-
creased with advancing age in all compartments. This inverse 
correlation with age was statistically significant for IgD-, 
IgM-, and IgG-positive cells (Figure 7). The overall change 
of each T-cell subset with age was smaller than that of 
immunoglobulin-positive cells. An age-related marked de-
cline was seen for CD4+ cells only in the subepithelial area. 
KI-67-positive cells, which represent cells undergoing active 
division, were found mainly in the germinal centers. These 
cells also diminished in numbers with advancing age. Patients 
with frequent episodes of tonsillitis demonstrated a significant 
increase of IgD-positive cells and IgG-positive cells in extra-
follicular and subepithelial compartments, and a decrease of 
CD4+ cells in the germinal center and subepithelial areas. 
These results suggest that tonsiliar involution with age is 
associated immunologically in all compartments with a de-
crease in immunoglobulin cells and cells undergoing active 
division, as demonstrated by KI-67-positive cells (Goding 
and Burn, 1981). 
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Figure 7 Using the technique of image analysis, a quantitative study 
of the distribution of lymphoid cells in relation to age is shown. IgM 
(A), IgG (D), and IgD (V) are decreased significantly with advancing 
age of the tonsil. IgA (O) and IgE (Ä) remain about the same with 
increased age, as do CD4 (♦) and CD8(·) T cells. 

On the basis of many other investigations, researchers 
generally agree that an altered immunological function occurs 
in the palatine tonsils with age and infection (Bernstein et 
al, 1988; Brandtzaeg, 1984, 1987; Siegel, 1978; Siegel et al, 
1982; Surjan et al, 1978; Surjan, 1980). Using FACS analysis 
with the monoclonal antibody against CD 19, a statistically 
significant decrease of B cells with age was demonstrated 
(Figure 8). In addition, a decrease in the number of M cells, 
which are important APCs in the crypt epithelium, has been 
suggested (Brandtzaeg, 1987). The most extensive treatise 
on the immunopathology of tonsillar tissue has been pre-
sented by Brandtzaeg (1984,1987). Altered antigen uptake 
and altered B-cell activity are major problems that may occur 
in chronic tonsillitis and in the aging tonsil. This altered 
immunological function may contribute to recurrence of ton-
sillitis and thereby lead to a vicious cycle. The microenviron-
mental conditions that best enhance tonsillar proliferation 
of J-chain-positive IgA B cells may depend on appropriate 
antigen presentation by M cells found in the reticular crypt 
epithelium and on particular subsets of regulatory T cells. The 
putative role of tonsils as precursor sources for the secretory 
immune system thus is jeopardized by tonsillar disease. Our 
laboratory has demonstrated that IgD expression in the man-
tle zone decreases with increased episodes of tonsillitis (Bern-
stein et al, 1988). Further, marked reduction in IgG immuno-
cytes occurs with many episodes of recurrent tonsillitis. 
Moreover, HLA-DR-positive cells decrease significantly in 
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Figure 8 Regression analysis of CD 19 (B cells) in the tonsil 
with increasing age. A highly significant inverse correlation 
(R2 = 0.45582) is seen between the number of B cells in the tonsil 
and age. 

the mantle zone; a similar trend is observed in the other 
compartments. As demonstrated in Figure 3, a significant 
decrease in J-chain expression by IgA-positive cells occurs 
in both the follicle and the extrafollicular regions in the tonsils 
of patients with recurrent tonsillitis, particularly in the germi-
nal center (Brandtzaeg, 1984,1987). 

VI. DISTRIBUTION AND ENGRAFTMENT 
PATTERNS OF HUMAN TONSILLAR 

MONONUCLEAR CELLS AND 
IMMUNOGLOBULIN-SECRETING CELLS IN 

MICE WITH SEVERE COMBINED 
IMMUNODEFICIENCY: THE ROLE OF 

EPSTEIN-BARR VIRUS 

As mentioned already, the tonsils and adenoids seem the 
ideal source for lymphocytes seeding into the mucosa of the 
respiratory tract. The distribution and engraftment of human 
lymphocytes injected into mice with severe combined immu-
nodeficiency (SCID) are not well understood. In our labora-
tory, human tonsillar mononuclear cells (hu-TMC) were in-
jected intraperitoneally into SCID mice (Nadal et ai, 1991c). 
The hu-TMC-SCID mouse ''chimeras" subsequently were 
tested for the appearance and distribution of human lympho-
cytes tagged with H33342 and of immunoglobulin-secreting 
cells in various systemic and mucosal immunocompetent tis-
sues. This testing was performed by fluorescence microscopy 
of tissue sections for cells supravitally stained before transfer 
and by an ELISPOT assay using cells isolated from murine 
organs. Most importantly, engraftment of hu-TMCs proved 
to be dependent on the presence of anti-Epstein-Barr virus 
(EBV) antibody in the donor. hu-TMCs engrafted in decreas-
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Table III Human Immunoglobulin-Secreting Cells in Donors and in SCID Mice Showing Engraftment of Human Tonsillar 
Mononuclear CellsflAc 

Donors 

Murine tissue** 
Peritoneum 
Liver 
Spleen 
Bone marrow 
Lung 
Intestine 

IgG 

716.8 ± 261.5 

375.9 ± 187.5 
238.1 ± 115.8 
43.8 ± 19.8 
10.9 ± 3.6 

155.2 ± 58.0 
0 

Donors anti-EBV positive 

IgA 

126.9 ± 27.8 

64.1 ± 50.2 
67.4 ± 29.1 
13.9 ± 6.9 
2.2 ± 0.9 

32.1 ± 12.2 
0 

IgM 

163.3 ± 24.5 

1403.5 ± 584.0 
818.4 ± 348.4 
197.6 ± 69.3 
45.4 ± 17.9 

448.6 ± 219.8 
0 

IgG 

946.5 ± 253.4 

5.7 ± 5.7 
1.3 ± 0.9 
1.3 ± 0.6 
1.3 ± 0.5 
1.4 ± 1.1 

0 

Donors anti-EBV negative 

IgA 

131.4 ± 26.1 

0.3 ± 0.3 
3.3 ± 3.3 
0.1 ± 0.1 
0.1 ± 0.1 
1.0 ±0.5 

0 

IgM 

167.5 ± 53.7 

0 
0.1 ±0.1 

0 
0.7 ± 0.7 
0.3 ± 0.3 

0 

a IgM-positive cells are predominant in all the murine tissues studied. Also, only donors who were anti-EBV positive had cells that could 
be engrafted in the SCID mouse. A predilection exists for engraftment in the respiratory tract mucosa, whereas no engraftment occurs in the 
intestinal mucosa. 

b SCID mice were injected and sacrificed as described elsewhere. Enumeration of human immunoglobulin-secreting cells (hu-ISC) was done 
by ELISPOT. 

c Values are given as mean ± SEM of isotype specific hu-ISC per 105 mononuclear cells. 
d Cell suspensions from murine tissue were enriched for human cells. 

ing numbers in the following systemic organs: peritoneum 
liver, spleen, and bone marrow. Among mucosal tissues 
tested, hu-TMCs were seen in the lungs but not in the intes-
tines. The engraftment of hu-TMCs in the lung was more 
extensive than that in the spleen. These studies demonstrate 
that hu-TMCs engrafted in a variety of murine tissues. The 
striking presence of hu-TMCs in the lungs compared with 
the intestines suggests selective engraftment among distinct 
mucosal tissues (Table III). Further, note that not only are 
these transferred cells in SCID mice viable and produce im-
munoglobulin, but they also produce specific antibody against 
RSV (Nadal et al., 1991a) after intraperitoneal immunization 
with an activated RSV. These data demonstrate for the first 
time that hu-TMC-SCID mice will respond to immunization 
with a viral antigen (Table IV). In other experiments, 5-11 

weeks later, 29.4% (10/34) of mice injected with hu-TMCs 
from EBV-seropositive donors, but none of 34 animals re-
ceiving hu-TMCs from EBV-seronegative donors, developed 
intraabdominal or intraperitoneal tumors (p = 0.002) (Nadal 
et al., 1991b). By in situ hybridization using a satellite DNA 
from human chromosome 17, all tumors resulting after cell 
transfer from EBV-seropositive donors were identified to be 
of human origin. Histologically, the tumors resembled large 
cell lymphomas. EBV genome was detected by in situ hybrid-
ization and EBV nuclear antigen by immunofluorescence in 
these tumors. The tumors were poly- or oligoclonal and 
stained for human IgG, IgM, and, less frequently, IgA and 
IgD. Human IL-6 was detected in the serum of most of the 
animals with human lymphomas, but not in any animals with-
out human lymphoma. 

Table IV Human Immunoglobulin-Secreting Cells Recovered from Human Tonsillar Mononuclear Cell-SCID Mice 
Immunized with Respiratory Syncytial Virus0 

Tissue 

Peritoneum 

Nonmucosal 
Liver 
Spleen 
Bone marrow 

Mucosal 
Lung 
Intestine 

Positive 

IgG 

2370 ± 1130 

1211 ±449 
268 ± 117 
89 ± 37 

1255 ± 618 
0 

for RSV-specific hu-ASC* 

IgA 

681 ± 615 

722 ± 358 
154 ± 84 
25 ± 11 

361 ± 146 
0 

IgM 

16961 ± 6799 

10083 ± 4426 
2419 ± 807 
558 ± 212 

5467 ± 2646 
0 

Negative 

IgG 

5237 ± 492 

6168 ± 4638 
1008 ± 683 
183 ± 80 

3028 ±1137 
0 

for RSV-specific 

IgA 

275 ± 216 

643 ±466 
123 ± 56 
13 ± 7 

360 ± 232 
0 

hu-ASCc 

IgM 

568 ± 396 

2073 ± 1977 
68 ± 29 
10 ± 7 

488 ± 299 
0 

a A predilection exists for IgM cells to engraft in the murine tissue. Further, engraftment only occurs in the mucosa of the lung, suggesting 
the tonsils preferentially engraft to respiratory mucosa rather than to intestinal mucosa. 

b RSV, Respiratory syncytial virus; hu-ASC, human antibody-secreting cells; n = 13. 
cn = 4. 
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In summary, these observations suggest that a distinct 
distribution pattern of lymphocytes from human tonsils exists 
for the respiratory tract. Tonsillar lymphocytes can engraft 
efficiently into these immunodeficient mice. Further, an im-
munospot assay to detect human immunoglobulin-secreting 
cells in cell preparations from various murine organs enriched 
for human cells strongly indicated that, after engraftment, 
the cells are not only viable but also functional. Interestingly 
the relative isotype distribution of human immunoglobulin-
secreting cells in engrafted animals shows significant differ-
ences from the isotype distribution in the donor-cell suspen-
sions (Table III). Engraftment of hu-TMCs shows an increase 
of the IgM human immunoglobulin-secreting cell population 
and a significant decrease in the IgG immunoglobulin popula-
tion. Analysis of cells isolated from human tonsils also has 
demonstrated a high death rate of germinal center-derived B 
cells, which have a high percentage of IgG isotype. The 
results observed in the SCID mouse experiments may reflect 
a fast death rate of IgG B cells derived from tonsillar germinal 
centers. The observations summarized from these experi-
ments also suggest that human tonsillar lymphocytes from 
EBV-positive children and young adults give rise to large 
cell lymphomas of human origin when transferred into SCID 
mice. 

VII. TONSIL AS A SOURCE 
OF AUTOANTIBODY 

The concept that altered antigens in the squamous epithe-
lium of the palatine tonsil may serve as a source of autoanti-
body for diseases of the palms and soles long has been consid-
ered (Andrew et al., 1935). Further, several renal diseases, 
including IgA nephropathy and glomerulonephritis, have 
been associated with inflammatory diseases of the upper re-
spiratory tract (Miura et al., 1984). In light of modern immu-
nology, secondary disorders caused by focal infection of the 
tonsils may be considered in the category of autoimmune 
diseases. The final section of this chapter addresses the rela-

tionship between the palatine tonsils and autoimmunity as it 
may affect the skin. 

Pustulosis palmaris et plantaris (PPP) is a chronic recurring 
disorder of the palms and soles characterized by sterile intra-
epidermal pustules (Ofuji et al., 1958; Thomsen and Oster-
bye, 1973; Noda and Ura, 1983). PPP affects women slightly 
more frequently than men, between the ages of 30 and 60 
years. The disease is characterized by numerous pustules 
and erythematous patches on the palmo-plantar skin (Figure 
9; Uehara, 1983; Undeutsch, 1972; Uehara and Ofuji, 1974). 
The disease tends to have unpredictable excerbations that 
often occur during periods of acute aggravation of infected 
foci in the tonsil. The most popular pathogenic theory for 
PPP is focal infection of the tonsil (Andrew et al., 1935; 
Thomsen and Osterbye, 1973). Further, several investigators 
have shown that PPP clears after tonsillectomy (Yamanaka 
etal., 1983a,1989). 

The primary histological change in PPP is a spongiotic 
vesicle located deep within the epidermis (Figure lOa-d). 
Mononuclear cells are observed mostly in the involved epi-
dermis and adjacent dermis. As the upper pole of the vesicle 
comes into contact with the stratum corneum, neutrophils 
begin to invade the epidermis and gather at the roof of the 
vesicle. When the vesicle moves upward, neutrophils further 
accumulate in the vesicle and the eruption becomes com-
pletely pustular. The deposition of all major immunoglobulin 
classes—IgG, IgM, and IgA—or complement fraction C3 
in the pustules and intercellular spaces around pustules in 
patients with PPP has been demonstrated (Husby et al., 
1973). These findings, in addition to the fact that the pustula-
tion of PPP takes place only when direct contact betwee/i 
the blister and the stratum corneum occurs, suggests that in 
vivo formation of antigen-antibody complexes in the stratum 
corneum of lesions of PPP may activate complement via the 
classical pathway and release chemical mediators such as 
chemotactic factors, which then trigger the migration of neu-
trophils at the subcorneal areas of the blisters (Krogh and 
Tonder, 1970; Tagami and Ofuji, 1978). The proteolytic en-
zymes thus are released from neutrophils and may cause 
destruction of the stratum corneum, resulting in the formation 
of pustules. 

Figure 9 Typical skin lesions of pustulosis palmaris et plantaris (PPP). The disease is characterized by numerous pustules 
and erythematous patches on palmo-plantar skin. 
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Figure 10 Histopathogenesis of PPP. (A) A spongionic vesicle; (B) mononuclear cells in the involved epidermis 
and adjacent dermis; (C) neutrophils gather at the center of the roof of the vesicle; (D) the eruption becomes 
pustular. 

The immunopathological hypothesis relating the tonsils to 
PPP may be related to the structure of the crypt epithelium 
of the tonsil. The structure of the palatine tonsil, as mentioned 
earlier, is characterized by numerous crypts and lymphoid 
follicles. The tonsillar crypts have primary and secondary 
branches that markedly increase the surface of the tonsil and 
appear to be the entrance for foreign antigens such as bacteria 
and viruses that invade the tonsil and provoke an immune 
response in the tonsil (Maeda and Mogi, 1982). Ono and co-
workers (1983b) have demonstrated the presence of a sub-
stance resembling the epidermal keratinous layer in the crypt 
epithelium of tonsil by light and electron microscopic exami-
nation. Ultrastructurally, the crypt epithelium contains to-
nofibrils, and even a structure with a keratin pattern in the 
upper layer, mixed with parakeratosis. Macrophage-like cells 
can phagocytose this horny cell-like substance. As shown in 
Figure 11, keratin-like cells and substances are observed 
diffusely in the lymphoepithelial symbiosis (LES) and inter-
mingle with mononuclear cells. Therefore, an immune reac-
tion against keratinous substances is very likely to take place 
in the deep crypt of the tonsil. Yamanaka and co-workers 
(1983a) demonstrated the presence of considerable numbers 
of helper T cells in LES; Harabuchi and co-workers (1985) 
reported the majority of the cells in the site to have membrane 
or cytoplasmic staining with anti-OKT9 antibody (Figure 12), 
which recognizes the transferrin receptor on the proliferating 
cells (Goding and Burn, 1981). These findings, in addition to 
the presence of a T-dependent response to skin antigen in 
the tonsils and blast formation of tonsillar lymphocytes but 

not in peripheral lymphocytes in response to skin extract 
(Tanaka et al., 1983) strongly support the possibility of natu-
rally occurring immune reactions of tonsillar lymphocytes 
against keratinous antigens common to both skin and crypt 
epithelium. 

Advances in immunological techniques have made it possi-
ble to analyze soluble immune complexes and have brought 
new insight to the pathogenesis of many disorders with un-
known etiology. Attempts to understand the pathophysiologi-
cal relationship between PPP and the tonsil have been made 
by investigating immune complexes in the sera of patients 
with PPP. Yamanaka and co-workers (1983a) reported the 
presence of circulating immune complexes in the sera of 
patients with PPP using the Clq-binding assay. Patients in 
whom a high serum level of immune complexes decreased 
after tonsillectomy had a remarkable subsequent improve-
ment in their skin lesions. 

Using anti-C3 solid-phase enzyme-linked immunosorbent 
assay (ELISA), soluble immune complexes in the sera of 60 
patients with PPP and 20 healthy controls were analyzed. 
The immune complex level in healthy controls was 1.35 ± 0.2 
(S.E.M.) ìg aggregated human gammaglobulin equivalent 
(AHGeq)/ml and 7.12 ± 1.36(S.E.M.) ng AHGeq/ml in pa-
tients with PPP (p < 0.05). In this study, 35% of patients 
with PPP were positive for immune complexes. The patient 
population was classified into four groups according to the 
outcome of skin lesions more than 6 months after tonsillec-
tomy—healed group, markedly improved group, moderately 
improved group, and unchanged group. The positive rate of 
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Figure 11 The structure of the lympho-epithelial symbiosis (LES) 
of the crypt of the tonsil. At the tip of crypt, the epithelium becomes 
sparse and mixes with mononuclear cells (arrow). C, Crypt. 

immune complexes in each group is shown in Figure 13. In 
a longitudinal study, 62% of patients with PPP had a decrease 
of immune complex levels to less than 5 μ% AHGeq/ml within 
6 months of tonsillectomy. Since the immune complex levels 
in those patients with PPP who showed marked or moderate 
improvements in skin lesions after tonsillectomy fell to the 
almost normal range following this procedure, the tonsils 
may play an important role as a pathogenic focus that releases 
certain components of immune complexes or even whole 
immune complexes. 

Antikeratin antibodies of the IgG and IgM classes are a 
constant feature in the sera of patients with PPP (Okamoto 
et al., 1980; Yamanaka et al., 1989). To clarify the role of 
antikeratin antibody in the pathogenesis of PPP as well as the 
relationship between tonsil and the formation of antikeratin 
antibody, a longitudinal study of antikeratin antibody level 
after tonsillectomy was performed and compared with the 
antibody level in individuals who showed no improvement 
after tonsillectomy. 

Solid-phase ELISA on serum samples from 50 patients 
with PPP and 20 healthy volunteers was used to evaluate 
antikeratin antibodies. The periods of follow-up for the pa-
tients with PPP after tonsillectomy ranged from 6 to 24 
months. As shown in Figure 14, the IgM antikeratin antibody 
level was significantly higher in the healed group and in the 
markedly improved group, as well as in the moderately im-
proved group, than in the healthy control group. In addition, 
patients in the healed group and the markedly improved group 
showed significantly higher IgM antikeratin antibody levels 
than did those in the unchanged group (p < 0.05). With re-
spect to IgG antikeratin antibody, only the moderately im-
proved group showed a significantly higher level than the 
healthy control group (p < 0.01) (Figure 15). These results 
strongly suggest that IgM antikeratin antibody may play a 

Figure 12 Immunohistology of crypt epithelium stained by OKT9 antibody. The majority of cells 
in the LES show membrane or cytoplasmic staining. C, Crypt; E, crypt epithelium; LES, lympho-
epithelial symbiosis. 
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Figure 13 The positive rate of soluble immune complexes in the 
sera of patients with PPP. Immune complex levels more than 3.0 μ% 
AHG eq/ml is set as positive. 
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Figure 14 Anti-keratin antibody level in each group classified by 
the improvement of skin lesions after tonsillectomy. (A) IgM anti-
keratin antibody. (B) IgG anti-keratin antibody. 

more important role in the formation of pustules in patients 
who are free of skin lesions or show marked improvement 
in skin lesions after tonsillectomy, and support the concept 
that PPP is a tonsil-related immunological disorder. 

EBV infects and transforms only human B cells. The tonsil 
is well known to be a B-cell dominant lymphoid organ (Yama-
naka et al, 1992). Further, some investigators have reported 
that EBV is associated with recurrent tonsillitis (Veltri et 
al, 1976). In addition, EBV-transformed lymphocytes de-
rived from peripheral blood or bone marrow secrete autoanti-
bodies against various cellular components (Fong et al., 1982; 
Robinson and Stevens, 1984). The possibility of autoantibody 
production by tonsillar lymphocytes infected with EBV has 
been analyzed. Tonsillar lymphocytes obtained from 15 pa-
tients with PPP were infected with EBV. Subsequently, trans-
formed cell lines were obtained after incubation for 2-4 wk. 
Antibody activity against cultured cell line (Hep2)-derived 
human squamous cell carcinoma was evaluated by indirect 
immunofluorescence. Culture supernatant reacted with vari-
ous cellular antigens of Hep2 cells in 4 of 15 patients with PPP. 
The immunofluorescence patterns were positive for nuclear 
envelope and cytoskeletal filaments, speckled nuclei, and 
nucleoli (Figure 14). Note that these autoantibodies were 
secreted only after EBV transformation. Other investigators 
(Garzelli et al., 1984; Uhlig et al, 1985) have reported that 
EBV-transformed lymphocytes produce autoantibodies reac-
tive with various cellular antigens and with antigens in multi-
ple organs, which may play an important role in the pathogen-
esis of autoimmune diseases. Thus, EBV may even be a 
trigger in the development of autoantibodies directed against 
squamous epithelium. The data described in this section, in 
addition to the anatomical location of the tonsil, show that 
the palatine tonsil is susceptible to viral and bacterial infec-
tions and strongly suggest the tonsil as a source of autoan-
tibody against a number of organ systems. 

In conclusion, focal tonsillitis caused by viruses or bacteria 
may produce altered antigens in the crypts of the tonsil. Both 
cell-mediated and humoral immunity directed against these 
altered antigens may produce immune complex disease di-
rected against similar antigens in other parts of the body 
such as the skin, mesangium of the kidney, and perhaps the 
costoclavicular joints. Tonsillectomy is a surgical procedure 
that may reduce the severity of these diseases markedly and, 
in some cases, abrogate the disease completely (Ono, 1977; 
and Ono et al, 1983a). 

VIII. SUMMARY 

This chapter has summarized the immunological character-
istics of the lymphoid tissue of the tonsils and adenoids. 
The mucosa of the upper respiratory tract is protected by a 
secretory immune system that is under complex immunoregu-
latory control. B cells with the potential for J-chain expres-
sion are stimulated initially in organized mucosa-associated 
lymphoid tissue in the nasopharyngeal and palatine tonsil. 
Thereafter they migrate through lymph and blood to glandular 
sites, such as the paranasal sinuses and other mucosa of the 
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Figure 15 Autoantibodies to various cellular antigens secreted from Epstein-Barr virus (EBV)-transformed 
tonsillar lymphocytes. Cultures from EBV-transformed tonsillar lymphocytes originated from patients with PPP 
show positive reaction (A) with nuclear envelope and cytoskeletal filaments, (B) with speckled nuclei and 
nucleoli, (C) with nucleoli and with speckled nuclei, and (D) with cytoskeletal filaments. 

upper respiratory tract, where they differentiate into plasma 
cells. Normal human lungs lack BALT, which is prominent 
in certain animal species. Therefore, the major source of 
B-cell precursors in the upper respiratory tract in humans 
appears to be the lymphoid tissue of Waldeyer's ring, domi-
nated by the palatine tonsil. The reticular tonsillar crypt epi-
thelium contains macrophages and dendritic cells that may 
transport antigen to the extrafollicular T-cell areas and the 
B-cell follicles. Interdigitating APCs are present in the extra-
follicular zone and often are surrounded by T lymphocytes 
that are mainly of the CD4+ (helper) phenotype. Tonsils, 
therefore, appear to be able to mount both primary and sec-
ondary T-cell responses. The preferential production of Ig A1 
in the upper respiratory tract suggests that the nasopharyn-
geal and palatine tonsil are responsible for the B cells that 
colonize the upper respiratory tract. 

The capacity of palatine tonsils to generate J-chain-
expressing B cells is significantly reduced in children afflicted 
with recurrent tonsillitis. A consequence of this reduction 
may be reduced maintenance of early memory B-cell clones 
that contribute to secretory immunity of the upper respiratory 
and digestive tract. Aging and chronic inflammation appear 
to effect APCs as well as B cells in the palatine and nasopha-
ryngeal tonsil. These facts are not necessarily indications 
for removal of tonsils and adenoids, although chronically 
infected and aging tonsils may not be able to perform their 
immunological function in many cases. Work from our labo-
ratory has been reviewed that demonstrates that human ton-

sillar lymphocytes can engraft SCID mice and produce viable 
cells that may release specific immunoglobulin against vi-
ruses. Finally, the tonsils may play a role in certain autoim-
mune diseases of the skin and kidney. For the clinician who 
removes these organs, an understanding of the immunological 
potential of the tonsils and adenoids is imperative so a wise 
decision can be made for the maintenance of maximum health 
of the child or adult. 
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I. INTRODUCTION 

Among the external secretions, milk is unique in its com-
plexity and high concentrations of mucosal immune products. 
This chapter explores the nature of that uniqueness and at-
tempts to explain its basis. Throughout the chapter, we em-
phasize human milk since it differs significantly from that of 
other nonprimate species. However, because bovine milk 
commonly is consumed by humans, particularly infants and 
children, we contrast human and bovine milk when major 
differences are known. The immunological outcomes of 
breast-feeding in the infant are discussed in Chapter 52. 

The high degree of complexity of human milk, relative 
to the other external secretions, apparently has evolved to 
provide key factors for the nutritional, metabolic, and immu-
nological needs of the infant. If the lactating woman is nour-
ished adequately, her milk will contain essentially all the 
nutrients required by the infant for at least the first 6 months 
of life. In addition, many immunological factors are present 
in human milk, presumably to protect the lactating mammary 
gland and the nursing infant from pathogenic microorgan-
isms. The immunological constituents of milk must enhance 
the probability that maternally derived nutrients will be trans-
ferred to the infant without contamination or degradation, 
so they can be used optimally for the growth and development 
of the infant. 

Another source of complexity of human milk is the dy-
namic change in composition that occurs during lactation. In 
this sense, milk is really a series of secretions that is produced 
as lactation progresses and the infant matures. An interesting 
speculation is that the changes in milk composition are timed 
to respond to changing needs of the infant, whose own muco-
sal immune system is developing rapidly. 

In trying to understand the function of the immunological 
factors in milk, we must recognize that the in vivo fate and 
functions have been demonstrated to date for a limited num-
ber of the factors. In particular, limited information exists 
concerning the distribution, survival, and function of immu-
nological factors within the infant. 

Finally, evidence suggests that the immunological impact 
on the infant of the feeding of human milk may not be totally 
passive in nature. Some milk factors may interact with factors 
produced by the infant, whereas others may act as stimuli 
for the development of the infant's own mucosal immune 

system. Thus, milk may be part of a dynamic mother-infant 
interaction that supports the newborn infant's growth and 
immunological development to a level that enhances the 
chances of survival in the extrauterine environment. 

II. ANATOMY, CELL BIOLOGY, AND 
PHYSIOLOGY OF MILK PRODUCTION 

A. General Features 

The human mammary gland is a compound tubuloalveolar 
organ. The glandular secretions empty into ducts that co-
alesce as they course through the stroma of the breast toward 
the nipple. During pregnancy, the number and size of the 
alveolar clusters increase until, at parturition, 70% of the 
gland is composed of parenchymal tissue. The process of 
lactation is modulated by hormones including prolactin, 
insulin, and growth hormone. The release of some of 
these hormones, particularly prolactin, is triggered by a 
neurosensory-endocrine pathway that is initiated by nursing. 
The autocrine and paracrine events that control lactation 
remain poorly defined. 

B. Secretory Pathways 

Four pathways exists for the secretion of milk components. 
The first one is responsible for secretion of many of the 
aqueous components of milk including casein, a-lactalbumin, 
and lactose. Caseins, after translation, are transferred to the 
Golgi apparatus, where they are phosphorylated or glycosyl-
ated. As these proteins pass from the terminal cisternae of 
the Golgi compartment into secretory vesicles, their concen-
tration increases to the millimolar range, causing aggregation 
of the casein molecules into micelles (Morr et al., 1971). The 
secretory vesicles migrate to the apical membrane, fuse with 
it, and release their contents by exocytosis. One prominent 
milk protein, á-lactalbumin, forms a complex with the en-
zyme galactosyltransferase in the Golgi, where the complex 
catalyze the synthesis of lactose. The osmotic activity of this 
disaccharide draws water and presumably ions into the Golgi, 
providing the driving force for fluid secretion. 

The second or apocrine pathway is responsible for secre-

Copyright © 1994 by Academic Press, Inc. 
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tion of milk fat. The substrate for milk fat synthesis derives 
from two sources. Fatty acids are synthesized from glucose 
by mammary alveolar cells that contain fatty acid synthetase. 
These fatty acids have somewhat shorter chain lengths (10-16 
carbons) than those synthesized in adipose tissue because of 
the presence of a mammary gland-specific enzyme called 
thioesterase II. In addition, plasma triacylglycerols are 
cleaved within the mammary gland by the enzyme lipoprotein 
lipase. The resulting fatty acids are transported into the mam-
mary alveolar cells, where they are reesterified with glycol 
to make the neutral fat molecules that coalesce to form milk 
fat globules. Alveolar cells have a columnar shape with copi-
ous endoplasmic reticulum surrounding the nucleus in the 
basal region. During milk secretion, the Golgi apparatus and 
secretory vesicles become more numerous toward the apical 
pole. Abundant cytoplasmic lipid droplets enlarge as they 
move toward the luminal end of the cell. As they press into 
the apical plasma membrane, the droplets are released into 
the milk as membrane-bound milk fat globules (Moyer-Mileur 
and Chan, 1989). Other globules that are formed during this 
process contain fewer lipids but larger amounts of other cyto-
plasmic constituents (Patton and Huston, 1985). 

The third pathway transports certain small molecules in-
cluding sodium, potassium, chloride, and glucose across the 
apical membrane of the cell. The secretion of the monovalent 
ions is effected by the electrical gradient across this mem-
brane. 

The fourth pathway transfers proteins and possible other 
substances from the interstitial space to the lumen using 
receptors and intracellular vesicles. This mechanism will be 
considered in the description of the formation of secretory 
Ig A (SIgA) in milk via polymeric immunoglobulin receptors. 

Finally, in addition to soluble components, certain cells 
and cellular membranes enter human colostrum and milk. 
Epithelial cells or their membranes are shed directly into 
milk. Most B cells that home to the mammary gland remain 
sessile, whereas many T cells, macrophages, and neutrophils 
that have entered the lamina propria pass through the intercel-
lular junctions of alveolar cells into the milk (Brandtzaeg, 
1983). The mechanisms that attract the leukocytes to the 
mammary gland and trigger the migration of those cells into 
the milk are considered in a subsequent section. 

C. Milk Ejection 

Milk secretions are stored in the alveoli and small ducts 
until they are ejected during nursing. Epithelial cells of the 
alveoli and ductules are surrounded by contractile basket-

like epithelial cells. The ejection of milk from the breast is 
mediated by neuroendocrine events that culminate in the 
contraction of those myoepithelial cells. As a result of stimu-
lation of sensory nerves at the nipple and areola during nurs-
ing, oxytocin is released from the hypothalamus into the 
posterior lobe of the pituitary gland and then into the periph-
eral circulation. Oxytocin triggers myoepithelial cells to con-
tract, forcing milk into the larger ducts and finally through 
the orifice of the nipple. 

III. COMPOSITION OF MILK 

A. Cellular Elements in Milk 

Human milk from early in lactation differs from most other 
external secretions because it contains viable leukocytes. 
The concentration of leukocytes is highest in colostrum and 
declines rapidly during the first months of lactation. Table I 
displays estimates of the numbers of neutrophils, macro-
phages, and lymphocytes in human milk during the first 
months of lactation. These numbers are based on morpho-
logical characterisitics. However, distinguishing neutrophils 
from macrophages in human milk is difficult because the 
morphology of both cells is dominated by the large amount 
of lipid-containing vesicles in the cytoplasm (Smith and Gold-
man, 1968). The mechanism by which maternal leukocytes 
enter the milk is poorly understood. However, one potentially 
important clue to this process is the finding that essentially 
all these cells have surface markers or physiological features 
of activated cells. Since most of the surface markers of activa-
tion on milk leukocytes are also present on leukocytes found 
in sites of inflammation, and are known to be important in 
homing and egress of leukocytes from the vascular compart-
ment, the mechanism of migration of leukocytes into the milk 
may be similar to that involved in inflammation. Although 
the array and mechanisms of production of inflammatory 
mediators in the lactating mammary gland are not well under-
stood, several cytokines that may be involved in leukocyte 
migration have been detected in human milk, as described 
in later sections of this chapter. The following sections dis-
cuss our current knowledge of the morphology and in vitro 
function of the milk leukocytes. 

1. Macrophages 

Macrophages may have been first photographed in human 
milk by the French microscopist Alfred Donne (1844). How-

Table I Estimated Mean (std) Concentration (x 109/ml) of Leukocytes in 
Human Milk by Phase of Lactation0 

2-3 days 4 wk 24 wk 52 wk 

Macrophages/neutrophils 3.6 (2.7) 0.06 (0.12) 0.04 (0.09) <0.01 

Lymphocytes 0.2(0.1) 0.02(0.03) 0.01(0.02) <0.01 

a Adapted with permission from Goldman et al. (1982). 



51 · Immunological Components of Milk 645 

ever, little attention was paid to the cells in milk until Smith 
and Goldman (1968) described milk cells with the morphology 
and phagocytic activity consistent with activated macro-
phages. The concentration of macrophages in early milk is 
usually greater than that of their counterparts in peripheral 
blood, the monocytes. 

More recent studies have demonstrated that the milk mac-
rophages are more motile than their counterparts in blood 
(Özkaragöz et al, 1988; Mushtaha et al, 1989) and display 
a pattern of surface markers associated with activation 
(Keeney et al, 1993). These cells also actively produce toxic 
oxygen radicals (Tsuda et ah, 1984). Attributing other activi-
ties to the milk macrophages is difficult since most studies 
of milk leukocytes have used unseparated cells. The role of 
the milk macrophage in vivo has not been established. 

2. Polymorphonuclear Leukocytes 

Early in lactation, the concentration of neutrophils in milk 
approaches that in peripheral blood (Table I). Neutrophils 
in human milk have been demonstrated to be phagocytic 
(Smith and Goldman, 1968). However, the adherence, re-
sponse to chemotactic factors, and motility of these cells are 
less than those of neutrophils from peripheral blood (Thorpe 
et al., 1986; Özkaragöz et al., 1988). Studies of surface mark-
ers suggest that some of these functional features may be the 
result of prior activation of the neutrophils (Keeney et al., 
1993). Activation of neutrophils may occur during the process 
of egression from the vascular space, may relate to the pro-
cess by which large numbers of milk globules are engulfed 
by neutrophils in milk, or may be the result of exposure to 
cytokines demonstrated to exist in milk (see subsequent text). 

3. Lymphocytes 

Although the concentration of lymphocytes in human milk 
is small relative to that in peripheral blood, these cells are 
consistently present in milk obtained during the first few 
months of lactation. Approximately 80% of milk lympho-
cytes are T cells (Wirt et al, 1992). The precise distribution of 
T-cell subpopulations in milk lymphocytes is controversial, 
since different investigators have reported numbers of CD4+ 

and CD8+ cells similar to those in peripheral blood (Keller 
et al, 1986), a CD8+-cell predominance (Richie et al, 1982), 
or moderate increase in the proportion of CD8+ cells relative 
to peripheral blood (Wirt et al, 1992). These differences 
may be the result of selection of certain subsets during the 
fractionation of milk or of the analytic limitations of direct 
fluorescent microscopy. These problems were avoided in the 
last study by using flow cytometry of unfractionated milk 
(Wirt et al, 1992). As in the case for other milk leukocytes, 
the increased display of certain surface phenotypic markers, 
including CD45RO, CD25 (IL-2R), and HLA-DR, suggests 
that the T lymphocytes are activated memory cells (Wirt et 
al, 1992). 

Milk lymphocytes can be activated to proliferate using 
mitogens, but their responses are weaker than those of pe-
ripheral blood T cells (Parmely et al, 1976; Goldblum et 
al, 1981). The spectrum of antigen-specific responses, as 
measured by proliferation, is thought to differ from that of 

peripheral blood lymphocytes from the same donor (Parmely 
et al, 1976), but the T-cell receptor repertoire of milk T 
lymphocytes has not been investigated. Although evidence 
exists for the production of interferon (Emodi and Just, 1974; 
Keller et al, 1981; Bertotto et al, 1990) and monocyte che-
motactic factor (Keller et al, 1981), the full array of cytokines 
produced by milk cells has not been determined. 

B. Particulate Structure of Milk 

In addition to viable cells, several different types of parti-
cles are suspended in human milk, including casein micelles, 
globules packed with lipid, and globular structures containing 
less lipid but more cytoplasmic structures (Patton and Hus-
ton, 1985). With low speed centrifugation, some of these 
particles sediment with the cells whereas many of the mem-
brane-bound lipid-filled particles rise to the surface and co-
alesce. Understanding this particulate structure of milk may 
be important, since several studies suggest that some host 
defense factors are compartmentalized within these struc-
tures. For instance, centrifugation of human milk causes the 
concentration of lysozyme to increase approximately fivefold 
over the value obtained by sampling milk prior to centrifuga-
tion (Goldblum et al, 1975). Crago et al (1979) demonstrated 
that some of the SIgA antibodies in human milk are contained 
in lipid-filled particles. Little is known about the direct effects 
on host defenses of the particles suspended in human milk, 
although some of them may be neutrophil activators (Keeney 
et al, 1992) or may interfere with the attachment of entero-
bacteria to epithelial cells (Schroten et al, 1992). 

C Soluble Factors in Milk 

1. Proteins and Peptides 

a. Immunoglobulins and Ig transport fragments. The major 
class of immunoglobulins in human milk is Ig A. In contrast, 
mature cow's milk contains predominantly IgG. The struc-
ture and function of SIgA, which makes up at least 80% of 
the milk IgA, is discussed in Chapters 7 and 11, respectively. 
Chapter 21 considers the distribution and characteristics of 
the cells that produce immunoglobulins within the mammary 
gland. The demonstration of a very high density of IgAl-
and IgA2-producing cells in the lactating mammary gland 
(Brandtzaeg, 1983) helps explain why human colostrum and 
milk contain the highest concentrations of SIgA of any secre-
tions. The high proportion of SIgA in human milk of the IgA2 
isotype (—40%) relative to plasma (10%) also must be related 
to the isotype distribution of these cells in the mammary 
gland. These findings also provide evidence that most of the 
IgA secreted into the milk is produced locally within the 
breast, rather than transported from the plasma. 

The mechanism of antigenic sensitization and migration 
of IgA-committed B cells into the mammary gland is consid-
ered in several earlier chapters. Briefly, current evidence 
indicates that many of the IgA antibody responses detected 
in human milk originate from antigenic stimulation at special-
ized mucosal sites in the intestinal and respiratory tracts 
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(Goldblum et al, 1975; Roux et al., 1977). IgA-committed B 
cells emerging from mucosal sites, such as Peyer's patches 
in the small intestine, migrate preferentially to other mucosal 
sites, including the lactating mammary gland. Migration to 
the mammary gland is under hormonal regulation (Weisz-
Carrington et al., 1978). The wide array of specific antibodies 
found in human milk suggests that some of these cells 
are derived from memory B cells rather than from recent 
antigenic exposure. In the breast, B cells mature into 
plasma cells, the predominant product of which is poly-
meric Ig A. 

As in other secretory mucosae, transport of immuno-
globulins into colostrum and milk is accomplished pre-
dominantly by the polymeric immunoglobulin receptor 
(PIgR). Chapter 10 describes in detail the mechanism by which 
PIgR mediates specific binding, endocytosis, and transcellu-
lar transport of immunoglobulins. Proteolytic cleavage of 
PIgR at the apical membrane of the mammary alveolar cell 
releases the polymeric Ig A molecule, covalently complexed 
to a fragment of PIgR termed secretory component (SC). 
This complex is called SIgA. 

Some of the PIgR molecules are transported and cleaved 
by the epithelial cells without any attached immunoglobulin. 
The resulting proteolytic fragment, free SC, is also present 
in high concentrations in human milk. The function of free 
secretory component has not been established clearly. One 
study (Wilson and Christi, 1991) suggests that these mole-
cules may be able to inhibit the enzyme phospholipase A2, 
a function that could reduce inflammatory reactions along 
mucosal surfaces as well as, perhaps, the fluid accumulation 
produced by some intestinal pathogens (Peterson and Ochoa, 
1989). 

From this brief outline of the immunogenesis of SIgA, we 
can deduce that this system is well adapted for the produc-
tion, and secretion into milk, of specific antibodies against 
pathogenic microorganisms to which the mother's mucosal 
immune system has been exposed. Since the mother-infant 
pair normally shares many environmental exposures, this 
system may be ideal for protecting the infant from potential 
pathogens entering the environment. As indicated in Chapter 
52, several epidemiological studies have shown that the pres-
ence in milk of specific SIgA antibodies against enteric patho-
gens diminishes the incidence or severity of diarrhea caused 
by bacterial and viral organisms. 

Immunoglobulins of the other major isotypes also are 
found in human milk, although at lower concentrations than 
in plasma. IgM in milk is in its typical pentameric form, 
although some of the molecules have noncovalently attached 
SC, suggesting that IgM is transported into the milk via the 
PIgR. However, the binding of free SC in milk could generate 
the same complexes. The antibody specificity of IgM in milk 
has not been tested extensively, but seems to parallel that 
of IgA when examined. The presence of IgM antibodies with 
attached SC should be considered when designing studies of 
SIgA in human milk, since detection systems based on anti-
SC antibodies also may detect secretory IgM (Meilander et 
al., 1985). 

In cow milk, IgG is the major isotype. However, only 
small amounts of each of the subclasses of IgG have been 
detected in human milk. The relative proportion of IgG4 is 
greater in milk than in serum, suggesting that more of this 
isotype may be produced locally or selectively transported 
by the interstitium (Keller et al, 1983). This hypothesis has 
not been borne out in a more recent investigation (Mehta et 
al., 1991). Nonetheless, the total amount of IgG4 is so low 
that attributing biological functions to this or the other IgG 
isotypes will be difficult. 

The concentration of IgD in human milk is very low, even 
relative to serum concentrations (Keller et al., 1984). IgE is 
essentially absent from human milk (Underdown et al., 1976). 

Antibodies against a large number of microbes and specific 
antigens have been detected in human milk. Table II provides 
a summary of some of these specificities. This list should 
not be considered complete or thought to imply functional 
significance of the presence of antibodies of particular speci-
ficity, since it respresents a summary of studies from groups 
with particular interest in the antigens tested. 

The stability of the immunoglobulins in human milk has 
been the subject of a number of studies, most of which have 
concentrated on SIgA. The majority of the IgA molecules in 
postnatal milk seems to be intact, based on Western blots 
using anti-á chain antibodies as developing reagents (Cleve-
land et al., 1991). Thus, during active lactation, little degrada-
tion must occur within the mammary gland. Following the 
fate of the SIgA within the infant is difficult. Fecal excretion 
of SIgA has been examined in low birth weight and full-term 
infants (Schanler et al, 1986; Prentice et al, 1987; Davidson 
and Lönnerdal, 1987). The finding that SIgA excretion in the 

Table II Antimicrobial SIgA Antibodies Detected in Human Milk 

Bacteria and bacterial toxins Viruses Parasites/fungi 

Enteric 
Clostridium difficile 
Escherichia coli 
Klebsiella pneumoniae 
Salmonella sp. 
Shigella sp. 
Vibrio cholerae 

Respiratory 
Haemophilus influenzae 
Streptococcus pneumoniae 

Polio viruses 
Rotaviruses 

Giardia lamblia 
Candida albicans 

Respiratory syncytial virus 
Influenza viruses 
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feces was 30 times higher in low birth weight infants receiving 
human milk than in similar infants fed cow milk formulas 
strongly suggested that a portion of the ingested milk survived 
the whole gastrointestinal tract. However, when expressed 
as a proportion of the SIgA fed, approximately 9% of the 
SIgA was recovered as SIgA (Schanler et al., 1986). 

The function of mucosal immunoglobulins is discussed in 
detail in Chapter 11. Of potential importance for milk immu-
noglobulins is the amplification of the effect of other milk 
defense factors by Ig A. For instance, some of the lactoferrin 
in milk is found complexed with Ig A (Arnold et al., 1977). 
These complexes may have enhanced activity since they can 
be targeted to surfaces of pathogenic microorganisms where 
lactoferrin could function to chelate selectively the iron 
needed by the microorganism for growth. Microorganisms 
that are resistant to the lytic action of lysozyme may become 
more susceptible in the presence of SIgA and complement 
(Adinolfi et al., 1966). Galactosyltransferase enzyme also 
complexes tightly with Ig A, although the functional signifi-
cance of these complexes is not known (McGuire et al., 
1989). 

b. Lysozyme. Lysozyme, a 12-kDa single polypeptide, 
catalyzes the hydrolysis of ß l -4 linkages between N-
acetylmuramic acid and 2-acetylamino-2-deoxy-D-glucose 
groups in bacterial cell walls, leading to direct lysis of suscep-
tible bacteria, predominantly those without an extensive cell 
wall. As indicated earlier, interaction with IgA and comple-
ment may expand the antimicrobial range of activity of this 
secretory enzyme. 

The quantity of lysozyme supplied to the infant each day 
are presented in Table III. Although the concentration varies 
during lactation the amount delivered appears to remain rela-
tively constant for at least the first 4 months (Butte et al., 
1984). These concentrations are among the highest of any 
secretion (Jolles and Jolles, 1967). 

The relative stability of lysozyme against acid denaturation 
and tryptic digestion makes it well suited to function in the 
gastrointestinal tract of the recipient infant. However, the 
fate of the ingested lysozyme is not clear. Low birth weight 
infants who are fed human milk excrete about eight times 
more lysozyme in their stool than do cow milk-fed infants 
(Schanler et al., 1986). 

c. Lactoferrin. Lactoferrin is the whey protein with the 
highest concentration in human milk. The daily amount of 
lactoferrin ingested by the infant at various stages of lactation 
are shown in Table III. A gradual decline is seen in the amount 
transferred to the infant, beginning soon after initiation of 
lactation. 

A single chain glycoprotein of 79 kDa, lactoferrin consists 
of two globular lobes, each with two domains surrounding a 
binding cleft for an atom of ferric iron and a bicarbonate ion. 
The major function of lactoferrin is the chelation of iron. In 
that respect, apolactoferrin robs the siderophilins of microor-
ganisms of iron that is essential for their growth (Spik et al., 
1978). The lactoferrin in human milk is well suited for this 
role, since 90% of the molecules are devoid of iron (Fransson 
and Lönnerdal, 1980). Several other functions have been 
suggested for lactoferrin. The finding of a specific receptor 
for lactoferrin on the mucosa of the upper bowel suggested 
that lactoferrin might enhance the uptake of milk iron by the 
infant (Davidson and Lönnerdal, 1988). The low degree of 
iron saturation in milk lactoferrin makes this function seem 
unlikely, unless iron was transferred from other compart-
ments during the digestion process. Some evidence also 
suggests that lactoferrin has trophic effects on enterocytes 
(Nichols et al., 1987) and may inhibit complement activity 
(Kijlstra and Jeurissen, 1982). 

Few studies have been done on the disposition of milk 
lactoferrin in the infant. One study was carried out on infants 
with enterostomies, which allowed the gut contents to be 
recovered before entering the colon (Hambreus et al., 1989). 
The results indicated that 9-32% of the ingested lactoferrin 
could be recovered from this site. Low birth weight infants 
fed a human milk preparation excreted almost 200 times more 
lactoferrin in their stool than similar infants fed a cow milk-
based formula (Schanler et al., 1986). However, only 3% of 
the ingested lactoferrin was recovered in the fecal sample. 
In addition, a major portion of the excreted lactoferrin was 
partially digested, resulting in molecules of unknown activity 
(Goldman et al., 1990). Infants fed human milk also had a 
larger amount of lactoferrin and lactoferrin fragments in their 
urine (Goldblum et al., 1989); the molecular sizes of those 
fragments were similar to those in the stools (Goldman et 
al., 1990). Another study using stable isotope methods also 
suggested that some lactoferrin derived from the milk may 

Table III Quantity (mg/kg/D) of Immune Factors 
[mean (Std)] Provided by Human Milk0 

Factor 

Lactoferrin 

SIgA 

Lysozyme 

1 

275 (75) 

130 (50) 

4(3) 

Phase of lactation 
(age of infants in months) 

2 

190 (80) 

105 (40) 

5(3) 

3 

167 (70) 

88(3) 

4.9(1.5) 

4 

120 (25) 

77 (35) 

6(2) 

a Data modified from Butte et al. (1984). 
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be absorbed intact from the intestinal tract and then excreted 
into the urinary tract (Hutchens et al, 1991). If this occurs, 
the absorbed lactoferrin must be cleared rapidly since human 
milk ingestion does not increase the serum concentration of 
lactoferrin (Schanler et al., 1986). 

d. Complement components. Many of the components of 
the classical and alternative complement pathway have been 
detected in human milk (Ballow et al., 1974; Nakajima et al., 
1977). However, with the exception of C3, the concentrations 
of these factors are very low. The activity of the complement 
system in human milk is not likely to be great, although 
interactions with other milk constituents may allow some 
function (Adinolfi et al., 1966). 

e. Bioactive peptides. Several cytokines have been quanti-
fied by immunoassays in human milk, including interleukin-lß 
(IL-lß; Munoz et al., 1990), tumor necrosis factor a (TNF-a; 
Mushtaha et al, 1989; Rudioff et al., 1992a) and IL-6 (Saito 
et al, 1991; Rudioff et al, 1992b). The functions of these 
factors in the infant remain to be elucidated. However, stud-
ies of the leukocytes in the milk suggest that some of these 
cytokines may be active (Söder, 1987; Mushtaha ei a/., 1989). 
Of special interest is the finding that incubation of peripheral 
blood leukocytes with human milk causes monocytes and 
neutrophils to become activated. Further, addition of neu-
tralizing antibodies against human TNFa abrogated the acti-
vating effects of milk on monocytes (Mushtaha et al, 1989). 

Some fragments of casein, the ß-casomorphines, which 
are created during proteolysis of casein in the gastrointes-
tinal tract, are biologically active (Teschenmacher, 1987). 
ß-Casomorphines not only have endorphin effects but may 
be immunoregulatory as well (Parker et al, 1984). 

Several different isoforms of prolactin have been demon-
strated in human milk that apparently are produced by post-
translational modifications in the mammary gland. Although 
the function of each of these isoforms is not delineated, the 
basic protein molecule has been found to influence the devel-
opment of T cells in animal model systems (Chikanza and 
Panay, 1991; Gala, 1991; Rovensky et al,\99\) and to en-
hance the formation of specific antibodies in serum and milk 
(Ijaz et al, 1990). 

The array of growth factors in human milk includes epider-
mal growth factor (EGF), insulin, transforming growth factor 
ß (TGF-jS; Hooton et al, 1991), and mammary gland derived 
growth factor (Kidwell et al, 1987). Some of these factors 
have been postulated to aid in the postnatal development of 
the mucosal barriers of the intestinal and respiratory tracts. 
However, the in vivo effects of these factors are not well 
characterized. 

2. Carbohydrates and Glycoconjugates 

a. Lactobacillus growth factors. Human milk contains high 
levels of a growth-promoting activity for Lactobacillus bi-
fidus var. Pennsylvania (György et al, 1974). This activity, 
which is essentially absent from cow milk, is generated by 
oligosaccharides (György et al, 1974), glycopeptides, and 
proteins (Nichols et al, 1975; Bezkorovainy et al, 1979). 
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Similar activity associated with caseins also may be the result 
of oligosaccharide moieties on that protein (Bezkorovainy 
and Topouzian, 1981). The role of these factors in host de-
fense may be related to the predominance of Lactobacillus 
in the bacterial flora in the colon of infants fed human milk. 
The large amount of acetic acid produced by these organisms 
suppresses the growth of enteropathogens. 

b. Oligosaccharides and glycoconjugates. Human milk is 
rich in oligosaccharides that appear to be formed in the mam-
mary epithelium by the same galactosyltransferases that 
glycosylate proteins and peptides, using lactose as the ac-
ceptor molecule. Various biological activities have been 
attributed to the whole group of oligosaccharides (Holmgren 
et al, 1981) and, more recently, to individually character-
ized moieties, including fucosylated oligosaccharides that in-
hibit the hemagglutinin activity of the classical strain of Vibrio 
cholerae (Holmgren et al, 1983) and protect against the 
heat-stable toxin of Escherichia coli (Newburg et al, 1990). 
Mannose-containing glycoproteins and glycolipids interfere 
with the fimbria-mediated binding of E. coli (Holmgren et 
al, 1987; Wold et al, 1990). The attachment of Haemophilus 
influenzae and Streptococcus pneumoniae to epithelial cells 
is inhibited by saccharides containing the disaccharide sub-
unit Af-acetylglucosamine (l-3)-ß-galactose (Andersson et 
al, 1986). These units may exist as free oligosaccharide or 
in glycoproteins or peptides. In any case, molecules with 
these structures may act as false receptors for the lectin-
like adherence structures on the microorganism and thereby 
protect the infant from colonization or infection with these 
pathogens. Although an in vivo role for these oligosaccharides 
is suggested by animal models (Otnaess and Svennerholm, 
1982; Cleary et al, 1983; Ashkanazi et al, 1992) few human 
studies have been done that pertain to this question. 

3. Lipids 

a. Unsaturated fatty acids and monoglycerides. Free fatty 
acids and monoglycerides are produced by the digestion of 
milk triglycerides by bile salt-stimulated lipases or lipoprotein 
Upases in human milk. In addition, the lingual and gastric 
lipase activities of the recipient infant are active on the milk 
triglycerides (Hosmosh, 1990). The lipid products have sev-
eral host defense activities including disruption of enveloped 
viruses (Stock and Frances, 1940; Welch et al, 1979; Issacs 
et al, 1986; Thromar et al, 1987), which may prevent coro-
navirus infection in the intestinal tract (Resta et al, 1985). 
The fatty acids and monoglycerides also may provide some 
defense against intestinal parasites such as Giardia lamblia 
(Gillin et al, 1983,1985; Herneil et al, 1987). 

b. á-Tocopherol and /3-carotene. Two vitamins found in 
human milk (Chapell et al, 1985) also may have host defense 
activity. High levels of á-tocopherol in milk may serve as an 
antioxidant, but additionally this vitamin is known to stimu-
late the development of immunity (Tengerdy et al, 1981; 
Bendich et al, 1986). ß-Carotene, another potent antioxi-
dant, is present in high concentrations in the mammary gland 
at parturition. This agent is released from the tissue into milk 
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during the first few days of lactation (Chapell et al., 1985). 
As a result of the ingestion of á-tocopherol and ß-carotene 
in human milk, the blood levels of these two agents rise 
substantially in the recipient infant (Chapell et al., 1985; 
Ostrea et al., 1986). These and other agents in human milk 
may regulate inflammatory responses and immune functions 
of the infant. 

IV. OVERVIEW OF THE FUNCTION OF 
HUMAN MILK IN HOST PROTECTION 

AND CONCLUSIONS 

Despite the identification and quantification in human milk 
of many factors that have the potential to protect the lactating 
breast and the recipient infant, little currently is known about 
how these factors function in vivo. Progress in this area has 
been limited by the types of studies that can be carried out 
in human infants and by the large species differences in milk 
composition and function that make experimental animal 
studies difficult to apply to humans. However, certain pat-
terns of factors may provide clues to unique in vivo function 
of human milk. 

A. Production of Immune Factors by the Breast 
Is Regulated 

In contrast to many mucosal glands, which function on a 
continuous basis, the mammary gland secretion of immune 
factors is restricted largely to periods of lactation. The factors 
that regulate the onset, quality, and quantity of the human 
milk are only partially understood. Prolactin and other lacto-
genic hormones are essential for the onset and maintenance 
of lactation. An array of growth factors including EGF, insu-
lin, and mammary gland derived growth factors that are con-
centrated in human milk (Kidwell et al., 1987) also may play 
a role in these processes. 

B. Immune Factors in Milk May Prevent Infection 
without Causing Inflammation 

The same proximity of the mucosal surfaces to the external 
environment that leads to extensive exposure to microorgan-
isms and other antigens allows the mucosal immune system 
to defend against infections without the need for the extensive 
inflammatory and phagocytic responses that are typical of 
the systemic defenses. Thus, if factors in milk can reduce 
the adherence, colonization, or growth of microorganisms in 
the infant's respiratory or intestinal tract, the incidence or 
severity of infection would decrease correspondingly without 
producing much physiological abnormality in the infant. We 
have hypothesized previously that a characteristic of the 
immune system in human milk is the absence of phlogistic 
factors and the presence of agents with anti-inflammatory 
activity (Goldman et al., 1986). Demonstrations that infants 
who receive mother's milk that contains specific antibodies 
against an enteric pathogen still have culture-proven infec-
tions but less diarrhea than those receiving milk without those 

antibodies (Glass et al., 1983; also see Chapter 52) are in 
keeping with this hypothesis. In that respect, the lower mor-
bidity of breast-fed infants infected with rotavirus was not 
found to be related to the levels of specific antibodies in the 
milk (Duffy et al., 1986). This result suggests that other 
agents, including anti-inflammatory factors, may be responsi-
ble for some of the protection against certain pathogens. 

C. Long-Term Effects of Breast Feeding 

Several studies suggest that breast feeding may have ef-
fects that last much longer than the breast-feeding period. 
For instance, breast-fed infants have a lower incidence of 
juvenile diabetes mellitus (Mayer et al., 1988; Hamman et 
al, 1988) and Crohn's disease (Koletzko et al, 1989) than 
those fed formulas. Retrospective analysis also suggests a 
diminished risk of lymphomas after breast-feeding (Davis et 
al., 1988). Whether these long-term effects are the result of 
mucosal immune factors in human milk is unclear. However, 
speculating that breast-feeding alters the development of the 
infant's immune system or protects against certain infections 
during a critical developmental period, thereby preventing 
illnesses that become manifest later in life, is interesting. 
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I. BREAST-FEEDING AND OTHER MODES 
OF FEEDING OF THE INFANT 

No one would deny that breast-feeding is the natural mode 
of feeding of the human offspring. Most of us believe that it 
is only in modern times that neonates and young infants 
have been fed with foods and fluids other than human milk. 
However, this is not so. King Ashurrbanipal (7th century 
B.C.) may have been the first artificially fed infant to have 
been recorded in history. Writings from ancient India (B.C. 
1500-A.D. 700) prescribed delayed onset of breastfeeding 
and so did the Greek physician Soranus (approximately A.D. 
100) who claimed that the maternal milk was unwholesome 
for the first 20 days of lactation (Fildes, 1986). 

Before describing the immunological consequences of 
breast-feeding for the infant it is necessary to define breast-
feeding and to indicate to what extent infants really are 
breastfed. 

Exclusive or complete breastfeeding will be used when 
nothing but maternal milk is given, not even water, which 
may be contaminated. Partial breast-feeding will include 
those who receive any other fluid or food in addition to the 
human milk. 

A. The Time of Onset of Breast-Feeding 

It is remarkable that the prescription of the ancient authors 
still seems to be in effect. Thus, in traditional societies (e.g., 
in Pakistan) the onset of breast-feeding is still delayed, with 
less than 50% of the infants being breast-fed at 48 hours of 
life (Hanson et al.t 1986; Ashraf et al.y 1992). Instead they are 
given various other foods and fluids, such as ghutti (cleared 
butter) and honey and herb extracts advised more than a 
thousand years ago (Fildes, 1986). 

B. Prevalence and Duration of Breast-Feeding 

The prevalence of breast-feeding decreased in industrial-
ized countries to very low levels in the 1950s and 1960s, in 
parallel with the development of commercial formulas and 
the concept that the antibodies of human milk were of no 
importance since they were not resorbed by the breast-fed 
infant (Vahlqvist, 1958). With the increased understanding 

of the many nutritional and immunological advantages of 
breast-feeding a change in attitude has occurred that has 
resulted in a continuous increase both of direct onset of 
breast-feeding at birth and of the prevalence and duration of 
breast-feeding in some Western societies. 

Breast-feeding is believed to be very common in traditional 
societies in the Third World. However, all infants in a large 
study in Lahore, Pakistan, received the initial traditional 
foods and fluids before breast-feeding started (Ashraf £/ al.} 
1992). After that, only 9% were breast-fed exclusively after 
the first few days of life. About 70% were breast-feeding 
partially at 12 months of age (Ashraf et al„ 1992). Those 
infants not breast-feeding were found mainly in the upper 
middle class, in which commercial formulas were used 
widely. In contrast, such formulas were rarely given among 
the poor mothers, almost 100% of whom gave their infants 
water or buffalo milk in a bottle instead, usually in addition 
to breast-feeding. During the hot season, the infants were 
given more water under the misconception that breast-fed 
infants then require extra fluid. As a consequence, almost 
no exclusively breast-fed infants are found during this period, 
when diarrheal diseases are most common, the defense pro-
vided by the maternal milk is most needed, and other fluids 
more often may be contaminated (Ashraf etal., 1992). Several 
studies have shown that no extra fluid is required for a breast-
fed infant, even in a hot and dry climate (Ashraf et al., 
1992). 

G Effects of the Mode of Feeding on the 
Microbial Flora of the Infant 

At birth, the newborn is exposed immediately to numerous 
microorganisms of different species, among which potential 
pathogens also may be included. Already in the first few days 
after parturition, many anaerobic as well as aerobic bacteria 
have colonized the gut. 

The intestinal flora has been shown to differ in breast-fed 
and non-breast-fed infants (0rskov and Biering-Sörensen, 
1975; Raibaud, 1988; Balmer and Wharton, 1989). Pakistani 
infants, delivered both vaginally and by caesarian section, 
were colonized already from the first day of life, whereas 
some Swedish infants still had no demonstrable enterobacte-
rial strains on the fifth day of life. The Swedish infants were 
colonized mainly only by one type of aerobic gram-negative 
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bacterium whereas the Pakistani infants frequently carried 
strains of several types. In Pakistani infants, Proteus, Kleb-
siella, Enterobacter, and Citrobacter were significantly more 
common in non-breast-fed than in breast-fed babies; Esche-
richia coli was found significantly earlier in breast-fed than 
in non-breast-fed infants (Hanson et al, 1989a; Adlerberth 
et al, 1991). 

Aerobic gram-negative bacteria from the intestine of 
breast-fed infants also have been demonstrated to be more 
sensitive to the bactericidal effects of antibodies than bacteria 
from formula-fed infants (Gothefors et al, 1975), suggesting 
a decrease of virulence of the bacteria. Similar conclusions 
might be drawn from observations of the effect of breast-
feeding on newborns colonized artificially by a harmless 
E. coli 083 strain during the first week of life (Lodinova-
Zadnikova et al., 1991). The E. coli 083 strains from breast-
fed infants more often carried type 1 fimbriae, which do not 
seem to be virulence factors (Wold et al., 1990). Breast-
feeding favored colonization by the type 1 fimbriated 083 
strain (Lodinova-Zadnikova et al., 1991). 

II. EFFECTS OF BREAST-FEEDING ON HOST 
DEFENSE COMPONENTS OF THE INFANT 

A. Immunoglobulins 

We have found that the newborn, already at birth, has 
secretory IgA and IgM (SIgA and SIgM) antibodies in saliva, 
against both E. coli and poliovirus antigens (Mellander et 
al., 1984,1986). Such antibodies are present in newborns of 
healthy mothers as well as of mothers with hypogammaglob-
ulinemia and IgA deficiency who lack IgA or IgM, supporting 
the idea that these antibodies are produced by the fetus (Mel-
lander et al, 1986; Hahn-Zoric et al, 1992). We have pro-
posed that the antigenic stimulus for the fetus could be anti-
idiotypic antibodies that come from the mother (Mellander 
et al, 1986). We were able to demonstrate such anti-anti-
poliovirus antibodies in the immunoglobulin preparations 
given to the immunodeficient mothers, as well as in human 
milk (Hanson et al, 1989b; M. Hahn-Zoric, 1993). If our 
assumption is correct, antibodies passively received by the 
fetus from the mother before birth via placenta or after birth 
via the milk can prime the immune system of the offspring 
actively in addition to conferring passive protection on the 
baby. In animal experiments, such an effect of anti-idiotypic 
antibodies has been demonstrated against bacterial as well 
as viral antigens when anti-antibodies were given directly to 
the newborn mouse or, via the mother animal, reached the 
offspring through the milk (Stein and Söderström, 1984; Oka-
moto et al, 1989). The exposure of the mother to microbes 
is likely to direct her immune response and influence her 
levels of corresponding idiotypes and anti-idiotypes, which 
will be transferred to the fetus and infant, presumably both 
by serum and by milk. Presently, however, little is known 
about the factors that determine whether stimulation or inhi-
bition of the immune response will result. 

In preterm infants, serum immunoglobulin levels were 
higher in formula-fed infants than in breast-fed infants. For 
IgA, this difference was demonstrated from 7 weeks of age 
and for IgG, from 11 weeks (Savilahti et al, 1983). Full-
term infants showed similar patterns (Saarinen et al, 1979; 
Savilahti et al, 1987). In saliva, SIgA levels have been dem-
onstrated to be higher in breast-fed than in formula-fed in-
fants, although possible contamination from the milk was 
not excluded (Roberts and Freed, 1977). Other studies have 
shown no influence on serum IgA by the mode of feeding, 
but an increase of SIgA was seen in the stool and urine of 
breast-fed infants compared with formula-fed controls 
(Schanler et al, 1986). 

Human milk also contains considerable numbers of lym-
phocytes, granulocytes, and macrophages, especially during 
early lactation. Most of the milk lymphocytes are T cells, 
many of which carry the CDw29 marker of memory T cells 
(Bertotto et al, 1990,1991). Such memory T cells could sup-
port the production of the wide diversity of milk SIgA anti-
bodies, but also might have an effect on the breast-fed off-
spring. A positive tuberculin reaction has been observed 
temporarily in breast-fed infants of tuberculin-positive moth-
ers (Mohr 1973; Ogra et al, 1977; Schlesinger and Covelli, 
1977). 

Some, but not all, studies show no impairment of titers of 
milk IgA antibodies against various microbes by undernutri-
tion (Cruz et al, 1982,1985; Miranda et al, 1983). However, 
a study by Herias et al 1993 demonstrated a decreased milk 
SIgA concentration as well as decreased antibody affinity 
as a result of undernutrition, which could be an effect of 
undernutrition on T cells (Chandra, 1979a). 

B. Vaccine Responses 

In another study, we noticed that breast-fed infants had 
significantly higher serum and saliva antibodies against diph-
theria and tetanus toxoids and poliovirus than did formula-
fed infants after the first two vaccine doses (Hahn-Zoric et 
al, 1990). The SIgA responses in saliva and IgM in stool 
samples were significantly higher at 3-4 months of age, 
whereas the serum IgG antibody response to diphtheria tox-
oid and the neutralizing antibodies against poliovirus were 
higher at 20-40 months of age. Similar results were found 
after immunization of infants using a Haemophilus influenzae 
type b conjugate vaccine; breast-fed babies were shown to 
have significantly higher serum antibody levels than formula-
fed infants (Pabst and Spady, 1990). The purified protein 
derivative (PPD) reaction was stronger after immunization 
with Bacillus Calmette-Guerin (BCG) in breast-fed than in 
formula-fed infants (Pabst et al, 1989). The possibility that 
the mother's milk enhances vaccine response might be of 
clinical relevance and suggests that the immunoglobulins in 
human milk may not merely provide the neonate with passive 
immunity but also may actively stimulate the lymphoid sys-
tem of the breast-fed infants. Experimental data indicate that 
human milk contains anti-idiotypic antibodies (Hanson et al, 
1989b; M. Hahn-Zoric, 1993). 
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C Other Components 

Several molecules that are known to be responsible for 
inducing inflammation, for example, IgM and IgG antibodies, 
complement, and coagulation factors, are found at low levels 
in, or are almost absent from, human milk. In contrast, milk 
seems to be a rich source of other factors that block inflam-
mation (Goldman et al, 1986). The SIgA antibodies, present 
in high concentration in milk, as well as the milk oligosaccha-
rides or glycoconjugates, which may be structurally similar 
to epithelial receptors for microbes, have the capacity to 
block the binding of microbes to mucosal epithelia, thus pre-
venting infection in the newborn (Holmgren et al, 1981; 
Andersson et al, 1983,1986; Lagreid et al., 1986; Lagreid 
and Kolst0 Otnaess, 1987). 

We have explored whether human milk components have 
the capacity to prevent the release of cytokines from various 
cells induced by exposure to lipopolysaccharides (LPS). This 
ability is of interest since these molecules are known to have 
striking effects, for example, on epithelial cells, making them 
produce cytokines such as interleukin 1 (IL-1), IL-6, and 
tumor necrosis factor a (TNFa). We have found that lactofer-
rin isolated from human milk can block LPS-induced IL-
6 release from a human macrophage and a human colonic 
epithelium cell line (Hanson et al., 1991b; I. Mattsby Baltzer, 
A. Roseanu, I. Engberg, C. Motas, and L. A. Hanson, unpub-
lished data). Such activities of human milk components may 
help prevent the release of IL-6 or other cytokines in the 
newborn being colonized with gram-negative bacteria. Such 
a release might induce symptoms and catabolic effects, for 
instance, possibly explaining some of the early weight loss 
of neonates. Whether the prevention of cytokine release in 
mucosal membranes can have consequences for the immune 
response of the infant still must be explored. However, TNFa 
has been demonstrated in milk (Goldman et al., 1991; Rudloff 
et al., 1992). Breast-feeding has been suggested to stimulate 
the maturation of the immune system in the newborn; part 
of this stimulation may be caused by TNFa in human milk, 
which might up-regulate the expression of secretory compo-
nent on epithelial cells or of Class I and II major histocompati-
bility complex (MHC) molecules on macrophages, or perhaps 
enhance maturation of monocytes or T lymphocytes (Gold-
man et al., 1991). 

Human milk also contains numerous components such as 
lysozyme, lipids, and antioxidants that prevent neutrophil 
chemotaxis, granular release, and production of free radicals 
(Goldman et al., 1986). Such activities are likely to add to 
the well-being of the infant by depressing or preventing in-
flammatory reactivity. Epidermal growth factor (EGF), 
which is present in considerable amounts in milk, probably 
plays a role in the regulation of the development of the gastro-
intestinal tract of the newborn (Bines and Walker, 1991; Kol-
dovsky et al., 1991). The existence of analogous inhibitors 
of virus receptors also may be important in infections by 
viruses such as the human immunodeficiency virus (HIV). 
A factor in the macromolecular fraction of human milk has 
been demonstrated that inhibits binding of HIV epitope-
specific monoclonal antibodies and HIV envelope glycopro-
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tein gpl20 to recombinant CD4 receptor molecules. The role 
this factor plays in HIV infection, as well as its chemical 
character, remains to be investigated (Newburg et al., 1992). 

III. EFFECTS OF BREAST-FEEDING ON 
INFECTIONS IN THE INFANT 

A. Gastroenteritis 

Extensive studies support the notion that breast-feeding 
is of importance in minimizing infant mortality and morbidity 
from diarrhea. In the 18th and 19th centuries, observers in 
Sweden noted that infant mortality due to diarrhea was strik-
ingly increased during the summer months when mothers 
were not breast-feeding (Brändström, 1984). Feachem and 
Koblinsky (1984) reviewed the literature and concluded that 
the risk of dying from diarrhea was increased 25-fold in non-
breast-fed infants compared with exclusively breast-fed in-
fants. Infants who are breast-fed also suffer from fewer epi-
sodes of diarrhea than those who are not breast-fed (Feacham 
and Koblinsky, 1984; Cunningham et al., 1991; F. Jalil, A. 
Mahmud, R. N. Ashraf, S. Zaman, J. Karlberg, L. Ä. Han-
son, and B. S. Lindblad, unpublished data). Clinical studies 
that are meant to demonstrate protection by breast-feeding 
often are disrupted by several confounding factors that influ-
ence the outcome (Victora, 1990). The late start of breast-
feeding and the often unrecognized extra food or water given 
to the breast-fed infant in traditional societies often have not 
been considered. This oversight may have led to an underesti-
mation of the protective value of breast-feeding (Hanson et 
al., 1986). However, in Brazil, breast-feeding clearly was 
shown to protect against death in diarrhea, especially in the 
first few months of life (Victora et al., 1987). Partial weaning 
was followed by an increased risk, and infants who were 
weaned completely were at the greatest risk. 

In a field study in Lahore, Pakistan, significant protection 
against diarrhea by breast-feeding was demonstrated during 
the first 3 months for the upper middle class, for 6 months 
in the urban slum, and for 12-24 months for village and 
periurban slum inhabitants (F. Jalil, A. Mahmud, R. N. Ash-
raf, S. Zaman, J. Karlberg, L. Ä. Hanson, and B. S. Lindblad, 
unpublished results). The protection was seen especially dur-
ing the hot season, when diarrhea is more prevalent and the 
infectious dose presumably is higher. The efficacy of the 
protection was, in early life, as high as 70-80% in the two 
poorest groups (village and periurban slum) and -40% in the 
upper middle class (Ashraf et al., 1992). Even partial breast-
feeding, which is the predominant mode of feeding in this 
area, can protect infants to a surprisingly high degree. 

Few studies have been able to define the protective role 
and the importance of specific host defense components in 
maternal milk. However, the protection against diarrhea 
caused by Vibrio cholerae, enterotoxigenic E. coli, and 
Campylobacter in breast-fed infants has been shown to relate 
to the presence of special milk IgA antibodies against each 
of these pathogens in mother's milk (Glass et al., 1983; Cruz 
et al, 1988; Ruiz-Palacios et al, 1990). Other milk compo-
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nents such as lactoferrin and receptor analogs could be im-
portant as well, but this has not been demonstrated. 

B. Septicemia and Other Infections 

Breast-feeding does not only seem to protect against gas-
troenteritis, but evidence also exists of protection against 
septicemia during early infancy (Winberg and Wessner, 1971; 
Narayanan et al., 1981). In a study of neonatal septicemia in 
Lahore, Pakistan, an odds ratio of 18 was found for protection 
even by partial breast-feeding compared with feeding with 
animal milk (Ashraf et al., 1991). Finding evidence for pro-
tection against lower respiratory tract infections has been 
more difficult but some positive studies have been presented 
(Victoraeia/., 1987; Wright etal., 1989; Howies al., 1990). 
Protection has not been demonstrated in all investigations, 
and a preliminary analysis of the prevalence of respiratory 
infections in our study in Pakistan to date has not shown a 
correlation to the mode of feeding (F. Jalil, et ai, unpublished 
data). 

Certain investigations have indicated that breast-feeding 
protects against otitis media (Saarinen, 1982; Aniansson et 
al., 1990) and necrotizing enterocolitis (Lucas and Cole, 
1990). The latter authors estimate that breast-feeding could 
prevent as many as 500 cases of necrotizing enterocolitis a 
year in the United Kingdom, of which about 100 infants 
otherwise would die. 

IV. EFFECTS OF BREAST-FEEDING ON 
ALLERGY IN THE INFANT AND CHILD 

Atopic allergies are becoming increasingly common. Aller-
gies to foods are especially prevalent in infancy and early 
childhood. Much interest has been directed toward breast-
feeding as a possible way to prevent allergy. 

A. Breast-Feeding and the Serum and Secretory 
Antibody Response to Food Proteins in the Infant 

Salivary SIgA antibodies previously have been shown to 
be found in the neonate and increase rapidly on antigenic 
exposure (Meilander et al., 1984,1985). Even the premature 
infant can respond with SIgA antibodies against cow's milk 
proteins in saliva (Roberton et al., 1986). Breast-fed infants 
show significantly lower salivary SIgA anti-bovine casein 
than cow's milk-fed infants (Renz et al., 1989). Infants with-
out any risk factors for atopic allergy have significantly higher 
levels of such salivary SIgA antibodies after being fed cow's 
milk than do those with risk factors who were fed similarly. 

Prolonged breast-feeding leaves infants with significantly 
lower serum IgG, IgM, and IgA levels than non-breast-fed 
infants (Savilahti et al., 1987). Serum IgG antibodies against 
cow's milk proteins increased most in those infants given 
cow's milk formula before the age of 1 month. Fully weaned 
and partially breast-fed infants had similar increased levels 

(Tainio et al., 1988). Exclusively breast-fed infants also pro-
duced antibodies against cow's milk, perhaps because of the 
presence of cow's milk proteins in the maternal milk (e.g., 
Machtinger and Moss, 1986) or because of the exposure to 
anti-idiotypic antibodies via the placenta or the maternal milk 
(Mellander et al., 1986; Hanson et al., 1989b; Hahn-Zoric et 
al., 1990,1992,1993). 

The appearance of anti-food antibodies was analyzed in 
infants breast-fed by mothers on a normal diet, on a diet free 
of the allergens of egg and cow's milk, or restricted with 
respect to the intake of these foods from week 28 of pregnancy 
to delivery. The babies of the mothers on the allergen-free 
diet curiously had significantly higher IgG, IgA, and IgM 
antibodies against ovalbumin and gluten, but not against ß-
lactoglobulin (Fälth-Magnusson et al., 1988). In another simi-
lar study in which the diet restriction for one group of mothers 
included egg, cow's milk, and fish during the first 3 months 
of lactation, the only significant difference among the breast-
fed infants from the two groups was that fewer infants in the 
diet group than the non-diet group had IgE antibodies against 
eggwhite and cow's milk proteins. IgE antibodies also 
appeared during exclusive breast-feeding (Hattevig et al., 
1990). 

B. Antibodies in Human Milk in Relation to the 
Maternal Diet 

Enteric exposure of the mother to foods may, via the 
enteromammaric pathway, result in SIgA antibodies against 
these foods in her milk. Mothers with cow's milk as a regular 
component of the diet had higher levels of SIgA antibodies 
against cow's milk proteins in their milk than did those who 
did not regularly drink cow's milk (Cruz et al., 1981). Oral 
exposure to a cowpea protein induced a milk SIgA antibody 
response in lactating mothers who did not have any prevacci-
nation titer. However, in the few individuals who had such 
titers, a decrease was seen instead after eating the cowpeas 
(Cruz and Hanson, 1986). In another study, no differences 
were seen in milk IgG and IgA antibody levels against ß-
lactoglobulin, ovalbumin, and gliadin between atopic and 
nonatopic mothers at 1 week of lactation. Also no differences 
were seen in antibody levels between mothers on a cow's 
milk- and egg-free diet and mothers on a normal diet during 
pregnancy (Fälth-Magnusson, 1989). 

Obviously, we currently do not know how oral exposure 
to a food protein may affect the milk antibody level. Perhaps 
antibody responses in the milk partly originate from the influx 
of memory cells into the lactating gland. One finding to sup-
port such a view is the presence of such a wide array of 
different antibody specificities at one time in the maternal 
milk, many more than the mother is likely to produce against 
antigens to which she has been exposed recently (Hanson 
and Brandtzaeg, 1989). Further, the relative affinities of 
these milk antibodies are often high and do not increase by 
vaccination, suggesting the presence of already mature 
antibody responses (Roberton et al., 1988; Dahlgren et al., 
1989). 
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C Breast-Feeding and the Prevention of Allergy 

Several studies have investigated the possibility that 
breast-feeding can prevent the development of atopic disease 
in the infant. Some of these studies have concerned risk 
families with a heredity predisposition to atopic diseases. In 
some investigations, the role of maternal avoidance diets has 
been analyzed. 

Chandra and Hamed (1991) compared the incidence of 
atopic allergy in high risk children at 12 and 18 months of 
age; the infants were given a whey hydrolysate, conventional 
cow's milk formula, soy-based formula, or exclusively human 
milk. Atopic dermatitis and other allergic symptoms were 
significantly less common among those breast-fed or given 
the hydrolysate than among those given soy or cow's milk 
formula. 

In an interesting study, Machtinger and Moss (1986) pre-
sented data that suggested that the risk of developing cow's 
milk allergy for the breast-fed infant may relate to the anti-
body content of the maternal milk. The milk of the mothers 
of children developing allergy had significantly lower total 
IgA and IgG antibodies against casein and whole cow's milk 
than did the milk of mothers whose children did not become 
allergic. These observations agree with those of Casimir et 
al. (1989) who studied IgG antibodies against ß-lactoglobulin 
in maternal milk. 

Some studies have noted that a maternal avoidance diet 
during late pregnancy has decreased atopic manifestations 
during infancy in high risk families (Chandra, 1979b; Zieger 
et al., 1989). However, no difference in occurrence of allergy 
in breast-fed infants was found in a study of mothers on or 
off a diet of cow's milk and egg avoidance from week 28 
of pregnancy to delivery (Fälth-Magnusson and Kjellman, 
1987). Even at the 5-yr follow-up including 95% of the 209 
initial children, no difference was found between the infants 
breast-fed by mothers in the diet and non-diet groups (Fälth-
Magnusson and Kjellman, 1992). In another prospective 
study with maternal avoidance of egg, cow's milk, and fish 
during the first 3 months of lactation, a significantly lower 
incidence of atopic dermatitis was noted (Hattevig et al., 
1989). Reinvestigating the children at the age of 4 years 
showed that those in the diet group still had a cumulative 
incidence and a current prevalence of atopic dermatitis that 
was significantly lower than that of the non-diet group (Sigurs 
et al., 1992). Other allergic manifestations did not differ, but 
the numbers of positive skin prick tests and specific serum 
IgE antibody reactions were significantly lower among the 
children in the diet group. A third study tried a low and a 
high intake of eggs and cow's milk for 171 atopic mothers 
during the last 3 months of pregnancy. All infants were breast-
fed for at least 3 months. Investigating the infants at 18 
months of age showed no difference between the diet groups 
with respect to occurrence of atopic disease (Lilja et al., 
1989). These authors assumed that genetic factors rather than 
allergen exposure were important in the development of al-
lergy. 

The question of the role of early introduction of cow's 
milk to breast-fed infants in the risk of developing allergy 
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also has been analyzed. In a study assigning 250 infants to 
be given either cow's milk or a whey hydrolysate for 1-4 days 
before the onset of breast-feeding, IgG antibodies showed 
priming by the cow's milk exposure and IgE antibodies in-
creased significantly (Schmitz et al., 1991). Going back to 
detailed feeding records, Gustafsson et al. (D. Gustafsson, 
T. Löwhagen, and K. Andersson, unpublished data) could 
show that whether or not the neonates had been given early 
cow's milk formula supplementation before breast-feeding 
started did not affect the prevalence of atopic disease in the 
early teens. 

The risk of developing food allergy does not seem to be 
higher in premature infants than full-term infants, even if the 
premature infants were breast-fed for a shorter period of time 
than the full-term infants (de Martino et al., 1989). 

V. CONCLUSIONS 

The time of onset, the duration, and the rate of breast-
feeding vary widely in different cultural settings. This vari-
ation has striking consequences for the infants, since the 
maternal milk is so important for the host defense of the 
newborn. The immunodeficiency that is secondary to lack 
of breast-feeding may be the most common in the world. 

Breast-feeding influences the bacterial colonization, since 
it delays the appearence and decreases the virulence and 
number of the types of microbes that colonize the gut of the 
neonate. Human milk also contains several components that 
seem to counteract inflammatory activities. The protective 
effects of breast-feeding have been demonstrated against 
infections such as diarrhea, septicemia, and respiratory 
tract infections. Breast-feeding seems to enhance vaccine 
responses, possibly because of the effect of anti-idiotypic 
antibodies present in the milk. Breast-feeding also may de-
crease the risk of development of allergy in the infant. 
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IgA Nephropathy and Related Diseases 

Steven N. Emancipator · Michael E. Lamm 

IgA nephropathy (IgAN) is defined as a form of glomerulo-
nephritis in which immunoglobulins of the IgA isotype pre-
dominate or codominate in the glomerular deposits. The clini-
cal and pathological features of both primary and secondary 
forms are well documented in several comprehensive reviews 
(Clarkson et al., 1977; D'Amico et al., 1985; Clarkson, 1987; 
D'Amico, 1987; Julian, 1988; Emancipator and Lamm, 1989; 
Sakai et al., 1990; Emancipator, 1992; Schena, 1990) and will 
be presented here only briefly. We consider, in some detail, 
evidence for increased production of IgA, increased entry of 
antigen into the systemic circulation, and impaired clearance 
of aggregates containing IgA, whether immune or nonimmune 
in nature. In each of these categories of pathogenesis, we 
consider the potential contribution of the mucosal immune 
system. We conclude that, although several distinct mecha-
nisms may underlie the pathogenesis of IgAN, the mucosal 
immune system is likely to figure prominently in each. Hence, 
we consider IgAN a consequence of a defective or inadequate 
mucosal immune system. Particularly, dysregulated specific 
responses to a variety of antigens, possibly multiple in an 
individual patient, are thought to lead to a set of conditions 
that favors glomerular deposition of immune complexes that 
contain IgA. 

I. DISEASE PRESENTATION 

A. Clinical Features 

Although variable, the signs and symptoms of IgAN allow 
the grouping of cases into three syndromes that incorporate 
hematuria, proteinuria, hypertension, and renal insufficiency 
to varying degrees (reviewed in Emancipator, 1992). Hematu-
ria may be evident to the naked eye (gross) or microscopic, 
and episodic or continuous. Proteinuria, ranging from a few 
hundred milligrams per day to frank nephrosis, is usually but 
not inevitably present. Acute or chronic renal failure may be 
observed, but is not common. Overall, the disease usually 
first becomes manifest during the second or third decade of 
life and is more prevalent in males by a factor of two or three. 
The most common syndrome is episodic macrohematuria 
associated with low-level (<1 g/24 hr) proteinuria (Clarkson 
et al., 1977; D'Amico et al., 1985). This pattern, typically 
observed in young males, also may feature bouts of acute 
hypertension or acute renal failure, and most often accompa-

nies acute respiratory or gastrointestinal infections. The ten-
dency for progression to glomerulosclerosis and chronic renal 
failure in this group, accounting for approximately 60% of 
all patients worldwide, is low (10%) over a sustained follow-
up period (10-20 yr). 

Microscopic hematuria, usually persistent but sometimes 
intermittent, is a somewhat less common presentation 
(Clarkson et al., 1977; D'Amico et al., 1985). Among these 
patients, many also have proteinuria in excess of 1 g/day. 
The proportion of all IgAN patients represented by such 
proteinuric patients varies geographically. In regions in which 
4'major" signs or symptoms such as acute renal failure, gross 
hematuria, or substantial proteinuria are required before a 
renal biopsy is done, virtually all microhematuric patients 
have moderate or heavy proteinuria. Where persistent micro-
hematuria is itself an indication for renal biopsy, roughly 
30% of microhematuria patients have proteinuria exceeding 
1 g/day. 

Chronic renal insufficiency, frequently with hypertension, 
is the third syndrome. These patients, presumably with an 
earlier occult onset of disease, form the smallest group (10% 
of all patients) and often manifest proteinuria or hematuria 
on diagnosis as well. 

B. Pathologic Features 

In some 60% of cases, mesangial proliferation is observed 
in the biopsy of a patient with IgAN (reviewed by Emancipa-
tor and Lamm, 1989; Emancipator, 1992). This condition is 
defined as some combination of matrix expansion and cell 
proliferation confined to the mesangial compartment of the 
glomerulus, without compromise of capillary lumina. Mild 
or minimal mesangial change or focal endocapillary prolifera-
tion and matrix expansion, that is, lesions causing narrowing 
of some capillaries superimposed on an established mesangial 
proliferative pattern, occurs in roughly 15% of patients. The 
spectrum from mild mesangial to focal proliferative change 
to diffuse endocapillary proliferation (in which most capillar-
ies are occluded by lesions) occurs in association with endog-
enous or foreign antigens complexed with specific antibody; 
such circulating immune complexes are implicated etiologi-
cally for glomerulonephritis in general (reviewed by Germuth 
and Rodriguez, 1973;McCluskey, 1992). In experimental ani-
mal models, the extent of the histological lesions is related 
to the amount and duration of circulating immune complexes, 
as well as to their character. Moreover, a correlation exists 
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in patients between the histological pattern of injury and 
the level and frequency of detection of circulating immune 
complexes (reviewed by Germuth and Rodriguez, 1973; Hill, 
1992; Silva, 1992). Therefore, the degree of proliferation and 
matrix expansion in immune complex glomerulonephritis 
may be viewed as an expression of the integral of immune 
complex load over time. In this context, note that immuno-
globulins aggregated on a nonimmune basis and rheumatoid 
factor complexes share most of the biological properties of 
antigen-antibody complexes. "Immune complex glomerulo-
nephritis" is a term that embraces these alternative immune 
aggregates. In any case, immune aggregates are likely to be 
related to the pathogenesis of glomerulonephritis; injection 
of aggregates into animals evokes disease (reviewed in 
Clarkson, 1987; Rifai, 1987; Emancipator, 1992). 

Immunofluorescence detects the accumulation of Ig and 
activated complement components within diseased glomeruli 
in IgAN (reviewed by Emancipator, 1992). These deposits, 
electron dense by traditional transmission electron micros-
copy, also can be identified by immunoelectron microscopy 
(Dysart et al, 1983; Doi et al, 1984; Mathews et al., 1985; 
Tanaka, 1986; Nakajima et al., 1987). The complexes contain 
IgA as the predominant Ig, by definition, with IgG or IgM 
associated in most cases. Alternative pathway (B, D, H, C3, 
C5-9, and properdin) but not classical pathway (Cl, C4, C2) 
complement components are almost invariably present in 
the mesangium (reviewed by Emancipator, 1992), another 
indication of the primacy of IgA, which does not activate the 
classical pathway. The deposits tend to be associated with 
reactive changes in the contractile mesangial cells, as pre-
dicted by the mesangial cell hypertrophy and hyperplasia 
seen by light microscopy. A significant proportion of cases 
also reveals deposits in the glomerular capillary walls, suben-
dothelial or subepithelial; these patients typically exhibit seg-
mental endocapillary proliferation by light microscopy. 
Overall, the correlation among light, electron, and 
immunofluorescence microscopy is excellent in IgAN. 

Glomeruli in individual patients with IgAN may vary 
widely in appearance. The severity of morphological changes 
may differ from glomerulus to glomerulus and among the 
several segments in a particular glomerulus. Moreover, the 
elements of these changes—cellular hyperplasia, cellular hy-
pertrophy, and expansion of extracellular matrix—occur in-
dependently. Hence, glomeruli with proliferation may be in-
terposed with glomeruli with matrix expansion or both within 
one biopsy. This variation is consistent with the episodic 
clinical pattern, in which the severity may vary from time to 
time. A sample at a static time point, such as a biopsy, reveals 
lesions with different chronicity, presumably evoked by dis-
tinct "showers" of immune aggregates. Variation in immuno-
histology, for example, the extent of IgG or IgM co-deposits, 
classical complement components, and the extent and 
site of capillary wall deposits, are likely to be explained 
on a similar basis: the deposits represent a time-averaged 
view of the isotype repertoire, antigen load, and comple-
mentactivation capacity of the immune complexes gener-
ated. 

The remaining 10% of IgAN patients reveal glomerular 
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abnormalities that run the gamut of glomerular disease, in-
cluding membranoproliferative, membranous, crescentic, 
and sclerotic. In some cases, overlap of two independent 
glomerular diseases has been invoked to explain the findings. 
Because IgAN is defined on the basis of the predominant 
Ig isotype deposited, IgAN can be expected to represent a 
microcosm of glomerular disease in general. Finally, note 
that tubulointerstitial nephritis and arteriolar changes 
also are observed frequently in IgAN patients (reviewed by 
Emancipator, 1992). These lesions may not derive from the 
glomerular injury, are of uncertain pathogenic significance, 
and often are observed in other forms of proliferative glo-
merulonephritis. They will not be considered further since 
no clear relation to a mucosal immune response is recog-
nized. 

II. PRIMARY IMMUNOLOGICAL 
ALTERATIONS IN IgA NEPHROPATHY 

A. General Observations 

The concentration of IgA in the serum of patients with 
IgAN is frequently (50%) increased relative to age-matched 
normal controls or patients with other glomerulonephritides, 
often 2- or 3-fold (Lopez-Trascasa et al., 1980; Egido et al., 
1982a,1987a; Schena et al., 1986; Williams et al., 1987; van 
Es et al., 1988; Peterman et al., 1991). The IgA is polyclonal, 
but several investigators have reported that the percentage 
of J-chain-linked oligomers is elevated markedly in patients 
over controls (Kupor et al., 1975; Lopez-Trascasa et al., 
1979; Woodroffe et al., 1980; Stachura et al., 1981; Lesavre 
et al., 1982; Endoh et al., 1984; Czerkinsky et al., 1986; 
Hernando et al., 1986; van Es et al., 1988; Nagura, 1989; 
Jones et al., 1990; Waldo, 1990; Chen et al., 1991; Peterman 
et al., 1991). Congruent with the renal deposits, IgAl predom-
inates over IgA2 in patient serum, as it does normally. The 
increased IgA may be immunologically specific because 
marked increases in the levels of circulating immune com-
plexes containing IgA frequently are present and these com-
plexes contain different antigens (Kupor et al., 1975; Tung 
et al., 1978; Lopez-Trascasa et al., 1979; McKenzie et al., 
1980; Woodroffe et al., 1980; Cairns et al., 1981; Kauffmann 
et al., 1981; Mustonen et al., 1981; Stachura et al., 1981; 
Coppo et al., 1982a,1984; Lesavre et al., 1982; Tomino et 
al., 1982a,b,c; Hall et al., 1983; Sancho et al., 1983; van der 
Woudeetal., 1983; Endoh etal., 1984;Nagyeffl/., 1984,1988; 
Czerkinsky et al., 1986; Hale et al., 1986; Hernando et al., 
1986; Russell et a/., 1986; Schena et al., 1986; Drew et al., 
1987; Fornasieri et al., 1987; Laurent et al., 1987; Yap et al., 
1987;Rostokere/a/., 1989a,1991). IgG synthesis and immune 
aggregate content are heightened during disease exacerbation 
as well (Russell et al., 1986; Schena et al., 1986). Moreover, 
IgGl and IgG3 are represented disproportionately in the 
circulating complexes and renal deposits, whereas serum 
IgG2 and IgM levels are decreased in patients with IgAN 
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(Aucouturier et al, 1989; Rostoker et al, 1989b). These ob-
servations also are consistent with an immune abnormality. 

Studies in vitro suggest that at least part of the increment 
in circulating IgA results from increased production. Al-
though not all observers agree, peripheral blood lymphocytes 
from patients with IgAN produce significantly more IgA dur-
ing culture than do lymphocytes from control groups, 
whether resting or after mitogen stimulation. The frequency 
of B cells bearing surface IgA in the circulation and in culture, 
resting or mitogen stimulated, is also higher in patients rela-
tive to controls (Nomoto et al., 1979; Sakai et al, 1979b; 
Cosio et al, 1982; Egido et al, 1982b, 1983a,c; Fornasieri et 
al, 1982; Cagnoli et al, 1985; Linn6 and Wasserman, 1985; 
Feehally et al, 1986; Hale et al, 1986; Schena et al, 1986; 
Waldo er al, 1986; Lai etal, 1987; Chen et al, 1991). Parallel 
alterations of B-cell function, in vivo and in vitro, have been 
reported in first-degree relatives of patients with IgAN, con-
sonant with recognition of multiply affected individuals 
within several pedigrees of familial IgAN (Sakai et al, 1979b; 
Egido et al, 1985,1987a,b; Julian et al, 1985; Waldo et al, 
1986; Waldo and Cochran, 1987; Waldo, 1992). 

Some evidence suggests that IgAN patients' T cells are 
the site of the primary defect and that the B-cell dysfunction 
is largely secondary (Sakai, 1987,1988). Perhaps the most 
compelling support for a primary defect in T cells arises from 
in vitro experiments by the Sakai group. This group reported 
that B cells from patients function normally when cultured 
with histocompatible normal T cells, but that normal B cells 
reveal derangements similar to those just described when 
cultured with IgAN patient T cells (Sakai et al, 1979a,b; 
Sakai, 1987). Defects in T-cell function and in the distribution 
of T-cell subsets have been described by a number of labora-
tories (Sakai et al, 1979a,1982; Chatenoud and Bach, 1981; 
Cosio et al, 1982; Egido et al, 1982a,b,1983a,b,c; Woo et 
al, 1982; Adachi et al, 1983; Cagnoli et al, 1985; Feehally 
et al, 1986; Hale et al, 1986; Waldo et al, 1986). This 
concept also might explain discrepancies in some of the in 
vitro studies; use of IgAN patient unfractionated peripheral 
blood lymphocytes, which include T cells, or use of mitogens 
that are T-cell directed would favor observations of abnormal 
Ig production by patient B cells if the primary defect were 
in the T-cell population. Indeed, T cells from patients and 
first-degree relatives do respond aberrantly to a variety of 
stimuli, whereas lipopolysaccharide (LPS) stimulation of pa-
tient B cells appears normal. 

Although a primary derangement in T-cell function seems 
plausible in IgAN, the evidence is limited and circumstantial. 
In fact, until a specific sequence of events leading to IgAN can 
be identified, even the concept of IgAN as an immunological 
disease remains somewhat speculative. More cogently, no 
confidence exists that all IgAN patients share the same patho-
genic mechanism; IgAN may be a syndrome that develops via 
several distinct mechanisms, not all of which are necessarily 
immunological in nature. Notwithstanding these cautions, 
concluding that at least a percentage of IgAN patients suffers 
from an immunological disease does seem reasonable. Eluci-
dation of the nature and character of the disease remains a 
priority. 

B. The Mucosal Immune System and the Genesis 
of IgA Nephropathy 

Focus on the mucosal immune system as an element in 
the genesis of IgAN began almost simultaneously with the 
recognition of IgAN as a clinicopathological entity some 
25 years ago. Collectively, mucosal sites are rich in IgA-
producing cells because of a high density of plasma cells and 
a disproportionately high fraction of IgA-producing plasma 
cells (Lamm, 1976; Underdown and Schiff, 1986; Mestecky 
and McGhee, 1987). Indeed, the gut and upper airways ac-
count for most of the total body content of IgA (Vaerman 
and Heremans, 1970; Craig and Cebra, 1975; Rothberg et 
al, 1978). Moreover, the body's synthetic rate of IgA well 
exceeds that of all other Ig classes combined (Mestecky, 
1988). Although the marrow and spleen are significant sources 
of IgA as well, and this IgA contributes significantly to the 
pool of IgA in serum, evidence exists that mucosally derived 
T cells can exert major regulatory influences on these sites 
(Pabst and Binns, 1981; Alley et al, 1986; Pabst et al, 1987). 
Hence, even IgA produced in extramucosal regions may, 
broadly speaking, be "mucosal." 

In an attempt to identify the source of IgA in the glomerular 
deposits, some investigators have studied the properties of 
the IgA in glomeruli or in the circulating immune complexes. 
Initially, the presence of J chain within glomerular deposits 
in association with IgA was offered as evidence of a mucosal 
origin (Dobrin et al, 1975; Lopez-Trascasa et al, 1979; An-
dr6 et al, 1980; Egido et al, 1980; ÂÝçÝ et al, 1982; Coppo 
et al, 1982b; Donini et al, 1982; Tomino et al, 1982c; Ko-
matsu et al, 1983; Lomax-Smith et al, 1983; Monteiro et 
al, 1984; Waldherr et al, 1983). Although Monteiro et al 
(1984) eluted 300-kDa IgA-containing J chain from renal de-
posits, thereby demonstrating that at least some deposited 
IgA is a J-chain-linked dimer, the source of the IgA was not 
elucidated because both mucosal and extramucosal plasma 
cells produce J-chain-containing IgA oligomers. Moreover, 
IgM, which also contains J chain, frequently is co-deposited 
in glomeruli in patients with IgAN. 

The subclass distribution of the deposited IgA also has 
been considered. Serum IgA, thought to be derived largely 
from marrow and other nonmucosal sites, is mostly IgAl, 
whereas secretory IgA derived from mucosal plasma cells 
contains considerable IgA2. Recognition that, in IgAN the 
renal deposits, elevations in serum IgA (oligomeric or not) 
and circulating immune complexes all are associated with 
IgAl rather than IgA2 was cited by several groups as testi-
mony to an extramucosal source of the renal IgA (Shigematsu 
et al, 1980; Tomino et al, 1981; Rambausek et al, 1982; 
Hall et al, 1983; Lomax-Smith et al, 1983; Czerkinsky et 
al, 1986; Conley and Delacroix, 1987; ÂÝçÝ and Faure, 1988; 
van den Wall Bake et al, 1988). However, a substantial 
proportion of mucosal IgA is in fact IgAl, even predominating 
over IgA2 in some mucosal locations, particularly in the 
airways and small bowel. Moreover, certain categories of 
antigens may induce IgAl (or IgA2) antibodies preferentially. 
Therefore, the source of the IgA cannot be identified reliably 
from its subclass distribution (Lamm, 1976; Underdown and 
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Schiff, 1986; Mestecky and McGhee, 1987; Rifai, 1987; Mes-
tecky, 1988). The predominance of ë light chains in both 
renal deposits and IgA from mucosal versus nonmucosal 
sources was cited to support a mucosal origin for the IgA 
(Bene and Faure, 1988; Faure et al, 1990; Chen et al, 1991). 
Again, this argument is circumstantial and subject to reinter-
pretation if ê/ë ratios in mucosal sites other than tonsil and 
small bowel should resemble the marrow, where κ chains 
predominate, more closely. 

A second line of evidence implicating the mucosal immune 
system in the genesis of IgAN derives from the antigens 
identified within the glomerular deposits and circulating im-
mune complexes. The constellation of such antigens is large, 
ranging from "inert" proteins, glycoproteins, saccharides, 
and nucleic acids to infectious microorganisms and autoanti-
gens. The inert antigens identified are nearly all dietary com-
ponents; the infectious organisms identified to date are all 
trophic for mucosal sites since they invade the body via the 
airways or intestinal tract (Kupor et al, 1975; Tung et al, 
1978; Lopez-Trascasa et al, 1979; McKenzie et al., 1980; 
Woodroffe et al., 1980; Cairns et al, 1981; Kauffmann et 
al, 1981; Mustonen etal, 1981;Stachuraeia/., 1981;Coppo 
et al, 1982a,1984; Lesavre et al, 1982; Tomino et al, 
1982a,b,c,1987; Hall et al, 1983; Sancho et al, 1983; van 
der Woude et al, 1983; Endoh et al, 1984; Nagy et al, 
1984,1988,1989; Czerkinsky et al, 1986; Haie et al, 1986; 
Russell et al, 1986; Schena et al, 1986; Drew et al, 1987; 
Fornasierieifl/., 1987; Laurents/ . , 1987; Sato etal,, 1987; 
Yap et al, 1987; Nagura, 1989; Rostoker et al, 1989a, 1991). 

A third and probably significant line of evidence derives 
from the close temporal relationship between acute "viral" 
syndromes, usually respiratory, and the onset or exacerba-
tion of IgAN, particularly among macrohematuric patients 
(reviewed by Emancipator et al, 1985; van Es et al, 1988). 
Temporal associations also are recognized between dietary 
intake of gluten and the frequency and severity of hematuric 
episodes in IgAN (Coppo et al, 1986; DelPrato et al, 1988; 
Rostoker et al, 1990a). 

In a fourth line of evidence, Bene et al (1984,1986,1991b) 
and Westberg et al. (1983) have studied tonsillar and, to a 
more limited degree, gut and scleral plasma cells in patients 
with nephritis and in controls. Although the tonsils are not 
a purely mucosal lymphoid tissue, tonsils and gut from IgAN 
patients reveal similar changes in the ratio of IgG: IgA plasma 
cells and similar abnormalities in Ig secretion by isolated cells 
in culture relative to normal controls and glomerulonephritic 
patients without IgA deposits. Yasumori (1990) reported that 
patients with IgAN have an increase in serum IgA associated 
with an increase in salivary secretory IgA levels relative to 
controls. The increase in salivary IgA is seen in all forms of 
glomerulonephritis, suggesting that polyclonal B-cell activa-
tion leads to increased IgA in general (Rostoker et al, 1990b; 
Yasumori, 1990). However, patients with IgAN have a low 
ratio of salivary to serum IgA relative to individuals with 
non-IgA glomerulonephritis. Some patients with IgAN also 
have abnormally low secretory IgA in jejunal secretions. In 
addition, serum levels of secretory IgA are elevated in IgAN 
patients with hematuria (Yasumori, 1990). Therefore, pertur-
bations in the mucosal immune system may exist in patients 

with IgAN with respect to transepithelial transport. A newly 
recognized deficiency in the production of J chain by lamina 
propria plasmacytes in intestinal biopsies of patients with 
IgAN relative to healthy individuals (J. Feehally, personal 
communication) predicts such diminished transepithelial 
transport, and may prove important in the genesis of IgAN. 

Some of the most compelling evidence considers specific 
immune responses to mucosal immunization with tetanus 
toxoid in patients with IgAN. Waldo (1992) reported that 
patients with IgAN develop higher serum IgG antibody levels 
after mucosal immunization and a greater increase in specific 
IgG after boosting, relative to controls. These patients had 
lower levels of specific serum IgA than controls and did not 
increase specific IgA titers after boosting, despite increased 
IgA responses of peripheral blood mononuclear cells after 
mitogen stimulation. Indeed, patients with IgAN who had 
elevated IgA anti-poliovirus titers in serum manifested sup-
pression of specific IgA after oral poliovirus challenge; paral-
lel abnormalities were observed in cells from these patients in 
vitro (Waldo and Cochran, 1987). Patients also had increased 
total serum IgA not specific for poliovirus relative to controls, 
further supporting a dysregulation of IgA synthesis. Other 
vaccination studies also support a more vigorous immune 
response, particularly of the mucosal immune system, in 
patients with IgAN (Endoh et al, 1984; Leinikki et al, 1987; 
van Es et al, 1988), as well as in first-degree relatives (Waldo 
and Cochran, 1987; Waldo, 1992). Abnormalities in serum 
IgA levels, particularly polymeric IgAl and IgA associated 
with complement (i.e., conglutinin-binding IgA), are accentu-
ated in IgAN patients during mucosal infections (van Es et 
al, 1988; Jones et al, 1990). Although these data further 
emphasize the contribution of mucosal immune responses to 
alterations in circulating IgA, they again do not pinpoint these 
alterations as the source of the glomerular deposits. 

When all the evidence is considered, we believe it favors 
a mucosal source of the IgA aggregates in the kidney and in 
the circulation. Admittedly, however, despite the abundant 
data implicating the mucosal immune system in the pathogen-
esis of IgAN, little direct evidence supports such a link. 

III. ENHANCED MUCOSAL PENETRABILITY 
BY ANTIGEN 

The aforementioned increases in polyclonal IgA, and per-
haps IgG, production have been viewed as the result of a 
dysregulated immune system, systemic or mucosal. How-
ever, an equally plausible scenario posits increased penetra-
tion of mucosal surfaces by antigen, perhaps in the face of 
a normally regulated immune response. The enhanced expo-
sure of mucosa-associated lymphoid tissue (MALT) to anti-
gen would evoke a heightened immune response, and would 
favor elevated levels of immune complexes within the body 
proper, including the mucosae. Such immune complexes 
could gain access to the circulation and ultimately could lodge 
in the kidney. 

Data in support of specific mechanisms by which increased 
antigen penetration could occur are limited. As already men-
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tioned, various dietary and airway antigens, complexes of 
those antigens with specific antibody, or specific antibodies 
are present in the blood of patients with IgAN in excess of 
the levels found in normals (Kupor et al, 1975; Tung et al, 
1978; Lopez-Trascasa et al, 1979; McKenzie et al, 1980; 
Woodroffe et al, 1980; Cairns et al, 1981; Kauffmann et 
al, 1981;Mustoneneia/., 1981;Stachura*tfa/., 1981;Coppo 
et al, 1982a,1984; Lesavre et al, 1982; Tomino et al, 
1982a,b,c,1987; Hall et al, 1983; Sancho et al, 1983; van 
der Woude et al, 1983; Endoh et al, 1984; Nagy et al, 1984, 
1988; Czerkinsky et al, 1986; Hale et al, 1986; Russell et al, 
1986; Schena et al, 1986; Drew et al, 1987; Fornasieri et al, 
1987; Laurent et al, 1987; Sato et al, 1987; Yap et al, 
1987; Rostoker et al, 1989a,1991). Although increased titers 
of antibodies specific for a variety of "mucosal" antigens also 
are seen in glomerulonephritides other than IgAN (Rostoker 
et al, 1991), the presence of dietary antigens appears limited 
to IgAN patients, as are titers for some specific antibodies. 

Increased antigen penetration consequent to a general fail-
ure of the mucosal barrier is encountered infrequently in 
IgAN patients, even during exacerbations of hematuria asso-
ciated with increased dietary antigens in serum (Davin et al, 
1988; Jenkins^«/., 1988; Rostoker et al, 1989a, 1990a; Davin 
and Mahieu, 1992). The majority (75%) of patients with IgAN 
have normal or borderline high degrees of intestinal absorp-
tion of materials such as cellobiose and 51Cr-labeled EDTA. 
These observations argue against a general intrinsic defect 
in mucosal surfaces. Moreover, these data also render two 
other hypotheses less likely: infectious injury to mucosal 
epithelium and immune-mediated injury to the mucosa 
(Emancipator and Lamm, 1989). 

The increase in circulating dietary antigens without a gen-
eral increase in gut permeability could be the result of a 
defect in immune inhibition of the uptake of macromolecules 
by the gut. Since specific secretory antibody in the lumen 
can interfere with the transport of macromolecules across 
the lining, defects in the secretion of specific antibodies could 
increase such transit (Cunningham-Rundles et al, 1978; 
Walkerand Bloch, 1983; Cunningham-Rundles, 1990,1991). 
Such defects would, in principle, include IgA deficiency, 
specific immune tolerance for penetrating antigens, inappro-
priate or inadequate differentiation or distribution of stimu-
lated MALT B lymphocytes, impaired IgA transport across 
mucosal epithelium, or accelerated degradation of IgA within 
mucosal lumina. IgA deficiency is not likely in IgAN, since 
heightened or normal IgA production is characteristic in vitro 
and in vivo. Specific tolerance for selected antigens could 
occur; however, since a causal antigen is not known in any 
patient and may be multiple in a given patient, this issue 
cannot be evaluated. Dichotomy between secreted and sys-
temic IgA levels is recognized (Cunningham-Rundles, 
1990,1991). However, a defect in the secretion of selected 
specific IgA antibodies with a coexisting generation of sys-
temic antibody of the same specificity, required to generate 
pathogenic immune complexes, seems improbable. Impaired 
differentiation or homing of MALT lymphocytes in general 
is also doubtful, since none of a significant sample of patients 
with IgAN had decrements in mucosal IgA plasma cells 
(Westberg et al, 1983; Bene et al, 1984,1986,1991b). None-

theless, all these possibilities remain because small differ-
ences beyond the resolution of currently available assays 
could, over a long period of time and a large surface area as 
manifested in the mucosae, result in significant differences 
in the proportion and amounts of antigen and antibody in 
various parts of the body. 

Perhaps more intriguing and plausible, impaired polymeric 
Ig receptor-mediated transport of IgA across the mucosa 
merits discussion. Salivary IgA is increased relative to other 
proteins in all glomerulonephritides, but the salivary content 
of secretory IgA is decreased selectively in patients with 
IgAN (Rostoker et al, 1990b; Yasumori, 1990). Hematuric 
IgAN patients have increased secretory IgA in serum. During 
normal transport of IgA across exocrine epithelium, dimeric 
IgA is attached to the external domain of the polymeric Ig 
receptor; the receptor, in turn, is cleaved proteolytically at 
the junction of its external and transmembrane domains at 
the apical surface of the cell. Increased secretory IgA in 
serum, with decreased secretory IgA in secretions, could 
result from proteolytic release of secretory component at the 
basolateral surface of mucosal epithelium, related either to 
misdirection of IgA within the epithelial cell or to altered 
localization of the relevant plasma membrane endopeptidase. 
Although glomerular deposits do not contain appreciable se-
cretory IgA in patients with primary IgAN (reviewed by 
Emancipator et al, 1985), increased mucosal penetration by 
antigen favored by relatively small shifts in polymeric Ig 
receptor-mediated IgA transport could lead to increased 
antigen-specific antibody responses of mixed isotype in both 
mucosal and extramucosal sites. In this scenario, even if the 
IgA deposited in glomeruli were derived from marrow or 
splenic plasma cells, disease could be related to defective 
mucosal immunity. On the other hand, permeation of the 
mucosal defenses by antigen need not represent an actual 
defect in mucosal immunity. Rather, an antigen load could 
increase suddenly, generating a transient period of antigen 
excess that could overwhelm local immunity for a time. Al-
though this sequence of events would, in a sense, represent 
a failure of the mucosal immune system, it would nonetheless 
be physiological. Moreover, repetition of such a scenario 
with differing ' 'novel" antigens over a period of time might 
prove noxious, particularly in individuals such as patients 
with IgAN, with a tendency toward an especially robust 
immune response (Endoh et al, 1984; Leinikki et al, 1987; 
Waldo and Cochran, 1987; van Es et al, 1988; Waldo, 1992). 
Finally, defective trans-mucosal transport of IgA antibody 
consequent to the diminished synthesis of J chain observed 
in the gut lamina propria of patients with IgAN (J. Feehally, 
personal communication) could favor increased penetration 
of the gut wall by antigen. 

Of interest is the recognition that intraepithelial neutraliza-
tion of mucosal pathogens by specific IgA antibody can occur, 
for example, if the transcytotic pathway of IgA intersects 
the cellular pathway followed by the synthesis and assembly 
of viral components (Mazanec et al, 1992). Misdirection of 
IgA-containing vesicles might allow greater mucosal penetra-
tion by virus, viral antigens, or IgA immune complexes. In-
deed, a parallel mechanism could be operative for inert mac-
romolecules, if pinocytotic vesicles containing luminally 
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derived antigens normally intersect with transcytotic vesicles 
containing specific IgA. Subversion of this system provides 
another mechanism by which mucosal penetration by antigen 
might occur. 

IV. DEFECTIVE CLEARANCE OF 
IMMUNE COMPLEXES 

A. Mononuclear Phagocyte System 

Immune complexes in the circulation typically are taken up 
by cells of the mononuclear phagocyte (reticuloendothelial) 
system (Arend and Mannik, 1971; Mannik and Arend, 1971; 
Haakenstad and Mannik, 1974; Mannik and Jimenez, 1979), 
primarily in the liver and spleen (Mannik et al, 1971). Fixed 
phagocytes can remove particles nonspecifically (Biozzi et 
al, 1953; Normann, 1974). In addition, these cells bear a 
high density of receptors for immunoglobulin Fc regions and 
for complement components (reviewed by Cornacoff et al, 
1983; Medof et al, 1983). Thus, uptake of particulates coated 
with antibody or complement (opsonized) is more efficient 
(Mannik et al, 1971; Mannik and Jimenez, 1979). Impaired 
phagocyte function is, therefore, a potential contributor to 
immune complex disease, including glomerulonephritis 
(Haakenstad and Mannik, 1976; Germuth et al, 1977,1982). 
With respect to this possibility, many variables must be con-
sidered that are related to the nature of the antigen and the 
host immune response. 

Factors such as the chemical nature of the antigen, its 
electrostatic charge and catabolic rate, and the quantity and 
quality of the responding antibody (including isotype distribu-
tion and avidity) influence the molecular weight, electrostatic 
charge, and tissue distribution of the resultant complexes 
and, therefore, their rate of clearance (Haakenstad and Man-
nik, 1976; Germuth et al, 1977,1982; Finbloom et al, 1981; 
Gauthier et al, 1982; Isaacs and Miller, 1982; Gallo et al, 
1983; Mannik et al, 1983). In human glomerulonephritis, 
however, these factors cannot be evaluated completely since 
the causal antigens have not been identified. 

The study of immune complexes containing IgA involves 
its own distinct factors (Rifai and Mannik, 1983,1984). The 
presence of IgA within an immune lattice can influence its 
clearance kinetics in relation to mechanisms that depend on 
cellular immune adherence receptors (Waxman et al, 1986). 
These receptors bind to activation fragments of the third 
component of complement with a higher affinity than Fc 
receptors have for Ig, and they promote uptake of immune 
complexes containing appropriate C3 polypeptides. Also, 
when inserted into immune complexes, C3b promotes binding 
to erythrocytes via one of these receptors (CR1). The erythro-
cyte then can transport such complexes efficiently to phago-
cytes in the spleen and liver without allowing the complexes 
to circulate freely in the interval (Cornacoff et al, 1983; 
Medof et al, 1983). Interestingly, when IgA is present, it 
seems to inhibit complement fixation by IgG in the same 
immune lattice (Waldo and Cochran, 1989). Hence, the pres-
ence of IgA in an immune complex may subvert immune 
adherence receptor-dependent mechanisms, and may impair 

the clearance of the complexes by phagocytes. For example, 
in baboons, immune complexes containing IgA do not bind 
erythrocytes as well as immune complexes containing only 
IgG antibody; IgG complexes contain relatively more com-
plement (Waxman et al, 1986). The IgA immune complexes 
are, nevertheless, taken out of circulation more quickly, pre-
sumably because they are free in solution rather than bound 
to erythrocytes and are distributed more widely, with rela-
tively higher concentrations in organs other than liver and 
spleen, for example, the kidney and lungs. Hence, intercala-
tion of IgA into an immune lattice may increase renal deposi-
tion. Deficient selective CR1 uptake of IgA-containing com-
plexes cannot be ascribed to increased alternative versus 
classical pathway complement activation, since particles op-
sonized via alternative pathway activation by zymosan bind 
readily to primate erythrocytes (Cornacoff etal.,\983; Medof 
et al, 1983). 

B. Other Mechanisms 

In rodents, immune complexes containing polymeric IgA 
can be transported actively across hepatocytes by the same 
polymeric Ig receptor-dependent mechanism that normally 
applies to free polymeric IgA (Nagura et al, 1981; Peppard 
etal, 1981; Socken e/ al, 1981; Brown etal, 1982; Delacroix 
et al, 1982; Mestecky et al, 1989). In humans, biliary epithe-
lial cells rather than hepatocytes support this function, but 
this process is relatively inefficient (Mestecky et al, 1989; 
Rifai et al, 1989). When radiolabeled model IgA immune 
complexes are injected into primates, the liver and, second-
arily, the spleen manifest the most uptake in scintillographic 
studies in humans (Rifai et al, 1989; Roccatello et al, 
1989,1992) and in direct y counting of tissue samples in ba-
boons (Waxman et al, 1986). Fixed phagocytes appear to 
account for clearance of the aggregates, as outlined earlier, 
with little radiolabeled IgA excreted into bile. However, the 
observation that epithelial cells can transport immune com-
plexes containing oligomeric IgA efficiently from the basolat-
eral (lamina propria) surface to the apical (luminal) surface 
may be germane to elucidating the mechanism of clearance 
(Kaetzel etal,\99\). The vast number and incessant activity 
of secretory epithelial cells may represent a critical, topo-
graphically diffuse mechanism for ridding the body of locally 
formed IgA immune complexes. A defect in this transport 
system, such as the deficient production of J chain reported 
in IgAN patients by Feehally and associates (J. Feehally, 
personal communication), would promote systemic accumu-
lation of IgA immune complexes and, perhaps, mesangial 
IgA deposits. 

Three clinical investigations from two separate labora-
tories failed to observe significant intestinal or bronchial up-
take of model IgA immune complexes from the circulation 
(Rifai et al, 1989; Roccatello et al, 1989,1992). However, 
because a given cell would take up only a small amount of 
complexes, a widely disseminated mass of involved cells 
might not be recognized by the scintillographic imaging tech-
niques employed. Moreover, traditional methods of measur-
ing removal of radioactivity from the circulation over many 
hours cannot resolve the contribution by a particular organ. 
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The relative mass of the liver versus spleen makes hepatic 
clearance more significant than splenic clearance of IgA im-
mune complexes, despite a greater amount of IgA binding 
per unit tissue in spleen. Similarly, in humans, the relative 
number of erythrocytes favors greater cumulative binding of 
C3b-containing immune complexes to erythrocytes than to 
circulating phagocytes, despite a lower number of CR1 recep-
tors per red cell (Cornacoff et al, 1983; Medof et al., 1983). 
In analogous fashion, fewer immune complexes per cell may 
be cleared from the lamina propria by enterocytes and bron-
chial epithelial cells but this clearance, nevertheless, trans-
lates into more total transport when the aggregate number 
of cells in the body is considered. Evaluation of the potential 
excretion of IgA-containing immune complexes, particularly 
locally and perhaps from the circulation, by secretory epithe-
lium in vivo is warranted in terms of our need to comprehend 
both normal "excretory" immune function and the pathogen-
esis of IgAN. 

Although secretory component-mediated hepatobiliary 
transport of polymeric IgA is inefficient in humans relative to 
rodents (Mestecky et al., 1989; Rifai et al., 1989), hepatocytes 
may take up and catabolize IgA via the asialoglycopro-
tein receptor (Mestecky et al., 1989). Although the extent 
to which hepatobiliary transport applies to circulating IgA 
immune complexes is not clear, indications are that this 
mechanism does operate in human liver (Mestecky et al., 
1989; Rifai et al., 1989). Another potential mechanism for 
removal of IgA relates to erythrocyte binding independent 
of CR1. Approximately 40% of patients with IgAN exhibit 
an increase in such binding. The mechanism by which this 
binding occurs and its biological significance are uncertain 
(Matsuda et al., 1988). 

C Role of Defective Clearance and Relation to the 
Mucosal Immune System 

Studies addressing the issues just described for IgA im-
mune complexes do not answer the specific question of a 
possible defect in clearance in patients with IgAN. Logically, 
a difference between controls and patients with IgAN in the 
rates of clearance of soluble macromolecular aggregates that 
contain IgA is more relevant to the pathogenesis of the dis-
ease than the previously reported defective clearance of IgG-
coated erythrocytes (Lawrence et al., 1983; Nicholls and 
Kincaid-Smith, 1984; Solomon et al., 1984; Roccatello et al., 
1985). The relative clearance rates of complexes that contain 
only IgG compared with those with pure or admixed IgA 
might not relate to the pathogenesis of IgAN, given the central 
role of the IgA component in the immune complexes in this 
disease. The fate of IgA-containing complexes emerges as a 
potentially critical factor in the genesis of IgAN (Nagura, 
1989), but results of studies in patients with human IgAN 
conflict (Rifai et al., 1989; Roccatello et al., 1989,1992). The 
discrepancy between the two laboratories that have ad-
dressed this issue directly could result from differences in 
the preparation, and therefore the character, of the model 
IgA aggregates. Alternatively, the discrepancy might reflect 
the fact that the differences between patients and controls, 
although statistically significant in one laboratory, are small 

and close to the limit of detection by current methods. Small 
differences, even if not statistically significant or measurable 
at present, nonetheless might prove critical in the chronic 
time-frame operative in IgAN. Particularly, the extensive 
mass and continuous activity of the intestinal epithelium 
might translate into a significant difference in the total excre-
tion of local IgA immune complexes between IgAN patients 
and controls. Defects in polymeric Ig receptor-mediated ex-
cretion of mucosal immune complexes (Kaetzel et al., 1991), 
perhaps in concert with defects in polymeric Ig receptor-
mediated transport of free oligomeric IgA antibody, would 
favor accumulation of IgA immune complexes in the circula-
tion and ultimately in the kidney. 

As already discussed, under physiological circumstances 
an abrupt increase in the concentration of antigen intralumi-
nally or intraepithelially could lead to transiently increased 
permeability of that antigen, whether it is a novel environ-
mental or infectious agent or an antigen to which the host is 
already immune through prior exposure. Under these circum-
stances, small soluble immune complexes in response to anti-
gen excess would form with the first available antibody. Lo-
cally formed IgA complexes with oligomeric IgA should be 
cleared efficiently by the overlying epithelium (Kaetzel et 
al., 1991). However, complexes with monomeric IgA or IgG 
would be removed by this mechanism only if they also con-
tained oligomeric IgA (C. Kaetzel, J. Robinson, and M. 
Lamm, unpublished observations). Small immune complexes 
formed under extreme antigen excess are less likely to contain 
both oligomeric and monomeric antibody in the same com-
plex, since only one or two antibody molecules would be 
present. Small complexes of antigen with IgG or monomeric 
IgA but without oligomeric IgA would escape clearance by 
the mucosal epithelium and therefore would become concen-
trated within the lamina propria. Alternately, complexes that 
contain oligomeric IgA with relatively less J chain could 
develop in patients with IgAN (J. Feehally, personal commu-
nication), similarly less susceptible to clearance by the muco-
sal epithelium. These complexes could gain access to the 
circulation and deposit in glomeruli. As the mucosal immune 
response adapted to the new level of antigen exposure by 
making more antibody, free antibody (predominantly IgA) 
also would gain access to the circulation. At this point, the 
free IgA could deposit on top of the previously deposited 
glomerular immune complexes, adding appreciably more 
IgA. This sequence of events explains well the generation 
within the kidney of the mixed IgA and IgG isotypes consid-
ered particularly pathogenic in IgAN (reviewed by Emancipa-
tor and Lamm, 1989; Emancipator, 1990,1992). If this se-
quence of events actually occurs, it clearly relates the 
mucosal immune system to the pathogenesis of IgAN. 

V. CONCLUDING PERSPECTIVES 

The preceding discussion clearly shows that the source 
(mucosal or extramucosal) and the nature (immune com-
plexes or nonimmune aggregates) of the IgA deposited in the 
mesangium in IgAN are still controversial. We favor a view 
of IgAN as a form of serum sickness in which mucosally 
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derived antigens elicit local mucosal antibody synthesis, 
thereby generating pathogenic immune complexes. Although 
much of the evidence for either perspective is circumstantial, 
the unambiguous facets all support this view; some of the 
arguments advanced in favor of a mucosal source render 
extramucosal sources less likely (Bene and Faure, 1988). 
Moreover, the evidence cited to favor a bone marrow origin 
of the IgA deposits, that is, predominance of Ig A1 not exclu-
sively found as oligomers linked by J chain (van den Wall 
Bake et al, 1988), does not necessarily argue against a muco-
sal source. Although dietary antigens and infectious agents 
interacting with mucosal epithelium certainly can gain access 
to extramucosal lymphoid tissue, mucosal lymphocytes 
would be exposed initially. Moreover, extramucosal sites of 
Ig synthesis, including the marrow, tend to produce more 
IgG and IgM relative to IgA than do mucosal sites. 

Similar reasoning favors the concept that IgA aggregates 
are immune complexes. The renal deposits and the circulating 
IgA aggregates are acid dissociable. The eluted IgA, once 
fractionated, does not self-aggregate (Monteiro et al, 1984). 
Although anti-Ig antibodies, including IgA rheumatoid fac-
tors and IgG specific for the constant domain of Fab frag-
ments of IgA, have been invoked, no predictive value for 
diagnosis or severity of Ig AN is associated with such antibod-
ies (Czerkinskye/fl/., 1986; Sinico et al., 1986,1988; Jackson 
et al, 1987; Jackson, 1988; Schena et al, 1988; van Es et 
al, 1988). Presumably, therefore, at least one non-Ig compo-
nent is required for IgA or mixed-isotype dissociable immune 
aggregate formation. Although Ig-binding proteins such as 
lectins, which can bind glycosyl side chains of Ig (DelPrato et 
al, 1988; Emancipator et al, 1992), and extracellular matrix 
proteins such as collagen or fibronectin (reviewed in Jennette 

epithelium 

lamina propria 

phagocyte 
system: 

Figure 1 Some of the theoretically possible events related to the genesis of Ig AN are schematized. Antigen (Ag) may 
combine with antibody (Ab) to generate immune complexes (IC) in the lumen, in the extracellular fluid in the mucosal 
lamina propria, in the circulation, or in situ in the glomeruli; these rate constants are denoted kx,kv, kv, and kr, respectively, 
since the formation rates vary in differing environments. Although mucosal immune responses to local antigens are 
emphasized, the scheme also can apply to antigen, antibody, and IC that enter the blood and tissues from other sites. 
Entry of antigen via the rate constants k2, k2>, kT, and k2» consider penetration of mucosa by antigen (k2), production of 
antigens within the mucosa such as autoantigens or products of microorganisms (k2>, kT), and entry into the blood from 
an extramucosal source (kr*). Free antigen in the lamina propria also may enter the general circulation (£4). Antibody 
synthesized by mucosal (ks) or extramucosal (ks>) plasma cells is subject to transport by the polymeric Ig receptor (kAb) if 
the antibody is a J-chain-containing oligomer; combination with antigen to form IC in various sites (kx-kr)\ or entry into 
the blood (k5). ICs formed in the lamina propria may enter the blood (k6) or, if they contain at least some J chain-linked 
oligomeric Ig, may be excreted actively by the overlying epithelium (k3). Circulating ICs can be removed by the mononuclear 
phagocyte system or by other clearance mechanisms (fc8) or be deposited in glomeruli (k7). Of course, free antigen and 
antibody in the circulation also are subject to catabolic removal (constants not shown). Within this complicated scheme, 
a number of possibilities for the genesis of IgAN can be accommodated. Within an individual patient, one or perhaps a 
few of these mechanisms might apply, but different patients could incorporate features in distinct portions of the scheme. 
For reasons explained in the text, we favor the dominance of mucosally related antigen (k2, k2>, k2) combining with local 
antibody to generate ICs (kv). Whatever the specific mechanisms, virtually all the possible pathways relate to mucosal 
function in some way. 
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et al, 1991) theoretically could promote aggregation of immu-
nologically nonspecific Ig, innumerable antigens could elicit 
formation of complexes with specific antibodies. Many di-
verse mucosally related antigens have been implicated (Ku-
por et al, 1975; Tung et al, 1978; Lopez-Trascasa et al, 
1979; McKenzie et al, 1980; Woodroffe et al, 1980; Cairns 
et al, 1981; Kauffmann et al, 1981; Mustonen et al, 1981; 
Stachura et al, 1981; Coppo et al, 1982a,1984; Lesavre et 
al, 1982; Tomino et al, 1982a,b,c; Hall et al, 1983; Sancho 
et al, 1983; van der Woude et al, 1983; Endoh et al, 1984; 
Nagy et al, 1984,1988; Czerkinsky et al, 1986; Hale et al, 
1986; Russell et al, 1986; Schena et al, 1986; Drew et al, 
1987; Fornasieri et al, 1987; Laurent et al, 1987; Yap et 
al, 1987; Rostoker et al, 1989a). Moreover, in the broad 
sense, dietary lectins or mucosal pathogen- or commensal-
derived Ig-binding proteins or lectins are, themselves, poten-
tial immunogens. Aside from the issue of whether the glomer-
ular aggregates represent immune complexes, several distinct 
mechanisms promoting renal deposition can be envisioned. 
Possibilities are summarized in Figure 1. 

Several investigators, noting the diversity of features 
among patients with Ig AN, have proposed that Ig AN is a 
syndrome rather than a disease. This argument presupposes 
that different patient groups have distinct defects and patho-
geneses and, therefore, distinct diseases. Perhaps several 
individual diseases, all with the common syndrome of Ig AN, 
signal a primary defect in one of the pathways in Figure 
1. Perusal of this scheme, however, reveals that mucosal 
function impacts a majority of the mechanisms considered. 
Therefore, various insufficiencies of mucosal defense could 
promote the development of Ig AN. 

A body of literature focusing on genetic risk has prompted 
speculation that IgAN is a polygenic disease (reviewed by 
Emancipator, 1992). In this context, immunoregulatory, 
transport, and cytokine genes all could impact upon elements of 
Figure 1. Except for aberrant regulation of Ig synthesis, data 
exist that contradict proposed defects in many of the path-
ways considered. Reports affirming defects often have bor-
derline statistical significance or modest biological differ-
ences. We already have discussed the possibility that small 
quantitative differences over protracted time in a chronic 
disease such as IgAN could result in large differences in the 
accumulation of IgA deposits. Similarly, small shifts in the 
rate constants of multiple pathways in the overall scheme of 
Figure 1 could synergize to give a large shift in the overall 
rate of deposition versus clearance. Does this represent the 
polygenic origin postulated for IgAN? 

A simple imbalance between production and clearance of 
immune complexes probably cannot account entirely for the 
development of IgAN (van Es et al, 1988; Waldo, 1990; 
Julian et al, 1991). Despite high levels of circulating IgA 
immune complexes, comparable to or in excess of levels seen 
in IgAN, patients with human immunodeficiency virus (HIV) 
infections rarely have glomerular deposits of IgA (Kenouch 
et al, 1990; Bene et al, 1991a; Schoeneman et al, 1992). 
Indeed, IgAN associated with HIV has been recognized only 
recently, despite many renal biopsies of HIV-infected pa-
tients over several years. What factors, beyond the relative 
rates of production and clearance of IgA immune complexes, 

might apply to the development of this syndrome? Is the 
IgA produced by plasma cells from IgAN patients somehow 
different? Does the antigen component target IgA immune 
complexes to the mesangium in individuals at risk for IgAN 
(Emancipator et al, 1992)? Is the mesangium of IgAN pa-
tients somehow different (Nagura, 1989)? Although such 
questions are emerging, their importance and relationship to 
the more established issues discussed earlier are speculative. 

In conclusion, the pathogenesis of IgAN and the role of 
the mucosal immune system in the process are not yet clear. 
Nevertheless, we strongly favor the view that the glomerular 
IgA deposits represent complexes of mucosal antigens com-
bined with antibodies synthesized by mucosal plasma cells 
that reached the circulation and were not cleared by the 
mononuclear phagocyte system or other mechanisms for 
elimination. This hypothesis, therefore, ascribes a major and 
central role in the genesis of IgAN to the mucosal immune 
system. 
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I. INTRODUCTION 

Mucosal immunity in the female and male reproductive 
tracts is uniquely adapted to serve the particular requirements 
of reproduction. This immune system reacts against microor-
ganisms and helps maintain an aseptic environment in the 
genital tracts during most stages of the reproductive process. 
At the same time, the system fails to react against the antigens 
of sperm, the zona pellucida, and the early embryo, and 
thereby avoids inhibiting reproduction. A consequence of 
this adaptation is that mucosal immunity in the genital tracts 
differs in significant ways from that in the intestine. In particu-
lar, several basic characteristics of mucosal immunity in the 
intestine are absent or inconspicuous in the genital tracts, 
including antigen-transporting epithelial cells, mucosal 
lymphoid nodules, homing, and a preponderance of IgA in 
secretions. A consideration of these differences is a major 
focus of this chapter. 

Progress in several important clinical and public health 
issues cannot be made without a better understanding of 
mucosal immunology in the genital tracts. For example, effec-
tive vaccination to protect the genital tracts against sexually 
transmitted diseases, including acquired immunodeficiency 
syndrome (AIDS), probably will require activation of local 
immune mechanisms in the mucosa (Archibald et aL, 1987; 
Forrest, 1991; Ward, 1993). Similarly, considerable interest 
has arisen in the development of vaccines that stimulate local 
secretory immunity against sperm for short- or intermediate-
term immunocontraception (E. L. Parr and M. B. Parr, 1993). 
A need to understand better the immunologically mediated 
infertility that occurs in a few individuals of both sexes as a 
result of IgA antisperm antibody in the genital tracts also 
exists (Bronson et aL, 1984). 

Finally, we would like to emphasize, as did Schumacher 
(1980), that remarkable variation in the structure and function 
of the mammalian reproductive system occurs from one stage 
of the reproductive process to another, as well as among 
species. Caution, therefore, is necessary when correlating 
immunological results with reproductive function and when 
extending results from one species to another. 

II. FEMALE REPRODUCTIVE TRACT 

A. Efferent Limb of Mucosal Immunity 

The main elements of secretory immunity in the genital 
tract appear to be secretory component (SC) in epithelial 
cells, IgA plasma cells in the underlying stroma, and immuno-
globulins (SIgA and IgG) in luminal fluids. In the following 
sections, we summarize available information concerning 
these immune elements in the oviduct, uterus, and vagina of 
several species. We also discuss the pathways of immuno-
globulin movement across the mucosa of those organs. 

1. Secretory Component, Plasma Cells, 
and Immunoglobulins 

In humans, SC and IgA plasma cells in the female genital 
tract have been the subject of numerous investigations. These 
studies have shown that the isthmus and ampulla of the ovi-
duct contain SC on the luminal epithelium and IgA plasma 
cells in the stroma, suggesting that the oviduct is a potential 
site for mucosal immunity in the genital tracts of women 
(Tourville et aL, 1970; Kutteh et al.t 1988,1990). Specific 
observations are not available for the preampulla of the ovi-
duct, in which plasma cells and interstitial immunoglobulins 
are most concentrated in the mouse oviduct (E. L. Parr and 
M. B. Parr, 1985). The body and fundus of the uterus contain 
SC and IgA in glandular epithelia and IgA in the glandular 
lumina (Tourville et aL, 1970; Vaerman and Ferin, 1974; 
Rebellow aL, 1975; Kelly and Fox, 1979; Kutteh et aL, 1988). 
However, IgA plasma cells are rare or absent, suggesting that 
serum may be an important source of IgA for secretion in 
this part of the uterus. The endocervix, which in humans is 
lined by columnar epithelium and contains numerous glands, 
exhibits SC on the luminal and glandular epithelia and con-
tains many IgA plasma cells (Rebello et aL, 1975; Kutteh et 
aL, 1988). These observations suggest that the endocervix is 
likely to be a focal point for mucosal immunity in the genital 
tract of women (Ingerslev, 1981). The ectocervix, on the 
other hand, is similar to the vagina; it is lined by stratified 
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squamous epithelium, lacks glands and SC, and shows few 
subepithelial IgA plasma cells. 

Several studies have shown that both IgA and IgG are 
present in cervicovaginal fluids and that IgG appears to be 
the predominant immunoglobulin, but the reported ratios of 
IgG to IgA vary from approximately 2:1 to 10:1 (Chordirker 
and Tomasi, 1963; Masson et al, 1969; Schumacher, 
1973,1980; Tjokronegoro and Sirisinha, 1975; Coughlan and 
Skinner, 1977; Jalanti and Isliker, 1977; Usala et al, 1989). 
One report indicates that the predominant immunoglobulin 
in these secretions is IgA with characteristics of secretory 
IgA (Waldman et al, 1972a). The reasons for these differ-
ences are not entirely clear, but note that many technical 
problems are involved in obtaining accurate measurements 
of immunoglobulins in genital tract secretions. The recovery 
of sufficient quantities of secretions uncontaminated by se-
rum or tissue fluids is difficult, and methods for extraction 
of immunoglobulins from mucus have not been standardized 
and may be ineffective (Schumacher, 1980; Ingerslev, 1981). 
Other problems include the use of 7 SIgA standards for mea-
surement of 11 SIgA (Schumacher, 1980), as well as the 
variability of immunoglobulin concentrations in cervicovagi-
nal mucus during the menstrual cycle (Schumacher, 1980; 
Sullivan et al, 1984; Suzuki et al, 1984). 

Measurements of immunoglobulins in human uterine fluid 
also indicate that IgG is the predominant immunoglobulin 
present (Schumacher et al., 1979). Nevertheless, the uterus 
may be the primary source of IgA in cervicovaginal fluids, 
since the concentration of IgA in vaginal fluid from hysterec-
tomized women was only about 10% of normal (Jalanti and 
Isliker, 1977). Also, SC has not been detected in human 
vaginal epithelium. On the other hand, the concentration of 
IgA in vaginal fluid of three hysterectomized women ap-
peared to be normal (Waldman et al., 1972a). The IgG in 
vaginal fluid appears to be derived locally from the vaginal 
mucosa, since its concentration in intact and hysterectomized 
women is the same (Waldman et al., 1972a; Jalanti and Is-
liker, 1977). 

In mice, the preampulla of the oviduct, which is the short 
initial segment composed of the fimbria and infundibulum, 
contains some IgA plasma cells in the stroma. IgA and IgG 
are present in the luminal epithelium and interstitial space 
(M. B. Parr and E. L. Parr, 1985; E. L. Parr and M. B. Parr, 
1986; Parr et al., 1988b). These immune features are not 
observed in the remainder of the oviduct. Many IgA plasma 
cells are found in the uterine horns and body, where they 
are concentrated around the endometrial glands (Bernard et 
al., 1981; Rachman et al., 1983,1984; M. B. Parr and E. L. 
Parr, 1985). SC is also present on the glandular epithelium 
and, to a lesser extent, on the luminal epithelium (E. L. 
Parr and M. B. Parr, unpublished data). These observations 
suggest that the preampulla of the oviduct and the horns and 
body of the uterus are important sites of IgA secretion into 
luminal fluids of the genital tract. The mouse cervix and 
vagina are similar because both are lined by stratified squa-
mous epithelium, lack glands, and contain few IgA plasma 
cells (M. B. Parr and E. L. Parr, 1985). The mouse cervix 
is, thus, quite different from the human endocervix. The 
uterine horns and body in mice and the endocervix in women 

appear to be the main regions of the genital tract involved 
in IgA secretion in these species. 

Both IgA and IgG have been detected in murine uterine 
and vaginal fluids that were uncontaminated by serum or 
tissue fluids (E. L. Parr and M. B. Parr, 1990; Thapar et al., 
1990a). Neither the antibody concentrations nor the IgA:IgG 
ratios in these fluids have been reported. Most of the IgA in 
vaginal fluid appears to come from the uterus, since specific 
IgA titers in vaginal fluids of hysterectomized mice were only 
about 5% of those in controls. Titers of IgG, on the other 
hand, increased to some extent in vaginal fluids of hysterecto-
mized mice, indicating that IgG readily crosses the vaginal 
mucosa (E. L. Parr and M. B. Parr, 1990). 

The number of IgA plasma cells in the murine genital tract 
changes during the estrous cycle. These cells are most numer-
ous at proestrus and estrus (Rachman et al., 1983), and their 
numbers increase further between days 1 and 5 of pregnancy 
(Bernard et al, 1981; M. B. Parr and E. L. Parr, 1985; Rach-
man et al., 1986). The increased number of plasma cells at 
estrus may be caused by the action of estradiol (Canning 
and Billington, 1983), whereas the additional rise that occurs 
during early pregnancy may be caused, at least in part, by 
the action of progesterone on an estrogen-primed uterus 
(M. B. Parr and E. L. Parr, 1986a). Also, migration of radiola-
beled lymphoblasts from the mesenteric lymph node to the 
genital tract is maximal during proestrus and estrus (McDer-
mott et al., 1980). 

In rats, the luminal and glandular epithelial cells of uterine 
horns contain IgA (Mitchell, 1986) and SC (Parr and Parr, 
1989a), but the occurrence of IgA plasma cells in the endome-
trium is controversial. These cells were reported by Wira 
and colleagues (Wira et al., 1980), but were not detected in 
other studies (Mitchell, 1986; Parr and Parr, 1989a). No stud-
ies have been done on SC or IgA in the oviduct, but SC is 
present in the mucous epithelial cells lining the cervix and 
vagina at diestrus and proestrus (Parr and Parr, 1989a). Uter-
ine and vaginal fluids contain SC, IgA, and IgG (Wira and 
Sandoe, 1977; Sullivan and Wira, 1981; Wira and Sullivan, 
1985). 

Less is known about secretory immunity in the genital 
tracts of other species. Plasma cells containing IgA or IgG 
have been reported in the genital tracts of the monkey (Miller 
et al, 1992), pig (Hussein et al, 1981,1983a,b), horse (Ken-
ney and Khaleel, 1975; Mitchell et al, 1982; Widders et al, 
1985b; Waelchli and Winder, 1987), and hamster (Roig de 
Vargas-Linares, 1968). Immunoglobulins A and G have been 
detected in reproductive tract secretions in the monkey (Yang 
and Schumacher, 1979; Miller et al, 1992), cow (Wilkie et 
al, 1972), horse (Widders et al, 1985a), and rabbit (Symons 
and Herbert, 1971; McAnulty and Morton, 1978), and SC is 
present in equine endometrial glands (Widders et al, 1985b). 

2. Transfer of Immunoglobulins into the Lumen of 
the Genital Tract 

The vaginal fluids of all species studied contain IgA and 
IgG. The pathways followed by these immunoglobulins to 
reach the vaginal lumen may be of some relevance to mucosal 
immunity. Studies of hysterectomized humans and mice sug-
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gest that much of the IgA in vaginal fluid is derived from the 
uterus (Jalanti and Isliker, 1977; E. L. Parr and M. B. Parr, 
1990). SC has been demonstrated in the mucous layer of the 
vaginal epithelium at diestrus and proestrus in rats (Parr and 
Parr, 1989a) and mice (E. L. Parr and M. B. Parr, unpublished 
data), but the possibility that it might mediate direct transport 
of IgA across vaginal epithelium at these stages has not been 
evaluated. The hysterectomy studies cited earlier also sug-
gest that IgG passes directly across the vaginal mucosa, since 
its concentration in vaginal fluid is the same in hysterecto-
mized and intact individuals. However, the pathway of IgG 
movement across the vaginal epithelium is not entirely under-
stood. Tracer studies indicate that proteins can enter the 
intercellular channels in the basal layers of the monkey vagi-
nal epithelium, but are blocked at the granular layer in the 
superficial part of the epithelium (King, 1983,1985). Similarly, 
IgG has been localized in the intercellular spaces of the mouse 
vaginal epithelium at diestrus, but whether the immunoglobu-
lin penetrates the tight junctions joining the superficial mu-
cous cells is not clear (E. L. Parr and M. B. Parr, unpublished 
data). Therefore, whether IgG reaches vaginal fluid by slow 
leakage through the intercellular permeability barrier or by 
an intracellular transport pathway is currently unknown. In 
either case, the stage of the reproductive cycle, through its 
effect on the structure of the epithelial layer, is likely to 
influence the rate of IgG movement across the epithelium. 

Immunoglobulins A and G are also present in the luminal 
fluids of the oviduct and uterus in several species. In rats 
and mice, and probably in other species as well, these organs 
are lined by simple columnar epithelial cells that are joined 
by functional tight junctions (Parr, 1980b; Parr et al., 1988b; 
Tung et al, 1988), suggesting that immunoglobulins are trans-
ported from the stroma into the lumen of these organs primar-
ily by an intracellular route. In the mouse, IgA, IgG, and 
intravenously administered protein tracers have been demon-
strated in the luminal epithelium covering the villi in the 
preampulla of the oviduct and in luminal and glandular epithe-
lial cells in the uterine horns (Parr, 1980ab; E. L. Parr and 
M. B. Parr, 1986; Parr et ai, 1988b; Tung et al., 1988). IgA 
presumably is taken into the epithelial cells by receptor-
mediated endocytosis, the receptor being SC, whereas IgG 
may be present in these or other vesicles in proportion to its 
concentration in the interstitial fluid. 

B. Afferent Limb of Mucosal Immunity 

1. Langerhans Cells and Lymphocytes in 
the Epithelium 

Infection or local immunization in the genital tract can 
elicit immune responses (Strauss, 1961; Omran and Hulka, 
1971; Waldman et al, 1972b; Wilkie et al., 1972; Ogra and 
Ogra, 1973; Yang and Schumacher, 1979; Widders et al., 
1986; Parr et al., 1988a), but the pathways of antigen uptake 
and the sites of antigen recognition remain to be clarified. 
A major advance in our understanding of antigen recogni-
tion in the lower part of the female genital tract has come 
with reports that Langerhans cells (LCs) are present in the 
stratified epithelium of the murine vagina and cervix 
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(Young, 1985; Young et al., 1985; Young and Hosking, 1986; 
Lin et al, 1988; Parr and Parr, 1991; Parr et al, 1991a,b). 
LCs have been studied extensively in the epidermis, where 
they function as antigen-presenting cells for T lymphocytes 
in conjunction with major histocompatibility complex (MHC) 
molecules (Stingl et al, 1989). Results of in vivo and in vitro 
studies suggest that LCs capture antigen within the epidermis 
and carry it to the draining lymph nodes, where T lympho-
cytes become activated, multiply, and differentiate into im-
mune helpers or effectors (Stingl et al, 1989). 

LCs in the mouse vagina and cervix are immunophenotypi-
cally similar to epidermal LCs; they exhibit NLDC-145, la, 
F4/80, and CD45 surface antigens and contain ATPase and 
LC granules (Parr and Parr, 1991; Parr et al, 1991b). More-
over, LCs take up luminal proteins by endocytosis during 
late metestrus and diestrus when the vaginal epithelium is 
most permeable (Figures 1 and 2; M. B. Parr and E. L. Parr, 
1990; Parr et al, 1991a). The presence of LCs in the vaginal 
and cervical epithelia, close to the lumen, indicates a signifi-
cant potential for local antigen processing in the lower part 
of the female genital tract. 

Interestingly, LCs in the vagina and cervix also have been 
shown to phagocytose epithelial cells undergoing apoptosis 
or programmed cell death (Young et al, 1985; Parr et al, 
1991b). This activity may be unique to LCs in the genital tract 
because epidermal LCs are considered to be nonphagocytotic 
and only weakly pinocytotic (Stingl et al, 1989). Death of 

Figure 1 Mouse vagina at early metestrus, 2 hr after intravaginal 
administration of horseradish peroxidase. The tracer is located be-
tween epithelial cells, in three dendritic LCs (arrows) in the epithe-
lium, and in the stroma. x 500. (Reproduced with permission from 
Parr et al, 1991a.) 
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Figure 2 Fluorescent labeling of la antigen on dendritic LCs (arrows) 
in an isolated sheet of epithelium from the mouse vagina, x 200. 

vaginal epithelial cells and phagocytosis of the dead cells by 
LCs may play a role in the extensive tissue remodeling that 
occurs in the vagina and cervix during the estrous cycle. 

Intraepithelial T lymphocytes (IELs) are also present in 
the stratified epithelium of the mouse vagina and cervix (Parr 
and Parr, 1991). Whether these cells are involved in the affer-
ent or efferent limb of mucosal immunity, or both, is not 
known. The cells are Thy 1 positive (Figure 3) and either CD4 
or CD8 positive, and are more numerous at diestrus than at 
any other stage in the estrous cycle (Parr and Parr, 1991). 
The latter observation suggests an influx of T cells into the 
vaginal epithelium during each estrous cycle when the epithe-
lium is thinnest and most permeable to protein tracers. The 
IELs occasionally are seen in contact with LCs, although the 
functional significance of this association remains speculative 
(Parr and Parr, 1991; Parr et al, 1991b). Knowing whether 
IELs in the genital tract are involved in the cell-mediated 
protective effects that have been reported in chlamydial and 
herpesvirus infections would be most interesting (McDermott 
and Svedsmith, 1989; Ramsey and Rank, 1991). 

As in the mouse, LCs and IELs are present in the human 
vagina and cervix (Figueroa and Carosi, 1981; Becker et al., 
1985; Hawthorn et al., 1988). Moreover, the cells are most 
concentrated in the transformation zone of the cervix, where 
they are ideally situated to guard the entrance to the uterus 
(Morris et al., 1983; Edwards and Morris, 1985; Roncalli et 
al., 1988). In the cervix, cell contacts are observed between 
LCs and several other cell types, including IELs, capillary 
endothelium in the subepithelial connective tissue, andò 'hug-
ging cells" (possibly macrophages) that are applied closely 
to the stromal side of the basement membrane. The uterus 
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and oviduct also contain IELs that are mainly of the T cyto-
toxic/suppressor subtype (Morris et al., 1986; Kamat and 
Issacson, 1987; Otsuki, 1989). Additionally, IELs have been 
identified in the uterine epithelium of the rat (Sawicki et al., 
1988), cow (Vander-Wielen and King, 1984), sheep (Lee et 
al., 1988), and pig (King, 1988). 

2. Antigen Uptake 

One of the most important aspects of the afferent limb of 
the immune system in the genital tract is the movement of 
antigen from the lumen into the mucosa. Early studies sug-
gested that the vaginal stratified epithelium was permeable 
to various proteins (see M. B. Parr and E. L. Parr, 1990, 
for references). Studies have demonstrated that proteins can 
cross the epithelium of the murine cervix and vagina during 
diestrus and early pregnancy and, to a lesser extent, at proes-
trus and metestrus; however, proteins do not cross the epithe-
lium at estrus (M. B. Parr and E. L. Parr, 1990). When 
proteins cross the cervicovaginal epithelium, they are taken 
up by epithelial LCs and by stromal cells that resemble den-
dritic cells, fibroblasts, or macrophages. The observations 
suggest that the mouse vagina and cervix sample antigens 
from the external environment during certain stages of the 
reproductive cycle and early pregnancy. This sampling may 
lead to immune responses. In contrast, the block against 
antigen uptake at estrus would minimize sensitization to 
sperm and seminal fluid proteins at the time of mating. 

Proteins do not appear to cross the uterine epithelium from 
the lumen to the endometrial stroma. Specialized antigen-
transporting epithelial cells have not been reported in the 

Figure 3 Fluorescent labeling of Thy 1 on IELs (arrow) in the mouse 
vagina. L, Lumen, x 200. 
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uterus or in any other part of the female reproductive tract. 
Proteins in the luminal fluid can be taken into uterine epithe-
lial cells by endocytosis at certain stages, but such proteins 
are channeled into the lysosome system for digestion and do 
not appear to be released into the stroma (Parr and Parr, 
1978; Parr, 1980b; M. B. Parr and E. L. Parr, 1986b; Tung 
et al., 1988). Some investigators have reported that proteins 
injected into the uterine lumen were detected later in the 
stroma, but these results seem likely to be due to epithelial 
damage caused by the use of sutures to prolong retention of 
tracers or to other nonphysiological conditions in the uterine 
lumen (Parr, 1980b). 

3. Stromal Lymphoid Cells and Nodules 

The precursors of IgA plasma cells in the intestine and 
respiratory tract are believed to originate mainly in the muco-
sal lymphoid nodules of those organs (Mestecky, 1987; Scic-
chitano et al., 1988). Thus, another important aspect of the 
afferent limb of mucosal immunity in the female genital tract 
is that mucosal lymphoid nodules containing B lymphocytes 
are far less abundant in the genital tract than in the intestinal 
and respiratory mucosae. Extensive histological examina-
tions of mouse oviduct, uterus, and vagina have never re-
vealed mucosal lymphoid nodules (M. B. Parr and E. L. 
Parr, 1985; Parr et al., 1988a; E. L. Parr and M. B. Parr, 
unpublished observations). In humans, lymphoid nodules are 
rare in the endometrium (Schumacher, 1980): those that have 
been reported were mainly aggregates of T lymphocytes; 
germinal centers and mantle zones containing B lymphocytes 
were present only in a few specimens (Morris et al., 1985; 
Bulmer et al., 1988). The low numbers of B cells in human 
endometrial lymphoid nodules may be related to lack of anti-
gen stimulation, since the Peyer's patches of neonatal animals 
also contain mainly T lymphocytes (Morris et al., 1985). A 
few lymphoid nodules have been reported in the human ovi-
duct and cervix, but not in the vagina (Edwards and Morris, 
1985; Otsuki, 1989). Since B cells are rare in the mouse and 
human female genital tracts, IgA plasma cells in those tracts 
are likely to be derived mainly from other sources, such as 
genital lymph nodes or other mucosal tissues. The signifi-
cance of mucosal lymphoid nodules for local immunity in the 
human female tract requires clarification, but the few that 
are present may be the residue of previous responses to 
invasive microorganisms. In sheep, lymphoid nodules were 
observed in 3 of the 24 uteri examined (Lee et al., 1988). 

In addition to lacking lymphoid nodules, the stroma of the 
normal murine vagina and cervix contains few individual T 
lymphocytes and no B lymphocytes (Parr and Parr, 1991). 
Information concerning the occurrence of T lymphocytes 
in the stroma of murine uterine horns and oviducts is not 
available, but a few stromal T cells have been observed in 
the rat uterus (Head and Gaede, 1986). The stroma of the 
human cervix contains numerous T cells, but such cells are 
infrequent in vaginal stroma (Edwards and Morris, 1985). 
The endometrial stroma contains T cells that are mainly of 
the CD8+ phenotype, both individually and in occasional 
aggregates (Morris et al., 1985; Kamat and Issacson, 1987; 
Bulmer et al., 1988); B cells are relatively common in the 
stroma of the oviduct (Morris et al., 1986). 

4. Biological Significance 

The biological function of the female reproductive tract 
requires that the mucosal surface of the tract be exposed to 
sperm and seminal fluid proteins. These substances stimulate 
immune responses if they are administered parenterally in 
females. Antisperm antibodies in luminal fluids of the female 
genital tract cause reduced fertility (Bronson et al., 1984). 
Thus, an effective mechanism is needed to prevent sperm 
and seminal fluid proteins in the luminal compartment of 
the female tract from stimulating the immune system. The 
evidence reviewed earlier indicates that, at the time of mat-
ing, the luminal epithelium of the genital tract functions as a 
barrier that prevents luminal proteins from reaching immune 
cells or lymphatic vessels in the tissues. Although other im-
mune suppressive mechanisms may be involved as well, this 
barrier function of the luminal epithelium is likely to be funda-
mentally important to reproduction. In mice and rats, the 
epithelium of the oviduct and uterus constitutes a barrier to 
protein movement at all stages of the reproductive cycle and 
early pregnancy, whereas the vaginal epithelium is a barrier 
mainly at the time of mating. Thus, in the absence of damage 
to the epithelial layer, the available evidence indicates that 
local mucosal immunization in the female genital tract with 
noninvasive antigens would stimulate immune responses 
mainly when the antigens are applied to the vaginal mucosa 
at nonestrous stages. Invasive microorganisms, of course, 
may trigger immune responses whenever they penetrate the 
epithelial barrier. 

G Role of Mucosal Immunity in Protection 
against Infections 

1. Antibodies to Microorganisms 

Local secretory immunity generally is considered to be 
important in protecting mucosal surfaces against invading 
microorganisms (Waldman and Ganguly, 1974), but few re-
ports demonstrate this characteristic in the genital tract. In 
women, cervicovaginal fluids contain antibodies against mi-
croorganisms (Schumacher, 1980). Studies of women with 
genital tract infections involving herpes simplex virus 2 
(HSV-2) or Chlamydia trachomatis have revealed inverse 
relationships between specific SIgA antibody titers in cervi-
covaginal secretions and the number of disease organisms 
present (Brunham et al., 1983; Merriman et al., 1984). Simi-
larly, the susceptibility of women to Escherichia coli urinary 
tract infections is correlated inversely with the titers of spe-
cific IgA antibodies against E. coli in their vaginal fluids 
(Stamey et al., 1978). Data on the local immune response to 
genital papillomaviruses have been reviewed by Roche and 
Crum (1991). 

In mice, one of the many mammalian species in which 
insemination occurs directly into the uterine lumen, bacteria 
are introduced into the uterine horns at the time of mating. 
These bacteria are cleared from the uterus during the next 
2-3 days, before embryos arrive for implantation (E. L. Parr 
and M. B. Parr, 1985). We have observed IgA and IgG bound 
to many bacteria in the uterine lumen on the morning after 
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mating, as well as IgA bound to bacteria in the vagina of 
normal mice (E. L. Parr and M. B. Parr, 1985; M. B. Parr 
and E. L. Parr, 1985). The uterine fluid of normal mice also 
contains antibodies against most of the bacterial species that 
were cultured from the vagina (E. L. Parr and M. B. Parr, 
1988b). 

Specific antibodies in luminal fluids of the reproductive 
tract may protect against infections by several mechanisms. 
For example, immunoglobulins may inhibit binding of micro-
organisms to the endometrial epithelium, a step that is 
thought to be required for infection of mucosal surfaces (Wil-
liams and Gibbons, 1972; Fubara and Freter, 1973; Abraham 
and Beachey, 1985). These antibodies may cause agglutina-
tion and thus reduce the number of organisms available to 
bind to the epithelium (Bellamy et al, 1975; Steele et al, 
1975), and may opsonize organisms for phagocytosis. Opsoni-
zation is mediated by IgG and perhaps also by IgA when the 
latter is combined with small amounts of IgG (Goldstein et 
al, 1983). Opsonization would be augmented by C3, which 
is bound to some of the uterine bacteria in mice (E. L. Parr 
and M. B. Parr, 1988) and is secreted by luminal epithelial 
cells (Sundstrom et al, 1990). Since we have observed phago-
cytosis of bacteria by neutrophils in the mouse uterine lumen 
after mating (E. L. Parr and M. B. Parr, 1985b), evidently 
this process plays a role in returning the uterine lumen to an 
aseptic state after mating. Finally, secretory IgA may mediate 
local killing of bacteria by antibody-dependent cellular cyto-
toxicity (Tagliabue et al, 1984). 

2. Importance of IgA Relative to IgG 

Whether IgA is more important than IgG in protecting the 
female genital tract against bacterial and viral infections is 
not yet clear. On the one hand, IgA may be intrinsically more 
effective than an equivalent amount of IgG against certain 
infections in the intestine and respiratory tract (Fubara and 
Freter, 1973; Taylor and Dimmock, 1985; Bessen and 
Fischetti, 1988), and IgA antibody against sperm has a greater 
contraceptive effect than an equivalent amount of IgG anti-
sperm antibody in human immunological infertility (Parr and 
Parr, 1993). On the other hand, available data indicate that 
the concentration of IgG in human cervicovaginal mucus may 
be higher than that of IgA (Schumacher, 1980). IgG appears 
to be protective against vaginal HSV-2 infection, since paren-
teral immunization with glycoprotein D of HSV-2 or with 
mixtures of membrane glycoproteins from HSV-1 and HSV-
2, which presumably generates mainly IgG antibody in the 
genital tract, protects guinea pigs against vaginal challenge 
with HSV-2 (Berman et al, 1984; Meignier et al, 1987; San-
chez-Pescador et al, 1988; Mishkin et al, 1991). Given the 
diversity of organisms that can infect the female reproductive 
tract, the issue of which immunoglobulin class is more protec-
tive, or whether humoral immunity is more important than 
cellular immunity, may depend as much on the specific patho-
gen involved as on any fundamental immunological consider-
ations. Thus, the development of immunization strategies 
that protect the human female tract from its diverse pathogens 
probably will require an integrated understanding of both 
mucosal immunology in the female tract and the infectious 
processes of the organisms. 

D. Immunization to Elicit Mucosal Immunity 

Immunization that produces secretory immunity in the 
female reproductive tract against sperm or sexually transmit-
ted disease organisms could have important practical applica-
tions, but methods to stimulate vigorous sustained IgA re-
sponses at this site are not yet well established. Investigators 
have attempted to elicit secretory immunity in the genital 
tract using three routes of immunization: local mucosal immu-
nization in the genital tract, remote mucosal immunization 
in the intestine, and local parenteral immunization in the 
pelvis. 

1. Local Mucosal Immunization 

Local mucosal immunization in the intestine or respiratory 
tract can be an effective way to stimulate secretory immune 
responses at those sites, but local immunization in the female 
reproductive tract under physiological conditions elicits little 
or no specific antibody generation in genital tract secretions. 
An early indication of this is the observation that intravaginal 
(ivag) immunization of mice with spermatozoa had no effect 
on fertility, whereas parenteral immunization with sperm sig-
nificantly reduced fertility (Bell, 1969). Subsequent studies 
of immunization in the human and rabbit uterine lumen with 
horse ferritin, sperm, or horseradish peroxidase failed to 
detect immune responses in the reproductive tract (Vaerman 
and Ferin, 1974; McAnulty and Morton, 1978; Moretti-Rojas 
et al, 1990), although specific antibody was detected in the 
human tract after intrauterine immunization with killed influ-
enza virus (Ogra and Ogra, 1973). Other reports indicating 
that immune responses are detectable in the reproductive 
tract after intrauterine immunization have involved nonphy si-
ological conditions, such as the use of ligatures to close the 
cervical end of the uterus after immunization or the mixture 
of antigen with an adjuvant (Menge and Lieberman, 1974; 
Lande et al, 1981; Lande, 1986; Wira and Sandoe, 1989). 
The sutures and adjuvants are likely to damage the uterine 
epithelium, thus allowing antigen to reach lymphoid cells and 
lymphatic vessels in the stroma. Comparative studies have 
demonstrated that antibody titers in luminal fluids of the 
monkey and mouse female tract after ivag immunization are 
low in comparison with titers produced by systemic immuni-
zation (Yang and Schumacher, 1979; Parr et al, 1988a; Tha-
par et al, 1990b, 1991). Adjuvants, including aluminum hy-
droxide and lipid A, increased local immune responses to 
ivag immunization with large doses of horse ferritin in mice, 
but the specific IgA titers observed in vaginal fluid were only 
slightly higher than those obtained by parenteral immuniza-
tion with single small doses of ferritin; the IgG titers were 
lower (Thapar et al, 1990a). 

The relatively weak immune responses after local immuni-
zation in the uterus or vagina with noninvasive antigens are 
probably caused by the inability of the antigen to penetrate 
the luminal epithelium and by the rapid loss of antigen from 
the genital tract. Immune responses to ivag immunization 
in mice might be higher if the animals were immunized at 
diestrus or during early pregnancy, when penetration of pro-
teins across the vaginal epithelium was maximal (M. B. Parr 
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and E. L. Parr, 1990). Edwards (1960) reported that vaginal 
immunization of rabbits with sperm during early pregnancy 
gave stronger immune responses than similar immunization 
at estrus. Responses also might be increased by the use of 
bioadhesive microspheres and absorption enhancing agents, 
which promote the retention and absorption of proteins on 
mucosal surfaces (Ilium et al., 1990). 

In contrast to protein antigens, invasive microorganisms 
may penetrate the epithelium of the reproductive tract. Mc-
Dermott and colleagues (McDermott et al., 1984,1987,1990; 
McDermott and Svedsmith, 1989) have studied vaginal HSV-
2 infection in mice, using a viral strain isolated from humans 
and adapted to mice. The virus causes lethal neurological 
illness in mice after ivag inoculation, but an attenuated strain 
causes only a transient vaginal infection and is incapable of 
lethal neurological spread. Importantly, ivag inoculation with 
the attenuated virus induces protective immunity to subse-
quent lethal challenge with wild-type virus (McDermott et 
al., 1984). The basis of this immunity has been investigated 
and appears to involve T lymphocytes (McDermott and 
Svedsmith, 1989); the possible protective role of specific anti-
viral IgA and IgG antibodies in genital tract secretions is not 
yet clear. Note that infection of the female genital tract can be 
markedly dependent on the stage of the reproductive process. 
For example, ivag infection with HSV-2 is increased in preg-
nant or progesterone-treated adult mice (Baker and Plotkin, 
1978), and genital infection of mice with C. trachomatis re-
quires pre-treatment with a progestagen (Tuffrey et al., 1986). 

2. Remote Mucosal Immunization 

The hypothesis of a common mucosal immune system 
predicts that presentation of antigen in the intestine will stim-
ulate local B lymphocytes that ultimately will migrate as IgA 
plasmablasts to other mucosal sites (Scicchitano et al., 1988). 
Migration of lymphoblasts from the mesenteric lymph node 
to the mouse female genital tract has been demonstrated by 
McDermott et al. (1980), suggesting that immunization in the 
intestine, which has specialized antigen-transporting epithe-
lial cells and abundant mucosal lymphoid tissue, effectively 
might generate immune responses in the genital tract. This 
relationship has been illustrated by several studies. Specific 
IgA antibodies in mouse uterine washings were produced by 
two oral immunizations with a live influenza vaccine (Briese 
et al., 1987). Oral vaccination of guinea pigs with HSV-1 
developed protection against intravaginal challenge with 
HSV-2, presumably because of the antigenic similarity of 
the two viruses (Sturn and Sehne weis, 1978). A live oral 
chlamydial vaccine proved to be effective against both ocu-
lar and vaginal challenge with the homologous organism in 
guinea-pigs (Nichols et al., 1978), and against pulmonary 
and vaginal challenge in mice (La Scolea et al., 1991). Oral 
immunization of rats with spermatozoa caused reduced fe-
cundity (Allardyce, 1984). However, oral immunization of 
mice with a large dose of horse ferritin (5 mg) without adju-
vant caused no detectable IgA response in vaginal washings, 
although it did prime the mice for vaginal boosting (Parr et al., 
1988a). The IgA titer in mouse vaginal fluid after oral-vaginal 
immunization was approximately equal to that produced by 
a single parenteral immunization with ferritin in Freund's 

complete adjuvant. Oral immunization with a large dose of 
horse ferritin also caused a detectable IgA, but not IgG, 
response in uterine fluid (E. L. Parr and M. B. Parr, 1990). 
The magnitude of this IgA response was not greater than that 
produced by several other routes of immunization. 

In general, secretory immune responses in the intestine 
are developed most effectively by replicating microorganisms 
(Mestecky, 1987). Most nonreplicating antigens do not stimu-
late vigorous immune responses in the intestine (Waldman 
and Ganguly, 1974; Fuhrman and Cebra, 1981; Nicklin and 
Miller, 1983; Elson and Ealding, 1984; Dahlgren et al., 1986), 
perhaps because of digestion of antigens in the intestine, 
complexing with pre-existing antibodies, or failure to pene-
trate the mucus layer covering the epithelium (Mestecky, 
1987). Despite these limitations, the advantages of oral vacci-
nation to generate IgA immune responses in the genital tract 
are obvious. Further investigation of this procedure is war-
ranted. One approach to improving immunization in the intes-
tine involves the use of antigen-containing microparticles, 
which are transported across M cells into Peyer's patches 
(Eldridge et al., 1990). Another approach uses an antigen-
expressing organism that can colonize the intestine, for exam-
ple, a genetically engineered Salmonella strain (Curtiss, 
1993). 

3. Local Nonmucosal Immunization 

Parenteral immunization generally is associated with se-
rum IgG responses and little secretory IgA. However, a few 
reports have suggested that parenteral immunization in the 
vicinity of a mucosal organ can elicit significant IgA secretion 
by that mucosa (reviewed by Thapar et al., 1990b). We immu-
nized female mice at two parenteral sites in the pelvis: the 
subserous space and the presacral space. Immunization at 
these pelvic sites, either with horse ferritin adsorbed to alumi-
num hydroxide or with a Quil A immunostimulating complex 
(ISCOM) containing sheep erythrocyte membrane proteins, 
caused higher and better sustained IgA titers in vaginal fluid 
than parenteral immunization at nonpelvic sites. All paren-
teral immunizations, both in the pelvis and elsewhere, gen-
erated similar IgG titers in vaginal fluid (Thapar et al., 
1990b, 1991). 

The immunological basis of IgA responses in the female 
reproductive tract after parenteral immunization in the pelvis 
is not well understood, but such responses are most likely 
to be generated in the iliac or para-aortic lymph nodes that 
drain the reproductive tract (Thapar et al., 1990b). Lymph 
nodes that drain large mucosal tissues such as the lungs and 
female genital tract may differ from peripheral lymph nodes 
that drain nonmucosal tissues. Such differences could arise 
because of unique antigen-presenting cells or cytokines enter-
ing mucosa-associated nodes from the mucosae. A striking 
difference between peripheral and mucosa-associated lymph 
nodes has been demonstrated (Daynes et al., 1990). T helper 
cells from mouse peripheral lymph nodes produced interleu-
kin 2 (IL-2) almost exclusively, whereas those from mucosa-
associated nodes produced mainly IL-4. Interestingly, 
IL-4 has been shown to induce IgM-positive B cells to ex-
press IgA in vitro (Kunimoto et al., 1988; Harriman et al., 
1989). 
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III. MALE REPRODUCTIVE TRACT 

A. Efferent Limb of Mucosal Immunity 

The mucosal immune system in the male urogenital tract 
has been studied in the rat, mouse, and human. Both IgA 
and IgG are found in seminal fluids of normal men (Chordirker 
and Tomasi, 1963; Hermann and Hermann, 1969; Uehling, 
1971; Tauber et al., 1975). IgA or SIgA sperm agglutinins 
are present in seminal fluids of men with autoimmunity to 
spermatozoa. SIgA with antisperm activity also has been 
found in the genital tracts of some vasectomized men (see 
Parr and Parr, 1987b, for references). The origin of secretory 
immunoglobulins in seminal fluids is not precisely known. 
Prostatic fluids contain IgA; studies of split human ejaculates 
have suggested that seminal fluid immunoglobulins may origi-
nate either in the prostate (Rumke, 1974; Hekman and 
Rumke, 1976) or in the seminal vesicles (Uehling, 1971). The 
human prostate contains a few IgA plasma cells (Abiin et 
al., 1972; Doble et al, 1990), IgG in the basal part of the 
epithelial cells, and both IgA and IgG in secretory granules 
in the lumen of the prostatic ducts (Abiin et al., 1972). These 
studies suggest that secretory epithelial cells in the prostate 
contribute at least some of the immunoglobulins in human 
seminal fluid. 

In rats, SC has been demonstrated by immunolabeling 
at several sites in the male urogenital tract, including the 

Figure 4 Fluorescent labeling of SC in the excretory ducts of the 
dorso-lateral prostate glands in the rat male genital tract. SC is local-
ized at the basolateral borders of the epithelial cells and in the apical 
portions of many cells, x 170. (Reproduced with permission from 
Parr and Parr, 1989b.) 

ejaculatory ducts, excretory ducts of several accessory 
glands, and urethral glands in the pelvic and bulbous portions 
of the urethra (Figures 4 and 5; Parr and Parr, 1989b). Pale 
staining of SC also was detected in epithelial cells of the 
ventral prostate gland. Plasma cells containing IgA were ob-
served only in the urethral glands in the wall of the bulbous 
urethra. These results suggest that IgA may be transported 
into the urogenital tract from the ventral prostate as well as 
at several sites distal to the production of seminal fluid and 
spermatozoa. Locally synthesized IgA may be available in 
the urethral glands, but serum appears to be the main source 
of IgA for transport into the rat urogenital tract at other 
sites where SC was demonstrated (Parr and Parr, 1989b). 
Similarly, immunolabeling in the urogenital tract of the male 
mouse showed SC in the excretory ducts of the ventral pros-
tate and in the urethral glands in the pelvic and bulbous 
urethrae (E. L. Parr and M. B. Parr, unpublished observa-
tions), as well as IgA in plasma cells in the urethral glands 
(Parr and Parr, 1989b). 

B. Afferent Limb of Mucosal Immunity 

The afferent limb of mucosal immunity in the male genital 
tract remains unexplored. Data are not available concerning 
local immunization at the mucosal surface, presumably be-
cause the mucosa of the male genital tract is relatively in-
accessible and parts of it are washed frequently by urine. 
Similarly, no direct studies of antigen transport across the 
epithelium of the male tract have been reported, but the 
epithelium is likely normally to be an effective barrier to 
noninvasive antigens because sperm are antigenic and anti-
sperm immunity in males causes infertility (Bronson et al., 
1984). Studies of the fate of invasive microorganisms, such as 
human immunodeficiency virus (HIV), in the male urogenital 
tract would be of great interest. 

Mucosal lymphoid nodules appear to be rare in the human 
male genital tract (El-Demiry and James, 1988). During our 
immunohistological studies of the male tract in mice and rats, 
we only rarely observed aggregates of lymphoid cells (E. L. 
Parr and M. B. Parr, unpublished observations). However, 
IELs have been reported in the human epididymis (Wang 
and Holstein, 1983; Ritchie et al., 1984), and ductus deferens 
(El-Demiry and James, 1988), and from the tubuli recti of 
the testes to the ductus deferens in monkeys and rats (Dym 
and Romrell, 1975). The role of these cells in mucosal defense 
is unknown. Lymphoid cells, including macrophages, neutro-
phils, and lymphocytes, are normally present in seminal fluids 
of fertile men (El-Demiry et al., 1986; Wolffand Anderson, 
1988; Harrison et al., 1991). 

C. Role of Mucosal Immunity in Protection 
against Infections 

The functions of mucosal immunity in the male genital 
tract are poorly documented. Bacteria isolated from prostatic 
fluid of patients with prostatitis were coated with IgA and 
IgG antibodies (Drach and Kohnen, 1977). Prostatitis and 
nonspecific urethritis may be accompanied by abnormally 
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Figure 5 Fluorescent labeling of SC in the acini and ducts of the 
urethral glands in the bulbous portion of the urethra in the male rat 
genital tract, x 190. (Reproduced with permission from Parr and Parr, 
1989b.) 

high local levels of Ig A. Seminal fluid immunoglobulins nor-
mally may prevent harmful effects of vaginal bacteria on 
spermatozoa (Uehling, 1971). Plasma cells containing Ig A or 
IgM were observed in the human prostate and were most 
numerous in patients with previous prostatitis, suggesting 
local response to bacterial stimuli (Bene et al., 1988). Also 
of interest is that sperm-agglutinating antibodies in seminal 
fluid are mainly of the IgA class (Friberg, 1974). These anti-
bodies cause infertility and thus have clinical significance 
(Bronson et al., 1984). Collectively, these observations sug-
gest that IgA in seminal fluid may play a role in protecting 
the male urogenital tract against infection, and that it occa-
sionally may be involved in immunologically mediated infer-
tility. 
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I. INTRODUCTION 

Spermatozoa possess a variety of unique tissue-specific 
antigens not present in the individual during fetal life, when 
immune self-recognition takes place and tolerance toward 
self occurs. Since spermatogenesis is not initiated until pu-
berty, antigens unique to spermatozoa are not included in that 
recognition process; their physiological development must 
proceed in a milieu that limits their exposure to the male 
immune system to avoid generating an immune response. 

Spermatozoa also have an unusual relationship with the 
immune system of women, whose bodies they periodically 
invade, as foreigners, after coitus. However, after their intra-
vaginal deposition, spermatozoa may pass through various 
compartments of the female reproductive tract that are capa-
ble of mounting an immune response without eliciting the 
formation of sperm-directed antibodies. That the mechanisms 
that prevent these pathological immune responses can be 
impaired is attested to by the long-standing clinical associa-
tion of infertility in men and women with the presence of 
humoral antisperm antibodies. 

In this chapter, we review the mechanisms that normally 
prevent the development of immunity to spermatozoa and 
describe conditions that may abrogate those defenses. Evi-
dence is presented that the local immune system of the repro-
ductive tracts of both men and women can participate in 
immunologically mediated infertility. Increasing evidence 
also has been accumulated that antisperm antibodies alter 
sperm function, both in terms of their ability to populate the 
female reproductive tract and in terms of gamete interactions. 

II. MECHANISMS THAT PREVENT 
IMMUNITIES TO SPERMATOZOA 

The first line of defense against the development of a 
sperm-specific autoimmune response in men is the 
blood-testis barrier between Sertoli cells (Table I). The tight 
junctions between Sertoli cells divide the seminiferous tu-
bules into adluminal and basal compartments, excluding the 
passage of lymphocytes and high molecular weight proteins 
such as immunoglobulins and complement (Hamilton, 1975; 
Gilula et al., 1976). In addition, the Sertoli cells form an 

immunological barrier by actively phagocytosing and degrad-
ing sperm and residual products of spermatogenesis that 
would be a major source of antigenic stimulation if absorbed. 
Only approximately one-fifth of sperm produced leave the 
testis; the remaining four-fifths are resorbed (Johnson et al., 
1983). Additionally, Sertoli cells probably produce immuno-
regulatory factors since they secrete transferrin, which has 
been shown to inhibit lymphocyte blastogenesis and comple-
ment-mediated cell lysis (Skinner et al., 1984). The barrier 
between the reproductive system and the immune system is 
less effective in the rete testis and the ductus efferentes so 
these sites are more accessible to cellular immune compo-
nents, as demonstrated in mice by the ability of sperm-sensi-
tized activated T lymphocytes, transferred to recipient males, 
to react with autoantigens in this region as well as in the vas 
deferens (Tung et ai, 1987). Conversely, dilution of sperm 
antigens in the rete testis (Jones, 1977) and its poor vasculari-
zation (Kormana and Reijonen, 1976) may limit the inter-
change between intraluminal and intravascular compart-
ments. 

In females, the absence of an immune response to sperma-
tozoa after coitus has been ascribed to several factors. First, 
except when ovulatory cervical mucus is present, spermato-
zoa are confined to the vagina; even when cervical mucus 
allows the passage of spermatozoa, the majority of sperm-
containing semen is expelled. The human vagina is lined 
with a thick stratified squamous epithelium that retards the 
passage of spermatozoa into the vascular system (Shearer 
and Rabson, 1984) and has only a limited number of plasma 
cells beneath its epithelial surface (Haas and Beer, 1986). 
However, this area is not an immunologically privileged site, 
as suggested by the study of Ogra and Ogra (1973), who 
observed that intravaginal as well as intrauterine immuniza-
tion with poliovirus type I resulted in the appearance of 
secretory Ig A antibody against poliovirus in the genital tract. 

In addition to the barrier mechanisms that limit the contact 
of sperm antigens with both male and female immune sys-
tems, an active semen-related immunosuppression appears 
to exist. Several lines of evidence have been presented for the 
existence of immunosuppressive factors within the seminal 
fluid. Seminal plasma inhibits the ability of T and B lympho-
cytes to proliferate in response to mitogen or antigen chal-
lenge (Lord et al., 1977; Marcus et al., 1978), impairs 
antibody-dependent cell-mediated cytotoxicity (James and 
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Table I Factors Limiting an Antisperm Immune Response 
in the Male 

Tight junctions between Sertoli cells 
T suppressor/T helper ratio 
Immunoregulatory factors 

Effects of seminal plasma 
Inhibition of T and B lymphocyte proliferation by mitogens and 

target antigens 
Block of antibody-dependent cell-mediated cytotoxicity 
Inhibition of NK and T cytotoxic lymphocyte recognition of 

tumors and polymorphonuclear leukocytes (PMNs) 
Inhibition of macrophage and PMN phagocytosis 
Inhibition of the action of complement 
Block of the Fc portion of IgG ? 

Effects of spermatozoa 
Immunosuppression 
Inhibition of B lymphocyte antibody production through 

activation of C3a 

Szymaniesc, 1985), and blocks the recognition of tumor cells 
or virally infected cells by natural killer (NK) and cytotoxic T 
lymphocytes (Marcus et al., 1984; Witkin, 1984). In addition, 
seminal fluid inhibits phagocytosis by macrophages and poly-
morphonuclear leukocytes (PMNs; Witkin, 1986) and the 
action of complement (Tarter and Alexander, 1984). Soluble 
receptors for IgG (FcyRIII) have been detected in human 
seminal plasma (Thaler et al., 1989), raising the possibility 
of their role in blocking antibody-mediated sperm damage 
by binding to the Fc portion of the immunoglobulin molecule. 
Spermatozoa also have been demonstrated to be immunosup-
pressive, as judged by their ability to induce tolerance in 
vitro in an autologous system (Hurtenbach et al., 1980). Since 
they are able to induce the activation of complement by the 
alternative pathway (Witkin et al., 1983), spermatozoa may 
modulate the immune response via C3a, which suppresses 
antibody production by B lymphocytes in vitro (Morgan, 
1987). 

Evidence also exists for active cellular immunosuppressive 
activity in the male reproductive system and in semen. T 
suppressor lymphocytes have been detected in the intersti-
tium of the testis and in the submucosal regions of epididymis 
(El-Demiry and James, 1988). The ratio of T suppressor to 
T helper lymphocytes in semen indicates the prevalence of 
suppressing activity (Witkin, 1988). In the female, a domi-
nance in the activity of T suppressor lymphocytes may exist. 
In mice, after their intravaginal exposure to sperm, an in-
crease in the weight of the draining lymph nodes occurs that 
is not followed by antibody production, suggesting that a 
suppressive response may be stimulated in the lymph nodes 
(Beer and Billingham, 1978). Hill et al. (1987a) observed, in 
clear follicular fluid aspirated from follicles of women under-
going oocyte retrieval for in vitro fertilization, that the 
CD4+: CD8+ T lymphocyte ratio, which is usually 2:1 in 
peripheral blood, is decreased dramatically in follicular fluid 
to 1:25, with a clear predominance of suppressor cells. T 
suppressor (CD8+) cells, which may function in the induction 

R. A. Bronson · F. M. Fusi 

of immune tolerance, also were found in the intraepithelial 
spaces of fallopian mucosa (Kutteh et al., 1990). 

III. PATHOPHYSIOLOGY OF THE 
PRODUCTION OF ANTISPERM ANTIBODIES 

Evidence exists in humans, as well as in other species, 
that both the male and the female reproductive tracts are able 
to participate in mucosal immunity and to secrete antibodies, 
primarily secretory IgA, locally (Ogra and Ogra, 1973; Mes-
tecky and McGhee, 1987; Parr and Parr, 1990; Wira and 
Stern, 1990). 

In women, subepithelial plasma cells have been identified 
in the fallopian tube, endocervix, ectocervix, and vagina 
(Kutteh et al., 1988,1990). Approximately two-thirds of the 
immunoglobulin-positive cells contained IgA and J chain, 
indicating that they produce polymeric IgA. Secretory com-
ponent (SC)-producing epithelial cells were found in the fallo-
pian tube and endocervix. In addition, although the IgAl-
containing plasma cells predominated in all tissues examined 
(except vagina), the relative proportion of IgA2 plasma cells 
was found to be increased compared with tissues such as 
bone marrow and spleen (Kutteh et al., 1988). The number 
of plasma cells of all classes, including IgG and IgM, also 
was found to be 6- to 10-fold higher in infected fallopian tubes 
than in normal tubes, suggesting that a local immune system 
is functioning in the female genital tract (Kutteh et ai, 1990). 

In addition, the local immune response may not be re-
stricted geographically, since migration of lymphocytes be-
tween different mucosae can occur (McGhee and Mestecky, 
1990). IgA precursor cells may populate remote secretory 
sites, including the uterus and the cervix, that differ from 
the initial site of immunization. Heremans and Bazin (1971) 
found plasma cells producing secretory IgA directed against 
specific antigens in nonlymphatic organs after oral immuniza-
tion of mice with sheep red blood cells. 

Evidence of lymphocyte trafficking in humans is suggested 
by the presence of specific secretory IgA antibodies against 
Streptococcus mutans in saliva and tears after their ingestion 
in gelatin capsules (Arnold et al., 1976). The intragastric 
immunization of women with polio vaccine also results in 
the presence of antiviral IgA antibodies in both uterine and 
vaginal secretions (Ogra and Ogra, 1973). 

Evidence also has been presented that an IgE-mediated 
allergic response to seminal plasma proteins may occur in 
vagina, leading to a chronic vulvovaginitis (Chang, 1976; 
Witkin, 1987) and perhaps to anaphylaxis (Halpern et al., 
1967). Skin testing with antigens indicated that this allergy 
is caused by hypersensitization to seminal plasma proteins, 
not by sperm cells (Halpern et al., 1967). Although increased 
levels of IgE have been associated with infertility (Mathur et 
al., 1981), no evidence has been presented for immunological 
infertility caused by specific antisperm IgE antibodies. The 
production of secretory IgA appears to be the most important 
local immune response to spermatozoa. 

That the male reproductive tract can participate in a local 
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immune response to infections has been suggested by the 
finding that total IgA concentration is greater in the prostatic 
secretions than that of IgG or IgM. Total IgA in the presence 
of prostatitis has been found to be greater than total IgA in 
men with urinary tract infection. More than 50% of the total 
prostatic fluid IgA contains SC, suggesting local production 
or active transport from serum by prostatic epithelium. In 
prostatitis caused by E. coli, 90% of total IgA and IgG is E. 
coli specific. Escherichia co/Z-specific IgA concentration is 
40 times higher in prostatic fluid than in serum, providing 
further circumstantial evidence that active IgA transport oc-
curs in the prostate (Fowler and Mariano, 1982). 

A mixture of IgA and IgG antisperm antibodies is observed 
in ejaculates of men with autoimmunity to sperm. Antisperm 
IgG is derived primarily as a transudate from serum, and its 
presence in the ejaculate correlates with the titer of circulat-
ing antisperm antibodies (Rumke, 1974). The local production 
of antisperm IgA in the male genital tract has been suggested 
both by its detection in semen although absent from serum 
and by the presence of antisperm antibodies with unique 
regional binding specificities on the spermatozoan surface 
that differ from those present in serum. In a study of 856 
matched serum and semen samples, immunoglobulins pri-
marily of the IgA class were detected on the sperm surface 
in 15% of cases (Pavia et al., 1987). Hellstrom et al. (1988) 
also have demonstrated the presence of IgA on sperm despite 
its absence in serum, as detected by immunobead binding. 

Since IgA is transported locally across mucosal surfaces 
through its association with SC, which is produced by epithe-
lial cells, the finding of SC in association with IgA on the 
sperm surface is presumptive evidence for its local secretion, 
although not necessarily its local production (Parslow et al., 
1985; Meinertz et al, 1990). Meinertz et al. (1990,1991) have 
detected SC, utilizing a mixed agglutination reaction (MAR) 
test, on the surface of spermatozoa in men with autoimmunity 
to sperm. 

Additional evidence for the involvement of local mucosal 
immunity in the production of antisperm antibodies comes 
from an analysis of IgA subclasses. Whereas monomeric IgAl 
predominates in serum, immunoglobulins of the IgA2 class, 
in addition to IgAl, are present in mucosal secretions such 
as tears, saliva, and colostrum (Crago et al., 1983; Delacroix 
et al, 1983). 

Using mouse monoclonal antibodies directed against the 
two different subclasses of human IgA (IgAl and IgA2), and 
subsequently using immunobeads coated with anti-mouse im-
munoglobulins, Bronson and Cooper (1988) showed that a 
preponderance of IgAl exists in the ejaculates of men with 
antisperm autoimmunity, although a wide variation was noted 
in the ratio of IgAl to IgA2 among different patients. The 
varying proportion of antisperm IgA subclasses in different 
men might be a reflection of varying etiologies or different 
routes of immunization. 

Conditions that result in an alteration in the balance be-
tween the exposure of the male or female immune system to 
sperm antigen and immunosuppresive factors may lead to 
antisperm antibody production (Table II). 

Vasectomy is associated with autoimmunity to spermato-

Table II Summary of the Conditions Associated with the 
Production of Antisperm Antibodies 

Men Women 

Disruptions of the blood-testis 
barrier 
Vasectomy 
Testicular traumas 
Tumors 
Biopsy 
Torsion 
Genital tract infections 
Obstructions 
Cystic fibrosis 

Failure of the mechanisms of 
immunosuppression 
Decrease of T suppressor 

lymphocyte activity 
Lack of immunosuppressive 

factors in the seminal 
plasma? 

Abnormal expression of antigens 
on the sperm surface? 

Gastrointestinal exposure to 
spermatozoa (homosexuals) 

Factors depending on 
spermatozoa or seminal 
plasma 

Decrease of T suppressor 
lymphocyte activity? 

Genital tract infections (adjuvant 
action by bacteria) 

Oral or anal sex 

zoa in 60-70% of men (Alexander and Anderson, 1979), per-
haps mediated by the absorption of an increased amount of 
sperm antigens that cannot be balanced by immunosuppres-
sive factors. Testicular trauma (Haensch, 1973), torsion 
(Mastrogiacomo et al., 1982), biopsy (Hjort et al., 1974), and 
tumors (Guazziero et al., 1985) also have been associated 
with the production of antisperm antibodies. Witkin and Toth 
(1983) have presented evidence that genital tract infections, 
which can act as adjuvants for immune activation, are associ-
ated with antisperm antibody production. Nongonococcal 
urethritis, particularly urethritis resulting from Chlamydia, 
has been associated with antisperm autoantibodies 
(Shamanesh et al., 1986). Even unilateral obstruction of the 
vas deferens may be responsible for antisperm antibody pro-
duction (Hendry et al., 1982). In addition, congenital obstruc-
tion of the vas deferens, seen in cystoc fibrosis, has been 
associated with the appearance of antisperm antibodies 
(D'Cruz et al, 1991). 

Other possible causes of sperm antibody formation are 
related to the failure of immunosuppressive mechanisms. A 
decrease in the number or activity of T suppressor cells in 
the male genital tract or in semen has been postulated to 
play a role in the production of antisperm antibodies by B 
lymphocytes and plasma cells. In fact, men who underwent 
a vasectomy and whose semen contained antibody-labeled 
spermatozoa showed predominantly helper cells in their ejac-
ulates (Witkin, 1988). In addition, the lack of immunosup-
pressive factors in the seminal plasma or the diminution of 
Fey receptors or their inactivity might induce an immune 
response in both men and women. Abnormal expression of 
antigens by spermatozoa or display of certain immunodomi-
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nant antigens also has been proposed to cause lymphocyte 
activation (Mathur et al., 1983,1988). An abnormal decrease 
in number or activity of T suppressor lymphocytes or an 
adjuvant action by bacteria in the female reproductive tract 
could, in theory, play a role in antisperm antibody produc-
tion. Studies performed using immunoblot analysis of sperm 
antigen extracts showed that upper genital tract infections 
in women appear to be associated with the production of 
antisperm antibodies directed against antigens different from 
those involved in idiopathic immune infertility (Cunningham 
et al., 1991). 

A different pathogenesis of autoimmunity to spermatozoa 
has been suggested for homosexual men and for women who 
engage in oral and anal intercourse. Under experimental con-
ditions, the rectal introduction of spermatozoa in rabbits elic-
its a systemic immune response (Richards et al., 1984); gastric 
administration to rats of homologous spermatozoa results in 
an antisperm antibody production associated with decreased 
fertility (Allardyce, 1984). In humans, a higher prevalence 
of antisperm antibodies has been described in homosexual 
men than in heterosexual men from infertile couples (Witkin 
and Sonnabend, 1983, Bronson et al., 1983; Table III). In 
40-50% of homosexual men, antisperm antibodies can be 
detected in serum (Wolff and Schill, 1985). Bronson et al. 
(1983) observed a higher prevalence of antisperm antibodies 
of the IgM class relative to IgG and Ig A in sera of homosexual 
men than in sera of autoimmune men from infertile couples. 
These researchers proposed that these differences might re-
flect differences in the etiology of autoimmunity to sperm in 
the two groups. Intrarectal ejaculation in cases of sodomy 
may lead to altered processing of antigens, since the single 
layer columnar epithelium of the rectum is much more perme-
able than the thick epithelium of the vagina. In addition, 
the population of B lymphocytes and plasma cells in the 
gastrointestinal tract is different from that present in the 
reproductive tract (Mestecky and McGhee, 1987), and the 
reactivity of these cells with sperm antigens might be differ-
ent. Several lines of evidence have been presented that the 
large intestine is an organ in which plasma cells producing 
the IgA2 subclass of antibodies prevail (Kett et al., 1986; 
Crago et al., 1984). Intrarectal deposition of spermatozoa 
has been postulated to result in the stimulation of IgM- or 
IgA2-producing cells, which might then home to the genital 
tract, leading to the production of antisperm antibodies of 
this isotype and subclass within semen rather than to the 

production of those present in immune infertile men (e.g., 
IgAl and IgG). 

IV. PATHOGENESIS OF INFERTILITY DUE TO 
ANTISPERM ANTIBODIES 

Immunity to spermatozoa is not an all-or-nothing phenom-
enon, that is, the effects of antibodies on fertility depend on 
their titer, the class of immunoglobulin produced, the affinity 
for specific epitopes displayed by spermatozoa, the nature 
of the antigens involved, and other associated phenomena, 
such as the time between ejaculations. 

Antisperm antibodies can affect the mechanisms of trans-
port of spermatozoa within the female genital tract, can alter 
sperm capacitation or the acrosome reaction, can interfere 
with egg fertilization, or can have postfertilization effects on 
the zygote and pre-implantation early embryo. 

A. Sperm Transport 

As a first step in their passage through the human female 
genital tract, spermatozoa must penetrate and progress 
through cervical mucus to gain entry into the uterus and 
fallopian tubes. The association between abnormal or inhib-
ited mucus penetration and the presence of antisperm anti-
bodies was reported first when Fjallbrant (1969) demon-
strated that antisperm antibodies, obtained from infertile 
patients or from immunized rabbits, are able to inhibit in vitro 
penetration of human cervical mucus by human spermatozoa. 

Sperm penetration through cervical mucus in situ is evalu-
ated clinically by means of the postcoital test, which in sum-
mary consists of the evaluation of number and motility of 
spermatozoa present in the cervical mucus 8-12 hr after 
intercourse at the time of ovulation. The results of a postcoital 
test depend on mucus quality, particularly sialic acid bio-
chemistry (Lutjen et al., 1984); sperm concentration in semen 
(Jette and Glass, 1972); the pattern of sperm motility (Morti-
mer et ai, 1986); and the proportion of spermatozoa labeled 
with antibodies (Bronson et al., 1984a). 

Many studies have demonstrated that antisperm antibodies 
affect sperm penetration into and motility within cervical 
mucus (Alexander, 1984; Bronson et al., 1984a; Haas, 1986). 
The greater the proportion of antibody-bound sperm, the 

Table III Comparison of Incidence of Antisperm Antibodies in Sera of Homosexual Men and Men from Infertile Couples 
Suspected of Immunological Infertility 

Homosexual males 

Heterosexual infertile males 

Number of serum samples 

60 

180 

Antibody-negative sera (%) 

21.7 

45.6 

Antibody-positive sera 
(%) 

High levels0 

50 

25.3 

Low levels 

28.3 

31.1 

a More than 40% of spermatozoa bind immunobeads following preincubation with sera diluted at 1:4. 
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fewer sperm are able to enter and pass through cervical mu-
cus; when all spermatozoa are coated with antibodies, seeing 
motile spermatozoa in the mucus is uncommon (Bronson et 
al., 1984a). Hence, these men should be considered function-
ally oligospermic, despite normal sperm concentration in se-
men. Antisperm IgG and IgA have been found in the cervical 
mucus after its liquefaction with bromelain (Clarke et al., 
1984a). Kremer and Jager (1980) suggested that antibodies 
of the IgA class were responsible for the shaking of antibody-
labeled spermatozoa within cervical mucus. These investiga-
tors postulated that IgA was attached via SC to glycoproteins 
of the cervical mucus. Later, Jager et al. (1981a) showed 
that IgG also induces a shaking phenomenon, suggesting that 
other mechanisms are involved, and implicated the Fc region 
of the immunoglobulin molecule. Disulfide exchanges be-
tween sulfhdryl residues of sperm-bound immunoglobulins 
and glycoprotein molecules of mucin have been suggested 
to lead to impairment of motility of antibody-labeled sperm 
within cervical mucus (Bronson et al., 1984a). The fact that 
monoclonal antibodies raised in mice (Bronson and Cooper, 
1987) and polyclonal antibodies raised in rabbits (Fjallbrant, 
1969) impair the ability of human spermatozoa to penetrate 
cervical mucus suggests that this effect is not species specific. 
Studies performed using an IgAl protease derived from Neis-
seria gonorrhoeae demonstrated that the pretreatment of 
IgA-coated spermatozoa with this protease improved their 
mucus-penetrating ability (Bronson and Cooper, 1988). This 
protease cleaves a single peptide bond of the heavy chain of 
IgAl, liberating the Fc portion of the molecule (Plaut, 1983). 
The fact that IgA-labeled (but not IgG-labeled) spermatozoa 
treated with this protease show an improved ability to pene-
trate into and sustain motility within cervical mucus, although 
they remain coated with IgA Fab (Bronson et al., 1987a; 
Table IV), suggests that the failure of cervical mucus penetra-

Table IV Percentage of Spermatozoa Antibody-Bound by 

Preprotease 

Iga 

nple number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Head 

100 

100 

100 

100 

100 

100 

80 

74 

100 

ND 

ND 

Tail 

100 

21 

80 

100 

100 

100 

100 

26 

60 

100 

ND 

Head 

ND* 

ND 

ND 

8 

ND 

64 

ND 

11 

100 

30 

100 
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tion might not be related to the Fab portion of antibodies, 
nor to sperm surface antigens, but to the Fc portion. Alterna-
tively, the effect might be caused by a different activity of 
univalent rather than multivalent IgA. However, these find-
ings confirmed the earlier data presented by Jager et al. 
(1981b), which demonstrated that spermatozoa exposed to 
Fab preparations of antisperm IgA are able to penetrate cervi-
cal mucus, in contrast to those exposed to the intact immuno-
globulins. On this basis, we can postulate that human cervical 
mucus possesses a receptor for the Fc portion of the immuno-
globulin molecule. Monoclonal antibodies raised against 
spermatozoa from several species including humans (Ander-
son et al., 1987), directed against epitopes present on the 
surface of live sperm, impaired human sperm penetration 
through a column of bovine cervical mucus whereas mono-
clonal antibodies directed against subsurface epitopes did not 
(Bronson and Cooper, 1987). 

A correlation also has been observed between the regional 
specificity of antisperm antibodies to the spermatozoan sur-
face and their ability to impair penetration of cervical mucus. 
Binding of IgG and IgA immunoglobulins to the tail tip of 
spermatozoa is not associated with an alteration of their 
mucus-penetrating ability (Bronson et al., 1984b). In con-
trast, sperm-head directed antibodies, mainly those of the 
IgA class, as well as antibodies of both IgA and IgG classes 
directed against antigens on the principal piece of the sperm 
tail severely impair the ability of spermatozoa to penetrate 
mucus (Wang et al., 1985). 

Both the immunoglobulin class and the regional specificity 
of antibodies are important for the second mechanism of 
sperm transport impairment, that is, complement-mediated 
immobilization. IgG and IgM immunoglobulins are able to 
activate the complement cascade, which results in target cell 
lysis. Whereas a single molecule of IgM is necessary to lyse 

IgA and IgG before and after Treatment with IgAl Protease0 

Postprotease 

IgG IgA IgG 

Tail 

ND 

ND 

ND 

49 

43 
100 

50 

30 

100 

100 

30 

Head 

29 

15 

29 

29 
39 

4 

ND 

86 

ND 

ND 

Tail 

9 

ND 

43 

70 

99 

46 

1 

60 

13 

ND 

Head 

ND 

ND 

ND 

11 

ND 

35 

ND 

7 

96 

25 

100 

Tail 

ND 

ND 

ND 

71 

43 

100 

ND 

32 

50 

100 

30 

a Adapted with permission from Bronson et al. (1987a). 
b ND, None detected. 



696 

a red blood cell, approximately 1000 molecules of IgG are 
required (Humphrey and Dourmashkin, 1965). IgA does not 
activate the classical complement pathway. Complement pro-
teins have been found in several secretions of the female 
genital tract, for example, those of the cervix (Price and 
Boettcher, 1979), uterus (Lint, 1980), fallopian tubes (Yang 
et aL, 1983), and ovarian follicle (Schumacher, 1980; Clarke 
et aL, 1984b; D'Cruz et aL, 1990). Price and Boettcher (1979), 
using hemolysis of red blood cells exposed to anti-red blood 
cell antibodies, showed that the complement activity in cervi-
cal mucus is much lower than that in serum (10%). This 
observation may explain why complement-mediated sperm 
immobilization within cervical mucus does not take place 
immediately after sperm penetration into the cervical mucus, 
but requires 4-8 hr. The regional specificity of antibody bind-
ing to the spermatozoan surface is also an important factor 
in complement-mediated immobilization. IgG antibodies di-
rected against the head, the distal one-fifth of the sperm 
tail principal piece, or the tail end piece were found to be 
ineffective in promoting complement-mediated loss of sperm 
motility, whereas a high degree of sperm immobilization was 
observed when IgG binding occurred on a majority of the 
principal piece of the sperm tail or when IgM labeled the tail 
end piece (Bronson et al., 1982b). Hence, the amount of 
antibody, its location, and its isotype all play a role in sperm 
immobilization. 

An accessory mechanism of interference with fertilization 
by antisperm antibodies may be antibody-dependent cell-
mediated cytotoxicity (ADCC). Macrophages that populate 
the female genital tract may interact with the Fc portion of 
immunoglobulins or with C3 fixed by IgG and IgM antibodies 
and phagocytosis may be promoted, as demonstrated by the 
lysis of 1HIn-labeled spermatozoa by peritoneal macrophages 
when spermatozoa were covered with specific antibodies 
(London et al., 1985). 

B. Sperm Capacitation and Acrosome Reaction 

Fresh ejaculated spermatozoa are not able to penetrate 
oocytes and must undergo a series of calcium-dependent 
biochemical and structural changes before they become capa-
ble of fusing with the egg plasma membrane. First, spermato-
zoa must undergo plasma membrane modifications termed 
capacitation, which render them able to undergo the acro-
some reaction. This latter process consists of loss of the 
plasma membrane of the rostral portion of the spermatozoan 
head, shedding of the acrosomal cap (a modified secretory 
granule situated over this region of the sperm head), and 
exposure of the inner acrosomal membrane (Yanagimachi, 
1988). Only acrosome-reacted sperm can penetrate the zona 
pellucida and fuse with the egg plasma membrane. The re-
lease of the acrosomal contents—which consist of the en-
zymes acrosin, a trypsin-like protease, and hyaluroni-
dase—plays a role in spermatozoan passage through the 
cumulus oophorus and the zona pellucida, allowing its con-
tact with the oolemma, the egg plasma membrane. Evidence 
has been presented that antisperm antibodies may induce a 
premature acrosome reaction (Lansford et al., 1988) which 
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may alter the ability of sperm to penetrate the zona, so their 
fertilizing life-span may be shortened (Wolf, 1989). Bronson 
et aL (1987b), demonstrated that antisperm antibodies of the 
IgG class directed against the rostral portion of the head, in 
the presence of complement, are able to increase the number 
of acrosome-reacted spermatozoa, as detected by ultrastruc-
tural studies. Other antibodies might have an opposite effect 
on the acrosome reaction, since a monoclonal antisperm anti-
body has been reported to block the calcium ionophore-
induced acrosome reaction (Wolf, 1989). 

C. Sperm-Egg Interaction 

Antisperm antibodies directed against antigens involved 
in the interaction between the male and the female gametes 
may alter fertilization by affecting the ability of spermatozoa 
to bind to the zona pellucida as well as the fusion between 
the spermatozoan and egg plasma membranes. 

Several lines of evidence have been presented that indicate 
that antisperm antibodies may interfere with sperm recogni-
tion of the zona pellucida, in other mammals and in humans. 
During the process of fertilization, spermatozoa bind to 
species-specific receptors on the zona pellucida. In mice, 
several monoclonal antibodies are able to inhibit the binding 
of spermatozoa to zona pellucida (Saling and Lakosky, 1985). 
In guinea pigs, autoantibodies induced by vasectomy block 
zona binding and in vitro fertilization (Huang et al., 1981). 
A specific autoantigen, RSA-1, was demonstrated in the rab-
bit to be involved in zona recognition by the ability of specific 
antisera to block fertilization (O'Rand, 1981). In a series of 
experiments performed with donor spermatozoa exposed to 
sera containing antisperm antibodies, Bronson et al. (1982a) 
showed that the presence of these antibodies on the sperm 
surface interferes with their recognition of salt-stored zonae 
pellucidae of oocytes obtained from human ovaries that had 
been removed surgically. When the titer of antisperm anti-
bodies was lowered by absorption of these sera with sperma-
tozoa before their exposure to test sperm, a partial recovery 
of zona binding ability could be observed. These experiments 
also suggested that the isotype of antisperm antibody bound 
to the head may be important in determining the degree of 
impairment of sperm zona binding, since IgA was more inhibi-
tory than IgG. In addition, the total immunoglobulin labeling 
of the sperm surface appeared to be an important prognostic 
factor: when 100% of spermatozoa were antibody labeled, 
the impairment of zona binding was more evident. A similar 
experiment using live oocytes obtained by follicular aspira-
tion for in vitro fertilization confirmed these findings for the 
effect of antisperm antibodies (Tsukui et aL, 1986). Further 
studies, performed using salt-stored human zonae pellucidae 
(Yanagimachi et aL, 1979) that were bisected to allow each 
egg to act as its own control, have demonstrated that antibod-
ies directed against the sperm head can affect zona binding 
(Mahoney et aL, 1990), but not in every case. This result 
suggests that the zona binding impairment depends on the 
antigens against which antibodies are directed, that is, 
whether these antigens are the functional epitopes of a zona 
receptor ligand. 
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Many studies also have been performed on the effect of 
antisperm antibodies on sperm-oolemmal fusion, using the 
ability of zona-free hamster oocytes to be penetrated by ca-
pacitated human spermatozoa. Yanagimachi et al. (1976) re-
ported that hamster eggs removed from their vestments (the 
cumulus oophorus and the zona pellucida) could be pene-
trated by acrosome-reacted sperm of several species, includ-
ing humans. Several investigators have shown that homolo-
gous antibodies can affect the penetration of hamster oocytes 
by human spermatozoa (Alexander, 1984; Dor et al., 1981; 
Requeda et al., 1983; Haas et al., 1985; Abdel-Latif et al., 
1986). In some studies, the inhibitory properties were found 
to be retained by IgG fractions of antisera (Haas et al., 1980; 
Alexander, 1984). In one study, the Fab fractions from three 
antisera also were found to be inhibitory (Menge et al., 1984). 
In apparent contrast with these findings, Bronson et al. (1981) 
found that some sera containing antisperm antibodies pro-
mote the penetration of zona-free hamster eggs by human 
spermatozoa after enhancing their oolemmal adhesion. These 
observations were confirmed by Aitken et al. (1987,1988), 
who showed that purified IgG from sera of patients containing 
antisperm antibodies can promote human sperm penetration 
of zona-free hamster eggs, inhibit penetration, or be inactive. 
Bronson et al. (1990a) observed that, when antisperm anti-
bodies promoted penetration, the number of oolemmal-
adherent antibody-labeled sperm was increased greatly (Ta-
ble V). However, once these antibody-labeled sperm adhered to 
the oolemma, their chance of penetrating the egg was the 
same as that of antibody-free spermatozoa from the same 
ejaculate. This finding suggests that the promotion of egg 
penetration by antisperm antibodies is caused solely by their 
promotion of sperm-oolemmal binding. Evidence has been 
presented that Fey receptors, present on the oolemma of 
both hamster (Bronson et al., 1990b) and human (Bronson 
et al., 1991) oocytes, may account for the increased adher-
ence of antibody-labeled sperm to eggs. Zona-free hamster 
eggs, preincubated with IgG Fc to occupy oolemmal Fey 
receptors, bound fewer IgG-labeled spermatozoa than unex-
posed eggs. Via Fab preparations of monoclonal antibodies 
directed against FcyRI, FcyRII, and Fc-yRIII, all three recep-
tors were demonstrated to be present on the oolemma of 
unfertilized human eggs; their ability to bind human and mu-

rine IgG-Fc was shown also (Bronson et al., 1991). The pro-
motion of oolemmal binding of spermatozoa coated with anti-
sperm antibodies via the interaction of oolemmal Fc receptors 
and the Fc portion of immunoglobulins could lead to a higher 
number of sperm penetrations. This mechanism could result 
in vivo in polyspermic fertilization of oocytes, diminishing 
the chances of reproductive success, since polyploid embryos 
exhibit diminished preimplantation growth potential and a 
higher rate of spontaneous abortion (Hassold et al., 1980). 

Conversely, in cases in which the penetration of oocytes 
is inhibited by antisperm antibodies, these antibodies are 
likely to be directed against fertilization antigens that play 
a role in sperm-egg plasma membrane fusion. Antibodies 
directed against the rabbit antigens RSA-1, 2, and 3, which 
also cross-react with human spermatozoa, block penetration 
of zona-free hamster oocytes by these spermatozoa (O'Rand 
and Irons, 1984). Naz et al. (1984) have identified a 23-kDa 
sperm membrane glycoprotein (FA-1) and have demon-
strated that a monoclonal antibody directed against FA-1 
completely blocks the fertilization of zona-free hamster oo-
cytes by human spermatozoa. The monoclonal antibody 
MH61, raised against human spermatozoa and reacting 
mainly with capacitated and acrosome-reacted sperm (being 
barely reactive with fresh sperm), was found to inhibit the 
penetration of hamster eggs by human spermatozoa almost 
completely (Okabe et al, 1990). 

Evidence that peptides containing the Arg-Gly-Asp se-
quence (RGD), a recognition sequence involved in many 
cell-cell adhesion mechanisms (Ruoslahti and Piershbacher, 
1986), interfere with oolemmal adhesion and sperm penetra-
tion of hamster oocytes (Bronson and Fusi, 1990a,b), sug-
gests that this sequence also is involved in the binding of 
spermatozoa by the oolemma. The presence of RGD-binding 
moieties on the oolemma of hamster (Bronson and Fusi, 
1990a) and human (Fusi et al., 1991) oocytes, and the detec-
tion of RGD-containing proteins such as fibronectin, 
vitronectin, and laminin on the surface of capacitated human 
spermatozoa (Fusi et al., 1992a,c). might indicate that these 
molecules are involved in sperm-oolemmal interaction. Anti-
sperm antibodies directed against these glycoproteins, either 
from infertile couples or produced experimentally, could in-
hibit pentration of hamster and human eggs by spermatozoa. 

Table V Effects of Different Antisperm IgG, Directed against the Sperm Head, on the Ability of Human Spermatozoa to 
Adhere to and Penetrate Zona-Free Hamster Eggs 

Serum number 

1 

2 

3 

4 

5 

6 

Control 

Number of eggs 

15 

29 

27 

28 

27 

29 

29 

Mean oolemmal adherent sperm 
(range) 

33 (12-64) 

55 (27-85) 

71 (43-121) 

78(49-112) 

110(68-152) 

140 (92-184) 

25 (13-41) 

Eggs penetrated (%) 

67 

93 

100 

100 

100 

100 

78 

Penetrating sperm per egg 

1.4 

2.9 

8.2 

5.2 

6.5 

8.2 

1.7 
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Preliminary evidence for this idea comes from experiments in 
which in vitro exposure of human spermatozoa to monoclonal 
and polyclonal antifibronectin antibodies partially inhibits 
their binding to and penetration of hamster oocytes (Fusi 
and Bronson, 1991; Table VI). 

Retrospective and prospective analysis of fertilization data 
from programs performing in vitro fertilization provide 
another means of assessing the possible effects of anti-
sperm antibodies on fertilization. Clarke and associates 
(1985b, 1986) have shown that fertilization could be achieved 
at higher frequences in women with humoral antisperm anti-
bodies when culture medium was supplemented with nonim-
mune serum in place of the patient serum. These data suggest 
that the presence of antisperm antibodies in the in vitro fertil-
ization culture medium results in an impairment of fertiliza-
tion. Immunoglobulins of the IgA class appeared to be more 
effective in impairing fertilization than those of the IgG class. 
A more critical examination of the results of in vitro fertiliza-
tion in women with immunities to sperm has revealed both 
a diminished fertilization rate and a diminished embryonic 
cleavage rate, resulting ultimately in a diminished chance of 
pregnancy (Vasquez-Levin et al., 1991). In this study, bovine 
serum albumin was used in the culture medium in lieu of 
patient serum if significant levels of serum antisperm antibod-
ies were present. In these women, 44% of eggs were fertilized 
in 50 cycles compared with 75% for the bovine serum albumin 
controls. The percentage of high-quality embryos was 49% 
in the immunologically infertile group compared with 75% 
for the control subjects. Clinical pregnancies occurred in 10 
individuals of the former group, compared with 18 in the 
latter. Although the results are promising because they illus-
trate that significant pregnancy rates can be achieved in these 
couples despite the presence of antisperm antibodies, these 
results suggest that these antibodies cannot be eliminated 
from the egg by washing, hence impairing fertilization, or 
that the antibodies may be cytotoxic to the egg. 

Clarke et al. (1985a) and De Almeida et al. (1989) studied 
the relationship between antisperm antibodies in the ejacu-
lates of men with autoimmunity to sperm and human in vitro 
fertilization. Both groups found that, when more than 80% 
of spermatozoa were labeled with head-directed IgA or a 
combination of IgA and IgG, a low fertilization rate of human 
oocytes was seen. In another study, Junk et al. (1986) sug-

gested that fertilization rates were affected adversely if the 
autoimmunity against spermatozoa was caused by associated 
IgG and IgA antibodies, whereas impairment was less evident 
when only IgG or IgA was present. These researchers con-
cluded that inhibition of fertilization may be caused by a 
synergistic effect of both classes of antibodies. Although 
these studies are suggestive, the analysis of the effects of 
antisperm antibodies on in vitro fertilization is quite difficult. 
In effect, the small number of patients makes a serious statis-
tical analysis difficult because the association of nonimmuno-
logical factors relating to egg quality and sperm penetrating 
ability may bias the results in a group. 

D. Effects of Antisperm Antibodies on 
Reproduction after Fertilization 

Evidence that spermatozoa share antigenic specificities 
with fertilized ova and cleaving embryos has been demon-
strated by several authors in several mammalian species. In 
guinea pigs (Behrman and Otani, 1963; Otani et al., 1963; 
Kiddy and Rollins, 1973) and in rabbits (Sawada and Behr-
man, 1966), researchers have shown that immunization with 
spermatozoa had little effect on fertilization but resulted in a 
much greater incidence of postfertilization embryonic losses. 
Menge (1970), using rabbits, demonstrated that isoimmuniza-
tion of females with sperm or testis, but not seminal plasma, 
resulted in an impaired chance of embryonic survival to term. 
In addition, a reduction in the survival of fertilized eggs 
transferred to immunized pseudo-pregnant females was ob-
served in relation to those transferred to nonimmunized con-
trols. Subsequently, the same authors (Menge and Lieber-
man, 1974; Menge et al., 1974) found that antisperm IgA 
obtained from the uterus of rabbits immunized with homolo-
gous spermatozoa led to degenerative changes in morulas and 
blastocysts when cultured in vitro in its presence, whereas 
antisperm IgG did not. Menge and Naz (1988) suggested three 
mechanisms by which antisperm antibodies can affect em-
bryo survival. 

The first mechanism consists of the possibility that sperm 
surface antigens are incorporated into the zygotic membrane 
at fertilization. Fertilization involves the fusion of sperm and 
oolemma plasma membranes, leading to a mixture of anti-

Table VI Effects of Anti-Fibronectin Antibodies on the Adhesion and Penetration of Zona-Free Hamster Eggs by 
Human Spermatozoa 

Antibody Eggs penetrated {%) Penetrating sperm per egg Number of oolemmal adherent sperm 

Mouse anti-FN 
Monoclonal Antibody 

Rabbit anti-FN 
Polyclonal Antibody 
Control* 

Antibody-Free Medium 

6.6 

16.6 

89 

100 

0.06 (p = 0.001°) 

0.16 (p = 0.001°) 

1.24 

1.45 

26.2 ± 7.5 (p = 0.005°) 

27.9 ± 5.4 (p = 0.005°) 

45.4 ± 9.4 

56.9 ± 12.4 

a Student t test of anti-fibronectin antibody versus the MOPC21-containing control. 
b Control consisted of MOPC21, a mouse myeloma IgG protein. 
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gens. In rabbits, O'Rand (1977) presented evidence that 
sperm antigens were transferred to eggs after fertilization. 
Gaunt (1983) showed the same phenomenon in rats, using a 
monoclonal antibody directed against a single antigen, and 
demonstrated that the incorporated antigen was no longer 
present on the zygote plasma membrane after the first cleav-
age division. In humans, Wiley et aL (1987) demonstrated 
that some antisperm antibodies present in sera of infertile 
couples could react with hamster oocytes penetrated by hu-
man spermatozoa, as judged by complement-dependent lysis, 
but not with unpenetrated oocytes, suggesting that antigens 
could be transferred to the oolemma at the time of fertil-
ization. 

The second mechanism proposed is that similar epitopes 
are present on spermatozoa and embryos. Several common 
antigens have been found, including the nervous system anti-
gens NS-4 and NS-7 (Solter and Schachner, 1976; Chaffee 
and Schachner, 1978). Oncofetal antigens also have been 
observed on both sperm and embryos, for example, teratocar-
cinoma antigen OTT6050 (Webb, 1980), PCCC4 (Gachelin et 
aL, 1977) PYS-2 (Artzt et aL, 1976), and F-9 (Artzt et aL, 
1973). Antibodies raised against teratocarcinoma cells, 
mainly those directed against F-9 (Hamilton et aL, 1979; 
Johnson et aL, 1979), have been reported to induce both 
infertility and preimplantation loss (Hamilton et aL, 1979). 
Different antigens, such as the TLX antigen (Anderson et 
aL, 1989) commonly found on trophoblasts, also have been 
found on sperm surfaces after capacitation. 

Another proposed mechanism to account for postfertiliza-
tion reproductive loss mediated by antisperm antibodies is 
an indirect effect of antibodies on embryo development. The 
release of lymphokines, monokines, interleukins, and tumor 
necrosis factors from women sensitized to sperm after their 
exposure to semen could affect embryo development. Several 
studies, in fact, have demonstrated that those substances are 
cytotoxic to preimplanting embryos (Faikih et aL, 1987; Hill 
et aL, 1987b). However, despite laboratory data, no clear 
clinical evidence has been found in humans for an association 
between perinidatory early pregnancy loss and immunities 
to spermatozoa. 

V. SUMMARY 

Antisperm antibodies are able to interfere, through several 
mechanisms, with all stages of human fertilization, and may 
exhibit postfertilization effects on embryonic growth as well. 
Antisperm antibodies of the IgA class appear to be particu-
larly able to affect reproductive outcome of patients sensi-
tized to spermatozoa, suggesting that the local immune re-
sponse could be important in infertile couples. Several of the 
mechanisms responsible for these effects appear to involve 
specific antigens, whereas others (particularly those im-
pairing sperm transport) may be related to the Fc portion of 
the immunoglobulin molecule. Hence, the determination of 
the epitopes specifically involved in binding of spermatozoa 
to the zona pellucida and in sperm-oolemmal interaction 

appears to be a necessary step in the assessment of the repro-
ductive prognosis of these individuals. 

Spermatozoa must traverse the female reproductive tract, 
a part of the greater common mucosal immune system, to 
reach the oocyte. That the interaction of gametes occurs 
therein suggests that aberrant local immunological responses 
could play a significant role in human infertility. Increasing 
knowledge of the normal regulation of immunoglobulin pro-
duction and secretion within the genital tracts of men and 
women, as well as of the response of the mucosal immune 
system of the reproductive tracts to microbial pathogens, 
will allow us to substantiate this thesis. 
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I. INTRODUCTION 

Optimal immune protection at mucosal surfaces is depen-
dent on the secretory immune system, which responds to 
both viral and bacterial pathogens (for reviews see Heremans, 
1974; Mestecky and McGhee, 1987). Characterized by the 
presence of secretory Ig A and IgG (Ogra et al., 1981; Brandt-
zaeg and Prydz, 1984), immune protection is dependent on 
T and B lymphocytes, monocytes, and macrophages, as well 
as on other antigen-presenting cells that monitor the external 
environment and respond to antigenic challenge (McDermott 
and Bienenstock, 1979; Underdown and Schiff, 1986). After 
the recognition of antigen, immune protection is conferred 
through humoral and cell-mediated components of the muco-
sal immune system which respond by cytotoxic mechanisms 
(Shen and Fänger, 1981), the production of specific antibodies 
(Williams and Gibbons, 1972; Heremans, 1974), and phagocy-
tosis (Fanger et al., 1983) to destroy potential pathogens or 
exclude them from gaining access to the body. 

Within the female reproductive tract, the mucosal immune 
system has evolved to protect against potential pathogens 
without compromising fetal survival (Harbour and Blalock, 
1989; Wira and Stern, 1992). Periodically exposed to alloge-
neic sperm and to a fetal-placental unit that is immunologi-
cally distinct, the mucosal immune system within the uterus, 
cervix, and vagina is controlled precisely by the female sex 
hormones to optimize both maternal and fetal survival (Wira 
and Sandoe, 1977; Schumacher, 1980; Sullivan et al, 1984). 
Depending on the site analyzed and the reproductive state 
(endocrine balance), immunocompetency of the female re-
productive tract may be enhanced or suppressed to meet 
maternal and fetal needs (Wira and Stern, 1992). 

Despite the effectiveness of immune protection, sexually 
transmitted diseases (STD) represent a major global health 
problem that threatens both adult and newborn (Cates, 1986; 
Piot et al., 1988). The limited success achieved in controlling 
gonorrhea, herpes simplex virus 2, pelvic inflammatory dis-
ease, group B Streptococcus, Chlamydia, and human immu-
nodeficiency virus (HIV), the causative agent of acquired 
immunodeficiency syndrome (AIDS) (Peterman and Curran, 

1986; McDonough, 1987), demonstrates the need for a better 
understanding of the elements of the secretory immune sys-
tem in the female reproductive tract and the ways in which 
the endocrine system regulates immune function at these 
sites. 

Previous studies have shown that both oral and reproduc-
tive tract immunization can lead to the presence of specific 
antibodies in uterine and vaginal secretions. Ogra and Ogra 
(1973) demonstrated that inactivated poliovirus, given orally 
or deposited locally into the uterus or vagina of women, 
generated IgG antibodies in uterine and cervicovaginal secre-
tions. In contrast, when horseradish peroxidase was placed 
in the uterus, no antibody response was detected (Vaerman 
and Ferin, 1974). Several studies focusing on vaginal and 
cervical deposition of antigen have demonstrated local anti-
body production in the lower genital tract (Kerr, 1955; Bell 
and Wolf, 1967; Yang and Schumacher, 1979; Parr et al.t 
1988). That gastrointestinal, intrauterine, and pelvic immuni-
zation lead to the accumulation of antibodies in genital tract 
secretions (Wira and Sandoe, 1987,1989; Wira and Prabhala, 
1992) also shows that specific IgA and IgG antibodies in 
uterine, cervical, and vaginal secretions are derived from 
distal and local (genital tract) exposure to antigen. Despite 
this progress, much remains to be learned about the mecha-
nisms by which immune protection is conferred within the 
reproductive tract and the ways in which sex hormones and 
selected cytokines regulate immune events at mucosal sur-
faces. 

Implicit in the ability of the female reproductive tract to 
respond to local antigen exposure is the requirement that 
antigen-presenting cells recognize and present antigen to T 
lymphocytes (Ziegler and Unanue, 1981; Weinberger et al., 
1981). At other sites in the body, for example, macrophages 
(Rosenthal and Shevach, 1973) as well as B lymphocytes 
(Ashwell et al., 1984), dendritic cells (Steinman and Nussenz-
weig, 1980), keratinocytes (Gaspari and Katz, 1988), Langer-
hans cells (Aiba and Katz, 1991), and epithelial cells have 
been shown to present antigen. Antigen presentation is char-
acterized by the internalization and processing of exogenous 
antigen to immunogenic fragments, which then are presented 
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in combination with major histocompatibility complex 
(MHC) Class II molecules to T lymphocytes. These events, 
in turn, lead to the production of cytokines that mediate 
cellular and humoral immune responses (Balkwill and Burke, 
1989). Despite the absence of aggregated follicles similar to 
Peyer's patches in the gastrointestinal tract, the reproductive 
tract contains B lymphocytes, macrophages, and dendritic 
cells as well as epithelial cells that are potentially capable of 
presenting antigen. Within the reproductive tract, endome-
trial cells of the uterus express MHC Class II molecules that 
are under estradiol and cytokine control (Head and Gaede, 
1986; Tabibzadeh et al., 1986a,b). The identification of Inter-
feron y (IFNy) receptors in the uterus (Tabibzadeh, 1990), 
interleukin 1 (IL-1) and IL-6 production by uterine cells (Ta-
kacs et al., 1988; Tabibzadeh et al., 1989), and the important 
observation that estradiol stimulates IFNy mRNA produc-
tion by lymphocytes (Fox et al., 1991) provide evidence for 
the complex interactions that exist between hormones and 
cytokines in the regulation of mucosal immunity in the female 
reproductive tract. 

In this chapter, we present studies from our laboratory 
that define the roles of steroid hormones in regulating the 
efferent (response) arm of the mucosal immune system in 
the female reproductive tract. We include our most recent 
findings that demonstrate that the afferent (inductive) arm of 
the immune system exists in the female reproductive tract 
and is controlled by sex hormones and cytokines. Particular 
attention is paid to the mechanisms by which hormones and 
cytokines exert their effects, during the reproductive cycle 
as well as after exogenous hormone administration. The data 
presented in this chapter indicate that the regulation of repro-
ductive tract mucosal immunity is the result of a precise 
interplay between sex hormones and cytokines. Further, they 

indicate that sex hormones and cytokines, working together, 
are major contributors to the maintenance of immune func-
tion. Finally, these studies emphasize that immune function 
and its regulatory control within the fallopian tube, uterus, 
cervix, and vagina are separate and distinct, and that each site 
must be analyzed in the context of the unique contributions it 
makes to procreation and to maternal and fetal protection. 

II. SEX HORMONE AND 
GLUCOCORTICOID REGULATION OF 

MUCOSAL IMMUNITY 

Figure 1 shows results from our laboratory in 1977 that 
demonstrated that IgA and IgG levels in uterine secretions 
change markedly in intact rats during the reproductive cycle; 
higher levels are measured at the time of ovulation than at 
any other stage of the cycle (Wira and Sandoe, 1977). These 
observations led to the conclusion that estradiol and proges-
terone are the principle hormones responsible for regulating 
IgA and IgG in uterine secretions. As seen in Figure 2, when 
ovariectomized rats were treated with estradiol, IgA and IgG 
levels in uterine secretions were elevated relative to saline 
controls (Wira and Sandoe, 1980). We unexpectedly found 
that IgA and IgG levels in cervicovaginal secretions were 
controlled hormonally. Unlike the uterus, however, levels 
here were lowered in response to hormone treatment (Wira 
and Sullivan, 1985). These responses are separate and dis-
tinct, since uterine ligation had no effect on the hormone 
response of IgA and IgG to estradiol treatment. We also 
found that the uterine response was specific for estradiol, that 
progesterone blocks estradiol-stimulated increases in uterine 
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Figure 1 Immunoglobulin A and G levels in uterine secretions of adult female rats at various stages of the estrous cycle 
and following castration. Values represent the mean ± SEM of 5-8 rats per group. IgG values (open bars) are expressed 
as μg per uterus, IgA results (hatched bars) as immunocytoma serum (IS) units, where 1.0 IS unit is defined as a 
concentration of 1 mg lyophilized immunocytoma serum in 1 ml distilled water. Values of IgA and IgG at proestrus and 
IgA at estrus are significantly different from those measured during diestrus and following castration (P < 0.01). No 
significant differences were measured in serum samples. Adapted with permission from Wira and Sandoe (1977). 
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Figure 2 The influence of estradiol on immunoglobulin A and G 
levels in uterine (top) and vaginal (bottom) secretions. Ovariecto-
mized rats were injected with estradiol (E2; 1 /Ag/day) or saline (C) 
for 3 days prior to sacrifice 24 hr after the third injection. Each bar 
represents the mean value of 5-7 animals per group. The vertical 
line on each bar represents the standard error (SE). *, Significantly 
(P < 0.05) different from control (saline);**, significantly^ < 0.01) 
different from control. Reprinted with permission from Wira and 
Sandoe (1987b). 

IgA and IgG, and that progesterone either alone or with 
estradiol inhibits cervicovaginal levels of IgA and IgG. 

Since IgA is transported into secretions at mucosal sur-
faces by secretory component (SC), the external domain of 
the polymeric IgA receptor (for review, see Mestecky and 
McGhee, 1987), studies were undertaken to determine 
whether SC is also under hormonal control. As seen in Figure 
3, when estradiol was given to ovariectomized rats for 3 days, 
SC levels increased sharply, in parallel with IgA in uterine 
secretions (Sullivan et al., 1983). In contrast, SC levels in 
cervicovaginal secretions were reduced markedly in response 
to estradiol treatment (Wira and Sullivan, 1985). Subsequent 
studies showed that, whereas IgA of blood origin enters uter-
ine tissues within 2-4 hr of each injection of estradiol, IgA 
movement from tissue to lumen takes place only after uterine 
epithelial cells produce SC in response to estradiol or IFNy 
(Prabhala and Wira, 1991). 

An apparent paradox involving the time required for estra-
diol to exert a stimulatory effect on uterine SC levels was 
resolved when animals were ovariectomized on day 2 of 
diestrus, just after estradiol had been released by the ovary. 
Under these conditions, uterine SC levels increased within 
16 hr of hormone stimulation (Wira and Stern, 1985). Since 
the earliest response occurs approximately 3 days after estra-
diol is given to ovariectomized rats, these findings indicate 

that, when uterine tissues are deprived hormonally by ovari-
ectomy, more time is required for hormones to exert their 
actions on cell growth. 

To examine the mechanisms by which estradiol exerts its 
effect on uterine SC, uteri from saline- and estradiol-treated 
rats were incubated with actinomycin D (Figure 4) and cyclo-
heximide (not shown). SC accumulation in the incubation 
media was inhibited, suggesting that hormonal regulation of 
uterine SC is mediated through mRNA and protein synthesis 
(Wira et al, 1984). We used the SC cDNA probe (Banting 
et al., 1989) to measure rat uterine SC mRNA levels in the 
presence or absence of estradiol. As seen in Table I, when 
ovariectomized rats were treated with estradiol daily for 3 
days, SC mRNA levels increased after the second and third 
injection of estradiol (Morganielli et al, 1991). Although pre-
liminary, these findings suggest that estradiol increases uter-
ine SC levels by increasing SC mRNA levels in uterine tis-
sues. In other studies (not shown), we have found that SC 
mRNA levels in vaginal tissues are lowered in response to 
hormone treatment. Studies are currently underway to deter-
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Figure 3 Time course of the effect of 1, 2, or 3 estradiol treatments 
on secretory component (SC) (bottom) and IgA (top) content in 
uterine secretions of ovariectomized rats. Animals were injected 
with either estradiol (E2; 2 /ig/day) or saline (controls; indicated as 
0 time point). Each value equals the mean ± SE of 4 (E2) or 12 (saline) 
determinations. The levels of IgA are reported as immunocytoma (IS) 
units, as previously described (Wira and Sandoe, 1980). Reprinted 
with permission from Sullivan et al. (1983). 
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Length of Incubation (hrs) 

Figure 4 Antagonism by actinomycin D of the estradiol-induced 
increase in uterine secretory component (SC) in vitro. After 3 days 
of in vivo estradiol (1 ì-g/day) or saline treatment of ovariectomized 
rats (4 animals per group), uterine horns were divided and were 
placed either in incubation medium or in medium with actinomycin 
D (20 ìg/ml). The curves shown are as follows: (A) estradiol; (B) 
estradiol/actinomycin D; (C) saline; (D) saline/actinomycin D. Num-
bers represent the mean ± SE of samples taken at the indicated time 
point. **, Significantly greater than the value from estradiol-treated 
uteri in actinomycin D-containing media. Reprinted with permission 
from Wira et al. (1984). 

mine whether estradiol influences synthesis or stability of SC 
mRNA in reproductive tract tissues. 

To examine the role of other steroid hormones in regulating 
SC and IgA levels in uterine secretions, ovariectomized ani-
mals were treated with estradiol, progesterone, or dexameth-
asone, a synthetic glucocorticoid. As seen in Figure 5, dexa-
methasone and progesterone, given with estradiol for 3 days, 
had pronounced inhibitory effects on uterine IgA levels. In 
contrast, dexamethasone, unlike progesterone, had no effect 
on SC levels (Sullivan et al., 1983). These findings indicate 
that glucocorticoids influence mucosal immune responses to 
estradiol in the female reproductive tract in a different way 
than progesterone. 

To examine more fully the role of glucocorticoids in influ-
encing mucosal immune responses, dexamethasone was 
given to ovariectomized animals for 1,2, and 3 days. As seen 
in Figure 6, IgA levels in serum were significantly higher in 
dexamethasone-treated rats than in saline-treated rats (Wira 
et al., 1990). In contrast, IgA levels in salivary (and vaginal, 
not shown) secretions were lowered in animals treated with 
dexamethasone. In other studies (not shown), we found that 
dexamethasone raises specific IgA antibodies in serum and 
lowers antibody levels in secretions after Peyer's patch prim-
ing and uterine boosting with sheep red blood cell (SRBC) 
antigen. This result suggests that glucocorticoids cause a 
redistribution of IgA from mucosal surfaces to serum, possi-
bly to enhance systemic immune protection. To determine 
whether glucocorticoids influence SC levels in serum, ani-
mals were treated with dexamethasone for 1, 2, or 3 days 

(Wira and Rossoll, 1991). Under these conditions, SC levels 
in serum increased significantly with dexamethasone treat-
ment. Our finding that SC in serum is associated with poly-
meric IgA suggests that, by increasing serum SC levels, dexa-
methasone may be decreasing SC-mediated clearance of IgA 
from blood into bile. In other studies, we found that dexa-
methasone stimulates SC production by rat hepatocytes 
(Wira and Colby, 1985), suggesting that serum SC, which 
has a molecular mass of 29 and 27 kDa, may be of liver origin. 
Additional studies are needed to identify the origins of serum 
SC and to determine whether IgA antibodies in serum after 
dexamethasone stimulation exert a protective effect against 
systemic antigenic challenge. 

III. ROUTES OF IMMUNIZATION AND 
HORMONALLY STIMULATED ANTIBODIES 

IN MUCOSAL SECRETIONS 

To identify the origins of antibodies and the role of hor-
mones in regulating their presence in reproductive tract secre-
tions, adult female rats were immunized via Peyer's patches 
(pp), intraperitoneally (ip), and subcutaneously (sc), and 
boosted 6 days later with SRBC, a known T cell-dependent 
antigen. Uterine secretions were collected from uterine-li-
gated animals after each rat had gone through two normal 
estrous cycles. As seen in Figure 7, when animals were immu-
nized pp or ip, specific anti-SRBC IgA antibodies were found 
in uterine and cervicovaginal secretions (Wira and Sandoe, 
1987). IgG antibodies were found in uterine but not in cervico-
vaginal secretions. In contrast, sc immunization resulted in 
a weak uterine IgG antibody response but failed to elicit an 
IgA response. 

The role of estradiol in the accumulation of specific anti-
bodies in reproductive tract secretions is shown in Figure 8. 
After priming (pp) and boosting (pp) with SRBC, little anti-
body was found in ovariectomized animals that received sa-
line. With estradiol treatment, IgA and IgG antibodies in-

Table I Effect of Estradiol on Secretory Component 
mRNA Levels in Uterine Tissues of Ovariectomized Rats0 

SC mRNA (area/slot) 

0 

± 

Estradiol treatment on day 

1 2 3 

+ + + + + + + 

a RNA was extracted from uteri of rats (7-12 animals/group) 
treated with estradiol (1 ìg/day) for 1, 2, or 3 days prior to sacrifice 
24 hr later. Control animals received saline for 3 days. RNA was 
extracted essentially by homogenization in RNA extraction buffer 
as described by Sambrook et al. (1989). Poly (A) + RNA was isolated 
on oligo(dT)-cellulose. Poly(A) + RNA (50/xg) was used for slot 
blot analysis and probed with 32P-labeled secretory component (SC) 
cDNA, kindly provided by G. Banting. Hybridization signals for 
each group were quantified by densitometry. Amount of SC mRNA: 
±very low; + low; + + medium; + + +high. 
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Figure 5 Antagonism by dexamethasone and progesterone of the 
uterine secretory component (SC) (bottom) and IgA (top) responses 
to estradiol. Ovariectomized rats with uterine ligations received sa-
line (NS), dexamethasone (DEX; 1 mg/day), or progesterone (P; 2 
mg/day) approximately 30 min before an injection of saline or estra-
diol (E2; 1 //g/day). Animals were killed 24 hr after the third injection. 
Numbers represent the mean ± SE of 5-6 values. Reprinted with 
permission from Sullivan et al. (1983). 
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in saliva. These studies demonstrate for the first time that, 
in addition to being an inductive site for humoral immune 
responses, the reproductive tract provides immunological 
information to other mucosal surfaces in the form of IgA and 
IgG antibodies that may be distributed systemically through 
the blood. The implication of these findings is that antigen 
challenge in the reproductive tract may result in immune 
protection at other sites of the body. 

As part of our uterine immunization studies, we analyzed 
IgA in uterine secretions by high performance liquid chroma-
tography (HPLC) and found that all IgA antibodies existed 
as dimers. We then examined the possibility that SC was 
responsible for the accumulation of IgA in uterine secretions. 
As seen in Figure 9, in the absence of estradiol, SC levels 
increased in uterine secretions in response to uterine immuni-
zation with SRBC. When analyzed by HPLC, SC consisted 
of free SC and SC bound to IgA anti-SRBC antibodies (Wira 
et al, 1991). Western blot analysis demonstrated that SRBC-
stimulated SC consists of two major bands (75 and 76 kDa) 
and a third minor band (30 kDa). The major bands are identi-
cal to those seen in bile and in uterine fluid from nonimmu-
nized animals (Whittemore et al., 1990). Our conclusion from 
these studies was that, in addition to stimulating a local anti-
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I 
creased in uterine secretions relative to control animals. To 
study the effectiveness of the uterus in responding to anti-
genic challenge, ovariectomized rats were immunized by 
placing SRBC directly into the uterine lumen (Wira and 
Sandoe, 1989). As seen in Figure 8, uterine (ut/ut) immuniza-
tion resulted in pronounced IgA and IgG antibody responses 
in the immunized horns that were 20- to 30-fold (IgA) and 2-
to 5-fold (IgG) greater than those seen after pp/pp immuniza-
tion. In contrast to pp/pp immunization, estradiol adminis-
tered for 3 days had no effect on uterine antibody levels at 
the end of the immunization procedure. In other studies, we 
found that intraperitoneal immunization with SRBC leads to 
uterine antibody responses that, similar to those seen with 
pp immunization, are dependent on estradiol for genital tract 
antibody accumulation (Wira and Prabhala, 1992). 

Of particular interest in our uterine immunization studies 
is that, as a consequence of placing SRBC in the uterine 
lumen, specific antibodies appear in the contralateral (nonim-
munized) uterine horn, in vaginal secretions, in serum, and 
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Figure 6 Time course of the effect of dexamethasone on the levels 
of IgA in serum (top) and saliva (bottom). Ovariectomized rats were 
treated with dexamethasone (1 mg/day; hatched bars) or saline (0.1 
ml; open bars) for 1, 2, or 3 days. Then, 24 hr after the last injection, 
saliva and serum were collected and analyzed for IgA. Bars represent 
the mean ± SE of 7-8 animals/group. * Significantly (P < 0.01) differ-
ent from control groups; **significantly (P < 0.001) different from 
control groups. Reprinted with permission from Wira et al. (1990). 



710 Charles R. Wira et al. 

E 

< 

CO 

i 
Q. 

< 

Non-
immunized 

PP IP SC 

Immunization route 

Figure 7 Influence of route of immunization on the presence of 
specific IgA (open bars) and IgG (hatched bars) antibodies in uterine 
(top) and vaginal (bottom) secretions. Intact female rats were immu-
nized with sheep red blood cells (SRBC) injected into PP, i.p., or 
s.c. and were boosted via the same route 6 days later. All animals 
had uteri ligated at the uterocervical junction at the time of primary 
immunization. Animals (7-8 per group) went through at least two 
normal 4-day estrous cycles before sacrifice 7-9 days after secondary 
immunization. Bars represent the mean ± SE values of 7-8 animals 
per group. +, Significantly greater^ < 0.05) than control (nonimmu-
nized) group; *, significantly greater (P < 0.01) than control; **, 
significantly greater (P < 0.001) than control. Reprinted with permis-
sion from Wira and Sandoe (1987). 

body response, SRBC antigen also stimulates the production 
of SC, which may be responsible for the transport of poly-
meric IgA into uterine secretions. 

IV. INFLUENCE OF CYTOKINES ON 
GENITAL TRACT HUMORAL IMMUNITY 

To examine the possibility that IFNy might be involved 
in regulating SC production in the rat uterus, IFNy was placed 
in the uterine lumen of ovariectomized rats. As seen in Figure 
10, increasing doses of IFNy increased SC levels in uterine 
secretions. This response was specific for IFNy because 
IFNa/ß at the same dose (5000 Units) had no effect on uterine 
SC levels (Prabhala and Wira, 1991). These studies build on 
the important observation by Sollid et al. (1987) that, when 
IFNy was added to the incubation media of human colon 
carcinoma cells (HT29), SC expression increased. These re-
sults led to the proposal that epithelial cell-mediated SC IgA 

transport might respond to cytokine stimulation (Kvale et 
al.y 1988). To test this hypothesis with normal cells, we ovari-
ectomized rats and treated them with IFNy or estradiol. As 
seen in Figure 11, when animals received IFNy alone, SC 
but not IgA levels increased in the uterine lumen. Since tissue 
IgA levels are known to be low in the absence of estradiol 
(Sullivan and Wira, 1983), animals were treated with estradiol 
for 2 days prior to sacrifice 4 hr after the second injection. 
This time interval of estradiol exposure previously has been 
shown to increase tissue levels of monomeric and polymeric 
IgA without increasing either SC or IgA levels in uterine 
secretions (Sullivan and Wira, 1983,1984). In contrast, when 
estradiol was given to IFNy-treated animals, IgA levels in-
creased in uterine secretions relative to those in animals that 
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Figure 8 Influence of estradiol and route of immunization on the 
presence of anti-SRBC-specific IgA (top) and IgG (bottom) antibod-
ies in uterine secretions. Ovariectomized animals were immunized 
with SRBC injected into Peyer's patches (PP) or instilled intralumi-
nally into one uterine horn (UT). Animals were immunized (primary, 
day 0) via the Peyer's patches and boosted (secondary, day 13) either 
via the Peyer's patches (PP/PP) or the uterus (PP/UT), or were 
immunized and boosted by placing SRBC directly into the uterine 
lumen (UT/UT). Nonimmunized animals were sham-operated at the 
time of primary and secondary immunization. Animals were injected 
with 0.1 ml saline (S) or estradiol (E2; 1.0 /u,g/day) for 3 days prior 
to killing 24 hr after the last injection on day 26 after primary immuni-
zation. Bars represent the mean ± SE values of samples taken from 
5-6 animals/group. *, Significantly (P < 0.05) greater than saline-
treated immunized controls, **, significantly (P < 0.01) greater than 
saline-treated immunized controls. Reprinted with permission from 
Wira and Sandoe (1989). 
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Figure 9 Influence of uterine immunization and boost on the pres-
ence of secretory component (SC) in uterine secretions. Ovariecto-
mized animals were immunized with SRBC (20 ìÀ/horn) instilled 
intraluminally into both uterine horns. Animals were immunized 
(primary, day 0), boosted (secondary, day 13) in the same uterine 
horn, and killed on day 26. Nonimmunized animals received 20 ì,É 
of PBS in each uterine horn at the time of primary and secondary 
immunization. After injection of SRBC or PBS into the lumen, uteri 
were ligated at the uterocervical junction. On the day of boost, SRBC 
or PBS was injected into the oviductal ends of immunized horns and 
then ligated. Bars represent the mean ± SE of 6 animals per group. 
**, Significantly more than nonimmune or contralateral controls 
(P < 0.01). Reprinted with permission from Wira et al. (1991). 

received either estradiol or IFNy alone. These findings dem-
onstrate that stimulation of uterine SC by IFNy increases 
the movement of IgA from tissue to lumen. These results 
also represent our most direct evidence to date that some 
IgA in uterine secretions is of serum origin. 

In light of our finding that intrauterine-instilled IFNy (5000 
Units) had a stimulatory effect on uterine SC levels, animals 
were treated with 10,000 Units of IFNy. Unexpectedly, we 
found that SC responses in the uterine lumen to 10,000 Units 
were significantly lower than those to 5000 Units of IFNy 
(Prabhala and Wira, 1991). To examine the possibility that 
IFNy might have effects beyond the uterus, spleen cells from 
rats that received 5000 or 10,000 Units of IFN-y/uterus were 
analyzed for their responsiveness to B- and T-cell mitogens. 
As seen in Figure 12, IFNy (5000 Units) had a marked stimula-
tory effect on spleen cell mitogenesis in response to conca-
navalin A (ConA), phytohemagglutinin (PHA), and lipopoly-
saccharide (LPS). In contrast, when 10,000 Units were placed 
in the uterine lumina of ovariectomized rats, the response to 
mitogens was significantly lower than that seen in animals 
that received 5000 Units. In other studies (not shown), we 
found that 5000 Units given sc to ovariectomized rats had 
no effect on spleen cell mitogenesis. These findings indicate 
that intrauterine exposure to IFNy results in a signal that is 
sent from the genital tract to the spleen and influences both 
B- and T-cell mitogenesis. Further, we find that the magnitude 
of this response, similar to that seen in the reproductive tract, 
is dependent on the dose of IFNy administered as well as 

the location (intrauterine vs subcutaneous) of IFNy adminis-
tration. 

In other studies, we examined the possibility that other 
cytokines may be involved in IgA movement into uterine 
secretions. Since IL-6 is synthesized by stromal cells in the 
uterine endometrium (Tabibzadeh et al., 1989), we instilled 
IL-6 into the uteri of ovariectomized rats. As seen in Table 
II, IL-6 had a pronounced stimulatory effect on both SC and 
IgA accumulation within the uterine lumen. What remains 
unclear is whether IL-6 increased the movement of IgA from 
serum into uterine tissues and stimulated SC production, or 
whether IL-6 influenced the terminal differentiation of IgA-
lymphoid cells in the reproductive tract into plasma cells, 
which then synthesized IgA for transport into uterine secre-
tions. 

V. REGULATION OF CELL-MEDIATED 
IMMUNITY AND ANTIGEN PRESENTATION 

BY SEX HORMONES AND CYTOKINES 

Several studies have shown that immune cells are present 
throughout the female reproductive tract. Bulmer et al. 
(1988,1991), for example, reported that macrophages, B cells, 
and T cells are present in the human endometrium and that 
numbers vary during the menstrual cycle depending on the 
region of endometrium analyzed. Others have found that 
lymphocyte numbers remain unchanged whereas macro-
phage numbers increase during the latter part (secretory 
phase) of the cycle (Morris et al., 1985; Kamat and Isaacson, 
1987). In an attempt to determine whether T-cell numbers 
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Figure 10 Effect of increasing doses of IFNy on uterine lumina 
secretory component (SC) levels. Ovariectomized rats received 
20 μ\ of IFNy (1000, 3000, or 5000 Units/uterus) in each uterine 
horn. Control animals were given PBS by the same route. Animals 
were sacrificed and uterine secretions collected for analysis of SC 
levels 7 days after intrauterine instillation of IFNy. Each bar repre-
sents the mean ± SE of 6 animals per group. **, Significantly 
(P < 0.01) greater than the control group. Reprinted with permission 
from Prabhala and Wira (1991). 
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Figure 11 The effect of IFN-y and estradiol on secretory component 
(SC) {top) and IgA {bottom) levels in the uterine lumen of ovariecto-
mized animals. PBS or IFNy (5000 Units/uterus) was placed in the 
uterine lumen. Animals were given, systemically, either saline 
(0.1 ml) or estradiol (2 jug/day) daily for the last 2 days prior to 
sacrifice 4-6 hr after the second injection on day 7. Bars represent 
the mean ± SE of 6 animals per group. **, Significantly {P < 0.01) 
greater than control values. Reprinted with permission from Prabhala 
and Wira (1991). 

in the female reproductive tract vary with the stage of the 
reproductive cycle and are influenced by endocrine balance, 
studies were undertaken to measure T-cell numbers in the 
rat uterus. As seen in Table III, when analyzed by flow 
cytometry, significant numbers of total T lymphocytes (Ti) 
and T-helper lymphocytes (Th) were found in the uteri of 
intact rats at the proestrous stage of the reproductive cycle. 
In contrast, cell numbers were reduced at estrus and were 
either low or not detectable at diestrus. This information 
indicates that these cells, in addition to B lymphocytes and 
macrophages (not shown), are present in the uterus in greatest 
numbers when estradiol levels are known to be highest in 
serum (at proestrus). 

To determine whether estradiol influences the presence of 
lymphocytes at intraepithelial sites in the uterus, ovariecto-
mized animals were treated with hormone for 3 days prior 
to histological analysis. As seen in Figure 13A, very few 
intraepithelial lymphocytes and polymorphonuclear leuko-
cytes (1 ± 0.4 cells/uterine section) were found in uterine 
tissues in the absence of estradiol (Prabhala and Wira, 1991). 
In response to estradiol (13B), increased numbers of lympho-

cytes (17 ± 2 cells/uterine section) and polymorphonuclear 
leukocytes (5.7 ± 0.5 cells/uterine section) were found adja-
cent to the basement membrane region of epithelial cells. 
When IFN-y (5000 Units) was placed in the uterine lumen 
(13C), intraepithelial and subepithelial lymphocytes (37 ± 6 
cells/uterine section) and polymorphonuclear leukocytes 
(23 ± 7.5 cells/uterine section) increased significantly be-
yond levels seen with estradiol. In contrast, IFNa/0 adminis-
tered at the same dose (13D) had no effect on either lympho-
cyte or polymorphonuclear leukocyte numbers. In other 
studies, Itohara et al. (1990) demonstrated that ã/ä intraepi-
thelial cells are present in the female reproductive tract. Haas 
et al. (1990) reported that ã/ä intraepithelial lymphocytes are 
present in greatest numbers at the proestrous stage of the 
reproductive cycle. Our findings that estradiol and IFN-y in-
crease intraepithelial lymphocytes and polymorphonuclear 
leukocytes demonstrate that these cells are responsive to sex 
hormones and cytokines, and suggest that immune functions 
of ã/ä cells, including immunosurveillance (Raulet, 1989), 
cytotoxicity (Ferrini et al., 1987), and cytokine production 
(Christmas and Meager, 1990), may be regulated hormonally 
in the female reproductive tract. Additional studies are 
needed to identify the mechanisms through which estradiol 
and IFNy exert their stimulatory effects on immune cell mi-
gration into the female reproductive tract. 
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Figure 12 Mitogenic response of isolated spleen cells from ovariec-
tomized rats treated with varying doses of IFNy. Ovariectomized 
rats were given IFNy (5000 or 10000 Units/uterus) or PBS (20 μ\É 
horn) by intrauterine instillation. Seven days later, animals (6/group) 
were sacrificed and spleens were collected. Splenocytes were pre-
pared from pooled spleens and incubated either with ConA (1 ìg/ 
ml), PHA (5 /Ltg/ml), or LPS (10 /ug/ml) for 3 days. [3H]Thymidine 
was added to culture wells for the last 24 hr of each incubation. 
Each bar represents the mean ± SE minus background (cpm/well 
in the absence of mitogen) of 6 animals per group. **, Significantly 
{P < 0.01) greater than control values; *, significantly {P < 0.03) 
greater than control values; +, significantly {P < 0.03) lower than 
5000 Unit IFN? values. Reprinted with permission from Prabhala 
and Wira (1991). 
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Table II Influence of IL-6 on 
Secretory Component and IgA Levels 

in Uterine Secretions0 

SC IgA 
(ng/100 mg tissue) (ng/100 mg tissue) 

Control ± ± 
IL-6* + + + + + + 

a IL-6 (1000 Units/20 μë PBS/uterine horn) or 
PBS (20 ìÀ/uterine horn) was placed in the uterine 
lumina of ovariectomized rats 7 days prior to sacri-
fice. Collection of uterine secretions was as de-
scribed elsewhere (Prabhala and Wira, 1991). 
Amount of SC or IGA: ± very low; +low; + + me-
dium; + + + high. 

b Significantly (p < 0.01) greater than controls. 

In preliminary studies, to determine whether cells in the 
female reproductive tract are able to present antigen, purified 
uterine epithelial cells were isolated from the uteri of rats at 
the proestrous stage of the reproductive cycle. Epithelial 
cells were prepared as described previously (McCormack 
and Glasser, 1980) and following preincubation to remove 
macrophages, cells were incubated with sensitized T lympho-
cytes prepared from the lymph nodes of animals immunized 
by footpad injections with ovalbumin (OVA) antigen. As seen 
in Figure 14, when epithelial cells were incubated with T 
lymphocytes in the presence of OVA, they were able to 
present antigen to sensitized T lymphocytes. Lymphocyte 
proliferation, measured as [3H]thymidine incorporation, was 
significantly greater than that seen when epithelial cells or 
lymphocytes were incubated with OVA or when epithelial 
cells and lymphocytes were incubated together in the absence 
of OVA. Studies are underway to verify that uterine epithelial 
cells used in antigen presentation studies are free of macro-
phages, which are known to enter uterine tissues in increasing 
numbers at proestrus (Head and Gaede, 1986b). In a parallel 
study (Figure 14), stromal cells were prepared from the uteri 
of proestrous rats. When incubated under the conditions de-
scribed for epithelial cells, stromal cells were able to present 
antigen to sensitized T lymphocytes. Based on our prelimi-
nary findings of macrophages, B lymphocytes, and dendritic 
cells in the uterine stroma and the recognition that these cells 
present antigen at other sites in the body, these cells are likely 
to be responsible for antigen presentation in our studies. To 
the best of our knowledge, this demonstration is the first that 
uterine cells present antigen and thereby initiate an immune 
response in the reproductive tract. 

In other studies, we undertook to determine whether anti-
gen presentation varies with the stage of the reproductive 
cycle. When uterine cells from proestrous, estrous, and dies-
trous rats were incubated with sensitized T lymphocytes in 
the presence of OVA, cells from proestrous rats presented 
antigen more efficiently than did cells from either estrous or 
diestrous animals. We have treated ovariectomized rats with 
estradiol (1 /xg/day for 3 days) and found that antigen presen-

tation is increased markedly in response to hormone treat-
ment relative to saline controls. As a part of these studies, 
we found that antigen presentation by uterine cells is MHC 
Class II restricted. Further, Class II expression on uterine 
cells is hormonally dependent, that is, expression is elevated 
at proestrus relative to estrus and diestrus in the reproductive 
cycle. In other studies (not shown), we have found that IFNy 
placed in the uterine lumen of ovariectomized rats increases 
MHC Class II expression on uterine luminal epithelial cells. 
Further, intrauterine instillation of IFNy or IL-6 enhanced 
antigen presentation by uterine cells. Studies are currently 
underway to define more clearly the mechanisms by which 
antigen presentation is regulated by sex hormones and cy-
tokines. 

VI. CONCLUSIONS 

The results presented indicate that the secretory immune 
system in the female reproductive tract is fully immunocom-
petent and able to respond to antigenic challenge. Moreover, 
our findings indicate that the recognition of antigen (afferent 
arm) and the response to antigenic challenge (efferent arm) 
of the immune system in the uterus are regulated precisely by 
sex hormones, cytokines, and glucocorticoids. Our present 
understanding of the multiple levels at which hormones and 
cytokines interact with the secretory immune system is pre-
sented schematically in Figure 15. In response to antigen, 
uterine cells are capable of presenting antigen to sensitized 
T cells. When estradiol is given systemically, or is present 
as a normal consequence of the reproductive cycle, antigen 
presentation that is Class II restricted is enhanced. An in-
crease in antigen presentation also occurs when IFNy or IL-
6 is placed in the uterus. In light of the findings that IL-6 and 
IFNy are produced by cells in the reproductive tract, our 
studies indicate that enhancement of the afferent arm of the 
immune system occurs in response to sex hormones and 

Table III Presence of T Lymphocytes in 
Uterine Tissues at Various Stages of the 

Estrous Cycle0 

Total (Ti) 
Helper (Th) 

Estrous cycle stage 

Proestrus 

+ + + 
+ + 

Estrus 

+ + 
+ 

Diestrus 

± 
± 

a T lymphocytes/gm tissue (x 105). Each value 
represents the mean ± SE of 2-4 animals/group. 
Uterine cells were prepared by endometrial 
scraping and needle aspiration (16-22 g) to prepare 
isolated cells. Endometrial cells were incubated 
with W3/25 (T helper) and W3/13 (T total) mono-
clonal antibodies before analysis by flow cytometer. 
Number of T cells: ±very low; + few; + + some; 
+ + + many. 
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Figure 13 Light microscopic appearance of intraepithelial lymphocytes and epithelial cells in uteri 
from rats after treatment with interferons and/or estradiol. Ovariectomized rats were given a single dose 
of either IFN? (5000 Units/uterus), IFNa/0 (5000 Units/uterus), or PBS (20 ìÀ/horn) by intrauterine 
instillation 7 days prior to sacrifice. Rats were injected subcutaneously either with estradiol (2 ìg/0.1 
ml/day) or saline (0.1 ml/day) for 3 days prior to sacrifice 24 hr after the third injection on day 7. 
Uteri were fixed to Bouin's solution, sectioned, and stained with hematoxylin and eosin. Uterine 
sections were prepared from rats as follows: (A) saline-treated controls; (B) estradiol treatment; (C) 
intrauterine instillation of IFNy; and (D) intrauterine IFNa/ß. Arrows indicate the locations of intra-
and subepithelial lymphocytes. X1860. Reprinted with permission from Prabhala and Wira (1991). 

cytokines, and that antigen presentation during the reproduc-
tive cycle may be a reflection of an interaction that exists 
between these two groups of immune regulators. From a 
physiological standpoint, differential control of the afferent 
arm might result in immune protection from antigenic chal-
lenge during the reproductive cycle that would be enhanced 
prior to and following ovulation to protect against potential 
pathogens, and would be suppressed at the time of fertiliza-
tion when the female is exposed to allogeneic antigens of 
paternal origin. 

Also shown in Figure 15 is the effect of estradiol on the 
movement of T cells, B cells, macrophages, and intraepithe-
lial lymphocytes into reproductive tract tissues. This influx 

of cells into the reproductive tract, in addition to eosinophils 
and neutrophils (not shown), is controlled precisely during 
the reproductive cycle and is under hormonal control. Move-
ment of these cells and the mechanisms involved in their 
selective infiltration, however, remain to be established. 

An unexpected finding in our study was that IFNy placed 
in the uterine lumen had a stimulatory effect on spleen B-
and T-cell responses to mitogens. Since an identical dose of 
IFNy (5000 Units) given subcutaneously had no effect, we 
conclude that factors other than leakage of IFNy from the 
uterine lumina are involved in spleen cell responses. These 
studies suggest that, in response to IFNy, macrophages or 
dendritic cells (Head and Billingham, 1986) may move from 
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the reproductive tract into the spleen or lymph nodes to 
influence mitogenesis. This possibility is supported further 
by the finding that IFNy enhances the activation and migra-
tion of dendritic cells from the heart and respiratory tract 
to the spleen (Larsen et al.y 1990). Studies are needed to 
determine whether immune cells in the reproductive tract 
migrate to distal sites and to define the role of sex hormones 
and cytokines in influencing this process. 

Our earlier studies have demonstrated that the efferent 
arm of the immune system in the female reproductive tract 
is under hormonal control. As seen in Figure 15, estradiol 
and progesterone control the levels of IgA, IgG, and SC in 
uterine as well as in cervicovaginal secretions. These findings 
led us to the conclusion that endocrine balance during the 
reproductive cycle, at implantation and throughout preg-
nancy (Wira and Stern, 1992), results in separate and distinct 
changes in the mucosal immune system that are unique to 
the uterus, cervix, and vagina. In several studies, we focused 
on the origin(s) of specific IgA and IgG antibodies and deter-
mined that antibodies in reproductive tract secretions are 
derived from both the gastrointestinal and the reproductive 

tracts. On examining the role of hormone balance in antibody 
levels in reproductive tract secretions, we found that estradiol 
stimulates the accumulation of gastrointestinally derived anti-
bodies in uterine secretions. We also found that animals re-
spond locally to uterine antigenic challenge. In addition to 
accumulating at the site of antigenic challenge, IgA and IgG 
antibodies accumulate in the nonimmunized uterine horn, in 
vaginal secretions, in serum, and in saliva. These studies 
demonstrate that, in addition to receiving antibodies from 
distal sites, the reproductive tract shares immunological in-
formation with other mucosal surfaces. 

On further examination of the uterine immune response, 
we found that antigen, IFNy, and IL-6 stimulate SC produc-
tion by uterine epithelial cells. This study suggests that anti-
genic control of uterine SC may be mediated by IFNy and 
IL-6, which act to stimulate SC production and IgA transport. 

In conclusion, our studies demonstrate that the female 
reproductive tract is an inductive site for mucosal immune 
responses and that the mucosal immune system in the uterus, 
cervix, and vagina is regulated by estradiol, progesterone, 
and selected cytokines, including IFNy and IL-6. By ob-
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Figure 15 Possible sites of action at which sex hormones and cytokines exert an influence on the afferent and efferent 
arms of the secretory immune system in the uterus of the rat. E2, estradiol; IFN, interferon-ã; IL-6, interleukin 6; T, T 
lymphocyte; B, B lymphocyte; M, macrophage; D, dendritic cell; SC, secretory component; SIgA, secretory IgA; Ag, 
antigen; A, processed antigen. 

taining a clearer understanding of the interrelationships be-
tween sex hormones, cytokines, and glucocorticoids as they 
influence mucosal immunity in the female reproductive tract, 
valuable information should become available for the devel-
opment of appropriate immunoprophylaxis to regulate fertil-
ity and control sexually transmitted diseases. 
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Mucosal Immunopathophysiology of HIV Infection 

Phillip D. Smith 

I. INTRODUCTION 

Despite major advances in medical science and public 
health measures, the world has witnessed the emergence 
of a new and devastating infectious disease—the acquired 
immunodeficiency syndrome (AIDS). Indeed, as the 21st cen-
tury approaches, this disease has reached pandemic propor-
tions. In the United States alone, 315,390 persons have been 
reported to have AIDS, of whom 194,354 have died (Centers 
for Disease Control, 1993). Worldwide, up to 20 million per-
sons are predicted to acquire asymptomatic infection with 
the causative agent of AIDS, human immunodeficiency virus 
(HIV), by the year 2000. Accentuating the magnitude of this 
global epidemic is the absence of an effective cure for HIV 
infection, which eventually leads to death in 100% of cases. 
Thus, AIDS is having an enormous impact on individuals 
and, consequently, on whole societies in developed and de-
veloping nations. 

The magnitude of the AIDS epidemic and the absence of 
a curative antiviral agent underscore the need for an effective 
vaccine against HIV. Since most homosexual and heterosex-
ual transmission of the virus involves passage across mucosal 
surfaces, such a vaccine will need to induce protective or 
neutralizing factors at mucosal membranes. Designing this 
vaccine will require a detailed understanding of the mucosal 
events that occur in HIV disease. Accordingly, the goal of 
this chapter is to integrate into a common hypothesis the 
known and presumed immunopathophysiological events that 
occur in the mucosa during HIV infection. Divided into ear-
ly-, intermediate-, and late-phase events, this chapter de-
scribes how these events predispose the host to the mucosal 
manifestations of HIV disease. 

II. EARLY PHASE MUCOSAL EVENTS 
IN HIV INFECTION 

A. HIV Entry 

The gastrointestinal tract plays a critical role in the patho-
genesis of HIV disease. At the outset, the distal colon serves 
as the most likely portal of entry for HIV in homosexual 
men, who constitute the majority of persons infected 
with HIV in developed countries. Many homosexual men 
have trauma-induced (Sohn and Ribilotti, 1977) or infection-

associated (Quinnei al., 1981;Surawiczeifl/., 1986) erosions, 
breaks, and tears of the rectal mucosa. After inoculation, 
these lesions provide the virus direct access to the microcir-
culation of the rectal mucosa (Figure 1, Step 1). 

In homosexual men without mucosal changes in the distal 
colon, however, HIV may enter the host through membra-
nous microfold (M) cells (Figure 1, Step 2). Present through-
out the intestinal tract, but with increased frequency in the 
distal colon (O'Leary and Sweeney, 1986), these specialized 
epithelial cells bind macromolecules and microorganisms, 
including viruses such as poliovirus and reovirus (Wolf et 
al, 1981; Sicinski et al., 1990), to their apical surface and 
transport them by a nondegradative process to their basal 
surface (Owen, 1977). The intact macromolecule or microor-
ganism then is delivered by exocytosis to interdigitating 
mononuclear cells in the underlying lymphoid aggregate, 
where accessory cells take up, process, and present the anti-
gens to lymphocytes within the aggregate. In this regard, 
studies in a mouse model of M-cell uptake indicate that mu-
rine M cells are capable of taking up and transporting HIV 
to underlying lymphoid aggregates (Amerongen et al., 1991). 
Studies to determine the role of human M cells as a potential 
route of entry for HIV are currently in progress. The mucosa 
of the upper gastrointestinal tract, including tonsillar M cells, 
also could play a role in the postnatal transmission of HIV 
in colostrum and milk from mother to infant (Van de Perre 
et al., 1991). In hemophiliacs and persons using illicit intrave-
nous drugs, the virus is inoculated directly into the circulation 
(Figure 1, Step 3). 

B. HIV Infection of CD4+ Cells 

After entry into the host, the initial event in the interaction 
between HIV and lymphoid cells is binding of the envelope 
glycoprotein 120 (gpl20) on the virus to the cell-surface CD4 
molecule, which serves as receptor for the virus (Klatzman 
et al., 1984a,b). The viral envelope then fuses to the cell 
plasma membrane, and the virus is internalized (Stein et al., 
1987). Alternatively, studies of HIV infection of cells in vitro 
(Homsy et al., 1989) suggest that the virus also might enter 
monocytes and macrophages by a mechanism involving 
FcyRIII (CD16) receptor-mediated uptake of HIV-antibody 
complexes. In this connection, the increased expression of 
FcyRIII receptors on circulating monocytes and tissue mac-
rophages in patients with AIDS could contribute to HIV 
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"Mononucleosis-Like" 
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Figure 1 Early phase immunopathophysiological events in the mu-
cosa in HIV infection. Adapted with permission from Smith et al. 
(1992b). 

infection of mononuclear phagocytes (Allen et al, 1990). For 
virus entering the host through mucosal breaks, CD4-bearing 
cells could be infected in the microcirculation of the mucosa 
and then be distributed via the systemic circulation to tissues, 
including the gastrointestinal mucosa, throughout the body 
(Figure 1, Step 4). 

For virus entering the host through M cells, however, 
mononuclear cells in the underlying lymphoid aggregate are 
likely to be potential targets for HIV infection. Lymphocytes 
leave the lymphoid aggregate, migrating via the lymphatics 
to the mesenteric lymph nodes and via the thoracic duct 
to the systemic circulation. A mechanism involving homing 
receptors on mucosa-derived lymphocytes and organ-specific 
molecules on lamina propria endothelial cells then directs 
these antigen-reactive lymphocytes to the mucosal lamina 
propria and epithelium (Jalkanen et al, 1986). Thus, lympho-
cytes stimulated at one site in the gastrointestinal tract even-
tually are distributed to distant mucosal sites, thereby provid-
ing a potential mechanism by which mononuclear cells, at 
least lymphocytes, infected with HIV in the rectum could 
distribute to the lamina propria throughout the gastrointesti-
nal tract (Figure 1, Step 4). 

Several days to weeks after inoculation, sufficient quanti-
ties of virus trigger a humoral immune response and sero-
conversion. At the time of HIV seroconversion, the first 
manifestation of HIV infection is experienced as an acute 
mononucleosis-like illness (Cooper et al., 1985). Varying de-
grees of this syndrome appear to occur in a majority of newly 
infected persons. Among the clinical features of the syndrome 
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are the "early" gastrointestinal symptoms of HIV infection, 
including diarrhea, nausea, and anorexia. The pathophysiol-
ogy of the syndrome is unknown but could involve the local 
or systemic release of cytokines such as interleukin 1 (IL-1) 
and tumor necrosis factor (TNF), which have important roles 
in mediating acute febrile responses. Although controversial, 
the increased levels of these cytokines in HIV-infected pa-
tients could be generated, in part, by the ability of HIV-1 
and its envelope glycoprotein (gpl20) to stimulate mononu-
clear cell production of IL-1 (Wahl et al, 1989) and TNF-a 
(Wright et al, 1988; Voth et al, 1990; Riekmann et al., 
1991). Acute symptomatic HIV infection is associated with 
expression of high titers of cytopathic virus followed by a 
rapid and spontaneous decline in the viral burden (Clark et 
al., 1990; Daar et al., 1991). The mononucleosis-like syn-
drome associated with seroconversion is transient and the 
patient recovers, at least symptomatically. 

III. INTERMEDIATE PHASE MUCOSAL 
EVENTS IN HIV INFECTION 

A. Reduction in Mucosal CD4+ 

(Helper/Inducer) Lymphocytes 

The migration of HIV-infected lymphocytes from the rectal 
mucosa to distant mucosal sites, either randomly or via a 
homing mechanism, provides one potential explanation for 
the presence of HIV-infected mononuclear cells throughout 
the gastrointestinal tract. Accordingly, HIV has been identi-
fied in mononuclear cells in the mucosa of the esophagus 
(Smith et al., 1993) duodenum (Ulrich et al., 1989; Jarry et 
al., 1990), ileum (Harriman et al., 1989), colon, and rectum 
(Fox et al., 1989). Similar to the low level of HIV infection 
in mononuclear cells in the circulation (< 1/100 CD4+ cells) 
(Schnittman et al., 1989), the frequency of HIV-infected cells 
in the gastrointestinal tract lamina propria is also low (<1/ 
100 mononuclear cells; P. D. Smith, personal observations). 
Moreover, HIV-infected cells are detected in only one-third 
of intestinal biopsy specimens from HIV-infected persons 
(Fox et al., 1989; Ulrich et al, 1989; Jarry et al, 1990). 
Although the frequency of HIV-infected CD4+ cells is low 
in the circulation and the mucosa, these infected cells are 
likely to contribute to the progressive reduction in the total 
number of CD4+ cells by a mechanism in which fusion of 
uninfected CD4+ cells with viral components or budding virus 
expressed on HIV-infected CD4+ cells causes the formation 
of multinucleated giant cells and lysis of the uninfected cells 
(Lifson et al, 1986; Yolffe et al, 1987). 

The apparent removal of giant syncytia by the reticuloen-
dothelial system and the lysis of CD4+ cells fused to HIV-
infected cells lead to a progressive decline in the number of 
CD4+ lympohcytes. The decline in the number of CD4+ T 
cells in comparison to the relatively constant number of CD8+ 

(suppressor/cytotoxic) T cells is reflected in a progressive 
reduction in the ratio of CD4+ to CD8+ cells in the circulation. 
A corresponding reduction in the number of CD4+ T cells 
also occurs in intestinal mucosa (Figure 2, Step 5) (Rodgers 
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Figure 2 Intermediate phase immunopathophysiological events in 
the mucosa in HIV infection. Adapted with permission from Smith 
et al. (1992b). 

et al., 1986; Budhraja et al., 1987; Ellakany et al., 1987). 
Since CD4+ T cells play a critical role in providing helper 
and inducer function for many immune responses, the reduc-
tion in the ratio of CD4+ to CD8+ cells in the gastrointestinal 
mucosa suggests that the immune function of the mucosa is 
impaired also. 

In addition to causing the selective depletion of CD4+ 

lymphocytes, HIV impairs certain functions of these cells. 
For example, CD4+ T cells from AIDS patients have a re-
duced ability to respond to soluble antigens, such as tetanus 
toxoid and Candida albicans (Lane et al., 1985a; Giorgi et 
al., 1987). In light of the role of CD4+ T cells in regulating 
IgA class-specific immunoglobulin production (Elson et al., 
1979; Richman et al., 1981), the reduced number and function 
of CD4+ T cells could affect the switch of IgM- to IgA-bearing 
B cells in the lymphoid aggregates of the intestinal mucosa 
(Kawanishi et al., 1983a) as well as the terminal differentia-
tion of IgA-bearing to IgA-secreting B cells (Kawanishi et 
al., 1983b). From this perspective, the observations by Kotier 
et al. (1984b) that AIDS patients have a reduced number of 
IgA-bearing plasma cells in the intestinal mucosa are particu-
larly relevant. Thus, a reduction in the number and function 
of mucosal CD4+ cells ultimately could contribute to a dys-
regulation in the generation and function of IgA-secreting 
cells. In support of the latter result are observations of a 
reduced IgA class-specific antibody response to HIV, which 
we have detected in intestinal fluids (Janoff et al., 1989) and 
others have detected in saliva (Jackson, 1990). 

In addition to specific secretory antibody responses, non-
specific host defense mechanisms such as gastric acid secre-
tion and intestinal peristalsis play an important role in pro-
tecting intestinal mucosa against ingested organisms 

(Giannella et al., 1973; Vantrappon et al., 1977). Several 
studies (Lake-Bakaar et al., 1988a,b) have shown that some 
AIDS patients, however, have an impaired capacity to se-
crete gastric acid, resulting in an increase in fasting gastric 
pH and a reduction in stimulated gastric acid secretion. The 
presence of circulating antiparietal cell antibodies in approxi-
mately 50% of these patients suggests an autoimmune mecha-
nism. In addition to dysfunction in acid secretion, preliminary 
studies (Reeves-Darby et al., 1991) indicate that some HIV-
infected patients also exhibit a dysfunction in intestinal motil-
ity, manifesting as markedly abnormal migrating motor com-
plexes. 

B. Intestinal Bacteria 

Colonization of the proximal small intestine by increased 
numbers of bacteria reflects an alteration in the delicate bal-
ance between host defense mechanisms and enteric micror-
ganisms. In HIV-infected persons, impaired secretory anti-
body responses in conjunction with gastric secretory failure 
and intestinal dysmotility could predispose the host to in-
creased numbers of intestinal bacteria (Figure 2, Step 6). In 
this regard, we (Smith et al., 1988) and others (Budhraja et 
al., 1987) have detected 4.5 x 10M05 bacteria/ml intestinal 
fluid in the proximal small intestine in AIDS patients with 
diarrhea. Although aerobes predominated or were equivalent 
in number to anaerobes, these levels of bacteria represent 
an increase over the number of bacteria (103 bacteria/ml) 
generally accepted as the upper limit of normal in the proxi-
mal small intestine. Increased numbers of bacteria in the 
small intestine, particularly anaerobes, play an etiological 
role in some malabsorption syndromes. Accordingly, low-
grade bacterial overgrowth could contribute to the malab-
sorption and diarrhea that is common in patients with AIDS 
before such patients manifest full-blown opportunistic viral 
and parasitic intestinal infections. 

C. HIV Reservoir 

In addition to gut-associated lymphoid tissues as a site for 
immunosuppression, the gastrointestinal tract also may serve 
as a reservoir for HIV-infected mononuclear cells. The in-
dentification of a cellular DNA binding protein that represses 
HIV-1 transcription in in vitro studies (Kato et al., 1991) 
raises the intriguing possibility that local production of this 
factor may play a role in promoting latent HIV infection in 
mononuclear cells in the mucosa. As previously discussed, 
approximately one-third of HIV-infected persons have de-
tectable HIV in their intestinal mucosa. Our identification of 
HIV in biopsy specimens from the esophagus in 36% of HIV-
infected patients with esophageal symptoms (Smith et al., 
1993) indicates that, in symptomatic persons, HIV infects 
the mucosa of the esophagus as often as it infects the mucosa 
of the intestine. Although the frequency of HIV-infected 
CD4+ cells within the mucosa appears to be similar to that 
in the circulation, the large number of mononuclear cells 
within the mucosa (making it the largest lymphoid organ in 
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the body) would allow the alimentary canal to act as a major 
reservoir for HIV (Figure 2, Step 7). 

In light of its potential role as a reservoir for HIV, the 
gastrointestinal tract is also likely to be a site for the expres-
sion of HIV from HIV-infected mononuclear cells. Two fac-
tors that stimulate expression of HIV in vitro, herpes-group 
viruses (Gendelman et al., 1986) and certain cytokines (Ro-
senberg and Fauci, 1990 and Koyanagi et al., 1988), may be 
present in the gastrointestinal mucosa of persons at risk for 
HIV infection or with AIDS (Figure 2, Step 7). Among the 
herpes-group viruses, herpes simplex virus is the most com-
mon cause of nongonococcal proctitis in sexually active ho-
mosexual males (Goodell et al., 1983; Quinnan et al., 1984) 
and is an important cause of esophagitis (Smith et al., 1993) 
and proctitis (Siegal et al., 1981) in patients with AIDS. An-
other herpes group virus, cytomegalovirus, causes subclini-
cal infection in more than 90% of HIV-seronegative homosex-
ual men (Drew et al., 1981) and is a common cause of serious 
disease in virtually any organ of the gastrointestinal tract in 
patients with AIDS (Smith et al., 1992a). The relevance of 
these pathogens to gastrointestinal tract HIV infection lies 
in their ability to activate transcription of latent HIV in HIV-
infected cells. In the case of herpes simplex virus, this event 
probably occurs by a trans-acting factor encoded by the virus 
(Mosca et al., 1987a,b); in the case of cytomegalovirus, the 
immediate-early gene region of the virus is likely to be respon-
sible (Davis et al., 1987). These factors stimulate HIV expres-
sion in vitro by activating the single promoter located within 
the 5'-long terminal repeat (LTR), which directs HIV tran-
scription. Coincident with herpes-group virus stimulation of 
HIV expression, HIV stimulation of herpes-group virus (cy-
tomegalovirus) expression has been demonstrated in vitro 
(Skolnik et al., 1988), raising the possibility that bidirectional 
viral up-regulation may occur in vivo in tissues such as the 
gastrointestinal tract where mononuclear cells could be in-
fected, albeit infrequently, by both viruses. 

In addition to herpes-group viruses, cytokines also activate 
mononuclear cells, thereby stimulating the expression of HIV 
from cells that are infected latently or are producing low 
levels of HIV (Figure 2, Step 7). Granulocyte-macrophage 
colony-stimulating factor (Folks et al., 1987; Perno et al., 
1989), interleukin 6 (Poli et al., 1990a), and TNF (Poli et al., 
1990b; Mellors et al., 1991) are capable of stimulating HIV 
expression in mononuclear cell lines and primary cells by a 
mechanism that is likely to involve the transcriptional regula-
tion of HIV. TNF, for example, induces HIV expression 
from infected cells in vitro by an autocrine and paracrine 
mechanism (Rosenberg and Fauci, 1990), probably by induc-
tion of cellular factors that bind to the nuclear factor kB, 
thereby stimulating the HIV enhancer that induces HIV ex-
pression (Osborn et al., 1989). 

Within the gastrointestinal mucosa, these cytokines could 
play a particularly important role in the regulation of HIV 
expression. Infectious processes such as cytomegalovirus 
colitis have been shown to be associated with the expression 
of TNF within the colonic mucosa (Smith et al., 1992c). Thus, 
local production of TNF and other inflammatory cytokines 
capable of up-regulating HIV expression (Clouse et al., 1989) 
could obviate the requirement that both viruses be present 
in the same cell to induce HIV transcription. 
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During the intermediate phase of mucosal events in HIV 
infection, the patient begins to re-experience gastrointestinal 
symptoms, most commonly diarrhea. The diarrhea may occur 
initially in the absence of detectable pathogens, a condition 
referred to as the "AIDS enteropathy" (Kotler et al., 1984a). 
The intestinal mucosa in this setting has been reported to 
show structural and functional alterations, including low-
grade small bowel atrophy, a maturational defect in entero-
cytes, and decreased mucosal enzyme activities. Small bowel 
atrophy and defects in enterocyte maturation could contrib-
ute to a reduction in normal mucosal surface area. Factors 
that may play an etiological role in these alterations include 
mucosal HIV, which has been identified in the lamina propria 
of patients with these changes (Ulrich et al., 1989), and in-
creased numbers of certain intestinal bacteria (Budhraja et 
al., 1987; Smith et al., 1988) or their products, such as decon-
jugated bile salts. In addition, cytokines currently are being 
investigated for their ability to alter electrolyte transport 
mechanisms in mucosal epithelium. In this respect, we 
showed that the increased levels of TNF produced by acti-
vated alveolar macrophages during endotoxin administration 
(P. D. Smith, A. F. Suffridini, J. B. Allen, J. E. Parillo, 
and S. M. Wahl, unpublished data) are associated with local 
changes in lung permeability (Suffridini et al., 1992). Thus, 
HIV, luminal bacteria, and cytokines are potential factors 
that might contribute to changes in the structure and function 
of mucosal epithelium. 

D. Macrophage Activation 

The structural and functional changes in the intestinal mu-
cosa described in this chapter are associated with increased 
mucosal permeability to luminal materials, including bacterial 
products (Lichtman et al., 1991). Since cell wall turnover 
is a characteristic of many gram-negative microorganisms 
(Doyle et al., 1988), one product of potential significance is 
the surface protein shed by such bacteria. We have used 
Helicobacter pylori, a noninvasive mucosal bacterial patho-
gen, to show that surface proteins from gram-negative bacte-
ria can be absorbed across the mucosal epithelium and can 
serve as chemoattractants for monocytes and neutrophils 
(Mai et al., 1992). These chemotactic products are also potent 
activators of monocytes and macrophages, causing the re-
lease of increased amounts of inflammatory cytokines, such 
as TNF and interleukin 1, and toxic products, such as oxygen 
radicals (Mai et al., 1991). Interestingly, the single reported 
case of invasive H. pylori gastritis was in a patient with AIDS 
(Meiselman et al., 1988). Although H. pylori actually may 
infect HIV-infected persons less frequently than seronegative 
persons (Francis et al., 1990), products from other enteric 
bacteria could function as pro-inflammatory factors similar 
to H. pylori surface proteins. One such product, lipopolysac-
charide (LPS), is a potent activator of macrophages and can 
stimulate HIV-infected cell-line monocytes to express HIV 
as well (Pomerantz et al., 1990). However, LPS induction 
of HIV expression has not been reproduced in primary mono-
cytes infected with the virus (Kornbluth et al., 1989; Bern-
stein et al., 1991) and, to date, has not been investigated 
in tissue macrophages. Viruses and their products also can 
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stimulate macrophages. For example, cytomegalovirus 
(Smith et al, 1992c) is similar to influenza A (Gong et al, 
1991) in its ability to prime monocytes and macrophages for 
increased inducible TNF production. In addition, HIV is 
capable of activating monocytes (Allen et al, 1990; Allen et 
al, 1991), and HIV envelope gpl20 is capable of stimulating 
monocytes and macrophages to produce increased amounts 
of inflammatory cytokines and prostaglandins (Wahl et al, 
1989) and B cells to produce TNF (Riekmann et al, 1991). 
Thus, luminal bacteria and viruses or their products are po-
tential activators of macrophages, leading to the production 
of increased amounts of cytokines and soluble inflammatory 
mediators (Figure 2, Step 8) that could, in turn, promote 
and perpetuate the chronic inflammation that characterizes 
mucosal histopathology in HIV-infected persons (Smith et 
al, 1988). 

IV. LATE PHASE MUCOSAL EVENTS 
IN HIV INFECTION 

A. Lymphoid Cell Responses 

After a period that may last from weeks to months or even 
years, the late phase of HIV infection emerges. By this point, 
increasing numbers of circulating natural killer cells, cyto-
toxic lymphocytes, T lymphocytes, B lymphocytes, and 
monocytes have impaired functions (Fauci, 1988; Meltzer et 
al, 1990). Those functions that are impaired in circulating 
lymphoid cells have not been investigated yet in mucosal 
lymphoid cells. Nevertheless, mucosal lymphoid cell func-
tion probably becomes impaired as well (Figure 3, Step 9), 
since circulating lymphoid cells traffic through and populate 
the mucosa. 

B. Opportunistic Infections 

Impaired cellular immune responses, in conjunction with 
gastric secretory failure, altered intestinal motility, and im-
paired local Ig A responses, predispose the gastrointestinal 
tract in HIV disease to a wide spectrum of opportunistic 
pathogens (Janoff and Smith, 1988). We define opportunistic 
gastrointestinal pathogens as those infectious agents that con-
sistently cause severe, chronic, or frequent gastrointestinal 
disease in persons with compromised immune function 
(Smith and Janoff, 1988). Nonopportunistic pathogens are 
those that usually cause acute treatable gastrointestinal dis-
ease (Smith and Janoff, 1988) in immunocompromised as 
well as immunocompetent persons. The opportunistic and 
nonopportunistic pathogens that cause enteric infection in 
HIV-infected persons include the viral, fungal, bacterial, and 
protozoan agents listed in Table I. 

Among the first pathogens that herald the late phase of the 
gastrointestinal manifestations of HIV disease is C. albicans. 
The presence of oral candidiasis in persons at risk for AIDS 
signals the likelihood of concomitant HIV infection, since 
60% of such persons ultimately develop an AIDS-related 
infection or Kaposi's sarcoma within 2 yr (Klein et al, 1984). 
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Figure 3 Late phase immunopathophysiological events in the mu-
cosa in HIV infection. Adapted with permission from Smith et al. 
(1992b). 

Candida albicans is a typical opportunistic pathogen by vir-
tue of the fact that, in immunosuppressed HIV-infected per-
sons, it frequently causes severe chronic disease of the oral 
cavity and esophageal mucosa whereas, in immunocompe-
tent persons, it is a common nonpathogenic commensal of the 
gastrointestinal tract. Further, the striking similarity among 
isolates of C. albicans that cause mucosal disease in AIDS 
patients and isolates present in healthy persons, which we 
reported (Whelan et al, 1990), suggests that candidiasis in 
patients with AIDS is not caused by a unique or particularly 
virulent strain, but is the consequence of a defect in local 
cell-mediated host defense mechanisms. 

The many enteric infections that may develop during late 
phase mucosal events in HIV infection have been reviewed 
(Kotier, 1989; Smith et al, 1992a). One or more of these 
pathogens can be identified in the majority of AIDS patients 
with gastrointestinal symptoms (Smith et al, 1988; Laughon 
et al, 1988), in contrast to the previously held notion that 
the majority of HIV-infected persons with diarrhea had AIDS 
enteropathy. In fact, increasing numbers of persons diag-
nosed initially as having AIDS enteropathy have been found 
on further analysis to have one of the more recently appreci-
ated enteric pathogens, such as Enterocytozoon bieneusi (mi-
crosporidia; Kotler et al, 1990) and adenovirus (Janoff et 
al, 1991). 

C Mucosal Neoplasms 

Malignant neoplasia of the gastrointestinal tract occurs in 
approximately 12% of patients with AIDS (Danzig et al, 
1991). Kaposi's sarcoma is the most common of such neopla-
sias, occurring in 60% of AIDS patients with gastrointestinal 
malignancies (Danzig et al, 1991). Lesions begin as small 
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Table I Enteric Pathogens in HIV Disease 

Pathogen Viral Protozoal Fungal Bacterial 

Opportunistic Cytomegalovirus Cryptosporidia Candida albicans Mycobacterium avium-intracellulare 
Herpes simplex Isospora belli Histoplasma capsulatum Salmonella sp. 
Adenovirus Enterocytozoon bieneusi Shigella flexneri 

Campylobacter jejuni 
Nonopportunistic Rotavirus Giardia lamblia Mycobacterium 

Norwalk agent Entamoeba histolytica Spirochetes 

papules that progress into multifocal vascular nodules be-
cause of the proliferation of a mixed cell population, in partic-
ular spindle-like cells with neovascularization. Gastrointesti-
nal Kaposi's sarcoma is present in 40-50% of patients with 
skin involvement (Friedman et aL, 1985). Involvement of 
the small and large intestine is nearly always asymptomatic 
(Friedman et aL, 1985), whereas lesions in the esophagus 
that involve the sphincters or epiglottis may cause dysphagia 
(Eisner and Smith, 1990). 

In contrast to the association between opportunistic infec-
tions and declining immune function (Lane et aL, 1985b; 
Smith et aL, 1988), Kaposi's sarcoma is not necessarily re-
lated to the degree of HIV-induced immunosuppression 
(Lane et aL, 1985b). In vitro studies (Nakamura et aL, 1988; 
Ensoli et aL, 1990) suggest that HIV-infected mononuclear 
cells release a transactivator of transcription (Tat) protein 
and certain cytokines (i.e., TNF) that stimulate proliferation 
of Kaposi's sarcoma-derived spindle cells (Figure 3, Step 
10). Spindle cells produce, in turn, several growth factors 
(IL-1, IL-6, basic fibroblast growth factor) that stimulate 
their own growth as well as the growth of other cells, such 
as cells of vascular and lymphatic origin, within the Kaposi 
lesion (Salahuddin et aL, 1988; Ensoli et aL, 1989; Miles et 
aL, 1990). Oncostatin M, another growth factor produced by 
Kaposi's sarcoma cells and activated T cells (Nair et aL, 
1992; Miles et aL, 1992), appears to be the most potent mito-
gen for spindle-cell growth, acting in an autocrine and para-
crine loop. Thus, the presence of HIV-infected CD4+ T cells 
and increased levels of cytokines in the gastrointestinal mu-
cosa, as discussed earlier, could play an important role in 
the development of gastrointestinal Kaposi's sarcoma. 

Lymphoma is the second most common malignancy of the 
gastrointestinal tract in patients with AIDS. Occurring in 
approximately 35% of AIDS patients with gastrointestinal 
malignancy (Danzig et aL, 1991), the lymphoma is usually 
non-Hodgkin's. In contrast to Kaposi's sarcoma, gastrointes-
tinal lymphoma often produces obstruction or pain. Latent 
and replicating Epstein-Barr virus (EBV) DNA has been 
detected in lymphomas in patients with AIDS and other 
lymphoproliferative disorders (Katz et aL, 1989). Infection 
with EBV is common in AIDS patients (Quinnan et aL, 1984). 
The virus is capable of replicating in mucosal epithelial cells 
(Lemon et aL, 1977; Sixbey et aL, 1984); thus, in the setting 
of impaired EBV-specific cytotoxic T-cell responses (Ricken-
son, 1986; Figure 3, Step 9), lymphoproliferative lesions in 
the gastrointestinal tract could represent the outgrowth of 
EBV-transformed B cells (Figure 3, Step 10), similar to that 

reported in severe combined immunodeficient (SCID) mice 
inoculated with peripheral blood leukocytes from EBV-
seropositive donors (Rowe et aL, 1991). 

In summary, a sequence of interrelated immunological 
events in the gastrointestinal mucosa is a major complication 
of HIV infection. Over time, these events lead to local immu-
nosuppresion, predisposing the gastrointestinal tract to the 
acquisition of opportunistic infections and the development 
of certain neoplasms. Understanding the immunopathophysi-
ology of the mucosal events in HIV infection should facilitate 
the development of more effective therapies for the gastroin-
testinal complications of AIDS and, eventually, of an effec-
tive vaccine against HIV. 
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I. INTRODUCTION 

The incidence of sexually transmitted diseases (STDs) has 
risen markedly worldwide in the past decade (Antal, 1987; 
Johnson et al., 1989; Brunham and Plummer, 1990). The 
acquisition of the human immunodeficiency virus (HIV) and 
development of acquired immunodeficiency syndrome 
(AIDS), widespread drug abuse, and prostitution for drugs 
or money have resulted in the resurgence of many STDs once 
thought to be controlled in developed nations. Since most 
species of organisms responsible for STDs are not capable 
of survival outside the human host and must be transmitted 
by direct human contact, STDs characteristically are re-
stricted to a sexually active population, with a peak incidence 
between the ages of 15 and 34, and to newborns of women 
in this population. Although the incidence of AIDS in the 
homosexual population has decreased largely because of al-
terations in high-risk behavior, AIDS has continued to rise 
at an alarming rate in the heterosexual and drug-abusing 
populations of many countries [Morbidity and Mortality 
Weekly Reports (MMWR), 1991a,b; World Health Organiza-
tion (WHO), 1991]. Although these HIV-positive individuals 
are not the only reservoir for STDs, they have become a 
major source. Clearly current strategies for disease contain-
ment are insufficient; other modalities, including immuniza-
tion, are needed desperately to prevent the widespread con-
tinued increase of STDs. 

Sexually transmitted agents long have been recognized to 
be responsible for many acute genital infections, but only 
recently has a wider role been established for these agents in 
the epidemiology of prolonged maternal and infant morbidity 
and mortality. Although men can have long-term complica-
tions from STDs, they are often more symptomatic early in 
the infection cycle and, thus, may seek care before the infec-
tion becomes deeply established. Women, on the other hand, 
are more susceptible to infection and may be asymptomatic 
in the early stages of infection. Thus, they may be less likely 
to seek health care and more likely to transmit disease to 
other sexual partners. In addition to causing widespread in-
fections, STDs have a major impact on reproductive health: 
infertility has been linked to some genital infections (e.g., 
Chlamydia and Mycoplasma species) and maternal-fetal 
transmission of genital organisms remains a common cause 
of fetal and infant morbidity and mortality. Since pregnant 

women, regardless of their socioeconomic status, are likely 
to seek medical attention at or near the time of delivery, they 
constitute a reasonable target population for intervention. A 
significant decrease in infant morbidity (and possibly fetal 
and infant mortality) might be achieved if STDs could be 
controlled better in women of child-bearing age. The unique 
immune system of the pregnant and lactating female has been 
demonstrated in the past to provide temporary protection 
against a host of agents to which the mother has been exposed 
previously. Perhaps advantage could be taken of maternal 
immunity to provide additional protection for the infant at 
the time of delivery and for the mother during her subsequent 
years of sexual activity. The immunology of the male and 
female genital tracts (Chapter 54), lactation (Chapters 51 and 
52), and mucosal response to viral and bacterial pathogens 
are discussed in detail elsewhere in this volume. Hence, this 
chapter provides a brief overview of the local female immune 
response to several common STDs and the possible im-
pact of controlling these infections on maternal and child 
health. 

II. DEFENSE MECHANISMS OF THE FEMALE 
GENITAL TRACT 

The entire mucosal surface of the female genital tract, 
including the vagina, cervix, endometrium, fallopian tubes, 
and oviduct, is bathed in protective secretions. Among the 
various sections of the genital tract, these secretions differ 
in their biochemical and biological functions. The vaginal 
secretions represent a mixture of contaminants from the se-
cretory products of the fallopian tubes, cervix, and endome-
trium, as well as small amounts of secretions produced by 
the Skene's and Bartholin's glands. Although plasma cells 
of the IgG type have been observed infrequently in the vaginal 
mucosa (Blandau and Moghissi, 1983), neither IgA- nor IgM-
containing cells have been detected in the subepithelial re-
gions of the vaginal mucosa (Tourville et al., 1970). Secretory 
component (SC), the nonimmunglobulin portion associated 
with secretory IgA, has been found in vaginal secretions in a 
free form rather than associated with the superficial epithelial 
layers and apical glands typically found in the cervix and 
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other portions of the upper female genital tract. Free SC, as 
well as the Ig A and IgM detected in vaginal secretions, has 
been suggested to be a contaminant from the upper genital 
tract, particularly from the cervical mucosa (Moghissi, 1970). 
However, Lai and colleagues were able to demonstrate that 
vaginal explants from the mucocutaneous regions of the vagi-
nal epithelium were capable of producing IgA and SC (Lai 
et al., 1973). Although hemolytic complement activity or 
fluorescent localization of the components of complement in 
the vagina has not been observed, the synthesis of C3 in the 
vaginal mucosa has been noted using labeled amino acids 
(Lai et al., 1973). Clearly the presence of antibody and the 
ability to generate complement components in the lower tract 
in proximity to the entry of most pathogens would be advanta-
geous, whether or not these components are produced locally 
or migrate from the upper genital tract. 

In contrast to the vaginal secretions, the cervical secretions 
contain significant amounts of IgG and IgA; the ratio of IgA 
to IgG is greater than that observed in serum (Moghissi and 
Neuhaus, 1962). IgM, although present, is found in much 
smaller amounts (Moghissi and Neuhaus, 1962). During the 
menstrual cycle, these immunoglobulins undergo consider-
able variation in concentration; IgG and IgA are highest at the 
beginning and end of the cycle and decrease toward midcycle. 
Hence, midcycle has the least immunoglobulin and the most 
favorable (thinnest) cervical mucus to allow penetration of 
sperm. Unfortunately, microorganisms also can gain access 
to the upper genital tract at midcycle and may, in part, be 
responsible for the increased incidence of STDs in the second 
portion of the menstrual cycle. The content of IgA and IgG 
in the cervical mucus ranges from 0.05 to 1.4 mg/ml and 0.1 
to 6 mg/ml, respectively, whereas IgM is present to a lesser 
degree. Immunoglobulin content is not altered by oral contra-
ceptive agents, although hormones have been found to have 
other influences on pathogen growth and host immunity 
(Schumacher, 1973a,b). Most of this immunoglobulin appears 
to be produced by the IgA- and IgG-containing plasma cells 
(Blandau and Moghissi, 1983; Hulka and Omran, 1969; Lip-
pes et al, 1970; Rebello et al., 1975; Tjokonegoro and Si-
risinha, 1975), and cells staining positive for SC (Lippes et 
al., 1970) in the human endocervix. Note that studies of 
cervical biopsy tissues from infertile women demonstrate 
significantly higher numbers of IgA-containing plasma cells 
than tissues from parous women; antispermatozoal antibod-
ies of the three major immunoglobulin classes have been 
detected in cervical mucus (Clarke, 1984). Additionally, 
women with genital infections, compared with women with-
out infection, exhibit increased numbers of IgA-positive cells 
in this region of the genital tract (Waldman et al., 1972). 
However, the numbers of IgG- and IgM-containing plasma 
cells in the two groups are comparable (Hutcheson et al., 
1974). From these and other studies, we know that secretory 
IgA in the genital tract is produced in response to foreign 
antigens, both human sperm and infectious agents, and seems 
to function in the genital tract as it does on other mucosal 
surfaces (reviewed by Mestecky and McGhee, 1987; Tomasi, 
1989). 

All major immunoglobulin classes have been demonstrated 

in human endometrial secretions. IgG-containing cells are 
slightly greater in number than IgA-containing cells, similar 
to the endocervical immunohistology (Lippes et al., 1970). 
IgM is demonstrated infrequently in the human endometrium 
during the proliferative, secretory, and decidual phases (Lip-
pes et al.y 1970). Most of the immunoglobulin appears to be 
distributed in the stroma between the glands and along the 
basement membranes of the glandular epithelium. During the 
early proliferative phase, IgA- and IgG-staining plasma cells 
have been located in the endometrium. SC has been identified 
in the apical glands during the secretory and proliferative 
phases (Tourville et al., 1970). 

Lymphoid tissues, although not as numerous as in other 
branches of the mucosa-associated lymphoid tissue (MALT), 
have been demonstrated in the female genital tract. Many 
segments of the female genital tract contain glandular epithe-
lium and possess varying amounts of organized lymphoid 
tissue or lymphocytes diffusely scattered in the subepithelial 
regions. Although the uterus has not been demonstrated to 
possess organized lymphoid tissue, the endocervix has been 
reported to contain lymphoid aggregates that are analogous 
to the Peyer's patches of the small intestine (Blandau and 
Moghissi, 1983). As mentioned, the cervix contains numbers 
of lymphocytes and plasma cells, whereas the vagina has 
minimal to no collections of epithelial or subepithelial 
lymphoidal tissue. Little published information is available 
regarding the presence of T cells, T-cell subpopulations, or 
possible in vitro correlates of cellular immunity in the female 
genital tract. However, sufficient data are available regarding 
the fate of allogeneic transplants in the uterus in several 
animal models (Beer and Billingham, 1971,1975). Histoin-
compatible grafts are rejected uniformly, so the uterus ap-
pears to possess a significant degree of T cell-mediated immu-
nocompetence. However, during pregnancy the fetus, 
despite the presence of incompatible antigens, is not rejected 
(reviewed by Scott, 1991). This response appears to be local, 
since pregnancy per se does not increase the survival of 
orthotopic skin grafts. Suppressor subpopulations of T lym-
phocytes have been suggested to predominate in the fetal 
environment and at the transplantation site of the embryo in 
the uterus. This possibility is supported by observations that 
fetal blood possesses a higher proportion of suppressor T 
lymphocytes (Olding and Oldstone, 1974). Another hypothe-
sis is that effector lymphocytes may be inhibited by an in-
crease in the level of a ' 'blocking factor," as observed in the 
tumor immunity systems (Hellstrom and Hellstrom, 1971; 
Scott, 1991). Although clearly for the fetus to be undisturbed 
by the maternal immune response is a survival advantage, 
some systemic impairment of maternal immunity is evidenced 
by more severe primary varicella infection, occasionally re-
sulting in death of the mother from severe pneumonia. 
Whether or not these phenomena are mediated by maternal 
or fetal suppressor T-cell activity is unknown. More recent 
studies (see subsequent discussion) have demonstrated that 
local lymphocytes are capable of proliferation in response to 
infectious agents, and that lymphocyte reactivity may be, in 
part, responsible for immunocompetence against some infec-
tious agents in the genital tract. 
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III. INFECTIOUS AGENTS AND THE 
MUCOSAL IMMUNE RESPONSE 

Most STD organisms first contact the host mucosal surface 
in the genital tract. Attachment must take place here before 
a cycle of infection can occur; the host has the first encounter 
with the invading pathogen at this site as well. Maternal 
infection is correlated most often with subsequent fetal or 
newborn infection, but maternal colonization with STD or-
ganisms can affect the fetus or newborn even if maternal 
infection has not yet been established. A partial list of im-
portant sexually transmitted female genital tract pathogens 
associated with fetal and neonatal disease is presented in 
Table I. 

Although each specific sexually transmitted organism elic-
its a unique host response, some common features are shared 
by the mucosal immune response in the genital tract and the 
mucosal immune responses at other mucosal surfaces (i.e., 
the respiratory tract and the gastrointestinal tract, collec-
tively called the MALT). Unlike the other mucosal surfaces 
of the MALT, the female genital tract undergoes a series of 
continual and well-defined developmental changes from the 
onset of menarche to the appearance of menopause. In addi-
tion, these tissues are exquisitely sensitive to changes in the 

hormonal milieu of the host during the menstrual cycle and 
pregnancy and lactation. A large number of nonspecific and 
specific factors plays an important role in providing a broad-
range barrier to the penetration of environmental pathogens 
across the genital mucosa, in a manner similar to those of 
the respiratory and intestinal tracts (see Table II). Often, 
these cells and their products acting in concert are successful; 
often they are not. In the case of a pregnant female, the 
health and well-being of both the mother and the fetus are 
dependent on the maternal immune system to provide ade-
quate protection against infection. 

IV. SPECIFIC PATHOGENS AND THE ROLE 
OF THE FEMALE IMMUNE RESPONSE 

Microorganisms applied to the genital tract, either by natu-
ral infection or by experimental application, have been dem-
onstrated to produce a local and systemic immune response 
in human and other mammalian species (see Table III). These 
and other studies clearly demonstrate immunological reactiv-
ity in the genital tract. The discussion that follows focuses 
on some specific pathogens that are transmitted by sexual 
contact, with emphasis on local or systemic immune re-

Table I Microorganisms Transmitted by Sexual Contact and Their 
Association with Neonatal Disease 

Association with significant disease Mode of acquisition 

Strong 
Bacteria 

Chlamydia trachomatis 
Neisseria gonorrhoeae 
Streptococcus group B 
Treponema pallidunf 

Fungi 
Candida albicans 

Viruses 
Cytomegalovirus0 

Hepatitis B 

Herpes simplex0 

Human immunodeficiency virus0 

Human papilloma virus 
Rare 

Protozoa 
Trichomonas vaginalis 

Possible 
Mycoplasma 

Mycoplasma hominisa 

Ureaplasma urealyticunf 

Passage through colonized or 
infected birth canal; ascending 
infection 

Transplacental 

Passage through birth canal 

Transplacental; maternal 
secretions 

Infected secretions; aspirated 
maternal blood 

Infected secretions; ascending 
infection 

Transplacental infection; 
secretions and maternal blood; 
virus in breast milk 

Infected secretions 

Passage through brith canal 

Transplacental 
Passage through birth canal 

a Can also cause fetal infection, birth defects, abortion, and/or stillbirth. 
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Table II Factors with a Potential Role in the Local Defense Mechanisms of the Genital Tract 

Soluble Mechanism of action Cellular Mechanism of action 

Nonspecific 

Immunologically specific 

Vaginal secretions 
Cervical mucus 

soluble proteins 
mucin 

Endometrial secretions 
uteroglobulin 
lactoferrin 
lysozyme 
other proteins 

Oviductal fluid 
Follicular fluid 

Hormones 

Prostaglandins 

Leukotrienes 

Immunoglobulins 
mucosal antibody 

circulating antibody 

Complement 
Soluble mediators of cellular 

immunity—interferon 

Natural barrier; inhibition of 
growth; nonspecific 
binding of organisms; 
impairment of organism 
motility; masking of 
receptors; digestion of 
organism glycoproteins or 
glycolipids 

Alteration of host cell 
receptor expression 

Alterations in vascular 
permeability and 
coagulation 

Recruitment of cells to site 
of infection 

Inhibition of attachment of 
invading microorganisms 

Opsonization; ADCC; 
neutralization 

Prevention of intracellular 
infections through 
uninfected neighboring 
cells 

Intact skin and mucosa 

Phagocytes 
macrophages 
PMNs 

NK cells 

CTL 

ADCC 

Barrier; when damaged may 
release products involved 
in cell recruitment; 
antigen presentation by 
certain epithelial and 
endothelial cells possible 

Nonspecific phagocytosis 
and intracellular lysis of 
invading organism; 
macrophages also 
participate in generation 
specific responses by 
antigen presentation 

Infected cell cytotoxicity 

Direct lysis of infected cells 

Lysis of cells coated with 
specific antibody 

sponses that are potentially capable of conferring protection 
to the mother and her offspring. 

A Neisseria gonorrhoeae 

Neisseria gonorrhoeae is a pathogen of the mucosal sur-
face, causing the majority of its infections in the genitourinary 
tract. Humans are the primary reservoir. Many laboratory 
animals have some inherent resistance to infection; hence, 
studies of host-pathogen interactions have been hampered 
by lack of a suitable host and sample material. Uncomplicated 
gonococcal infections manifest as urethritis in males and en-
docervical infection in women. A pregnant woman with gono-
coccal disease can transmit the organism to her offspring, 
causing a spectrum of diseases from mild conjunctivitis to 
invasive gonococcal infection (Gutman and Holmes, 1990). 
Although local and systemic antibody responses, both IgG 
and IgA, are produced during infection, little is known about 
the ability of antibody to prevent or modify the course of 
disease in adults or in newborns. 

Infection with N. gonorrhoeae occurs in two stages: at-
tachment and invasion. The initial attachment brings the 
gonococcus and the host cell in close proximity and is thought 
to be mediated by nonspecific factors such as surface charge, 

hydrophobic/hydrophilic interactions, and pH (Watt and 
Ward, 1980). This interaction allows the more specific attach-
ment structures—pili and outer membrane proteins 
(OMP)—to interact with host receptors (McGee et al., 1978). 
By studying human fallopian cell cultures, several investiga-
tors have demonstrated that gonococci adhere to nonciliated 
epithelial cells and subsequently are endocytosed (Ward et 
al., 1974; McGee et al.y 1978). Intracellular replication and 
excretion of the organisms into the lamina propria sets up a 
submucosal infection. An OMP (PI) appears to facilitate entry 
into the host cell after the initial attachment is established 
(Blake, 1985). 

Polymorphonuclear leukocytes are attracted locally in re-
sponse to gonococcal infection, but their role in host immu-
nity is currently in question. Gonococcal antibody is known 
to be opsonic, and facilitates the uptake of gonococci by 
polymorphonuclear leukocytes. However, evidence suggests 
that intracellular oxidative neutrophil systems may be rela-
tively inefficient at lysis of N. gonorrhoeae (Casey et al., 
1979,1980,1983; Parsons et al., 1981,1982,1985,1986; Veale 
et al., 1977,1979) but that nonoxidative systems may contrib-
ute to the intraphagosomal lysis of gonococci (Casey et al., 
1986). Observations by Shafer et al. concur with the specula-
tion that, although gonococci may be eliminated more effec-
tively in vivo than in in vitro study systems, the relative 
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inefficiency of intracellular neutralization and killing ofgono-
cocci may contribute to the spread of disease, both within 
and outside the genital tract (Shafer and Rest, 1989). 

As in most mucosal infections, the function of local anti-
body is thought to be prevention of attachment and subse-
quent infection of the host mucosa (Mestecky and McGhee, 
1987). Urethral exudates from men with gonococcal infection 
have demonstrated that all three antibody classes are pro-
duced in response to infection (Kearns etal., 1973a,b; McMil-
lan et al., 1979a). In women, vaginal washings after infection 
with gonococci have been shown to contain both IgG and 
IgA antibody against pili, lipopolysaccharide (LPS), and the 
OMPs implicated in attachment (Lammel et al., 1985; Ison 
et al., 1986). Although IgG and IgA specific for gonococci 
have been demonstrated, production of specific IgM has not 
been well documented (O'Reilly et al., 1976; McMillan et 
al., 1979b; Ison et al., 1986). Despite the formation of these 
local antibodies, little is known about their functional activ-
ity. Antibody directed against pili and outer membrane com-
plexes altered the ability of the gonococci to attach to epithe-
lial cells in vitro (Tramont et al., 1980), whereas mucosal 
antibody produced after vaccination of male volunteers could 
inhibit attachment, requiring larger inocula to achieve infec-
tion (Tramont et al., 1980). This result suggests that local 
antibody can modify colonization. 

Since antibody apears to be the most effective means for 
the prevention and control of gonococcal infections, immuni-
zation would be a reasonable means of stimulating host anti-
body production. Repeat infection with a homologous gono-
coccus strain is unusual, but infection with heterologous 
strains can and probably does occur frequently. Buchanan 
and colleagues (1980) demonstrated that women with salpin-
gitis developed antibody and protection against the original 
infecting serotypes. Systemic antibody response seems to be 
much stronger than the mucosal response, according to data 
from several investigators (Lammel et al., 1985; Ison et al., 
1986). Whether or not this result reflects less local antibody 
production or the formation of antibody-antigen immune 
complexes that prevent antibody detection by present meth-
ods, as suggested by Ison (1988), is unknown. Further charac-
terization of the gonococcus-specific antibody responses has 
involved identification of the major antigens that stimulate a 
specific antibody response. These include pili, OMPs (PI, 
PII, and PHI), and LPS, all constituents of the gonococcal 
surface (Tramont et al., 1980; Lammel et al., 1985; Ison et 
al., 1986). Although antibody directed against pili would be 
desirable to prevent attachment of the organism to the host 
epithelial surface, the remarkable strain variation in pili limits 
their usefulness as a sole agent in vaccine candidates. A 
similar problem has been encountered for LPS and protein 
II (PII). Studies also suggest that antibodies against PII may 
block the interactions of the gonococcus with host neutro-
phils (Elkins and Rest, 1990). PHI, although a highly con-
served OMP, can induce a polyclonal antibody response to 
its antigenic determinants that has been demonstrated to in-
hibit the effects of Pi-induced antibodies in vitro and in animal 
hosts (Buchanan and Arko, 1977; Rice et al., 1985,1986; 
Blake et al., 1988). These blocking antibodies have been 
implicated in the earlier failure of OMP preparations to pro-

tect against subsequent infection. In fact, one such prepara-
tion administered to individuals with a history of previous 
gonococcal infection induced a quantitative decrease in op-
sonic antibody and bactericidal antibody after immunization 
that was below that of the preimmunization sera (Arminjon 
et al., 1987). 

To date, PI appears to have the most potential as a vaccine 
candidate, but must be purified from other outer membrane 
components. Fortunately, although some antigenic diversity 
exists among different N. gonorrhoeae strains producing PI, 
the differences fall into two major immunological and biologi-
cal groups: PIA and PIB (Sandstrom et al., 1982). Antibodies, 
both polyclonal and monoclonal, directed against PI are op-
sonic and bactericidal, and can prevent the in vitro invasion 
of gonococci into cell cultures (Joiner et al., 1985; Virji et al., 
1986,1987). However, the vehicle of antigen administration to 
animals has a marked effect on the in vivo development of 
antibody response. Wetzler and colleagues (1988) utilized a 
chromatographically prepared PI vaccine composed of PIA-
and PIB-alum adjuvant and found minimal opsonic and bac-
tericidal antibody production. However, the opposite was 
noted when PI was inserted into liposomes (Wetzler et al., 
1988). A small but significant quantity of PHI may have con-
taminated this vaccine preparation and generated antibodies 
against this immunogen. The clinical significance of these 
results remains unknown since this study did not employ 
subsequent challenge of the immunized animals with virulent 
organisms. 

Currently, a suitable vaccine for the prevention or modifi-
cation of gonococcal disease remains elusive. Studies focus-
ing on outer membrane components show the most promise 
(Heckeis et al, 1989,1990), but have not met with complete 
success yet. Meanwhile, the gonococcus itself has begun to 
develop considerable antibiotic resistance in certain parts of 
the world, making management of disease more difficult and 
development of a vaccine more critical. Although maternal 
and neonatal disease constitute only a small percentage of 
the total number of gonococcal infections reported yearly, 
effective maternal vaccination would help reduce the pool 
of infected and transmitting partners. 

B. Chlamydia 

Chlamydial infections of the genital tract are a major health 
problem in both developed and developing countries 
(Schachter and Grossman, 1990). Infection rates can reach 
as high as 30% among sexually active teenagers in the United 
States. Urethritis and cervicitis are common and often can 
be asymptomatic in females, contributing to additional spread 
of infection prior to treatment. More serious infection of the 
upper genital tract in women can lead to involuntary sterility. 
In addition, a pregnant woman infected with Chlamydia can 
transmit the organism to her offspring, producing conjunctivi-
tis and pneumonia. In Third World nations, where STDs 
are more common, serious infections such as trachoma and 
lymphogranuloma venereum can be transmitted by other 
chlamydial serovars. Hence, effective control strategies must 
target both the asymptomatic carrier and the symptomatic 
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patient. To date, a vaccine has not been developed, yet infor-
mation regarding host response to infection through study of 
natural human infection and infection in animal models has 
led to several exciting prospects. 

Nonspecific host defenses that can inactivate chlamydial 
elementary bodies in vitro have been identified, but the extent 
of their contribution to prevention or eradication of chlamyd-
ial infection in vivo is unknown. Biochemical inactivators 
are present in seminal plasma, and reduce the infectivity of 
several chlamydial serovars in cell culture (Mardh et al., 
1980; Hanna et al., 1981). Spermine, cupric chloride, and 
zinc chloride inhibit the elementary bodies of serovar F. 
Although the specific mode of action for these compounds 
is unknown, they could be used in the future as adjuncts to 
preventive or therapeutic measures used to control Chla-
mydia trachomatis infection. 

Hormones also affect the growth of C. trachomatis in cell 
culture. Cortisol has variable effects on C. trachomatis sero-
vars: preincubation of tissue culture cells prior to inoculation 
with Chlamydia inhibits the growth of serovar L2 whereas 
postinoculation incubation with cortisol enhances the growth 
of L2 (Bushell and Hobson, 1978; Reed and Hann, 1980). 
Estrogens have no effect on the binding of elementary bodies 
to cell cultures; incubation of tissue culture with estrogens 
nearly doubles the numbers of infectious bodies recoverable 
from the tissue culture (Sugarman and Agbor, 1986). This 
estrogen effect has been exploited by researchers using ani-
mal models to increase the yield of infectious organisms and 
may also may explain, in part, the increased susceptibility 
of women using oral contraceptive agents to this organism. 
Progesterone, testosterone, and other hormones do not ap-
pear to have any effect on the growth of C. trachomatis. 

Chlamydia can induce the production of interferon y 
(IFNy), most likely because, as an obligate intracellular para-
site, this organism causes alterations in the cell surface mem-
brane of the cell it has parasitized. In the mouse model, IFNy 
induction rapidly follows intravenous injection of elementary 
bodies. Infected cell cultures, HeLa cells, and L cells also 
produce IFNy in response to several chlamydial serovars. 
Both human and mouse IFNy can inhibit various stages of 
chlamydial intracellular growth in in vitro cell cultures 
(Hanna et al., 1967; Kazar et al., 1971; Rothermel et al., 
1983; de la Maza et al., 1985,1986; Shemer and Sarov, 1985). 
However, in vivo human correlates of tissue culture and 
animal models for Chlamydia-'mduced IFNy production are 
lacking. 

In addition to these biochemical mechanisms capable of 
chlamydial inhibition, a number of cellular mechanisms can 
inhibit or destroy Chlamydia elementary bodies. However, 
whether these responses are completely nonspecific or re-
quire the participation of specific antisera is questionable. In 
vitro studies by Yong et al. (1982,1986) and Zvillich and 
Sarov (1985) have shown that polymorphonuclear leukocytes 
(PMNs) rapidly take up elementary bodies and degrade them, 
but the role of specific or nonspecific human sera was not 
investigated in this phenomenon. Enhancement of chemilu-
minescent responses of PMNs to elementary bodies was 
noted with the addition of Chlamydia serovar-specific sera 
but not group-specific sera (Soderlund et al., 1984), whereas 

the same response using L2 elementary bodies is enhanced 
with human sera, regardless of whether or they contain 
serovar-specific antibody (Hammerschlag et al., 1985). 
Clearly PMNs do interact with Chlamydia, but their role in 
disease control is not clarified. 

Lymphocytes, monocytes, and macrophages also interact 
with Chlamydia in vitro. L2 elementary bodies, when incu-
bated with peripheral blood lymphocytes, have decreased 
infectivity but can replicate in macrophages (Manor and 
Sarov, 1986). An increased production of nonspecific immu-
noglobulin is stimulated by cocultivation of Chlamydia L2 
elementary bodies (live or formalin fixed) with human periph-
eral blood lymphocytes, regardless of the donor's previous 
exposure to Chlamydia, and probably represents nonimmune 
polyclonal responses to chlamydial antigen (Bard and Levitt, 
1984). Further studies by Bard have revealed that about 50% 
of the B lymphocytes so exposed bind elementary bodies 
whereas less than 10% of the T cells do so (Bard and Levitt, 
1986). However, although binding was not assessed, an in-
crease in nonspecific T-cell proliferative response to conca-
navalin A (ConA) was noted by Rank et al. in the peripheral 
blood lymphocytes of guinea pigs immunized subcutaneously 
with live or UV-inactivated C. trachomatis (Rank et al., 
1990). However, this treatment appeared to have little effect 
on the resulting genital chlamydial infection when immunized 
guinea pigs were challenged subsequently. 

Although several nonspecific host responses to C. tracho-
matis antigen exist, specific immune responses, both cell-
mediated and specific antibody-dependent, are more likely 
to modify infection or to confer immunity against reinfection. 
Several groups of investigators have documented the produc-
tion of serovar-specific antibody, particularly in women who 
experienced upper genital tract infection (salpingitis, endo-
metritis). However, little correlation appears to exist between 
the intensity of the humoral immune response and resistance 
to reinfection. More important is the role of local antibody, 
particularly Ig A, in resistance to or modification of infection 
of the genital tract. 

The antibody response to C. trachomatis has been well 
documented (Rank et al., 1979; Monnickendam and Pearce, 
1983; Schachterei al., 1983; Monnickendam, 1988). Although 
humoral antibodies are generated in C. trachomatis infection 
(IgG, IgM, IgA), their role in subsequent protection is partial 
or transitory, at best (Katz et al., 1987; Rank et al., 1988). 
However, in the mouse model, passive immunization with 
polyclonal and certain monoclonal antibodies against Chla-
mydia psittaci antigens was shown to decrease the rate of 
placental infection and spontaneous abortion (Buzoni-
Gatel et al., 1990). This study suggests that antibodies 
directed against the proper immunogen can be protective. 
Immunotype- or serovar-specific antibodies are protective in 
the owl monkey (Nichols et al., 1973) and the guinea pig 
model (Murray and Charbonnet, 1971; Murray et al., 1973; 
Murray, 1977) and in cell culture (Peeling et al., 1984; Lucero 
and Kuo, 1985) but local secretory antibody appears to play 
a more important role in protection against infection than 
humoral antibody, as has been demonstrated by numerous 
investigators (Murray and Charbonnet, 1971; Murray et al., 
1973; Nichols et al., 1973; Howard et al., 1976; Alani et al., 
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1977; Murray, 1977; McComb et aL, 1979; Richmond et aL, 
1980; Brunham et aL, 1983; Cui et aL, 1989,1991). Most 
recently, studies in our laboratory have demonstrated that 
oral administration of live Chlamydia can decrease or elimi-
nate cervical shedding of Chlamydia on subsequent challenge 
intravaginally with live organisms (Cui et aL, 1991). In addi-
tion, a marked booster effect was noted in antibody re-
sponses, both locally at the site of rechallenge and in the 
serum (see Figures 1 and 2). However, the local and humoral 
antibody responses appear to decline with time, allowing 
reinfection to take place as demonstrated in the guinea pig 
model (Rank et aL, 1988) and by clinical observation of hu-
man disease (Katz et aL, 1987). Despite this decline in immu-
nity with time, vaccination might be used to protect a deliv-
ering infant from subsequent C. trachomatis infection. 
Theoretically, one could vaccinate the pregnant female orally 
with live (Cui et aL, 1991) or inactivated (Rank et aL, 1990) 
organism to stimulate local Ig A production, which might pre-
vent subsequent colonization of the infant by decreasing or 
preventing colonization of the mother's genital tract. Preg-
nant mice, when immunized orally with live C. trachomatis, 
were capable of producing Chlamydia-spccific IgA in the 
milk (Z. Cui, personal communication), but the potential 
protective effect of specific IgA was not investigated by Chla-
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Figure 1 Sham immunization with McCoy cells administered intra-
gastrically in BALB/c mice and the effect of direct intravaginal (IV) 
Chlamydia trachomatis LGV-434-II challenge on the kinetics of IgA 
and IgG antibody responses. Ag, Antigen; PO, intragastric; GM, 
geometric mean; SD, standard deviation. Reprinted with permission 
from Cui et aL (1991) and the American Society for Microbiology. 
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Figure 2 Immunization with Chlamydia trachomatis LGV-434-II 
administered intragastrically in BALB/c mice and the effect of direct 
intravaginal (IV) challenge on the kinetics of IgA and IgG antibody 
responses. Ag, Antigen; PO, intragastric; GM, geometric mean; SD, 
standard deviation. Reprinted with permission from Cui et aL (1991) 
and the American Society for Microbiology. 

mydia challenge in this case. Approximately 30% and 15% of 
infants exposed to maternal Chlamydia acquire conjunctivitis 
and pneumonia, respectively, in the United States (Frommell 
et aL, 1979; Schachter et aL, 1986); local Chlamydia-specific 
maternal secretory IgA (or IgG or IgM) antibody, passively 
acquired by the infant in passage through the birth canal or 
through suckling, may be one of the factors explaining why 
these percentages are not significantly greater. 

The importance of prevention of this most common STD is 
clearly evident, but attempts to develop an effective vaccine 
against Chlamydia have been only partially successful to 
date. Further careful investigation of the host immune re-
sponses will be necessary before control of this STD through 
immunization can be achieved. 

C. Herpes Simplex Virus Infections 

Genital herpes simplex virus (HSV) infections have sig-
nificant morbidity in adults, but rarely cause death in the 
immunologically normal host. In sharp contrast is neonatal 
HSV infection, with its concomitant high mortality and fre-
quency of subsequent neurological sequelae in survivors de-
spite antiviral therapy (Whitley, 1990). Both type 1 (10% of 
total cases of neonatal HSV) and type 2 have been recovered 
from infected infants. Interestingly, although primary mater-
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nal HSV infection at the time of delivery has nearly 50% risk 
of viral acquisition by vaginal delivery of the infant, recurrent 
maternal genital HSV carries less than 5% risk for the infant 
at the time of vaginal delivery. Although the reasons for 
these differences have been explored, the role of maternal 
immunity in the prevention of HSV transmission to the deliv-
ering infant is far from understood. 

Herpesviruses are acquired by direct exposure of the mu-
cous membranes to viral particles, with subsequent establish-
ment of infection. From this local entry portal, virus can 
disseminate in the immunocompromised host or the neonate 
(who has a relative immunodeficiency compared with an 
adult). Thus, the local immune response should play a role 
in the prevention of recurrent attacks. However, members of 
the Herpesviridae family have the unique ability to establish 
latency within the host, most likely within immunoprivileged 
sites (such as the lumbosacral ganglia following genital HSV 
infection), and hence are sequestered from the host's local 
immune response until reactivation of the virus. When in-
fected with HSV, the host has both nonspecific and specific 
immune responses similar to those activated during other 
STDs. Although the initial and secondary host immune re-
sponses to HSV infection are under careful investigation, 
mechanisms that maintain latency and control subsequent 
events initiated during recurrences are poorly understood 
and hamper attempts at effective control through vaccination. 

Local and systemic immunological reactivity against HSV 
seems to have relevance in the moderation and eradication 
of infectious viral particles. Studies have demonstrated that 
maternal and cord blood samples possess similar levels of 
IgG class antibodies with antiviral activity that mediate neu-
tralization and antibody-dependent cell-mediated cytotoxic-
ity (ADCC) (Shore et al, 1976,1977). Maternal ADCC has 
been shown to pass to the neonate (Shore et al, 1976,1977; 
Kohl et al, 1978). However, human cord blood monocytes 
have less ability to generate the ADCC response than adult 
leukocytes (Shore et al, 1977). Kohl and colleagues found a 
difference between adherent (macrophages) and nonadherent 
(lymphocyte) populations in cord blood once these popula-
tions were separated from each other (Kohl et al., 1981b). 
These researchers proposed that cell separation also may 
have removed some inhibitory factors, and altered the results 
of their studies (Kohl et al., 1981a; Kohl, 1984). Subse-
quently, their group found that the route of birth, vaginal 
delivery compared with caesarian section, had marked effects 
on ADCC of cord mononuclear cells; cells from infants deliv-
ered by caesarian section had much lower ADCC activity 
than those from infants delivered vaginally (Frazier et al., 
1982). Cellular cytotoxicity and peripheral blood mononu-
clear leukocyte ADCC was decreased in the first months of 
life (Kohl, 1984), but cord blood PMNs had ADCC similar 
to that of adult PMNs (Kohl et al, 1981b). These findings may 
help explain the sensitivity of the newborn to the devastating 
effects of HSV infection, particularly if the mother has not 
experienced previous HSV infection and has not generated 
neutralizing and ADCC antibody to provide to her infant. 

Since HSV is such a devastating disease in the neonatal 
period despite antiviral therapy, significant impetus exists to 
find alternative methods of protection for the exposed infant. 

737 

Although cell-mediated immune responses to HSV are clearly 
important in limiting viral activity and in resolution of infec-
tion, HSV-specific antibody is an important adjunct in host 
immunity against this viral pathogen. Although the role of 
humoral antibodies is not entirely clear in humans, evidence 
suggests that maternal antibody against HSV is important 
in decreasing dissemination in neonates and in promoting 
recovery from HSV infections in some studies (Yeager et 
al., 1980; Sullender et al., 1987), but not in others (Whitley 
et al., 1980). Newer tests using antibody response to gG 
glycoprotein are thought to be type specific for HSV-2 (Lee 
et al., 1985,1986; Sullender et al, 1988). These tests will 
allow clearer analysis of human HSV antibody responses 
without the problems of cross-reactivity with antibody 
against HSV-1, a problem common to many earlier assays. 
The data regarding the role of antibody in HSV disease are 
clearer in animal studies, in which passive prophylaxis of 
animals with hyperimmune sera against HSV can decrease 
the severity of induced infection, particularly lethal central 
nervous system infection (Evans et al., 1946; Cheever and 
Daikos, 1950; Luyet et al, 1975; Baron et al, 1976; Davis 
et al., 1979). Irradiated mice were not protected despite 
hyperimmune serum administration, indicating that an 
irradiation-sensitive arm of the host immune system is also 
important in the immune response to HSV (Davis et al., 
1979). Immunosuppressed mice also do not produce apprecia-
ble antibody, nor do they demonstrate cell-mediated activity 
toward HSV-1 infection (Worthington et al., 1980). Whether 
these issues can be clarified in human studies remains to be 
seen. 

The viral glycoproteins appear to be the most potent in-
ducers of humoral antibody. Five surface glycoproteins 
(gA,gB,gC,gD, and gE) are the principal immunogens identi-
fied to date (Spear, 1976; Ruyechan et al, 1979). Such anti-
bodies are involved in ADCC and viral neutralization; anti-
bodies against gB, gC, and gD mediate ADCC (Norrild et al., 
1979; Sethi, 1983) and complement-dependent cytotoxicity 
of HSV-infected cells (Kohl et al, 1981a). High titers of 
neutralizing antibodies against HSV are generated by purified 
gD; monoclonal antibodies directed against this glycoprotein 
can limit infectious spread of induced HSV infection in mice 
(Cohen et al., 1972,1984; Eisenberg et al, 1982). Passive 
transfer of monoclonal antibodies against the principal glyco-
proteins inducing ADCC but not neutralization still could 
confer protection against HSV challenge in mice (Balachan-
dran et al, 1982). Similar studies have been conducted in 
the naturally HSV-exposed neonate, showing that passive 
transfer of HSV-specific antibody may prevent or moderate 
the disease in exposed infants (Yeager et al, 1980; Nahmias, 
1983; Prober et al, 1987; Sullender et al, 1987). Unfortu-
nately, the prospect of a useful vaccine against HSV-2 to 
provide protection for mothers and their infants is far from 
realized. 

D. Cytomegaloviruses 

Cytomegaloviruses (CMV) are also members of the her-
pes virus family. These common viral agents infect many ani-
mal species including humans (Weiler, 1971). At present, 
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CMV is the leading cause of congenital and perinatal viral 
disease in infants (Reynolds et al., 1973; Stagno et al., 1975; 
Pass et al., 1981; Stagno, 1990). Although many exposed 
infants have mild to no obvious disease, congenitally infected 
infants can have severe manifestations including deafness 
and multiple organ system involvement (Kumar et al., 1973; 
Reynolds et al., 1974; Stagno et al., 1977,1981; Alford et al., 
1990; Stagno, 1990). Additionally, infants infected in utero 
can continue to shed virus from the urine for more than 5 yr 
and from the nasopharynx for 2-4 yr (Stagno et al., 
1975,1984; Pass et al., 1980). Hence, prevention of this dis-
ease in susceptible pregnant females would be beneficial to 
their infants. CMV, like HSV, can produce recurrences; 
asymptomatic shedding from the cervix, urinary tract, and 
pharynx is not uncommon in women. In postpartum women, 
the breast appears to be a common site of reactivation; more 
than 30% of seropositive females intermittently excrete CMV 
in their milk during the first year after delivery (Stagno et 
al., 1980; Dworsky et al., 1983). 

Like HSV infections, primary CMV infection of the preg-
nant woman is much more likely to cause fetal or neonatal 
infection than recurrent infection. Both antibody- and specific 
cell-mediated immunity appear to have a role in protection 
against CMV. Indirect evidence for the efficacy of specific 
CMV antibody in disease prevention and modulation comes 
from studies of renal transplant patients (Syndman et al., 
1987). A reduction in the incidence of symptomatic CMV 
infection was noted in renal transplant patients given prophy-
laxis with high titer CMV immunoglobulin, although the over-
all incidence of CMV remained the same. Stern et al. noted 
that women with strong lymphocyte proliferative responses 
to CMV during primary infection delivered infants without 
infections, whereas 60% of their female patients without such 
responses delivered infected infants (Stern, 1984). Maternal 
immunity also seems to modify the severity of neonatal infec-
tion (Stagno et al. ,1982,1986), a result that has led to attempts 
to immunize the nonimmune population to control congenital 
CMV infection with a live attenuated strain of CMV (Plotkin 
et al., 1976,1984; Stern, 1984). However, immunity appears 
to dissipate with time; antibody and lymphocyte transforma-
tion reactions to CMV disappeared in half the vaccinees over 
an 8-yr period (Stern, 1984). Additional issues regarding reac-
tivation of viral vaccine strains, latency, and oncogenic po-
tential of such live vaccines have not been answered ade-
quately (Stagno, 1990). These problems, in conjunction with 
the issue of waning immunity, make the development and use 
of subunit vaccines much more attractive than live vaccines 
(Plotkin et al., 1990). Whether or not this new vaccine, or 
another like it, will reduce the incidence of congenital CMV 
infections as effectively as vaccination of susceptible popula-
tions with rubella vaccine curbed congenital rubella syn-
drome in the 1960s remains to be seen. 

E. Genital Mycoplasmas 

Unlike the previously discussed STDs, the roles of genital 
mycoplasmas and other bacterial commensals of the vagina 
in adverse pregnancy outcome and infant morbidity and mor-

tality are less clearly established. Genital mycoplasmas have 
been implicated in the development of chorioamnionitis, pre-
term labor, and low birth weight infants (Cassell et al., 1986; 
Driscoll, 1986; Gravett and Eschenbach, 1986; Kass et al., 
1986;Hillier^a/., 1988; Liepmanneia/., 1988; Watts et al., 
1989). Ureaplasma urealyticum has been implicated in the 
development of neonatal pneumonia and chronic lung disease 
of the premature infant (Quinn et al., 1985; Cassell et al., 
1988; Wang et al., 1988; Wakes et al., 1989), although the 
pathogenesis has not been clarified entirely. Depending on 
the study population, as many as 80% of pregnant women 
have been noted to be colonized with U. urealyticum in their 
genital tracts at some point during pregnancy (Harrison, 
1986). However, only a small subset of exposed premature 
infants develops chronic lung disease (bronchopulmonary 
dysplasia, BPD) and the multiple factors involved in the gen-
eration of BPD will be difficult to evaluate. Clearly Ure-
aplasma and Mycoplasma species produce phospholipases, 
particularly A2, which may contribute to relative surfactant 
deficiency in the sick premature infant, despite surfac-
tant replacement therapy. Clearly this avenue of research 
must be pursued to assess the maternal response to 
these organisms and to clarify their role in neonatal pneu-
monia. 

Mycoplasma hominis, a less common isolate in pregnant 
women than U. urealyticum, has been recovered occasionally 
from multiple sites in infants and children (McDonald and 
Moore, 1988). Meningitis (Wealthall, 1975; Mardh, 1983; Mc-
Donald and Moore, 1988; Waites et al., 1988), pericardial 
effusion (Miller et al., 1982), and sepsis (Unsworth et al., 
1985) all have been documented with M. hominis as the only 
organism recovered from these sites. However, a prevalence 
study of M. hominis and other genital mycoplasmas as agents 
in sepsis and meningitis in young infants failed to recover 
these agents from the blood or cerebral spinal fluid in nearly 
200 cases, whereas 6 M. hominis and 9 U. urealyticum iso-
lates were recovered from the urinary tract, indicating coloni-
zation of the infants with these organisms (Likitnukul et al., 
1986). 

Despite evidence to suggest the role of genital mycoplas-
mas in maternal and neonatal disease, very little is known 
about the local host response to these organisms. Humoral 
antibody responses have been documented for most Myco-
plasma species in human and animal hosts, but a direct rela-
tionship between the level of circulating antibody and resis-
tance to mycoplasmal infection is not always obvious. 
Although little or no data are available on the local antibody 
responses to genital mycoplasmas in humans, some data from 
a mouse model of genital tract infection suggest that specific 
IgG and IgM are produced in the genital tract (Taylor-
Robinson, 1988). However, although IgA would be specu-
lated to be present, it could not be confirmed (Taylor-
Robinson, 1988). Additionally, resistance to reinfection 
appeared to correlate with the presence or absence of lo-
cal IgG (P. Furr and D. Taylor-Robinson, unpublished data). 
As the role of mycoplasmas is better defined in the neonate, 
a clearer cause and effect relationship may be established 
between carriage of genital mycoplasmas by the mother and 
her ability to transmit the organisms to her offspring. 
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V. SUMMARY 

The evidence presented thus far indicates that the mucosal 
surfaces of the female genital tract are able to mount a locally 
induced specific antibody and specific cell-mediated immune 
response. The local antibody response appears to be indepen-
dent of the serum antibody response and is associated mostly 
(but not exclusively) with secretory IgA immunoglobulin and 
locally reactive lymphocyte populations. The precise origin 
of cells responsible for cell-mediated immunity is unknown. 
Data suggest that the sparse amount of IgA immunocompe-
tent tissue observed in the female genital tract may be derived 
largely from immunoreactive cells from the gastrointestinal 
tract, particularly Peyer's patches. Additional data regarding 
the immune response of the breast suggest that a similar 
population of antigen-primed IgA-producing cells from the 
gastrointestinal tract migrates to the female breast and se-
cretes specific IgA into the milk. Thus, antigen exposure 
in the gut-associated lymphoid tissue produces a sharing of 
immune experience at all mucosal surfaces, with particular 
enhancement at the surface of secondary exposure which, 
in this case, is the genital tract. Reduction of female genital 
tract colonization by pathogens through immunization pro-
grams may be able to reduce the incidence of transmission 
of the offending organisms to the neonate's mucosal surfaces. 
The neonate's own immune system, although not as active 
against certain organisms that require cytotoxic responses, 
also is capable of a broad range of immunological responses. 
Hence, the exploitation of antigen-sensitized precursor cells 
in the gastrointestinal tract of the mother by oral priming 
with genital pathogens (or antigenically reactive components 
of the pathogens, such as OMPs) may provide protection 
against genital pathogens in the near future. This benefit 
would be dual: not only could the infection rate and subse-
quent morbidity and mortality in newborns be decreased, but 
it may be possible to reduce the rampant spread of STDs 
through such immunization programs in the ensuing decade. 
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Apical membrane, antigen exclusion at, 30-31 
Aplasia, congenital thymic, 462 
Apolactoferrin, 53 
Apoptosis, 544 
Appendix 

gut-associated lymphoid tissues in, 417-418 
T cells, 275 

Arachidonic acid, conversion to prostaglandins, 303 
Arthritis 

rheumatoid, malabsorption in, 476 
seronegative nondestructive, 515 

Aspergillosis, allergic bronchopulmonary, 565 
Aspergillus, in hypersensitivity pneumonitis, 564 
Aspergillus fumigatus antigen, skin testing with, 565 
Asthma, see also Allergies 

definition, 561 
exercise-induced, role of mast cells, 542 
mucosal immune function, 539 

immunological mechanisms, 541-546 
T lymphocyte populations, 539-541 

Ataxia telangiectasia, 444 
Atopic dermatitis 

clinical manifestations, 498 
diagnosis, 498-499 
pathogenesis, 498 
treatment, 499 

Autoantigens, see also Antigens 
in autoimmune chronic active hepatitis, 519 
M2 mitochondrial, 516 
plasma membrane expression of mitochondrial antigens 

by bile duct, 516-517 
in primary biliary cirrhosis, 515 

Autoimmune liver diseases, 514 
chronic active hepatitis 

activity of liver-derived T-cell clones, 519-520 
autoantigens, 519 
genetic susceptibility and environmental factors, 518 
histological features, 518-519 
pathogenesis, 518 
peripheral blood B- and T-cell activity, 519 

primary biliary cirrhosis, 514, 515, 517-518 
activity of liver-derived T cells, 517 
autoantigens in, 516 
clinical features, 515 
genetic susceptibility and environmental factors, 

515 
histological features, 515-516 
hypergammaglobulinemia and autoantibodies, 515 
M2 mitochondrial autoantigens, 516 
pathogenesis, 515-517 
peripheral blood B- and T-cell activity, 517 
plasma membrane expression of mitochondrial 

antigens by bile duct, 516-517 
Autoimmune thyroiditis, 515 
Autoimmunity, in ulcers, 435 
Avridine, mucosal adjuvanticity, 397-398 
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Bacillus Calmette-Guerin, 532 
Bacteria, antibiotic-producing, in ocular mucosal 

immunity, 575 
Bacterial adherence, 71 

anti-adhesive mucosal defense mechanism, 74-75 
mechanisms, 71-73 
mucosal receptor repertoire, 75 
role of secretory IgA, 603 
and toxicity, 73-74 

Bacterial infections, 554-555 
intestinal, in HIV, 721 
tuberculosis as, 556-557 

Bacterial vaccines 
cholera, 366 
Haemophilus influenzae, 367 
salmonella, 366 
shigellosis, 366-367 
streptococci, 367 

BALT, see Bronchus-associated lymphoid tissue 
Basal lamina, 12 
Basolateral membrane, 11-12 
Basophil degranulation 

in allergic reactions, 543 
in testing for food allergies, 496 

Bacterial lipopolysaccharide, adjuvant activity, 396-397 
B-l cell lineage, 217-218 

IgA plasma cells in μκ transgenic mice, 219-220 
B cells 

activation in IgA switch differentiation, 160-161 
in antigen presentation, 177-178 
antigen uptake by, 178 
as cellular target of adjuvanticity, 395-396 
commitment to IgA and maturation in mucosal immune 

system, 229-232 
differentiation 

compensatory terminal, 258 
germinal center characteristics and role in, 153-154 

IgA expression by, cytokines in, 246-247 
Ig-secreting, distribution in SCID mouse with human 

tonsillar mononuclear cell grafts, 632-634 
J chain expression, 89-90 
lymphoproliferative disorders, 425 
in mucosal immune responses, 217-222 
in oral tolerance, 193 
peripheral blood activity 

in cirrhosis, 517 
in hepatitis, 519 

in Peyer's patches, 416-417 
polymer formation, 3 

Behcet's syndrome, 610-611 
Belomycin, in allergic alveolitis, 564 
Benign mucous membrane pemphigoid, oral mucosal 

manifestation, 621 
Bile duct, plasma membrane expression of mitochondrial 

antigens by, 516-517 
Bile duct epithelium, role of secretory component, 120-121 

Biliary tract 
autoimmune liver diseases, 514-520 
hepatobiliary diseases, 513-514 
obstructive disease, 514 
sepsis, 514 

Binding affinity, and J-chain dependency, 114-115 
Bioactive peptides, in human milk, 648 
Biodegradable microspheres, 376-377 

immunization studies with antigens incorporated within 
polymeric particulars, 377-380 

Biopsy-urease test, in diagnosis of ulcers, 436 
Bird fancier's lung, 564 
Birds 

anseriformes, 101 
IgA, 99-100 
mucosal immunoglobulins, 99-100 
secretory component, 100-110 

Bismuth salts, for gastritis and peptic ulcer, 436-437 
Bivalent Salmonella vaccine strains, 382-383 
Borde tella pertussis pertussigen, mucosal adjuvanticity, 397 
Bovine, ca genes, 105 
Bovine lactoperoxidase, 60-61 
Bovine milk, 643, see also Cow's milk intolerance 

IgA, 645 
IgG, 646 

Breast feeding, see also Milk 
and development of allergies, 562-563, 656-657 
effects on host defense components of infant, 654-655 
exclusive or complete, 653 
and immunoglobulins, 654 
and infections in infant 

gastroenteritis, 655-656 
septicemia, 656 

long-term effects, 649 
mode of feeding, effect on microbial flora of infant, 

653-654 
other components, 655 
partial, 653 
prevalence and duration, 653 
time of onset, 653 
and vaccine responses, 654 

Breath test, see Urea breath test 
Bronchial challenge tests, 565 
Bronchial epithelium, in allergic reactions, 544-545 
Bronchial mucosal lymphoid tissue, see 

Bronchus-associated lymphoid tissue 
Bronchiolitis, and respiratory syncytial virus infections, 

552 
Bronchitis, wheezy, 562 
Bronchus-associated lymphoid tissue, 529, 533-535 

antigen uptake, 226 
characteristics associated with, 141 
classical, 530-533 
regulatory role for, 533, 535 
similarities between Peyer's patches and, 533 
as source of IgA precursors in middle ear, 603 

Bursa of Fabricius, and mucosal immune system, 143 
Byssinosis, 564 
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Caco-2 (human colon carcinoma) cells, confluent, in 
evaluating Salmonella factors, 406 

Calcitonin gene-related peptide, 210-211 
in allergic reactions, 545 

Campylobacter jejuni, in intestinal infections, 505, 506, 508 
Campylobacter pylori, in ulcers, 435 
Candida 

in HIV infections, 723 
in intestinal infections, 464 
in oral infections, 613-615 

Candidal leukoplakia, 613 
Candidiasis 

chronic hyperplastic, 613 
chronic mucocutaneous, 613, 615 

Capnocytophaga species, in periodontal diseases, 617 
Carbohydrates 

in human milk, 648 
moiety of a chains, 84 

Caries, dental, see Dental caries 
ß-Carotene, in human milk, 648-649 
Caseins, in human milk, 643 
ß-Casomorphines, in human milk, 648 
Caveolated cells, 13 
CD4+ cells, in HIV infection, 719-720 
CD4 expression, 287-288 
CD8 expression, 287-288 
Cefalosporins, for gastritis and peptic ulcer, 436-437 
Celiac disease 

food-specific antibiotics in, 190 
oral mucosal manifestation, 620 
T cells in, 420-421 

Cell culture 
mast cell studies, 308 
liposomes vaccines in, 375-376 

Cell-mediated immunity 
in influenza virus infection, 554 
regulation, sex hormones and cytokines in, 711-713 
for tuberculosis, 557 

Cell polarity, maintenance, 28 
Cellular hypersensitivity, to organic dusts, 565 
Ceruloplasmin, in ocular mucosal immunity, 575 
Cervical secretions, defense mechanisms in, 730 
Ca genes 

bovine, 105 
chicken, 106-107 
expression, 107 
murine, 105 
primate, 105 
rabbit, 105-106 

Charcot-Leyden crystals, 501 
Chicken, ca genes, 106-107 
Chlamydia, 734-736 
Cholera, bacterial vaccines for, 366 
Cholera toxin 

antigen uptake into follicles, 394 
and cellular targets of adjuvanticity, 393-396 
molecular structure, 392 

as mucosal adjuvant, 392-393 
role of subunits, 393-394 
site of activity, 394 

and transport of endocytosis, 32 
Chronic granulomatous disease, 462 
Chronic hyperplastic candidiasis, 613 
Chronic mucocutaneous candidiasis, 613, 615 
Chronic obstructive pulmonary disease, 565 
Cigarette smoking, as cause of COPD, 565 
Ciguatera poisoning, 497 
Cirrhosis 

primary biliary, 514, 515, 517-518 
activity of liver-derived T cells, 517 
autoantigens in, 516 
clinical features, 515 
genetic susceptibility and environmental factors, 515 
histological features, 515-516 
hypergammaglobulinemia and autoantibodies, 515 
mitochondrial antigens, plasma membrane expression 

by bile duct, 515-517 
pathogenesis, 515-517 
peripheral blood B- and T-cell activity in, 517 

Citrobacter freundii, in intestinal infections, 506 
Class switching 

IgA expression as result, 107 
T-cell induction, and IgA production, 265-267 

Cleavage, poly Ig receptor, 118-119 
Clinical syndromes, caused by enteric pathogens, 508-509 
Clonal deletion, and oral tolerance, 193 
Clostridium difficile, in intestinal infections, 507 
CMCC, see Chronic mucocutaneous candidiasis 
Colitis 

cytomegalovirus, 722 
hemorrhagic, 509 
ulcerative 

oral mucosal manifestation, 620 
role in mucosal immune system, 439-440 

Columnar absorptive cells, 20 
Complement components 

antigen uptake, 178 
chains, IgA structure and arrangement, 81-88 

Complement factors C3 and C3 activator, in ocular 
mucosal immunity, 573 

Complement fixation, in measuring antibody response, 436 
Complement pathway activation, in inflammatory bowel 

disease, 444-445 
Congenital immunodeficiency, and otitis media, 601 
Congenital thymic aplasia, 462 
Conjunctiva, in ocular mucosal immunity, 571-572 
Connective tissue mast cells, strategies for study of, 307-308 
COPD, see Chronic obstructive pulmonary disease 
Contact lens wear, effect on secretory immune system of 

eye, 580, 581-583 
Corynebacterium, tear response to, 575 
Cow's milk intolerance, see also Bovine milk 

protein loss in, 478 
and soy protein, 472-473 

Crohn's disease, 467 
food-specific antibiotics, 190 
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granulocyte and macrophage function, 445-446 
histopathology, 473 
malabsorption, 472-473 
in mucosal immune system, 439-440 
oral mucosal manifestation, 620 
protein loss, 478 

Crypt cells, 12-13 
Cryptosporidium, in intestinal infection, 464, 508 
Cryptosporidosis, 461-462 
Cup cells, 13 
Cystic fibrosis, distinguishing between food allergy and, 

496 
Cytokines 

activation of mononuclear cells, 722 
effect on genital tract humoral immunity, 710-711 
induction of isotype switching to IgA, 160, 244-246 

Ig A expression by human B cells, 246-247 
maturation of IgA-expressing cells to IgA-secreting 

cells, 243-244 
molecular events accompanying induction, 161-162 

modulation of secretory component expression, 120 
in mucosal immune system, 243 

interleukin 2, 244 
interleukin 5, 243-244 
interleukin 6, 244 

in oral tolerance, 193 
production 

and acute inflammation initiation, 316-317 
effects, 318 
extension to liver, 318-319 
initiation of cell-antigen interactions, 315-316 
by macrophages, 439 
in mucosal sites, 248 
in response to infection with nematodes, 317 
stimulation, bacterial products in, 74 
by T-helper subsets, 247 

pro-inflammatory, in ulcerative colitis and Crohn's 
disease, 446-447 

in regulation of cell-mediated immunity, 711-713 
response of epithelial cells to stimulation, 74 

Cytolytic activity, intraepithelial lymphocytes, 293 
Cytomegalovirus 

in genital tract infections, 737-738 
in intestinal infections, 464-465 
in Sjogren's syndrome, 580 

Cytomegalovirus colitis, 722 
Cytotoxic cells, pulmonary, 329 
Cytotoxic function, intestinal lymphocytes, 282-283 
Cytotoxic lymphocytes, in mucosal effector sites, 325-330 
Cytotoxic T cells, 333 

allospecific, 326-327 

Dental caries 
causative bacteria, 616 
genetic factors, 616 
immune responses following, 616 
immunity to, 615 
immunization against, 616-617 
natural immunity in humans, 615-616 

Dermatitis, atopic 
clinical manifestations, 498 
diagnosis, 498-499 
pathogenesis, 498 
treatment, 499 

Dermatitis herpetiformis, 470, 472 
Dermatoses, oral mucosal manifestations, 620 
Desmosome, 11 
Diabetes mellitus, malabsorption in, 476 
Diet 

elimination, in diagnosis of food allergies, 497 
gluten-free, 472 
maternal hypoallergenic, 563 

Dietary antigens, see also Antigens 
immune responses to, 185 
and oral tolerance, 185-186 

background, 186 
clinical and practical relevance, 195-197 

consequences of breakdown, 195-196 
development of oral vaccines, 196-197 
immunotherapy, 196 

factors influencing induction and maintenance, 188 
genetic background of host, 188-189 
immunological status of host, 190-191 
host age, effect on susceptibility, 189 
influence of intestinal flora, 189-190 
nature of antigen, 188 
nutritional influences, 190 
role of intestinal absorption and antigen uptake, 190 

immunological consequences, 187 
mechanisms, 191-195 

antigen presentation role, 194-195 
B lymphocyte and antibody effects, 193 
clonal energy and deletion of T lymphocytes, 193 
cytokines in, 193 
intestinal processing and, 193-194 
liver in, 195 
peripheral tolerance and immunoregulation, 191-192 
suppressor T cells, 192 

scope, 186-187 
time course and duration, 187-188 

Diferric lactoferrin, 53 
Discoid lupus erythematosus, oral mucosal manifestation, 

621 
Double-blind placebo-controlled food challenge, 497-498 

Dendritic cells 
antigen presentation, 177-178 
antigen uptake, 226-228 
in IgA B-cell differentiation, 168-169 
lamina propria, 422 

Ear, middle, see Middle ear 
Effector cells, distribution in mucosa 

IgA-producing plasma cells, 225 
T cells, 225-226 
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Effector sites, mucosal, cytotoxic lymphocytes in, 325-330 
Effector tissues, mucosal, T-helper cells in, 269-271 
Egg-sperm interaction, and anti-sperm antibodies, 696-698 
Elimination diets, in diagnosis of food allergies, 497 
ELISA, see Enzyme-linked immunosorbent assay 
Embryogenesis, and adherence, 71 
Endocrine modulation, ocular secretory immune system, 

580, 583-586 
Endocrine regulation, mucosal immunity, 705-706, 

713-716 
cell-mediated immunity and antigen presentation by sex 

hormones and cytokines, 711-713 
cytokine effects on genital tract humoral immunity, 

710-711 
regulation by sex hormones and glucocorticoids, 706-708 
routes of immunization and hormonally stimulated 

antibodies in mucosal secretions, 708-710 
Endocytosis, 28-29 

interactions in, for polylg, 115-116 
and transport of cholera toxin, 32 

Entamoeba histolytica, in intestinal disease, 505, 508 
Enteric pathogens 

clinical syndromes, 508-509 
in HIV disease, 724 
Ig A protection against, evaluation, 406-407 
immune responses elicited by, 509-510 

Enterobacter cloacae, 466 
Enterocytes 

as antigen-presenting cells, 43-44 
diversity, and antigen transport, 27 
transcytosis by, 27 
vacuolated, membrane traffic in, 31-32 

Enterocyte surface membrane, in prevention of 
pathological transport, 46-47 

Enteroendocrine cells, in gastrointestinal tract, 13 
Enteropathy, gluten-induced, 467-472 

in intestinal infections, 507-508 
and mucosal adherence, 507 

Enzyme-linked immunosorbent assay 
in measuring antibody response, 436 
in testing for food allergies, 496 

Enzyme neutralization, 129 
Eosinophilia, in ulcers, 435 
Eosinophilic gastroenteritis, 476 

clinical manifestations, 500-501 
diagnosis, 501 
pathogenesis, 500 
treatment, 502 

Eosinophils, in allergic reactions, 542-543 
Epidermal growth factor, 12-13 
Episodic macrohematuria, 663 
Epithelial cells 

in antigen uptake, 226-228 
IgA effect, 131 
invasion in intestinal infections, 507-508 
microtubules, 30 
in mucosal immune defense, 27 
response to cytokine stimulation, 74 

Epithelial monolayers, in vitro, 405-406 

Epithelial stem cells, 12-13 
Epithelium, see also specific types 

Langerhans cells and lymphocytes, 679-681 
Epstein-Barr virus 

and distribution and engraftment patterns of human 
tonsillar mononuclear cells and Ig-secreting cells in 
SCID mouse, 632-634 

in Sjögren's syndrome, 580 
Erythema multiforme, oral mucosal manifestation, 621 
Erythematosus, see Discoid lupus erythematosus; 

Systemic lupus erythematosus 
Erythromycin, for gastritis and peptic ulcer, 436-437 
Escherichia coli 

and breast feeding, 654 
enterotoxigenic strains, 392 
in intestinal infections, 466, 506 
tear response to, 575 

Estradiol 
effect on uterine secretory component, 707-708 
hormone response of IgA and IgG to, 706-707 
influence on lymphocytes at intraepithelial sites in 

uterus, 712 
in reproductive tract secretions, 708 

Eustachian tube, mucosal immunology, 599-605 
Exercise-induced asthma, role of mast cells, 542 
Exocrine tissues, distribution of Ig-producing 

immunocytes, 252-256 
Exogenously administered antibody, 351 
Experimental passive immunization, transport of 

administered IgA to mucosal surfaces 
exogenously administered antibody, 351 
gastrointestinal tract, 349-350 

milk, 350 
respiratory tract, 350 
saliva, 350 

implications for passive immunization, 352-353 
protection of mucosal surfaces by passively administered 

antibodies, 351 
systemically administered antibody, 351-352 

Eye, see also Ocular disease; Ocular mucosal immunity 
endocrine neural and immune modulation, 580, 583-586 
immune response, 575-583 
secretory immune systems, 569-575, 580, 581-583 

Farmer's lung, 564, 565 
Fc receptors 

mediated antigen uptake, 178 
type a, up-regulation, 6 

FD&C Yellow Dye No. 5, see Tartrazine yellow 
Female genital tract 

infectious agents and mucosal immune response, 731 
defense mechanisms, 729-730 
specific pathogens and role of female immune response, 

731-732 
chlamydia, 734-736 
cytomegaloviruses, 737-738 
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genital mycoplasmas, 738 
herpes simplex virus infections, 736-737 
Neisseria gonorrhoeae, 732, 734 

Female reproductive tract 
afferent limb of mucosal immunity, 679-681 
efferent limb of mucosal immunity, 677-679 
endocrine regulation of mucosal immunity, 705-706, 

713-716 
influence of cytokines on genital tract humoral 

immunity, 710-711 
and immunologically mediated failure, 691-699 
regulation of cell-mediated immunity and antigen 

presentation by sex hormones and cytokines, 
711-713 

routes of immunization and hormonally stimulated 
antibodies in mucosal secretions, 708-710 

sex hormones and glucocorticoids, 706-708 
immunization to elicit mucosal immunity, 682-683 
role of mucosal immunity in protection against 

infections, 681-682 
Fibronectin, 12 
Fibrovesicular cells, 13 
Fimbriae, type I, 72-73 
Fimbrial-carbohydrate interactions, 73 
Fish, mucosal immunoglobulins, 102 
Follicle-associated epithelium 

and antigen uptake, 226 
cells, 20 
composition, 15 

Follicles, antigen uptake into, 394 
Food additives 

allergic reaction to, 496 
prevalence of reactions to, 493 

Food allergens, 494-495 
and atopic dermatitis 

clinical manifestations, 498 
diagnosis, 498-499 
pathogenesis, 498 
treatment, 499 

Food allergies, see also Allergies 
to cow's milk, 472-473 
definition, 493 
immediate reactions to foods, 493 

clinical manifestations, 495 
diagnosis, 496-497 
food allergens in, 494-495 
laboratory procedures, 495-496 
pathogenesis, 493-494 
therapy for, 497-498 

oral mucosal manifestation, 620 
prevalence, 493 

Food hypersensitivity, 493, see also Food allergies 
Food intolerance, 493, see also Food allergies 
Food protein-induced gastroenteropathy 

clinical manifestations, 499 
diagnosis, 500 
pathogenesis, 499 
treatment, 500 

Furazolidine, as cause of allergic alveolitis, 564 

GALT, see Gut-associated lymphoid tissue 
Gap junctions, 11 
Gastrin-releasing polypeptide and bombesin, 210 
Gastroenteritis 

effects of breast feeding, 655-656 
eosinophilic, 476, 500-502 

clinical manifestations, 500-501 
diagnosis, 501 
pathogenesis, 500 
treatment, 502 

in immunocompetent host, 459-461 
in immunocompromised host, 461-465 

Gastroenteropathy 
food protein-induced, 499 

clinical manifestations, 499 
diagnosis, 500 
pathogenesis, 499 
treatment, 500 

protein-losing, 477-479 
Gastrointestinal tract 

cytokines, 315-321 
effect of systemically administered antibodies, 352 
oral mucosal manifestations, 620 
as reservoir for HIV-infected mononuclear cells, 

721-722 
T cells 

intestinal lymphocytes 
antigen-receptor triggered function, 282 
cytotoxic function, 282-283 
immunoregulatory function, 280-282 
lymphokine production and utilization, 279-280 

in lamina propria, activation, 279 
phenotypic characteristics, 275-279 

transport of passively administered Ig A to, 349-350 
Gastrointestinal tuberculosis, 460-461 
Genital mycoplasmas, 738 
Genital tract 

female, infections 
defense mechanisms, 729-730 
infectious agents and mucosal immune response, 731 
specific pathogens, 731-738 

chlamydia, 734-736 
cytomegaloviruses, 737-738 
genital mycoplasmas, 738 
herpes simplex virus infections, 736-737 

Neisseria gonorrhoeae, 732, 734 
humoral immunity, cytokine effects, 710-711 

Germinal centers 
characteristics and role in B-cell differentiation, 153-154 
as source of IgA memory cells, 156-157 

Germline transcripts, induction and function, 163-164 
Giardia lambia 

diarrhea, 460 
gastroenteritis, 461 
intestinal infections, 508, 509 
and malnutrition, 460 

Gingival crevicular fluid, 608-609 
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Gingivitis, 617 
Glucocorticoids, in regulation of mucosal immunity, 

706-708 
Gluten-free diet, 472 
Gluten-induced enteropathy, 467-472 
Glycocalyx, 11 
Glycoconjugates, in human milk, 75, 648 
Glycolipids, 72 
Glycoproteins, high-molecular-weight, 64-65 
Glycosaminoglycans, 12 
Glycosidases, 134 
Glycosylation-enhancing factors, 6 
Glycosylation-inhibiting factors, 6 
Goblet cells, 12 

mucus secretion from, 13 
Granulocyte function, in ulcerative colitis and Crohn's 

disease, 445-446 
Granulomas, hepatic, 514 
Granulomatosis, Wegener's, malabsorption in, 476 
Granulomatous disease, chronic, 462 
Grave's disease, malabsorption in, 476 
Gut-associated lymphoid tissue, 11 

antigen uptake in, 226 
characteristics and functions, 141 
effect of malabsorption, 457 
in induction of humoral mucosal immune response, 151-152 
influence of malnutrition, 479 
mucosal epithelium, 15-23 
organized, structure and cellular composition 

appendix, 417-418 
lymphoid tissue of colon, 417 
Peyer's patches, 415-417 
stomach, 415 

as source of IgA precursors in middle ear, 603 
T-helper cells, 271 

Gut epithelium 
class II gene expression, 418-420 
as lymphoid organ, 418 
T-cell populations, 420-421 

Gut mucosal cytotoxic T lymphocytes 
allospecific, 326-327 
reovirus-specific, 327-328 
rotavirus-specific, 328-329 
vaccinia virus-specific, 327 

Gut mucosal tissues, nonspecific cytotoxic cells, 325-326 

Haemophilus influenzae 
bacterial vaccines for, 367 
immune response of tonsils to, 630 
in otitis media, 600, 602, 603 

Heavy chain diseases, 425 
Helicobacter pylori 

in macrophage activation, 722 
in ulcers, 435-437 

Heliobacterjujuni, in gastrointestinal disorders, 461-462 
Helper T cells, 333-334 

mucosal effector tissues, 269-271 
mucosal immune responses, 267-269, 271-272 

mucosal inductive cells, 264-265 
subsets, cytokine production, 247 

Hematuria, microscopic, 663 
Hemidesmosomes, 12 
Hemolytic-uremic syndrome, 509 
Hemorrhagic colitis, 509 
Henoch-Schoenlein purpura, malabsorption in, 476 
Hepatic clearance, role of receptors, 90 
Hepatic granulomas, 514 
Hepatitis, autoimmune chronic active, 518 

activity of liver-derived T-cell clones, 519-520 
autoantigens in, 519 
genetic susceptibility and environmental factors, 518 
histological features, 518-519 
pathogenesis, 518 
peripheral blood B- and T-cell activity, 519 

Hepatobiliary diseases 
IgA in, 513-514 
and immunodeficiency, 514 

Hepatocytes, see also Liver 
secretory component, 120-121 

Herpes-group virus, in stimulation of HIV expression, 722 
Herpes simplex virus infections, 736-737 

intestinal, 465 
spread, 586 

Herpes virus-6, in Sjogren's syndrome, 580 
Herpetiform ulcers, 609-610 
High endothelial venule, 5 

in Peyer's patches, 23 
Histamine, in ocular mucosal immunity, 575 
Histidine-rich proteins, 53 
HIV infection, see also Acquired immunodeficiency 

syndrome 
enteric pathogens in, 724 
and hepatobiliary disease, 514 
in intestinal infections, 462-465 
mucosal immunopathophysiology in 

HIV entry, 719 
HIV infection of CD4+ cells, 719-720 
HIV reservoir, 721-722 
intestinal bacteria, 721 
lymphoid cell responses, 723 
macrophage activation, 722-723 
mucosal neoplasms, 723-724 
opportunistic infections, 723 
reduction in mucosal CD4+ lymphocytes, 720-721 

and oral Candida infections, 613 
Homeostasis, and IgA, 134 
Hormones, see also specific hormones 

effects on modulation of secretory component 
expression, 120 

Human 
evidence for common mucosal immune system in, 

359-360 
gastrointestinal mucosal T cells 

intestinal lymphocytes 
antigen-receptor triggered function, 282 
cytotoxic function, 282-283 
immunoregulatory function, 280-282 
lymphokine production and utilization, 279-280 
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in lamina propria, activation, 279 
phenotypic characteristics 

lymphocyte subpopulations, 275-276 
mucosal specific antigens, 277-278 
receptors controlling cell migration, 276-277 
receptor expression, 278-279 

Human immunodeficiency virus, see also HIV infection 
and SIVs, 365-366 

Human lactoperoxidase, 60-61 
Human milk, see Breast feeding; Milk 
Human salivary peroxidase, 60 

amino acid sequence, 61 
Humoral mucosal immune response, role of gut-associated 

lymphoid tissue, 151-152 
Hybridoma backpack tumor method, 405 
Hydrochlorthiazide, as cause of allergic alveolitis, 564 
Hypergammaglobulinemia, and autoantibodies, 515 
Hypersensitivity disorders 

cellular hypersensitivity to organic dusts, 565 
food hypersensitivity, 564-565 
pneumonitis hypersensitivity, 564-565 
respiratory tract, 565 

Hypoparathyroidism, malabsorption in, 476 
Hypoproteinemia, 477 

IgA 
B-cell development, regulation, 159 

cellular basis, 165-171 
molecular features of Ig class switching, 159-165 

B-cell differentiation 
cellular basis, 165-171 
dendritic cells in, 168-169 
overview, 171-173 
role of TGF/3 and other switch factors, 169-173 

binding proteins, 134 
biological properties, 127-131 
biosynthesis and assembly, 88-90 
in birds, 99-100 
in cervical secretions, 730 
cleaving activity, 132-133 

in vivo, 133 
component chains, structure and arrangement, 81-88 
concentration in lacrimal tissue, 585 
cytokine effects 

in human B cells, 246-247 
in inducing isotype switching, 243-246 

deficiency, selective, 258-259 
engineered secretory, strategies for production, 407-408 
epithelial localization, 113-114 
evaluation of protection against enteric pathogens, 

406-407 
formation, molecular mechanisms, 7 
function, 79 
heavy chain genes, 105-107 
in hepatobiliary diseases, 513-514 
and homeostasis, 134 
hybridomas, production methods, 404 

identification in mammals, 99 
IgAl and IgA2 myeloma proteins, 91 
immune complexes with, clearance, 121-122 
metabolism, 90-92 
microbial evasion, 131-134 
in modulating mucosal immune response, 404 
monoclonal, 404-408 
monomeric, 86, 88 
mucosal responses 

in clearance of infectious virus from mucosal surfaces, 
338 

local nature, 336-337 
major mediators, 338-339 
mechanism of antiviral activities, 337-338 
viral antigens recognized by, 335-336 

need for T cells in response, 6 
Peyer's patches as inductive sites for commitment, 

151-157 
plasma cells producing 

B-l cell lineage, in μκ transgenic mice, 219-220 
intestinal, origin, 217 
mucosal, distribution, 225 
precursors in gut, peritoneal reservoir, 218-219 

polymeric, 86, 88 
predominance in mucosal secretions, 79 
protection by circulation in tissues, molecular 

mechanisms, 129-131 
quantitative aspects of protection, 407 
response to luminal antigen, 529 
salivary, 607-608 
secretory, 79-80, 602, 603 

in bacterial adherence, 603 
hormonal control, 81 
in intestinal protection, 403-404 
in middle ear effusions and nasopharyngeal secretions, 

602 
in serum, 80-81 
structure, 86, 88 

as soluble receptor for bacterial adhesions, 75 
source of precursors, in middle ear, 603 
subclasses, human, biological significance, 90-92 

distribution in body fluids and tissues, 91 
functional differences between, 91 
IgAl and IgA2, naturally occurring or 

vaccination-induced, distribution, 91-92 
phylogenetic aspects, 92 

T-cell induction of class switching, 265-267 
T-cell regulation of production, 265 
in vaginal secretions, 730 

IgA nephropathy, 663, 669-671 
clinical features, 663 
defective clearance of immune complexes, 668-669 
definition, 663 
enhanced mucosal penetrability by antigen, 666-

668 
pathologic features, 663-664 
primary immunological alterations in, 664-666 

IgAl proteases, 131-132 
antigenic polymorphism, 132 

IgD, concentrations in milk and saliva, 80 
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IgE 
in asthma, 561 
mechanisms involved in response, 299-302 
mediated allergic reactions 

IgE sensitization of mast cells, structural basis 
immunological and biochemical mechanisms for 

mediator release, 303 
role of IgE antibodies in allergic disease and mucosal 

immunity, 303-304 
production in food allergies, 493-494, 495 
in respiratory and gastrointestinal secretions, 80 
role in allergic disease and mucosal immunity, 303-304 
synthesis 

IL-4-producing helper T cells in, 301-302 
role of IL-4, 299-300 
suppression by antagonists to IL-4, 300-301 

IgG 
antiviral activity, 334 
in cervical secretions, 730 
in mucosal secretions, 80 
mucosal surface, 334-335 
in patients with chronic gastritis, 436 

IgM 
epithelial localization, 113-114 
in external secretions, 79-80 
in vaginal secretions, 730 

IgR, human poly, 4 
Immune complex glomerulonephritis, 664 
Immune factors, in human milk, 649 
Immune-mediated otitis media 

prevention by oral immunization, 604-605 
suppression, 602 

Immune modulation, ocular secretory immune system, 580, 
583-586 

Immune mucosal response, regulation, 6-7 
Immune responses, see also Humoral mucosal immune 

response; Ocular immune response; Pulmonary 
immune response 

to dietary antigens, 185 
Immune system, effects of malabsorption and intestinal 

protein loss, 479-480 
Immunity, see Mucosal immunity 

absorption of nutrients and, 458 
cell-mediated, see Cell-mediated immunity 
and malabsorption, 458-459 
to spermatozoa, mechanisms preventing, 691-692 

Immunization, see also Vaccines 
against dental caries, 615-617 
experimental passive 

transport of passively administered IgA to mucosal 
surfaces 

exogenously administered antibody, 351 
gastrointestinal tract, 349-350 

milk, 350 
respiratory tract, 350 
saliva, 350 

implications for passive immunization, 352-353 
protection of mucosal surfaces, 351 
systemically administered, 351-352 

mucosa-associated lymphoid tissues, 226-229 
mucosal, with recombinant viral vectors, 383-386 
natural passive 

mucosal immunity, milk antibody 
primate, 349 
rodent, 348 
ungulate, 348-349 

systemic immunity 
combined prenatal and postnatal transfer, 347 
postnatal transfer only, 347-348 
prenatal transfer only, 347 

in prevention of immune-mediated otitis media, 604-605 
Immunoblotting, in measuring antibody response, 436 
Immunocompetent cells, in tubotympanal mucosa, 

599-600 
Immunocompetent host, gastroenteritis in, 459-461 
Immunocompromised host, gastroenteritis in, 461-465 
Immunocytes, mucosal, ontogeny, 256-257 
Immunodeficiency 

congenital, and otitis media, 601 
and hepatobiliary diseases, 514 

Immunoglobulins, see also specific types 
binding, 34 
and breast feeding, 654 
class switching, molecular features, 159-165 

B-cell and T-cell centered theories, 166-168 
dual-positive B cells occurring during, 162-163 
influence of cytokines, 160 
molecular events accompanying cytokine induction, 

161-162 
molecular mechanisms related to human, 164-165 

isotypes at mucosal surfaces, 127 
mucosal, in birds, 99-100 
in mucosal immunity in female reproductive tract, 

677-678 
producing cells 

class distribution, 252-253 
distribution in human exocrine tissues, 252-256 
subclass distribution, 253-255 

synthesis and secretion, alterations in ulcerative colitis 
and Crohn's disease, 442-444 

transfer into lumen of genital tract, 678-679 
Immunological consequences, oral tolerance, 187 
Immunological findings, 611 
Immunologically mediated reproductive failure 

mechanisms preventing immunities to spermatozoa, 
691-692 

pathogenesis of infertility due to antisperm antibodies, 
694 

effects of antisperm antibodies after fertilization, 
698-699 

sperm capacitation and acrosome reaction, 696 
sperm-egg interaction, 696-698 
sperm transport, 694-696 

pathophysiology of production of antisperm antibodies, 
692-694 

Immunological status, of host, and oral tolerance, 190-191 
Immunologie barrier, in prevention of pathological 

transport, 45-46 
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Immunoproliferative intestinal diseases, 474-475 
relationship between alpha chain disease and 

Mediterranean lymphoma and, 430-431 
Immunoregulation 

intestinal T cells in, 280-282 
mechanisms, 191-192 

Immunostimulating complexes, mucosal adjuvanticity, 
396 

Immunotherapy, and oral tolerance, 196 
Inductive tissues, mucosal, T-helper cells in, 264-265 
Infections, see specific types 
Infectious agents, see also specific agents 

malabsorption syndromes associated with, 459-465 
and mucosal immune response, 731 

Infectious viruses, association of Ig A antibodies with 
clearance from mucosal surfaces, 338 

Infertility, pathogenesis, due to antisperm antibodies, 
694-698 

Inflammatory bowel disease, 470, see also Crohn's disease; 
Ulcerative colitis 

altercations in Ig synthesis and secretion, 442-444 
complement pathway activation, 444-445 
granulocyte and macrophage function, 445-446 
homing of lymphoblasts, 441-442 
intestinal lymphocyte activation, 441 
leukotrienes in, 449 
peripheral blood lymphocyte activation, 440-441 
platelet-activating factor in, 449-450 
pro-inflammatory cytokines in, 446-447 
prostaglandins in, 447-449 

Influenza virus infections, 366, 553-554 
clinical presentation, 553 
histopathology, 553-554 
protective immune response, 554 

Innate humoral factors 
definition, 53 
high-molecular-weight glycoproteins, 64-65 
lactoferrin, 53-59 
lysozyme, 59-60 
peroxidases, 60-64 

Interleukin-1, in inflammatory bowel disease, 446 
Interleukin-1 ß, in inflammatory bowel disease, 446-447 
Interleukin-2, in mucosal immune system, 244 
Interleukin-3, and mast cell accumulation, 600-601 
Interleukin-4, 6 

in IgE synthesis, 299-300 
requirement for, 301-302 
suppression by antagonists, 300-301 

Interleukin-5, 7 
in mucosal immune system, 243-244 

Interleukin-6, 7 
in inflammatory bowel disease, 447 
in mucosal immune system, 244 

Interstitial pneumonia, histological picture, 532 
Intestinal absorption, in oral tolerance, 190 
Intestinal absorptive epithelium, 11 

absorptive cell function, 14-15 
structure 

mucosal epithelial cells, 11-13 

mucus layer and glycocalyx, 13-14 
resident microflora, 14 

Intestinal bacteria, in HIV infection, 721 
Intestinal enterocytes 

membrane traffic in, 30, 32 
antigen exclusion of apical membrane, 30-31 
endocytosis and transport of cholera toxin, 32 
enterocytes, 32 
and transport of cholera toxin, 32 
vacuolated enterocytes, 31-32 

Intestinal epithelium, antigen transport, cellular and 
molecular basis, 27-35 

Intestinal flora, effect on oral tolerance, 189-190 
clinical syndromes, 508-509 
epidemiology, 505 
immune responses, 509-510 
pathogenesis 

modes of interaction with host mucosa, 507-508 
virulence properties, 505-506 

Intestinal lymphocyte activation 
cytotoxic function, 282-283 
T-cell antigen receptor triggered function, 282 
in ulcerative colitis and Crohn's disease, 441 

Intestinal mucosa 
gut epithelium as lymphoid organ 

class II gene expression on epithelium, 418-420 
function of class II molecules on epithelial cells, 421 
T-cell populations, 420-421 

intestinal lamina propria 
changes in cell populations in disease states, 422 
macrophages and dendritic cells, 422 
plasma cells, 421 
T cells, 421-422 

lymphocytes, 275-276 
T-cell receptor expression, 278-279 

Intestinal mucosal mast cells, strategies for studying, 
307-308 

Intestinal processing, role in oral tolerance, 193-194 
Intestinal protein loss, and effects of malabsorption on 

immune system, 479-480 
Intestinal T cells, lymphokine production and utilization 

by, 279-280 
Intracellular organelles and enzymes, in prevention of 

pathological transport, 47 
Intraenterocytic proliferation, in intestinal infections, 

507-508 
Intraepithelial lymphocytes, 5-6, 20, 420-421 

characteristics, 13 
functional properties 

cytolytic activity, 293 
lymphokine production, 294 
proliferative capacity, 293-294 
regulatory role for ãä, 294 

maturation and selection of intraepithelial lymphocytes 
epithelial cell involvement, 293 
aß T cells, 292-293 
ãäÔ cells, 291-292 

phenotype of intraepithelial lymphocytes 
CD4 and CD8 expression, 287-288 
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Intraepithelial lymphocytes (continued) 
T-cell differentiation antigens, 288-291 
T-cell receptor expression, 287 

T-cell receptor gene expression, 540 
Intranasal antibody, 351 
Isoproterenol, in ocular mucosal immunity, 586 
Isospora belli, in intestinal infection, 464 

J chain, 3-4, 84 
carbohydrates, 85 
dependency and binding affinity, 114-115 
domain structure, 85 
expression in B cells not producing polymeric Ig, 89-90 
in polymerization of Ig, 88 
primary structure, 85 
production 

and mucosal Ig-producing cells, 255-256 
in palatine tonsil, 628 

J chain genes 
cloning, 108 
expression, 108 

J chain-positive immunocytes, replacement, 258-259 
Juvenile periodontitis, 619 

Kaposi's sarcoma, 462, 465, 514, 724 
Keratoconjunctivitis sicca, 515, 580 
Kidney, see Renal failure; Renal insufficiency 
Klebsiella pneumoniae, 466 

tear response to, 575 

Lacrimal gland, in ocular mucosal immunity, 569-571 
á-Lactalbumin, in human milk, 643 
Lactobacillus acidophilus, as cause of dental caries, 615 
Lactobacillus casei, as cause of dental caries, 615 
Lactobacillus growth factors, in human milk, 648 
Lactoferrin, 53-59, 129 

antibacterial properties, 54, 59 
effects on microorganisms, 54, 55-58 
in human milk, 647-648 
iron-binding properties, 53-54 
in ocular mucosal immunity, 573 
and salivary IgA, 608 
structure, 53 

Lactoperoxidase 
human, 60-61 
and salivary IgA, 608 

Lactose tolerance test, 500 
Lamina, basal, see Basal lamina 
Lamina propria, 27, 421 

changes in cell population in disease states, 422 
IgA cells, 3 
inflammatory infiltrates, 460 

Index 

macrophages and dendritic cells, 422 
mucosal translocation followed by proliferation, 508 
plasma cells, 421 
T cells, 275-276, 421-422 

activation, 279 
Laminin, 12 
Langerhans cells, in epithelium, 679-680 
Layered immune system, mucosal IgA responses and, 

221-222 
Lectin-dependent cellular cytotoxicity, 517 
Leukotrienes 

in ocular mucosal immunity, 575 
in ulcerative colitis and Crohn's disease, 449 

Lichen planus, 611-612 
histopathological features, 612 
immunological findings, 612-613 

Lipids 
adjuvant activity, 396-397 
in human milk, 648 

Lipopolysaccharide 
bacterial, adjuvant activity, 396-397 
in macrophage activation, 722 

Liposomes 
properties, 374 
as vaccine delivery systems, 373-374 

processing, 374-375 
in vivo, 375-376 

Liver, see also Hepatocytes 
autoimmune liver diseases, 514 

chronic active hepatitis, 518-520 
primary biliary cirrhosis, 514, 515-518 

in catabolism of immunoglobulins, 90 
in clearance of IgA-containing immune complexes, 

121-122 
cytokines, 315-321 
hepatobiliary diseases, 513-514 
as major site of IgA metabolism, 90 
in oral tolerance, 195 

Luminal antigen, IgA response, 529 
Lung diseases 

bird fancier's lung, 564 
chronic obstructive pulmonary disease, 565 
farmer's lung, 564, 565 

Lung function tests, 564-565 
Lymphoblasts 

homing in ulcerative colitis and Crohn's disease, 
441-442 

target for migration and homing, 23 
Lymphocytes, see also specific types 

in epithelium, 679-680 
in human milk, 645 
in intestinal mucosa, 275-276 
mucosal CD4+, reduction in HIV infection, 720-721 
receptors controlling migration, 276-277 

Lymphoid cells 
mucosal, 5-6 
responses in HIV infection, 723 

Lymphoid tissue 
bronchus, 529-535 
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female genital tract, 730 
rectal, and common mucosal immune system, 361 

Lymphokines 
production of intraepithelial lymphocytes, 294 
in regulating secretory immune system in eye, 586 
utilization by intestinal T cells, 279-280 

Lymphomas, 514 
in AIDS, 724 
Mediterranean, 430-431 

jS-Lysin, in ocular mucosal immunity, 573 
Lysosomal enzymes, in ocular mucosal immunity, 575 
Lysozyme, 129 

in human milk, 59-60, 647 
in ocular mucosal immunity, 573 
salivary Ig A and, 608 
synergistic inhibitory effects, 60 

Macrohematuria, episodic, 663 
Macromolecules 

absorption, 41 
adherence to M-cell apical membranes, 33-34 
transport, 41-43 

Macrophages 
activation in HIV infection, 722-723 
in allergic reactions, 544 
in asthma, 540-541 
in Crohn's disease, 445-446 
in human milk, 644-645 
in lamina propria, 422 
in Peyer's patches, 417 
production of cytokines, 439 
in ulcerative colitis, 445-446 

Madin-Darby canine kidney cells, 4, 28, 29 
confluent, in evaluating Salmonella factors, 406 

Major aphthous ulcers, 609-610 
Malabsorption 

definition, 458 
effects, and intestinal protein loss on immune system, 

479-480 
and immunity, 458-459 

Malabsorption syndromes 
associated with infectious agents, 459 

gastroenteritis 
in immunocompetent host, 459-461 
in immunocompromised host, 461-465 

definition, 457 
not associated with infectious agents, 465 

cow's milk and soy protein intolerance, 472-473 
Crohn's disease, 472-473 
dermatitis herpetiformis, 472 
gluten-induced enteropathy, 467-472 
immunoproliferative intestinal diseases, 474-475 

other, 476 
possibly associated with infectious agents, 465 

sarcoidosis, 467 
tropical sprue, 465-466 
Whipple's disease, 466 
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Male reproductive tract 
afferent limb of mucosal immunity, 684 
efferent limb of mucosal immunity, 684 
and immunologically mediated failure, 691-699 
role of mucosal immunity in protection against 

infections, 684-685 
Malnutrition, protein-calorie, 459-460 
MALT, see Mucosa-associated lymphoid tissue 
Mammals, mucosal immunoglobulins in, 99 
Mammary gland, human, 644 
Mannose, sensitive fimbrial adhesions, 72-73 
Mast cells 

in allergic reactions, 541-542 
in middle ear, 600-601 
modulation of function 

activation, 310-311 
inhibition, 311 

ontogeny, 308-309 
phospholipase A2, 303 
plethora of functions ,311-312 
repertoire of mediators, 309-310 
strategies to explore heterogeneity and function, 307-308 
structural basis of sensitization with IgE antibodies, 

302-303 
Maternal hypoallergenic diet, development, 563 
M cells, 15-20 

adherence of macromolecules to apical membranes, 
33-34 

adherence of microorganisms to, 34 
in antigen sampling, 16 
in antigen transport, 19, 27 
and antigen uptake, 226-227 
function, 20-23 
and Ig binding, 34 
intestinal, membrane traffic in, 33-35 
life-span, 20 
mechanisms of antigen uptake by, 35 
morphologically immature, 19 
putative, 19 
structure, 16-17, 19 

Mediator release, immunological and biochemical 
mechanisms for, 303 

Mediterranean lymphoma, 430-431, 474 
Membranes, see specific membranes 
Membrane traffic 

antigen-presenting complexes and enterocytes, 32-33 
MHC I, 32-33 
MHC II, 33 

in intestinal enterocytes, 30-32 
in intestinal M cells, 33-35 

Memory T cells, 275 
Mesenteric lymph nodes 

mucosal translocation followed by proliferation, 508 
T cells, 275 

Metronidazole, for gastritis and peptic ulcer, 436-437 
MHC glycoproteins, 177 
MHC I, 32-33 
MHC II, 33 
Microflora, resident, 14 
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Microorganisms, adherence to M cells, 34 
Microtubules, in epithelial cells, 30 
Microvilli, effacement, 507 
Microvillous structure, in prevention of pathological 

transport, 46 
Middle ear 

local production of antibodies, 602-603 
mast cells, 600-601 
mucosal immunology, 599-605 
secretory Ig A in effusions, 602 
source of Ig A precursors, 603 

Migration, mucosal, mechanisms, 232-234 
Milk, 643, see also Bovine milk; Breast feeding; Cow's 

milk intolerance 
allergy to, 494-495 
anatomy, cell biology, and physiology, 643-644 
antibodies, 656 
cellular elements, 644-645 
human, function in host protection, 649 
immune factors, 649 
particulate structure, 645 
production, 643-644 
soluble factors, 645-649 
transport of passively administered IgA to, 350 

Milk antibody 
primate, 349 
rodent, 348 
ungulate, 348-349 

Minor aphthous ulcers, 609-610 
Molecular mechanism, IgA formation, 7 
Monoclonal Ig As, 404-405 

addition of secretory component to, methods for, 
407-408 

evaluation, 405 
protective functions, testing methods for, 405-406 

Monocytes 
in allergic reactions, 544 
in antigen presentation, 177-178 

Monomeric IgA, 88 
structure, 86 

Mononuclear cells 
human tonsillar, grafts in SCID mouse, 632-634 
neuropeptide receptor expression, 204 

Mononuclear phagocyte system, 668 
Monosodium glutamate, allergic reaction to, 496-497 
Moraxella catarrhalis, in otitis media, 602 
Mouse, COL genes, 105 
Mucin, and salivary IgA, 608 
Mucosa 

effector cell distribution 
IgA-producing plasma cells, 225 
T cells, 225-226 

effector sites, cytotoxic lymphocytes in, 325-330 
effector tissues, T-helper cells in, 269-271 

Mucosa-associated lymphoid tissue, 5, 141-142 
components, 141-142 

bronchus-associated, 141 
gut-associated, 141 

enhanced exposure to antigen, 666-667 
function, 142-143 

afferent limb of local immune response 
absorptive epithelial cells, 144 
antigen uptake and presentation, 144 
Peyer's patch, 144 

effector arm 
cellular immunity, 145 
humoral immunity-IgA, 144-145 
lymphocyte traffic, 145-146 
neural control, 145 

primary development, 143 
bursa of Fabricius, 143 
mammalian bursa equivalent, 143-144 

immunization, 226-229 
neuropeptides 

calcitonin gene-related peptide, 210-211 
gastrin-releasing poly peptide and bombesin, 210 
somatostatin, 209-210 
substance P, 203-208 
tachykinins, 203-208 
vasoactive intestinal peptide, 208-209 

ontogeny,142 
structure-function relationships in modules, 228-229 

Mucosal adjuvants, 391-392 
avridine, 397-398 
bacterial lipopolysaccharide, 396-397 
Bordetella pertussis pertussigen, 397 
cholera toxin and Escherichia coli heat-labile toxin, 392 

antigen uptake into follicles, 394 
cellular targets of adjuvanticity, 394-396 
cholera toxin as, general characteristics, 392-393 
role of cholera toxin subunits, 393-394 
site of adjuvant activity, 394 

immunostimulating complexes, 396 
lipid A, 396-397 
miscellaneous, 399 
muramyl dipeptide, 398 

Mucosal barrier 
macromolecular absorption, 41 
physiological transport, 41 

barriers preventing, 44-48 
enterocytes as antigen-presenting cells, 43-44 
macromolecular, cells specialized for, 43 
receptor bound transport, 42 

Mucosal epithelium 
cells in, 11-13 
in clearance of IgA-containing immune complexes, 122 
GALT, 15-23 

in antigen processing, 22-23 
structure, 15-20 
in surveillance, 20-23 

target for migration and homing of lymphoblasts, 23 
Mucosal immunity 

in asthma, 539 
immunological mechanisms, 541-546 
mucosal T lymphocyte populations, 539-541 

and bacterial adherence, 71-75 
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B-l cells in, 217-222 
commitment to IgA and maturation of B lymphocytes, 

229-232 
cytokines in, 243 

interleukin 2, 244 
interleukin5, 243-244 
interleukin 6, 244 

endocrine regulation, 705-706, 713-716 
cell-mediated immunity and antigen presentation by 

sex hormones and cytokines, 711-713 
genital tract humoral immunity, cytokine effects, 

710-711 
routes of immunization and hormonally stimulated 

antibodies in mucosal secretions, 708-710 
sex hormone and glucocorticoid regulation, 706-708 

epithelial cells in, 27 
evidence in animals, 358-359 
evidence in humans, 359-360 
in female reproductive tract 

afferent limb, 679-681 
efferent limb, 677-679 
immunizations for elicitation, 682-683 
and protection against infections, 681-682 

and genesis of IgA nephropathy, 665-666 
IgA antibodies in, 338-339 
IgA role in modulation, 404 
IgE antibodies in, 303-304 
IgE-mediated responses in, 299-304 
peptidergic circuit, functional aspects, 203-212 
in male reproductive tract, 677 

afferent limb, 684 
efferent limb, 684 
and protection against infections, 684-685 

middle ear and eustachian tube 
bacterial adherence, secretory IgA role, 603 
circulating antibody role, 601-602 
IgA precursors in middle ear, source, 603 
immunocompetent cells in tubotympanal mucosa, 

599-600 
local production of antibodies in middle ear, 602-603 
mast cells in middle ear, 600-601 
mucous membrane of tubotympanum, 599 
prevention of immune-mediated otitis media by oral 

immunization, 604-605 
secretory IgA in middle ear effusions and 

nasopharyngeal secretions, 602 
suppression of immune-mediated otitis media, 602 

milk antibodies 
primate, 349 
rodent, 348 
ungulate, 348-349 

ocular, 569 
endocrine, neural, and immune modulation, 580, 583-586 

583-586 
immune response to antigenic challenge, 575-580, 

581-583 
role of tear film in surface defense, 572-575 
tissues involved, 569-572 

peritoneal cavity, 361-362 
rectal lymphoid tissues, 361 
role of defective clearance, 669 
T-helper cells in, 267-269 
tonsils, 360-361 
in ulcerative colitis and Crohn's disease, 439-440 

alterations in Ig synthesis and secretion, 442-444 
complement pathway activation in inflammatory bowel 

disease, 444-445 
granulocyte and macrophage function, 445-446 
homing of lymphoblasts, 441 -442 
intestinal lymphocyte activation, 441 
leukotrienes, 449 
peripheral blood lymphocyte activation, 440-441 
platelet activating factor, 449-450 
pro-inflammatory cytokines, 446-447 
prostaglandins, 447-449 

vaccines based on, 362 
adenovirus, 365 
bacterial vaccines, 366-367 
influenza virus, 366 
poliovirus, 362-364 
rabies vaccine, 365 
respiratory syncytial virus, 364 
rotavirus, 364-365 
simian and human immune deficiency viruses, 365-366 

to viruses 
cellular antiviral mechanisms operative on mucosal 

surfaces 
cytotoxic T cells, 333-334 
helper T cells, 334 
natural killer cells, 333 

IgA antibody response 
in clearance of infectious virus from mucosal 

surfaces, 338 
local nature, 336-337 
as major mediators of mucosal immunity, 338-339 
mechanism, 337-338 
time course, 336 
viral antigens recognized in, 335-336 

IgG antibodies on mucosal surfaces, 334-335 
Mucosal immunoglobulins, 79 

cells producing, 251-259 
developmental aspects 

birds, 99-101 
class switching, 107 
fish, 102 
IgA heavy-chain genes, 105 

ca genes 
chicken, 106 
murine, bovine, and primate, 105 
rabbit and other lagomorph, 105-106 

expression, 107 
J chain genes, 108 
mammalian, 99 
polymeric Ig receptor/secretory component genes in, 

107-108 
reptile and amphibian, 101-102 
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Mucosal immunoglobulins (continued) 
in external secretions, 79-81 

secretory Ig A, 79-80 
function, 127-134 
species variability, 80 

Mucosal immunopathophysiology 
HIV infection, 719 

CD4+ cells, 719-720 
HIV entry, 719 
intestinal bacteria, 721 
lymphoid cell responses, 723 
macrophage activation, 722-723 
mucosal neoplasms, 723-724 
opportunistic infections, 723 
reduction in mucosal CD4+ lymphocytes, 720-721 
reservoir, 721-722 

Mucosal inductive tissues, T-helper cells, 264-265 
Mucosal lymphoid cells, 5-6 
Mucosal neoplasms, in HIV infection, 723-724 
Mucosal pathological states, 257-258 
Mucosal receptors, repertoire, 75 
Mucosal secretions, appearance of IgA antibodies, 338 
Mucosal sites, cytokine production, 248 
Mucosal state, normal, immunoregulatory mechanisms, 

251-252 
Mucosal surfaces 

immunoglobulin isotypes, 127 
infectious, clearance, IgA antibodies in, 338 
protection 

by passively administered antibodies, 351-353 
by SIgA, molecular mechanisms, 128-129 

transport of passively administered IgA to, 349-350 
Mucosal surveillance, M cell function, 20-23 
Mucosal system, 3-4 

lymphoid cells, 5-6 
interleukin 4, 6-7 
molecular mechanism of IgA formation, 7 
regulation of immune response, 6-7 

poly Ig receptors and transport, 4-5 
cellular traffic, 5 

Mucosal tissues, antigen-presenting cells, 179-181 
diversity and function, 177 

Mucosal translocation 
generalized infection of reticuloendothelial system 

following, 508 
proliferation in lamina propria and mesenteric lymph 

nodes following, 508 
Mucus 

composition, 13 
function, 13-14 

Mucus coat 
function, 45 
structure, 45 

Mucus granules, 12 
Multiple sclerosis, and secretory immune system of eye, 

580 
Muramyl dipeptide, mucosal adjuvanticity, 398 
Mycobacterium avium-intercellulare, in intestinal infection, 

464 

Mycobacterium ganavense, in intestinal infection, 464 
Mycobacterium malmoense, in intestinal infection, 464 
Mycobacterium tuberculosis 

in intestinal infection, 464 
in tuberculosis, 556-557 

Mycoplasma hominis, in genital tract infections, 738 
Myofibroblast proliferation, in asthmatic airways, 545 

Nasopharyngeal secretions, secretory IgA, 602 
Nasopharynx, colonization by pathogenic bacteria, as 

factor in middle ear infection, 603 
Natural killer cells, 333 
Natural passive immunization 

mucosal immunity, by milk antibody 
primates, 349 
rodents, 348 
ungulates, 348-349 

systemic immunity 
combined prenatal and postnatal transfer, 347 
postnatal transfer only, 347-348 
prenatal transfer only, 347 

Neisseria gonorrhoeae, 732, 734 
Nematodes, infections 

cytokine production in response, 317 
effects of cytokine production, 318 

Neoplasms, mucosal, in HIV infection, 723-724 
Neural modulation, ocular secretory immune system, 580, 

583-586 
Neural pathways, and spread of herpes virus infection in 

eye, 586 
Neurokinin A, in allergic reactions, 545 
Neuropeptide receptors, expression by mononuclear cells, 

204 
Neuropeptides, sensory, sequences, 205 
Neutrophils, see also Polymorphonuclear leukocytes 

in allergic reactions, 543 
Nezelof's syndrome, 462 
Nonallergic rhinitis, 564 
Nonlysozyme antibacterial factor, in ocular mucosal 

immunity, 573 
Nutrients 

absorption, 457-458 
and immunity, 458 

digestion and absorption, 14-15 
Nutritional influences, on oral tolerance, 190 

Ocular disease, effects on secretory immune system of 
eye, 580, 581-583 

Ocular mucosal immunity, 569 
endocrine, neural, and immune modulation, 580, 583-586 
immune response, to antigenic challenge, 575-583 
role of tear film in surface defense, 572-575 
tissues involved, 569-572 

Oligosaccharides, in human milk, 648 
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Omeprazole, for gastritis and peptic ulcer, 436-437 
Opportunistic infections, 723 
Oral antibody, 351 
Oral Candida infections, 613-615 
Oral disease, oral mucosal manifestation, 620 
Oral mucosa 

and gingival crevicular fluid, 608-609 
and salivary glands, 608 
salivary IgA 

induction, 607-608 
mechanisms of action, 608 

Oral mucosal diseases 
dental caries, immunology 

causative bacteria, 615 
genetic factors, 616 
immune responses following, 616 
immunity to, 615 

natural, in humans, 615-616 
immunization against, 616-617 

distant immunological diseases 
benign mucous membrane pemphigoid, 621 
celiac disease, 620 
Crohn's disease, 620 
discoid lupus erythematosus, 621 
erythema multiforme, 621 
food allergy and oral disease, 620 
pemphigus, 621 
ulcerative colitis, 620 

immunological findings, 611 
lichen planus, 611-612 

histopathological features, 612 
immunological findings, 612-613 

oral Candida infections, 613-615 
periodontal diseases, immunology 

adult periodontitis, 617-618 
classification, 617 
mechanisms of damage, 618-619 

recurrent aphthous stomatitis 
Behcet's syndrome, 610-611 
characterization, 609-610 
etiology of ulceration, 610 
genetic aspects,610 
theory of pathogenesis, 610 

salivary gland diseases, immunology, 619-620 
Oral tolerance 

clinical and practical relevance 
consequences of breakdown, 195-196 
development of oral vaccines, 196-197 
and immunotherapy, 196 

to dietary antigens, 185-186 
background, 186 
immunological consequences, 187 
scope, 186-187 
time course and duration, 187-188 

induction and maintenance, factors influencing 
antigen dose, 188 
host age effect on susceptibility, 189 
immunological status of host, 190-191 
intestinal flora, 189-190 

nature of antigen, 188 
nutritional influences, 190 
role of intestinal absorption and antigen uptake, 190 

mechanisms 
antigen presentation, 194-195 
B lymphocytes and antibodies, 193 
clonal anergy and deletion of T lymphocytes, 193 
cytokines, 193 
peripheral, and immunoregulation, 191-192 
role of intestinal processing, 193-194 
suppressor T cells, 192 

Oral vaccines, development, 196-197 
Oropharynx, and food allergens, 495 
Otitis media 

effects of breast feeding, 656 
immune-mediated 

prevention, by oral immunization, 604-605 
suppression, 602 

mast cells in, 600-601 
protection against, 555 
role of circulating antibodies, 601-602 

Paneth cells, 13 
Paralytic shellfish poisoning, 497 
Passive immunization, see Experimental passive 

immunization; Natural passive immunization 
Pathologic transport, barriers preventing, 44-48 
Pemphigoid, benign mucous membrane, seeBenign mucous 

membrane pemphigoid 
Pemphigus, oral mucosal manifestation, 621 
Pencillin, for gastritis and peptic ulcer, 436-437 
Penicillium, in hypersensitivity pneumonitis, 564 
Peptidergic circuit, functional aspects, in mucosal 

immunity, 203-212 
Peptides 

calcitonin gene-related, 210-211 
gastrin-releasing, 210 
in human milk, 645-648 
vasoactive intestinal, 208-209 

Periodontal diseases 
adult periodontitis, 617-618, 619 
classification, 617 
damage in, mechanisms, 618-619 
juvenile periodontitis, 619 
serum antibodies to periodontal bacteria, 619 

Peripheral blood lymphocyte activation, in ulcerative 
colitis and Crohn's disease, 440 

Peripheral tolerance, mechanisms, 191-192 
Peristalsis, in prevention of pathological transport, 44 
Peritoneal cavity, and common mucosal immune system, 

361-362 
Peritoneal mast cells, strategies for analysis, 307-308 
Pernicious anemia, 462 
Peroxidase, 60-62, 129 

antibodies, 63-64 
in ocular mucosal immunity, 573, 575 
thiocyanate, 62-63 
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Peyer's patches, 144 
antigen transported into, 144 
B cells in, phenotypic and functional status, 152-153 
cells and plasma cells, 416-417 
generation of SIgA+ cells within, 153 
germinal centers in, as source of IgA memory cells, 

156-157 
gut-associated lymphoid tissue in, 15, 415-417 
high endothelial venules in, 23 
human, morphological and immunohistochemical 

characteristics, 416 
as inductive sites for IgA commitment, 151-157 
as loci of IgA B-cell development, 165-166 
macrophages and accessory cells in, 417 
BALT and, similarities, 533 
T-cell population in, 275, 416, 535 

P fimbriae, 72 
Phagocytosis 

by antigen uptake, 178-179 
effect of IgA, 130-131 

Pharyngitis, 554 
Phospholipase a2, in mast cells, 303 
Phylogenetic aspects, human IgA subclasses, 92 
Physiologic transport, across mucosal barrier, 41 
Phytohemagglutinin, in Crohn's disease, 440 
Pigeon breeder's disease, 564 
Plasma cells 

lamina propria, 421 
in mucosal immunity in female reproductive tract, 

677-678 
in ocular mucosal immunity, 569, 572 
Peyer's patches, 416-417 

Platelet activating factor 
in allergic reactions, 544 
in ocular mucosal immunity, 575 
in ulcerative colitis and Crohn's disease, 449-450 

Platelets, in allergic reactions, 544 
Pneumococcus, tear response, 575 
Pneumocystis carinii pneumonia, 462 
Pneumonia 

bacterial 
pneumococcal, 555 
Pneumocystis carinii, 462 
Streptococcus aureas as cause, 555 
Streptococcus pneumoniae as cause, 555 

influenza, 553 
interstitial, histological picture, 552 

Pneumonitis hypersensitivity, 564-565 
Poliovirus, 362-364 
Polylg 

interactions between secretory component and, 114-115 
role of interactions in endocytosis, 115-116 

Polylg receptors 
transcytosis and cleavage, 118-119 
and transport, 4-5 

Polymeric IgA, 88 
monomeric, synthesizing cells, distribution, 88 

Polymeric immunoglobulin receptors, cloning, 407 

Polymeric immunoglobulins, epithelial and hepatobiliary 
transport, 113-123 

Polymorphonuclear leukocytes, 73; see also Neutrophils 
in inflammatory bowel disease, 446 
in human milk, 645 

Porphyromonas gingivalis, in periodontitis, 617, 618, 619 
Prealbumin, in ocular mucosal immunity, 575 
Pregnancy, mammary gland during, 643 
Prevotella intermedia, in periodontal diseases, 617, 619 
Primary biliary cirrhosis, 514 

liver-derived T cells, activity in, 517 
autoantigens in, 516 
clinical features, 515 
genetic susceptibility and environmental factors, 515 
histological features, 515-516 
hypergammaglobulinemia and autoantibodies, 515 
M2 mitochondrial autoantigens in, 516 
pathogenesis, 515-517 
peripheral blood B- and T-cell activity, 517 
bile duct plasma membrane expression of mitochondrial 

antigens, 516-517 
Primates 

ca genes, 105 
milk antibody, 349 

Progressive systemic sclerosis, malabsorption in, 476 
Pro-inflammatory cytokines, in ulcerative colitis and 

Crohn's disease, 446-447 
Proliferative capacity, intraepithelial lymphocytes, 293-294 
Proline-rich proteins, acidic, 53 
Properdin, in ocular mucosal immunity, 573 
Prostaglandins 

conversion of arachidonic acid to, 303 
in ocular mucosal immunity, 575 
in ulcerative colitis and Crohn's disease, 447-449 

Prostatitis, in male reproductive tract, 684-685 
Protein-calorie malnutrition, 459-460 
Protein-induced gastroenteropathy 

food, 499 
clinical manifestations, 499 
diagnosis, 500 
pathogenesis, 499 
treatment, 500 

Protein-losing gastroenteropathy, 477-479 
Proteins, see also specific protein 

in human milk, 645-648 
Proteinuria, 663 
Proteolysis 

in prevention of pathological transport, 44 
IgA degradation by, biological significance, 133-134 

Proteus vulgaris, tear response to, 575 
Protozoa, in intestinal disease, 508 
Pseudomonas aeruginosa, pulmonary infection, 533 
Pseudomonas pyocyanea, tear response to, 575 
Pulmonary cytotoxic cells, 329 
Pulmonary immune response, genetic control, 565 
Purpura, Henoch-Schoenlein, see Henoch-Schoenlein 

purpura 
Pustulosis palmaris et plantaris, 634-637 
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Quinolones, for gastritis and peptic ulcer, 436-437 

Rabbit, ca genes, 105-106 
Rabies vaccine, 365 
Rabies virus vectors, recombinant, 384 
Radioallergosorbent, in testing for food allergies, 496 
Raynaud's phenomenon, 515 
Receptor bound transport, 42 
Receptors, controlling lymphocyte migration, 276-277 
Recombinant vectors, viral, for mucosal immunization, 

383-386 
Rectal lymphoid tissues, and common mucosal immune 

system, 361 
Recurrent aphthous stomatitis 

Behcet's syndrome, 610-611 
characterization, 609-610 
etiology of ulceration, 610 
genetic aspects, 610 
pathogenesis, theory, 610 

Recurrent oral ulceration, 609 
Reiter's syndrome, malabsorption in, 476 
Renal failure, 663 
Renal insufficiency, chronic, 663 
Reovirus-specific cytotoxic T lymphocytes, 327-328 
Reproductive tract 

female, mucosal immunity 
afferent limb, 679-681 
efferent limb, 677-679 
endocrine regulation, 705-706, 713-716 
immunization for elicitation, 682-683 
protection against infections, 681-682 

male, mucosal immunity 
efferent limb, 684 
protection against infections, 684-685 

Reptiles, mucosal immunoglobulins, 101-102 
Resident microflora, 14 
Respiratory infections, viral, see Viral respiratory 

infections 
Respiratory syncytial virus, 364, 385, 551-553 

clinical presentation, 551-552 
histopathology, 532 
protective immune response, 532-533 
and tonsillar and adenoidal lymphocytes, 630 

Respiratory tract 
common infections, epidemiology, 551 

bacterial, 554-555 
tuberculosis, 556-557 
viral infections 

influenza virus, 553-554 
respiratory syncytial virus, 551-553 

effect of systemically administered antibodies, 351-352 
hypersensitivity disorders, 565 
transport of passively administered IgA to, 350 

upper, areas, tonsils as source of immunocompetent 
cells for, 630-631 

Reticuloendothelial system, generalized infection, 508 
Retro viruses, in Sjogren's syndrome, 580 
Rheumatoid arthritis, malabsorption in, 476 
Rhinitis, nonallergic, 564 
Rhinoconjunctivitis, allergic, 562 
Rodents, milk antibody, 348 
Rotavirus, 364-365 
Rotavirus-specific cytotoxic T lymphocytes, 328-329 

Saliva 
IgA in, 

induction of antibodies, 607-608 
mechanisms of action, 608 

transport of passively administered IgA to, 350 
Salmonella 

avirulent, as live vector antigen delivery systems, 
380-381 

avirulent mutants, 381-382 
bivalent vaccine strains, 382-383 

bacterial vaccines for, 366 
in gastrointestinal disorders, 461-462 
in intestinal infections, 506, 508 

Salmonella paratyphi, in intestinal infections, 508, 509 
Salmonella typhimurium 

IgA protection against, 406-407 
in intestinal infections, 464, 506, 508, 509 

Sarcoidosis, 467 
Saw dust disease, 564 
Scleroderma, 515 
Scombroid poisoning, 497 
Secretions, immunoglobulins in, 79-80 
Secretory component, mucosal Ig 

addition to monoclonal IgA, methods, 407-408 
birds, 100-110 
carbohydrate, 86 
cloning, 407 
domain structure, 85 
epithelial localization, 113-114 
exon-intron organization, 117 
expression, modulation, 119-120 
expression of mRNA, 118 
in hepatocytes and bile duct epithelium, 120-121 
identification, in mammals, 99 
intracellular routing, 118-119 
migration and sorting, signals determining, 119 
molecular biology, 116-119 
in mucosal immunity in female reproductive tract, 

677-678 
primary amino acid sequence, 85-86 
and poly Ig interactions, 114-115 
in rabbit secretions, 108 
restriction fragment length polymorphism and 

chromosomal localization, 117-118 
in vaginal secretions, 729-730 
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Secretory immune system, of eye, effects of ocular or 
systemic disease or contact lens wear, 580, 581-583 

Septicemia, effects of breast feeding, 656 
Seronegative nondestructive arthritis, 515 
Serum, secretory Ig in, 80-81 
Sex hormones 

cell-mediated immunity, regulation, 711-713 
mucosal immunity, regulation, 706-708 

Sex steroids, and allergic conjunctivitis, 586 
Sexually transmitted diseases, see also Acquired 

immunodeficiency syndrome 
chlamydia, 734-736 
cytomegaloviruses, 737-738 
herpes simplex virus infections, 736-737 
incidence, 729 
and mucosal immunity, 385-386 
Shellfish poisoning, 497 

Neisseria gonorrhoeae, 732, 734 
Shigella 

in gastrointestinal disorders, 461-462 
in intestinal infections, 506 
vaccine, 365 

Shigella flexneri, in intestinal infection, 464, 508 
Shigellosis, bacterial vaccines, 366-367 
Sick building syndrome, 565 
Simian immunodeficiency viruses, and HIVs, 365-366 
Sjogren's syndrome, 515 

etiology, 580 
pathogenesis, 619-620 

Skin testing, with food extracts, 495-496 
Smoking, cigarette, see Cigarette smoking 
Small intestine, primary function, 41 
Smooth muscle, in allergic reactions, 545 
Somatostatin, 209-210 
Soy protein gastroenteropathy, 499 
Spermatozoa, 691 

capacitation, and antisperm antibodies, 696 
immunities to, preventing mechanisms, 691-692 

Sperm-egg interaction, and antisperm antibodies, 696-698 
Sperm transport, and antisperm antibodies, 694-696 
Sprue, tropical, 465-466 
Staphylococcus aureus 

in bacterial pneumonia, 555 
tear response to, 575 

Staphylococcus epidermidis, tear response to, 575 
Steroids, sex, see Sex steroids 
Stomach, gut-associated lymphoid tissue, 415 
Stomatitis, recurrent aphthous, see Recurrent aphthous 

stomatitis 
Streptococcus mutans, 5 

association, with dental caries, 630 
bacterial vaccines for, 367 
as cause of dental caries, 615-616, 617 

Streptococcus pneumoniae 
in bacterial pneumonia, 555 
in otitis media, 551, 602, 603, 605 
tonsillar, immune response, 630 

Streptococcus pyogenes, tear response to, 575 
Streptococcus salivarius, as cause of dental caries, 615 

Streptococcus sanguis, as cause of dental caries, 615 
Streptococcus viridans, tear response to, 575 
Strongyloides stercoralis, in intestinal infections, 509 
Strongyloidiasis, 461-462 
Substance P, 203-208 

in allergic reactions, 545 
Superoxide radicals, producing system, in ocular mucosal 

immunity, 575 
Suppressor T cells, and oral tolerance, 192 
Surface immunoglobulins, 3 

binding, to antigen, 177 
generation by cells, in Peyer's patches, 153 
in human external fluids, 4-5 
mediated uptake of antigen, 178 
protective potential of antibodies, 127 

Surveillance, mucosal, M cell function in, 20-23 
Switch T cells, 6 
Systemically administered antibody, 351-352 
Systemic disease, effects on secretory immune system of 

eye, 580, 581-583 
Systemic lupus erythematosus 

malabsorption in, 476 
protein loss in, 478 

Tachykinins, 203-208 
Tartrazine yellow, allergic reaction to, 496 
T-cell antigen receptor, triggered function of intestinal 

lymphocytes, 282 
T-cell differentiation antigen, 288-291 
T cells, see also specific types 

aß, maturation and selection, 292-293 
in allergic reactions, 543-544 
as cellular target of adjuvanticity, 394-395 
control of recognition functions, 439-440 
deletion, and oral tolerance, 193 
distribution, in mucosa, 225-226 
ä, maturation and selection, 

regulatory role for, 294 
gut epithelium, 420-421 
induction of class switching and IgA production, 

265-267 
interaction with antigen, 177 
mucosal, 539-541 
mucosal, specific antigens, 277-278 
naive, characteristics, 275 
in lamina propria, 421-422 
liver-derived, activity, 517, 519-520 
peripheral blood 

in cirrhosis, 517 
in hepatitis, 519 

in Peyer's patches, 416 
role in IgA response, 6 
switch, 6 

Tear film, in ocular surface defense, 572-575 
Tears, human, organisms and natural or induced antibodies 

in, 575 
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Terminal complement complex, 470 
Tetracycline 

as cause of allergic alveolitis, 564 
for gastritis and peptic ulcer, 436-437 

Thl cells, 7 
T-helper cells, see Helper T cells 
Thiocyanate, 62-63 
Thymic aplasia, congenital, 462 
Thyroiditides, malabsorption in, 476 
Thyroiditis, autoimmune, 515 
Tinidazole, for gastritis and peptic ulcer, 436-437 
T lymphocytes, see T cells 
Tobacco smoke 

as cause of COPD, 565 
exposure to, and development of allergies, 563 

á-Tocopherol, in human milk, 648-649 
Tolerance, see Lactose tolerance test; Oral tolerance; 

Peripheral tolerance 
Tonsillectomy, indications for, 625 
Tonsils 

and common mucosal immune system, 360-361 
human, mononuclear cells, and Ig-secreting cells from, 

distribution and engraftment patterns in SCID 
mouse, 632-634 

immunological cytoarchitecture, 625-630 
nasopharyngeal 

and inflammatory disease, 631-632 
as local immune systems, 630 

palatine 
and inflammatory disease, 631-632 
as local immune systems, 630 

as source of autoantibody, 634-637 
as source of immunocompetent cells for other areas of 

upper respiratory tract, 630-631 
Toxicity, and bacterial adherence, 73-74 
Toxins, neutralization, 129 
Transcytosis, 28, 29-30 

by enterocytes, 27 
poly Ig receptor, 118-119 

Transepithelial transport 
general mechanisms, 28 

endocytosis and sorting, 28-29 
epithelial cytoskeleton and vesicular traffic, 30 
maintenance of cell polarity, 28 
transcytosis, 29-30 

Transferrin, in ocular mucosal immunity, 575 
Transforming growth factor, 12-13 

in IgA B-cell differentiation, 169-173 
Translocation, mucosal, see Mucosal translocation 
Trichosporum, in hypersensitivity pneumonitis, 564 
Tropical sprue, 465-466 
Tuberculosis, 556-557 

clinical presentation, 556 
gastrointestinal, 460-461 
histopathology, 556-557 
protective immune response in, 557-558 

Tubotympanum, mucous membrane, immunocompetent 
cells in, 599-600 

Tuft cells, 13,20 

Tumor necrosis factor, 13 
Tunisian-French Intestinal Lymphoma Study Group, 430 

goals, 431 

Ulcers 
aphthous 

etiology, 610 
major, 609 
minor, 609 

gastritis and peptic, 435 
diagnosis, 436 
epidemiology, 435 
immunology, 436 
microbiology, 435 
pathogenesis, 435-436 
treatment, 436-437 

herpetiform, 609-610 
Ulcerative colitis 

granulocyte and macrophage function, 445-446 
oral mucosal manifestation, 620 
role, in mucosal immune system, 439-440 

Ungulates, milk antibody, 348-349 
Upper respiratory tract, areas, tonsils as source of 

immunocompetent cells for, 630-631 
Urea breath test, in diagnosis of ulcers, 436 
Ureaplasma urealyticum, in genital tract infections, 738 
Uterine secretions, secretory component and IgA levels in, 

role of steroid hormones, 708 

Vaccine delivery systems 
liposomes as, 373-374 

processing, 374-375 
in vivo, 375-376 

Vaccines, see also Immunization 
adenovirus, 365 

recombinant, 385 
common mucosal system as basis 

bacterial vaccines, 366-367 
influenza virus, 366 
viral vaccines, 362-366 

oral, development, 196-197 
responses, and breast feeding, 654 

Vaccinia virus, specific cytotoxic T lymphocytes, 327 
Vacuolated enterocytes, membrane traffic in, 31-32 
Vaginal secretions, defense mechanisms in, 730 
Vasectomy, 693 
Vasoactive intestinal peptide, 208-209 

in ocular mucosal immunity, 586 
Vibrio mimicus, in intestinal infections, 506 
Viral antigens, IgA antibody recognition, 335-336 
Viral respiratory infections, 551 

influenza, 553-554 
mucosal IgA response, time course, 336 
respiratory syncytial virus, 551-552 
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Viral vaccines 
adenovirus, 365 
human immune deficiency virus, 365-366 
polio virus, 362-364 
rabies, 365 
respiratory syncytial virus, 364 
rotavirus, 364-365 
simian immune deficiency virus, 365-366 

Viral vectors, recombinant, for mucosal immunization, 
383-386 

Viruses 
in gastrointestinal diseases, 508 
influenza infections, 366, 553-554 

clinical presentation, 553 
histopathology, 553-554 
protective immune response, 554 

mucosal immunity 
cell surface mechanisms 

cytotoxic T cells, 333-334 
natural killer cells, 333 

IgA antibody response 
as major mediators, 338-339 
clearance of infectious virus from mucosal surfaces, 

338 
local nature, 336-337 
mechanism, 337-338 

time course, 336 
viral antigens recognized, 335-336 

IgG antibodies on mucosal surfaces, 334-335 
neutralization, 128-129 

Vitamin D deficiency, and tuberculosis susceptibility, 556 

Wegener's granulomatosis, malabsorption in, 476 
Whipple's disease, 466 
Whooping cough, and bronchial hyperactivity, 563 
Winter vomiting disease, 509 
Wiskott-Aldrich syndrome, 444 
Workplace conditions, association with allergic alveolitis, 

565 

Yersinia enterocolitica, in intestinal infections, 506, 507, 
508 

Yersinia pseudotuberculosis, in intestinal infections, 507 

Zidovudines, 465 


