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Lymphokine and Cytokine Production by Fc&RI+ Cells 

WILLIAM E. PAUL,* ROBERT A. SEDER,* 
AND MARSHALL PLAUT,*,t 

'Laboratory of Immunology ond tAsthma and Allergy Branch, Notional Institute of Allergy and 
Infectious Diseases, Nationol lnstitutes of Health, Bethesda, Marylond 20892 

1. Introduction 

Lymphokines and cytokines mediate a wide range of biologic func- 
tions. They are responsible for much ofthe regulatory activity ofT cells 
and have potent pro- and antiinflammatory properties. Although cy- 
tokines, such as interleukin-1 (IL-l), interleukin-6 (IL-6), tumor ne- 
crosis factor (TNF-a), and the family of molecules that include 
interleukin-8 (IL-8), are produced b y  cells of many distinct types, 
the lymphokines [e.g., interleukin-2 (1L-2), interleukin-3 (IL-3), 
interleukin-4 (IL-4), interleukin-5 (IL-5), granulocyte-macrophage 
colony-stimulating factor (GM-CSF), interferon-y (IFN-y), and lyni- 
photoxin (LT, or TNF-P)] have a niuch more restricted range of cellular 
origins. With the exception of GM-CSF and IFN-y, these molecules 
were, until recently, regarded as exclusive products of activated T cells. 

It was therefore of considerable interest when it was recognized that 
a subset of the lymphokines could tie produced b y  mast cell lines 
(1-6). In this review, we discuss the growing information on produc- 
tion of IL-4 and of a set of related lymphokines (IL-3, IL-5, and GM- 
CSF) by mast cells and other FceRI' cells as well as production of 
TNF-a, IL-6, IL-1, and IL-8 and its congeners by these cells. We 
review the pathophysiologic conditions in which lyinphokine produc- 
tion b y  FcsRI+ cells is increased and the signaling mechanisms em- 
ployed by FceHI+ cells that lead to lyinphokine production. 

II. Biology of Mast Cells and Basophils 

Mast cells and basophils are cell types that have two major pheno- 
typic properties in common (7,8). They both store histamine and both 
express high-affinity FcsR, called FcsRI. IgE binds avidly to this higli- 
affinity receptor, with a dissociation rate of the order of days. Both cell 
types also contain basophilic cytoplasmic granules, consisting ofnega- 
tively charged, sulfated proteoglycans, either heparin or chondroitin 
sulfate. Histamine is positively charged and binds electrostatically to 
the granules. Recently, a third cell type, Langerhans cells, also has 
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2 WILLIAM E. PAUL ET AL.  

been shown to express F ~ E R I  (9,1O). The role of the FcsRI of 
Langerhans cells is unknown. 

Mast cell and basophil secretion of histamine and other mediators, 
namely, prostaglandin Dz and leukotriene C4, provides the effector 
arm of immediate hypersensitivity reactions. Recent experimental 
models suggest that mast cells and basophils have a wider role in 
inflammatory reactions than previously appreciated. Several inflam- 
matory reactions are mast cell dependent, presumably due to the re- 
lease of mast cell-derived mediators, including TNF-a ( 1  1-14) .  Baso- 
phils accumulate in inflammatory reactions in guinea pigs, humans, 
and rodents, and probably release their mediators in these reactions 
(15-22). The capacity of these cells to secrete cytokines, discussed in 
detail in the subsequent sections of this review, provides an expla- 
nation for their potentially important role in inflammation. 

Mast cells and basophils have been used as models of signal trans- 
duction by receptors of the immunoglobulin supergene family (7) .  
These cells bind specific IgE antibodies via FcERI; multivalent anti- 
gen crosslinks the IgE, resulting in receptor crosslinking and the initi- 
ation of a rapid series of biochemical events leading to secretion of 
granule products, including histamine. 

Although mast cells and basophils have several common characteris- 
tics and they both develop from precursors in hematopoietic tissue, the 
two cell types differ in characteristics such as size, nuclear morphol- 
ogy, histamine content, proteoglycan type, protease gene expression, 
and arachidonic acid metabolic pathways of membrane phospholipids. 
Human basophils are circulating cells that have polymorphonuclear 
nuclei. They express at least one cell surface glycoprotein, BSP-1, that 
mast cells do not (23,24). Basophils express very low levels of the 
membrane tyrosine kinase c-kit (25,26) and contain 1 pg histamine/cell 
(24). By contrast, human mast cells are larger, express high levels of 
c-kit, and contain 2-3 pg histamine/cell. Rodent basophils have not 
been well characterized; they have been difficult to identify because 
they contain very few granules and have a much lower histamine 
content (approximately 0.002 pg/cell) than do human basophils 

The phenotypic distinctions between mast cells and basophils raise 
the possibility that these two cell types differ in their capacity to 
produce cytokines. Moreover, within each cell type there are various 
stages of maturation that may reflect distinct function. A most impor- 
tant distinction is between two types of mast cells. Rodent mast cells 
are divided into “immature” mucosal types and “more mature” con- 
nective types (8,30,31). Mucosal mast cells are found in the intestinal 

(27-29). 
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and other mucosae. They express specific proteases, granules with 
chondroitin sulfate as the principal proteoglycan, and relatively low 
levels of histamine. By contrast, connective tissue mast cells are found 
in the skin and pleural and peritoneal cavities. They express proteases 
distinct from those of inucosal mast cells, possess granules with hepa- 
rin as the principal proteoglycan, and have a relatively high histamine 
content. 

Mucosal mast cells are T cell dependent [e.g., they are absent in 
congenitally athymic (nulnu) mice] (32),  presumably because they 
require T cell-derived IL-3 for growth and survival. They are markedly 
increased in number during certain intestinal parasistic infections (33).  
Connective tissue mast cells do not require T cells for growth. It was 
formerly thought that connective tissue mast cells were inert, but 
recent results demonstrate that steel factor (the c-kit ligand) is a potent 
stimulus to their growth (34,35). Furthermore, combinations of IL-3 
and IL-4 also are reported to stimulate growth of connective tissue 
mast cells (36,37). 

In addition to mucosal and connective tissue mast cells, culture of 
bone marrow, spleen, or fetal liver in IL-3 for 3-5 weeks results in the 
appearance of populations of mast cells (often designated bone 
marrow-derived mast cells) that resemble mucosal mast cells (38-42). 
When cultured on fibroblast monolayers or when grown in the 
presence of steel factor, the cultured mast cells undergo further differ- 
entiation, to cells with some phenotypic resemblance to connective 
tissue mast cells (8,43,44), including a higher histamine content and 
some expression of heparin proteoglycans. Despite the apparent dif- 
ferences between mucosal and bone marrow-derived mast cells versus 
connective tissue mast cells, some cells of one type can differentiate or 
dedifferentiate to the other type. Thus, bone marrow-derived mast 
cells transferred to the peritoneum of mast cell-deficient W/W" mice 
will develop a connective tissue phenotype (45),  whereas peritoneal 
mast cells transferred to the stomach of mast cell-deficient mice will 
develop a niucosal phenotype (46).  

Human mast cells are also heterogeneous. Thus, human mucosal 
mast cells are T cell dependent (e.g., they are deficient in patients with 
T cell deficiencies such as AIDS) (47) and express 'a pattern of 
proteases (tryptase but not chymase) distinct from that of connective 
tissue mast cells (which contain tryptase, chymase, and carboxypep- 
tidase A) (48-51). However, the pattern of proteoglycans does not 
match the rodent pattern. Furthermore, although human liasophils 
grow in the presence of IL-3, mature human mast cells have been 
reported not to express IL-3 receptors (52). 
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111. Lymphokine Production by Transformed Murine Mast Cells 

In a search for cell types other than T cells that might produce IL-4, 
RNA from a wide range of hematopoietic lineage cell lines was exam- 
ined. Among these, only transformed mast cells expressed IL-4 mRNA 
constitutively (Fig. 1) ( 1 ) .  A group of mast cell lines that had been 
transformed by infection with the Abelson murine leukemia virus 
(Ah-MuLV) was examined. Some of these lines had been derived by 
infection of factor-dependent mast cell lines and others were obtained 
from mice that had been directly infected with the virus (5334) .  Both 
types of transformation gave rise to cell lines that expressed IL-4 
mRNA and secreted IL-4. Indeed, in the initial report describing this 
observation ( I ) ,  6 of 11 AB-MuLV-transformed cell lines were found to 
produce IL-4 constitutively and 8 of 11 were found to produce IL-4, 
IL-3, or GM-CSF. Production of IL-5 by this initial group of lines was 
not tested. 

In more recent studies of lymphokine expression by an additional 
set of Ah-MuLV-transformed mast cell lines, constitutive lymphokine 

FIG. 1. IL-4 mRNA in a transformed mast cell line. Total RNA was prepared from the 
T cell line EL-4, which had been stimulated with phorbol myristate acetate, and from 
ABFTL-3 cells. Northern analysis with an 1L-4 cDNA probe was carried out on EL-4 
RNA (lane 1) and ABFTL-3 RNA (lane 2). (Adapted from Ref.  1 ,  with permission.) 



LYMPI-IOKINE I'RODUCTION BY FceHl* CE1,I.S 5 

production continued to be ohserved, although the frequency of lines 
producing IL-3 was greater than observed in the initial series and IL-4- 
production was less often observed (A. Keegan, unpublished observa- 
tions, 1991). The factors that determine whether IL-4 or IL-3 is pro- 
duced by a given transformed cell and whether a given cell will change 
its pattern of lymphokine production have not been determined. We 
have observed, however, that different sublines of such transforined 
lines can vary in their pattern of lyinphokine production. Thus, an 
ABFTL-3 line that initially produced IL-4 and not IL-3 continues to 
maintain this pattern when carried over a 3-year period in one labora- 
tory, whereas another subline of ABFTL-3 no longer produces IL-4 but 
now secretes IL-3 (M. Brown, personal comniunication, 1991; A. Keegan, 
unpublished observations, 1991). 

Although transformed mast cell lines such as ABFTL-3 produce 
lymphokine constitutively, the production of IL-3 by these cells is 
enhanced by  the addition ofa calcium ionophore such as ionomycin or 
by cross linkage of the high-affinity F ~ E K  that they express (55). This 
indicates that exogenous stimuli can enhance lymphokine produc- 
tion, an observation made inore forcefully in the study of nontransfor- 
med mast cell lines and of FceKI+ cells freshly harvested from normal 
and infected mice. 

Because both IL-3 and IL-4 are mast cell growth factors (56,57), the 
possibility was considered that constitutive secretion of these lympho- 
kines by transformed mast cells might contribute to the transformed 
state of these cells. This possibility was directly examined by culturing 
five different transformed mast cell lines, four of which produced IL-4 
but not IL-3, in the presence ofa neutralizing anti-IL-4 antibody (1). In 
no case did the antibody inhibit the growth of the cells. Furthermore, 
IL-4 did not enhance the growth of any of these cells. Indeed, in the 
one case that was examined, it was shown that IL-4 did not improve the 
cloning efficiency of a transformed IL-4-producing mast cell line. 
These results thus imply that IL-4 production does not cause the 
transformed state of Ab-MuLV-transformed mast cells. 

Indeed, it is possible that constitutive production of IL-4, IL-3, and 
GM-CSF by Ab-MuLV-transformed mast cells may result from the 
action of the v-ubl-encoded tyrosine kinase. As is discussed later, 
receptor cross linkage leading to lymphokine production in mast cells, 
just a s  in T cells and NK cells, leads to activation of the src family of 
tyrosine kinases and to tyrosine phosphorylation of a series of protein 
substrates (58-61). Inhibition of tyrosine kinase activity by genestein 
and herbimycin blocks lymphokine production in each cell type 
(55,61-63), suggesting that these phosphorylation events are impor- 
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tant in inducing lymphokine production. The possibility exists that the 
tyrosine kinase encoded by v-abl and the receptor-activated tyrosine 
kinase(s) in mast cells induce lymphokine production by their action 
on similar substrates. However, it should be pointed out that three of 
four spontaneously transformed mast cells tested, including the widely 
used mastocytoma P815, expressed IL-4 mRNA constitutively (1). This 
suggests that the common phosphorylation substrate concept may not 
be correct. However, because little is known about the pattern of 
protein tyrosine phosphorylation in these transformed cell lines, no 
firm conclusion can be reached on this point. 

IV. lymphokine Production by Factor-Dependent Murine Mast Cell lines 

In contrast to transformed mast cells that often produce IL-4 consti- 
tutively, lines of nontransformed mast cells, generated by culture of 
fetal liver or bone marrow cells in IL-3 for relatively short (3-6 weeks) 
or for extended periods of time, fail to secrete detectable amounts of 
lymphokine and have little or no mRNA for IL-3, IL-4, IL-5, or GM- 
CSF. Stimulation of these factor-dependent mast cells by crosslinkage 
of their high-affinity FceR causes them to express mRNA for several 
lymphokines (Fig. 2) and to secrete these factors. Two reports describ- 
ing such production appeared within a short time of one another in 
1989. That of Plaut et al. (2 )  principally dealt with long-term, IL-3- 
dependent mast cell lines. It was demonstrated that treatment of cells 
with the calcium ionophore ionomycin caused production of IL-4, 
IL-3, and IL-5 as well as IL-1 and IL-6. Subsequent studies of these 
lines also showed that they produced GM-CSF. However, no IL-2 or 
IFN-.)I production was noted. Although phorbol esters did not by them- 
selves induce lymphokine production, in their presence concentra- 
tions of ionomycin that were substimulatory (i.e., <0.4 p M )  resulted in 
such production. 

These cells also produced lymphokines in response to crosslinkage 
of their high-affinity FceR. Sensitization with a monoclonal IgE anti- 
dinitrophenyl antibody prepared the cells to secrete IL-3 and IL-4 in 
response to challenge with multivalent dinitrophenyl-bovine serum 
albumin (DNP-BSA). Lymphokine production by IgE-sensitized cells 
in response to DNP-BSA was inhibited by the monovalent DNP li- 
gand, e-DNP-L-lysine, indicating that simple binding to IgE anti- 
DNP was not sufficient to cause lymphokine production but, like other 
FcER-mediated responses of mast cells, receptor crosslinkage was re- 
quired. 



FIG. 2. Northern analysis of cytokine mRNA in a factor-dependent mast cell line. Poly(A') RNA was prepared from CFTL-12 cells that 
had been incubated with IgE anti-DNP antibody and then without antibody (lane I), DNP-BSA (lane 2) ,  iononiycin (lane 3) for 2.5 hr. 
Northern analysis was carried out with probes for IL-2, IL-3, IL-4, IL-5, IL-6, IFN-y, lymphotoxin (LT), and TNF-a. Exposure times were 
IL-2,24 hr; IL-3,6 hr, IL-4,6 hr; IL-5,24 hr; IL-6,12 hr; IFN-y, 63 hr; LT, 96 hr; TFN-a, 96 hr. (Reproduced from Ref. 2, with permission.) 
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Wodner-Filipowicz and colleagues (3)  reported that lymphokine 
production could be obtained in bone marrow cells that had been 
cultured in IL-3 for approximately 3 weeks. Such cells are highly 
enriched in FcsR+ cells that possess granules that stain with Alcian 
blue and have other morphologic features characteristic: of mast cells. 
They showed that such cells produced IL-3 and GM-CSF in response 
to calcium ionophores or to F ~ E R  crosslinkage. In these studies, 
phorbol esters were shown to increase strikingly lymphokine produc- 
tion stimulated by ionomycin. The supernatants of the stimulated cells 
were not tested for IL-4 or IL-5 content. 

As noted, mast cell lines produce IL-1, IL-6, and members of the 
IL-8 family in response to receptor crosslinkage or to ionomycin. This 
point was emphasized by studies of Burd et al. (6 )  on IL-3-dependent 
mast cell lines. However, mast cell lines had been known to produce 
TNF-a or a “TNF-like” factor based on initial reports by Djeu and 
colleagues (4,64) that had demonstrated that inouse mast cell lines and 
rat basophil leukemia cells killed the same spectrum of target cells as 
“natural cytotoxic” (NC) cells, and that the cytotoxic activity was inhib- 
ited by an anti-TNF antibody. These same investigators demonstrated 
that antigen (after IgE sensitization), anti-IgE, and anti-IgE receptor 
antibody all induced rapid augmentation of the NC activity of mast cell 
lines and rat basophil leukemia cells. 

Subsequently, Young and colleagues (5) demonstrated that freshly 
isolated mouse peritoneal mast cells had no spontaneous NC activity, 
but that stimulation with combinations of lipopolysaccharide and 
phorbol myristate acetate (PMA) or with concanavalin A and PMA 
induced NC activity, associated with the secretion of TNF-like mole- 
cules. This mast cell TNF differed from macrophage TNF in certain 
physical properties. 

Gordon and Galli (65,66) followed up these studies by demonstrat- 
ing that mast cell lines and peritoneal mast cells express mRNA for 
TNF-a. Furthermore, some mast cell TNF secretion occurred in the 
presence of inhibitors of mRNA synthesis. In addition, evidence was 
obtained to indicate that some preformed TNF-a existed in these cells. 
The capacity of the mast cell to store TNF-a apparently explains the 
rapid secretion of TNF-a crosslinkage of FccR. 

The range of lyinphokines produced by mast cells is thus sufficiently 
broad for these cells to play potentially important roles in allergic-type 
inflammatory responses as well as in the acute-phase reactions and the 
more general type of inflammatory responses induced by IL-1, IL-6, 
and TNF-a. Furthermore, the observation that factor-dependent mast 
cell lines produce IL-4, IL-5, IL-3, and GM-CSF but not IL-2, IFN-y, 
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or LT on stimulation ( 2 )  suggests that they may have ininiunoregula- 
tory properties similar to those of CD4+ T cell clones of the T I J ~  type 
(67), which produce the same pattern of lymphokines. 

V. Lymphokine Production by Murine Peritoneal, Splenic, and Bone Marrow 
Fc&RI+ Cells 

The recognition that both transformed and factor-dependent mast 
cell lines could produce lymphokines led to the question of whether 
freshly isolated mast cells and other Fc&RI+ cells expressed this capac- 
ity and what physiologic significance such lymphokine production 
might have. 

Crosslinkage of FceR on peritoneal mast cells resulted in secretion 
of IL-3, IL-6 (2;  M. Plaut, unpublished, 1990), an unidentified growth- 
promoting cytokine (68), and TNF-a (65,66). TNF-a was secreted from 
both stored and newly synthesized pools. The full spectrum of cy- 
tokines that are produced by  peritoneal mast cells has not been deter- 
mined. 

An FceKI+ cell was identified in spleen and bone marrow and was 
shown to be a potent producer of IL-4 (69). This cell was identified by  a 
search for non-T cells that produced lyinphokines in response to 
crosslinking of Fc receptors. Spleen cell populations froin which cells 
expressing Thy-1, CD4, CD8, B220, and class I1 MHC molecules had 
been removed produced IL-4 when incubated on culture dishes 
coated with IgE (Fig. 3). Because neither purified B nor T cells showed 

NON-8, NON-T 
CELLS 

c3 3 10 20 

IL-4 (EQUIVALENT UNITSlml) 

FIG. 3. Non-B, non-T cells produce IL-4 in reprise  to stimulation with imnioliilized 
IgE. Noii-B, non-T cells purified from spleens of normal BALB/c mice were cultured on 
dishes without coating or coated with IgE or IgG2,,. IL-4 production was measured rising 
a CT.4S cociiltrire assay. (Reproduced from Ref. 69, with permission.) 



10 WILLIAM E.  PAUL ET AL. 

this property, it seems highly unlikely that contamination of the 
“non-B, non-T” cell preparations with either B or T cells could have 
been responsible for their IL-4 producing capacity. Bone marrow cell 
suspensions also contained cells that secreted IL-4 in response to 
stimulation with immobilized IgE but thymus and lymph node cell 
preparations lacked activity (70). 

Although both splenic non-B, non-T cells and bone marrow cells 
produced IL-4 in response to stimulation with immobilized IgE, this 
production was relatively modest. However, IL-4 production by 
splenic and bone marrow cells from normal donors in response to FcsR 
cross-linkage could be strikingly enhanced by coculturing these cells 
with IL-3, but not with other lymphokines or cytokines (Fig. 4) (71). 
Furthermore, costimulation with IL-3 revealed that crosslinkage of 
FcyRIIIFcyRIII with immobilized IgGs, including IgG1, IgGz,, and 
IgGzI,, also stimulated IL-4 production. As noted above, addition of 
IL-3 at the time of FcsRI crosslinkage or growth of mast cell lines in 
high concentrations of IL-3 strikingly enhances lyniphokine produc- 
tion by these cells (55). 

Freshly isolated splenic and bone marrow FceRI+ cells produced 
IL-4 in substantial amounts in response to immobilized IgE plus IL-3 
or to treatment with ionomycin, but secreted little IL-3 (69; 

NONE 

IFN-y(50) 

GM-CSF(100) 

IL-7(250) 

IL-6(200) 

IL-5(200) 

IL-3( 200) 

I L-2(50) 

IL-l(l3) 1 . 
50 100 150 0 25 0 50 100 150 200 0 

IL-4 (EQUIV. Ulml) 

FIG. 4. Among lymphokines, only IL-3 augments IL-4 productidn. Non-B, non-T 
cells from spleen were cultured on dishes without coating or coated with IgE or IgGza 
alone or in the presence of the indicated factors (units/niilliliter indirated in parenthe- 
ses). IL-4 production was measured in a CT.4S coculture assay. (Reproduced from Ref. 
71, with permission.) 
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S. Ben-Sasson, unpublished observations, 1991). In this respect, they 
differed from factor-dependent mast cell lines, which produced sub- 
stantial amounts of IL-3. Furthermore, freshly isolated non-B, 
non-T cells produced lymphokine in response to crosslinkage of either 
their high-affinity FcsR or FcyRIIIIII if IL-3 was present, whereas 
factor-dependent mast cell lines did not appear to produce lymphokine 
in response to immune complexes consisting of antigen and IgCl or 
IgC,, antibody. 

In order to characterize the IL-4 producing cells among the non-B, 
non-T cells from spleen and bone marrow, cells in these populations 
expressing high-affinity FcsR were quantitated and isolated. Because 
no antibody to the inurine FcsRI is available, the measurement of 
numbers of cells presumed to express this receptor was achieved by 
incubating cells with IRE (2-10 pg/ml), followed by biotinylated anti- 
IgE and then streptavidin-phycoerythrin. This resulted in staining of 
1-2% of the cells among splenic non-B, non-T cells (72). Two-color 
analysis revealed that these cells were CD23 (FceRII) negative, iniply- 
ing that their FcsR was FcsRI. In the analysis of the frequency of such 
cells in bone marrow cell suspensions, from which B cells had not been 
removed, two-color analysis was carried out to determine the fre- 
quency of FcsR+, CD23- cells, which were presumed to be Fc&RI+ 
cells. In general, these cells constituted 1-2% of total bone marrow 
cells. 

Interestingly, the frequency of cells stained with biotinylated anti- 
IgE and streptavidin-phycoerythrin when IgE was omitted from the 
staining mixture was similar to that obtained when IgE was added, 
although the intensity of staining was somewhat lower (72). This 
implies that most FcsRI' cells in spleen and bone marrow have some 
oftheir receptors already occupied with IgE, even in individual mice 
that have very low serum levels of IgE (often 0.1 pg/ml or less). This 
observation is consistent with the binding of IgE to the high-affinity 
FcsR, FcsRI. 

FcsR+ cells among non-B, non-T cells of spleen or in bone marrow 
cell suspensions were purified by fluorescence-activated cell sorting. 
The purified FcsR+ cells contained all of the capacity of the starting 
cell population to produce IL-4 in response to immobilized IgE, as 
anticipated (61). Somewhat unexpectedly, these cells also possessed 
all of the capacity of the starting cell population to produce IL-4 in 
response to stimulation with immobilized IgG or with iononiycin, 
implying that all IL-4-producing capacity of non-B, non-T cells in 
spleen and of bone marrow cells in response to FcR crosslinkage or to 
elevation of intracellular free calcium concentration was the property 
of FcsRf (presumably FcsRIf) cells. 
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In order to obtain an estimate of the proportion of the purified cell 
population that was capable of producing IL-4 in response to FCER 
crosslinkage, a limiting dilution assay capable of detecting IL-4 pro- 
duction by a single cell was employed (73). Using this approach, it was 
verified that only FcsR+ cells had the capacity to produce IL-4 in 
response to immobilized IgE (Fig. 5). However, the highest frequency 
of IL-4 producing cells that was observed among purified FccR' cells 
was 1/5, and that was seen only in cell populations derived from 
animals that had been treated with stimulants that markedly enhance 
IL-4 production by FcsRI+ cells (ix., infection with Nippostrorigylus 
brasiliensis or injection of anti-IgD antibody) (72). 

Morphologic analysis by transmission election microscopy of the 
purified bone marrow or splenic FceR+ cells revealed that 30-5070 
were granulated (74) .  Based on granule and nuclear morphology, the 
great majority of the granulated cells were classified as basophils or 
basophilic myelocytes. Very few if any mast cells were observed. These 
results raised the possibility that basophils rather than mast cells might 
be the major producers of IL-4 among Fc&R+ cells freshly isolated from 
spleen and bone marrow of normal donors and of donors that had been 

1 FceR- CELLS; FREQ. = 1 /lo00 

- - - - - - -____- -____  

UNSEPARATEDCELLS FREQ \ 1/625 

I I I 

0 250 500 750 loo0 
CELLSWELL 

FIG. 5. IL-4 production in response to immobilized IgE is found in FceH' cells. Bone 
marrow cells froin anti-IgD-injected mice were stained for FceR and separated by 
fluorescence-activated cell sorting. The frequency of cells capable of producing IL-4 in 
response to immobilized IgE, in the presence of IL-3, was measured by limiting dilution 
analysis. 
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infected with N .  brasiliensis or injected with anti-IgD. However, 50% 
or more of the cells that were purified based on their expression of 
FceR could not be classified. It therefore remained a possibility that 
these cells, not the basophilic cells, were the major producers of IL-4 
in response to immobilized IgE. 

Because basophils are difficult to obtain in high purity and in large 
numbers from mice, the issue of whether they were responsible for 
IL-4 production in response to FcR crosslinkage or to treatment with 
iononiycin remained unresolved. To gain further insight into the char- 
acter of these cells, an analysis of the IL-4-producing potential of bone 
marrow cells cultured for short periods in IL-3 or in IL-3 plus steel 
fiactor was undertaken. Indeed, a previous observation b y  Le Gros et 
al.  (75) had shown that very short-term (5-6 days) cultured bone niar- 
row cells, grown in IL-3, produced several lyinphokines in response to 

although enriched in FcsRI+ cells compared to the original bone mar- 
row cell suspension, are still quite heterogeneous. The authors did not 
determine whether the lyniphokine-producing cells expressed F ~ E R I  
nor whether IgE immune complexes would also cause lymphokine 
production. 

In our studies, (R. A. Seder, M. Plaut, and W. E. Paul), manuscript in 
preparation), bone marrow cells were cultured for 7 to 10 days in IL-3, 
resulting in a cell population containing 30-70% FceR cells. The 
FceR+ cells are also capable of further subdivision. Approximately half 
of these cells express the membrane protein tyrosine kinase ,-kit. 
When FcsR+ cells were separated into c-kit+ and c-kit- (or dull) cells, 
it was found that, on immediate stimulation, IL-4 production was 
observed almost exclusively in  the c-kit group. The FcsR+, c-kit+ cells 
appear to be a homogeneous population of mast cells whereas cells 
with basophilic n~orphology are concentrated in the FcsR+, c-kit- (or 
dull) population. These results further strengthen the concept that 
among freshly isolated cells and cells cultured for very short periods, 
basophils, rather than mast cells, may be the major producers of IL-4. 
However, the lack of complete purity of this cell population and the 
possibility that the FceR+, c-kit- cells may include mast cell pre- 
cursors leave the possibility open that a mast cell precursor may be a 
major IL-4 producer in response to FceR crosslinkage. Additional evi- 
dence that the FcsR+, c-kit+ and the Fc&R+, c-kit- cells have distinct 
f~mctional properties resides in their histamine content and capacity to 
release histamine. The histamine content of the c-kit+ population was 
high; the cells had low unstimulated (spontaneous) secretion of hista- 
mine, but high secretion in response to antigen (after sensitization 

IgG immune complexes. In  our experience, cultures of that dur. '1 t '  1011, 
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with IgE antibody) or ionomycin. In contrast, the c-kit- cells had a 
low histamine content, relatively high spontaneous histamine secre- 
tion, but low antigen- and ionmycin-stimulated secretion. Thus, these 
two populations are markedly divergent in their capacity to secrete 
histamine as well as in their capacity to secrete IL-4. 

VI. Lymphokine Production by Human FceR' Cells 

Thus far, most of the work on lyniphokine production by FcsR+ cells 
has employed cell populations prepared from mice. Several investiga- 
tors have demonstrated that human mast cells secrete TNF-a. Walsh et 
al. (76) have reported that skin mast cells contain stored TNF-a; secre- 
tion of TNF-a was induced in vitro by morphine sulfate within 45 
minutes, and was induced in vivo during contact hypersensitivity reac- 
tions to dinitrochlorbenzene, within 4-6 hours. However, mRNA for 
TNF-a was expressed at 48 hours, suggesting that the mRNA was 
expressed only when cytokine was resynthesized. Gordon et al. (77) 
have found that lung mast cells secrete TNF-a rapidly and express 
TNF-a mRNA; it is possible that lung mast cells have both preformed 
and mRNA-dependent forms of TNF-a. 

Several other groups have investigated whether human FcsR+ cells 
secrete IL-4. Piccinni et al. (78) performed experiments with human 
bone marrow cells similar to those performed with mouse bone mar- 
row cells. They found that, in the presence of IL-3, a non-B, non-T 
FcsR+ cell from human bone marrow expressed mRNA for IL-4 on 
crosslinkage of FcsR or FcyR; the cells also expressed mRNA for IL-5 
but not for IL-2, IFN-y, or IL-6. Some but not all of the cell prepara- 
tions secreted IL-4. The preparations contain both basophils and mast 
cells, so either of these cell types might be the source of IL-4. In 
contrast, peripheral blood Fc&R+ cells did not express IL-4 mRNA. 
Although these results are comparable in some respects to results with 
mouse bone marrow, they differ in that the levels of secreted human 
IL-4 are relatively low, and in that IL-4 and IL-4 mRNA peaked at 48 
hours, much later than for mouse FcsR' cells. The significance ofthese 
findings awaits additional data. The failure of peripheral blood cells to 
express IL-4 mRNA reflects either a failure of basophils to produce 
IL-4 or a requirement for a local factor in the bone marrow to facilitate 
IL-4 production. 

A second report of an IL-4-producing FcsR+ cell is that of Arock et 
al.  (79). They found that a patient with chronic inyelogenous leukemia 
(CML) in relapse had large numbers of circulating basophils and baso- 
philic myelocytes; the serum of this patient had mildly elevated IL-4 
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levels (135 pg/ml, using an assay with a detection limit of 50 pg/ml). A 
preparation of highly enriched basophil lineage peripheral blood cells 
cultured for 18 hours produced IL-4 and expressed IL-4 mRNA consti- 
tutively. These cells produced more IL-4 when cultured with IL-3, 
with IgE followed by anti-IgE, or with the calcium ionophore, A23187. 
By in situ hybridization, a substantial fraction of the cells was positive 
for IL-4 mRNA, suggesting that the basophil lineage cells expressed 
IL-4 mRNA. These investigators also cultured bone marrow cells from 
normal donors for 3-4 weeks in IL-3, then purified the basophil lin- 
eage cells and cultured them for 18 hours. With IgE followed by 
anti-IgE or with A23187, these cells also secreted IL-4, expressed IL-4 
mRNA, and consisted of a substantial subset of cells positive b y  in situ 
hybridization for IL-4 mRNA. These results indicate that normal bone 
marrow-derived basophils produce IL-4. It is somewhat surprising that 
the fraction of cells expressing IL-4 mRNA is very high whereas the 
level of secreted IL-4 is relatively low. Because no time course of IL-4 
production is provided, it is difficult to compare these results to those 
of Piccinni et al. (78). 

Church and Holgate and their colleagues (80; M. Church and S. 
Holgate, personal communication, 1992) have examined lung mast cells 
from patients with allergic asthma. These cells release IL-4 within 1 
hour in response to FcsR crosslinking, achieved by challenge with 
anti-IgE. The authors interpreted their data to indicate that lung mast 
cells from allergic individuals contained stored IL-4. The relationship 
ofthese findings to those of Piccinni et al. and Arock et al. (78,79) await 
additional studies. 

VII. 11-4 Production by Fc&R+ Cells in Infected or Immunized Mice 

Relatively little information exists regarding the significance of lym- 
phokine production by FcsR+ cells in pathophysiological processes. It 
has been shown that in mice infected with the helminth N .  brasilien- 
sis, a striking increase occurs in the capacity of their splenic non-B, 
non-T cells and their bone marrow cells to produce IL-4 in response to 
receptor crosslinkage (70). Indeed, by 9 days after infection, the cells 
displayed a 10 to 50-fold increase, on a per cell basis, in IL-4-producing 
capacity in response to immobilized IgE. Moreover, spleens of N .  
brasiliensis-infected mice increase in size substantially and the non-B, 
non-T cell proportion among spleen cells also increases. This results in 
an increase of more than 100-fold in the overall capacity of splenic 
FcsR' cells to produce IL-4 in response to immobilized IgE. 

Not only is there an increase in the frequency of IL-4-producing 
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cells among the splenic non-B, non-T cells of infected mice, these cells 
appear much less dependent on IL-3 in their production of IL-4 in 
response to FcsR crosslinkage (70). This could be explained by the 
production of substantial amounts of IL-3 in the course ofthe immune 
response to the parasite, resulting in the differentiation of the FcsR+ 
cells to efficient IL-4 producers or in synergy with receptor cross 
linkage in signaling lymphokine production. Indeed, intraperitoneal 
injection of IL-3 into normal mice increases the capacity of peritoneal 
non-B, non-T cells to produce IL-4 in response to immobilized IgE 
(71). 

Particularly interesting was the observation that splenic non-B, 
non-T cells from N .  brnsiliensis-infected mice were stimulated to pro- 
duce IL-4 by an antigenic extract of N .  brusiliensis. This indicates that 
antigen-mediated crosslinkage of Fc receptors, that had bound anti- 
body specific for N .  brusiliensis antigens, triggered the cells to produce 
IL-4 (Fig. 6) (70). In these studies, it was not established whether the 
antigen induced its effect by cross-linking FcsR that had bound 
antigen-specific IgE or by crosslinking FcyR that had bound antigen- 
specific IgG. 

Williams et al. (submitted for publication) have recently observed a 
similar process in mice infected with Schistosoma mnnsoni. Previous 
studies of BALB/c mice infected with this trematode had shown that in 
the early phases of the infection, challenge of spleen cells with worm- 
derived antigens (SWAP) led to the production of IL-2 and IFN-y, but 
little IL-4 or IL-5 (81). However, after 6-8 weeks ofinfection, at which 
time the worms commence laying eggs, a striking change occurs and 
antigen preparations [SWAP or the highly crossreactive schistosoma 
egg antigens (SEA)] elicit the production of IL-4 and IL-5 from spleen 
cells with concomitant reduction in the production of IL-2 and IFN-y. 
Careful analysis indicates that in response to antigenic challenge, 
non-B, non-T FcsRf cells produce large amounts of IL-4, suggesting 
that such cells rather than T cells are predominant IL-4-producers in 
this infection. By contrast, IL-5 appears to be produced mainly by T 
cells in this infection. 

A third situation in which a striking increase in the IL-4-producing 
potential of splenic non-B, non-T cells occurs is in mice that have been 
injected with anti-IgD antibodies. It is known that this strong polyclo- 
nal stimulant favors the appearance of CD4+ T cells that produce IL-4 
on challenge (70,73). Immunoglobulin isotypes whose expression is 
controlled by IL-4 (IgG1 and IgE) show striking increases in their 
serum concentration in mice treated with anti-IgD (82,83). These in- 
creases in IgE levels are inhibited by treating the mice with anti-IL-4 
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FIG. 6. Non-B, non-T cells froin mice infected with Nip) ,os t ro i ig! i lus  brusilietisis 
produce IL-4 in response to antigen. Non-B, noir-T cells were prepared from spleens of 
rrormal mice and of mice that had l)een infected with N .  hmsilierisis 9 d a y s  earlier. The 
cells were cultured in microtiter wells without coating or coated with ail extract of N .  
brcisilierisis (Nb)-IL-4 production was measured using a CT.4S cociilture assay. (Re- 
produced from Ref. 70, with permission.) 

antibodies (84).  Analysis of FccR' cells from these inice reveals that 
these cells also show a striking increase in IL-4-producing capacity in 
response to immobilized IgE, inimobilized IgG, or calcium ionophore 
(70,72). 

The possibility that FUR+ cells may play a role in disease processes 
is suggested by the observations of Piccinni et al.  (78), of Hunt et (11. 
(MI), and of M. Church and S.  Holgate (personal communication, 
1992). As alluded to above, only Fc&R+ cells or mast cells derived from 
human donors with allergic disorders produce IL-4. Piccinni et nl .  
demonstrated that IL-4 production by Fc&+ cells from bone marrow 
was most striking in atopic individuals whereas bronchial mast cells 
from asthmatic but not normal individuals contained IL-4 in the stud- 
ies reported by Hunt et al .  

VIII. Does 11-4 Production by Fc&RI+ Cells Play an Important Role in 
Determination of Lymphokine-Producing Phenotype of CD4' T Cells? 

It has recently been shown that a major (perhaps the dominant) 
factor determining whether CD4+ T cells will differentiate into IL-4- 
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producers or into IFN-y producers is whether IL-4 is present at the 
time of priming (85-88). Indeed, if IL-4 is added to cultures at the time 
of priming of T cells from mice transgenic for genes encoding a cyto- 
chrome c-specific T cell receptor, CD4+ T cells develop into IL-4 
producers and the appearance of IFN-y producers is markedly sup- 
pressed (87). By contrast, if IL-4 is not present, than the dominant 
lymphokines produced by the primed CD4+ T cells in response to the 
cytochrome c peptide are IL-2 and IFN-y. Furthermore, treatment of 
mice with monoclonal anti-IL-4 antibody at the time of priming with a 
conventional antigen (88a), or infection with Leishmania major (89) or 
with Candida albicans (go), suppresses the appearance of specific 
T cells that produce IL-4 on subsequent in vitro challenge with anti- 
gen but does not diminish, or actually enhances, the appearance of 
I FN-y-producing cells. 

It is therefore tempting to speculate that production of IL-4 by 
Fc&RI+ cells may determine the particular lymphokine-producing 
phenotype that T cells adopt during the in vivo priming process. This 
could operate at the initiation of the immune response and provide the 
IL-4 that is critical for the initial commitment of T cells to become 
IL-4-producers. Alternatively (or in addition), IL-4 production by  
Fc&RI+ cells may result in the reinforcement of the lymphokine- 
producing phenotype of CD4+ T cells in primed individuals. Thus, 
once some production of IL-4 is initiated by T cells, leading to class 
switching for IgE and IgG,, subsequent antigenic challenge could 
elicit striking IL-4 production by Fc&RI+ cells and thus could bias the 
differentiation of newly emerging T cells into the IL-4-producing phe- 
notype as these cells are primed by antigen. Furthermore, it has not yet 
been determined whether the capacity of previously primed CD4+ T 
cells to produce IL-4 is “fixed” in uiuo or depends on the continued 
presence of IL-4. If IL-4 is required to maintain the IL-4-production 
phenotype of CD4’3 T cells, IL-4-producing Fc&RI+ cells could be an 
important source of the lymphokine for this purpose. 

There is some reason to doubt that production of IL-4 by  FcsRI+ 
cells is the initiation stimulus for T cells from naive donors to become 
IL-4 producers. Thus, in the anti-IgD system, described above, the 
increase in IL-4-producing capacity of FcER’ cells occurs after rather 
than before the increase in CD4+ T cells that can produce IL-4, sug- 
gesting that, in this instance, such a mechanism is not operative. 

The requirement for crosslinkage of FcERI or FcyRIIIIII to induce 
IL-4 production by FcsR+ cells requires the existence of IgE or IgG 
antibody specific for antigenic determinants on the immunogen to 
elicit such a response. That would also appear to be inconsistent with 
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IL-4 produced as a result of cross-linkage of FceRI on mast cells and 
basophils being critical to the priming of T Cells to produce IL-4. The 
production ofthe IRE and IgG needed to sensitize FcsRI or FcyRIIIIII 
depends on iminunoglobulin class switching, which is a T cell- 
dependent event. Indeed, for the induction of IgE or IgC,, two immu- 
noglobulins well suited to act through FcH to elicit lyniphokine pro- 
duction, IL-4 plays a critical role in the switching process. However, it 
has not yet been determined whether other, non-FcH-dependent, 
physiologic mechanisms exist that could result in these cells being a 
source of IL-4 and related lyinphokines at the very outset of immune 
responses. 

IX. Signaling Mechanisms leading to 11-4 Production 

There is a large body of data demonstrating that the stimulation of 
release of preformed mediators by mast cells and basophils has a 
minimal requirement for the crosslinkage of two FceRI molecules. 
While such a detailed analysis for lymphokine production has not been 
carried out, it is clear that FceR crosslinkage is also essential for this 
response. Alluded to above is the observation that c-DNP-L-1 ysine at 
lop5 M inhibits lymphokine production in response to multivalent 
DNP-protein conjugates by cells whose FceRI have been sensitized 
with monoclonal IgE anti-DNP antibody. 

Although receptor crosslinkage is essential for lyinphokine produc- 
tion, it seems clear that involvement of a large number of receptors in 
the crosslinks or higher order crosslinkage leads to a diminution in 
lymphokine production. This has been demonstrated by the analysis of 
events associated with the well-known suppression of histamine re- 
lease and of lyinphokine production that occurs when high concentra- 
tions of ligand are employed. Dose-response curves relating lympho- 
kine production by FceRIf cells, sensitized with IgE anti-DNP 
antibody, to antigen concentration typically show a maximum between 
3 and 30 ng/ml of DNP-protein ( 2 ) .  At higher concentrations, such as 
100-300 ng/ml, substantially less lyrnphokine is generally produced. 
In principle, this decrease in lymphokine production might reflect 
either inhibition due to “excessive” signaling or to a diminution in 
signaling because sufficiently large amounts of ligand were used so 
that each molecule of ligand bound to only one IgE molecule, and thus 
no crosslinkage occurred. The latter has been excluded by showing 
that the addition of e-DNP-L-lysine at to lop7 M ,  concentrations 
below those that fully inhibit, actually increases lymphokine produc- 
tion at high ligand concentration (M. Plaut and W. E. Paul, unpub- 
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lished observations). This can be explained b y  postulating that the 
competition of the monovalent ligand diminishes the degree of 
crosslinkage and thus induces a signal that is either in quantitative 
terms more favorable for stimulation or is qualitatively different. 

Even more direct confirmation of the conclusion that high- 
concentration inhibition results from excessive rather than diminished 
crosslinkage comes from studies of protein tyrosine phosphorylation of 
various substrates in response to stimulation with multivalent DNP- 
protein conjugates of FceRI' cells sensitized with IgE anti-DNP. In 
those instances, high ligand concentrations that lead to diminished 
lymphokine production cause substantially greater protein tyrosine 
phosphorylation than do concentrations that are optimally stimulatory 
(A. Keegan, unpublished observations, 1991). 

Lymphokine production requires continued stimulation through 
FceR. In general, secretion of IL-4 is not observed for -1 hour after 
cross-linkage and continues in increasing amounts for 4-6 hours (2 ) .  
Interruption of crosslinkage at any time, by the addition of lo-' M 
e-DNP-L-lysine, blocks lymphokine production as quickly as can be 
measured. FceRI crosslinkage leading to cytokine secretion can be 
obtained by antigen or anti-IgE (after sensitization by IgE antibody), 
or by incubation with plate-bound IgE. Most of the careful kinetic data 
are based on antigen stimulation. IL-4 production in response to plate- 
bound IgE has been studied only with fresh FceR+ populations of 
bone marrow and spleen and with FceR+ cells obtained from 7 to 
14-day cultures of bone marrow cells in IL-3. IL-4 production in re- 
sponse to plate-bound IgE is somewhat greater than that to antigen, 
but its kinetics are considerably slower (24-48 hours) than the time 
course observed in response to antigen (4-6 hours). Plate-bound IgE 
failed to stimulate detectable cytokine secretion from long-term factor- 
dependent mast cell lines. However, prolonged culture of these cell 
lines, especially in IL-3, results in disappearance (either through up- 
take or destruction) of cytokines, so that IL-4 produced at 24 or 48 
hours might not be detectable. 

The signaling process of FcsRI' cells in response to FcR cross- 
linkage has several features similar to that employed by T cells, B cells, 
and NK cells in response to signaling through their comparable recep- 
tors (91). This is of particular interest because these processes lead to 
release of granule contents and to secretion of newly synthesized 
lyinphokines by FceRI+ cells, T cells, and NK cells. For that reason, it 
is of some importance to point out similarities in receptor structure and 
in the signaling cascade among these cells, insofar as it is known. 
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FceRI is a multicomponent receptor consisting of three distinct 
polypeptides, designated a,  p, and y (92). The a chain is a member of 
the immunoglobulin gene superfamily, has a large extracellular domain, 
and contains the binding site for the Fc portion of IgE. It is nonco- 
valently associated with the p chain, which, based on its distribution of 
hydrophobic and hydrophilic domains, has been postulated to span the 
membrane four times and is, in this regard, relatively unique among 
the niultichain immune recognition receptors (MIRRs) (91) utilized by 
each of the cell types under discussion. The y chain has a short extra- 
cellular domain and a cytosolic domain containing three copies of a 
conseiisus sequence that also occurs in the < chain of the T cell recep- 
tor. Furthermore, the y chain is utilized by FcyRIII, together with an 
Fcy-specific a chain (FcyRIIIa), on both mast cells and basophils and 
on NK cells. Recent studies have demonstrated that chimeric mole- 
cules containing the y or < cytosolic domain and an extracellular do- 
main such as that ofthe a chain ofthe IL-2 receptor (93), ofCD8 (94), or 
of CD4 (95) can, on crosslinkage, signal lymphokine production in T 
cells and the release of preformed mediators in mast cells. 

These results suggest that the crosslinkage of the cytosolic domain of 
y or 5 is a key to the induction of the signals that cause both granule 
exocytosis and lymphokine production. However, they do not speak to 
the roles played by other non-ligand-binding receptor polypeptides 
such as FcsRIP or the y ,  6, and E components of the T cell CD3 
complex. It should be noted that these molecules also contain the y / <  
cytosolic motif. It seems most likely that these other chains modulate 
or amplify the response, or possibly mediate other responses that occur 
on receptor crosslinkage. 

There is a growing body of evidence that crosslinkage of these 
receptors leads to a complex process of tyrosine dephosphorylation 
and phosphorylation mediated, respectively, by phosphatases such as 
CD45 found on each of these cells, and by protein tyrosine kinases, 
presumably members of the src family. Efforts to follow the reaction 
from the cell surface crosslinking event to the proximal activation of 
kinases and to the eventual transcriptional regulatory events are now 
well underway for the three major cell types described here. 

The effect of IL-3 in regulating the magnitude of lymphokine pro- 
duction by Fc&RI+ cells stimulated through FcR crosslinkage may 
depend on its capacity to alter the pattern of tyrosine phosphorylation 
induced by the crosslinking event. Keegan et aZ. (55)  have shown that 
coculture or prior culture of factor-dependent mast cell lines with IL-3 
both enhances phosphorylation of substrates norinally tyrosine phos- 
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phorylated by FcsRI crosslinkage and leads to the phosphorylation of 
certain substrates that are not phosphorylated in response to either 
IL-3 or FcsRI crosslinkage alone. Although decisive evidence has not 
been obtained that these phosphorylation events mediate the effect of 
IL-3, it has been shown that transfection of receptors with endogenous 
tyrosine kinase activity, such as the platelet-derived growth factor, 
epidermal growth factor, or colony-stimulating factor-1 receptors, into 
a factor-dependent mast cell line prepares cells of that line to express 
enhanced lymphokine production on stimulation by FcsRI crosslink- 
age if the cognate growth factor is added to the culture system (55). 

Relatively little is known about the molecular regulation oflympho- 
kine production by FcERI' cells. Interestingly, Wodner-Filipowicz 
and Moroni (96) reported that, in response to ionomycin, GM-CSF 
production by bone marrow cells that had been cultured for -3 weeks 
in IL-3 was not due to new transcription but rather could be accounted 
for by stabilization of GM-CSF mRNA. This raises the possibility that 
regulation of lymphokine production by T cells, in which transcrip- 
tional regulation plays a major role, and mast cells may be quite differ- 
ent. On the other hand, it is known that lymphokine production in 
factor-dependent mast cell lines is strikingly inhibited by cyclosporine 
A (2,6), suggesting that transcriptional regulation may be important. 
Recently, efforts to study the regulation of transcription of IL-4 by mast 
cells have been initiated. Transient transfection analysis of Ab-MuL 
V-transformed mast cells has revealed that a DNase I-hypersensitive 
site in the second intron of the IL-4 gene has prototypic enhancer 
activity in both transformed mast cells and in stimulated IL-3- 
dependent mast cell lines (97). Interestingly, this intronic enhancer 
was inactive in EL-4 cells, a T cell line that produces IL-4 on stimula- 
tion with phorbol esters. This suggests that the intronic enhancer is 
mast cell specific in its action on IL-4 transcription and that the regula- 
tion of IL-4 transcription in mast cells and T cells may be distinct. 

X. Conclusion 

Recent work has established that transformed mast cells, factor- 
dependent mast cells, and freshly isolated FcsRI+ cells all have the 
capacity to produce lymphokines and cytokines. In particular, the set 
of molecules produced by these cells, including IL-4, IL-3, GM-CSF, 
and IL-5, as well as IL-1, IL-6, TNF-a, and IL-8, could have very 
important roles in the regulation of inflammatory responses. It is par- 
ticularly striking that the lymphokines produced all have potential 
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roles in immunologically important responses, most notably in orches- 
trating the events associated with allergic inflammation. 

Work remains to be done to establish unambiguously the character 
of the cell in the freshly isolated spleen and bone marrow cell popula- 
tions that produces IL-4 in response to FcR crosslinkage. In particular, 
the question of whether this cell is a basophil or a basophilic myelocyte 
needs to be answered. Because basophilic lineage cells are the major- 
ity population in the FcsR+, c-kit- population in short-term bone 
marrow cultures, which are excellent IL-4 producers, basophilic lin- 
eage cells are good candidates to be IL-4 producers. 

A second major issue is to determine the physiologic significance of 
production of IL-4 and other lymphokines and cytokines by FcsR+ 
cells. The observation that the amount of IL-4 produced by the FceR+ 
cell population strikingly increases in certain parasitic infections sug- 
gests that these cells will prove to have important functions, but direct 
approaches to establish the nature of such functions will be needed. 

Nonetheless, the fact that stimulation of FcsRI+ cells by receptor 
crosslinkage leads to the release of lymphokines and cytokines that can 
have broad impact on immunologically mediated responses, espe- 
cially allergic inflammation, provides a strong impetus for further 
study of this phenomenon. 
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I. Introduction 

Many protein factors that affect the growth and differentiation of 
mammalian cells have been characterized and are collectively termed 
growth factors or cytokines. The path to discovery for each cytokine 
has often been based on assumptions that the cytokine is unique and 
specific in its action: colony-stimulating factors and erythropoietin 
have positive growth regulatory activity, interleukins communicate 
between leukocytes, and tumor necrosis factor, leukemia inhibitory 
fictor, and oncostatins have negative effects on cell growth. 
However, since cDNAs for the various cytokines were first cloned 
and expressed it has become obvious that few are specific to one 
target cell and fewer still are unique in function. For some, the origi- 
nal effect on one cell type, e.g., inhibition of proliferation, could be 
paralleled by the opposite action, e.g., induction of proliferation, on 
another cell target. For others, the original action, e.g., that of inhibit- 
ing the growth of tumor cells, was unlikely to correspond to an en- 
dogenous response by the body to reject tumor cells. More likely the 
effect on tumor cells reflected some function on normal cells. The 
subject of this review, the leukemia inhibitory factor (LIF), exempli- 
fies many features of cytokine biology. The gene encoding LIF has 
been cloned and its product characterized extensively; LIF binds to 
receptors on responsive cells with high and low affinity and the mo- 
lecular basis for the two types of receptors has been determined. 

It. Purification and Molecular Cloning of the leukemia Inhibitory Factor 

LIF has been studied in various laboratories for about a decade, 
although many have known it under different guises. As a leukemia 
inhibitory fictor, LIF was characterized on the basis of its capacity to 
induce the differentiation and death of a mouse myeloid leukemic 
cell line, M 1  (Metcalfet al., 1988). Murine LIF was first purified to 
homogeneity in 1987 (Hilton et al., 1988a,b), its amino acid sequence 
was determined (Simpson et ul., 1988), and a cDNA encoding active 
material was isolated (Gearing et ul., 1987). Because a variety of bio- 

3 1 



32 DAVID P. GEARING 

chemical fractionation procedures had been applied to characterize 
other molecules active on M 1 differentiation [e.g., D-factor, granulo- 
cyte colony-stimulating factor (G-CSF), and MGI-BB], it was not clear 
at the time whether LIF was a novel molecule, but LIF was later 
shown to be identical to D-factor (Tomida et al., 1984; Lowe et al., 
1989). Purification of native murine LIF was achieved by sequential 
ion-exchange chromatography on DEAE-Sepharose, affinity chroma- 
tography on lentil-lectin Sepharose, ion-exchange on CM-Sepharose, 
and reverse-phase high-performance liquid chromatography (HPLC) 
(Hilton et ul., 1988a,b). 

Purified mouse LIF is a disulfide-linked monomeric glycoprotein 
of M ,  58,000 that can be degylcosylated to M ,  20,000 (Hilton et al., 
1988b), the size predicted by the cDNA (Gearing et al., 1987, 1988). 
cDNAs encoding human and rat LIFs were later identified (Moreau 
et al., 1988; Yamamori et al., 1989). Genomic clones encoding hu- 
man, mouse, rat, pig, and sheep LIFs were identified using the 
murine and human LIF cDNA sequences as hybridization probes 
(Gough et al., 1988; Lowe et al., 1989; Stahl et al., 1990; Willson et 
al., 1992). The LIF gene is located on human chromosome 22q12 and 
mouse chromosome 11 (Budarf et al., 1989; Sutherland et  al., 1989; 
Kola et al., 1990). Expression of human, mouse, rat, and sheep LIFs 
has been reported using various bacterial, yeast, insect, and mamma- 
lian expression systems (Gearing et al., 1987, 1989a; Gough et al., 
1988; Willson et al., 1992; Metcalf and Gearing, 1989a,b; Lowe et al., 
1989; Moreau et al., 1988). The specific activities of the various LIFs, 
where reported, have been similar (- lo8 units/mg protein), sug- 
gesting that glycosylation is not critical for activity. Deletion of eight 
amino acids from the C-terminus of mouse LIF resulted in complete 
loss of biological activity (Gearing et al., 1987). 

THE LEUKEMIA INHIBITORY FACTOR Is A POLYFUNCTIONAL 

The history of LIF is one of discovery and rediscovery. Its differen- 
tiation-inducing activity on myeloid leukemic cells gave rise to two 
other names, D-factor and differentiation-inducing factor (DIF) 
(Tomida et al., 1984; Abe et al., 1989). From laboratories working in 
unrelated areas, LIF was known by other pseudonyms. Thus, the 
differentiation-inhibiting activity (DIA)/differentiation-retarding fac- 
tor (DRF) ofembryonic stem cells (Williams et al., 1988; Smith et al., 
1988), the cholinergic nerve differentiation factor (CDF) (Fukada, 
1985; Yamamori et al., 1989), the melanoma-derived lipoprotein li- 
pase inhibitor (MLPLI) (Mori et d . ,  1989), the human interleukin for 
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DA cells (HILDA) (Moreau et d., 1988; Godard et al . ,  1988; Gascan 
et al., 1989), and the hepatocyte-stindating Factor I11 (HSFIII) (Bau- 
mann and Wong, 1989) were all purified to homogeneity or molecu- 
larly cloned and found to be identical to LIF. Many of these names 
are still in use, and the variety of names reflects quite different func- 
tions. LIF is at once a differentiation-inducing and differentiation- 
inhibiting factor, a initogenic factor, and a positive or negative cel- 
lular activation factor. Due to its availability, recombinant LIF 
demonstrated expanded activity on adult and embryonal systems, 
blood cells and vessels, nerves, liver, muscle, gonads, placenta, kid- 
neys, fat, and bone. 

111. The leukemia Inhibitory Factor in Development 

The first indication that LIF was important in development was the 
confirmation of its identity with the DIA/DRF activity that inhibited 
the differentiation of totipotent mouse embryonic stem (ES) cells 
(Williams et al., 1988; Smith et al., 1988). This effect contrasted with 
the induction of differentiation in the M 1  leukemic cells. ES cells are 
derived from the pluripotent founder tissue of the mouse embryo, the 
inner cell mass (Evans and Kaufnian, 1981; Martin, 1981). Such cells 
rapidly differentiate in the absence of an exogenous factor (DIA/LIF) 
or a feeder layer of fibroblasts, but in the presence of either they can 
be maintained in culture and reintroduced into a host blastocyst, 
where they can contribute to all cell types of the developing mouse. 
Novel ES cell lines have been derived directly in LIF-containing 
media and are totipotent (Nichols et al., 1990; Pease et al. ,  1990). A 
regulatory loop was suggested from experiments of differentiating ES 
cells, in which the differentiated progenies release a burst of LIF to 
prevent the remaining totipotent ES cells from losing their develop- 
mental capacity (Rathjen et al., l990a). Genetic manipulation of ES 
cells in culture provided the basis for the “knockout mouse” gene 
targeting technology currently in widespread use (Capecchi, 1989), 
in which defined alterations of the ES genome can be achieved via 
homologous recombination. 

In studying the mechanism of action of LIF on niouse embryonic 
stein cells it was observed that cell-to-cell contact could substitute for 
the addition of LIF to the culture media, and the presence of a cell- 
associated factor was postulated. An alternatively spliced variant of 
the mouse LIF cDNA was isolated and found to encode an extracel- 
lular matrix-localized form of LIF (Rathjen et al., 1990a). Splicing of a 
novel signal sequence apparently resulted in the forrnation of an 



34 DAVID P. GEARING 

identical LIF protein. The biochemical rationale for the two forms of 
LIF, one soluble, the other immobilized, has been discussed (Rath- 
jen et al., 1990b; Smith et al., 1992) and the suggestion made that the 
immobilized LIF may be deposited as a topological or temporal sig- 
nal in the developing embryo (Smith et al., 1992). The mRNAs en- 
coding the soluble and immobilized LIFs appear to be separately 
regulated (Rathjen et al., 1990a,b), and when expressed from a strong 
promoter, the matrix cDNA form can also direct the synthesis of the 
soluble form of LIF (Heath, 1992). The matrix-associated form of LIF 
might be unique to the mouse, because neither the human, sheep, 
nor pig LIF genes encode the alternate exon found in the mouse 
(Willson et al., 1992). The relevance of the matrix LIF to enibryo- 
logical development in other species is currently debated. 

The corollary of the ES cell survival studies in vitro is that the 
embryo must produce or receive LIF in viuo for the maintenance of 
the inner cell mass. At some point in time LIF expression would 
need to stop or other factors would become dominant for normal de- 
velopment to proceed. Consistent with this, LIF expression was ob- 
served in preimplantation blastocysts, but not in the postimplantation 
blastocyst (Conquet and Brulet, 1990; Murray et al., 1990). The extra- 
embryonic tissue of postimplantation mouse embryos continued to 
make LIF (Conquet and Brulet, 1990). The mouse uterus produces a 
burst of LIF at the time of implantation, which is under maternal 
control and always precedes implantation (Bhatt et ul., 1991). To- 
gether, these results suggest that LIF may regulate the growth and 
initiate the implantation of blastocysts. 

LIF expression also fluctuates in different tissues during develop- 
ment, there being more in adult brain than in embryonic brain, and 
more in day 1 postnatal heart than in adult heart (Patterson and Fann, 
1992). LIF expression is also evident in the neonatal gut, kidney, 
lung, and thymus, in embryonic skeletal muscle and liver, and in day 
11 postnatal spleen. The presence of LIF mRNA in embryonic mus- 
cle and kidney is especially interesting because LIF causes in- 
creased proliferation of myoblasts (Austin and Burgess, 1991), can 
inhibit Na+-dependent hexose transport in renal epithelial cells 
(Tomida et al.,  1990), and can inhibit the induction of differentiation 
in kidney development (Bard and Ross, 1991). 

The development of primordial germ cells is also affected by LIF. 
A combination of LIF and steel factor (mast cell growth factor/stem 
cell factor) improves primordial germ cell survival and proliferative 
capacity in uitro (Godin et al., 1991; Matsui et al., 1991; De Felici 
and Dolci, 1991). By contrast, when overexpressed in uiuo, LIF in- 
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hibits spermatogenesis and oogenesis. In these mice there are also 
profound changes in the fatty tissues that may also affect the hor- 
monal balance, so it is not clear if this action is a direct one. The 
summation of activities of LIF on normal development has led Smith 
and colleagues to suggest that the primary role of LIF is as a general- 
ized stem cell factor (Smith et al., 1992). This is obviously an attrac- 
tive conclusion, but LIF has other activities that may not fit this role. 
In the presence of LIF, steel factor, and basic fibroblast growth factor 
(bFGF), primordial germ cells have been reported to convert to ES 
cells (Matsui et al., 1992). Because bFGF is associated with the extra- 
cellular matrix, bFGF might account in part for the enhanced sur- 
vival of ES cells on feeder cells and provide an alternative to ma- 
trix LIF. 

A. THE LEUKEMIA INHIBITORY FACTOR IN HEMATOPOIESIS 

Despite the discovery of LIF on the basis of its action on myeloid 
leukeiiiic cells, its action on normal hematopoietic cells has been 
harder to define. The inouse inyeloid leukemic cell line M 1 differen- 
tiated into macrophage-like cells when treated with LIF (Metcalf et 
al., 1988), and human myeloid leukemic cell lines could be sup- 
pressed by combinations of LIF and G-CSF or granulocyte/ 
macrophage colony-stimulating factor (GM-CSF) (Maekawa and 
Metcalf, 1989; Maekawa et al. ,  1990). It was logical, therefore, to 
assess the role of LIF in the development of the monocyte/ 
macrophage lineage. Cells of this lineage were observed to display 
LIF receptors (Hilton et a/ . ,  1988~). LIF has proliferative actions on 
the inouse inyeloid cell line DA-1 (Moreau et d., 1988) and, in com- 
bination with interleukin-3 (IL-3), can potentiate the proliferation of 
myc-transformed mouse erythroid cell lines (Cory et ul., 1991); to 
date, however, no proliferative, differentiative, or activation function 
has been assigned to LIF on normal monocytes or macrophages. As a 
single agent in uitro, LIF is also inactive as a colony-stimulating fac- 
tor (Metcalfet al., 1988). 

Nevertheless, LIF might have a role to play in the production of 
blood cells. In particular, primitive progenitor cells and the mega- 
karyocyte lineage are affected b y  LIF. The first suggestions of a role 
in the development of progenitor cells were from experiments de- 
signed to enhance the infection rate of iiiouse bone marrow, enriched 
for progenitors by 5-fluorouracil treatment, that had been incubated 
with a retrovirus (Fletcher et al., 1990, 1991). As a measure of infec- 
tion of primitive cells, the infection rate of CFU-S cells was assessed. 
Bone niarrow incubated with recombinant LIF (from COS cells) had 
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a much higher frequency of CFU-S infection than control marrows. 
Because retroviral infection is thought to require the host cell to tran- 
sit the cell cycle, it was inferred that LIF either induced CFU-S pro- 
liferation or enhanced their survival. In separate studies, LIF has 
been shown to augment the proliferation of human hematopoietic 
stem cells in synergy with IL-3 (Leary et al., 1990; Verfaillie and 
McGlave, 1991). 

Megakaryopoiesis is influenced by LIF in vivo and in vitro. Ad- 
ministration of LIF to mice results in an increase of spleen mega- 
karyocytes and ciculating platelets (Metcalf et  al., 1990) and, in com- 
bination with IL-3, LIF potentiates megakaryocyte production in cell 
culture (Metcalf et al., 1991). The stimulation of platelet production 
following thrombocytopenia provides a potential use for LIF in clini- 
cal applications (Metcalfet al., 1992). 

A role for LIF in lymphocyte biology can be inferred from the 
production of LIF by the thymic stroma (Le et al., 1990; Sakata et al., 
1992), the disappearance of the thymic cortex when LIF is overex- 
pressed in vivo (Metcalf and Gearing, 1989a,b), and the presence of 
LIF receptors on a subpopulation of circulating lymphocytes (Hilton 
et al., 1988~) .  However, to date, there have been no accounts of LIF 
action on lymphocyte function. 

B. LEUKEMIA INHIBITORY FACTOR AND BONE METABOLISM 

The observations that LIF is active in the metabolism of bone and 
calcium have derived from studies in vitro and in vivo. First accounts 
suggested that LIF could enhance the release of calcium from rat 
calvaria (Abe et al., 1986) and so enhance bone resorption. This was 
later confirmed using recombinant LIF and was shown to be pros- 
taglandin dependent and associated with an increase in the number 
of osteoclasts (Reid et al., 1990). By contrast, LIF inhibited resorp- 
tion in a fetal rat long bone system (Lorenzo et al., 1990). The con- 
trasting activities were suggested to be the result of an indirect action 
of LIF. Osteoblasts, but not osteoclasts, display LIF receptors (Allan 
et al., 1990) and bone resorption is associated with contaminating 
osteoblasts (Martin et al., 1992). The action of LIF on bone is there- 
fore explained primarily via the osteoblast. LIF was shown to induce 
proliferation of primary rat calvarial osteoblasts as well as certain os- 
teoblastic cell lines (Reid et al., 1990; Lowe et  al., 1991; Noda et ul., 
1990). The ability of osteoblasts to make LIF suggests a potential 
autocrine regulatory mechanism stimulated by tumor necrosis factor 
(TNF). This production was stimulated by TNF-a (Allan et al., 1990). 
The enhanced production of osteopontin in the osteoblastic MC3T3- 
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E l  cells suggests LIF has a role in the differentiation stimulus for 
osteoblasts (Noda et al., 1990). 

Support for the action of LIF on bone came from experiments in 
which LIF was administered to mice in uiuo. In one study, in which 
LIF levels were chronically maintained at massive levels, trabecular 
bone accumulated to such an extent that the femoral marrow was 
totally excluded (Metcalf and Gearing, 1'389a,b). Calcitm plaques 
were also observed at various tissue sites. In a separate study, in 
which LIF was injected intraperitoneally, serum calcium levels were 
elevated but bone sections were apparently normal (Metcalf et al., 
1990). 

IV. Roles for LIF in Disease: Inflammation and Cachexia? 

There have been two clinically interesting systems in which LIF 
has been demonstrated to be active: inflammation and cachexia. Se- 
rum LIF levels are elevated in mice treated with 1)acterial lipopoly- 
saccharide (Metcalf, 1988), and LIF has been demonstrated to 
be identical in structure and function to hepatocyte-stimulating factor 
111 (Baumann et al., 1989; Baumann and Wong, 1989), which causes 
the release of acute-phase plasma proteins (APPs). Together these 
results suggest a role for LIF as part of the host response to inflam- 
mation. The production of APPs by LIF is also modulated by gluco- 
corticoids. An acute-phase response follows LIF administration to 
mice: chronic administration led to an increase in serum haptoglobin 
(H.  Baumann, W. Munger, and I>. Gearing, unpublished work, 1992), 
a decrease in serum albumin levels, and an increased erythrocyte sedi- 
mentation rate (Metcalf et al . ,  1990). 

A role in cachexia was developed from studies of overproduction of 
LIF ill uivn. Mice in which LIF was produced chronically developed 
a syndrome of rapid weight loss due to depletion of all observable fat 
stores (Metcalf and Gearing, 1989a,b). Mice injected with LIF devel- 
oped a similar syndrome (Metcalf et al., 1990). The mechanism for 
this weight loss is best explained by the observation that a 
melanoma-derived lipoprotein lipase inhibitor is identical to LIF 
(Mori et al., 1989). Furthermore, melanoina cell lines that secreted 
LIF caused cachexia in nude mice, while those that produced no 
detectable LIF did not. The action of LIF as a cachectic agent is 
similar to that of TNF-a, which is also known as a cachectin (Oliff 
et al., 1987). Considering that TNF can induce LIF production in 
osteoblasts (Allan et al., l990), part of the action of TNF might be 
indirect via LIF production, should the induction in osteoblasts be 
generalized to other sites of LIF production. 
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A novel use for LIF has been observed in protection against 
oxygen-induced lung toxicity (Tsan et al., 1992). This effect of LIF 
appears to be mediated by increased Mn superoxide disniutase and is 
enhanced with TNF. 

V. Molecular Characterization of the leukemia Inhibitory Factor Receptor 

Equilibrium analyses of the binding of radioiodinated LIF to the 
surface of responsive and nonresponsive cells has led to the classi- 
fication of two receptor types, high affinity and low affinity. The 
high-affinity receptor type has a dissociation constant in the range of 
10-200 pM (Yamamoto-Yamaguchi et  al., 1986; Hilton et ul., 1988c; 
Williams et al., 1988; Rodan et al., 1990; Tomida et al., 1990) and 
the low-affinity receptor type has an affinity constant in the range of 
1-3 nM (Hilton et al., 1991). The presence of the high-affinity receptors 
correlates with biological activity. The difference between the high- 
and low-affinity receptor types has been attributed to a higher rate of 
dissociation from the low-affinity receptor (Hilton and Nicola, 1992). 
The size of the LIF receptor has been nieasured by affinity cross- 
linking and was found to be approximately 250 kDa (Godard et  al., 
1992). Several reports have documented some of the intracellular 
consequences of LIF binding to responsive cells. Using M 1  leukemic 
cells, these include tyrosine phosphorylation of a 160-kDa protein, 
induction of interferon regulatory factor 1, and phosphorylation of 
heat-shock protein hsp27 (Lord et al., 1991; Abdollahi et al., 1991; 
Michishita et  al., 1991). Within hepatoma cells, several transcription 
factors, including JunB and members of the C/EBP family, appear to 
be induced following LIF (and IL-6) stimulation (Baumann et  al., 
1992). Similarly, M1 leukemic cells and sympathetic neurons re- 
spond to LIF with enhanced transcription of c-fos and JunB genes 
(Lord e t  al., 1991; Yamamori, 1991) 

Using an expression cloning strategy in mammalian cells based on 
the use of radioiodinated ligand (Sims et al., 1988) and a sensitive 
screening method (Gearing et al., 1989b), a cDNA encoding a LIF 
receptor was identified from a human placental cDNA library (Gear- 
ing et  al., 1991). The cloned LIF receptor encoded a 200-kDa glyco- 
protein that specifically bound human, but not murine, LIF with low 
affinity (1-2 nM). The human LIF receptor cDNA encodes a 1097- 
amino acid residue preprotein with a 44-residue signal sequence, a 
789-amino acid residue extracellular domain, a 26-residue transmem- 
brane domain, and a 238-amino acid cytoplasmic domain. The human 
LIF receptor cDNA is a member of the hematopoietin, or cytokine, 
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receptor family, the coniinon feature of which is an extracellular 
structure of approximately 200 amino acid residues that can be split 
into two, approximately equal, domains. The first domain typically 
contains a group of four regularly spaced cysteine residues, of which 
the second is followed, two residues downstream, by a tryptophan 
residue. The second domain resembles a fibronectin type 111 repeat 
and contains the hallmark sequence Trp-Ser-X-Trp-Ser, where X is 
any amino acid (Bazan, 1990; Cosman et nl.,  1990; Gearing et al., 
1989b). Receptor subunits for interleukins 2, 3, 4, 5, 6, 7, and 9, 
GM-CSF, G-CSF, growth hormone, prolactin, and ciliary neuro- 
trophic factor have also been shown to be members of this family 
(reviewed in Gearing and Ziegler, 1993). The LIF receptor extracel- 
lular domain contains two hematopoietin receptor (HR) domains, one 
imniunoglobulin-like (Ig) domain, and three fibronectin type I11 
(FNIII) domains arranged in the order HR-Ig-HR-3(FNIII). 

Two alternatively spliced versions of the mouse LIF receptor have 
been identified: one, very similar (75% identity) to the human recep- 
tor, is a type I membrane protein, and the other encodes a soluble 
form of the LIF receptor, in which the third FNIII, transmembrane, 
and cytoplasmic doniains have been deleted (Gearing et al., 1991; D. 
Gearing, M. Conieau, and S. Gimpel, unpublished observations, 
1992). Recombinant mouse LIF receptor can block LIF binding to 
the cellular receptor in uitro (Gearing et al., 1991). The soluble LIF 
receptor might act a s  an antagonist, agonist, or carrier protein, roles 
that have been observed for soluble versions of other heniatopoietin 
receptor family members (reviewed in Gearing and Ziegler, 1993). 
Normal mouse serum apparently contains large amounts of a trun- 
cated form of this soluble LIF receptor (Layton et al.,  1992). The LIF 
receptor genes are on human chromosome 5p12-13 and mouse chro- 
mosome 15, clustered with the genes for three other receptor family 
members, the IL-7 receptor, growth hormone receptor, and prolactin 
receptor (N. Jenkins, N. Copeland, K. Huebner, J. Overhauser, and 
D. Gearing, unpublished results). It is not clear whether there is 
physiological relevance to this gene cluster. 

The cloned LIF receptor is structurally most similar to the IL-6 
receptor affinity-converting/sign~il-transducing subunit, gp130, and to 
the G-CSF receptor, except that these receptor subunits have the 
structure Ig-HK-3(FNIII). The cytoplasmic domain of the LIF recep- 
tor was most similar to that of gp130. The structural resemblance to 
gp130 immediately presented a possible explanation for the redun- 
dancy of action of LIF and IL-6: common cytoplasmic signal- 
transducing molecules associating directly with the LIF receptor and 
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Leu L e u  S e r  A s n  W L e u  C y s  A r g  Leu C y s  S e r  L y s  T y r  . . . . . .  
Leu A r g  A s n  A s n  u T y r  C y s  M e t  AJ..a G l n  L e u  L e u  A s p  A s n  S e r  

. . . . . . . . . . . . . . . . . .  Hj..a G l y  V a l  A s p  ynl % T y r  
A s p  T h r  A l a  G l u  P r o  T h r  &Ln G l y  &Q G l y  . . .  AJ..a G l n  

G l y  P r o  A s p  . . .  T h r  Ser G l y  Lys A s p  Yal P h e  Gln L y s  L y s  
P r o  P r o  T h r  P r o  T h r  P r o  A l a  S e r  A s p  &In P h e  Gln ALCJ L y s  L e u  

L e u  G l y  C y s  G l n  L e u  L e u  G l y  L y s  T y r  G l n  I le  U A l a  Val 
G l u  G l y  C y s  A r g  P h e  Leu His G l y  T y r  Ltcs A r g  P h e  w His S e r  

AJ..a G l n  AJ..a P h e  * * *  
W .Gly A r g  Yal P h e  S e r  L y s  T r p  G l y  G l u  Ser P r o  A s n  A r g  Ser 

A r g  A r g  His S e r  P r o  His G l n  A l a  L e u  A r g  L y s  G l y  V a l  A r g  A r g  
T h r  A r g  P r o  S e r  A r g  L y s  G l y  L y s  A r g  L e u  M e t  T h r  A r g  G l y  G l n  

0: L e u  P r o  A r g  * * *  
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gp130. Although this was an attractive model, the low affinity of the 
cloned LIF receptor was a puzzle. Transfection of the LIF receptor 
cDNA into nonresponsive cells was attempted to test whether the 
low-affinity LIF receptor could participate in signal transduction. 
Transfection of the LIF receptor into B9 mouse plasmacytoma cells 
was tried first. B9 cells have IL-6 receptors and proliferate in re- 
sponse to IL-6 but do not respond to, nor bind, LIF. B9 cells trans- 
fected with the LIF receptor cDNA (B9/hLIFR cells) bound LIF 
with both low and high affinity, suggesting the presence in BY cells 
of a non-LIF-binding, affinity-converting subunit for the LIF recep- 
tor (Gearing and Bruce, 1992). Interestingly, although mouse LIF is 
incapable of binding the low-affinity human LIF receptors 0x1 trans- 
fected COS or BS/hLIFR cells, the mixed-species high-affinity LIF 
receptors on BS/hLIFR cells do bind mouse LIF (Gearing et d., 
1992a). Response to LIF in the BS/hLIFR cells was not measurable 
because the population became factor independent by a mechanism 
unrelated to the LIF receptor. Using a different hematopoietic cell 
line, BAF-B03, transfection of the LIF receptor resulted in the dis- 
play of low-affinity LIF receptors. These cells did not become factor 
independent, but did not respond to LIF (D. Gearing and S. Ziegler, 
unpublished work, 1992). 

In collaboration with the laboratory of Heixiz Bauiiiann (Roswell 
Park Cancer Center) our group has recently demonstrated the ability 
of the transfected LIF receptor to confer LIF responsiveness on the 
human hepatoma cell line Hep3B (H. Baumann and D. Gearing, un- 
published results). Transfected Hep3B cells again displayed low- 
and high-affinity LIF receptors. 

A. ONCOSTATIN M BINDS TO THE HIGH-AFFINITY LEUKEMIA 
INHIBITORY FACTOR RECEPTOR 

The molecular basis for the affinity conversion of the low-affinity 
LIF receptor was facilitated by the observations of Rose and Bruce 
(1991) that LIF is related in structure to another cytokine, oncostatin 

FIG. 1. Comparison of the amino acid sequences of the precursors of human leuke- 
mia inhibitory factor (L) and oncostatin M (0). Gaps have been included (...) to opti- 
mize the alignment (based on Rose and Bruce, 1991). Identities are Imldface, similari- 
ties are underlined. For comparison, residues in the LIF  sequence conserved between 
human, mouse, rat, sheep, and pig LIF sequences (Willson et al . ,  1992) are overlined. 
The mature aniino termini are in bold italics and are preceded by an asterisk; the 
predicted site of cleavage of the oncostatin M proprotein (Linsley et d., 1989) is in 
bold italics. 
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M (OSM). LIF and OSM are linked by virtue of two shared disulfide 
bonds among weak overall homology, the similar intron-exon bound- 
ary structure of their genes, and the demonstration that, as for the 
LIF gene, the OSM gene was on human chromosome 22 (Rose and 
Bruce, 1991) (Fig. 1). Indeed, the LIF and OSM genes have been struc- 
turally linked to within 22 kbp of each other (Jeffery et al., 1993). 
OSM and LIF cause M 1  leukemic cell differentiation at similar con- 
centrations. Subsequent receptor binding experiments demonstrated 
that OSM and LIF could bind to the same receptor on M 1  cells (Gear- 
ing and Bruce, 1992). There are also separate high- and low-affinity 
OSM-specific receptors on some solid tumor cells, and the LIF re- 
ceptors on the macrophage cell line NS1.l do not bind OSM. These 
differences were resolved by making use of the cDNA-directed LIF 
receptors expressed on transfected COS cells, B9 cells, and the 
LIF receptor in isolation as a soluble extracellular domain. OSM could 
bind the high-affinity component, but not the low-affinity component, of 
the LIF  receptors on BS/hLIFR cells (like LIF, OSM did not appear 
to bind to untransfected B9 cells) and could not bind the low-affinity 
LIF receptor component on transfected COS cells or the soluble LIF 
receptor (Gearing and Bruce, 1992). The cross-competition of OSM 
and LIF binding on M 1  cells was to a high-affinity LIF receptor, 
whereas the LIF binding to the NS1.l cells was of low affinity. In 
summary, it appears that OSM could bind to the high-affinity LIF 
receptor, but not the low-affinity LIF receptor, and that a separate 
OSM-specific receptor also exists. As for the LIF binding, we de- 
duced that because BY cells did not bind OSM directly, the endoge- 
nous affinity-converting subunit also did not bind OSM. These obser- 
vations led to the conclusion that OSM would make the ideal reagent 
to identify the affinity-converting subunit of the high-affinity LIF re- 
ceptor complex. 

By transfecting the LIF receptor cDNA together with pools of 
cDNAs from a placental expression library and screening for OSM 
binding, we reasoned that we would either clone a cDNA encoding 
the affinity convertor, or we would clone an OSM-binding subunit in 
its own right. Fortuitously, we cloned a cDNA that appeared to have 
both properties (Gearing et al., 1992b). COS cells transfected with 
this novel cDNA bound OSM with low affinity (10 nM) and when 
cotransfected with the LIF receptor, cDNA bound both OSM and 
LIF with higher affinity (-0.3 nM). However, the affinity of binding 
was 2- to 30-fold lower than to the high-affinity LIF receptors on 
responsive cells (10-200 pM), suggesting the presence of other sub- 
units in the high-affinity LIF receptor complex. Sequence analysis of 
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the cDNA revealed it to be identical to the affinity convertor of the 
IL-6 receptor complex, also known as gp130 (Taga et al., 1989; Hibi 
et ul., 1990). Thus, gp130 is an OSM receptor in its own right and 
contributes to the binding of at least three ligands, IL-6, LIF, and 
OSM. The high-affinity LIF-, OSM-, and IL-6-binding sites on B9/ 
hLIFR cells, but not on B9 parental cells, were cross-competitive 
with each of the other ligands in turn, suggesting that mouse gp130 
was involved in the formation of the high-affinity LIF/OSM receptor 
displayed on BS/hLIFR cells (Gearing et ul., 1992b). Confirmatory 
studies revealed that gp130 is also a component of the OSM-specific 
receptor (Liu et al., 1992). The sharing of a common subunit to form 
multiple high-affinity complexes has been observed elsewhere in the 
hematopoietin receptor family. The high-affinity GM-CSF, IL-3, and 
IL-5 receptor complexes share an affinity-converting and signaling 
component, called KH97 or AICBB, that does not bind either ligaiid 
directly (Kitamura et ul., 1991; Devos et al., 1991; Takaki et ul., 1991). 

The relationship of affinity conversion to signal transduction has 
been tested in our laboratory using the BAF-B03 system. We ob- 
served that only when the LIF receptor and gp130 were expressed 
together would BAF-B03 cells respond to LIF and OSM (D. Gearing 
and S. Ziegler, unpublished work, 1992). This result suggests that affinity 
conversion is required for signaling and that despite binding OSM 
directly, gp130 cannot signal an OSM proliferative response directly. 

B. CILIARY NEUROTROPHIC FACTOR AND THE LEUKEMIA INHIBITORY 
FACTOR RECEPTOR 

Another role for the cloned LIF receptor subunit has been sug- 
gested by studies of signal transduction in a transformed neural cell 
line, MAH (Ip et al., 1992). MAH cells respond to LIF and yet an- 
other cytokine, the ciliary neurotrophic factor (CNTF), in a similar 
manner, and following LIF or CNTF stimulation the same set of cy- 
toplasmic proteins appears to be phosphorylated. Stimulation by LIF 
and CNTF was blocked by antibodies to gp130 and one of the in- 
duced phosphoproteins was similar in size to the LIF receptor. 
These results suggest that the CNTF receptor complex is made up in 
part by the same components as the high-affinity LIF receptor, 
namely the cloned LIF receptor and gp130. CNTF binds to a specific 
hematopoietin family receptor component that is attached to the 
membrane by a glycosylphosphatidyliiiositol linkage (Davis et  al., 
1991). This receptor component is expressed by MAH cells and thus 
the high-affinity CNTF receptor has been suggested to be a triplex 
structure of CNTF receptor, LIF receptor, and gp130 (Ip et  d., 1992). 
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Because the CNTF receptor is not expressed on M 1  cells (Ip et ul., 
1992), the high-affinity LIF receptor complex cannot be identical to 
this high-affinity CNTF receptor complex. High- and low-affinity 
LIF, OSM, and CNTF receptors are shown in Fig. 2. 

C. LIF, OSM, CNTF, IL-6, AND IL-11: REDUNDANCY, 
PLEIOTROPYE, OR SHADES OF GREY? 

Many of the examples of LIF biology and receptor function dis- 
cussed above have included reference to the related cytokines, OSM, 
CNTF, and IL-6. Recently, participants at a CIBA foundation confer- 
ence explored the relationship between LIF and IL-6 (Bock et al.,  
1992). In this context it is worth considering the broader implications 
of the relationship between all four cytokines and to IL-11, a cy- 
tokine closely related to IL-6. 

Like LIF, IL-6 is active in stimulating hepatocytes to produce 
acute-phase proteins (Gauldie et al., 1987); IL-6 also influences bone 
remodeling (Ishimi et al.,  1990), neuronal differentiation (Satoh et 
al., 1988), adipogenesis (Jablons et al., 1990), and myeloid leukemic 
cell differentiation (Miyaura et al., 1988), it synergizes with IL-3 to 
stimulate hematopoietic stem cell (Ikebuchi et al., 1987) and mega- 
karyocyte progenitor proliferation (Ishibashi et ul., 1989), and may 
also have a role in the early embryo (Murray et al., 1990). As with 
LIF-overproducing mice (Metcalf and Gearing 1989a,b), IL-6- 
producing tumor cells cause hypercalcemia, cachexia, and thrombo- 
cytosis when injected into nude mice (Black et al., 1991). In contrast 
to LIF, IL-6 induces the proliferation of renal mesangial cells and is 
strongly implicated in mesangial proliferative glomerulonephritis 
(Tomida et al., 1990; Horii et al., 1989). A possible correlation be- 
tween LIF and kidney graft rejection has, however, been observed 
(Blanch0 et al., 1992). IL-6 also stimulates T cell proliferation and 
differentiation, myeloma, plasmacytoma, and hybridoma growth and 
B cell differentiation (Hirano et al.,  1990). 

The relationship of the LIF receptor cDNA to the IL-6 signal trans- 
ducer, gp130, initially suggested a mechanism by which LIF and 
IL-6 might exert their similar effects (Gearing et ul., 1991). The in- 
volvement of gp130 in the high-affinity LIF receptor complex (Gear- 
ing et al., 1992b) simplified the explanation because signaling 
through gp130 would provide a more likely route. Yet, despite LIF 
and IL-6 sharing common signaling pathways in certain cell types, 
such as M 1  leukemic cells (Lord et al., 1991), they do not always 
provide exactly the same signal. The best example is the H-35 rat 
hepatoma cell line in which IL-6 stimulation of thiostatin gene ex- 



low-affinity low-affinity soluble l o w - a f f i n i t y  h ig h-affi nity high - aff i n i ty h ig h-aff i nit y 
hLlFR rnLlFR rnLlFR OSMR LIF/OSMR OSM-specific-R CNTFR 

(LIP1 30) complex complex ? complex ? 
(LIFR-gpl30) (X-gpl30)  (LIFR-CNTFR- 

gpl30)  
FIG. 2. High- and low-affinity LIF, OShl, and CNTF receptors. The arrangements of the receptor subunits involved in high-affinity 

complexes are based on data from Gearing et a / .  (1992b) and Ip et al. (1992). The domain structure coninion to the heniatopoietin 
family of receptors is indicated. Thin horizontal lines correspond to cysteine residues conserved in the family and thick lines cor- 
respond to the WS x WS sequence motif. Domains with homologies to the fibronectin type 111 domain are heavily shaded; t.m., 
transmembrane; cyto, cytoplasm. 
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pression is strongly enhanced by dexamethasone; however, LIF 
stimulation of the same gene is inhibited by dexamethasone (Bau- 
mann and Gauldie, 1990; Baumann et d. ,  1992). 

Because OSM can bind the high-affinity LIF receptor in addition 
to an OSM-specific receptor, OSM would likely have the same range 
of effects as LIF (Gearing and Bruce, 1992) and then more. Shared 
activities between OSM and LIF have included induction of differ- 
entiation of M 1  leukemic cells (Rose and Bruce, 1991), growth inhibi- 
tion of aortic endothelial cells (Brown and Shoyab, 1991) inhibition 
of ES cell diferentiation (Gearing and Bruce, 1992), and induction of 
acute-phase proteins by hepatocytes (Richards et al., 1992). On the 
other hand there are other actions of OSM not shared with LIF, by 
definition, and these are mediated by the OSM-specific receptor. 
These actions include the inhibition of growth of several tumor and non- 
tumor lines, including A375 melanoma cells (Zarling et nl., 1986), 
stimulation of plasminogen activator activity in cultured bovine 
aortic endothelial cells (Brown et al., 1990), induction of IL-6 pro- 
duction by umbilical vein endothelial cells (Brown et d . ,  1991), 
and stimulation of AIDS-related Kaposi’s sarcoma cells (Miles 
et d., 1992). The stimulation of acute-phase protein production by 
hepatocytes is stronger with OSM than with LIF, suggesting 
the presence of both types of receptor (Richards et al., 1992). Sim- 
ilarly, aortic endothelial cell growth is inhibited by both cytokines, 
but only OSM stimulates the plasminogen activity of these cells 
(Ferrara et al., 1992; Brown et al., 1991a,b). Thus, the OSM-specific 
receptor and the LIF/OSM receptor appear to couple with dif- 
ferent signaling pathways. The molecular structure of the high- 
affinity OSM-specific receptor (Linsley et al., 1989) has not been 
completely elucidated, but one component is probably gp130, which 
binds OSM with low affinity (Gearing et al., 1992b; Liu et al., 
1992). 

The proposed structure of the high-affinity CNTF receptor com- 
plex, based on a similar bioactivity of CNTF and LIF and phospho- 
protein analyses of MAH cells, was a combination of CNTF receptor, 
gp130, and LIF receptor (Ip et al., 1992). Functionally, LIF and 
CNTF promote the noradrenergic-to-cholinergic switch in cultured 
sympathetic neurons and affect the survival or differentiation of mo- 
tor and sensory neurons (Yamamori et d., 1989; Murphy et d., 1991; 
Sendtner et al . ,  1990; Hall and Rao, 1992). The absence of CNTF 
receptor niRNA in high-affinity LIF receptor-positive M 1 inyeloid 
leukemic cells (Ip et al., 1992) predicts that CNTF does not interact 
with the LIF receptor. Thus, wherever there is a CNTF response 
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there would be a LIF response, but not vice versa; CNTF promotes 
the survival of ciliary neurons and affects glial differentiation, but 
LIF does not (Rao et al . ,  1990, 1992). Furthermore, LIF alters neuro- 
peptide levels in sensory neurons whereas CNTF does not (Nawa et 
al . ,  1990; Rao et al., 1992). CNTF has also been observed to induce 
acute-phase protein production (H. Baumann and D. Gearing, un- 
published work, 1992) and to pi-event ES cell differentiation (C. Stewart, 
personal communication). Like LIF, the CNTF receptor is expressed 
in muscle tissue and may also have a role in myoldast proliferation 
(Davis et al., 1991). Finally, when injected in  vioo, CNTF is, 
like LIF, toxic to mice (Sendtner et al . ,  1992). It would be worth 
testing whether CNTF affects calcium and fat metabolism, the pri- 
mary systems responsible for sickness in the LIF-overproducing 
mice (Metcalf and Gearing, 1989a,b). The CNTF receptor can be 
shed from the surface of cells and in this form might act like the 
soluble IL-6 receptor or p40 subunit of IL-12, both of which have 
been suggested to act as agonists offunction (Davis et al.,  1991; Taga 
et al.,  1989; Gearing and Cosman, 1991). 

Another cytokine worthy of mention is IL-11 becaiise it also in- 
duces acute-phase protein production by hepatocytes (Baumann and 
Schendel, 1991), causes hematopoietic progenitor proliferation and 
megakaryocyte precursor proliferation in the presence of IL-3 (Bruno 
et al.,  1991; Musashi et al., 1991), inhibits adipogenesis (Kawashima 
et a/. ,  1991), and stimulates the growth of lymphoid cells (Paul et al . ,  
1990). IL-11 binds to a distinct receptor that does not cross-compete 
with IL-6 (Yin et al., 1992). 

Why are so many cytokines performing s o  many tasks and why are 
so many tasks shared? These question are central to the work on any 
of the cytokines mentioned. In the case of LIF, why does OSM do 
everything that LIF does, and then more? Is it that the two cytokines 
are differentially regulated in space and time? Apparently not. Both 
LIF and OSM are produced by activated T cells and macrophages 
and a variety of mesenchynial cell types (Gearing and Bruce, 1992). A 
mouse version of OSM has not been identified, apparently due to the 
lack of cross-reactivity to the human cDNA sequence. It will be ini- 
portant to determine if OSM exists in  the mouse. Similarly, what is 
the purpose of having two similar neuroactive cytokines, LIF and 
CNTF? Perhaps each has different thresholds of activity: when one 
signal reaches a maximum, the second cytokine might then put the 
system into overdrive. Alternatively, multiple cytokines might act 
synergistically, allowing function at doses too low to cause toxicity by 
either alone. 
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VI. life without LIF: The LIF Knockout Mouse 

Functional redundancy can best be determined by deletion of the 
gene using homologous recombination. In the case of LIF and its 
receptor, this would seem to be a particularly enlightened route of 
investigation, because, according to current models, OSM might be 
able to replace LIF, and LIF knockout mice would have no pheno- 
type. If the LIF receptor is involved in the signaling by several cy- 
tokines, its knockout would be expected to be detrimental. The LIF 
gene was recently deleted from the mouse genome by  homologous 
recombination in ES cells (Stewart et al . ,  1992). Breeding chimeras 
transmitting the mutant gene led to viable homozygous animals lack- 
ing functional LIF protein. The animals, although smaller, were es- 
sentially normal, with no obvious gross phenotype. However, al- 
though adult males were fertile, adult females were infertile and 
implantation of embryos was shown to be defective. Significantly, the 
development of the embryo itself was normal, as shown by the ability 
of homozygous mutant embryos to implant and develop normally 
when transplanted into a normal uterus, whereas normal embryos 
failed to develop in mutant mothers. 

Implications from this important work are numerous. The essen- 
tially normal development of the mutant mice suggests that if LIF is 
an important molecule the redundancy of action with OSM, assuming 
a homologue exists in mice, might enable the mice to survive. The 
fact that Stewart and colleagues found any phenotype at all is espe- 
cially important, suggesting that LIF and OSM may be differentially 
expressed in either a tissue-specific or time-dependent manner, LIF 
being uniquely capable of supporting implantation. Perhaps LIF is 
essential for the normal development of the uterine wall. Mainte- 
nance of the ES cell phenotype by LIF in vitro would suggest that 
LIF is available in the developing blastocyst (above), yet homozy- 
gous mutant embryos develop normally. Therefore, other support 
mechanisms must exist in the embryo, e.g., production of OSM, for 
the stem cells to survive. The production of LIF in the developing 
blastocyst indicates that LIF still contributes to the blastocyst envi- 
ronment (Conquet and Brulet, 1990; Murray et  al.,  1990). 

The smaller size of the LIF knockout mice suggests that other 
more subtle and non-life-threatening disorders occur. For example, 
the role of LIF as an alarm molecule would not have been tested in 
the sterile mouse-house environment used to maintain the mice. It 
will be interesting to determine their response to infection and in- 
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flaminatory attack. Given the number of other systems affected by 
LIF this analysis could be extensive. 

VII. Conclusions 

It is now understood that most cytokines are pleiotropic and redun- 
dant in action. The mechanism that underlies both features appears 
to lie in the nature of the receptors rather than in the cytokines them- 
selves. Although structural homology between functionally related 
ligands is rare, a common receptor framework exists and the high- 
affinity-converting, signal-transducing receptor subunits are often 
shared. The shared receptor components most easily account for the 
issue of redundancy, although, a s  noted above, gp130 is common to 
LIF, OSM, IL-6, and CNTF receptors, yet different signals can re- 
sult. Because receptor subunits are common to different tissues, the 
molecular basis of cytokine pleiotropy appears to be due to tissue- 
specific expression of different cytoplasmic signal-transducing com- 
ponents, e.g., protein tyrosine kinases, rather than to variants of the 
receptor components per se. 

Why does the body make so many cytokines, all doing much the 
same job? It is hard to imagine they are maintained as a fail-safe 
mechanism. Yet that is essentially the conclusion to be obtained from 
the LIF knockout mice, asstiming that systems other than the uterus 
are not affected. Even if a cytokine is active on a particular cell type 
in uitro, does that mean it is active in uivo.2 In the case of LIF, most 
of its effects in vitro have been observed in uivo. The likely answer is 
that LIF is made close to its site of action, and only small amounts 
would be required under such a scenario. Local action also provides 
a means for the disasterous effects of systemic LIF exposure to be 
avoided, and the high levels of circulating LIF receptor in serum 
might provide a sink for escaped LIF, preventing such side effects. 
Similar binding proteins would be expected for the LIF-related cy- 
tokines, OSM and CNTF. However, the CNTF receptor, b y  homol- 
ogy to the IL-6 receptor and IL-12 (Taga et al., 1989; Gearing and 
Cosman, 1991), is likely to be an agonist of CNTF function. These 
issues are clearly difficult to interpret and will require much more 
experimentation to clarify. 
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I. Introduction 

CD4 and CD8 are cell surface glycoproteins expressed on T lym- 
phocytes that have specificity for class 11 or class I major histoconi- 
patibility complex (MHC) proteins, respectively (reviewed in Swain, 
1983). T cells that express CD4 are generally, though not always, 
helper/inducer cells, while those that express CD8 are usually cy- 
totoxic cells (reviewed in Parnes, 1989). These proteins have been 
shown to play major roles in both the activation of mature peripheral 
T cells and the thymic differentiation process that leads to the mature 
T cell repertoire and the expression of CD4 and CD8 on mutually 
exclusive T cell subsets. The molecular biology and function of CD4 
and CD8 were reviewed by  Parnes in 1989. Since that time there has 
been a wealth of new information on the mechanisms by which these 
molecules influence T cell differentiation and function. For example, 
the crystal structures of inamunoglobulin-like domains of CD4 (Wang 
et nl., 1990; Ryu et al.,  1990) and CD8 (Leahy et d.,  1992) have been 
determined, binding sites for CD8 on class I MHC proteins 
(Norment et d.,  1988; Potter et d , ,  1989; Salter et  d . ,  1989, 1990) and 
CD4 on class I1 MHC proteins (Cammarota et a/ . ,  1992; K6nig et d.,  
1992) have been mapped, and both proteins have been shown to be 
associated via their cytoplasmic tails with the relatively T cell- 
specific, src-family tyrosine kinase p56"' (Rudd et nl. ,  1988; Veillette 
et ( i l . ,  1988). This review summarizes the role of CD4 and CD8 in 
both T cell activation and differentiation from the perspective of such 
new findings. 

II. Function of CD4 and CD8 in T Cell Activation 

A. c n 4  AND CD8 CONTRIBUTE TO TCR-MEDIATED RECOGNITION 

AND ACTIVATION 

Early stiidies demonstrated that antisera or monoclonal antibodies 
(mAbs) directed against CD4 and CD8 cell surface antigens interfere 
with the activation and differentiation of antigen-induced T cell re- 
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sponses. Antibodies directed against CD4 generally interfere with 
MHC class II-restricted responses and thus most T “helper” func- 
tion, whereas antibodies against CD8 affect MHC class I-restricted 
responses and thus “killer” function (reviewed in Parnes, 1989). 
Since the ability of anti-CD4 and anti-CD8 to block T cell function is 
quite variable, affecting clones with different specificities and affin- 
ities for antigen/MHC to different extents, the role of CD4 and CD8 
cannot be considered essential for all T cell activation and recogni- 
tion. Thus, these molecules have been termed “accessory mole- 
cules.” However, there is an increasing body of evidence to suggest 
that CD4 and CD8 are of primary importance in the activation, differ- 
entiation, and effector functions of most T cells. 

Over the past few years many experiments have been directed at 
understanding the mechanism by which CD4 and CD8 contribute to 
antigen-specific recognition, activation, and differentiation. It was 
suggested that CD4 and CD8 may be adhesion molecules that in- 
crease the overall avidity of a T cell and its cognate partner by  bind- 
ing to their respective MHC class 11 and class I ligands, thus facilitat- 
ing specific TCR/antigen-MHC interactions. Expression of high 
levels of CD4 (Doyle and Strominger, 1987) or CD8 (Norment et al., 
1988; Salter et al., 1989, 1990; Rosenstein et ul., 1989) in transfected 
cells or membrane vesicles increased the ability ofthose cells or ves- 
icles to bind to cells or membranes expressing the appropriate MHC 
class I1 or class I ligand, demonstrating that CD4/class I1 or CD8/ 
class I interactions can influence the avidity of one cell for another. 
Expression of CD4 in a class-I restricted hybridoma demonstrated 
that CD4 contributed to antigen-specific IL-2 production only when 
class I1 was present on the antigen-presenting cell (APC) (Gay et al., 
1987). Similarly, expression of CD8 in a hybridoma in which the 
TCR was restricted to class I1 influenced IL-2 production only when 
class I was present on the APC (Ratnofsky e t  al., 1987). These data 
are consistent with CD4 and CD8 acting as adhesion molecules and 
were interpreted to support this notion. By individually examining 
the effects of various antibodies on the “adhesive” and “lytic” 
phases of CTL activity, it was demonstrated that mAbs directed 
against CD4 and CD8 could sometimes block the adhesive phase. 
However, the relative adhesive effects of CD4 or CD8 proved to be 
minor compared with those of CD2 and LFA-1. Interestingly, in 
these studies, blocking with anti-CD4 or anti-CD8 significantly in- 
hibited activity when present only during the lytic phase, indicating 
an additional role for these molecules in activation (De Vries et al., 
1989). However, the validity of an adhesive phase that is entirely 
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separate from and precedes the lytic phase must be questioned in 
light of recent data by O’Rourke, Mescher, and co-workers (1990, 
1992) and Mazerolles et al. (1990, 1991), which will be discussed later. 

The first indication that CD4 and CD8 may play a more active role 
in TCR-mediated cell signaling came from studies demonstrating 
that anti-CD4 and anti-CD8 mAbs inhibited mitogen-induced activa- 
tion in the absence of relevant MHC ligands (Bank and Chess, 1985; 
Bekoff et al. ,  1985; Wassmer et ul., 1985; Tite et al., 1986; Rosoff et 
al., 1987). Similarly, anti-CD3/TCR-directed cytotoxicity against tar- 
get cells that lacked MHC class I expression could be inhibited by 
anti-CD8 mAbs (Van Seventer et ul., 1986) and anti-TCR-induced 
activation could be blocked with mAbs directed against CD4 (Rojo et 
nl., 1980; Dianzani et nl., 1992a). This ability of antibodies directed 
against CD4 or CD8 to inhibit TCR- or mitogen-induced T cell acti- 
vation was termed “negative signaling.” However, there remains no 
clear evidence for the existence of a signal delivered on CD4 or CD8 
ligation that actively downregulates a TCR-mediated signal. Rather, a 
lack of signaling that normally accompanies TCR activation has gen- 
erally been reported. An alternate explanation for these results sug- 
gests that the presence of anti-CD4 or anti-CD8 mAbs may interfere 
with the formation of functional complexes between the TCR and 
CD4 or CD8 and/or their associated ~ 5 6 “ ~ .  This idea, in part, gave 
rise to the “coreceptor” hypothesis of CD4 or CD8 function (see 
Section 11, D). 

B. PROTEIN TYROSINE KINASE p56“ Is PHYSICALLY ASSOCIATED 

The idea that CD4 and CD8 have signal transduction as well as 
ligand-binding capabilities gained support with recent findings that 
the intracellular src-like tyrosine kinase p56“’ binds to the cytoplas- 
mic tails of both CD4 and CD8a (Rudd et ul., 1988; Veillette et al., 
1988; Zamoyska et al., 1989; Shaw et a l . ,  1989; Turner et al., 1990); 
that crosslinking CD4 or CD8 can contribute to increases in i n  vivo 
tyrosine phosphorylation of protein substrates (Veillette et al., 1988; 
1989a, 1989c; LUO and Sefton, 1990); and that tyrosine phosphoryla- 
tion is the earliest known signaling event associated with TCR- 
mediated recognition and activation (Samelson et al . ,  1986; Hsi et al., 
1989; June et al., 1990a). It has been demonstrated that crosslinking 
CD4 with anti-CD4 mAb results in an increase in the in oitro kinase 
activity of ~ 5 6 ‘ “ ~  associated with CD4 (Veillette et al., 1989a, 1991c; 
LUO and Sefton, 1990). It has been more difficult to demonstrate an 
upregulation of CD8-associated in vitro kinase activity on CD8 
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crosslinking with mAb and secondary antibodies (Veillette et al., 
1 9 8 9 ~ ;  Luo and Sefton, 1990). However, an increased tyrosine phos- 
phorylation of in vivo substrates has been demonstrated to accom- 
pany CD8 crosslinking (Veillette et al., 1989c; Luo and Sefton, 1990). 

Quantitative analysis showed that 50 and 20% of cellular ~ 5 6 " ' ~  are 
bound to CD4 and CD8, respectively (Veillette et al., 1988, Veillette 
et al., 1989c; LUO and Sefton, 1990). This association is noncovalent 
and is disrupted by ionic detergents or agents capable of modifying 
free sulfhydryl groups on cysteine residues (Veillette et al., 1991; 
Shaw et al., 1990). These characteristics led to the suggestion that 
the interaction between the CD4 or CD8 cytoplasmic tail and ~ 5 6 " ~  
inay involve cysteines participating in a metal ion coordination com- 
plex. In keeping with this idea, deletion and site-specific niutagene- 
sis studies have demonstrated that sequences localized between 
amino acids 394 and 421 of CD4, 194 and 203 of CDSa, and 2 and 34 
of ~ 5 6 " ' ~  containing crucial cysteines are sufficient for complex for- 
ination (mouse nunibering used in each case) (Shaw et d. ,  1989; 
Turner et ul., 1990). A cysteine-X-cysteine motif shared by CD4 and 
CD8a cytoplasmic tails and a related cysteine-X-X-cysteine motif 
present in the N-terminal portion of ~ 5 6 ' " ~  have been demonstrated 
to be particularly important, since mutation of any of these cysteines 
significantly diminishes or eliminates CD4/p56lCk or CD8alp56"'k 
binding when these molecules are expressed in nonlymphoid cells or 
T cell hybridomas (Rudd et al., 1988; Veillette et al., 1988; Shaw et 
d., 1989; Turner et ul., 1990; Zamoyska et al., 1989). Furthermore, it 
has been demonstrated that the cytoplasmic tail of the CD8a chain 
rather than the CD8p chain is entirely responsible for C D 8 a l ~ 5 6 ' " ~  
association (Zamoyska et ul., 1989). A complementarity of charge 
likely also facilitates interactions between CD4 or CD8 Cytoplasmic 
tails and ~ 5 6 ' " ~ .  Mouse CD4 and CD8a cytoplasmic tails have net 
positive charges while mouse ~ 5 6 ' " ~  is largely negatively charged 
(particularly within the aniino-terminal 32 amino acids). Peptides re- 
producing 13 CD4 cytoplasmic residues can compete with native 
CD4 for binding to ~ 5 6 ' " ~  in vitro (Vega et al., 1990). Furthermore, 
interactions between peptides representing CD4 or CD8a cytoplas- 
mic portions and ~ 5 6 ' " ~  up-regulate the enzymatic activity and affect 
substrate specificity of ~ 5 6 ' " ~  in uitro. Polycations can mimic CD4 
cytoplasmic fragments in some of these respects (Bramson et d., 
1991). 

~ 5 6 ' " ~  is a member of the src gene family of intracellular protein 
tyrosine kinases (PTKs) and, as such, shares a number of salient 
features with other members of the src family (Fig. 1) (reviewed in 
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FIG. 1. Schematic representation of the intracellular tyrosine kinase ~ 5 6 " ' ~ .  The  
N-terminal glycine is known to be myristylated (N.  Abraham and Veillette, 1990). The  
domain involved in CD4/CD8 association and the cysteines demonstrated to be  cru- 
cial for the association (Shaw et d., 1989; Turner et d., 1990) are shown. The  SH3 and 
SH2 domains are thought to be involved in substrate interaction. This most likely is 
partially a result of the ability of the SH2 domain to bind phosphotyrosine (Koch et ol., 
1991; Overduin et ol., 1992). The catalytic domain contains an ATP-binding site cru- 
cial to enzymatic function, as well as a site of aiitophophorylation (Cooper, 1990). 
Tyrosine phosphorylation at  this site is thought to contribute to ~ 5 6 " ~  activity i n  t h o  
(Caron et ol., 1992). Phosphorylation at position Tyr-505 is thought to inhibit enzy- 
matic activity of ~ 5 6 " ' ~  (Marth et ol., 1988; Arnrein and Sefton, 1988; N. Abraham and 
Veillette, 1990). 

Cooper, 1990). The N-terminal glycine (glycine 2 in ~ 5 6 " ~ )  is myris- 
tylated, allowing for association with the membrane, presumably (by 
analogy to p60"") by binding to an internal membrane myristyl- 
kinase receptor (Resh and Ling, 1990). The amino-terminal domain is 
the least conserved among family members, is approximately 60 
amino acids long, and for ~ 5 6 " ' ~  contains the sequences known to be 
involved in CD4/CD8 binding (Shaw et al., 1989). Myristylation of 
~ ~ 5 6 " ' ~  at glycine 2 is not required for association with CD4, though it 
appears to facilitate the interaction, most likely by localizing ~ 5 6 " ' ~  to 
the cytoplasmic face of the plasma membrane, where it is ideally 
positioned for binding CD4 or CD8 cytoplasmic tails (Shaw et al., 
1990; Caron et al., 1992). The src homology 3 (SH3) and 2 (SH2) 
domains span amino acid residues (66-122 and 123-234 (mouse Lck 
numbering) and are thought to be involved in cytoskeletal association 
and substrate specificity, respectively (Koch et al., 1991). Isolated 
SH2 domains have been shown to bind directly phosphotyrosine and 
phosphotyrosine-containing proteins, and SH2 domains from dif- 
ferent proteins bind to phosphotyrosine-containing peptides or 
phosphoproteins with a particular specificity (Fantl et al., 1992; 
Kashishian et al., 1992). Activation-induced tyrosine phosphorylation 
of proteins within or associated with transniembrane receptor com- 
plexes is thought to contribute to the recruitment and binding of 
SH2-containing signaling proteins that modify and/or effect signal 
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transduction (reviewed in Koch et al., 1991). Though little has been 
published to date on the binding properties of the ~ 5 6 ' " ~  SH2 do- 
main, it has recently been reported that a bacterial fusion protein 
containing the ~ 5 6 ' " ~  SH2 domain binds to several phosphotyrosine- 
containing proteins from stimulated T cells (Caron et nl., 1992). 

Amino acid residues 235-494 encompass the kinase domain, which 
contains an ATP-binding site centered around lysine 273, as well as 
an autophosphorylation site at tyrosine 394 (Casnelli et al., 1982; N. 
Abraham and Veillette, 1990; Luo and Sefton, 1990). This domain has 
a high degree of sequence identity with kinase domains of nonrecep- 
tor tyrosine kinases (i.e., STC family members) as well as receptor 
tyrosine kinases, such as the platelet-derived growth factor (PDGF) 
receptor (reviewed in Cooper, 1990). Phosphorylation of tyrosine 394 
most likely results from trans-phosphorylation between ~ 5 6 ' " ~  mole- 
cules on kinase dimerization accompanying activation, and is thought 
to play an upregulatory role (see below). Myristylation at glycine 2 is 
required for in vivo phosphorylation at this site (Caron et ul., 1992). 

The carboxy-terminal domain of all src-like kinases (spanning 
amino acids 495-509 in ~ 5 6 ' " ~ )  contains a regulatory tyrosine (Y505 
in ~ 5 6 ' " ~ )  (Cooper, 1990). In ~ 5 6 ' " ~  this is the major site of in vivo 
phosphorylation (Veillette et al., 1988; Luo and Sefton, 1990). A num- 
ber of findings suggest that ~ 5 6 ' " ~  enzymatic function is likely to be 
negatively regulated by tyrosine 505 phosphorylation (see below). It 
has been shown that ~ 5 6 ' " ~  molecules with defective ATP-binding 
sites are not enzymatically active, but are still phosphorylated at po- 
sition 505 in vivo (Veillette et d., 1991). Therefore, tyrosine 505 is 
most likely not a site of autophosphorylation, but rather is phosphory- 
lated by another PTK that has yet to be identified. A PTK named csk 
(c-src kinase) specifically phosphorylates p60"'" at the analogous reg- 
ulatory site (Y527) and has recently been cloned and characterized. 
While csk transcripts were detected in all tissues examined, a cross- 
hybridizing transcript of a different size was only detectable in 
spleen and thymus (Nada et al., 1991). Given its restricted tissue 
distribution, the protein encoded by this cross-hybridizing message 
represents a potential candidate for the ~ 5 6 ' " ~  Y505 kinase (Nada et 
al., 1991). Finally, the tyrosine phosphatase CD45 may dephos- 
phorylate ~ 5 6 ' " ~  at position Y505, thus upregulating ~ 5 6 ' " ~  kinase ac- 
tivity and T cell activation (Ostergaard et ul., 1989; Ostergaard and 
Trowbridge, 1990). 

c. GTP-BINDING PROTEIN ASSOCIATES WITH CD4 AND CD8 

Telfer and Rudd (1991) recently reported that a 32-kDa phospho- 
protein coprecipitates with CD4-p56lCk and CD8-p56lCk complexes 
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from the human T cell tumor line HPB-ALL as well as from normal 
human thyinocytes and peripheral blood lymphocytes. This protein 
is recognized by antiserum to a peptide representing a consensus 
GTP-binding region found in G proteins [Gly-(X)?-Gly-Lys], and the 
peptide used to generate the antiserum blocked recognition of the 
32-kDa protein. Imniunoprecipitated CD4 and CD8 coniplexes 
bound to GTP and hydrolyzed it to GDP. Additionally, this 32-kDa 
protein was covalently linked to [a-.32P]GTP by ultraviolet photoaf- 
finity labeling. These data demonstrate that a functional GTP- 
binding protein is associated with CD4 and CD8. How this G protein 
might be involved in T cell activation remains unknown, though acti- 
vation of GTP-binding proteins in T cells by GTP analogs that cannot 
be hydrolyzed has been shown to induce phosphoinositol turnover 
(Harnett and Klaus, 1988). Furthermore, G proteins have been dem- 
onstrated to affect the enzymatic activity of phospholipase C in other 
systems (Cockcroft and Gomperts, 1985; Gilinan, 1987). As PLC, is 
known to be involved in T cell activation, this is a potential mecha- 
nism through which this G protein could influence T cell signals. 
Studies in which [a-”PIGTP was crosslinked to T cell proteins by 
ultraviolet light revealed as inany as 10 GTP-binding proteins in T 
cells (including one at 32 kDa) (Pessa-Morikawa et ul., 1990), thus 
one cannot yet directly link this particular 32-kDa protein with a 
function in T cells. 

D. THE COHECEPTOH MODEL 

The “coreceptor” model holds that CD4 or CD8 forms a complex 
with the TCR, binding to the same antigen-bearing MHC molecule 
to function as a coreceptor for recognition and activation (reviewed in 
Janeway, 1992). This model is particularly appealing, because it 
could help explain the association between MHC class I1 recognition 
and CD4 expression and between MHC class I recognition and CD8 
expression. Thus, during thymic selection, when a CD4+CD8+ thy- 
mocyte encounters antigen presented by class I or class I1 MHC, 
only the CD4 or CD8 coreceptor that can bind to that same MHC 
molecule as the TCR is called into play to contribute to or modify a 
differentiation/activation signal. Such a signal may result in the 
maintenance of expression of the appropriate CD4 or CD8 coreceptor 
molecule, the downregulation of expression of the other coreceptor, 
and possibly the differentiation program involved in maturation into 
functional helper or killer T cells. The role for CD4 and CD8 “co- 
receptors” in differentiation will be discussed in depth later in this 
article (see Section 111). Similarly, this hypothesis predicts that maxi- 
mal activation of mature T cell fiinction, such as proliferation, lym- 
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phokine production, or cytotoxic granule release, occurs when the 
TCR and CD4 or CD8 bind to the same MHC ligand and interact as 
coreceptors for MHC/antigen recognition and signal transduction. 
Data to support the coreceptor model will be discussed here. 

E. ASSOCIATION BETWEEN THE TCR AND CORECEPTOR MOLECULES 

A physical association between CD4 or CD8 and the TCR has been 
demonstrated using a number of different approaches, including co- 
immunoprecipitation (Gallagher et al., 1989; Beyers et al., 1992), co- 
capping (Saizawa et al., 1987; Kupfer et d., 1988; Rojo et d., 1989), 
and comodulation (Takada and Engleman, 1987; Weyand et al., 1987; 
Anderson et al., 1988) of these molecules, and by fluorescence reso- 
nance energy transfer between these molecules (Mittler et d . ,  1989; 
Collins et al., 1992). While this association is barely detectable be- 
fore T cell activation, TCR triggering induces a greater degree of 
association. When maximally associated, it appears that two CD4 
molecules associate with each TCR (Saizawa et ul., 1987). Fluo- 
rescence microscopy studies initially demonstrated that cell surface 
CD4 or CD8 and the TCR colocalized to the site of direct interaction 
between a T cell and an APC only when the appropriate antigen/ 
MHC combination was present on the APC (Kupfer et al., 1987). Sim- 
ilarly, a number of groups demonstrated that CD4 or CD8 conio- 
dulates with the TCR complex off the cell surface following T cell 
activation (Weyand et al., 1987; Anderson e ta l . ,  1988). More convinc- 
ingly, CD4, CD8, and ~ 5 6 ' " ~  have been coprecipitated with the TCR 
on T cell tumors and in peripheral blood cells when mild detergents 
were used for cell lysis (i.e., Triton X-100 and Brij 96, respectively) 
(Gallagher et al., 1989; Beyers et  al., 1992). In one report, the sensi- 
tivity of the in. vitro kinase assay allowed for detection of the associa- 
tion between C D 4 / ~ 5 6 ' " ~  and CDS/TCR components on a T cell tu- 
mor even when NP40 was used for cell lysis (Burgess et al., 1991). 

Over the past few years, Janeway's group has generated a consider- 
able body of evidence to suggest that the TCR undergoes a conforma- 
tional change on TCR activation, resulting in a greater association 
between CD4 and the TCR and more efficient activation (Dianzani et 
al., 1992a; Saizawa et al., 1987; Rojo et ul., 1989; Janeway, 1992). 
Working with the class II-restricted T cell clone D10 and a set of 
mAbs directed against different epitopes of the variable region of its 
TCR complex, they demonstrated that some mAbs could induce co- 
capping of CD4 with the TCR, whereas others could not (Rojo et al., 
1989). There was a direct correlation between the ability of a mAb to 
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induce cocapping and its ability to stimulate D10 to proliferate (Rojo 
et ul., 1989; Janeway, 1992). Those mAbs capable of inducing cocap- 
ping of the TCR and CD4 required 30- to 300-fold fewer TCR ligands 
per cell for maximal activation. It has been demonstrated that these 
results do not simply reflect the affinity of the mAb for the TCR. 
Rather, they have been interpreted to suggest that the mAbs that are 
niaximally stimulatory bind the TCR in such a way that they induce a 
conforrnational change that induces association of the TCR with 
CD4, and thus more efficient signaling. An extension of these studies 
substantiated this idea by demonstrating that only mAbs that induced 
efficient C D4 /TCR interact ions c o d  d induce efficient tyros ine p hos- 
phorylation of the TCR 5 chain, which is known to accompany TCR- 
mediated activation (Dianzani et al., 1992a). 

A potential site of interaction between CD4 and the TCR has been 
identified by epitope interference studies with the D10 T cell and a 
panel of anti-TCR and anti-CD4 mAbs (Janeway, 1991; Dianzani et 
al., 1992a). mAbs directed against CD4 inhibited TCR-mediated acti- 
vation hy anti-TCR variable region mAbs directed against a particular 
epitope of the D10 TCR (Janeway, 1991; Dianzani et al., 1992a). 
Stimulation of D10 by anti-TCR Vp mAbs was unaffected by anti- 
CD4 mAbs, demonstrating the fine specificity of the epitope interfer- 
ence and presumably the interaction between CD4 and the TCR. 
Much of what was previously referred to a s  "negative signaling" by 
anti-CD4 mAbs might now lie understood in terms of steric interfer- 
ence with CD4/TCR interactions required for effective TCR- 
mediated signaling. Appropriate interpretation of these data might be 
complicated by the finding that the TCR can signal through at least 
two distinct signaling modules (centered around CD3e and the asso- 
ciated 5 chain) (Irving and Weiss, 1991; Wegener et d., 1992). It is 
possible that each module may be differentially stimulated by vari- 
ous anti-TCR mAbs and that signaling through one of these modules 
may be affected to a greater degree by CD4/p56"' or ~ 5 6 " ~ / T c R  
interaction. How CD4 and p56" ' might influence TCR-mediated sig- 
naling will lie readdressed later (see Section 11,L). 

A number of groups have deliherately forced an interaction be- 
tween the TCR and either CD4 or CD8 by artificially crosslinking 
the TCR and coreceptor utilizing the following means: heterospecific 
mAbs containing binding sites for both CD4 or CD8 and the TCH 
(Ledlletter et ul. ,  1988, 1990), secondary crosslinking antibodies that 
bind both anti-CD4 or anti-CD8 and anti-TCR mAbs (Emmrich et ul., 
1986; Owens et al., 1987; Haughn et nl., IYYZ), biotin conjugation of 
anti-CD4 and anti-TCR followed 1)y avidin crosslinking (Ennnrich et 
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al., 1987; Ledbetter et al., 1988; Kanner et  al., 1992), or adherence of 
anti-CD4 or anti-CD8 and anti-TCR to beads or plates (Emmrich et 
al., 1986, 1987; Anderson et al., 1987). In each case conditions lead- 
ing to coligation of CD4 or CD8 with the TCR dramatically increased 
TCR-mediated signaling when suboptimal concentrations of anti- 
TCR antibodies were used. Signals that were measured include 
protein tyrosine phosphorylation of PLC,1 (Kanner et  al., 1992; 
Deans et  al., 1992), CD3-associated 6 (Dianzani et al., 1992a), the 
proto-oncogene uau (Bustelo et al., 1992; Margolis et al., 1992), and a 
number of as yet undefined proteins (Veillette et al., 1989c; Luo and 
Sefton, 1990; Ledbetter et  al., 1990; Kanner et al., 1992); inositol 
triphosphate production (Ledbetter et al., 1988); Ca2+ flux (Ledbetter 
et al., 1988); proliferation (Emmrich et al., 1987; Anderson et  al., 
1987; Haughn et al., 1992); and lymphokine production (Owens et  
al., 1987). Crosslinking the TCR alone could result in all of these 
signals; however, the intensity of the signal was not as great as when 
the TCR was crosslinked to a coreceptor molecule. Crosslinking CD4 
alone has in some instances been reported to result in small increases 
in production of inositol phosphates (Ledbetter et  al., 1988); in Ca2+ 
flux (Kanner et al., 1992); in tyrosine phosphorylation of the 6 chain 
(Veillette et al., 1989b), ~ 5 6 ' " ~  (Veillette et  al., 1989b), and some 
other unidentified substrates (Rudd et  al., 1988, Ledbetter et  al., 
1990); and in an increase in the kinase activity of the associated 
~ 5 6 ' " ~  (Veillette et  al., 1989a, 1991; Luo and Sefton, 1990), but these 
signals have not generally been correlated with functional conse- 
quences of T cell activation such as proliferation or lymphokine pro- 
duction. It has been reported that in some instances crosslinking 
CD4 in the absence of TCR signaling can lead to decreased TCR 
expression or decreased T cell adhesiveness. These data will be dis- 
cussed later (see Sections II,I and II,J, respectively). 

F. CORECEPTO~MHC BINDING SITES 

In the coreceptor model simultaneous binding of the TCR and the 
appropriate CD4 or CD8 coreceptor to the same MHC molecule dur- 
ing antigen recognition is required for maximal TCR-mediated acti- 
vation. It was therefore imperative to establish that coreceptor/MHC 
binding sites and TCR/MHC binding sites did not overlap and that 
simultaneous binding was, in fact, physically possible. Interpretation 
of the crystal structures of MHC class I molecules allowed for the 
identification of residues within the a1 and a 2  domains thought to 
contribute to binding and interaction with the TCR (Bjorkman et  al., 
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1987). Characterization of mutant mouse and human class I mole- 
cules substituted at positions 227 and 245, respectively, implicated 
the a3 domain as the potential contact site for CD8a (Norinent et ul., 
1988; Potter et al., 1989). Further mutagenesis of the a3 domain of 
class I MHC molecules demonstrated that three clusters of a3 do- 
main residues (including amino acids 220-232, 233-235, and 245- 
247) contribute to the adherence of cells expressing normal or mu- 
tated human class I MHC molecules to human CD8a-transfected 
CHO cells (Norment et ul., 1988; Salter et al., 1989, 1990). Further- 
more, in both mouse and human systems, cells expressing class I 
MHC molecules mutated at key residues within the a3 domain were 
demonstrated to be less functionally competent at activating T cell 
responses restricted by those mutant class I molecules, despite the 
surface expression of class I molecules with intact a3 domains, to 
which CD8 could bind independently of the TCR (Connolly et ul., 
1988, 1990; Potter et  al., 1989; Salter et ul., 1990). Taken together, 
these data demonstrated that simultaneous binding of CD8 and the 
TCR to the same MHC molecule was not only possible, but likely 
occurs physiologically during T cell activation. The role of the CD8p 
chain in class I MHC binding remains an open question. 

Recent mutagenesis studies aimed at establishing the CD4 binding 
site on class I1 MHC proteins have implicated a region between resi- 
dues 137-143 (mouse numbering) as a primary determinant for class 
I1 MHC/CD4 interaction (Konig et nl., 1992). These data are consis- 
tent with those obtained using a human class I1 HLA-DR peptide 
binding assay (Camniarota et al., 1992). This region of the class I1 /3 
chain p2 domain is structurally analogous to the CD8 binding region 
within the a3 domain of MHC class I molecules, and binding to this 
site would be consistent with simultaneous binding of CD4 and the 
TCR to the same MHC molecule. 

The crystal structures of extracelliilar portions of CD4 (Ryu et  al., 
1990; Wang et al., 1990) and CD8a (Leahy et  al., 1992) have also 
recently been solved. Coupled with studies in which CD4 and CD8a 
have been mutagenized and assayed for binding and function in 
antigen-specific T cells (Clayton et ul., 1989; Fleury et ul., 1991), 
these data have allowed for a better understanding of how CD8/class 
I MHC and CD4/class I1 MHC interaction may occur. Mutation of 
extracellular portions of CD4 has implicated regions within the im- 
munoglobulinlike domains 1 and 2 of CD4 as playing a primary role 
in the interaction with class I1 MHC. In particular, mutations 
within the CDR1- and CDR3-like loops of CD4 greatly affected class 
I1 interaction (Clayton et al., 1980; Fleury et ul., 1991). Whereas all 
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reports agreed that mutations within the CDR2-like loop affected 
CD4/HIV gp120 binding, there is a discrepancy as to whether or not 
the CDR2-like loop is involved in CD4/MHC class I1 interaction 
(Clayton et al., 1989; Fleury et al., 1991). Since the CDRl and CDR3 
loops are on the opposite face of the CD4 molecule from the CDR2 
loop (Ryu et al., 1990; Wang et  al., l990), these data may imply that 
CD4 does not contact class I1 MHC molecules along the surface en- 
compassing the CDR-like loops, but rather along a surface including 
only one side of the CDR1-like and CDR3-like loops. Mutagenesis of 
the CD8a immunoglobulin-like variable domain demonstrated that 
the CDR1-like and CDR2-like loops of CD8 are important in MHC 
class I binding (Sanders et al., 1991). As the surface of CD8 bearing 
the CDR-like loops is primarily positively charged and the CD8- 
binding residues identified within the a3 domain of class I MHC are 
highly negatively charged, a complementarity of charge likely con- 
tributes to the CD8/class I MHC interaction (Leahy et d., 1992). 

If the interaction between CD8 and class I MHC is confined to the 
CDRl and CDR2 loops, the crystal structure indicates that it is possi- 
ble for the simultaneous binding of two HLA class I molecules to one 
CD8a homodimer (Leahy et al., 1992). Such an interaction might 
contribute to crosslinking the TCR complex (including the CD8 co- 
receptor) in vivo. The CD4 crystal structure indicates that each CD4 
molecule can only bind one class I1 MHC protein (Ryu et ul., 1990; 
Wang et al., 1990). However, as mentioned earlier, it is thought that 
two CD4 molecules associate with one TCR complex (Saizawa et ul., 
1987). This may contribute to TCR complex (including the CD4 co- 
receptor) crosslinking in vivo. Taken together, these data may help 
explain why crosslinking the TCR in vitro is required for activation. 

G. UNDERSTANDING THE MECHANISMS OF CORECEPTOR FUNCTION 
USING GENE TRANSFER 

A number of groups have used gene transfer coupled with muta- 
genesis to understand the mechanisms by which CD4, CD8, and 
~ 5 6 ' " ~  potentiate T cell activation. T cell hybridomas often lose sur- 
face expression of CD4 or CD8 in culture, thus providing the investi- 
gator with an antigen-specific CD4-CD8- T cell into which wild- 
type or mutant forms of CD4, CDSn, and CD8p can be transfected, so 
that their relative abilities to potentiate T cell responses can be com- 
pared. Initial gene transfer studies demonstrated that expression of 
CD8 or CD4 in either class I- or class II-restricted hybridomas could 
augment antigen-induced IL-2 production relative to the parental hy- 
bridoma (DembiE et al., 1987; Gabert et al., 1987; Gay et al., 1987; 
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Ratnofsky et  al., 1987; Sleckinan et a l . ,  1987; Ballhausen et u Z . ,  1988). 
We have recently used this technique to assess the relative poten- 
tiating effects of CD4 or CD8 expression under circumstances 
wherein they either can or cannot bind to the same MHC molecule as 
the TCR, and thus can or cannot act as a coreceptor. Furthermore, we 
have expressed truncated forms of CD4 and CD8a in order to deter- 
mine whether the cytoplasmic tail and/or the associated ~ 5 6 " ~  are 
required for potentiation under each of these circumstances (Za- 
moyska et  al., 1989; Parnes et d.,  1989; Miceli et al., 1991; Miceli 
and Parnes, 1991). 

DC27.10 is a mouse T cell hybridoma that requires CD8a surface 
expression for IL-2 production in response to the alloantigen K". It is 
a subclone of a CD4+ helper hybridoma DO-11.10 (specific for 
I-A(* + ovalbumin) that was transfected with the TCRa and TCRP 
chain genes from a CD8+, K'-specific CTL clone (Gabert et  al., 
1987). DC27.10 was shown to produce IL-2 in response to the K" al- 
loantigen only when CD8a was transfected into and expressed by this 
cell. CD8p expression was not required. CD8a', a naturally occurring 
truncated form of CD8a, lacks all but a few amino acids of its cy- 
toplasmic tail and thus cannot associate with p56"' (Liaw et al . ,  1986; 
Zamoyska et al., 1989). Expression of CD8a' in this class I-restricted 
hybridoma potentiated IL-2 production to a much lesser extent than 
did CD8a, demonstrating that the cytoplasmic tail and/or its associ- 
ated p56"' are involved in enhancing class I-restricted responses 
when the CD8a molecule can act as a coreceptor by binding to the 
same MHC molecule as the TCR (Fig. 2). Expression of hybrid CD8/ 
CD4 molecules consisting of the extracellular domains of CD8a and 
intracellular domains of CD4 or vice versa (i.e., CD4,,,,,/CD8,,,) in 
DC27.10 showed that the ability to augment antigen-induced IL-2 
production in this hybridoma is primarily dictated by the extracellu- 
lar portion of the coreceptor. Hybrid molecules containing extracellu- 
lar portions of CD8a potentiated IL-2 production significantly, re- 
gardless of whether internal portions were CD8a or CD4, 
presumably because they could bind to the same MHC molecule as 
the TCR. In contrast, hybrid molecules containing external CD4 and 
internal CD8a or CD4 did not enhance IL-2 production (Zamoyska et  
al., 1989; Parnes et  al., 1989). Similarly, Letourneur et (11. (1990) have 
demonstrated that CD8a' is less efficient than CD8a at potentiating 
antigen-induced IL-2 production of a class I-restricted hybridoma 
when alloantigen is limiting. Chalupny et  al.  (1991) have extended 
the analysis of the dependency of class I responses on CD8a co- 
receptor function by assessing the ability of a panel of CD8a cy- 
toplasmic tail mutants to potentiate TCR-mediated increases in intra- 
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FIG. 2. Expression of CD8a enhances IL-2 production to a greater degree than 
expression of CD8a’ in the DC27.10 hybridoma. Transfectants of the DC27.10 hybrid- 
oma expressing either CD8a homodimers (b8 and b8.2) or CD8a’ (a1 and a2) were 
assayed for IL-2 production when stimulated with anti-TCR clonotypic mAb Desire-1 
(left panel) or with the MHC class I alloantigen for which the TCR is specific (Kb on 
transfected L cell stimulators) (right panel). These results demonstrate a role for the 
CD8a cytoplasmic tail in coreceptor function. Reprinted with permission from Nature 
(Zamoyska et d.). Copyright (1989) MacMillan Magazines Ltd. 

cellular Ca2’ and protein tyrosine phosphorylation. These studies 
demonstrated that a functional ~ 5 6 ’ “ ~  binding site on the cytoplasmic 
tail of CD8a is required for early signaling events transduced by the 
CD8a cytoplasmic tail. 

In order to better understand the mechanisms operating when CD4 
or CD8 are expressed in a class II-restricted T cell hybridoma, we 
have been working with the beef insulin-specific, I-Aahpk-restricted, 
CD4-CD8- T cell hybridoma BI-141 (Reske-Kuna and Rude, 1985). 
This cell has been shown to produce IL-2 at high antigen concentra- 
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tions in the absence of CD4 or CD8 expression (Ballhausen et al., 
1988). Expression of either CD4 or CD8a enhanced the ability of 
BI-141 to respond to beef insulin when suboptimal concentrations of 
antigen were used for stimulation. However, expression of CD4 
potentiated antigen-induced IL-2 production to a much greater ex- 
tent (10- to 30-fold) than did CD8a (Miceli et al., 1991). Furthermore, 
expression of CD4 but not CD8a allowed for the detection of IL-2 
production in response to pork insulin. We believe that the differ- 
ence in the degree to which CD4 and CD8a could potentiate IL-2 
production reflects the ability of CD4 but not CD8 to act as a co- 
receptor in this class II-restricted cell by binding to the same MHC 
molecule as the TCR. In support of this interpretation, truncation of 
the cytoplasmic tail only affected the ability of CD4 and not CD8a to 
facilitate antigen-induced IL-2 production. Truncated CD4, in which 
the cytoplasmic tail had been reduced to three amino acids, augmen- 
ted IL-2 production by BI-141 only to the same extent as either CD8a 
or CD8a' (Miceli et  al., 1991) (Fig. 2). Since the CD8a cytoplasmic 
tail was shown to be important for full enhancement of IL-2 produc- 
tion in class I-restricted responses (Zamoyska et al., 1989; Letour- 
neur et al., 1990; Chalupny et al., 1991), these data suggest that the 
cytoplasmic tail and/or the associated ~ 5 6 ' " ~  are primarily important 
in coreceptor function. That CD8a, CD8a', and truncated CD4 did 
potentiate antigen-induced IL-2 production by BI-141 to some lim- 
ited extent illustrates that minor contributions can be made by co- 
receptor molecules through a mechanism (or mechanisms, probably 
including adhesion) distinct from the cytoplasmic tail and signaling 
through ~ 5 6 ' " ~  (Miceli et al., 1991). 

A role for the cytoplasmic tail of CD4 and the associated ~ 5 6 " ' ~  in 
mediating coreceptor signaling has also been demonstrated in other 
studies (Sleckman et ul., 1988; Glaichenhaus et al., 1991). By ex-  
pressing a panel of CD4 cytoplasmic tail mutants in a CD4- 
dependent, class II-restricted hybridoma, Glaichenhaus et al.  (1991) 
demonstrated that the ability of CD4 to function as a coreceptor was 
almost entirely compromised by mutating the ~56"'~-binding site. In- 
terestingly, there is some suggestion that the cytoplasmic tail may 
also contribute to coreceptor activity through a mechanism indepen- 
dent of ~ 5 6 " ' ~ ,  since a mutant expressing only the first four amino 
acids of the CD4 cytoplasmic tail weakly potentiated antigen- 
induced IL-2 production despite its inability to bind p56lCk, while 
CD8a did not. Such a coreceptor function was not evident in the 
aforementioned BI-141 system, where the truncated CD4 potentiated 
antigen responsiveness to the same extent as either CD8a or CD8a'. 
This may be the result of a higher baseline activity (i.e., in the ab- 
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sence of CD4 or CD8) in BI-141, not allowing for enough sensitivity 
to detect this minor coreceptor contribution as a difference in func- 
tional capacity between tailless CD4 and CD8a or CD8a'. In con- 
trast, the class II-restricted T cell hybridoma used by Glaichenhaus 
et al. (1991) was entirely dependent on CD4 for IL-2 production, and 
CD8a could not stimulate IL-2 production. These results are akin to 
those described above for DC27.10, which is dependent on CD8a for 
IL-2 release and in which CD8a' is much less effective but CD4 does 
not lead to a detectable response. Collins et al. (1992) have recently 
demonstrated that an intact p56lCk-binding site on the CD4 cytoplas- 
mic tail is also required for CD4/TCR association accompanying acti- 
vation, as measured by fluorescence resonance energy transfer, as 
well as for IL-2 production. These data suggest that ~ 5 6 ' " ~  may be 
directly responsible for the physical association between the TCR 
and CD4 that accompanies activation. 

In order to assess more directly the role of ~ 5 6 ' " ~  in TCR-mediated 
signaling, we, in collaboration with Veillette's group, have overex- 
pressed wild-type, nonfunctional "kinase killed" (in which the ATP 
binding site K273 as well as the regulatory Y505 have been mutated) 
or constitutively activated (in which the regulatory Y505 has been 
mutated to F505) forms of ~ 5 6 " ' ~  in the class II-restricted BI-141 T 
cell hybridoma discussed above (N. Abraham et al . ,  1991). Over- 
expression of constitutively activated p56'"kF505 (which cannot be 
phosphorylated at Y505) enhanced TCR-mediated signaling even in 
the absence of CD4 or CD8 expression. Yet, ~ 5 6 ' " ~  activity in vivo 
was still controlled by  TCR ligation, since increased tyrosine phos- 
phorylation (Fig. 3) and IL-2 production (Fig. 4) were only apparent 
on specific TCR stimulation by mAb or antigen/MHC, respectively. 
While all of the same protein substrates detectable in total cell ly- 
sates were tyrosine phosphorylated in response to TCR ligation in 
both the parental and p56'"kF50s-overexpressing hybridomas (see Fig. 
S), there was a disproportional enhancement of some of these bands 
on TCR ligation in p56'"kFs0s-expressing cells. Similar enhancement 
of TCR-mediated tyrosine phosphorylation was seen whether F23.1 
(anti-Vp8), 2 C l l  (anti-CDSE), or H57-597 (anti-ap TCR) was used to 
stimulate the TCR. Overexpression of either kinase-killed or wild- 
type ~ 5 6 " ' ~  did not lead to an increase in TCR-mediated tyrosine 
phosphorylation or IL-2 production. These data directly demon- 
strated that ~ 5 6 ' " ~  can positively contribute to TCR-mediated signal- 
ing even in the absence of CD4 or CD8 expression (N. Abraham et  
al., 1991). 

This system has been further manipulated to delineate the portions 
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FIG. 3. Ability oftailless CD4 to stimulate IL-2 production by BI-141. A genetically 
engineered truncated CD4 containing only three cytoplasmic aniino acids augments 
antigen-induced IL-2 release by  BI-141 only a s  well as CDBa or CI)8a', indicating a 
coreceptor function associated with the CD4 cytoplasmic tail and/or the associated 
p5S"'k in this class 11-restricted hyhridoma. The contribution of the cytoplasmic tail of 
CD4 was assessed by  comparing the abilities of transfectaiits expressing a truncated 
CD4 (CD4cyt-), truncated CD8 (CI>8a'), full-length CD8a, or full-length CD4 to re- 
lease IL-2 in response to antigen (beef irisidin)-pulsed antigen-presenting cells. A and 
B represent two independent experiments. The following transfectants were used: 
(A) BI-141, 0; niCD4.C5, 0; mCDBa'.C3, 0; mCD8a.B3, V;  niCD4cyt-.284, 0; 
mCD4cyt-.25B4, +; mCD4cyt-.25Dl, .; (B) BI-141, 0; mCD4.5b, 0; niCDBa.B3.a, 4; 
mCDBa.B3.b, 0; mCD4cyt-.25BI, +; mCD4cyt-.2B4, U; mCD4cyt-25B4, +. IL-2 was 
measured as counts per minute of ["H]thymidine incorporated by the IL-2-dependent 
HT-2 cell line (Miceli et ol . ,  1991). 
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FIG. 4. Expression of p56"k505 in BI-141 enhances TCR/CD3-induced tyrosine 
protein phosphorylation. Crosslinking on BI-141 cells transfected with p56'ck5"s (lanes 
7-14) or with the neomycin resistance vector alone (lanes 1-6) was performed with 
mAb 2 C l l  directed against C D ~ E  and rabbit antihamster (RAH) IgC for 1 niin at 37°C 
(lanes 2, 4, 6, 8, 10, 12, and 14) or with RAH IgC: alone (lanes 1, 3,  5 ,  7,9, 11, and 13). 
Total cell lysates were immunoblotted and probed with antiphosphotyrosine anti- 
serum and subsequently with '251-labeled protein A. Lanes 1 and 2, Neo.1; lanes 3 and 
4, Neo.2; lanes 5 and 6, Neo.3; lanes 7 and 8, F505.7; lanes 9 and 10, F505.9; lanes 11 
and 12, F505.10; lanes 13 and 14, F505.12. Reprinted with permission from Nature (N.  
Abraham et d), Copyright (1991) MacMaan Magazines Ltd. 

of p56'"kF"s that are required for TCR-mediated potentiation of 
protein tyrosine phosphorylation and antigen-induced IL-2 produc- 
tion. When overexpressed in BI-141 cells, a form of constitutively 
activated p56'"kFs"5 in which the entire SH2 domain was deleted was 
shown to be dramatically compromised in its ability to stimulate anti- 
TCR-mediated tyrosine phosphorylation of proteins, including 
PLC,1, and antigen-induced IL-2 production (Caron et al., 1998). 
Similarly, mutation of either G2 or the Y394 autophosphorylation site 
hampered the ability of ~ 5 6 ' " ~ ~ ~ ' ~  to stimulate both tyrosine phos- 
phorylation and IL-2 production. Interestingly, deletion of the SH3 
domain did not affect the ability of p56lCkF5O5 to contribute to early 
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FIG. 5. Expression of p56".ks5 in B1-141 enhances antigen-induced IL-2 production. 
IL-2 production in response to various concentrations of beef insulin in association with 
I-Ad' Apk (class I1 MHC) was tested in p56'cks'5-expressing BI-141 transfectants (FSOS), 
transfectants expressing the neomycin resistance vector alone (neo), a CD4 transfectant 
(CD4.C5), or untransfected BI-141. IL-2 was measured a s  counts per minute of ["Hlthy- 
midine incorporation by the IL-2-dependent HT-2 cell line. A and B represent separate 
experiments. The following transfectants were used: (A) Neo.1, .; Neo.2, 0; F505.3, 0; 
F505.7, 0; F505.9, 0; spontaneous IL-2 production is shown at the zero point on the 
abscissa; ( R )  BI-141, *; F505.9, 0; F505.12, A; CD4.C.5, 0. Reprinted with permission 
from Nature ( N .  Abraham et a[.), Copyright (1991) MacMillan Magazines Ltd. 
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tyrosine phoshorylation events detectable by antiphosphotyrosine 
Western blotting of total cell lysates. However, deletion of the SH3 
domain did compromise the ability of p56"k"50" to potentiate 
antigen-induced IL-2 production (Caron et al., 1992). Since SH3 do- 
mains have previously been demonstrated to play a role in cytoskel- 
etal interactions (Koch et al., 1991), it is possible that the inability to 
produce IL-2 in response to antigen reflects a deficiency in cytoskel- 
etal association necessary for translating tyrosine phosphorylation 
into IL-2 production. Alternatively, tyrosine phosphorylation of a key 
substrate not abundant enough to be detected by antiphosphotyro- 
sine Western blots of total cell lysates is affected by the absence of 
the SH3 domain. 

H. ADDITIONAL EVIDENCE SUBSTANTIATING A ROLE FOR ~ 5 6 ' " ~  IN 

Thymocyte development was shown to be severely defective in 
mice overexpressing a mutant transgenic pS6'"k"505. Furthermore, 
these mice developed thymic tumors (K. M. Abraham et al., 1991a,b). 
These effects were dose dependent, becoming more severe with in- 
creasing transgene dosage. Interestingly, overexpression of wild-type 
~ 5 6 " ' ~  by transgenic techniques similarly led to defective thymocyte 
maturation and could also lead to the emergence of tumors. However, 
the phenotype observed in animals overexpressing wild-type ~ 5 6 ' " ~  
approximated that seen with sevenfold lower levels of p56'"""505. 
These results further exemplify the relatively increased in vivo ki- 
nase activity of ~ 5 6 ' " ~ ~ ~ " ~  over wild-type ~ 5 6 ' ~ ~ .  However, unlike the 
studies mentioned above (see Section II,G), where overexpression of 
wild-type ~ 5 6 " ' ~  in a CD4-CD8- T hybridonia had no apparent effect 
(N. Abraham et al., 1991), as little as a twofold increase in ~ 5 6 " ' ~  lev- 
els substantially disrupted the appearance of functional thyniocytes. 
This difference could be a reflection of differential sensitivity to 
~ 5 6 " ' ~  kinase activity at various stages of differentiation. Indeed, 
characterization of thymic tumors developing from these mice re- 
vealed that they did not express CD3, and in those tumors de- 
veloping in mice expressing the p56'"k"50s transgene neither CD4 
nor CD8 was expressed (K. M .  Abraham et d., 1991a,b). These data 
may suggest that ~ 5 6 " ' ~  plays a role in T lymphocyte development 
independent of CD4, CD8, or TCR signaling. 

Analysis of a mutant Jurkat T cell line, JCaM1, identified by its 
inability to show induction of inositol phosphates and intracellular 
Ca'+ following stimulation of the TCR, has further demonstrated that 
~ 5 6 " ' ~  plays a major role in TCR-mediated activation. JCaMl has re- 

T CELL ACTIVATION 
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cently been shown to be defective in functional p56"'" expression 
and TCR-mediated tyrosine phosphorylation. Transfection of Ick 
cDNA into JCaMl led to the expression of functional p56"'" and to 
rescue of TCR-mediated signaling. JCaM 1 does not express CD8 and 
expresses only very low levels ofCD4 (Straus and Weiss, 1992). It is 
therefore possible that ~56" ' "  is acting to rescue T cell signaling by 
contributing to TCR-mediated signaling independently of CD4 or 
CD8. This would not be surprising, since, as mentioned above, it has 
been previously demonstrated that a constitutively activated form of 
~56"'" (p56/"kso") can affect TCR-mediated signaling in the absence of 
CD4 or CD8 expression (N. Abraham et d., 1991). Until expression 
of a mutant p56"" that lacks a fiinctional CD4 interaction site is 
shown to be capable of rescuing the JCaMl signaling defect, it will 
remain unclear whether the low levels of CD4 expressed hy  JCaMl 
are participating in TCR-mediated signaling after ~56'"" transfection. 

While ~56"'" may normally augment TCR-mediated signals, the 
phenotype of mice deficient in p56/"k gene expression demonstrated 
that p56"'" is not absolutely required for the TCR to mediate a signal 
(Molina et al., 1992). These mice demonstrated a profound role for 
~ 5 6 ' " ~  in development, since most T cells never matured or exited 
the thymus (the role in development will be discussed in depth later 
(see Section 111,E). However, a very few T cells were present in the 
periphery. This minor subset of cells that apparently did not go 
through conventional thymic maturation and education could still 
proliferate (albeit at reduced levels) in response anti-TCRap, anti- 
C D ~ E ,  or mitogens. These results should not be misinterpreted to 
suggest that p56"'" does not normally play a role in TCR-mediated 
signaling. Rather, they may demonstrate the adaptability of some 
cells to the lack of ~56"'" and may point to some redundancy within 
src family members or other signaling proteins. 

Recent studies by Haughn et al .  (1992) substantiate the hypothesis 
that the phenomenon of "negative signaling" by CD4 (and, by in- 
ference, CD8) reflects interference with molecular associations 
normally associated with TCR signaling, and that p56"" plays an up- 
regulatory role in T cell activation. This group investigated 
TCR-mediated activation of CD4+ and CD4- variants of a class II- 
specific T cell clone. In this clone CD4 does not provide a prerequi- 
site signal, as both the CD4' and CD4- variants responded equally 
well to a broad range of antigen concentrations presented by APCs. 
Similar independence of CD4 function has been previously reported 
and is generally associated with clones bearing high-affinity TCRs 
(reviewed in Parnes, 1989). Despite its apparent lack of a require- 
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ment for CD4 to function, mAbs against CD4 blocked TCR-mediated 
activation of the CD4' clone by antigen presented by antigen- 
presenting cells expressing the appropriate class I1 molecule. Fur- 
thermore, when either plate-bound H57.597 (anti-TCRap) or an anti- 
Vp4 mAb was used to stimulate the variants, the clone expressing 
CD4 proliferated less well than the one not expressing CD4, even in 
the absence of anti-CD4 niAbs (Haughn et al., 1992). This implies 
that expression of CD4 resulted in inefficient TCR-mediated signal- 
ing when these anti-TCR mAbs were used for stimulation. When 
CD4 was expressed in the CD4- variant, its ability to respond to 
either anti-Vp4 or H57.597 was similarly diminished. An intact ~ 5 6 ' " ~  
binding site on the CD4 cytoplasmic tail was required for inhibition 
of TCR-mediated signaling, since a mutant CD4 lacking the crucial 
cysteines required for CD4/p56lck interaction did not affect signaling 
in response to anti-Vp4 or H57.597 when expressed in the CD4- var- 
iant. However, signaling in response to ant i -CD~E antibody 2 C l l  was 
unaffected by CD4 expression. As predicted by the coreceptor hy- 
pothesis, when CD4 and the TCR were artificially crosslinked with 
secondary antibody, a synergy between CD4 and the TCR resulted in 
the CD4' variant signaling better than either variant did when stim- 
ulated with anti-Vp4 alone (Haughn et al., 1992). 

The interpretation of these results by the authors relies on the sup- 
position that ~ 5 6 ' " ~  is involved in TCR-mediated signaling regardless 
of whether or not CD4 is present. This is not an unreasonable sug- 
gestion, since experiments mentioned above by N. Abraham et al. 
(1991) and Straus and Weiss (1992) have implicated ~ 5 6 ' " ~  in the 
augmentation of TCR-mediated signals in the absence of CD4 
or CD8 expression. Thus, when the TCR is stimulated by anti-Vp4 or 
H57.597, CD4 is not included in the TCR complex and sequesters 
~ 5 6 ' " ~ ,  keeping it from participating in and augmenting TCR- 
mediated signaling. This is in keeping with Janeway's suggestion 
that stimulating with anti-Vp antibodies does not induce coasso- 
ciation between CD4 and the TCR (Rojo et al., 1989; Janeway, 1992). 
On the other hand, when CD4 and the TCR are colocalized deliber- 
ately by crosslinking antibodies, CD4-associated ~ 5 6 ' " ~  is efficiently 
localized to the TCR complex, where it can participate in signaling 
(Haughn et al., 1992). Similarly, "negative signaling" by mAb- 
induced aggregation of CD4 can be attributed to ~ 5 6 ' " ~  sequestration. 
These results are consistent with the notion that ~ 5 6 ' " ~  is required to 
couple functionally the ap TCR to signal transduction. Furthermore, 
they may imply that ~ 5 6 ' " ~  is not involved in regulating signals by 
C D ~ E ,  or that its involvement is under different functional or physi- 
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cal constraints, since stimulation by 2 C l l  is unaffected by CD4 ex- 
pression. The latter suggestion may be more reasonable considering 
that an t i -CD~E signaling is enhanced by overexpression of consti- 
tutively activated ~ 5 6 ' " ~  (N.  Abraham et al., 1991), as mentioned 
above (see Section 11,G). 

This interpretation may also help explain earlier results described 
by this same group, and may have interesting implications regarding 
how ~ 5 6 " ~  influences TCR-mediated signals. Newell et  al.  (1990) 
demonstrated that mAb H57.597, directed against TCRaP, stimulated 
DNA synthesis by CD4+ splenic T cells. Crosslinking of CD4 prior 
to stimulation with H57.597 inhibited the TCR-mediated induction 
of DNA synthesis. More interestingly, pretreatment by crosslinking 
CD4 with specific mAb and secondary antibody increased a TCR- 
mediated signal for induction of programmed cell death (apoptosis) 
as measured by DNA fragmentation. Up to 10 times the level of DNA 
fragmentation was observed when CD4 was crosslinked prior to stim- 
ulation of the up TCR relative to when the ap TCR and CD4 were 
stimulated simultaneously. 2C11 mAb directed against C D ~ E  also 
induced DNA synthesis in this CD4+ population, though it was 
resistant to pretreatment by CD4 crosslinking, and no increase in 
TCR-mediated apoptsosis was observed (Newell et  al., 1990). The 
requirement for CD4 crosslinking with a secondary antibody may 
reflect a requirement for efficient activation of the associated ~ 5 6 ' " ~ .  
Alternatively, it may imply that this phenomenon results from seque- 
stration of ~ 5 6 " ' ~  (and/or CD4) from participating in TCR-mediated 
signaling. The latter seems more likely given the requirement for 
pretreatment with anti-CD4, as ~ 5 6 " ' ~  would also be activated (albeit 
possibly differently) when CD4 and the TCR are stimulated simulta- 
neously. If this is the correct interpretation, these data may suggest 
that inclusion of CD4 and/or ~ 5 6 " ~  may contribute to TCR-mediated 
signals that lead to proliferation, whereas exclusion allows for the 
generation of a more efficient apoptosis signal. It seems unlikely that 
CD4 interaction with class I1 in v i m  would result in a similar phe- 
nomenon in peripheral T cells, as it would then be difficult to explain 
why most T cells are not primed for death rather than immune re- 
sponse. After all, it seems quite likely that any given T cell might 
encounter a class I1 molecule loaded with a peptide that does not 
trigger its TCR prior to encountering one that does. This mechanism 
may have physiological significance, however, in the thymus, where 
there has been some suggestion (discussed in Section II,H) that sig- 
naling through CD4 binding in the absence of TCR costimulation 
may have relevant effects (Nakayama et al., 1990a,b). This is particu- 
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larly intriguing, as programmed cell death may be the desired out- 
come of TCR engagement at particular stages of thymic development. 

I. AN ADDITIONAL SIGNALING ROLE FOR CD4 IN THYMOCYTE~ 

Most immature CD4+CD8+ thymocytes express a low level of TCR 
on their surface and are only marginally capable of signaling in re- 
sponse to TCR stimulation. Nakayama et al. (1990a,b) have suggested 
that CD4-dependent interactions are responsible for maintaining low 
TCR levels and < chain tyrosine phosphorylation on these cells, 
which therefore have minimal signaling capacity. Specifically, they 
have reported that TCR < chains from CD4+CD8+ thymocytes are 
constitutively phosphorylated in vivo, that dephosphorylation of 5 oc- 
curred on removal of CD4+CD8+ thyinocytes from the thymic micro- 
environment by culturing at 37”C, and that rephosphorylation of the < 
chain was induced in vitro by stimulation with mAbs against CD4, 
CD8, or ihe a/3 TCR (i.e., with mAb H57.597) (Nakayama et al., 
1990b). Similarly, low TCR expression was demonstrated in intact 
thymus and was induced to high levels on the removal of thymocytes 
from the thymic microenvironment and culture at 37°C (Nakayama et 
ul., 199Oa,b). Furthermore, CD4+CD8+ cells that had been induced 
to higher TCR levels demonstrated an increased ability to generate a 
Ca2+ flux in response to mAb specific for the a/3 TCR (H57.597). 
Crosslinking with anti-CD4, but not anti-CD8, specifically inhibited 
the induction of higher levels of TCR (Nakayama et al., 1990a). 
These data are consistent with studies reporting that the in vivo ad- 
ministration of inAb specific for CD4, but not CD8, resulted in a 
polyclonal increase in the level of TCR expression on CD4+CD8+ 
thymocytes (McCarthy et al., 1988). This presumably results from 
anti-CD4 mAb interfering with the thymic CD4/ligand interaction 
responsible for maintaining low TCR expression. However, since in 
vivo administration of mAbs specific for class-I1 MHC: proteins did 
not result in increased TCR levels (McCarthy et al., 1988), the ligand 
interacting with CD4 in the thymus appears not to be class I1 MHC. 
The authors suggest that a novel ligand for CD4 is present in the 
thymus and is responsible for interacting with CD4 to send the signal 
necessary for < phosphorylation and maintenance of low a/3 TCR ex- 
pression. No ligand for CD4 other than class I1 has yet been found in 
the thymus; however, it is possible that interaction with such a ligand 
may “prime” T cells for apoptosis, as discussed above (see Section 
11,H). 
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J. CORECEPTOR MOLECULES MAY MODULATE INCREASED 
ADHESIVENESS THAT ACCOMPANIES TCR TRIGGERING 

Recently, O’Rourke et nl. (1990) and O’Rourke and Mescher (1992) 
have shown that CD8 binding to class I MHC is increased on activa- 
tion of the TCR with fluid-phase anti-TCR mAb. Stimulation of cy- 
totoxic T lymphocytes (CTLs) with soluble anti-TCR mAl) F23.1 (di- 
rected against the Vp element used by  this cell) increased the ability 
of these cells to subsequently bind to immobilized class I molecules 
in a CD8-dependent manner. Such an interaction may have a role in  
stabilizing T cell interactions with target or antigen-presenting cells 
after specific TCR/antigen/MHC recognition. Furthermore, this in- 
creased binding was also demonstrated to contribute to signaling re- 
quired for the release of cytotoxic granules associated with T cell 
function. While fluid-phase anti-TCR mAb F23.1 did not stimulate 
poly(phosphoin0sitide) hydrolysis, Ca2+ flux, or cytotoxic granule re- 
lease, subsequent exposure of CTLs that had been “primed” with 
soluble F23.1 to immobilized class I molecules stimulated the CTLs 
to signal in these ways. There was no requirement for a particular 
allotype of class I MHC, implying that in this system there was no 
requirement that CD8 and the TCR hind to the same MHC molecule 
(Goldstein and Mescher, 1988; O’Rourke et d., 1990). However, as 
this system required priming with soluble anti-TCR mAb followed 
by interaction with plate-bound class I molecules, it is possible that 
some TCR complexes were trapped at the site of CD8 crosslinking 
and were in this way colocalized with CD8 and its associated ~ 5 6 ‘ “ .  
Under normal physiological situations this would occur when CD8 
and the TCR bind to the same MHC molecule. TCR-mediated activa- 
tion of CD8 adhesiveness was shown to be dependent on a tyrosine 
kinase pathway, as it could be blocked b y  the tyrosine kinase inhibi- 
tors herbimycin A and genistein (O’Rourke and Mescher, 1992). No 
similar up-regulation of CD4 binding to class I1 MHC in response to 
TCR triggering has been reported as yet. 

Mazerolles et nl. (1990, 1991) have demonstrated that CD4/MHC 
class I1 interaction may play a role in downregulating the low-affinity 
binding of resting CD4+ T cells to B cells when the TCR is not 
engaged during the interaction. While CD4+ cells showed similar 
maximal binding to class II-bearing B cells and to variant B cells 
lacking class I1 expression, disassociation from the class II-positive 
cells occurred significantly more rapidly (Mazerolles et nl.,  1990, 
1991). It has been suggested that such a mechanism may be opera- 
tional in order to avoid chance interactions, which could result in the 
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breakdown of specificity of the immune response. Additional studies 
by this same group have suggested that CD4/MHC interactions also 
affect the high-affinity binding of CD4+ T cells to class I1 MHC- 
bearing cells induced b y  anti-CD3 crosslinking (Mazerolles et al., 
1991). They and others have demonstrated that the increased ad- 
hesivness of a T cell for target cells that occurs on TCR-mediated 
triggering is primarily due to the increased adhesiveness of LFA-1 
for its ligand, ICAM-1. Furthermore, their data suggests that interac- 
tion of CD4 with class I1 MHC without simultaneous TCR triggering 
may regulate adhesion by influencing LFA-l-mediated adhesion 
(Mazerolles et al., 1991). 

K. ROLE FOR CD8p IN T CELL RECOGNITION AND ACTIVATION 

Most of the studies aimed at dissecting CD8 function have focused 
primarily on CD8a in the homodimeric form. As described above, 
CD8a homodimers have been demonstrated to be functionally com- 
petent to restore or augment TCR-mediated responses such as IL-2 
production when expressed in cells lacking CD8 (DembiC et al., 
1987; Gabert et al., 1987; Zamoyska et al., 1989; Letourneur et al., 
1990; Chalupny et  al., 1991). On most mouse thymocytes and T cells 
CD8 exists primarily as ap heterodimers (Ledbetter et d., 1981; 
Walker et al., 1984), although some aa homodimers have been found 
on human ap TCR T cells (Terry et al., 1990; Moebius et al., 1991). 
Until recently very little was known regarding the function of the 
CD8p chain, primarily because CD8p requires CD8a for cell surface 
expression (Gorman et al., 1988). 

The most convincing data indicating an immunological role for 
CD8p comes from experiments done in our laboratory by Wheeler et 
al. (1992) By directly comparing class I alloantigen-indiiced IL-2 pro- 
duction by T cell hybridoma transfectants expressing either the 
CD8a chain alone or both the CD8a and p chains, we have demon- 
strated that CD8ap heterodimers are more functionally competent 
than CD8a homodimers. In these experiments we used an H-2K”- 
specific, CD4-CD8- mouse T cell hybridoma, HTB-157.7, which 
produces IL-2 in response to L cells stably transfected with H-2K”, 
but not in response to untransfected L cells or L cells expressing 
H-2’’m10 (others have reported a minimal response to H-2bn11”). HTB- 
157.7 transfectants expressing either CD8a homodimers or CD8 ap 
heterodimers demonstrated increased IL-2 production in response to 
H-2K” as well as a novel response to H-2b”’10. However, CD8aP- 
bearing cells were significantly more potent than CD8a-bearing cells 
at producing IL-2 when limiting numbers of H-2K”-transfected L 
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cells were included as antigen-presenting cells and even at higher 
densities of H-2”n’10-transfected L cells. Furthermore, a hybrid mole- 
cule consisting of the extracellular portions of CD8p and the trans- 
membrane and cytoplasmic portions of CD8a was stably expressed 
on the surface of HTB.157 and demonstrated to be capable of aug- 
menting antigen-specific IL-2 production (Wheeler et al., 1992). 
These results suggest that the extracellular portion of CD8p can act 
independently of CD8a extracellular portions to potentiate T cell re- 
sponses. In these cells CD8P may contribute to responses by directly 
binding to class I molecules, by contributing an increased ad- 
hesiveness to CD8, or by allowing for better coupling of CD8 with 
the TCR in coreceptor function. Recent data by Karaki et  al. (1992) 
using the H-2K” allospecific mouse T cell hybridoma HTB176.10 
similarly demonstrated that the expression of CD8aP could poten- 
tiate IL-2 production in response to mutated H-2K” molecules 
(K”K”B7 containing a human class I MHC a3 domain) above the 
level produced by CD8a homodinier-expressing clones. Further- 
more, a CD8aP expressing clone responded to the mouse H-2K” mol- 
ecule mutated at position 224 (to contain the human-type amino acid 
Q) within the a3 domain, whereas the parental CDSa-expressing 
clone did not. These data may imply that the CD8p chain acts, at 
least in part, by influencing the ability of the CD8aP heterodimer 
either directly or indirectly to bind portions of the a3 domain or that 
CD8p has an independent binding site. A slightly different a chain 
structure in CD8aa homodimers and CD8aP heterodimers has been 
suggested by biochemical (Kirszbaum et ul., 1989) and crystallogra- 
phic studies (Leahy et ul., 1992), demonstrating the presence in the 
inimunoglobulin-like domain of one intrachain disulfide bridge in aa 
homodimers and another in a0 heterodimers. The disulfide loop in 
the homodimers is analogous to the disulfide loop in immunoglobu- 
lin variable domains, while that in the heterodimers is unique. How 
this structural difference relates to function remains unknown. 

L. TCR-MEDIATED SIGNALING AND POSSIBLE CONTRIBUTIONS OF 

CD4, CD8, AND ~ 5 6 ’ ‘ ~  

The TCR consists of at least seven polypeptide chains (a ,  P,  CD3, 
y ,  6, E, and 5, or sometimes 5 and 7) (reviewed in Frank et  a l . ,  1990). It 
is well documented that TCR triggering results in rapid tyrosine 
phosphorylation of a number of proteins within seconds to minutes of 
receptor ligation (Hsi et al., 1989; June et al., 199Oa), and this phos- 
phorylation appears to be crucial, as its inhibition prevents T cell 
activation (June et a l . ,  19901)). Stimulation of the TCR is also known 
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to result in the activation of PLCyl (Park et al., 1991; Weiss et  al., 
1991), which in turn leads to the accumulation of inositol phosphates 
and diacylglycerol, which are responsible for the release of intracel- 
lular Ca2+ stores and activation of protein kinase C, respectively 
(Berridge, 1984). Activation of PLCyl activity is probably due 
to TCR-induced tyrosine phosphorylation of PLCyl (Ullrich and 
Schlessinger, 1990). It is likely that ~ 5 6 ' " ~  either directly or indirectly 
contributes to the tyrosine phosphorylation of PLCyl, since both 
CD4 crosslinking to the TCR and overexpression of constitutively 
activated ~ 5 6 ' " ~  have been reported to upregulate the degree of ty- 
rosine phosphorylation of PLCyl that accompanies TCR activation 
(Caron et  al., 1992; Kanner et  al., 1992). Furthermore, Weber et al.  
(1992) have recently reported the induction of an association be- 
tween PLC,l, ~ 5 6 " ~ ,  and tyrosine-phosphorylated proteins of 36, 38, 
58, and 63 kDa with stimulation of the TCR on Jurkat cells. An iden- 
tical pattern of proteins was precipitated from TCR-activated Jurkat 
cells using TrpE fusion proteins containing SH2 domains from 
PLCyl, indicating that the SH2 domain of PLCyl is responsible for 
the association (Weber et  al., 1992). 

How TCR ligation is translated into tyrosine kinase activity and 
which tyrosine kinases are involved are still not well understood. 
Recent data suggest that the TCR may couple to signal transduction 
in more than one way (Irving and Weiss, 1991; Letourneur and 
Klausner, 1992; Wegener et al., 1992). A number of groups have dem- 
onstrated that the cytoplasmic tail of 5 in isolation from other TCHI 
CD3 components (i.e., grafted onto CD8a or IL-2 receptor transmem- 
brane and extracellular domains) (Irving and Weiss, 1991; Letour- 
neur and Klausner, 1992) can couple to tyrosine kinase activity and 
lead to IL-2 production after mAb crosslinking of the external do- 
mains. Similarly, both the cytoplasmic portion CD3e grafted onto 
transmembrane and extracellular portions of the IL-2 receptor (Let- 
ourneur and Klausner, 1992) and a deficient TCR/CD3 complex con- 
sisting of only functional a, /3, y, E, and 6 (Wegener et ul., 1992) chains 
have also been shown capable of signaling tyrosine phosphorylation 
and IL-2 production on stimulation with appropriate mAbs (anti-IL2 
receptor and anti-CD3~, respectively). Receptor coupling presumably 
is achieved through functional domains that contain a consensus se- 
quence [YXXL(X)7YXXL] that is common to the cytoplasmic portions 
of many of the polypeptides associated with signal transduction in 
the immune system (e.g., antigen and Fc receptors). Sequences in- 
cluding this putative consensus protein tyrosine kinase binding motif 
are contained in the 4, E, y,  and 6 chains of the TCR/CD3 complex 
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(Reth, 1989). The signals generated through isolated C D ~ E  and 5 sub- 
units are somewhat redundant, a s  they both signal IL-2 production 
and induce tyrosine phosphorylation of proteins with relative nio- 
lecular masses similar to those phosphorylated on intact TCR sig- 
naling (Irving and Weiss, 1991; Letourneur and Klausner, 1992; 
Wegener et al., 1992). However, there are some differences between 
the signal generated through 5 and that through y ,  E, and 6, in that the 
relative degree of tyrosine phosphorylation of various substrates dif- 
fers. Furthermore, the y ,  E, and 6 module appears to be incapable of 
substituting for the 5 cytoplasmic tail to sustain activation through 
Thy-1, Ly-6, or CD2 (Wegener et ul., 1992). 

Currently, there are three candidate tyrosine kinases that may par- 
ticipate in coupling with the TCR, including ZAP-70, p59f"", and 
~ 5 6 " ~ .  TCR ligation with mAb to the TCRP chain has been reported 
to induce the association of the 5 chain with ZAP-70, a 70-kDa phos- 
phoprotein. It has been suggested that ZAP-70 may be the primary 
tyrosine kinase that associates with 5, since tyrosine kinase activity 
has been demonstrated to associate with immunoprecipitates of the ( 
chain (Chan et ul., 1991). In keeping with this idea, Wange et (11. 

(1992) have recently denionstrated that CD3 components and ( asso- 
ciate with tyrosine kinase activity and a 70-kDa phosphoprotein 
(ZAP-70) on TCR stimulation with niAb directed against either TCRp 
chain or CD3e. Furthermore, this 70-kDa tyrosine phosphoprotein 
was denionstrated to be capable of binding to a photoaffinity analog 
of ATP (Wange et al., 1992). 

The recent cloning and expression of the cDNA encoding ZAP-70 
has clearly demonstrated that ZAP-70 is indeed a protein tyrosine 
kinase (Chan et al., 1992). While it bears hallmark features of a ty- 
rosine kinase within sequences encoding the putative catalytic do- 
main and encodes what appears to be two SH2 domains, ZAP-70 is 
not a member of the src family of tyrosine kinases. It does not have 
an N-terminal myrisylation site or a SH3 domain, nor is it regulated 
by phosphorylation of a C-terminal tyrosine. In studies where ZAP- 
70 and p59fiJ'' or ~ 5 6 " ~  were co-expressed in COS cells stably ex- 
pressing chimeric CDS-( molecules (in which the extracellular por- 
tion of CD8a has been grafted onto the cytoplasmic portion of the t 
chain), the ability of ZAP-70 to associate with the 5 chain cytoplasmic 
tail was demonstrated to be largely dependent on p59fi4" or ~ 5 6 " ' ~  ex- 
pression. Furthermore, ZAP-70 was demonstrated to only associate 
with hoinodiiners of 5 that were themselves tyrosine phosphorylated 
(possibly by p59fy7* or ~56 '"~) .  Finally, tyrosine phosphorylation of 
cellular substrates was also dramatically increased in cells co- 
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expressing p59fiJ” or ~ 5 6 ’ “ ~  and ZAP-70. However, in these COS 
cells neither expression or triggering of the 5 cytoplasmic tail was 
necessary for this increased activity (Chan et al., 1992). These data 
suggest that p59fY”, ~ 5 6 ’ ‘ ~  , and ZAP-70 may interact to couple PTKs 
to the TCR and upregulate the TCR-associated tyrosine kinase activ- 
ity known to accompany TCR triggering. 

The intracellular tyrosine kinase p59fV” has also been demon- 
strated to coprecipitate with TCR components (Samuelson et al., 
1990) and to cocap with the TCR (Gassmann et al., 1992), though it 
has been difficult to demonstrate either an increase in p59fY‘l tyrosine 
kinase activity or in the degree of p59fyr’ association accompanying 
TCR ligation. However, analysis of mutant mice lacking p59fc1” (Ap- 
pleby et ul., 1992; Stein et al., 1992) or overexpressing a p59fY’’ (wild- 
type or mutant) (Cooke et al., 1991) transgene have demonstrated that 
p59fyn plays a role in TCR-mediated signaling. Thymocytes from 
mice defective in p59f!Jr’ expression (as a result of gene targeting) 
demonstrated impaired TCR triggering. On the other hand, periph- 
eral cells appeared to be relatively unaffected. This may indicate that 
p59fY” contributes to the TCR-mediated tyrosine kinase signal only in 
thymocytes, whereas another tyrosine kinase may serve this purpose 
in the periphery (Appleby et al., 1992; Stein et  al., 1992). 

Finally, ~ 5 6 ’ “ ~  might couple the TCR to tyrosine kinase activity. 
Indeed, as has been discussed previously (see Section II,E), CD4 
and its associated ~ 5 6 ’ ” ~  have been coimmunoprecipitated with the 
TCR (Gallagher et al., 1989; Beyers et al., 1992; Burgess et al., 1991). 
The association of CD4 and the TCR has been demonstrated to in- 
crease on TCR ligation (Rojo et al., 1989; Janeway, 1992), and some 
data suggest that ~ 5 6 ‘ “ ~  may be necessary for this association (Collins 
et al., 1992). Constitutively activated mutant p56lCk, when expressed 
in an in vitro cell line, can contribute to TCR-mediated tyrosine 
phosphorylation and IL-2 production (N.  Abraham et al., 1991). Fur- 
thermore, Jurkat cells lacking ~ 5 6 ’ ” ~  are deficient in TCR-mediated 
tyrosine kinase activity on TCR stimulation (Straus and Weiss, 1992). 
Finally, a CD45- mutant of the HPB-ALL leukemic T cell line, 
which was demonstrated to be incapable of tyrosine phosphorylation 
or Ca2+ flux in response to anti-CD3 crosslinking, was activated to 
phosphorylate PLC,1 and ~ 5 6 ‘ “ ~  on tyrosine and to flux Ca2+ when 
CD4 and CD3 were artificially crosslinked by biotinylated mAbs and 
avidin (Deans et al., 1992). 

Several pieces of data suggest that ~ 5 6 ’ “ ~  may not act by associating 
directly with the TCR, but may rather regulate the activity of another 
TCR-associated tyrosine kinase (e.g., p59fY” or ZAP-70). First, direct 
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analysis of 6 immunoprecipitates by blotting with a n t i - ~ 5 6 " ~  antibod- 
ies has failed to reveal an association with p56jCk, though a tyrosine 
kinase activity is clearly present. This &'-associated in citro tyrosine 
kinase activity was demonstrated to he greatly reduced in the JCaMl 
~ 5 6 ' ~ ~ - d e f i c i e n t  mutant T cell tumor line, and its activity was res- 
cued by transfection and expression of ~ 5 6 " ' ~  in this cell. Similarly, 
cocapping experiments have failed to reveal an association between 
the TCR and ~ 5 6 " ' ~  (Gassmann et al. ,  1992). As mentioned before, the 
TCR may be capable of coupling to tyrosine kinase activity in more 
than one way and may rely on different couplings to different extents 
at various stages of differentiation and under different circumstances. 
This feature will undoubtably contribute to difficulty in defining pre- 
cisely how TCR ligation results in tyrosine kinase activity and which 
tyrosine kinases are involved. 

Finally, the hematopoietic cell-specific, transmembrane tyrosine 
phosphatase CD45 may affect tyrosine kinase signaling via the TCR 
(reviewed in Thomas, 1989; Janeway, 1992). Generation of CD45- 
mouse and human T cells has demonstrated that expression of CD45 
is crucial for TCR-mediated activation (Hyman and Trowbridge, 
1981; Hyman et al., 1982; Pingel and Thomas, 1989; Koretzky et al.,  
1990, 1992). Although its role in this process is still not entirely un- 
derstood, there are data to suggest that CD45 may sometimes func- 
tion by interacting with CD4 or CD8 and affecting the associated 
~ 5 6 ' " ~  tyrosine kinase activity. Indeed, experiments in which CD4 or 
CD8 were artificially crosslinked to CD45 demonstrated that coclus- 
tering of CD45 and coreceptor molecules could affect the phosphory- 
lation state and enzymatic activity of the associated ~56"' (Oster- 
gaard and Trowbridge 1990, 1991). Furthermore, in  three sets of 
well-characterized pairs of parental CD45+ and CD45- mutant cell 
lines it has been demonstrated that phosphorylation of ~ 5 6 ' " ~  on ty- 
rosine 505 is inversely correlated with CD45 expression (Ostergaard 
et al., 1989). Similarly, purified CD45 has been demonstrated to de- 
phosphorylate ~ 5 6 ' " ~  at tyrosine 505 in uiuo (Mustelin and Altman, 
1990). As mentioned previously, Deans et al.  (1992) recently demon- 
strated that a forced interaction between CD4 and CD3 could com- 
pensate for the defect in CD3/TCR coupling to tyrosine kinase activ- 
ity and the PLC,1 signaling cascade in mutant CD45- HPB-ALL 
cells. 

CD45 occurs in many isoforms, which are the result of alternative 
splicing of the CD45 transcript to include any combination of 0, 1, 2, 
or 3 of the exons A, B, and C that encode portions of the external 
domain of the CD45 cell surface protein (reviewed in Thomas, 1989; 
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Janeway, 1992). All isoforms have the same internal domain known to 
contain tyrosine phosphatase activity (Ostergaard et al., 1989). Since 
inclusion or exclusion of exons A, B, or C can significantly change the 
structure of the external domain of the CD45 protein, it has been 
suggested that each isoform might associate with different cell sur- 
face molecules within the plane of the T cell membrane or bind to 
different ligands on the surface of other cells. Recent data indicate 
that, at least to some degree, both of these suggestions are true (Dian- 
zani et al., 1990, 1992b; Janeway, 1992; Stamenkovic et al., 1991). 
Furthermore, the relative expression of particular CD45 isoforms has 
been reported to vary with the developmental stage of T cells (Dian- 
zani et al., 1990; Luqman et al . ,  1991; Lee and Vitetta, 1992; 
Clement, 1992). For instance, in human T cells it has been suggested 
that “naive” T cells express CD45RA isoforms (those including de- 
terminants from exon A), whereas memory cells express the CD45RO 
isoform (not containing A, B, or C determinants) (reviewed in 
Clement, 1992). Similarly, using a mAb specific for mouse isoforms 
that utilize exon B, Dianzani et al.  (1990) have demonstrated that 
different CD45 isoforms are expressed on naive and memory cells. 
Furthermore, they demonstrated that molecular associations between 
CD4, CD45, and CD3 also correlate with memory. On naive mouse T 
cells CD4, CD45, and CD3 behave as independent entities and thus 
do not cocap, whereas on memory mouse T cells CD4, CD45, and 
CD3 have been demonstrated to associate stably on the cell surface, 
as demonstrated by their ability to cocap with one another. Similarly, 
cloned TH1 and T H 2  lines also differ in their expression of CD45 
isoforms containing exon B determinants. On TI12 cells CD4 was 
shown to stably associate with CD45, however, in this instance the 
complex was not associated with CD3 (Dianzani et al., 1990). The 
same group has demonstrated that on human peripheral T cells CD4 
and CD8 associate with particular isoforms of CD45 identified by the 
mAb MCA.347, which probably recognizes CD45 isoforms contain- 
ing exon C determinants (Dianzani et al., 1992b). Furthermore, an 
increase in the association between CD45 and CD4 or CD8 has been 
reported to occur on stimulation with solid-phase anti-CD3 mAb or 
during a mixed lymphocyte reaction (MLR) (Mittler et al., 1992). 

Taken together, these data imply that at different stages of differen- 
tiation different isoforms of CD45 predominate. As particular iso- 
forms contribute to different interactions among CD4, CD45, and the 
TCR/CD3 complex, and since CD45 phosphatase is known to be ca- 
pable of modifying ~ 5 6 ’ “ ~  kinase activity, it has been suggested that 
CD45 isoform expression contributes to a slightly modified TCR- 
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mediated signal at different stages of T cell development and in dif- 
ferent T cell subsets (Dianzani et al., 1990, 1992a,b; Janeway, 1992). 
Furthermore, CD45RO (not containing determinants from A, B, or C 
exons) on human T cells has recently been demonstrated to be a 
ligand for CD22 expressed on B cells (Stamenkovic et  ul., 1991). 
While ligands for other isoforms of CD45 on the cell surface of T cell 
cognate partners have yet to be described, this data raises the excit- 
ing possibility that the engagement of particular CD45 isoforms with 
ligands on cell surfaces with which T cells interact may contribute to 
determining the assembly of the TCR signaling machinary as well as 
controlling the quality of the signal generated. 

M. DIFFERENTIAL SIGNALING BETWEEN CD4 AND CD8 

CD4 and CD8 have symmetrical functions such that one augments 
class I1 recognition and activation and the other augments class I 
recognition and activation. Both act as coreceptors by binding to the 
same MHC molecule as the TCR and augmenting signaling by a 
mechanism at least in part reliant on colocalizing the associated 
p56"'k tyrosine kinase activity with the TCR signaling complex. Fur- 
thermore, the banding patterns on antiphosphotyrosine Western blots 
are similar when either CD4 or CD8 is coligated with the TCR (Led- 
better et al., l990), indicative of a large degree of overlap in the 
mechanisms by which CD4 and CD8 act to amplify TCH-mediated 
signals. Both contribute to increases in phosphoinositol (PI) turnover 
and Ca2+ flux and can contribute to IL-2 production in T hybridomas. 
However, if (as will be discussed later; see Section 111) signaling 
through either CD4 or CD8 coreceptor on a thymocyte contributes to 
the development of that thymocyte into either a mature class II- 
restricted helper T cell or class I-restricted CTL, respectively, it is 
imperative that there be differences in  the signals generated when 
either CD4 or CD8 functions a s  a coreceptor. Indeed, despite their 
many similarities, some differences have been found. How these dif- 
ferences relate to signaling unique differentiation pathways or func- 
tions remains entirely unknown, though a number of' possible mecha- 
nisms will be discussed here. 

First, unique signals could be sent by CD4 and CD8 simply due to 
their differential abilities to bind to and activate p56"'. CD4 binds to 
more cellular p56"" than does CD8 (Veillette et al., 1988, 1 9 8 9 ~ ;  LUO 
and Sefton, 1990). Furthermore, CD4 crosslinking has been demon- 
strated to activate the in vitro kinase activity of the associated ~ 5 6 " ' ~ ,  
whereas crosslinking CD8 may not (Veillette et  d., 1989a,c, 1991; 
Luo and Sefton, 1990). Similarly, it has been reported that the p56lCk- 
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catalyzed in vitro tyrosine phosphorylation of the peptide substrate 
angiotensin 11 was stimulated up  to 20-fold by peptides representing 
the CD4 cytoplasmic tail, whereas peptides of similar charge and size 
representing portions of the cytoplasmic tail of CD8a only activated 
angiotensin I1 phosphorylation with a theoretical maximum of 4.7- 
fold (Bramson et al., 1991). Unlike the studies demonstrating the re- 
quirement for crucial cysteines within the CD4 cytoplasmic tail for 
binding to ~ 5 6 ' " ~  (Shaw et al., 1989; Turner et al., 1990), stimulation of 
p56lCk kinase activity by CD4 cytoplasmic peptides did not require the 
presence of these cysteines (Bramson et al., 1991). This may indicate 
that other sequences within the cytoplasmic tails of CD4 and CD8 
may be important in modulating p56lCk kinase activity. Perhaps the 
differentiation signal required to induce development along a CD4 
lineage requires a higher degree of tyrosine phosphorylation (and 
perhaps activation) of protein substrates than does the signal re- 
quired for CD8 lineage development. Thus, during thymic develop- 
ment when CD4 is engaged as a coreceptor a more intense tyrosine 
phosphorylation signal is sent and development into the CD4 lineage 
ensues. Similarly, a lower intensity signal (albeit higher than that 
seen with no coreceptor) may be sent when CD8 is engaged in co- 
receptor activity, resulting in the development of CD8 lineage cells. 

Second, interactions between the CD4 or CD8 cytoplasmic tails 
and ~ 5 6 ' " ~  may modulate p56'ck-catalyzed phophorylations in a 
substrate-dependent manner unique to either CD4 or CD8. Indeed, 
as mentioned in the preceding paragraph, an analysis of the kinetics 
of the phosphorylation of angiotensin I1 indicated that activation by 
the 31-residue peptide (mimicking the complete CD4 cytoplasmic 
tail) occurred through increasing the V,,, 20-fold. (Again, a peptide 
representing the CD8a cytoplasmic tail only increased phosphoryla- 
tion of the same substrate 4.7-fold.) This same CD4 cytoplasmic pep- 
tide stimulated p56'"k-catalyzed phophorylation of another in vitro 
substrate ("RR-SRC") by increasing the V,,,,, only 3-fold (Bramson et 
al., 1991). In both cases the apparent K ,  was unaffected by activation 
with the peptide. Finally, p56'"k-catalyzed phosphorylation of a third 
peptide substrate described was unaffected by the CD4 cytoplasmic 
peptide (Bramson et al., 1991). Clearly, these data demonstrate that 
~ 5 6 ' " ~  kinase activity in vitro is altered in a substrate-dependent 
manner through interaction with CD4 cytoplasmic residues. Interac- 
tion of C D 4 / ~ 5 6 ' " ~  or C D 8 / ~ 5 6 ' " ~  with TCR components could fur- 
ther modulate kinase activity with regard to particular substrates. In- 
deed, as mentioned earlier, CD4 and CD8 coreceptors may 
contribute to TCR complex crosslinking through different mecha- 
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nisnis (i.e., CD8 dilners may bind two MHC molecules, whereas 
CD4 only binds one, and two CD4 molecules may associate with one 
TCR complex) (Saizawa et al., 1987; Ryu et al.,  1990; Wang et  u Z . ,  
1990; Leahy et  al., 1992). These differences may result in a subtle 
difference in the juxtaposition and orientation of proteins responsible 
for coupling to and affecting tyrosine kinase activity that is initiated 
on TCR complex crosslinking. While no major differences in in uiuo 
phosphoproteins detected by antiphosphotyrosine Western blotting 
of total cell lysates have been seen on activation by CD4ITCR or 
CD8/TCR crosslinking (Veillette et al., l9SYc; Ledbetter et al. ,  
1990), this does not mean that unique substrates are not phosphory- 
lated by CD41p56'"kITCR interactions and CD81p56"'kITCR interac- 
tions in uiuo. Rather, such unique substrates simply may not be abun- 
dant enough to be detected in total cell lysates. As proteins 
phosphorylated on tyrosine during T cell activation become better 
characterized and antibodies become available, a more complete sur- 
vey of in uiuo substrates of CD4/p56" '/TCR and CD8/p56lCkITCR 
activity may result in the discovery of specific CD4- or CD8- 
association-induced modulation of pS6i"k-catalyzed phophorylation in 
uiuo. 

Additional differences between CD4 and CD8 have been demon- 
strated in their responses to phorbol inyristate acetate (PMA), though 
their significance for signaling differentiation or activation is not yet 
obvious. It has been demonstrated that CD4 (Acres et al . ,  1986, 1987) 
and CD8a8, but not CD8aa (Terry et al., l990), are induced to modu- 
late off the T cell surface on treatment with PMA. Recent data dem- 
onstrated that while most a@ TCR-bearing T cells express CD8aP 
heterodimers, some T cell subsets (e.g., y8 TCR-bearing cells and 
NK cells) may only express CD8a honiodimers, implying that CD8a 
and CD8p expression are not always coordinantly expressed, and in 
human ~$3 TCR cells at least some cells may express CD8a homo- 
dimers as well as a8 heterodimers (Terry et al., 1990; Moebius et al., 
1991). Given the difference in the ability ofCD4 (and CD8aP hetero- 
dimers) versus CD8a homodimers to modulate in response to PMA, 
different signals might be generated depending on whether CD4 or 
CD8 is the involved coreceptor. The PMA-responsive element of 
CD4 is contained within the cytoplasmic tail of CD4, as CD8ICD4 
hybrid molecules containing the extracellular and transmembrane 
portions of CD8a and the cytoplasmic tail of CD4 respond to PMA by 
modulating off the cell surface when expressed in T hybridomas (R.  
Zamoyska and J .  R. Parnes, unpublished data). Furthermore, it has 
been demonstrated that CD4/p56'"k interactions are interrupted 
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within 10 minutes after PMA treatment, whereas CD8/p56lCk interac- 
tions remain intact on PMA treatment (Hurley et al., 1989). D '  isasso- 
ciation between CD4 and ~56'"'  could attenuate a CD4-induced 
~ 5 6 ' " ~  signal by no longer localizing ~ 5 6 ' " ~  near relevant substrates. 
Alternatively, disassociation may render ~ 5 6 ' " ~  (perhaps now modi- 
fied as a result of its interaction with CD4 or TCR components) free 
to interact with another substrate that is not accessible to ~ 5 6 " ' ~  when 
it is bound to CD4 or CD8. 

Finally, CD4 or CD8 may contribute to TCR-mediated signaling 
differently through mechanisms distinct from ~ 5 6 ' " ~  activity. The cy- 
toplasmic tails may be involved in transmitting signals other than 
~ 5 6 " ' ~  kinase activity (e.g., through the aforementioned associated 
GTP-binding protein), or the transmembrane or extracellular portions 
of CD4 or CD8 may contribute to coassociation with and/or signaling 
through additional signaling proteins. Indeed, in some circum- 
stances, it has been reported that CD4 and CD8 may preferentially 
associate with different isoforms of CD45 (Thomas, 1989). In addition 
to influencing ~ 5 6 " ' ~  activity, the CD45 tyrosine phosphatase most 
likely regulates other phophoproteins involved in signaling. A poten- 
tial role in T cell differentiation for the transmembrane region of 
CD4 may be suggested by recent experiments. In these studies it was 
demonstrated that a signal for T cell differentiation to a CD4 cell 
lineage could be delivered to a class I-restricted T cell through a 
hybrid molecule containing CD8 external sequences and CD4 trans- 
membrane and cytoplasmic domains (Seong et  ul., 1992). While this 
result may be due to the CD4 cytoplasmic tail and the associated 
p56lCk, it cannot be ruled out that all or part of this phenomenon 
depends on contributions made by the transmembrane portion of 
CD4. These experiments will be discussed in greater detail in Sec- 
tion 111,F). 

111. Role of CD4 and CD8 in T Cell Differentiation 

A. THYMOCYTE DEVELOPMENT AND SELECTION PROCESSES 

The development in the thymus of T cells bearing the (YP TCR is a 
complex and only partially understood process during which pre- 
cursor cells lacking both TCR and coreceptor molecules mature to 
yield functionally mature, antigen-reactive T cells expressing either 
CD4 or CD8. During this process thymocytes pass through a stage of 
expressing either CD8 (Ceredig et al., 1983; Paterson and Williams, 
1987) or CD4 (Hugo et al., 1990) alone enroute to becoming "double- 
positive" thymocytes expressing both CD4 and CD8 (reviewed in 
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Fowlkes and Pardoll, 1989). Surface expression of the (YO TCR com- 
plex appears, initially at low levels, during this double-positive stage. 
As these cells mature, TCR levels increase and expression of either 
CD4 or CD8 is silenced. Hence, the most mature thymocytes, like 
peripheral T cells, are “single positive” with respect to the CD4 and 
CD8 coreceptors. Studies in normal (Ztifiiga-Pflucker et al., 1989b) 
and TCR transgenic (Teh et al., 1988; Sha et al., 1988b; Scott et  al., 
1989; Berg et al. 198911; Kaye et al., 1989; Pircher et nl. 1989) mice 
have confirmed the notion that it is the specificity of the TCR for 
class I or class I1 MHC proteins that determines the phenotype ofthe 
single-positive mature T cell with respect to CD8 or CD4: TCRs 
specific for class I select for CD8 cells, while TCRs specific for class 
I1 select for CD4 cells. 

Thymocytes are exposed to at least two selective mechanisms dur- 
ing their development, and these shape the final TCR repertoire (re- 
viewed in Fowlkes and Pardoll, 1989; Blackinan et al., 1990; von 
Boehiner and Kisielow, 1990; Nikolic-Zugic, 1991). Positive selection 
involves the selection for survival of only those maturing thyniocytes 
that can recognize self-MHC, ensuring that mature peripheral T cells 
will recognize antigenic peptides bound to self (and not foreign) 
MHC proteins. Positive selection appears to be mainly dependent on 
the MHC proteins expressed on thymic epithelial cells (Lo and 
Sprent, 1986). It is highly likely that self-peptide is present in the 
antigen-binding groove of these MHC proteins and influences posi- 
tive selection (Nikolic-Zugic and Bevan, 1990; Berg et al., 1990; Sha 
et al., 1990). Positive selection appears to occur in the thymic cortex 
at the double-positive stage (although the stage has not been defini- 
tively proved), resulting in a signal for cells to survive [perhaps by 
preventing programmed cell death (Sprent et ul., 19901) and/or ma- 
ture. Negative selection involves deletion in the thymus of de- 
veloping thymocytes expressing TCRs that are potentially autoreac- 
tive, presumably because they bind with high affinity to self-MHC 
proteins, most likely with self-peptide in the binding groove. Nega- 
tive selection is a major mechanism of tolerance induction in the T 
cell compartment. MHC proteins on bone marrow-derived hemato- 
poietic cells in the thymus appear to be the major mediators of nega- 
tive selection, although the epithelium may play some role under 
certain circumstances (reviewed in Fowlkes and Pardoll, 1989; 
Sprent et nl., 1990). Recent data froin Pircher et (11. (1991) have 
shown that a lower TCR avidity interaction is required for cloiial 
deletion in the thymus than for activation of mature T cell function in 
the periphery. The timing of negative selection has been controver- 
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sial; some studies in normal (Fowlkes et al., 1988; MacDonald et al . ,  
198813) and transgenic (Kisielow et al., 1988; Sha et al., 1988) mice 
suggested that it occurs at the double-positive stage, while other 
studies in normal mice suggested that it occurs at the transition to 
single positives (Kappler et al . ,  1987a, 1988; Marrack et  al., 1988). 
Comparing deletion in TCRp chain versus ap transgenic mice, Berg 
et ul. (1989a) concluded that TCR density and maturational state de- 
termine whether deletion occurs at the double-positive stage. A study 
in normal mice using cell transfers suggested that negative selection 
occurs after commitment to the single-positive CD4 or CD8 lineage 
and postulated that the target is a transitional thymocyte expressing 
medium levels of TCR and either CD4+CD8'"" or CD4'""CD8+ 
(Guidos et al., 1990). Indeed, the timing (double positive or later) 
and location of negative selection have been shown to vary even with a 
single transgenic TCR with dual specificities depending on which 
specificity is involved in the negative selection; this may result from 
differences in affinity of the TCR for the deleting MHC/peptide or 
from differences in where the deleting elements are encountered in 
the thymus (Pircher et al., 1989). 

The existence of both positive and negative selective mechanisms 
that are dependent on binding to self-MHC plus self-peptide 
presents the obvious dilemma of how the two are controlled so that 
the T cells that are permitted to mature are capable of recognizing 
foreign peptide bound to self-MHC, while those that would be acti- 
vated peripherally by self-peptide with self-MHC are eliminated. A 
number of potential mechanisms have been proposed. Perhaps the 
most likely is the affinity model, by which thymocytes that recognize 
self-MHC/self-peptide with low affinity are positively selected, 
while those that recognize self-MHC/self-peptide with high affinity 
are deleted (Sprent et  al. 1988; Schwartz, 1989). This mechanism has 
received strong support from recent studies of Lee et al. (1992) and 
Robey et al. (1992) involving the influence of transgenic CD8 expres- 
sion levels on positive versus negative selection (see Section 111,D). 
A second potential mechanism suggests that a different set of self- 
peptides is presented by the cells mediating positive versus negative 
selection (Marrack and Kappler, 1987). According to this model posi- 
tive selection would involve presentation by thymic epithelial cell 
MHC proteins of both a set of self-peptides unique to these cells and 
ubiquitously expressed self-peptides, while negative selection would 
involve presentation by bone marrow-derived hematopoietic cell 
MHC proteins of only ubiquitous self-peptides. This would result in 
elimination of thymocytes recognizing ubiquitous self-peptides and 
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survival of those recognizing thymic epithelial-specific self-peptides. 
It is also possible that both (or alternative) mechanisms may be in- 
volved. While the specificity and affinity of the TCR play a crucial 
role in both positive and negative selection, the CD4 and CD8 co- 
receptor molecules have also been shown to be intimately involved 
in these processes. 

B. POSITIVE SELECTION 

1. Role of CD4 i n  Positive Selection 

Two types of studies eliminating the ligand for CD4 (i.e., class I1 
MHC proteins) during thymocyte development have resulted in a 
lack of development of mature, single-positive, class II-restricted 
CD4+ T cells. The first involved treatment of mice from birth with 
mAb reactive with class I1 MHC proteins (Kruisbeek et aZ., 1983, 
1985), while the second involved genetic knockout of class I1 expres- 
sion (Cosgrove et al., 1991; Grusby et al., 1991). In both cases devel- 
opment of normal CD8 single-positive cells proceeded unimpeded. 
However, these results do not necessarily imply a role for the CD4/ 
class I1 interaction in positive selection, because the lack of class I1 
also prevents interaction of class II-specific TCRs with their selecting 
ligand. 

More direct evidence for a role of CD4 in positive selection came 
from studies in which pregnant mice were treated daily with intra- 
peritoneal (i.p.) anti-CD4 mAb until the day of birth (Zilfiiga-Pfliicker 
e t  al., 1989~) .  The neonatal mice born after such treatment lacked 
single-positive CD4 thymocytes yet had normal levels of double- 
positive and single-positive CD8 thymocytes. The presence of 
double-positive cells indicated that the mAb did not eliminate all 
cells bearing CD4. Similar results were obtained by treatment of fetal 
thymus organ cultures with anti-CD4 mAb. Whole antibody, F(ab’)z 
(which was shown to be nondepleting ofCD4 cells in adult mice) or 
Fab fragments were all effective in blocking development of single- 
positive CD4 cells. Similarly, Ramsdell and Fowlkes (1989) used a 
nondepleting anti-CD4 mAb to treat adult mice (either unirradiated 
or 9 days after irradiation and syngeneic bone marrow reconstitution) 
i.p. for 15-18 days. AS in the study of Zufiiga-Pflucker et aZ. (1989c), 
this treatment resulted in a block in the development of CD4 single- 
positive cells in the thymus without affecting the development of 
CD8 single-positive cells, and the double-positive population was 
still present. Both studies demonstrated a role for CD4 in positive 
selection of CD4 single-positive cells and suggested that mAb treat- 
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ment interfered by blocking the interaction of CD4 with a ligand 
(i.e., class 11) during this process. 

The importance of CD4 in positive selection of mature, single- 
positive CD4 cells received further support from studies of homozy- 
gous mutant mice in which the CD4 gene was genetically disrupted 
and not expressed (Rahemtulla et al., 1991). Of course, such mice 
lacked cells expressing CD4, but more importantly, with respect to 
positive selection, mature CD4+ cells were not simply replaced by 
an equivalently sized population of mature CD4-, CD8-, CD3' cells 
that could represent normal, positively selected, CD4 single-positive 
cells simply lacking surface CD4. Furthermore, class II-restricted 
helper T cell function was markedly reduced in these mice. These 
findings reaffirm the importance of CD4 for positive selection of 
CD4+, class II-restricted helper T cells. In contrast, CD8 cells that 
could function as class I-restricted CTLs developed normally, imply- 
ing that a double-positive population is not required for development 
of the mature functionally competent CD8 subset. Of potential im- 
portance was the presence in such mice of a very small population of 
peripheral TCRaP+ CD4- CD8- T cells. The origin and pathway of 
development of these cells are not known, and its is possible that they 
are responsible for the small amount of residual helper function ob- 
served. 

2.  Role of CD8 in Positive Selection 

In analogy to the CD4 studies cited above (see Section III,B,l), 
development of CD8 single-positive cells was blocked in studies of 
thymic selection in mice in which the CD8 ligand (i.e., class I MHC 
proteins) was unavailable for interaction, either because of niAb 
treatment (Marusic-Galesic et al., 1988) or because of lack of cell 
surface expression resulting from genetic knockout of the P Z -  

microglobulin gene (Zijlstra et al., 1990; Koller et al., 1990). Again, 
these results do not allow one to conclude that the critical interaction 
is CD8/class I, because TCR/class I interactions were also absent in 
these mice. 

The importance of CD8 for the positive selection of single-positive 
CD8 cells was demonstrated by the lack of development of this sub- 
set in the thymuses of adult mice (either unirradiated or 9 days 
postirradiation and syngeneic bone marrow reconstitution) treated 
i.p. for 15-18 days with a nondepleting anti-CD8 mAb (Ranisdell and 
Fowlkes, 1989). These mice maintained their double-positive thymo- 
cytes and had normal development of CD4 single-positive cells. Sim- 
ilarly, CD8 single-positive thymocytes did not develop in neonates 
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after i.p. anti-CD8 mAb treatment of the pregnant mothers and the 
resulting pups (Z6iiiga-Pflticker et nl., 1990). Again, development of 
single-positive CD4 cells was not interrupted by this treatment, and 
double-positive thymocytes were still present (i.e., the treatment did 
not deplete all cells bearing CD8). Similar results were obtained 
using F(ab')z fragments as opposed to whole antibody. Furthermore, 
treatment of heterozygous mice bearing both CD8.1 and CD8.2 al- 
leles with mAb specific for CD8.2 alone did not result in loss of the 
single-positive CD8 subset. These results imply that cell depletion 
cannot explain the lack of CD8 cells in the homozygous CD8.2 mice, 
but rather that CD8 must be available for a critical interaction with 
which the mAb interferes. In the CD8.1 x CD8.2 mice the CD8.1 
allele would still be available for that purpose. 

Mice homozygous for knockout of the CD8a gene by gene target- 
ing also lack CD8' cells and cytotoxic T cell function (Fung-Leung 
et d., 1991). As in the case of the CD4 knockouts, the important point 
regarding positive the role of CD8 in selection is that such knockout 
mice have normal CD4 single-positive cells and class II-restricted 
helper T cell function, but they do not have a sizeable population of 
CD4-, CD8-, CD3+ T cells that could correspond to normal CD8 
single-positives merely lacking CD8. 

Strong evidence for the role of a CD8/class I interaction in positive 
selection of CD8 T cells has recently been provided in two studies in 
which this interaction has been disrupted. Aldrich et al. (1991) gener- 
ated C3H transgenic mice expressing either the normal Ld class I 
protein or a mutant Ld in which the a3 domain had been replaced 
with that of the Q7" class I molecule. The a3 domain of the latter 
differs from that of L" by five amino acids and also has a three-amino 
acid insertion. The mutant L" does not interact with CD8-dependent 
CTLs, but it does bind to an L"-restricted viral peptide (derived from 
the immediate early protein pp89 of mouse cytoniegalovirus). In con- 
trast to transgenics expressing native L", those expressing the mutant 
fiiled to generate CTLs reactive with the viral peptide presented on 
Ld stimulator cells. Similarly, no antipeptide CTL response was evi- 
dent using mutant L" stimulator cells. These results suggest that the 
inability of CD8 to bind to the mutant L" blocked the positive selec- 
tion of CD8 cells restricted by that class I MHC protein. They further 
imply a need for CD8 to bind to the same class I MHC protein as the 
TCK during positive selection, as there are other wild-type (i.e., ca- 
pable of binding CD8) class I proteins on the selecting cells of the 
transgenics expressing the mutant L". 

Killeen et (11. (1992) reached a similar conclusion using transgenic 
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mice expressing a mutant class I MHC protein, Dh, in which the 
aspartic acid at residue 227 was substituted with lysine. This substi- 
tution abolishes binding to CD8. Such transgenics, on an H-2d back- 
ground, were mated to H-2d mice expressing a transgenic $3 TCR 
specific for the male antigen H-Y in association with Db. Studies by 
von Boehmer's group had previously shown that positive selection of 
this class I-restricted TCR occurs only in mice expressing Db, and 
in female mice (which do not express H-Y and, hence, do not 
delete cells expressing this TCR based on autoreactivity) this re- 
sults in mature CD8+ T cells expressing the transgenic TCR 
(Kisielow et al., 1988; Teh et al., 1988). However, in female H-2d 
mice doubly transgenic for the H-Y + Dh-specific TCR and the 
mutant H-2Dh, positive selection of the the transgenic TCR did 
not occur, despite the fact that this mutant Db could present the 
H-Y antigen to H-Y-specific CTLs (Killeen et  al., 1992). In con- 
trast, female mice doubly transgenic for the H-Y + Db-specific 
TCR and wild-type Dh did exhibit positive selection for the trans- 
genic TCR on CD8 cells. These results point to a critical role for 
the interaction between CD8 and class I MHC in the positive se- 
lection of CD8 T cells. They further imply that CD8 must act as 
a coreceptor during positive selection in that it must bind to the 
same class I MHC protein as the TCR on the developing thymo- 
cyte. 

The level of CD8 expression has been shown to influence posi- 
tive selection of class I-restricted thymocytes (Robey et  al., 1991; 
Borgulya et  al., 1991; Seong et al., 1992). In these studies increased 
cell surface CD8 expression in mice doubly transgenic for CD8 and 
the H-Y + Db-specific TCR resulted in enhanced positive selection 
of CD8+, transgenic TCR+ cells. 

In an attempt to study the mechanism of positive selection of 
CD8+ cells, Carrera et al. (1992) recently found that CD8 and the 
TCR selectively associated in thymocytes of H-Y + Db-specific TCR 
transgenic mice (on a SCID background) expressing the restricting 
class I MHC protein (Db), but not in thymocytes of such mice ex- 
pressing a nonrestricting MHC haplotype. This complex also con- 
tained activated forms of ~ 5 6 ' " ~  and p5Qfvn. In contrast, no such com- 
plex was formed between CD4 and the TCR regardless of the 
presence of a selecting or nonselecting MHC. These findings suggest 
that the complex containing the TCR, CD8, and activated tyrosine 
kinases is formed on binding of CD8 and the TCR to the same MHC 
protein and that it is likely to be involved in transmitting the signals 
for positive selection. 
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C. NEGATIVE SELECTION 

1 .  Role o fCD4 in Negutive Selection 

The role of CD4 in negative selection has been established pri- 
marily by studies in which in viuo treatment of mice with anti-CD4 
mAb blocked "superantigen"-mediated thymic deletion of T cells ex- 
pressing particular Vp segments that react with the selecting 
superantigen. For example, T cells bearing Vp17a are normally nega- 
tively selected during thymocyte development in mice expressing 
I-E because of autoreactivity (Kappler et al., 1987a,b, 1989). Vp17a is 
expressed on functionally immature, double-positive, TCR'"" thymo- 
cytes in such mice, but it is absent in both CD4 and CD8 single- 
positive cells. Fowlkes e t  u1. (1988) performed syngeneic bone mar- 
row transfers in irradiated C57BR mice (I-Ef,  Vp17a+) and treated 
the reconstituting mice with anti-CD4 mAb. They found that deletion 
of CD8 single-positive T cells bearing Vp17a was blocked by the 
anti-CD4 treatment. As in the studies on positive selection described 
above, this treatment eliminated the CD4 single-positive subset en- 
tirely, so Vp17a expression could not be examined in those cells. 
These results suggested that anti-CD4 blocked negative selection of 
potentially autoreactive Vpl7a thymocytes at the double-positive 
stage, thus allowing the continued development of CD8 single- 
positive cells bearing Vp17a. The latter cells were found not to be 
reactive with self-I-E, implying that the CD4 molecule is required 
for the anti-I-E autoreactivity of Vp17a T cells. Importantly, the block 
in deletion observed in these mice implicated the CD4 molecule as a 
crucial player in the negative selection of Vp17a T cells in these 
mice. 

Similarly, MacDoiiald et ul. (1988b) found that neonatal treatment 
ofMls" mice with anti-CD4 but not anti-CD8 mAb blocked the clonal 
deletion of Vp6+ and Vp8.1 T cells that is normally seen in Mls" mice 
(MacDonald e t  al., 1988a). As in the case of Vp17af cells in the 
I-E+ mice described above, it could be shown that VP6+ cells ap- 
peared in the CD8 single-positive population in the treated animals. 
Hence, these results also support a model in which anti-CD4 mAb 
treatment blocks negative selection of M1s"-reactive thymocytes at 
the double-positive stage, thereby allowing continued development 
of the nonautoreactive CD8 single-positive cells bearing Vp6. 

Finally, Z6fiiga-Pflucker et al. (1989a) demonstrated that anti-CD4 
but not anti-CD8 mAb treatment could block the deletion of Vpl l -  
bearing T cells that is normally seen in I-E+ mice, again leading to 
the expression of this TCRP chain on CD8 single-positive T cells. 
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All of these studies point to a pivotal role of CD4 during negative 
selection of class II-reactive cells. Although all involve superantigen- 
mediated deletion, it is likely that the same requirement for CD4 
holds for deletion of at least some if not all thymocytes expressing 
TCRs with specificity for conventional autoantigen/class I1 MHC. 
The mechanism by which anti-CD4 blocks negative selection has not 
been defined. Presumably it involves interference with CD4 co- 
receptor function as opposed to a simple block in adhesion, since 
anti-CD8 does not block deletion of class II-restricted T cells even 
though CD8 is present on the cells undergoing selection (at least in 
these superantigen systems). Possible modes of anti-CD4 action in- 
clude (but are not limited to) blocking the ability of CD4 to interact 
with the same class I1 MHC proteins seen by the TCR, blocking 
interaction between CD4 and the TCR complex, or transmission 
through CD4 of signals that interfere with the selection process. 

2. Role of CD8 in Negative Selection 

A number of recent studies involving transgenic mice have impli- 
cated CD8/class I MHC interactions in the process of negative selec- 
tion of class I-reactive T cells. Ingold et al. (1991) generated transgenic 
mice expressing chimeric class I MHC proteins consisting of the a1 
and a2 domains of H-2Kb and the a3 and internal domains of either 
wild-type H-2Dd or a mutant H-2D” in which the CD8 binding site had 
been ablated by substitution of lysine for glutamic acid at residue 227. 
After breeding to obtain the appropriate background MHC haplotype, 
these transgenics were examined for the generation of CTLs reactive 
with Kk). In contrast to the transgenics expressing the chimera with the 
wild-type Dd domain, those with the mutant Dd a3 domain failed to 
delete CD8-dependent CTLs reactive with either wild-type K” or K” 
with a Dd a3 domain. These results suggested that not only is a CD81 
class I interaction required for the process of negative selection, but 
that CD8 must interact with the same MHC protein as the TCR, since 
the selecting cells would express wild-type endogenous class I 
proteins in addition to the selecting mutant chimera. 

The same conclusion was reached by Aldrich et (11 .  (1991) using the 
transgenics described above (see Section III,B,2) expressing either 
wild-type Ld or Ld with the a3 domain from Q7b (which does not bind 
CD8). They found that expression of the chimeric L“ did not result in 
the elimination of all Ld-reactive cells from the T cell repertoire as 
measured in a mixed lymphocyte culture. They therefore concluded 
that the inability of the chimeric Ld to interact with CD8 blocked the 
complete clonal deletion (negative selection) of cells reactive with L“. 
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Also in agreement were Killeen et  al. (1992), using the same system 
they used (as described in Section 111, B, 2) to study CD8 function in 
positive selection, i.e., H-2" background double transgenics for the 
H-Y + D"-specific TCR and either wild-type or mutant H-2D" that 
cannot bind CD8 but still reacts with H-Y-specific T cells). In male 
mice the presence of wild-type D" led to deletion of the potentially 
autoreactive T cells expressing the transgenic TCR a and 
p chains. However, in male double transgenics expressing the mutant 
D", negative selection did not occur and mature CD8+ T cells ex- 
pressing the transgenic TCRa and TCRp chains were present. 

However, the importance of CD8 in negative selection may be TCR 
dependent. Studies of negative selection involving TCR transgenes in 
homozygous CD8a knockout mice that lack CD8 expression have 
shown that negative selection can proceed in the absence of CD8 for 
the 2C allo-class I-specific TCR (anti-Ld), but not for the 
H-Y + D'-specific TCR or an LCMV-specific, class I-restricted TCR 
(Fung-Leung et al., 1992). Just as differences in TCR affinity are 
thought to influence the level of dependency of mature T cells on CD8 
for antigen-induced activation, it is likely that differences in TCR 
affinity also account for differences in CD8 dependency for negative 
selection. Hence, thymocytes expressing TCRs with extremely high 
affinity for self-MHC/self-peptide may delete even in the absence of a 
coreceptor (CD8 in this case) signal, while those of somewhat lower 
affinity would depend on a coreceptor signal for negative selection. 
This issue has not been directly addressed. However, as described in 
Section III,D, recent results from two groups do suggest that differ- 
ences in the avidity ofthe TCR/coreceptor/MHC interaction influence 
whether positive or negative selection occurs. 

D. INFLUENCE OF CORECEPTOR LEVELS ON POSITWE VERSUS 

NEGATIVE SELECTION 

Lee et al. (1992) generated a series of transgenic mice expressing 
different levels of transgenic C D 8 q  from twice up to 10 times normal 
levels. These mice were crossed to transgenics expressing the class 
I-restricted TCK 2C (Sha et al., 1988), which is specific for L" and 
positively selected b y  the K" class I protein. Double transgenics (on an 
H-2" background) were analyzed for their expression of thyniocyte and 
splenic T cell subsets and 2C expression. As expected, those mice that 
expressed the transgenic TCR and moderately elevated levels of trans- 
genic CD8a exhibited positive selection for the 2C TCR transgene. 
However, cells expressing the TCK transgene were deleted in mice 
expressing the highest levels of the CD8a transgene. Hence, altering 
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the level of CD8a expression can affect whether the developing thy- 
mocyte undergoes positive versus negative selection. These findings 
appear to be TCR dependent and not related to a more general altera- 
tion of T cell developmental pathways, since high levels of expression 
of a CD8 transgene (a  or ap) led to enhanced positive selection and not 
negative selection of the H-Y + D”-specific TCR in female H-2’ double 
transgenic mice (Robey et al., 1991; Borgulya et al., 1991; Seong et al., 
1992; Lee et al., 1992). The most obvious interpretation of these data is 
that the increased level of CD8a on the developing thymocyte leads to 
greater binding to class I MHC proteins on the selecting cells, thereby 
increasing the avidity of the interaction between the developing thy- 
inocyte and the selecting cells. These results provide strong evidence 
for the affinity model of thymocyte selection (see Section II1,A) and 
implicate CD8 (and presumably CD4) in contributing to the strength 
of the interactions determining whether positive or negative selection 
occurs. 

These conclusion were further supported by the very similar 
findings of Robey et al. (1992) using CD8aP and 2C TCR double 
transgenics. Interestingly, these authors only crossed 2C TCR trans- 
genics with a CD8ap transgenic expressing twice the normal level of 
CD8, yet they saw deletion in the double transgenics. It took much 
higher levels of transgenic CD8a expression to yield deletion ofthe 2C 
TCR-bearing thymocytes in the study of Lee et al. (1992). This appar- 
ent discrepancy may reflect an increased functional capacity of CD8aP 
heterodimers during the selection process as compared to CD8a ho- 
modimers. Indeed, we have demonstrated that CD8ap can enhance 
the activation of a mature T cell hybridoma more efficiently than CD8a 
honiodimers (see Section II,K) (Wheeler et al., 1992). This increased 
efficiency of the CD8aP heterodimers may result from higher affinity 
binding to class I MHC proteins and/or from enhanced interaction 
with the TCR complex or other associated proteins. 

E. MECHANISM OF CD4 AND CD8 FUNCTION DURING 

THYMOCYTE SELECTION 

Although the above studies clearly indicate a critical role for CD4 
and CD8 in the positive and negative selection of class II-restricted 
CD4’ T cells and class I-restricted CD8’ T cells, respectively, the 
mechanism(s) by which they function in the selection processes re- 
main to be defined. For CD8 in both positive and negative selection 
the evidence summarized above (Sections III,B,2 and 111,C,2) supports 
a requirement for binding to the same class I MHC protein as the TCR, 
as opposed to other class I proteins on the same cell, implying that 
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CD8 functions as a coreceptor in developmental processes as well as in 
activation. Furthermore, as in the case of mature T cell activation, the 
dependency on CD8 expression for negative selection may vary with 
the affinity of the TCR for self-MHC/self-peptide. Thus class I- 
restricted TCRs with very high affinity are likely to resiilt in negative 
selection regardless of the expression of CD8. One would predict that 
both the importance of coreceptor function and the variation in re- 
quirement for the coreceptor depending on TCR affinity will also lie 
shown to hold for CD4 during thymocyte development. Whether the 
molecular mechanisms involved in the function of CD8 and CD4 in T 
cell activation will also be shown to hold for their role in development 
is unclear. The importance of the protein tyrosine kinase ~ 5 6 " ~  in CD4 
and CD8 coreceptor function in mature T cells was summarized above 
(see Sections II,B, II,E, II,G, II,H, II,L, and 11,M). That this kinase is 
also critical for the normal development of thymocytes bearing the 
c-up TCR has been amply demonstrated by the striking developmental 
block in mice in which the ~ 5 6 ' " ~  gene has been knocked out by 
homologous recombination (Molina et al., 1992). Mice homozygous for 
the disrupted Zck gene exhibited thymic atrophy, with only 3-10% of 
the number of thymocytes of littermate controls that expressed ~ 5 6 ' " ~ .  
The number of double-negative thymocytes was similar to that in 
normal littermates, but there was a dramatic reduction in the number 
of double-positive thymocytes (from 1.7 to 8.9% of normal levels) and 
no detectable single-positive thymocytes. The double-positive popu- 
lation was missing CD3'"" cells, and had higher average levels ofCD3 
expression. The cell cycle profile of these double-positive thymocytes 
appeared similar to that of littermate controls. In the periphery there 
were only 5-10% T cells in spleen and lymph node, hut these cells 
expressed the (up TCR and CD4 or CD8. Although these cells exhib- 
ited reduced proliferative responses to crosslinking of CD3 or the 
TCR, they did respond and this response could be increased by IL-2. 
These cells could also repond normally to either IL-2 alone or to PMA 
plus ionomycin. The implications of these findings with respect to 
activation were discussed in Section I1,H. Regarding the role of p56" 
in T cell differentiation, the markedly reduced (and abnorinal) double- 
positive population in the thymuses of the ~56"'~-deficient mice can be 
interpreted to imply that p56" li (also) plays a critical role in thymocyte 
development prior to the time when it transmits signals for selection 
processes through CD4 or CD8. This function could be manifest prior 
to surfkce expression of CD4 and/or CD8 and could involve transition 
from the double-negative stage. While further studies will be needed 
to elucidate the nature of the defect(s) in these mice, results of K. M. 
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Abraham et u2. (1991a,b) using transgenic mice overexpressing wild- 
type or constitutively activated ~ 5 6 ' " ~  transgenes support the notion 
that ~ 5 6 ' " ~  can influence early thymic developmental stages. High 
levels of expression of either type of transgene induced thymic tumors 
of early stage thymocytes prior to TCR/CD3 surface expression. 

Surprisingly, a recent study using an in vitro system of peptide 
antigedclass I1 MHC-induced clonal deletion showed that inhibition 
of tyrosine protein kinase activity with herbimycin A or genistein did 
not block the clonal deletion of developing thymocytes bearing a trans- 
genic TCR specific for the presented peptide/class I1 MHC (Nakayama 
and Loh, 1992). Activity of ~ 5 6 ' " ~  was almost completely blocked at a 
concentration of herbimycin A that did not inhibit clonal deletion. 
The authors concluded that ~ 5 6 ' " ~  is not necessary for clonal deletion of 
thymocytes and that negative selection must occur via a distinct path- 
way. What is not clear at this time is whether these results extend to all 
class II-restricted TCRs, whether they can be extrapolated to the in 
vioo situation, or whether a small amount of residual tyrosine kinase 
activity of ~ 5 6 ' " ~  (or another tyrosine kinase that can substitute for it in 
negative selection) is sufficient to allow negative selection to proceed. 
It may be that ~ 5 6 ' " ~  is critical for negative selection with other TCRs 
with lower affinity for self-class I1 MHC/self-peptide. The fact that the 
dependency on CD8 for negative selection of class I-restricted thymo- 
cytes has already been shown to vary depending on the (affinity of the) 
TCR (see Section III,C,2) niakes it likely that the dependency on 
~ 5 6 ' " ~  will follow suit, and, as suggested above, one would predict the 
same for CD4+ class II-restricted thymocytes. 

Based on the apparently more strict requirement for CD4 or CD8 in 
positive selection of the respective T cells, one might guess that ~ 5 6 ' " ~  
will be shown to be required for that process. However, that too is not 
certain. In a recent study reconstitution of CD4- mice with a truncated 
CD4 transgene lacking all but eight amino acids of the cytoplasmic tail 
resulted in apparently normal thymocyte and T cell development and 
functionally mature, class II-restricted CD4+ (transgene), CD8-, (.yp 
TCR+ T cells (N. Killeen and D. R. Littman, personal communication). 
Does this mean that the CD4 cytoplasmic tail and ~ 5 6 ' " ~ ,  which does 
not bind to the truncated CD4 transgene, are not necessary for positive 
selection of class II-restricted CD4' T cells? Perhaps, but probably 
not. There are a number ofcaveats regarding this experiment. First, the 
level of expression of the transgene, which was driven by the proximal 
~ 5 6 ' " ~  promoter, was substantially higher [lo- to 15-fold (Van Oers et 
aZ., 1992)l than the normal level of expression of CD4. It is possible 
that this extremely high level of expression of the CD4 transgene 
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compensated for the lack of the full cytoplasmic tail and/or ~ 5 6 " ' ~  asso- 
ciation by increasing adhesion and/or by increasing association with 
other relevant molecules, e.g., the TCR. Second, ~ 5 6 " ' ~  was still 
present in these cells, just not associated with the CD4 tail, and there 
may have been sufficient amounts of this kinase associated directly 
with the inner surface of the cell membrane to mediate the signals 
required for CD4 T cell development and activation in the setting of 
increased levels of (tailless) CD4. Although the CD4 T cell fiinctions 
exaniined seemed normal, what is not known is how the TCR reper- 
toire of these cells compared to normal; it is possible that the thymo- 
cytes that were positively selected under these circumstances had 
much higher affinity a/3 TCRs than those selected in the presence of 
full-length CD4. It will be critical to see whether the results of this 
study can be reproduced with a tailless CD4 that is expressed at normal 
levels and on only the correct cells. 

Van Oers et al. (1991) have argued for a role 0fp56"'~ in both positive 
and negative selection based on their finding that 10- to 15-fold overex- 
pression of a full-length CD4 transgene, but not the tailless construct 
described above (i.e., eight-amino acid cytoplasmic tail), interfered 
with positive and negative selection of the H-Y + D"-specific TCR 
transgene. They found that only the full-length and not the tailless 
CD4 could compete with CD8 for binding of p56"'k, reducing the 
amount bound to CD8 to 3-fold less than in the presence of the tailless 
construct or no CD4 transgene. They concluded that the competition 
for ~ 5 6 " ' ~  was the likely cause of interference in the selective 
processes. However, the interpretation of these findings is not yet 
entirely clear, as the authors themselves point out. First, in the absence 
of the TCR transgene thyniocyte development appeared normal in the 
presence of the full-length CD4 transgene, with a full (if not increased) 
complement of single-positive CD8 cells. Of course, the repertoire 
expressed by the latter cells is not known, and it is conceivable that 
they represent cells with relatively higher affinity TCRs that are less 
dependent on p56"" for positive selection. Second, the competition 
with ~ 5 6 ' " ~  correlated with the effects on selection but was not neces- 
sarily causal. The difference between the effects of full-length and 
truncated CD4 could relate to other potential interactions of CD4, such 
as with the TCR complex or other signaling molecules. Third, seque- 
stration of ~ 5 6 ' " ~  by the overexpressed CD4 transgene might interfere 
with the development of TCR transgene-expressing cells at an earlier 
stage of maturation unrelated to positive or negative selection; as 
discussed above, deficiency of p56"'k in homozygous knockout mice 
resulted in a drastic decrease in the number of double-positive thymo- 
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cytes (Molina et al., 1992), and over-expression of a ~ 5 6 ’ “ ~  transgene 
(either wild type or constitutively activated) led to thymic tumors at a 
stage at which the a@ TCR/CD3 complex was not yet expressed on the 
cell surface (K. M. Abraham et al., 1991a,b). 

F. MODELS FOR DEVELOPMENT OF CD4 VERSUS CD8 T CELLS 

One of the remaining critical questions regarding the development 
of CD4 and CD8 T cells is how a double-positive thymocyte ex- 
pressing an a@ TCR that recognizes class I1 MHC proteins differenti- 
ates into a CD4 single-positive T cell, while one expressing an a@ TCR 
that recognizes class I MHC proteins differentiates into a CD8 single- 
positive cell. Somehow the cell must “know” to maintain expression of 
the appropriate coreceptor and to ablate expression of the inappropri- 
ate one. A further question is how the program to become a helper T 
cell is linked to that to become a CD4 cell while the program to become 
a cytotoxic T cell is linked to that to become a CD8 cell. Two basic 
models have been suggested to explain the correlation between MHC 
recognition by the TCR and CD4 versus CD8 expression (von Boeh- 
mer, 1986; Janeway, 1988; Robey et ul., 1990). The instructive model 
postulates that a distinct signal is given to the developing thymocyte to 
become either CD4 or CD8 single-positive on binding of the TCR and 
presumably coreceptor molecule to the selecting class I1 or class I 
MHC protein, respectively. This model is consistent with a number of 
possibilities regarding the signals transduced. It is possible that CD4 
and CD8 are both preprogrammed to be turned off and that the “in- 
struction” signal is to maintain expression of the appropriate corecep- 
tor. It is also possible that both are programmed to stay on unless a 
signal is transduced to turn off the inappropriate one. The selective or 
stochastic model postulates that double-positive thymocytes randomly 
lose expression of either CD4 or CD8, after which those cells that have 
the “proper” combination of ap TCR and coreceptor (i.e., class II- 
restricted TCR and CD4 or class I-restricted TCR and CD8) are se- 
lected and receive a signal to survive, presumably by TCR and co- 
receptor binding to the same selecting MHC molecule. In contrast, 
those developing thymocytes that have the “wrong” combination (i.e., 
class II-restricted TCR and CD8 or class I-restricted TCR and CD4) 
fail to receive a survival signal and die. 

Evidence against a strict stochastic model has come from three 
groups, each of which examined the effects of inappropriate CD8aP or 
CD8a transgene expression on CD4 cells in (female) mice transgenic 
for the H-Y + D”-specific TCR (Robey et al., 1991; Borgulya et al., 
1991; Seong et al., 1992). According to the stochastic model one would 
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predict that those thymocytes that had stochastically lost expression of 
CD8 and retained CD4 and that expressed the class I-restricted trans- 
genic TCR would be “rescued” by expression of the transgenic CD8 
and would therefore appear as mature T cells expressing the trans- 
genic TCR and CD4 (and transgenic CD8) but not endogenous CD8. 
This was not observed in either the thymus or periphery of these 
doubly transgenic mice. These data are therefore incompatible with 
the stochastic model as described and consistent with, but not proof of, 
an instructive model for thymocyte development. In contrast, a recent 
study from the Littman lab has been interpreted as supportive of the 
stochastic model (C. Davis and D. R. Littman, personal commu- 
nication). In that study a constitutively expressed mouse CD4 trans- 
gene was crossed onto a homozygous P~-microglobulin-deficient 
knockout background. The &-microglobulin knockout mice had been 
shown previously to lack surface expression of (most) class I MHC 
proteins and to lack mature, CD8 single-positive T cells (Zijlstra et al., 
1990; Koller et al., 1990). Expression of the CD4 transgene resulted in 
the reappearance of CD8+ cells in the periphery of these mice, a 
finding that would be consistent with rescue by the CD4 transgene of 
thymocytes that expressed a class II-restricted TCR but had stochas- 
tically lost CD4 and retained CD8 expression during the develop- 
mental process. However, the &,-microglobulin knockout mice are 
not truly class I MHC negative; they have been shown to express at 
least some cell surface Db (Zijlstra et al., 1990), a class I protein 
that does not absolutely require association with p2-microglobulin for 
transport to the cell surface (Potter et ul., 1984; Allen et al., 1987; 
Williams et al., 1989). It may be that the low levels of surface class I 
(with abnormal conformation) in these mice, coupled with high levels 
of the inappropriate transgenic coreceptor (i.e,, CD4), allowed for the 
development of some class I-restricted CD8 T cells. Perhaps addi- 
tional study will reconcile these findings with those in the CD8 and 
TCR double-transgenic mice described above. 

Our laboratory has further examined the mechanism by which thy- 
mocytes differentiate to the CD4 versus CD8 lineage by generating 
mice (DBAIBJ) transgenic for a constitutively expressed chimeric 
CD8/CD4 protein consisting of the external portions of CD8a and 
the transmembrane region and cytoplasmic tail of CD4 (Seong et al., 
1992). These mice were mated to the H-Y + Db-specific TCR trans- 
genics (C57BL/6J) (Kisielow et al., 1988; Teh et al., 1988) to generate 
double transgenics. Bone marrow transplants were done from female 
double transgenics into C57BL/6J female mice to obtain a homozy- 
gous H-2” background for positive selection of the transgenic TCR. 
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As controls, similar bone marrow transplants were done from double 
transgenics expressing the H-Y + D'-specific TCR and constitutively 
expressed wild-type CD8a or from progeny of the transgenic TCR X 

transgenic chimeric CD8/CD4 cross expressing only the transgenic 
TCR and not the chimeric CD8/CD4. We found that expression of 
the chimeric CD8/CD4 but not the wild-type CD8 transgene led to 
the appearance of a large population (about 50%) of peripheral CD4+ 
transgenic (YP TCR-expressing cells (Fig. 6). That these cells resulted 
from alteration in the thymic developmental pathway was evidenced 
by the shifts in the ratio of CD4+, endogenous CD8-:CD4-, endoge- 
nous 0 8 '  thymocytes in the various bone marrow recipients, from 
1:25 for the transgenic TCR alone to 1:40 for the transgenic TCR + 
wild-type CD8 (in which positive selection of the class I-restricted 
TCR is enhanced by the transgenic CD8), and 1:2 for the transgenic 
TCR + chimeric CD8/CD4 (Fig. 7a-c). These results imply that ex- 
pression of the CD4 transmembrane region and/or cytoplasmic tail 
on the CD8/CD4 transgene leads to a specific signal for maintenance 
of CD4 expression on thymocytes (and their resultant T cells) ex- 
pressing this class I-restricted TCR. Of the peripheral transgenic ap 
TCR-expressing cells expressing CD4, approximately 70% had 
turned off endogenous CD8 expression, as would be expected ac- 
cording to an instructive model (Fig. 7f). However, about 30% of 
these cells retained endogenous CD8 expression (as well as CD4) 
(Fig. 7f). It is possible that such cells might have received conflicting 
signals because of coexpression of endogenous wild-type and trans- 
genic chimeric CD8/CD4, leading to continued expression of both 
CD4 and CD8. In any event, these results suggest that at least in the 
case of this transgenic TCR, a specific signal for differentiation of 
thyinocytes to the CD4 or CD8 lineage is delivered by each of these 
coreceptor molecules through its transmembrane region and/or cy- 
toplasmic tail. Although these findings are most consistent with an 
instructive model for thymocyte differentiation, additional ap- 
proaches will be needed to address this issue more directly. Studies 
are currently underway to examine whether the CD4+, endogenous 
CD8- T cells expressing the H-Y + Dh-specific TCR in our chimeric 
CD8/CD4 plus TCR transgenics have the phenotype of helper as 
opposed to cytotoxic T cells in order to determine whether this func- 
tional dichotomy results from the same signals that affect CD4 versus 
CD8 expression. 

Another important remaining question is the mechanism by which 
the CD4 and CD8 transmembrane regions andlor cytoplasmic tails 
deliver different signals to differentiating thymocytes. An obvious can- 
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FIG. 6 .  Expression of a chimeric CD8/CD4 transgene leads to differentiation of T 

cells bearing an MHC class I-restricted TCR to the CD4 lineage. Surface expression of 
CD4 is shown on transgenic TCR+ lymph node cells ofCS7BL16J female recipients of 
bone niarrow cells from (a) ap TCR', (b)  ap TCR+ plus wild-type CD8at (p-AL2.lt), 
and (c) ap TCR+ CD8/CD4+ chimera (p-AprCD8/4+) transgenic mice. Transgenic up 
TCH expression was monitored using the mAh T3.70. Bone inarrow transfers (4 x 10' 
cells) were done from female transgenics into lethally irradiated feniale recipients. At 
3 to 5 weeks after the transfer, single-cell suspensions of pooled lymph nodes from 
the recipients were prepared and stained with biotin-conjugated T3.70, followed by 
allophycocyanin-corij~igat~d streptavidin and phycoerythrin-conjugated anti-CD4. Cells 
were analyzed on a fluorescence-activated cell sorter and the histogranis show levels of 
CD4 staining on cells gated for high expression of the transgenic TCR. The percentages 
of CD4+ cells are indicated. Reprinted with permission from Nature (Seong et al. ). Copyright 
(1992) MacMillan Magazines Ltd. 
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didate signaling pathway is through the tyrosine kinase ~ 5 6 " ' ~ ,  which 
is associated with the tails ofboth CD4 and CD8. However, this would 
present an apparent paradox: How can different signals be transmitted 
through the same tyrosine kinase depending on whether it is bound to 
CD4 or CD8? Possible explanations have already been discussed 
above in Section II ,M and could include differences in signaling re- 
lated to differences in the characteristics of the association between 
CD4 or CD8 and ~ 5 6 " ~ :  CD4 binds relatively more ~ 5 6 ' " ~  than does 
CD8 (Veillette et al., 1988, 1989,; LUO and Sefton 1990); peptides 
mimicking regions of the cytoplasmic tails of CD4 and CD8 affect 
~ 5 6 " ~  enzymatic activity quite differently (Bramson et al.,  1991); PMA 
causes dissociation of ~ 5 6 ' " ~  from CD4 but not CD8 (Hurley et d., 
1989); and crosslinking of CD4 leads to activation of the tyrosine 
kinase activity of p56Ick, while crosslinking of CD8 either does not or 
does so to a much lesser extent (Veillette et al.,  1989a,c, 1991; Luo and 
Sefton, 1990). Furthermore, differences in other associated proteins 
and/or available substrates might account for differential signals 
through CD4- versus CD8-associated ~56'"'. It is also possible that the 
differential signals through CD4 and CD8 result not from p56lCk, but 
rather from a different pathway related to differences in other associ- 
ations involving their unique transmembrane regions or the distinct 
portions of their cytoplasmic tails. For example, both C D 4 / ~ 5 6 ' " ~  and 
CD8/p56lCk complexes have been shown to be associated with a 32-kDa 
GTP-binding protein (Telfer and Kudd, 1991); it could be that the 
latter protein is similar but distinct in the two complexes or is utilized 
differentially in signaling by one versus the other. The elucidation of 
the differences in CD4 versus CD8 signaling pathways is clearly a 
major focus of current interest and of critical importance in under- 
standing the mechanisms of T cell differentiation and activation. 

Frc. 7. Expression of CD4 and endogenous CD8 on thymocytes and lymph node 
cells in recipients of transgenic ap TCR and chimeric CDX/CD4 bone marrow. Thynio- 
cytes (a, b, and c) and lymph node cells (d, e, and f) from female C57BL/6J recipients of 
bone inarrow from the cup TCR+ (a and d), ap TCR' plus fiill-length CDXa ' (p-AL2.1') 
(1) and e), and ap TCR' plus chimeric CDX/CD4+ (p-AprCDW4') (c and f )  transgenic 
mice were analyzed for surface expression of CD4 and endogenous CDX (as measured 
by CD8p expression) on cells expressing the transgenic a0 TCR (detected by the mAh 
T3.70). Cells were stained by mAh 53-5, specific for CDXp, followed by  Texas 
red-conjugated mouse antirat antibody. After thorough washing the cells were stained 
with biotin-conjugated T3.70 followed by allophycocyanin-colljugatcd avidin and 
phycoerythrin-conjugated anti-CD4. Cells were analyzed on a Huorescence-activated 
cell sorter. Reprintedwith permission from Nature (Seonget al. ). Copyright (1992) MacMillan 
Magazines Ltd. 
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1. Introduction 

Early development of cells along the B lymphocyte lineage path- 
way is marked by successive gene rearrangements in H chain, then 
in L chain loci, by selective expression of surfiace-located and in- 
tracellular markers, by differential proliferation potential in uitro 
on stromal cells in the presence of cytokines, and by a differential 
capacity to populate the B cell compartments of severe combined 
ininiunedeficient (SCID) mice. The molecular processes involved 
in immunoglobulin gene rearrangements (Taccioli et al., 1992), se- 
lective expression of markers and their potential functions, and pro- 
liferative and differentiating capacities of progenitors and precursors 
(Kincade e t  al., 1989; Dorshkind, 1990; Kolink and Melchers, 1991; 
Rajewsky, 1992) for Ly-lf and Ly-1- cells (CD5+ and CD5-) (Hardy, 
1992) have repeatedly been updated in reviews. 

When V H  and V L  gene segments are rearranged, the resulting rep- 
ertoire of VII/VL combinations expressed in immunoglobulin mole- 
cules on the surface of B cells is exposed to selective processes. Neg- 
ative selection against self antigens either deletes or anergizes 
self-reactive B cells (Nemazee and Biirki, 1989; Goodnow e t  al., 
1989). However, the peripheral repertoire of B cells appears also pos- 
itively selected by antigen (Fiirster and Rajewsky, 1990; Gu e t  d., 
199la). Positive selection might be part of an antigen-specific re- 
sponse of B cells to proliferation and maturation to immunoglobulin- 
secreting cells and memory cells, or niight also be a change of 
migratory properties and life expectancies without division and 
differentiation. B cells can respond to T cell-independent and T cell- 
dependent antigens (Melchers and Anderson 1984; Liu et al., 1992), 
but only the latter induce immunoglobulin class switching, somatic 
hypermutations, and memory (McKean et al., 1984; MacLennan and 
Gray, 1986; Berek and Milstein, 1987; Jacob et al., 1991; Schittek and 
Rajewsky, 1992). 

This review centers on recent progress in our understanding of 
early B cell development from pluripotent stem cells to siirface 
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immunoglobulin-positive (sIgf) B cells, which are then selected to 
die or to live. Progress has been made in several areas of research: 

1. The detection and elucidation of the structure of differentiation 
stage-specific markers expressed in and on B lineage cells. 

2. The classification of the function(s) of some of these markers in 
B lymphocyte development. 

3. The generation of long-term proliferating B lineage committed 
stem cells in vitro and the population of B lineage compartments in 
SCID mice. 
4. The generation of transgenic mice, either by heterologous inser- 

tion of one or several copies of a transgene with functions in the B 
lineage, or by a targeted integration of a defective gene at the proper 
site in the genome by homologous recombination [knock-out (ko) 
mice] and analysis of the resulting lesions in B cell development. 

The main emphasis of this review is on work done with mice. B 
cell development in humans, sheep, rabbits, chicken, frogs, and fish 
shows fascinating similarities and differences (reviewed in Litman et 
al., 1989; Rathbun et al., 1989; Zachau, 1989; Weill and Reynaud, 
1992; Wilson and Warr, 1992; DLI Pasquier et al., 1992; Wilson et al., 
1992). 

II. B Cells from Embryonic Stem Cells 

The earliest cell with the capacity to generate B cells is an embry- 
onic stem (ES) cell. ES cells are established froin the inner cell mass 
of a mouse blastocyst between the 16- and 64-cell stage of develop- 
ment. These ES cells can be grown in tissue culture. Transfection of 
DNA into the ES cells can lead to either heterologous or homologous 
incorporation into chromosomes. ES cells can then be introduced 
into another blastocyst and the blastocyst can be transferred into a 
foster mother, who develops and gives birth to a chimeric mouse. 
The injected ES cells can participate in the formation of all tissues. If 
germ cells are included, a new, transgenic strain of inice is estab- 
lished. If B lineage cells are included, functions of the transgenic, 
mutant genes expressed in the B lineage can be assayed. In prin- 
ciple, the chimeric mice do not have to transmit the transgene into 
the germ line as long as the transgene encodes a dominant trait that 
can be assayed in the mouse. This should be the principle by which 
inany detailed functions of genes are investigated without establish- 
ing a mouse strain for each mutation. 

Several reports indicate that progenitors of B cells can be gener- 
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ated from ES cells entirely b y  in vitro techniques (Chen et ul., 1992; 
Gutierrez-Ramos and Palacios, 1992). ES cells can differentiate in 
vivo to embryoid bodies, from which B lineage cells can be estab- 
lished. This should eventually enable us to study the functions of 
many genes with functions in the B lymphocytic lineage without ever 
establishing a mouse strain for it. Once a pluripotent, a lymphoid- 
committed, or a B lineage-committed stem cell (see below) has heen 
established in culture, immunodeficient (SCID) mice can be popu- 
lated with these progenitors and precursors and the functions of the 
parts of the hematopoietic system, which develop from these 
progenitors and precursors, can be studied in  the SCID host. 

111. Differential Expression of Lineage-Related Markers during B Cell 
Development in Different Body Sites 

B lymphocyte development occurs in multiple body sites during 
pre- and postembryonic development, prenatally in embryonic 
blood, yolk sac, embryonic placenta, liver, and omentum (Solvasan 
and Kearney, 1992), and postnatally in I)lood, spleen, and, most of all, 
bone niarrow (Melchers, 1979; Ogawa et ul., 1988; Rolink and Mel- 
chers, 1991; Rolink et d., 1993). 

The enzyme terminal deoxyribonucleotidyltransferase (TdT), in- 
volved in the insertion of N-regions in Drl-to-JH and VtI-to-DIlJI, 
joints of the H chain genes, is expressed postnatally in  bone marrow, 
but not prenatally in fetal liver (Gregoire et nl., 1979). Consequently, 
practically all joints of fetal liver-derived pre-B and B cells have no 
N-region diversity, whereas most of the joints of postnatal bone 
marrow-located and derived pre-B and B cells do. Although the 
presence of N-regions is known to contri1)ute to increased variability 
in the antigen-binding, complementarity-determining region 3 of H 
chains, the functional significance of an absence of such increasecl 
variability in fetal liver-derived H chains remains a matter of specula- 
tion (Rolink and Melchers, 1991). It appears that H chain loci with 
N-region diversity are selected against in preimmune I3 cell reper- 
toires (Carlsson et nl., 1992). 

The vast majority of VL-to-JL joints are devoid of N-regions, be- 
cause the enzyme TdT is already shut off at these late stages of pre-B 
cell development. It is not known what turns on or off the expression 
of TdT, and whether productive rearrangements in the H chain loci 
and a subsequent expression of p H  chains on the surface of pre-€3 
cells contribute to the downregulation of expression of TdT. Never- 
theless, earlier stages (B220- TdT+ and B220+ TdT+ cells) can be 
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distinguished (Osmond, 1990; early and intermediate pro-B cells) 
from later stages (B220' TdT-, late pro-B, and large and small pre-B 
cells) in bone marrow. The late stages are expected to have their H 
chain gene rearrangements completed, which makes some of these 
cells detectable by the expression of cytoplasmic p H  chains. The 
later B220+ TdT- stages of pre-B cells are also expected to be in the 
process of (maybe continuous and multiple) rearrangements of their 
L chain loci (Feddersen and van Ness, 1990; Harada and Yamagishi, 
1991). 

Fetal liver-derived pre-B cells can also be distinguished from bone 
marrow-derived pre-B cells by the differential expression of a novel 
regulatory myosin light chain in the bone marrow (Oltz et al., 1992) 
and a novel LIM-homeobox domain in fetal liver-derived cells (F. 
Alt, personal communication). The proteins of the surrogate L chain 
expressed by the pre-B cell-specific genes V p r e ~  and AS are expressed 
on early progenitors and pre-BI cells, on some pre-BII cells, and on 
some intermediate, immature B cells, but not in mature B cells, mem- 
ory cells, or immunoglobulin-secreting plasma cells (Sakaguchi and 
Melchers, 1986; Kudo et  al., 1987, 1989, 1992; Pillai and Baltimore, 
1987, 1988; Kudo and Melchers, 1987; Kerr et al., 1989; Karasuyama 
et al., 1990, 1992; Misener et  al., 1990, 1991; Cherayil and Pillai, 
1991; Karasuyama et al., 1992). 

The surrogate L chain appears on the surface even before p H  
chains are expressed, together with a complex of proteins (p130/p55), 
of which one (p55) is disulfide bonded to the As protein (Karasuyama 
et al., 1992). On subsequent cells of the B lineage differentiation 
pathway, the surrogate L chain can be associated by disulfide bonds 
to the D H I J H C ~  protein (Reth and Alt, 1984) and to the VHDHJH- 
rearranged p H  chain. It has been found on Abelson-virus- 
transformed pre-B cell lines of these stages of differentiation, but the 
expression on the corresponding normal pre-B cells needs to be in- 
vestigated. It has been speculated that these immunoglobulin-like 
molecules on the surface of pro- and pre-B cells recognize a set of 
differentiation antigens on the cooperating stronia cells, and that this 
recognition controls critical cell divisions and subsequent steps of 
differentiation, including those of subsequent immunoglobulin gene 
rearrangements, along the pathway of B cell differentiation (Mel- 
chers et  d., 1989) (Fig. 1). We will discuss below where these specu- 
lations are supported or contradicted by experimental findings. 

B cell differentiation has also been ordered by the differential 
expression of other lineage-related markers. In addition to the 
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high-molecular-weight form of the conimon leukocyte antigen B220 
(CD45), which is not expressed on the earliest progenitors but is 
thereafter found on all B lineage cells, are other antigens: the heat- 
stable antigen (HSA) is not expressed on very early pro-B cells but is 
on pre-B cells (Hardy et al., 1991); the surface-located enzyme 
aminopeptidase, called BP-1, is expressed on late pre-B cells but not 
on early pre-B cells (Hardy et al., 1991); leukosialin (CD43), detected 
by the monoclonal antibody (mAb) S7, is detected on early, but not 
on late, pre-B cells (Hardy et al., 1991), much the same (Rolink et ul., 
1992) as the tyrosine kinase c-kit encoded in the white-spotting locus 
of the mouse and the receptor for the growth fixtor ligand stem cell 
factor (SCF) encoded by the steel locus (Chabot et al., 1988; Geissler 
et d., 1988; Zsebo et al., 1990; Anderson et al., 1990; Copeland et al., 
1990; Huang et al., 1990; Okada et al., 1991; Ogawa et ul., 1991; 
Kodama et al., 1992). As expected, the genes RAG-1 and RAG-2 
which encode elements of the rearrangement complex, are expressed 
throughout all stages of pre-B cell development (Blackwell et nl., 
1986; Lieber et al., 1987; Schatz and Baltimore, 1988), as is the pro- 
tooncogene N-myc (Zimmerman and Alt, 1990). The expression of 
these markers can be regulated by surface immunoglobulin in N- 
myc-transgenic pre-B and immature B cells (Ma et al., 1992). 

Many B220- and B220+ CD43' c-kit+ TdT+ cells are expected to 
be DHJH-rearranged but not VHDHJH-rearranged pre-BI cells, 
whereas many of the B220+ CD43- c-kit- BP-1+ TdT- cells might 
already be VHDHJH rearranged (Rolink et al., 1991a; Hardy et al., 
1991; Hardy and Hayakawa, 1991), but that is likely to be an oversirn- 
plification of a much more complex set of pre-B cell subpopulations 
differing in all these parameters. Such a predictably oversimplified 
picture of marker expression during early B cell development is 
shown in Fig. 1. 

IV. Proliferation and Differentiation Capacities of B Cell Subpopulations 

Proliferation and differentiation of pro- and pre-B cells require cell 
contact with a microenvironment of stromal cells present in the pri- 
mary organs where the B cells develop (reviewed in Kincade et al., 
1989; Dorshkind, 1990; Rolink and Melchers, 1991). B cell develop- 
ment in fetal liver appears to occur in one synchronous wave, first in 
a stromal cell-dependent phase between days 13 and 16 of gestation, 
followed by a stroinal cell-independent phase between days 17 and 
19. Between days 16 and 17, sIg+ cells appear; these cells become 
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FIG. 1. B lymphopoiesis in the iiiouse. The figure shows four different stages of B cell development in interaction with stromal cells at 
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ally involved in this development. It also shows the proliferative capwity ofthese subpopulations for asymmetric or symmetric divisions. 
For details, see text. 
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mitogen reactive between days 18 and 19 (Strasser et al., 1989). 
These experiments suggested that in the early, stromal cell- 
dependent phase gene rearrangements in the immunoglobulin heavy 
and light chain loci take place, whereas in the later, stromal cell- 
independent phase sIg+ B cells mature to mitogen-reactive cells. On 
primary stromal cells from fetal liver or bone marrow very little pro- 
liferation is observed in uitro, even in the presence of a variety of 
interleukins (ILs), including IL-7. This changes dramatically when 
cloned stromal cell lines are used in tissue culture. 

We now know of a variety of stromal cells (usually preadipocytic 
fibroblast clones and lines from fetal liver, bone marrow, and even 
thymus) that support the long-term proliferation of defined subpopu- 
lations of pro- and pre-B cells from fetal liver, blood, spleen, and 
bone marrow. IL-7 has been identified as a major cytokine that co- 
stimulates this proliferation (Namen et al., 1988), but it is likely that 
other cytokines such as IGF-I (Landreth et al., 1992), IL-6, IL-11, 
GM-CSF, and steel-encoded SCF (McNiece et al., 1991; Hirayama et 
al., 1992; Landreth et al., 1992) have costimulatory activities, maybe 
with different types of stromal cells, and maybe on different stages 
and subpopulations of pre-B cell development. 

We have established lines and clones of pro- and pre-B cells from 
fetal liver, blood, spleen, and bone marrow that proliferate in serum- 
substituted media in the presence of exogenously added IL-7 and in 
contact with stromal cells for long periods of time (Rolink et al., 
1991a). They can be cloned and recloned with efficiencies near 100% 
and retain their stage of differentiation, as described below. They are 
capable of differentiation to sIg+ B cells in vivo and in uitro, and they 
can populate pre-B and B cell compartments of SCID mice for long 
periods of time. Therefore, they have properties of B lineage- 
committed stem cells, which undergo equal divisions into two cells 
at the same stage of differentiation when they proliferate on stromal 
cells in the presence of IL-7, and they can undergo unequal, or dif- 
ferentiating, divisions into one or two differentiated, eventually ma- 
ture B cells when removal from their environment of stromal cells 
and IL-7 induces their differentiation. Nishikawa and colleagues (Ni- 
shikawa et al., 1988; Hayashi et al., 1990) have defined three stages 
of pro- and pre-B cell development by colony assays of early cells 
(which need only stromal cells to proliferate), a subsequent stage 
(which needs stromal cells and IL-7 to proliferate), and a late stage 
(which needs only IL-7 to proliferate). It has been suggested that in 
the intermediate stage contact of pro- and pre-B cells with stromal 
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cells may, in fact, induce the production of IL-7 in stromal cells 
(Sudo et al., 1989). 

A. LONG-TERM PROLIFERATING PRO- AND PRE-B CELLS REACTIVE 
TO STROMAL CELLS AND IL-7 

The high cloning efficiency of pro- and pre-B cells reactive to stro- 
ma1 cells and IL-7 is apparently already a property of cell clones ex 
vivo. Cloning ex vivo from B cell-generating organs by limiting dilu- 
tion cultures has identified a pro- or pre-B cell as a limiting cell. This 
has allowed quantitative analysis of the frequencies, and conse- 
quently of the absolute numbers, of such clonable pro- and pre-B 
cells in liver, blood, spleen, and bone marrow throughout the life of a 
mouse (Rolink et al., 1993). Frequencies and numbers of clonable 
cells change in the different organs during a life span. A wave of 
clonable cells appears before birth and disappears after birth in liver 
(Melchers, 1979; Rolink et ul., 1993). Up to 2 weeks after birth, high 
frequencies of clonable cells are present in spleen and are also de- 
tectable in blood, but become undetectable at 6-8 weeks in these 
sites. In bone marrow, up to 2% of all cells are clonable early, but 
decrease 10- to 20-fold within 6 months after birth. 

Clonable pro- and pre-B cells are enriched in the B220- c-kit'O" as 
well as the B220+ c-kit+ (and B220+ CD43+) cell populations of bone 
marrow. They are depleted from B220' c-kit- and B220' CD43- 
populations, and are absent in B220- c-kit- and B220- c-kith'gh popu- 
lations of bone marrow. B220+ c-kit+ and B220f CD43+ cells are 
likely to be the same, because long-term proliferating B220+ c-kit+ 
cells in culture also express CD43+ (Fig. 1).  The absolute numbers of 
clonable B220- c-kit'O" and of B220+ c-kit+ cells drop 5- to 20-fold 
within 6 months after birth. 

Clonable pro- and pre-B cells, capable of long-term proliferation on 
stromal cells in the presence of IL-7, are present in fetal liver and 
bone marrow of a wide variety of different inbred strains of mice, 
transgenic mice, and mice in which genes with functions in the B 
lineage pathway of differentiation have been inactivated by targeted 
integration of a defective gene. The frequencies and absolute num- 
bers of such clonable cells are equal, if not higher, in severe com- 
bined immunodeficient (Bosma et al., 1988) and RAG-2ko mice (Shin- 
kai et ul., 1992), in B cell-deficient pH chain-transmembraneko mice 
(Kitamura et al., 1991), in Asko mice (Kitamura et d., 1992), in B cell- 
deficient CBA/N mice, and in autoimmune disease-prone (NZB/ 
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NZW)FI mice (see below). This indicates that the stromal celllIL-7 
reactive compartment of clonable cells includes these cells before 
there are rearrangements in the H chain loci, and before expression 
of p H  chain proteins on the surface. 

The frequencies of clonable pro- and pre-B cells are depressed in 
mice expressing transgenic p H  chains (Grosschedl et  al., 1984). It is 
not clear at present whether the lower numbers of clonable cells are a 
result of accelerated differentiation (Reichman-Fried et al., 1990; Era 
et ul., 1991) or of deletion of cells. Finally, mice expressing trans- 
genic KL chains (Carmack et al., 1991) and AL chains (Weiss and 
Bogen, 1991; Vasicek et al., 1992) are either delayed or severely de- 
pressed in their B cell development. The numbers of clonable pro- 
and pre-B cells are also reduced. It remains to be seen whether the 
transgenic L chains, prematurely expressed in pro- and pre-B cells, in 
fact compete with surrogate L chains for the binding to p130/p55, to 
Dk{J&p protein, and to p H  chains, and thereby inhibit proper devel- 
opment before the stage of a clonable pro- or pre-B cell. 

Long-term proliferating, clonable pro- and pre-B cells are either 
B220- or B220+, BP-1- or BP-1+, PB76+, CD43+, c-kit'"w or c-kit+, 
HSA+ or HSA-, RAG-l+, RAG-2+, N-myc+, and MHC class I+ ,  are 
reactive to IL-7 (i-e., probably express IL-7 receptors), express the 
surrogate L chain V p r e ~  and A5 on their surface, and are p H  chain 
negative, but express p130/p55 (probably on the surface) (Kara- 
suyama et  al., 1992) (Fig. 1). They do not express CD3, CD4, CD5, 
CD8, MHC class 11, or the receptors for IL-2 or IL-5 and are not 
reactive to mitogens such as lipopolysaccharide. Depending on 
whether they are bone marrow or fetal liver derived, they express 
(respectively, do not express) TdT and the new regulatory myosin 
light chain, and they do not express (respectively, express) the LIM 
homeobox-domain gene. 

Early in the development of fetal liver and of neonatal bone mar- 
row, at least some of the H chain loci in clonable cells are still in 
germ-line configuration. This can also be concluded from experi- 
ments with bone marrow cells from RAG-lk" or RAG-2k0 mice, which 
have normal, if not elevated, numbers of clonable cells (see above). 
For the proliferation of such early pro-B cells, stromal cells may well 
contribute with other contacts and other cytokines, in addition to the 
exogenously added IL-7. Nishikawa and colleagues have identified 
early clonable cells that proliferate on stromal cells in the absence of 
IL-7 (Hayashi et  al., 1990). Such clonable cells might still be B220-, 
and it remains to be investigated whether they are only B lineage 
committed. 
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Bipotent precursors for B lineage cells and macrophages have been 
found early in fetal liver development; these precursors derive their 
dual potential from a cell with all inimunoglobulin loci still in gerni- 
line configuration (Cumano et al., 1992; Cuniano and Paige, 1992). 
Similar bipotent cells have previously been found as virus- 
transformed early progenitor lines (Holmes et a l . ,  1986; Davidson et 
al., 1988). In addition, B220- progenitors have been foucd that give 
rise to T and B lineage cells (Takai et al., 1992) 

H chain loci in germ-line configuration can still be found after 2 or 
3 weeks in tissue cultures of early fetal liver- or bone marrow-derived 
pro- and pre-B cells, i.e., at a time when a single cell could have 
expanded to (2-5) x lo6 cells. This might indicate that these early 
pro-B cells keep their germ-line H chain gene conformation by asym- 
metric divisions in which one germ-line pro-B cell gives rise to one 
germ-line and one DtiJff-rearranged cell (Fig. 1). 

In the tissue culture conditions under discussion, i.e., on stronial 
cells in the presence of IL-7, the early pro-B and pre-B cells eventu- 
ally change their properties after prolonged proliferation in uitro. 
They may remain B220- or become B220+, remain HSA- or become 
HSA+, or remain BP-1- or become BP-l+, but it is clear that a clone 
of early pro- or pre-BI cells with some H chain loci still in germ-line 
configuration and some already DHJH-rearranged undergoes continu- 
ous, subsequent DII-to-JH rearrangement, maybe in both H chain loci, 
and until the most 5’ DI3 or the most 3‘ JpI segment has been used in 
these rearrangements (Rolink et al., 1993; Haasner et d . ,  in prepara- 
tion). Once all possible DEx JH rearrangements have been made, the 
resulting final Dpi Jlj stably arranged pre-BI cells continue to prolifer- 
ate on stromal cells in the presence of IL-7 (unless they are rear- 
ranged in reading frame I1 and express a D H J H C ~  protein on the 
surface (Reth and Alt, 1984; Gu et al., 1991a) (see also below for the 
function of the surrogate L chain) and continue to display the proper- 
ties of a B lineage-committed stem cell as outlined above (Fig. 1). 

B. MOLECULAR CONTACTS BETWEEN PRE-B CELLS AND 

STROMAL CELLS 

Some of the molecular contacts that regulate pro- and pre-BI cell 
proliferation in contact with stronial cells, and that may control the 
performance of stronial cells in providing contacts and cytokines, 
have been identified. Monoclonal antibodies specific for c-kit inhibit 
the in vitro proliferation of some (Rolink et al., 1 9 9 1 ~ )  but not all 
(Collins and Dorshkind, 1987; Kodama et al., 1992) long-term pro- 
liferating cells, This indicates that c-kit regulates pro- and pre-B cell 
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proliferation, in line with the observation that the majority of all long- 
term proliferating pro- and pre-B cells express c-kit on their surface 
(see above). The steel-encoded stem cell factor has been found to 
be a costimulatory cytokine in IL-7-stimulated pre-B cell growth 
(McNiece et al., 1991), but it remains to be seen whether the 
membrane-bound or the secreted form is costimulatory, and how 
these two forms of SCF regulate pre-B cell growth. 

Other contacts between pre-B cells and stromal cells involve 
VLA-4 and fibronectin (Miyake et al., 1991) and CD44 and hyalu- 
ronate (Miyake et al., 1990a,b), but these contacts may be different 
for different stages of pro- and pre-B cell development, and it re- 
mains be investigated whether CD44, as one example, always uses 
the same splice form of its gene to be expressed for these contacts 
(Stamenkovic et al., 1991). 

Finally, we expect the surrogate L chain, in association with early 
complexes of p130/p55 (Karasuyama et al., 1992), with D H J H C ~  
protein, and with VHDHJH-rearranged p H  chain, to be involved in 
contacts and controls affecting proliferation and differentiation of 
pro- and pre-B cells (Melchers et al., 1989), but the partners in such 
contacts on stromal cells have not been identified, nor is it clear what 
the functional consequences of these contacts could be. 

C. PRECURSOR B CELLS THAT Do NOT PROLIFERATE ON STROMAL 
CELLS IN THE PRESENCE OF IL-7 FOR LONG PERIODS OF TIME 

The vast majority of pre-B cells in bone marrow are B220' CD43- 
c-kit-. In vitro they do not proliferate in symmetric divisions for ex- 
tended periods on stromal cells in the presence of IL-7. Some of 
them, however, are still reactive to IL-7 alone for a limited number of 
divisions (Hayashi et al., 1990; Rolink et al., 1991a). These pre-BII 
cells are likely to still express RAG-1 and RAG-2, as well as the sur- 
rogate L chain, but they are probably all TdT- and have their 
VHDHJH rearrangements completed on at least one of the two H 
chain loci (Osmond, 1990, 1991; Hardy et al., 1991). Association of a 
productive VHDH JH-rearranged pH chain, with the surrogate L chain 
may, in fact, signal the cell to turn off CD43 and c-kit expression, but 
that remains to be investigated in greater detail. Removal of IL-7 
from in vitro cultures of pre-BI cells certainly allows unproductive 
rearrangements of H and/or L chain gene loci, and this differentia- 
tion also leads to downregulation of CD43 and c-kit, to a loss of stro- 
ma1 cell/IL-7 reactivity, and to apoptosis of sIg- and sIg+ differenti- 
ated cells (Rolink et al., 1991a). 

It is possible that pre-BII cells represent a transitory state on the 
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way to mature sIg+ or sIg- B cells, with no interactive capacity with 
stromal cells and no special B cell-generating functions. Because 
these pre-BII cells are, however, so frequent, i.e., they represent over 
90% of all B220' pre-B cells (Osmond, 1990, 1991), it is conceivable 
that they are occupying a bone marrow pre-B cell compartment con- 
trolled by stimuli different from those controlling pre-BI cells. Pre- 
BII cells may divide once every day (see below) in asymmetrical 
divisions to produce one new pre-BII cell and one cell on its way to 
L chain rearrangements and to a mature B cell (Fig. 1). In vivo this 
might occur in situations when all sites in the bone marrow are occu- 
pied and when further divisions crowd the marrow too much, so that 
only one of the two cells produced in the division remains attached to 
stroma and the other leaves the area of IL-7-production and, thereby, 
is induced to differentiate by initiating L chain gene rearrangements. 
In this scenario, contact of the pre-B cells with their ligands on 
stroma and with cytokine IL-7 keeps them at their given stage of 
differentiation, whereas loss of ligands induces differentiation. Pre- 
BI cells are kept at their given stage by stromal cells and IL-7; pre- 
BII cells may be kept at their given stage by IL-7 alone. 

D. B CELL POOLS AND STEADY STATES OF DAILY B 
CELL PRODUCTION 

It has been estimated that a mouse produces 5 x lo7 mature B cells 
per day in adult bone marrow (Osmond, 1990), and it is assumed that 
this daily production is maintained at more or less the same level 
throughout life. These 5 x lo7 cells include not only sIg+ B cells, but 
also all cells that have made nonproductive rearrangements in H and/ 
or L chain loci, yielding sIg- mature cells. From these newly formed 
B cells, between 2 x lo6 and 5 x 106sIg+ B cells are chosen daily to 
enter the peripheral pool of mature cells. It is evident from the com- 
bined analyses of Osmond, Hardy, Nishikawa, and their colleagues 
and from our own analyses that the number of B220- or B220+ c-kit+ 
CD43+ pre-BI cells with long-term proliferative capacities as B 
lineage-committed progenitors is 10-fold too low to produce all the B 
cells. This assumes that such a precursor can divide once a day to 
yield one precursor and one more differentiated, in the end, mature 
B cell. Consequently, over 90% of all B cells generated per day are 
likely to be generated, by unequal divisions, from the B220+ CD43- 
c-kit- TdT- pre-BII cells, which have the appropriate pool size, if 
they divide once a day. In fact, Osmond (1990) has shown that this 
pool of late pro-B, large and small pre-B cells has the highest mitotic 
activity in bone marrow. 
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If many of these pre-BII cells are, in fact, already VI~DHJH rear- 
ranged, then most B cells are generated from precursors that have 
already committed themselves to some specificity toward an antigen, 
i.e., that specificity carried by the H chain alone. Because H chains 
are known to be able to contribute a large part of the antigen speci- 
ficity of an immunoglobulin molecule, it will be interesting to see 
whether pre-BII cells, with pH chains and surrogate L chains on 
their surface, are selectable by antigen. This should have important 
consequences for the maintenance of B cell tolerance, for posi- 
tive selection of B cells into the peripheral pool, and for possible 
idiotypic/antiidiotypic interactions. 

It is not clear whether B cell generation continues at the same rate 
throughout life, i.e., whether B cell generation decreases as an 
animal ages. Decreased production of B cells with increasing age is 
found in chickens and sheep (Reynolds and Morris, 1983; Pink et al., 
1987). A higher daily rate of B cell production in young versus old 
mice is also implicit from the observation of Forster and Rajewsky 
(1990) that turnover of the predominant B cell population is high in 
young mice and low in older mice. Although the total number of 
B220+ pre-B cells drops only twofold within the first 6 months of the 
life of a mouse, it is not yet known whether the in vivo proliferative 
capacities of the different pre-B cell subpopulations in the bone mar- 
row remain the same. Our experiments indicate that the number of 
clonable, long-term proliferating pre-BI cells of the B220+ c-kit+ sub- 
populations drops by a factor of 5-10, whereas the earlier B220- c- 
kitlow progenitors and precursors drop within 6 months by 10- to 20- 
fold. However, the bone marrow environment (i.e., probably its 
stroma) does not become incompetent with age. Transplantation of 
young and old c-kit+ B lineage precursors into old bone marrow (de- 
void of all precursors typically present in old bone marrow) allows an 
expansion of c-kit+ precursors to levels that are characteristic of 
young bone marrow (Rolink et al., 1993). It is likely that pre-BII 
cells, and maybe other cell types, compete for the sites in old bone 
marrow on which pre-BI cells are able to lodge and proliferate. Our 
finding that this ratio of pre-BII to preBI cells in bone marrow in- 
creases with age, but that it can be reversed, should be applicable to 
human bone marrow transplantation. 

V. Possible Functions of the Surrogate 1 Chain in B Cell Differentiation 

It has repeatedly been suggested that early differentiation along 
the B lymphocyte lineage pathway, marked by successive rearrange- 
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nients of immunoglobulin gene segments, is guided by the expres- 
sion of productive rearrangements of the H chain locus, either 
D H J H C ~  proteins or as VHDHJEI-rearranged p H  chains. Deposition of 
the p H  chains on the surface of the pre-B cells would signal the cells 
to begin rearranging, the next iinmunoglobulin gene segment along 
the differentiation pathway. Successful cells are thereby selected 
over unsuccessfiil cells along their way toward becoining a B cell 
(Melchers et d. ,  1989; Misener et al.,  1991). Deposition on the sur- 
face is mediated by the disulfide-bonded association of the different 
forms of the p H  chains with the surrogate L chain. Signaling is likely 
to occur via the immunoglobulin-associated molecules Ig-a and Ig-p, 
which are encoded by the nib-l and B29 genes (Sakaguchi et ul., 
1988; Honiliach et ul., 1988; Herinanson et al . ,  1988). Signaling along 
the B lineage differentiation pathway has been reviewed in detail 
elsewhere (Reth et al.,  1991; Ales-Martinez et id., 1991). 

It is evident from mice in which the h.5 gene has been inactivated 
by targeted integration of a defective form of the gene (Kitamura et 
d. ,  1992) that normal expression and function of the As gene is criti- 
cal for normal B cell development. Although the heterozygous litter- 
mates of the hgko mice appear to develop their B cells normally, the 
homozygous ASk" mice have an altered precursor pool and a delayed 
appearance of both Ly-l+ and Ly-1- B cells. The Ly-l+ B cell coin- 
partrnent appears normalized at 1 month of age, but the Ly-1- com- 
partments fill up much more slowly, so that even 6 months after birth 
only around half of the normal numbers of Ly-1- B cells are present 
in the peripheral lymphoid organs. Even with the lower number of B 
cells, however, hgko mice mount normal immune responses to T- 
independent as well as T-dependent antigens. 

When pro- and pre-B cells rearrange DEI segments to JH segments, 
these rearrangements can occur in three reading frames. Reading 
frame I1 (rfII), but not rfI or rfI 11, allows the expression of a D H J H C ~  
protein, because the reading frame of J H  is in frame with the pro- 
moter and the start codon found upstream of most Dki elements 
within the H chain gene locus. This is particularly so for DIIJH joints 
made in fetal liver, where no N-region diversity is inserted 
(Holmberg et ul., 1989; Feeney, 1990; Meek, 1990; Gu et nl., 1990, 
199lb). An analysis of the representation of rff, rflI, and rfIII within 
the repertoire of pre-B cells of fetal liver has shown that rff I is sup- 
pressed in Ly-1- but not in Ly-l+ B cells (Gu et ul., 1990, 199111). 
This suppression has been interpreted to result from a suppression of 
all those pre-B cells expressing D H  Jr ICp protein on their surface, and 
expansion on stromal cells in the presence of IL-7. 
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If surface deposition was mandatory for a signal to stop further 
expansion of rflI/DHJH-rearranged pre-B cells, then pre-B cells of 
Asko mice should be unable to do so, because D H J H C ~  protein cannot 
be inserted into the surface membrane in the absence of the sur- 
rogate L chain. An analysis of the repertoire of DHJH joints in pre-B 
cells of Agko mice, in fact, shows that rfII is present in approximately 
one-third of all joints, i.e., it is not suppressed (Melchers et al., 1992). 
Similarly, VHDH JH-rearranged pre-B cells may be suppressed for fur- 
ther proliferation and expansion on stromal cells in the presence of 
IL-7, as experiments with p H  chain-transgenic mice might suggest 
(Era et al., 1991), as soon as the surrogate L chain deposits the p H  
chain in the surface membrane. Again, Asko pre-B cells should not be 
able to do this, and therefore accumulate VHDH JH-rearranged pre-B 
cells in the stromal cell/IL-7-reactive c-kit+ compartment. 

A delayed appearance of mature Ly-1- B cells in the periphery of 
Asko mice could be expected to be the result of an abnormally low 
rate of L chain gene rearrangements in VHDHJH-rearranged pre-BII 
cells that are incapable of inserting p H  chains into their surface 
membrane. This assumes that rearrangements of L chain gene seg- 
ments are induced in pre-B cells by the deposition of p H  chains on 
their surface. However, our in uitro experiments with pre-B cell lines 
and clones support the notion that VL-to-JL rearrangements can occur 
without previous productive VHDH JH rearrangement and insertion of 
p H  chains into the surface membrane. Removal of IL-7 from the cul- 
ture induces VH-to-DHJH and VL-to-JL rearrangements, even in pre-B 
cells that are never able to produce a productive VH-to-DHJH rear- 
rangement (clone 18; in Rolink et d., 1991b). 

These findings make it unlikely that a slower rate of L chain rear- 
rangements in Asko pre-B cells could explain the delayed appearance 
of sIg+ B cells in the periphery of Asko mice. We expect that the 
surrogate L chain plays yet another role in B cell development. In 
fact, the surrogate L chain is found on the surface of progenitors and 
pre-B cells before p H  chains are ever expressed (either as DHJHCp 
proteins or as VHDHJH-rearranged p H  chains) (Misener et  d., 1991; 
Melchers et al., 1992; Karasuyama et al., 1992). Pre-BI cells from 
fetal liver with DHJH-rearranged H chain loci in rfl or rfIII and stro- 
ma1 cell/IL-7-reactive progenitors from RAG-2ko mice (Shinkai et al., 
1992; Melchers et al., 1992) are such cells on which the surrogate L 
chain has been detected with the aid of monoclonal antibodies spe- 
cific for V p r e ~  and A5 (Melchers et d.,  1992; Karasuyama et d., 1992). 
Immunoprecipitation with these monoclonal antibodies detects a 
complex of protein molecules (p130/p55) associated with the sur- 
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rogate L chain, of which p55 is disulfide bonded to the protein. A 
delayed B cell development in the Askn mice might be the result of 
the inability of the progenitor and pre-B cells of these mice to deposit 
this coinplex into the surface membrane. This might slow down ei- 
ther the proliferation or further development of these early cells 
along the B lymphocyte lineage pathway of differentiation. 

There are other indications that such an early immunoglobulin-like 
complex might be involved in control of proliferation and/or differenti- 
ation of pro- to pre-B cells. Mice exprewing transgenic KL or AL chain 
genes have a delayed, and in some cases very deficient, €3 cell develop- 
ment (Weiss and Bogen, 1991; Vasicek et d., 1992). Surface deposition 
of an early complex, not with surrogate L chain but with transgenic KL 
or AL chains, on early progenitors may also disturb or slow down 
proliferation and/or further development of B lineage cells at the early 
stage of differentiation from pro- to pre-BI cells. 

On the other hand, pre-€31-type stronial cell/IL-7-reactive cells from 
AghO mice can be cloned at normal, if not elevated, frequencies, from 
fetal liver or bone marrow of AghO mice. Even if they had their immuno- 
globulin H chain loci in germ-line configuration at the time of cloning 
ex uiuu, they are DI4JII (and often also V I I D I I J ~ ~ )  rearranged, when they 
have grown from one precursor to 106-10' cells, i.e., within 30 divisions 
during 3-4 weeks in uitro. These observations do not point to a de- 
layed capacity to rearrange the irnrnunoglobulin H chain gene seg- 
ments. 

The most dramatic defect of Agk" mice is their 40-fold reduced coni- 
partment of B220+ CD43- c-kit- pre-BII cells, leading to a delayed 
appearance of Ly-1- sIg+ B cells that is only 40% of normal, even at 6 
months of age (Kitamura et al., 1992). These Ly-1- sIg+ B cells could 
well be generated from approximately 5 X lo5 DHJH-rearranged pre- 
BI cells, if they generated that number of VEIDHJH-rearranged, VLJL- 
rearranged cells by asymmetric divisions each day and if 10% of all of 
these fully rearranged cells had a productive H and productive L 
chain gene and, therefore, became sIg+, and if these B cells became 
long lived in the process. Half of the normal level of Ly-1- sIg+ B 
cells (i.e., 5 x lo7 cells) would thus be reached in 100 days. This 
underlines the importance of the B220+ CD43- c-kit- pre-BII coni- 
partment for the development of a Ly-1- sIg+ B cell compartment in 
mice. The surrogate L chain plays the role of selecting from all 
VHDHJH-rearranged cells those having a productive rearrangement 
and, therefore, expressing p H  chain protein. If the p H  chain cannot 
be deposited in the surface membrane, as is the case in pre-B cells 
froin RAG-2k", p H  chain-transmeinbranek", and Ask'' mice, this pre- 
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BII-compartment is greatly reduced or totally missing (Kitaniura et 
d., 1991, 1992; Kitamura and Rajewsky, 1992; Shinkai et ul., 1992). 

VI. Differentiation of Pre-B to B Cells 

A. DIFFERENTIATION OF PHE-B TO B CELLS in Vitro 

Pre-BI cell lines and clones proliferating on stronial cells in the 
presence of IL-7 can be induced to undergo VH-to-DIIJIf and VL-to-JL 
rearrangements when IL-7 is removed from culture (Kolink et ul., 
1991a). Within 2 to 3 days, 5 2 0 %  ofall cells become sIg+ and the rest 
remain sIg-. More than 95% ofthe cells lose the capacity to proliferate 
on stronial cells in the presence of IL-7 within 2 days, indicating that 
all cells differentiate under these conditions. It is possible, but has yet 
to be proved by sequencing analyses, that the sIg- mature cells de- 
velop from out-of-frame rearrangements in H and/or L chain genes. 
Extensive apoptosis of sIg+ and sIg- mature cells is observed in cul- 
ture. One of the earliest markers of a mature B cell is the IL-2 receptor 
a chain (TAC antigen). Mitogen-reactive cells develop, though in 
lower frequencies. Compared to the frequencies of lipopolysaccharide 
(LPS)-reactive sIg+ B cells of normal spleen (-1 to 3) (Andersson et al., 
1977), around 100-fold lower frequencies of LPS-reactive cells are 
observed, and these frequencies can vary from pre-B cell clone to 
pre-B cell clone by 5- to 10-fold. These experiments indicate that not 
all sIg+ B cells are yet mature to the extent that they are mitogen 
reactive. Future experiments will have to evaluate what renders an 
originally LPS-unreactive sIg+ B cell reactive, and whether selection 
forces of antigen and/or environmental cells and factors (T cells? cy- 
tokines?) play a role. 

The majority (90-95%) of the sIg+ B cells, which develop within 3 
days of differentiation in culture, are ~ + / K L + ,  whereas a small percent- 
age (3-10%) expresses pH and AL chains. Thus, the high ratio of KL/AL 
chains characteristic of the peripheral B cell repertoire of the mouse 
(Cohn and Langman, 1990) is already evident in the antigen- 
independent transition from pre-B to B cells (Rolink et al., l99la). The 
V H  repertoire expressed in the sIg+ B cells is biased toward the VlI 
segment located 3' in the VH cluster (i.e., Vf17183 and VItQ52) and, 
thus, resembles that of the Vt* repertoires developing in fetal and 
neonatal B cells and in B cells during regeneration after bone marrow 
transplantation and before normalization (Streb, 1992). 

Similar KL/AL chain ratios and V H  repertoires develop in sIg+ B cells 
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from pre-B cell clones transplanted into SCID mice in vivo, indicating 
that the norinalization ofthe Vf l  repertoire to representation, according 
to gene segment copy numbers in the genomes, is dependent on fac- 
tors (T cells?) that are not present in these SCID mice. 

Differentiation of pre-B cells to sIg+ B cells, of course, never occiirs 
with pre-B cells of KAG-2k0 or I.LH-transinenibranek" mice, though 
these cells enter other parts of the differentiation program by beconi- 
ing unreactive to stromal cells and IL-7. Differentiation of pre-B cells 
from hgk" mice to sIg+ and LPS-reactive cells is apparently normal with 
respect to kinetics and ratios, indicating that VlI-to-Dk1JIl aiid Vl,-to-JL 
rearrangements can occur in pre-B cells that do not deposit produc- 
tively rearranged p H  chains into their surface membrane (Kolink et al., 
in preparation). 

B. DIFFERENTIATION OF PHE-B CELLS TO B CELLS in Vivo 

Transfer of long-term proliferating pre-BI cells from fetal liver into 
SCID mice leads to a stable population in the bone marrow of pre-B 
and sIgi B cells, to 5-10% of normal levels of sIg+ B cells in spleen, 
and to normal levels ofsIg+ Ly-lf B cells in the peritoneum. Turnover 
of the pre-B and sIg+ B cells in the bone marrow and spleen remains 
high for several months, although stable levels ofpre-B and B cells are 
maintained for several months. Serum IgM levels in SCID mice be- 
come those of normal mice, whereas IgA levels are low and IgG levels 
remain below detection (Kolink et ul., 19911); Reininger et nl . ,  1992). 
No donor-derived T cells or myeloid cells can be detected in the SCID 
hosts. This suggests that pre-BI cells are B lineage-committed stem 
cells, which are capable of populating at least the Ly-1' B cell com- 
partments to normal levels. 

Bone marrow-derived pre-€31 cells lines and clones are often not 
capable of populating the pre-B and B cell coinpartinelits of mice in 
this way. These observations are in agreement with those ofHardy and 
Hayakawa (l991), whose experiments suggest that Ly-l+ B cells origi- 
nate from fetal liver-derived pre-B cells, whereas Ly-1- B cells derive 
from pre-B cells of bone marrow. In their  experiments, however, nei- 
ther bone marrow- nor fetal liver-derived pre-B cells ever populate the 
SCID bone marrow stably with pre-B cells, so that one ofthe essential 
properties of B lineage-committed stem cells is apparently absent. It 
therefore remains to be investigated how the Ly-1- B cell coni- 
partment is established, which cells and fkictors cooperate in B cell 
establishment, and how a normal level and a steady state ofturnover of 
cells in this compartment are maintained. The pre-BI cell-populated 
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SCID mice offer the opportunity to see whether Ly-1- cells can be 
generated from an originally Ly-l+ cell-oriented B cell development 
by the transfer of T cells and antigen into these mice. 

C. B CELL DIFFERENTIATION IN CBA/N IMMUNODEFICIENT MICE 

CBA/N mice carry an X chromosome-linked immune defect (xid) 
that results in the inability of sIg+ B cells to respond to T cell- 
independent antigens of type 2: these mice also have a much lower 
response to T cell-independent antigens of type 1, but their T cell- 
dependent responses are normal (Scher, 1982). CBA/N mice lack 
the Ly-l+ B cell lineage (Hayakawa et  nl., 1983) and have one-third 
of the normal number of peripheral sIg+ B cells (Sprent et nl., 
1985), although their B220+, Abelson virus-infectable precursor B 
cell compartment appears to be normal (Kincade et al., 1982; 
Reid and Osmond, 1985). It has recently been shown that in 
immunoglobulin-transgenic mice, expression of the p H  and XL chains 
of the phosphorylcholine-specific antibody M 167, under the control of 
the heavy chain enhancer E p H  on the xid background, results in the 
elimination of most B cells from the peripheral lymphoid tissues of the 
xid mice, whereas only the phosphorylcholine-specific B cells are 
eliminated from xid mice expressing only the p H  chain of the M167 
antibody as a transgene (Kenny e t  al., 1991). These results suggest that 
the phosphorylcholine-specific B cells that develop in p H  chain- 
transgenic xid mice are either deleted via unknown, antigen-specific, 
surface immunoglobulin-mediated mechanisms, or that they fail to 
receive the appropriate signals to exit the bone marrow and enter the 
peripheral lymphoid organs. In support of this deletion is the finding 
that, in a pH chain-transgenic xid mouse expressing an H chain from a 
TNP-specific antibody (not directed against a self antigen, such as the 
ubiquitously present phosphorylcholine determinant), TNP-specific B 
cells develop normally in the periphery. 

Pre-B cells from CBA/N mice proliferate normally on stromal cells in 
the presence of IL-7, and enter the programs of differentiation to sIg+ 
stromal cell/IL-7-unreactive cells normally. However, these cells 
never become LPS reactive (Rolink et al., in preparation). This sug- 
gests that the transition from immature sIg+ B cells to mitogen-reactive 
sIg+ B cells is impaired in CBA/N mice and might be involved in the 
initial selection of an Ly-1' B cell compartment. CBA/N mouse pre-B 
cells proliferating on stromal cells in the presence of IL-7 might be the 
appropriate tool to study the molecular and cellular bases of the xid- 
induced lesion that leads to the deletion of Ly-l+ cells and that might 
be rescued by other environmental factors (T cells?) in the T cell- 
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dependent, Ly-1- B cell compartment. These cells might shed further 
light on the problem of how the Ly-1 B cell compartment is established 
and maintained. 

D. DIFFERENTIATION OF PKE-B CELLS B CELLS IN bcl-2- 

The bcl-2 gene encodes a 26-kDa protein (and its 21-kDa variant 
form) (Tsujimoto and Croce, 1986); this protein is predominantly ex- 
pressed in the inner mitochondria1 membranes of mainly B and T 
lymphocyte lineage cells at defined stages of their differentiation 
(Granninger e t  ul., 1987; Reed et al., 1987; Gurfinkel et al., 1987; 
Hockenberry et ul., 1990; Pettersson et al., 1992). It was originally 
identified in translocations of human follicular lymphomas as the locus 
(18q21) translocated to the human immunoglobulin heavy chain locus 
(14q32) (Tsujimoto e t  al., 1984; Bakhshi e t  al., 1985; Cleary and Sklar, 
1985; Cleary e t  ul., 1986; Adachi et ul., 1990). Translocations leave the 
coding region intact but render the gene controllable by the immuno- 
globulin heavy chain locus, leading to constitutive high expression 
along the B lineage pathway from early precursors to plasma cells. 
Although the exact function of the bcl-2 gene is still unknown, it 
rescues cells from programmed death (apoptosis) (Wyllie, 1980; Du- 
valle and Wyllie, 1986), thereby prolonging the half-life of the cells in 
which it is expressed. This has been shown for T lineage, B lineage, 
and other hematopoietic cells by transfection of the bcl-2 gene (Vaux et 
al., 1988; Borzillo e t  ul., 1992), and in bcl-2-transgenic mice (McDon- 
nell et al., 1989, 1990; Strasser et al., 1990, 1991a,b; Sentman et ul., 
1991; Nunez et al., 1991). During the normal development of lynipho- 
cytes, bcl-2 expression may play the role of changing the life span of 
antigen-selected lymphocytes during memory interaction to longevity 
(Hockenberry e t  al., 1991; Hardie et al., 1991; Pettersson et al., 1992). 

From all these studies it appeared reasonable to assume that pre-B 
cells from Eplbcl-2-transgenic mice (bcl-2 under the control of the 
enhancer for the p H  chain) would inhibit the apoptosis of B cells 
differentiating from long-term proliferating pro- and pre-B cells when 
IL-7 is removed from cultures of these cells on stromal cells. Indeed, 
proliferation of bcl-2-transgenic pro- and pre-B cells is normal on stro- 
ma1 cells in the presence of IL-7, and differentiation is normal on 
removal of IL-7 when the capacity to rearrange VH to DHJH and VL to JL 

is monitored, and when the loss of capacity for continued proliferation 
in stroinal cells in the presence of IL-7 is monitored (Rolink et ul., in 
preparation). However, the differentiated cells do not die by apoptosis, 
and sIg+ and sIg- cells are formed, the latter probably as a conse- 

TRANSGENIC CELLS 
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quence of out-of-frame rearrangements in either H and/or L chain loci. 
Only the sIg+, but not the sIg-, cells are stimulatable by the mitogen 
LPS to clonal proliferation, indicating that sIg expression is mandatory 
for LPS reactivity of the cells. During prolonged differentiation of 
pre-B to B cells in vitro,  more and more of the sIg+ cells express AL 
chains, so that after 1-2 weeks, in fact, up to 50% of all sIg+ cells 
express AL chains, in strong contrast to the normal situation where the 
KL/AL ratio on sIg+ B cells is 95:5 (Cohn and Langman, 1990; Rolink et 
al., 1991~) .  A higher number of AL chain-expressing B cells might be 
expected in all situations, where the process of subsequent, secondary 
VK-to-JK rearrangements is allowed to continue (Feddersen and van 
Ness, 1990; Harada and Yamagishi, 1991) and where the eventual 
deletion of CK by rearrangements to the RS element downstream of CK 
deletes the KL chain locus. 

Because the peripheral pool of B cells in a normal mouse is sIg+ and 
does not contain sIg- B cells, and because that is also the case in the 
bcl-2-transgenic mice, it suggests that exit from the bone inarrow into 
the periphery and/or subsequent selection processes favor sIg+ over 
sIg- B cells. 

The expression ofbcl-2 in differentiated B cells is likely to facilitate 
the molecular analysis and the cellular kinetics of B cell development 
from pre-B cells in normal, immunodeficient, and autoimmune 
disease-prone mice. 

VII. Genetic Defects Expressed in the B lineage that lead to 
Autoimmune Disease 

(NZB/NZW)FI (B/WFl) mice spontaneously develop an autoim- 
mune disease that closely resembles systemic lupus erytheniatosus 
(SLE). The disease is characterized by elevated serum levels of IgM 
and IgG, i.e., by hypergammaglobulinemia, and by elevated levels of 
IgM antinuclear antibodies (ANAs) and the appearance of IgG ANA 
antibodies with specificities for single-stranded as well as double- 
stranded DNA and for histones. In addition, IgG antibodies specific for 
erythrocytes and for retroviral envelope glycoprotein gp70 are de- 
tected. The animals finally succumb to fatal immune complex- 
mediated glonierulonephritis (Howie and Helyer, 1968; Staples and 
Talal, 1969; Lambert and Dixon, 1968; Steward and Hay, 1976; Mout- 
sopoulos et al., 1977; Izui et al., 1978, 1979, 1981a,b; Goldings et  al., 
1980; Gioud et al., 1983; Maruyama et al., 1983; Slack et al., 1984). An 
excessive B cell activity could be one of the major abnormalities in 
these mice, as the parental NZB strain shows an enhanced and acceler- 
ated precursor B cell development (Ohsugi and Gershwin, 1979; 
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Jyonouchi and Kincade, 1984; Yoshida et al., 1985, 1987; Schwieterman 
et al., 1992). 

The inheritance of the SLE-like autoimmune disease in B/WFl mice 
is complex, and multiple genes must be responsible for either acceler- 
ating or suppressing the disease, and these genes might be expressed 
in different cell lineages (Knight and Adams, 1978; Raveche et al. ,  
1981; Bocchieri et al., 1982; Shirai, 1982; Hang et ul., 1983; Mamyama 
et ul., 1983; Hirose et al., 1983; Kotzin and Palmer, 1987). 

The B/WFI autoiinmune disease can be transferred by hematopoie- 
tic stem cells or by lymphoid progenitors, suggesting that abnormali- 
ties leading to the disease are expressed in these cells and their de- 
scendants (Akizuki et al.,  1978; Yoshida et al.,  1987; Schwieterman et 
al., 1992). These transfer experiments could not, however, distinguish 
precursor lymphocytes from the mature lymphocytes, from myeloid 
precursors, or from mature cells as potential sites of expression of the 
defects. In fact, the involvement of T cells has been indicated (Wofsy 
and Seaman, 1985), and it has been shown that the NZW parental 
genes, which contribute in a major way to the renal disease in the 
B/WFI mice, are closely linked to the MHC locus (Kotzin and Palmer, 
1987; Babcock et al., 1989). If it were, in fact, class I or class I1 genes, 
the latter might implicate the selection of the T cell repertoire in 
B/WFI mice as one major factor contributing to the disease. 

The possibility to establish, from fetal liver, B lymphocyte lineage- 
committed progenitors and precursors in culture and to transfer them 
into SCID hosts enabled us to distinguish those B/WFI-encoded 
disease-inducing and disease-propagating genes that are expressed in 
the B lymphocyte lineage from those that are expressed in other cell 
lineages (Reininger et al., 1992). Progenitor and precursor B cell lines 
from B/WFI mice, reactive to stromal cells and IL-7, can be grown in 
long-term tissue cultures. They express B lineage-specific markers 
B220, PB76, VpreB, AS, and others, but do not express sIg. On removal of 
IL-7 from the cultures, they differentiate into sIg+ B cells, which can 
be stimulated in vitro by mitogens to IgM-secreting cells. 

They can be transferred into SCID mice, where they elicit many 
parameters of the lupuslike disease. Most notably, the B/WFI pre-B 
cell-populated mice develop hyperplasia of the IgM- and IgG- 
secreting cells in many lymphoid organs and elicit elevated levels of 
IgM, IgG2a, and IgG, for the next 3 to 5 months. Classical lupus- 
connected ANA antibodies against single- and double-stranded DNA 
are found in the IgG fractions. They do not develop erythrocyte- 
specific antibodies or gp70 retroviral glycoprotein-specific antibodies, 
and no lymphoid infiltrations are seen in the many organs in which the 
B/WFI mouse elicits them during the progression ofthe disease. Up  to 
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20% of the SCID mice populated with B/WF1 pre-B cells develop 
proteinuria as a consequence of IgG deposits in the glomeruli of the 
kidney during a 7-month period after pre-B cell transfer. 

These results show that genetic defects expressed in the B lineage 
can be expressed in SCID mice separately, and without the influence 
of T cells or other environmental, cooperating cells of B/WF1 mice. 
Experiments are now in progress with pre-B cells from NZB mice 
(which show a modified form of the autoimmune disease, with anemia 
as the lethal outcome), from NZB x C57BL/6J mice (which are 
healthy), from NZW mice, and from recombinant inbred lines of 
NZB x SM. The experiments might allow an identification of genetic 
loci contributing to parts of the total pattern of induction and propaga- 
tion of the lupuslike autoimmune disease. They should also allow a 
distinction of disease-eliciting and disease-suppressing factors and 
their genetic loci, expressed in different cell lineages. Eventually, this 
should lead to the identification and elucidation of the structure of 
these genes, which should aid the search for similar genes in humans. 
In principle, genetic defects contributing to human autoimmune dis- 
eases that are expressed in the human B lymphocyte lineage should be 
analyzable by the same strategy. 

For in vitro isolation and propagation of human progenitor and 
precursor B cells from either fetal liver, cord blood, fetal spleen, or 
bone marrow, FACS sorting with the aid of specific markers (B220, 
c-kit, VpreB/hS, etc.) might enrich the proper cells. Human pre-B cells 
might be grown in preadipocytic stromal cells in the presence of the 
proper cytokines. SCF, IL-6, IL-7, IL-1, and GM-CSF are among the 
candidates that might induce and propagate human pre-B cell prolifer- 
ation (McNiece et al., 1991; Ogawa et al., 1991). 

One important prerequisite for the diagnosis of autoimmune disease 
(and immunodeficiency) defects in human lymphocyte lineage cells is 
the capacity of SCID mice to accept human progenitors and precursors 
for migration into the right organs, for population of the right sites, and 
for appropriate growth and differentiation to mature cells. The new 
SCID/SCID mouse (McCune et al., 1988; Mosier et al., 1988; P6ault et 
al., 1991) appears to be only a first attempt in this direction. 

Our experiments with B/WF1 pre-B cells eliciting lupuslike disease 
syndromes in SCID mice make us hope that, one day, we might be able 
to analyze, in this way, pre- and pro-B cells of individuals of a disease- 
prone family for genetic defects expressed in the B lineage. The pre-B 
populated SCID mice could serve to test factors (T cells?) for possible 
suppression and cure of the disease. In this way, this experimental 
system of pre-B cell transfer into SCID mice may not only diagnose the 
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predisposition for the disease, but may also lead to treatment and 
eventual therapy in the patient. 
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S i  sbuccia l’universo como una cipolla, e una cipolla e tutta buccia, imma- 
giniumoci una cipolla infinitu, che abbia i l  centro da ogni purte e la circon- 
ferenza in nessun luogo, o fattci ad anello di Moebius. (Umberto Eco, “I1 Pen- 
dulo de Foucault.” Bombiani, Milano, p. 492) 

One peels the universe like an onion, and an onion is all peel; let us imag- 
ine an infinite onion that has its center everywhere and its circumference no- 
where or is constructed as a Moehins’ ring. 

1. Introduction 

Whereas neurobiologists always have in mind the exact localiza- 
tion of a neuron under study, immunologists tend to underscore the 
mobility of circulating lymphocytes, thus justifying that in uitro stud- 
ies may be extrapolated to the i n  u i ~ o  behavior of the system. Mono- 
nuclear cell suspensions that are enriched for certain lymphocyte 
populations contained in the inurine spleen or lymph nodes, as well 
as in human peripheral blood, are subjected to phenotypic and func- 
tional ex viuo analysis and their function in vitro is widely thought to 
reflect what is actually happening in the intact organism-just as if 
higher vertebrates were a refined suspension culture for lympho- 
cytes. As an example, the finding that splenic or lymph node lympho- 
cytes will not proliferate in response to a given antigen is valuated as 
“anergy” and is interpreted as a sign of in uiuo nonresponsiveness. 
Several facts indicate that in vivo extrapolations of in uitro experi- 
ments are curtailed by a series of caveats. It cannot be neglected that 
B and T lymphocytes have to receive contact-dependent activation 
signals from sessile cells in situ and that they exert the majority of 
their functions via direct intercellular interactions. Cytokines se- 
creted by T lymphocytes have a short half-life and therefore have 
also a limited range of action in uiuo. I n  addition, lymphocytes are 
influenced in their behavior by local antigens and metabolites and 
are embedded in a complex network of interactions with neighboring 
accessory cells. Although it is often assumed that the extracellular 
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matrix is an inert structure, functioning only as supportive tissue, it 
appears that matrix (g1yco)protein.s continuously interact with signal- 
transducing receptors on lymphoid cells. In these circumstances, the 
immunologic universe splits up into myriads of near-to-independent 
microenvironments, linked only by (re)circulating lymphocytes and a 
colloid solution composed of immunoglobulins and ubiquitous self- 
antigens. Attempts must be undertaken to place lymphocytes into a 
spatiotemporal context, although considerable methodological and 
conceptual difficulties may arise from this posture. The term “com- 
partment” does not only apply to the anatomical entity in which a 
lymphocyte is located, but also has a chronological connotation. Most 
lymphocytes and their products continuously decay at a relatively 
fast rate and, depending on the ontogenetic phase, they change their 
functional capabilities. Thus, different cell populations are not only 
hindered from interacting by anatomical barriers, but also by differ- 
ent ontogenetic and temporal contexts. This review, however, will 
concentrate on the purely spatial aspect of compartmentalization. 
Moreover, the focus will be on the distribution and site-dependent 
function of B and T lymphocytes at the expense of other, “accessory” 
cell types. 

The common immunological jargon defines lymphocytes located 
outside of the “central” lymphoid organs (thymus and bone marrow; 
i.e., the primary differentiation sites of immature T and B lympho- 
cytes) as “peripheral” cells, a term that leads to an overestimation of 
the homogeneity of such populations. Peripheral lymphocytes are not 
only contained in the classical lymphoid organs (spleen, lymph 
nodes, tonsils, and Peyer’s patches), all of which have rather dispa- 
rate functions, but are also frequently in the epidermis and in ento- 
dermal nonsquamous epithelia (mucosae of the gastrointestinal, re- 
spiratory, and female reproductive tracts), as well as in mesoderm 
derivates (e.g., pleuroperitoneal cavity) (Table I). Instead, they are 
lacking in “immunoprivileged” organs not normally accessible to ini- 
mune cell traffic, e.g., the central nervous system beyond the blood- 
brain barrier and the anterior chamber of the eye. Although intersti- 
tial lymphocytes represent a quantitatively important population- 
for instance, lymphocytes in the lung interstitium are as numerous as 
those of the circulating blood pool (])-few data on such cells are 
available. In the present survey, differences in the phenotypic com- 
position, repertoire, and function of lymphocytes contained in differ- 
ent peripheral localizations will be enumerated. These data will be 
employed to illustrate that the periphery of the immune system is 
made up of rather contrasting microenvironments. The mechanisms 
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TABLE I 
ANATOMIC COMPARTMENTS COLONIZED BY LYMPHOCYTES OR LYMPHOCYTE PRECURSORS" 

Type of Organ Site 

Precursors Periaortic mesoderm (chicken) 
Yolk sack (days 7-8)'' 
Oinentum (day 13) 
Liver (day 10) 
Bone marrow (perinatal) 
Bursa fabricii (chicken) 
Ileal Peyer's patches (sheep) 
Bone marrow (rodents) 
Pleuroperitoneal cavity (rodents)? 

Central organ for T cell differentiation Thymus (day 11) 
Peripheral lymphoid organs Spleen 

Lymph nodes (mucosal, superficial) 
Tons i 1 s 
Appendix 
Peyer's patches of the gut 
Intraepithelial lymphocytes (skin, 

intestine, bronchi, etc.) 
Lamina propria lymphocytes (e.g., uterus) 
Omental milky spots 
Various interstitia (e.g., Iring, exocrine 

Central organs for B cell differentiation 

glands) 
Circulating lymphocytes Peripheral blood lymphocytes 

Thoracic duct lymphocytes 

'' The classificatioii of organs is purely didactic. All sites of the body. including the central 
lymphoid organs and nonlyniphoid organs, ccintain peripheral lymphocytes (i.e., cells that have been 
exported from the central site of differentiation). Pluripotential precursors for T and N K  cells reside 
not only in the prethymic conipartnrents, bu t  also in the thymus. Some lymphoid organs are coin- 
nronly grouped together due  to their anatomic localization. e.g., the gut-associated lymphoreticular 
tissue (including Peyer's patches, appendix, gut lamina propria, and intraepithelial lymphocytes) and 
the bronchus-associated lymphoid tissue. 

'' Niuiil)ers refer to the first appearance (gestational age) during niouse embryonic development. 

Nonlymphoid organs 

targeting lymphocytes to a given anatomical structure and/or se- 
lecting a special repertoire at a given site, as well as the implications 
of the compartmentalization of the peripheral immune system in the 
maintenance of immune homeostasis, will be discussed. 

I t .  T lymphocytes in Peripheral Compartments 

T cells not only produce a nearly infinite antigen receptor reper- 
toire via somatic diversification processes, including gene rearrange- 
ments and somatic mutation, but can also be classified into a multi- 
tude of subpopulations that differ in the expression of classes of the T 
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cell receptor (TCR; alp or y/6 heterodimers) and cluster of differenti- 
ation (CD) antigens, in the activation state, or in functional terms 
(reviewed in Refs. 2-7). Thus, for instance, the differentiation anti- 
gens CD4 and CD8, which are coexpressed during thymic ontogeny 
on the surface of thymocytes, are found on mutually exclusive alp T 
lymphocyte subsets in the periphery. CD4+ alp T cells are predomi- 
nantly of the helper phenotype, whereas CD8 (usually a heterodinier 
composed of CD8a and CD8p) is mainly expressed on cytotoxic and 
suppressor T cells. This functional distinction is not absolute, be- 
cause some CD4’ T lymphocytes can effect cytotoxicity and suppres- 
sion, and a more stringent correlation exists between CD4/CD8 ex- 
pression and major histocompatability complex (MHC) gene products 
expressed by target or antigen-presenting cells (APCs). CD4’ T cells 
interact with cells expressing class 11, whereas CD8+ cells are class I 
restricted (5, 8-10). Expression of the CD4 and CD8 molecules also 
correlates, though not in an absolute fashion, with a helper versus 
cytotoxic phenotype in y / 6  T cells (11). Thus, although a majority of 
the y / 6  T cells, in contrast with the alp subset, do not express any of 
the two coreceptors, a significant fraction displays CD8 and exerts a 
suppressor or cytotoxic function (12). A minor poulation of y /6  T cells 
(mostly found at early stages of development) (13) that express CD4, 
however, exhibits a helper phenotype (11). In spite of these differ- 
ences, the restricting elements of the y / 6  T cells remain to be de- 
fined. 

In addition to the canonical “single-positive” T cell subsets 
(CD3+CD4+CD8- or CD3+CD4-CD8+), other classes exist; some 
peripheral T cells lack both CD4 and CD8 expression (“double- 
negative” T cells) and some express the CD8a chain as a homodimer 
but lack the p chain (uide infru). Double-positive (CD4+CD8+) T 
cells, which are thought to represent an immature differentiation 
stage, are infrequent outside of the thymus in most mammalian spe- 
cies. CD4+CD8- alp T lymphocytes may be subdivided into differ- 
ent classes of T helper cells (THO, T H ~ ,  T H ~ ,  and THX) that produce 
different patterns of lymphokines (14-16) and may be classified as 
naive and memory cells according to the expression of alternatively 
spliced products of the CD45 common leukocyte antigen (17). In 
addition, T cells may differ in their activation state, which may or 
may not be reflected by the expression of “activation markers” (18). 
These and other phenotypic and functional differences, together with 
the highly diversified repertoire ofT cell receptor alp and y /6  chains, 
mean that T cells are extremely heterogeneous in specificity, activa- 
tion requirements, life span, and functional properties. In  the follow- 
ing discussions these features will be correlated with the anatomic 
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localization of T lymphocytes. In addition to the thymus, organs 
abundantly populated by T cells comprise blood, lymph, the periar- 
teriolar sheath of spleen, the paracortex and deep cortex of lymph 
nodes, the interfollicular cortex of Peyer’s patches, bone marrow, 
liver sinusoids, the pleuroperitoneal cavities, and epithelia and 
subepithelial tissues. 

A. SPLEEN AND LYMPH NODES 

The best characterized lymphocyte populations are those con- 
tained in the spleen or lymph nodes of mice and, for obvious reasons, 
in the peripheral blood of humans. Both the spleen and the lymph 
node split up into different anatomic microcompartments (19), differ- 
ing in the composition of B and T lymphocyte subsets. Thus, the 
splenic white pulp consists of three compartments: ( 1 )  the thymus- 
dependent periarteriolar lymphocyte sheath (PALS) and two com- 
partments preferentially, though not exclusively, populated by B 
cells, namely (2) the follicles and (3) the marginal zone. Lymph 
nodes contain the T cell-dependent cortical areas and sinus, as well 
as follicles dominated by B cells. The different T cell subsets are 
inhomogeneously distributed in the different zones of spleen and 
lymph nodes. As an example, the majority of T lymphocytes con- 
tained in the afferent lymph vessels have a “memory” phenotype, 
whereas most cells circulating in the efferent vessel belong to the 
“naive” phenotype (20). Although the spleen and lymph node are 
anatomically and fhnctionally different-lymph nodes have a more 
local role than the spleen, which is dedicated to purge the blood from 
old or altered cells-roughly the same Vp repertoire is found in 
mononuclear cell suspensions derived from both organs. In other 
words, self-tolerance-related clonal deletions that reflect the physical 
elimination of thyniocytes expressing self-superantigen-reactive Vp 
gene products have equal repercussions in the spleen and in lymph 
nodes (21,22), given that the vast majority of T cells contained in 
these organs are thymus derived (23).  One exception from this rule is 
the recent finding that old BALB/c mice (>17 months) exhibit an 
elevated percentage of T cells commonly deleted in young (<12 
months) BALB/c mice (expressing products of the Vp3+, VpS’, or 
Vpll’ TCR gene families) in the lymph nodes, not in the spleen (G. 
Kroemer, M. de Alborin, J. A. Gonzalo, and C. Martinez-A., 1993, in 
preparation). The few ylS T cells (mostly CD4-CD8-) encountered 
in the spleen or lymph nodes preferentially express Vy4-JylCyl (24)  
[nomenclature of TCR y genes according to Raulet (25)] and Vyl.1- 
Jy4Cy4 (26) genes, and are thymus derived. 

Lymphocytes isolated from the spleen or different lymph nodes 
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also exhibit divergent features. Primary lymphocyte cultures of vari- 
ous peripheral organs, set up in the absence of serum, thus avoiding 
the presence of platelet-derived growth factor (PDGF), a polypeptide 
that inhibits the production of interleukin-4 (IL-4), IL-5, and 
interferon-y (IFN-y), show major differences in the lymphokine pro- 
duction pattern. Whereas splenocytes and nonmucosal (axillary, bra- 
chial, and inguinal) lymph node cells produce equal amounts of IL-2, 
IL-4, IL-5, and IFN-y, lymphocytes recovered from lymph nodes that 
receive afferent lymphatic drainage from mucosal tissues (parathy- 
mic, mesenteric, periaortic, and deep cervical lymph nodes) produce 
three- to fivefold less of the TH1 lymphokines, IL-2 and IFN-y, but 
significantly more of the T H ~  factors, IL-4 and IL-5, in vitro stimula- 
tion (27,28). Lymph node T cells isolated from the mandibular lymph 
nodes adjacent to the local salivary gland contain spontaneously IL-5- 
and IFN-y-secreting cells, whereas cervical lymph nodes do not pro- 
duce these cytokines, unless stimulated with T cell mitogen (29). 
This T H ~ / T H Z  dichotomy also applies when the activated immune 
system is analyzed. In Trichinella spiralis-infected mice, IFN-y- 
producing cells predominate in the spleen, whereas IL-5 producers 
prevail in mesenteric lymph nodes (30). Several explanations for 
these differences may be forwarded. Thus, the source of lymphocytes 
that drain to a lymph node could decide which particular type of T 
helper cell predominates (vide infra). In addition, local differences in 
steroidogenesis may determine whether IL-2 or IL-4 is produced. 
Thus, nonmucosal lymph nodes contain comparatively high amounts 
of the macrophage-associated enzyme dehydroepiandrosterone 
(DHEA) sulfatase, which converts adrenal DHEA sulfate to its active 
metabolite DHEA, a substance well known to enhance IL-2 produc- 
tion (27). 

Differential requirements for antigenic or mitogenic stimulation of 
splenic and lymph node cells have also been observed. Thus, intra- 
venous injection of Staphyloccus aureus enterotoxin B (SEB) fails to 
induce the expression of the IL-2 receptor light chain (IL-2Ra) in 
splenocytes, though this treatment induces vigorous proliferation of 
the VPS' SEB-reactive subset (31); in contrast, local and intraperi- 
toneal injection of SEB induces expression of IL-2Ra in regional 
lymph nodes (32,33). Stimulation with concanavalin A (ConA) and 
SEB induces IFN-y synthesis in spleen cells but not in lymph node 
cells cultured in the presence of fetal calf serum (which contains 
PDGF). This difference probably resides in the splenic adherent cell 
population, because such cells allowed for induction of IFN-y pro- 
duction when cocultured with lymph node cells (34). The adherent 
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cells stimulating the T cell-dependent production of IFN-y in this 
system probably are macrophages. Normal murine splenic  TI^ cells 
are activated by SEB to undergo blast transformation and prolifera- 
tion in the presence of macrophages and other splenic APCs, such as 
B cells. However, the expression of the cytokines IFN-y and, to a 
lesser degree, IL-2 depends on the presence of splenic macrophages. 
This suggests that B cells only induce clonal expansion of TH cells, 
whereas splenic macrophages additionally promote terminal differ- 
entiation of activated T H  cells into TI1 effector cells (35). 

The differences described above for lymph node and spleen cells 
may in part be ascribed to the differential function of different types 
of “accessory” cells (e.g., B cells and macrophages) that intervene in 
T cell activation by presenting antigen in the context of MHC mole- 
cules and provide additional, costimulatory signals. The unequal dis- 
tribution of different types of accessory cells (vide infra) may account 
for some of the differences that are observed in primary suspension 
cultures derived from different organs. These results underscore the 
need to evaluate the behavior of purified lymph node and splenic T 
lymphocytes in the context of different accessory cells. 

B. INTESTINAL INTKAEPITHELIAL T LYMPHOCYTES 

The microenvironment of the intestinal epithelium, an endodermal 
derivate similar to thymic epithelium, appears to be uniquely 
adapted to the regulation and possibly induction of intraepithelial 
lymphocyte (IEL) differentiation. Mouse intestinal intraepithelial 
lymphocytes (i-IELs) are interspersed between the villous epithelial 
cells of the small intestine and express the y /6  T cell receptor (TCR) 
on the majority of cells. y /6  i-IELs are unique to their phenotype 
(predominantly CD5-CD8a+CD8PP), thus differing from ordinary 
y / 6  T cells, which are CD4-CD8-, from CD8 inolecules expressed in 
the bulk of T cells and thymocytes, which are alp heterodimers 
(Lyt-2, Lyt-3), not a2 homodimers, and from T cells located in spleen, 
lymph nodes, or peripheral blood, which almost all express CDS (36). 
Moreover, i-IELs express CT1, a carbohydrate antigen associated 
with CD45 that is not found on any other peripheral T cell subset 
(37). The presence of an intestinal microflora may accelerate the ex- 
pression of Thy-1 on y / 6  i-IELs, an expression that is absent on y/6 
i-IELs of young mice, as well the aquisition of the cytotoxic effector 
function (38). However, Thy-l-CD8a+CD8Pp y / 6  i-IELs arise in 
germ-free mice (39). y /6  i-IELs predominantly express a VyS-JylCyl 
y chain together with one of several 6 chains (VS4 > V65, VS6, and 
V67), both chains showing significant junctional diversity, including 



164 GUIDO KROEMER ET AL 

extensive N regions and the use of both D elements in many of the 6 
chains (40,41). A minor subset of murine i-IELs express the alp TCR 
heterodimer. 

The y/6 i-IELs develop extrathymically (Table 11) based on the 
following lines of evidence: (1) they exist in athymic mice, as well 
as in mice with severe combined immunodeficiency (SCID) (42); 
(2) they develop in irradiated thymectomized mice reconstituted 
with T-depleted bone marrow or day 15 fetal liver (12,39,43,44); 
(3) Vy5 rearrangements occur on day 11 of in utero development both 
in the gut and in the liver, prior to T cell colonization of the thymus 
(45); (4) i-IELs, in contrast to lymph node T cells, contain mRNA for 
the RAG protein (39,46), which is required for the rearrangement of 
TCR genes (47,48); and (5) the selection mechanisms operative in 
thymus-derived y/S T cells do not apply to y / 6  i-IELs. Thus, in mice 
that bear a self-reactive transgenic TCR y/6 (specific for a product of 
the TL region of MHC H-2k and H-2b), potentially autoaggressive 
intraepithelial lymphocytes are deleted in the thymus and are unde- 
tectable in the spleen (49) but are present in the gut and in the skin 
(50). When i-IELs of H-2"ld and H-2"'" (autoantigen-bearing) donors 
are compared in their reactivity to H-2"bearing stimulator cells, it 
becomes evident that cells derived from autoantigen-bearing donors 
fail to produce IL-2, IL-3, and IFN-y and do not express the IL-2Ra 
chain, thus displaying an "anergic" phenotype. Only with increasing 
age, self-specific IELs decrease in frequency (50). Thus, in this sys- 
tem, self-specific thymus-dependent y/6 T cells are clonally deleted, 

TABLE I1 
ORIGIN OF T LYMPHOCYTES FHOM DIFFERENT LYMPHOID COMPARTMENTS 

Organ" 

Lymph node 
i-IEL 

Lung 
Liver 

S-IEL 

Bone marrow 
Peritoneum 

Phenotype o f T  cells" 

Thymic origin 

Most alp and y/6 T cells 
alp TCRfCD4-CD8a+p+ 
Vy3- Jy 1-Cy 1-VS 1-D63- JS2 

- 
alp TCR'""'' 

alp TCR+CD4+/CD8' 

Extrathymic origin 

Vy4-Dy2 Jy 1 
alp TCR'CD8a+P-;y/6 TCR' 
Most other y/S T cells 

alp TCR"""CD4-CD8-;y/S 

alp TCR +C D4 C D8- 
alp TCR+CD4-CD8- 

Vy5-Dy2Jyl 

TCR+ 

' i-IEL, Intestinal intmepithelial lymphocyte; s-IEL, skin intraepithelial lymphocyte. 
' The predominant phenotypes of cells thought to require a thymus-dependent differentiation 

step, as well as of cells that arise in athymic animals, have been listed. For details arid references, see 
text. 
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whereas autoreactive cells arising extrathyinically are rendered func- 
tionally tolerant. Nonetheless, yl6 i-IELs are susceptible to the in- 
duction of programmed cell death based on the significant portion of 
y / 6  i-IELs (not of alp i-IELs) that rapidly succumbs to apoptosis after 
ex v im isolation (51). Apparently, yl6 i-IEL cells undergo extrathy- 
mic selection processes, because Vy4 is expressed on a greater per- 
centage of IELs in mice carrying the MHC H-2k haplotype (50-70%) 
than in those homozygous for H-2" (30%), irrespective of the 
presence of a thymus. This feature is probably controlled by the H - 2  
I-E molecule (44) .  

Mouse alp i-IELs and alp T cells located in the lamina propria 
are either phenotypically similar to thynius-derived T cells (Thy- 
l+CD5+CDSa+CD8p+) (roughly 50%) or different (Thy-lfCD5+ 
CD8a+CD8P- or Thy-l-CD5+CD8a+CD8Pp; approximately 20% 
each). Thy-l+CD5+CDSa+CDSP+ i-IELs are thymodependent (Ta- 
ble 11), as shown by their absence in nude mice, have undergone 
self-superantigen-related Vp deletions (52) ,  and are absent in germ- 
free mice (the riu mouse mutation leads to congenital athymia). In 
contrast, alp TCR+CDSa+CD8P- i-IELs may differentiate in a 
thymo-independent fashion, since they become detectable in the 
gut of old (12 months) athymic nude mice. Among i-IELs from 
normal BALB/c mice, an appreciable fraction (approximately 5%) is 
CD4+CD8+ and thus could represent an immature stage of extrathy- 
mic T cell differentiation (5334) .  Thy-l-CDSa+p- IELs express 
TCR Vp regions that are deleted in peripheral T cells and in 
CDSa+P+ IELs, e.g., Vp3 and V p l l  in BALB/c mice (52)  and Vp6 in 
AKR/J mice (54). This finding is reminiscent of athymic nude or neo- 
natally thymectomized mice, in which T cells differentiating in the 
absence of a thymus also display a nondeleted TCR Vp repertoire 
(55-59) (Table 111), and therefore is interpreted as'an argument in 
favor of the thymo-independence of CD8a+P- i-IELs. CD8a+P- i- 
IELs from BALB/c mice respond normally to s. nureus enterotoxin A 
(SEA, a superantigen that specifically stimulates Vp3+ and V p l l +  
cells), but fail to proliferate with syngeneic spleen cells that express 
Mls-2" and I-E and therefore may be expected to activate Vp3+ and 
Vpll '  cells. Thus, forbidden CDSa+p- IEL cells are either anergic 
to self-superantigens or have been selected in the gut for reactivity 
with bacterial superantigens, but for low affinity to self-superantigens 
(54) .  

Thus far, little is known about the function of i-IELs, cells that are 
located at the borderline of a milieu that is heavily colonized by sap- 
rophytary microorganisms and parasites. At this singular site, the im- 
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TABLE 111 
FORBIDDEN alp T CELLS IN THE PERIPHERAL IMMUNE SYSTEM OF BALBIc MICE 

Forbidden 
Organ Manipulation T cells“ Phenotype” 

- Spleen None, 1-6 months No 
None, 18 months No 
Neonatal thymectomy Yes CD4+ or CD8’ (SP), anergic‘ 
Irradiation + CsA“ No 

Lymph node None, 1-6 months No 
None, 18 months Yes 
Neonatal thymectoiny Yes SP, anergic 
Irradiation + CsA No 

Peritoneiim None No 
Neonatal thymectomy Yes DN or SP, anergic 
CsA No 
Irradiation + CsA Yes DN, not anergic 

i-IEL None Yes CD8a+P-, not anergic‘ 
Bone marrow None Yes DN, not anergic 

- 

- 
- 
- 

- 
- 

- 

‘’ Self-superantigen-reactive TCR Vp gene products that normally are clonally deleted in single-positive 
T cells from spleen and lymph nodes of BALB/c mice (Vp3, Vp5, and Vpll)  are considered as “forbidden.” 

’I SP, Single positive (CD4+CD8- or CD4-CD8+); DN, double negative (CD4-CD8-). 
‘ Anergy is defined as the incapacity to proliferate in response to matrix-bound antibodies specific for the 

“ Sublethal irradiation (750 rad), followed by daily injections of cyclosporine A (CsA). 
forbidden Vp. 

Cells proliferate in response to the superantigen Staphylococcus aureus enterotoxin A, which stiniu- 
lates cells bearing TCR Vp3 or V p l l  products (54). 

mune system is additionally challenged with the task of avoiding un- 
necessary and potentially harmful immune reactions against alimentary 
compounds whose incompletely digested breakdown products are re- 
sorbed via the mucosae. This special feature may be involved in the 
induction of oral tolerance (60,61). Gut-associated lymphoid tissue 
(GALT) arose during evolution prior to the development of the thy- 
mus. If ontogeny recapitulates phylogeny, then it may be expected 
that the GALT would represent a more “primitive” compartment that 
fulfills functions that are important early in life, e.g., induction of oral 
tolerance and surveillance of the bacterial colonization in the gut 
(62). The finding that y/S i-IELs have a relatively restricted reper- 
toire is in line with the idea of a “primitive” function. The i-IELs 
from mice orally immunized with sheep red blood cells (SRBCs) con- 
tain T cells that exhibit T contrasuppressor activity and, on adoptive 
transfer, reverse the humoral anti-SRBC tolerance of mice orally tol- 
erized with SRBCs. This function is restricted to a population of y / 6  
TCR+ i-IELs that binds the lectin of Vicia villosa (63), irrespective of 
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whether they express CD8a' (62). In contrast, alp i-IELs function as 
T helper cells for in oitro anti-SRBC antibody responses (63). 

T cells isolated from the gut also display particular growth require- 
ments and lymphokine productions patterns. Thus, freshly isolated 
alp or y /6  i-IELs fail to proliferate and to express IL-2 receptor a 
chains on stimulation with solid-phase anti-CD3~, anti-alp TCR, or 
anti-ylb TCR, no matter whether accessory cells, IL-2, IL-4, or 
phorbol ester are added to the culture (64). In contrast, they exhibit 
CD3/TCR-mediated redirected killing activity because they are cy- 
totoxic for FcyR-bearing target cells in the presence of anti-CD3q 
anti-alp TCR, or anti y / 6  TCR antibodies (37,43,64). Accordingly, 
i-IELs contain granules that are identical to those observed in natural 
killer (NK) or cytotoxic T cells in that they contain serine esterases of 
the granzyme family and perforin (39). Human i-IEL lines exhibit a 
predominant alp TCR+CD4-CD8+ phenotype, have a restricted rep- 
ertoire, and exhibit cytotoxic activity specific for class I-like CD1 
molecules (65). However, the class Ib restriction initially postulated 
for y / 6  T cells has not been confirmed in other experimental systems. 
In humans, the duodenal mucosa contains a significantly higher fre- 
quency of spontaneously IFN-y-secreting cells, as compared to pe- 
ripheral blood, inflamed gingival tissue, and bone marrow (66). Both 
y / 6  and alp i-IELs expressing CD8a of the mouse spontaneously pro- 
duce IL-5 and IFN-y (67), and this has also been reported for alp 
TCR/CD3+CD4+CD8- T cells from the submandibular salivary 
gland (29). TIIz-type CD4' T cells that produce IL-5 and IL-6 are 
more frequent in the lamina propria than in other tissues (68,69), a 
finding that could be related to the high production of T H ~  lynipho- 
kines by mucosal lymph node cells (28). Moreover, the local produc- 
tion of IL-5 and IL-6 might condition the terminal differentiation of 
surface IgAf lamina propria B lymphocytes to IgA-secreting plasma 
cells in the gut and in salivary glands. Accordingly, depletion of local 
T cells with anti-CD4 antibodies results in a reduction in the number 
of mature IgA plasma cells present in the lamina propria of the intes- 
tine, as well as in the overall size of germinal centers contained in 
the Peyer's patches (70). In synthesis, it appears that cells regulating 
oral tolerance or mediating T cell help and cytotoxicity are present in 
the gut. 

C. INVARIANT INTKAEPITHELIAL y l6  T CELLS IN THE SKIN AND IN 

Two classes of intraepithelial lymphocytes, those contained in the 
skin (s-IELs) and those present in the female reproductive tract (en- 
dometrium, niyometrium, and vagina) and tongue (r-IELs), are char- 

THE FEMALE REPRODUCTIVE TRACT 
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acterized by the preponderance of the same invariant y /6  TCR 
chains, irrespective of the mouse strain. Because, moreover, the y /6  
TCR lacks any junctional diversity, the repertoire of s-IELs and r- 
IELs is largely monomorphic. s-IELs are sessile Thy-PCD4-CD8- 
dendritic epidermal cells (dECs) expressing identical Vy3-JylCyl 
and VFl-D63-J62 y and 6 chain sequences (71,72), whereas r-IELs 
bear the Vy4-JylCyl y chain in conjunction with the same 6 chain as 
s-IELs (73). Thus, these cells differ from variable y /6  cells contained 
in the spleen and lymph nodes that express different y and 6 chains 
(mainly VyS), display considerable junctional diversity, and appear 
later in ontogeny (74-76). Moreover, invariant s-IELs and r-IELs dif- 
fer from another invariant population that expresses Vy5-Dy2Jyl 
on the majority of BALB/c lung and lymph node y/6 T lympho- 
cytes in the sense that only these latter cells are subjected to strain- 
dependent selection processes (77). 

Vy3+ s-IELs are thymus-derived based on their absence in athymic 
nude mice and their presence after engraftment with fetal thymic 
lobes (78), whereas the invariant BALB/c V65-DS2Jyl lymph node 
and lung population may arise from an extrathymic differentiation 
pathway (77). The s-IELs from nude mice express other y /S  gene 
products (Vyl.1-Jy4-Cy4 and VS6-JSl-CS) that have been specu- 
lated to originate from the liver (79) and display junctional diversity, 
and thus do not belong to the invariant series (80). The rearrange- 
ment of the y/6 TCR V genes expressed on invariant intraepithelial 
y/6 T cells (Vy3/V61 followed by Vy4/V61 corresponding to s-IELs 
and r-IELs, respectively) takes place during early fetal thymocyte 
development, before variable y /6  T cells arise (72,73) and before the 
enzyme responsible for N-nucleotide addition, terminal desoxyribo- 
nucleotidyltransferase, is expressed, thus explaining the lack of nu- 
cleotide additions in the junctional region. The low expression of an 
exonuclease implicated in imprecise joining could furthermore 
contribute to the generation of an invariant complementarity- 
determining region 3 of the TCR. In later stages of fetal develop- 
ment, the subsequent waves of y /6  T cells arising in the thymus not 
only differ in the employment of the TCR gene segments and in a 
major junctional diversity, but also in their capacity to home to spe- 
cific peripheral sites (81). In spite of the very markedly site- 
dependent TCR repertoire (74), the TCR per se does not guide y /6  T 
cells to a particular site, because T cells expressing a transgenic y /6  
TCR home to any lymphoid compartment, irrespective of the speci- 
ficity of the antigen receptor (82). 

Little information is available on the function of s-IELs and r-IELs. 
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The s-IELs proliferate in response to ConA or anti-TCR/CD3 anti- 
bodies via an IL-2/IL-2 receptor-mediated pathway and can mediate 
cytolysis of anti-CD3 or anti-TCR-coated targets (83).  Although no 
evidence is available that s-IELs are activated in situ, such cells 
(Thy-lfCD4-CD8-) respond in vitro to a keratinocyte-specific pep- 
tide by producing IL-2. The specific recognition of keratinocytes is 
mediated by the invariant Vy3’ TCR (84). It can be speculated that 
the expression or presentation of such a keratinocyte-specific self- 
antigen would be induced by infection, transformation, or other stim- 
uli. Variant extrathymically arising s-IELs express a TCR that has 
been implicated in the response to mycobacterial antigens and self- 
heat-shock proteins (80,SS). Similarly, invariant r-IELs could be spe- 
cific for autologous “stress” antigens, thus exerting a “trauma signal 
surveillance” (76). It is possible that invariant IELs represent a more 
primitive phylogenetic class of immune defense than do variable y /6  
T cells. A subset of presumably thynius-derived s-IELs express Vyl- 
JylCy4 in conjunction with V66C6 (86) and spontaneously secrete 
cytokines (IL-4 and GM-CSF). This may be attributed to the expres- 
sion of an autoreactive y /6  TCR, because alp loss-mutant T cells 
transfected with this yl6 TCR spontaneously start to produce 1L-2 in 
culture (87). Activation of these autoreactive cells requires the inter- 
action of the vitronectin receptor with extracellular matrix proteins 
expressing the RGDS motif, suggesting a complex regulation of their 
activity (88). The recognition of cell type-specific or ubiquitous self- 
antigens could reflect a primitive immune function that, instead of 
detecting foreign antigens shed by intruding microorganisms, marks 
changes in the self, thus alarming inflammatory cells and triggering 
the first steps to a specific immune response that would be mounted 
by nonsessile lymphocytes recruited from the circulation. 

D. T LYMPHOPOIESIS IN THE LIVER 

The fetal liver is a major source of hematolymphoid stem cells, 
including precursors for T, B, and NK lymphocytes as well as my- 
eloid and erythroid colony-forming units. In addition, the hepatic mi- 
croenvironment allows for T lymphopoiesis after birth. The liver si- 
nusoids of normal 15- to 20-week-old mice (C3H/He, BALB/c) 
contain a high number of unusual T lymphocytes that phenotypically 
resemble the lpr cell (89), i.e., a cell type expanded in mice homozy- 
gous for the lyinphoproliferation ( l p r )  mutation (90,91). Whereas the 
spleen and lymph nodes contain <1% alp TCR+CD4-CD8- cells, 
<1% Thy-l+B220+ cells and <20% Pgp-l”igh cells, such cells repre- 
sent in the liver approximately 5,5,  and 40-50%, respectively, of cell 
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types. The alp TCR+CD4-CD8- and Pgp-lhigh subset found in the 
liver is confined to a alp TCRd"" subset not seen in spleens and 
lymph nodes (89). Hepatic alp TCRd"" cells arise from thymo- 
independent differentiation, given that athymic nude mice contain 
such T cells in the liver, though they lack TCRhigh cells. In spite of 
the local T cell differentiation, no CD4+CD8a+ cells (which, in the 
thymus, are considered as maturating T cells) are detectable in the 
liver (54). Products of the VpS gene family are overrepresented 
among alp TCR' cells (50% in the bone marrow as compared to 30% 
in lymph nodes and spleen), especially among the alp TCRd"" 
(>70%) and the alp TCR'CD4-CD8- subsets (>go%) (89). This pre- 
ponderance of Vp8 is also found among alp TCR'CD4-CD8- thy- 
mocytes (92,93) and lpr cells (21,94,95). No "forbidden" T cell recep- 
tors (e.g., Vp3+ or Vpll '  cells in BALBlc mice) are enriched among 
the hepatic alp TCR'CD4-CD8- cells in normal mice (54) (Table 
111). In contrast, estrogen injection into male 6- to 8-week-old C3Hl 
He mice results in an increase of hepatic alp TCRd"" cells, including 
forbidden T cell oligoclones (Mls-2"-reactive Vp3+ cells) (96). Bacte- 
rial stimulation also causes an increase in self-superantigen-reactive 
hepatic T cells (97), but the biologic significance of these findings 
remains elusive. 

During the first weeks after birth the liver contains an increas- 
ing number of yl8 T cells that are not detectable during the fetal or 
perinatal phases. Such cells have a lymphoblastic morphology, 
can spontaneously proliferate in vitro, are phenotypically CD4- 
CD8a+CD8P-, and predominantly express Vyl or Vy2 in conjunc- 
tion with V86. As alp TCRd"" lymphocytes, yl6 T cells apparently 
have an extrathymic origin because they are not reduced in athymic 
nude mice (79). 

In summary, the liver could be a major source of thymus- 
independent T cell generation, but the function of hepatic T cells 
remains obscure. It is tempting to speculate that the hepatic alp 
TCR+CD4-CD8- subset is involved in the pathogenesis of autoim- 
munity, given that it is not only expanded in MRLlMP-Zprllpr mice 
(98), but also in other autoimmunity-prone inbred strains, including 
CSHlHeJ-gldlgld, MRL-+/+ ,  (NZB X W)F1, and BXSB (99). Kinetic 
studies of the uptake of tritiated thymidine revealed that hepatic alp 
TCR+CD4-CD8- cells from MRLlMp-lprllpr mice proliferate in 
vivo and are exported to the hyperplastic lymph nodes (98). Hepatic T 
lymphopoiesis is also accentuated in mice treated with estrogen (96), 
subjected to bacterial stimulation (heat-inactivated Propisnebacter- 
ium acnes or Esclaerichia coli, i.p.) (97), or injected with syngeneic 
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tumor cells (loo), revealing that an increase in liver T cells per se is not 
indicative of the posterior development of autoimmune lesions. 

E. BONE MARROW T CELLS 

In the adult bone marrow, two-thirds of CD3+ cells are double 
negative (CD4-CD8-) with a predominance of the alp TCR ( 7 0 4 0 % )  
over the y6 TCR. In contrast, double-negative cells constitute a minor 
population (1-2%) and are mainly positive for the y6 TCR in periph- 
eral lymphoid tissues (spleen, lymph nodes, blood, peritoneum) of 
normal adult BALB/c, C57BL/6, or CBA/J mice. Unlike Ipr  or gZd cells, 
but similar to splenic alp TCH'CD4-CD8- cells from normal mice 
( l o ] ) ,  double-negative T cells derived from the normal adult bone 
marrow do not express B220 or J l l d  and are Thy-1 and Ly-1 positive 
(102). In contrast to immature double-negative thymocytes (92,93), to 
hepatic T lymphocytes (89), and to l p r  cells (21,94,95), as well as to 
splenic double-negative T cell (103), among which products ofthe VpS 
TCR gene family are overrepresented (vide supra), depending on the 
mouse strain, only 14-35% of the CD3+CD4-CD8- bone marrow 
cells express Vp8. 

The alp TCR'CD4-CD8- cells from the bone marrow are highly 
unique in several aspects. They develop in a thymus-independent 
fashion, because they are present in the bone marrow of athymic nude 
mice (104) and appear to develop directly from bone marrow pre- 
cursors without rearranged p chain genes during a 48-hour in vitro 
culture (105). A significant proportion of alp TCR+CD4-CD8- bone 
marrow lymphocytes bear TCR Vp gene products that are deleted 
among single-positive (CD4+CD8- or CD4-CD8+) T cells from 
lymph nodes or the spleen, i.e., V p l l  (which recognizes a product of 
the endogenous retrovirus MtvY in the context of 1-E), Vp3 and Vp5 
(reactive with MtvY and Mtv6) (106) in BALB/c mice (I-E+, Mtv6+, 
MtvY+), and Vp8.l (Mtv7) and Vp3 (Mtv6) in DBA/2 (I-E+, MtvG', 
Mtv7+) and CBA/J mice. The presence of a significant percentage 
(1-5%) offorbidden Vp3, Vp5, VpS.1, and V p l l  in the bone marrow of 
BALB/c, DBAI2, or CBA/J mice indicates that neither these cells nor 
their precursors have undergone a self-superantigen-related clonal 
deletion (102,105). These results are in agreement with recent evi- 
dence that only a portion of double-negative T cells from the thymus 
have undergone self-tolerance-related clonal deletion (107) and con- 
firm the physiological existence of extrathymic T cells expressing an at 
least partially self-reactive TCR repertoire. Lack of selection among 
CD4-CD8- cells is also suggested by recent molecular studies. In 
mice carrying a transgenic TCRa chain, the repertoire of TCRP chains 
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coexpressed with the transgenic a chain is limited in CD4+ or CD8+ T 
cells, not in CD4-CD8- T cells. This indicates that certain structural 
or functional constraints do not apply to the population of CD4-CD8- 
T cells (108). 

The alp TCR+CD4-CD8- cells from the bone marrow are different 
from a similar splenic T cell subset that does exhibit Mls-1"- and 
I-E-induced clonal deletion, although it exhibits strong autoreactivity 
in syngeneic mixed lymphocyte reactions (101). Fluorescence- 
activated cell sorting (FACS)-purified CD3+CD4-CD8- cells from the 
bone marrow of BALB/c mice proliferate in response to monoclonal 
antibodies (mAbs) specific for anti-VP11 and anti-VP5 and produce 
IL-2, IL-3, IL-4, and IL-5 (102), indicating that these cells are not 
refractory (anergic) to such in vitro stimuli, as is the case with l p r  cells 
(90,91) and forbidden T cells contained in the spleen or lymph nodes of 
athymic (neonatally thymectomized or constitutively athymic nulnu) 
BALB/c mice (56,57,109). Furthermore, sorted CD3+CD4-CD8- 
bone marrow cells respond to anti-CD3 antibodies (102) (Table IV) 
whereas splenic CD4+CD8- or CD4-CD8' T cells fail to do so in the 

TABLE IV 
DIFFERENTIAL EFFECTS OF TCR CROSSLINKING IN CD4-8- BONE MARROW AS 

COMPARED TO CD4+8- AND CD4f1055-8+ CELL.S FROM THE SPLEEN" 

Proliferation of responder 
population 

Addition of 
Stimulus Pretreatment accessory cells CD4-8- CD4+8- CD4-8+ 

- - aCD3 None No + 
aCD3 + IL-2 None No + + + 
aCD3 Sham No + 
aCD3 Sham Yes + + + 
aCD3 aCD3 No + 
aCD3 aCD3 Yes + 
aCD3 aCD3 + IL-2 No ND 
aCD3 aCD3 + IL-2 Yes N D  + + 

- - 

- - 

- - 

- - 

' Double-negative bone marrow cells and single-positive CD4' or CD8' T cells from BALB/c 
mice were purified by FACS and cultured in the presence or absence of irradiated (2000 rad) 
syngeneic total spleen cells. Cells were stimulated with plastic-bound anti-CD3 antibody 
(145.Cll) in the presence or absence of recombinant IL-2 (20 Uiml). After 3 days the uptake of 
tritiated thymidine was assessed. Where indicated, cells were pretreated with an anti-CD3 anti- 
body (145.Cll) or antihuman CD1 (sham; NA1/34) adsorbed to the polystyrene surface of micro- 
titer plates during an 18-hour period, washed, and tested for their proliferative activity. Significant 
proliferation ( p  < 0.01; Acpm > 10,000) as compared to unstiniulated control cultures is indicated 
by a plus symbol. ND, not determined. 
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absence of accessory cells or exogenous IL-2 (110). Finally, anti-CD3 
promotes down-modulation of the alp TCR/CD3 complex, but only in 
CD4+CD8- and CD4-CD8+ T cells, and to a much lesser degree in 
double-negative cells (102). Because the reduction in TCR/CD3 ex- 
pression has been suggested to account for nonresponsiveness in vizjo 
(1 11,112), this may explain why double-negative T cells isolated from 
the bone marrow are relatively resistant to the induction of unrespon- 
siveness. Accordingly, pretreatment of bone marrow T cells with anti- 
CD3 fails to induce a posterior refractoriness to stimulation with anti- 
CD3 antibody, as this is observed in canonical single-positive splenic 
T cells (Table IV). 

The functional status of peripheral CD4-CD8- T'cells is unique 
insofar as these cells have not been subjected to, or are resistant to, 
clonal deletion mediated by self-superantigens, induction of prolifera- 
tive anergy, and CD3/TCR down-modulation. Given that, in spite of 
the lack of an accessory molecule, double-negative T cells may well 
exert effector functions, these findings shed serious doubts on the role 
of self-superantigens and superantigen-related clonal deletion and 
anergy of Vp gene products for the preservation of self-tolerance (113). 
Human double-negative alp T cells have been found to exhibit class 
I-dependent cytotoxic activity (114,115) or helper function for B lym- 
phocytes ( I  16,117), including the production of nephritogenic anti- 
DNA autoantibodies (118). Such human T cell lines are functional 
analogs of double-negative T cells from various lupus-prone inbred 
mouse strains that induce the production of pathogenic oligoclonal 
anti-DNA autoantibodies (1 19,120). Apparently, T cells that are nei- 
ther clonally deleted nor rendered anergic in response to superan- 
tigens encoded by endogenous retroviruses may exist in normal mice 
without causing any autoimmune pathology. This could be related to 
the fact that purified CD4-CD8- alp T cells derived from the bone 
marrow inhibit mixed lymphocyte reactions, thus exerting a sup- 
pressor rather than helper function (105). 

F. PERITONEAL T CELLS 

The pleuroperitoneal cavity has been clearly demonstrated to pos- 
sess a lymphocytotropic nature for Lyl/CD5+ B cells (vide infra). 
Recent evidence from studies in normal mice as well as in experimen- 
tally manipulated animals has revealed differences in the phenotype 
and repertoire of peritoneal T lymphocytes as compared to splenic or 
lymph node cells. 

In normal, untreated BALB/c mice, cells positive for the 3 G l l  epi- 
tope, probably a carbohydrate moiety on the Thy-l glycoprotein, rep- 
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resent the vast majority of CD4' peripheral blood lymphocytes, 
60-80% in the spleen and lymph nodes, but only a minority in the 
peritoneum. Splenic CD4+3G11- cells have been shown to exhibit a 
memory phenotype (CD34RB/C1"", Mel-14'"", CD44'ligh), to be rela- 
tively resistant to the short-term mitogenic effect of ConA, to lack IL-2 
production, and to be enriched for IL-4, IFN-y, and IL-5 producers 
(121), but the functional properties of peritoneal CD4+3G11- cells 
remain to be elucidated. Splenic CD4'3Gll' cells have been sug- 
gested to be recent thymic emigrants that give rise to CD4+3Gll-  
cells (121), but the exact origin of peritoneal T cells is unclear. 

Experiments involving neonatally thymectomized mice suggest that 
the peritoneum may serve as a site of thymo-independent T cell differ- 
entiation. Whereas neonatal thymectomy of CBA/H mice results in a 
diminution of T cells in the spleen and lymph nodes, it causes a 
marked transient (8-12 weeks) increase in Thy-lfCD3+ cells in the 
peritoneal cavity. During the initial phase (4-8 weeks) after thymec- 
tomy peritoneal T cells exhibit predominantly a double-negative 
(CD4-CD8-) phenotype, but these cells are outnumbered by single- 
positive T cells in subsequent stages (>12 weeks). Such double- 
negative T cells do not arise in lymph nodes or spleen of thymecto- 
mized animals nor are they detectable in the peritoneum of euthymic 
controls. At any stage investigated (6-24 weeks after thymectomy), 
products of the TCR V p l l  gene family (i.e., an I-E-reactive TCR nor- 
mally deleted in I-E-bearing CBA/H mice) are selectively overex- 
pressed in the peritoneum as compared to other lymphoid organs 
(58,122). In contrast to forbidden double-negative T cells from the 
bone marrow (102), forbidden T cells from the peritoneum of thymec- 
tomized mice display an anergic behavior and fail to proliferate on 
crosslinking of the forbidden TCR Vp product (122).  Nonetheless, the 
numeric increase in the peritoneal T cell population subsequent to 
thymectomy indicates that, under athymic conditions, T cell differenti- 
ation and/or accumulation occurs in the peritoneal cavity. Accordingly, 
in mice with severe combined immunodeficiency, CD3' T cells are 
found more often, and in a higher percentage of animals, in the perito- 
neum than in the spleen (123). Human peripheral blood CD4+ and 
CD8' T cells injected intraperitoneally into SCID mice persist up to 
50 days in the peritoneum, but recirculate scarcely, if at all, into the 
spleen and peripheral blood (124-126). This finding again points to 
the peritoneum as a specialized environment for T lymphocyte re- 
cruitment. 

Along the same line, treatment of BALB/c mice with cyclosporine A 
(CsA) establishes a clear-cut dichotomy between peritoneal and other 
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lymphoid compartments traditionally defined as peripheral with re- 
spect to the central organ for T cell differentiation, the thymus. It has 
been reported that CsA perturbs intrathymic T cell development, in- 
terfering with the differentiation of immature CD3-CD4+CD8+ thy- 
mocytes to mature CD3+CD4+CD8- or CD3+CD4-CD8+ T cells. In 
contrast to other lymphoid organs (spleen, lymph nodes), daily CsA 
injections into irradiated BALBIc mice leads to a sixfold increase in the 
number of peritoneal T cells (127). Moreover, BALB/c mice treated by 
sublethal irradiation and receiving high CsA doses, not controls that 
are only irradiated or CsA-injected alone, exhibit a selective increase 
in forbidden T cells in the peritoneum (127). Depending on the mouse 
strain analyzed, CsA treatment of sublethally irradiated mice leads to a 
surge of forbidden T cells, i.e., T cells that, due to their unwarranted 
specificity for endogenous superantigen (retroviral products presented 
by MHC molecules), are clonally deleted in the thymus. This increase 
may be detected at the level of forbidden TCR Vp gene products that 
are expressed in peripheral lymphoid organs (lymph nodes and 
spleen) of C57BR or (C57BLl6 X CBA)F, aniinals (128,129), but is not 
detected in BALB/c mice (130,131). In strict contrast with the data 
obtained in the spleen and lymph nodes, however, CsA treatment does 
result in expression of the forbidden TCR gene products Vp5 and V p l l  
in the peritoneum of BALBIc mice, accompanied by a significant abso- 
lute and relative increase in peritoneal CD3+, Thy-l+,  and 
CD4+ or CD8+ cells. Whereas no CD4+CD8+ (double positive) cells 
become detectable, a significant portion of peritoneal T cells from 
CsA-injected animals exhibits a CD3+CD4-CD8- (double negative) 
phenotype (127). The increase in forbidden (Vp5' and Vpll') T lym- 
phocytes, as well as in double-negative (CD3+CD4-CD8-) cells, in 
the peritoneum depends on prior irradiation of mice. Only in condi- 
tions in which T cells have to repopulate their usual habitats from the 
precursor population does CsA-driven expansion/enrichment of total 
T cells in the peritoneum occur. In contrast to cells retrieved from 
neonatally thymectomized animals (122), peritoneal T cells recovered 
from CsA-treated animals readily proliferate on crosslinking with 
solid-phase anti-Vp5 and anti-Vp11 antibodies in the absence of IL-2 
(127), indicating that these potentially autoaggressive T cells are not 
anergic, probably because CsA inhibits the induction of nonrespon- 
siveness (132). In spite of the presence of a nondeleted, nonanergic T 
cell population, no local or systemic signs of inflammation are detect- 
able (127,131). 

Recent studies on the expression of transgene-encoded alp or y16 
TCR products revealed that the repertoire expressed by peritoneal T 
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cells differs significantly from that contained in the spleen or lymph 
nodes. Transgenic TCR a or chains inhibit the rearrangement and 
expression of the endogenous TCR a and 0 loci, respectively, a phe- 
nomenon that is referred to as allelic exclusion. Thus, female C57BL/6 
(H-2Dh) mice bearing a and /3 TCR transgenes obtained from a male 
antigen H-Y-specific class I H-2D"-restricted cytolytic CD4-CD8+ T 
cell clone express the transgenic P TCR (PT) (recognized by the anti- 
body F23.1) on the vast majority (>85%) of CD3+ T cells in the thymus 
and in the periphery (spleen, lymph nodes, and peritoneum), as it 
efficiently suppresses the rearrangement of the endogenous TCR P 
loci (133). In contrast, the transgenic a chain ((YT) is not expressed on all 
T cells and two fractions of T cells exist in which PT either pairs with a T  

or associates with endogenous a chains ((YE) (134). The proportion of 
PTaT (male antigen specific) and P p E  changes between the thymus 
and other lymphoid organs due to central and peripheral selection 
processes (135). Whereas 50-60% of @T+ thymocytes are aT+ ,  this 
percentage is lower in the periphery, ranging from 15 to 40% in spleen 
and lymph nodes. Peritoneal T cells practically lack a T  expression 
(<3% of pT+cells), indicating a selection in fivor of (YE (136) (Fig. 1; 
Table V). This finding was obtained for both male and female mice, 
illustrating that the (auto)antigen does not intervene in the peritoneal 
selection/accumulation of cells expressing endogenous genes. The 
stronger tendency in favor of endogenous a chain expression, as com- 
pared to endogenous P,  can be related to the fact that allelic exclusion 
by the P transgene is much more efficient than that by a (137). 

In agreement with the markedly organ-dependent expression of 
P T ~ E  versus P T ~ T  TCR chains, the analysis of y/6 transgenic mice (138) 
revealed a similar finding. Because y /6  T cells populate their habitat 
(skin, gut epithelia, lungs, etc.) irrespective of the y /6  transgene they 
express (82), and the expression of endogenous y /6  products is negligi- 
ble, the comparison of the y /6  TCR expression among all CD3+ T cells 
can be interpreted as an indication of the selection of y /6  T cells. The 
y /6  T cells are nearly equally distributed in the thymus, spleen, and 
lymph nodes (60-80% of all T cells). In contrast, y /6  T cells represent 
only 15-30% in the peritoneum (Fig. 1). Thus, both the transgenic y/6 
TCR and the transgenic a TCR chains are selectively regulated in a 
hierarchical level of expression according to the following order: thy- 
mus 5 lymph node 5 spleen 4 peritoneum. In consequence, selection 
of the immune repertoire appears to operate in a different way in 
various lymphocyte compartments. At present, no definitive expla- 
nation may be forwarded for this phenomenon. The peritoneum might 
either serve as a preferential site for extrathymic T cell differentiation 
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FIG. 1. Peritoneal lymphocytes exhibit a low degree of allelic exclusion. Animals 
bearing transgenes encoding an aip TCR specific for the male-specific H-Y antigen 
(female mice analyzed), a y / 6  TCR specific for products of the MHC-TL" product (TL" 
mice analyzed), an immunoglobulin heavy p chain derived from a trinitrophenyl- 
specific hybridonla, an immunoglobulin heavy 6 chain with the same V/D/J region 
cloned 5' to the C6 exons, or both a p and a K chain (specific for H-2K"; H-2K" mice 
analyzed) were analyzed at 3-5 months of age. The percentage of endogenous versus 
transgene expression was determined by two-color iniinunofluorescence analysis using 
appropriate antibodies that recognize transgenic gene products (F23.1, specific for the 
transgenic p chain; T3.70, which recognizes the a chain; and antibodies recognizing the 
y / 6  TCH or the CD8a chain, anti-IgD", anti-Ighl", and 54.1, which reacts with the 
combined idiotype formed by the transgenic p and K chains) or endogenous gene 
products (anti-IgM"). Values give the percentage of T (CD3+) or B (IgM+)  lymphocytes 
that express endogenous gene products i n  the thymus, spleen, peritoneum, or bone 
marrow. For details and references, see text. 

-perhaps a nonconventional T cell lineage-or might provide a mi- 
croenvironment that favors the expansion and/or accumulation of a 
particular T cell repertoire. 

111. B Cells in Peripheral Compartments 

In arialogy to T lymphocytes, the distribution of B cells follows a 
nonrandom pattern. Surface IgA-bearing lymphocytes are highly rep- 
resented in the mucosa-associated lymphoid structures (lamina pro- 
pria and Peyer's patches); the nonkeratinizing external surfaces of the 
body (gut and exocrine glands, including the lactating mammary gland, 
urogenital epithelia, and upper respiratory tract) attract predominantly 
IgA-secreting plasma cells. In nonmucosal sites (peripheral lymph 
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TABLE V 
PERITONEAL BIAS IN ENDOGENOUS GENE EXPRESSION IN TRANSGENIC MICE“ 

Endogenous Cell Peritoneal bias in endogenous 
Transgene gene studied population gene expression 

ffl@ a T Yes 
f f lP P T Yes 
Y l S  ff lP T Yes 
CD8 CD4 T N o  
6 P B Yes 
P P B Yes 
PIK P B Yes 
PIK K B No 

‘ Animals bearing transgenes encoding an alp TCR specific for the male-specific H-Y antigen, a 
y /& TCR specific for products of the MHC TL” product, an immunoglobulin heavy p chain derived 
from a trinitrophenyl-specific hybridoma, an immunoglobulin heavy 8 chain with the same V/D/J 
region cloned 5‘ to the Ci3 exons, or both a p and a K chain (specific for H-2K”) were analyzed at 3-5 
months of age. Animals lacked the relevant self-antigen (female, TL”, or H - 2 9  donors, respectively), 
thus excluding antigen-dependent selection as the driving force of peritoneal expression of endoge- 
nous gene products. Endogenous versus transgene expression was determined by two-color immu- 
nofluorescence analysis using appropriate antibodies (Fig. 1). A peritoneal bias in endogenous gene 
expression is determined by the comparison with splenic and lymph node populations derived from 
the same individual ( p  < 0.01. paired Student t test). 

nodes, spleen, and skin), IgA-secreting cells are infrequent and most 
plasma cells secrete IgM or IgG. Similarly, distinct differentiation and 
activation stages of B lymphocytes are discontinuously distributed in 
different zones of lymph follicles. The expression of different VH gene 
families is also inhomogeneous, resulting, e.g., in an increased repre- 
sentation of the VH 5558 family in peripheral lymph nodes and of the 
V”X24 family in intestinal Peyer’s patches (139). In view of the ongo- 
ing polemics on the “conventional bone marrow-derived” CD5- and 
the “peritoneal” CD5+B cell subsets, the CD5+/CD5- dichotomy of 
the B cell system will be discussed in detail. New insights into the 
functional anatomy of lymphoid follicles will also be briefly men- 
tioned. However, it is beyond the scope of this survey to review the 
structure and function of the lymphoid tissues involved in the secre- 
tory or mucosal immune system, i.e., the lymph follicles and adjacent 
structures organized in the gut and bronchus-associated lymphoid tis- 
sues. The reader is referred to the excellent reviews by Mestecky and 
McGhee (140) and Sminia and co-workers (141). 

A. THE CD5+/CD5- DICHOTOMY 

B cells may be divided into two classes according to the expression 
of CD5, a signal-transducing receptor (142) that interacts with the B 
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cell surface structure CD72/Lyb-2 (143). According to the official no- 
menclature, B1 cells represent the CD5+ (Ly-l+) subset and B2 cells 
represent the "conventional" type (144). CD5' B cells differ from 
conventional B cells with respect to the phenotype [ IgMhighIgD'""- 
Mac-l( CD 1 lb/CD 18)fCD4S10"FcsR-IL-SR+]. The CDS- "sister" 
population has a phenotype similar to that of the CDS+ B cells except 
that it lacks CDS (145-150). CDS+ B cells predominate in the 
coeloni-derived peritoneal, pericardial, and pleural cavities (145,151,152), 
thymus (153,154), and tonsils, but are a minority of B cells in adult 
lymph nodes and spleen. Cells of the sister type are preferentially 
located in the marginal zone, not in the follicles of the murine spleen 
(148). In the fetal spleen all B cells express CDS, but soon after birth 
CDS- B cells predominate. Similarly, human fetal and umbilical cord 
blood B lymphocytes are CDS+. This percentage declines and stable 
adult levels (25-35% of total B cells) are reached in late adoles- 
cence (155). 

CDS+ B cells are endowed with the capacity of self-renewal, i.e., 
they may expand in the absence of any cell input from IgM- pre- 
cursors, unlike conventional B cells that are replenished from the bone 
morrow throughout life (147,156,157). Possibly they are derived from a 
source of stem cells independent of the bone marrow that gives rise to 
conventional B2 cells (149). The fetal liver contains precursors for both 
B1 and B2 cells. In contrast, the fetal omentum (13 days) reconstitutes 
the CD5+, as well as the CD5- sister, but not the conventional B cell 
subset when transplanted under the kidney capsule of SCID mice. 
Moreover, it gives rise to IgAf plasma cells in the lamina propria of the 
gut and IgM+ plasma cells in the speen (158). Similarly, transfer of 
peritoneal B cells into Ig allotype congenic mice revealed that many of 
the plasma cells located in these sites are derived from precursors in 
the peritoneal cavity (159). Fetal omentum (13 days) contains, in addi- 
tion to B1 precursors, T cell precursors whose differentiation depends 
on the simultaneous transplantation of a fetal thymus (158). The perito- 
neal cavity also contains precursors of the CDS+ population as re- 
vealed by transfer to allotype-congenic SCID mice (160). It thus ap- 
pears that this region contains pluripotent precursors and that it may 
well constitute an equivalent of the aortic mesoderm that gives rise to 
the earliest hematopoietic stem cells in birds (161). Recent studies of 
the human system confirm the presence of B cell precursors and a high 
percentage of CDSf mature B cells in the fetal omentum (162). 

Recent studies of the murine system revealed that the bone marrow 
contains B 1  and B2 precursors. Bone marrow B cells from adult nor- 
mal mice reconstitute CDS+ B cells in the spleen and peritoneum 
of allotype-congenic and neonatal SCID recipients ( 1  63).  Human 
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but not murine CD5-B cells express CD5 following phorbol ester 
treatment (1 64). This observation, together with the recent find- 
ing that treating murine CD5- splenic B cells with a combination of 
antiimmunoglobulin plus 1L-6 induces CD5+ expression and the 
CD23-IgD-CD45'""Jl Idhigh phenotype oftypical CD5' peritoneal B 
cells (165), introduces a question mark into the idea that the two 
different B cell lineages are separated from each other at an early 
precursor stage (vide supra). This dilemma might be resolved if it is 
assumed that at any stage B cells are faced with the option to give rise 
to a B2 or, after activation, B1 phenotype, the commitment to the B1 
"lineage" being irreversible. B cell precursors that carry an unmutated 
autoreactive and highly connective immunoglobulin repertoire (vide 
infra) would be triggered to become CD5+ B cells by receiving appro- 
priate stimuli via the antigen receptor. 

Both CD5+ and CD5- splenic B cells manifest ontogenetic D- 
proximal VH preferences, i.e., they start with equivalent repertoires, 
being mostly restricted to V ~ 7 1 8 3  and V&52 gene products in the 
mouse. Both populations partially lose this preference with age (166). 
In addition, adult (not neonatal) CD5+ B cells express immunoglobu- 
lin heavy chains exhibiting the same characteristic N-nucleotide addi- 
tions found in antibody genes transcribed in adult CDS- B cells and 
lacking in neonatal B cells (267). These findings may be interpreted as 
evidence in favor of local, age-dependent cellular selection mecha- 
nisms rather than genetically programmed differences in the reper- 
toire expressed by CD5+ and CD5- cells. Accordingly, both conven- 
tional splenic Igp+y+ B cells and peritoneal CD5+ B cells derived 
from 4- to 6 month-old donors exhibit selected overlapping sets of germ 
line V ~ J 5 5 8  gene products as opposed to the unselected bone marrow 
pre-B and the neonatal peritoneal CD5+ v~J558 repertoire (168-1 70). 
Murine B1 cells exhibit a relative increase in A light chain expression 
(151) and a biased use of VH3-like sequences, i.e., VH gene elements 
that have been phylogenetically conserved (1 71,172). Peritoneal and 
splenic CD5' B cells from adult mice show a certain bias toward VHll 
gene expression at the adult stage, as compared to CD5- cells, regard- 
less of location (166,173). Similarly, peritoneal CD5+ T cells display an 
elevated expression of vH12 (1 74,175), antiphosporylcholine antibod- 
ies bearing the T15 idiotype (176), and particular v~]558 genes ex- 
pressed only in pre-B cells but not in mature Igp+G+ splenic B cells 
(168,170). By analogy, human CD5+ B cells recovered from fetal tis- 
sues, cord blood, or adult peripheral blood have been reported to 
express preferentially VH gene elements (VH4,5,6) that are overrepre- 
sented in the preimmune B cell repertoire and in polyreactive antibod- 
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ies (177,178). The majority of antibodies produced by B1 cells have 
been found to be encoded by germ line genes without somatic hyper- 
mutation (1 79). 

The fact that the same VEI elements, especially phylogenetically 
conserved ones, are preferentially rearranged in the B1 subset and 
during early life (180-182) suggests to some authors that the B1 subset 
represents a primitive polyreactive immune system that could provide 
the first line of defense against infections (183). Mouse CD5+ B cells 
produce immunoglobulins with inherent low affinities for self- 
antigens, e.g., for ssDNA, bromelain-treated erythrocytes and thymo- 
cytes, and the so-called natural IgM antibodies that display multireac- 
tivity and harbor specificities for certain bacterial coat antigens (e.g., 
al-3 dextran, phosphatidylcholine, and undefined E .  coli determi- 
nants) (184,185). Accordingly, polyreactive human IgM autoantibodies 
(anti-ssDNA, antichondroitin sulfate, and antithyroglobulin) are pro- 
duced by FACS-sorted CDS’”gh B cells, but not by CD5- B cells from 
the human adolescent spleen. I n  contrast, fetal splenic CD5h’gh and 
CD5- B cells are functionally uniform, both producing IgM autoanti- 
bodies (155). Although the majority of CD5+ B cells express unmu- 
tated Ig, these cells, however, can undergo somatic mutations. Po- 
lyreactive antibodies with high connectivity derived from CD5+ B 
cells may become antiidiotypic antigen-mimicking antibodies by so- 
matic hypermutation (186,187) and have been speculated to be discon- 
nected from the idiotypic network if mutations change the framework 
region 111. Such cells that will select conventional pre-B cells for 
specificity rather than connectivity would expand after immunization 
and carry memory in the form of the imprint of the immune system’s 
experience with antigen, thus contributing to a hypothetical network 
of idiotypic and antiidiotypic interaction that can pattern the expres- 
sion of both T and B cell receptor specificities (179,188,189). Beyond 
any speculation, it is known that murine CD5+ B cells exert a feedback 
regulation of their development (190) and peritoneal B cells (mostly 
CD5+) reduce the number ofsmall pre-B cells and B cells in the bone 
marrow on passive transfer, provided the donor and the recipient share 
the same imniunoglobulin allotype (1 91). T ~ L I S ,  this effect appears to 
be mediated by immunoglobulins and not by lymphokines such as 
IL-10, which are selectively produced by CD5+ B cells (192). 

Peritoneal CD5+ B cells are thought to escape selectively from 
clonal selection because transgenic expression of a p gene with speci- 
ficity for the hapten 4-hydroxy-3-nitrophenyl (NP) results in a strong 
depletion of bone marrow pre-B cells and of splenic B cells, whereas 
the CD5+ B cell lineage is unaffected (193). In the same line, no 
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reduction in peritoneal CD5+ cells expressing a transgene-encoded 
autoreactive (antierythrocyte) p I K  antibody is observed, whereas a 
large portion of peritoneal and splenic CD5- cells is deleted (194). 
Scott and collaborators (195) recently reported that, as compared to 
conventional splenic B cells, peritoneal B cells (containing both CD5+ 
and CD5- sister cells) were relatively resistant to the induction of 
nonresponsiveness (cell death?) in the IgM responses by overnight 
incubation with antimouse Ig. This was observed for the IgM re- 
sponses against the haptens fluorescein and trimethylammonium, the 
latter being dependent on the skewed V ~ 1 1  usage of peritoneal CD5+ 
B cells. The resistance of peritoneal B cells probably relies on blunted 
initial Ca2+ responses in response to anti-Ig crosslinking; phorbol 
myristate acetate and/or ionomycin treatment restores the responses of 
both peritoneal and splenic B cells to lipopolysaccharide. Thus, anti- 
body production by peritoneal B cells is not subject to conventional 
tolerance pathways (195). However, it is not clear from these data 
whether this relative resistance is a particularity of CD5+ B cells, 
irrespective of their location, or specifically applies for peritoneal B 
lymphocytes. 

Many authors have been tempted to implicate CD5+ B cells in 
autoimmune processes, given that they frequently produce polyreac- 
tive autoantibodies and are resistant to tolerance induction (vide su- 
pra) .  CD5+ B cells are found at increased frequencies in autoimmune 
disease-prone strains of mice, e.g., NZB and (NZB X NZW)F1 
(145,151,184), and in senescent normal mice (196), as well as in pa- 
tients with rheumatoid arthritis and Sjogren's syndrome (197). B cells 
of mice expressing the motheaten mutation (me"), which predisposes 
to the development of autoimmune disease, are exclusively CD5+ 
(198). When introduced into NZB mice, the xid (X-linked inimunode- 
ficiency) mutation inhibits the generation of CD5+ B cells as well as 
the development of B cell hyperreactivity and autoantibodies (151). 
Conversely, treatment of CBAIN mice that bear xid mutation with 
cyclosporine A, following a protocol that induces severe systemic auto- 
immunity, causes an increase in CD5+ B cells (199). Immunogenetic 
studies, however, allowed for the segregation of CD5+ B cell expan- 
sion and autoimmune disease. The high frequency ofCD5+ B cells in 
NZB, NZW, and (NZB X NZW)FI mice is controlled by the homozy- 
gosity of a locus or cluster of loci closely linked to the MHC H-2" allele 
of the NZW strain. The finding that the expansion of splenic CD5' B 
cells (enhanced by H-2"'") does not correlate with autoimmune 
symptoms (mitigated by H-2"" as compared to H-2d'") (200) argues 
against a simple quantitative correlation between the frequency of 
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CD5+ B cells and the incidence of autoaggression. It is also doubtful 
that polyreactive low-affinity (“natural”) autoantibodies produced by 
CD5+ B cells are really pathogenic. Finally, B1 cells have been pos- 
tulated to play a critical role in the selection of the T cell repertoire 
(201) (vide infra). 

B. PERITONEAL B CELLS 

In most studies, peritoneal CD5+ cells are compared with adult 
splenic CD5- B cells. This experimental strategy cannot distinguish 
whether eventual differences between the two populations are due to 
the CD5 phenotype or to the compartment from which the cells origi- 
nate. This difficulty is aggravated by the fact that a significant portion of 
CD5- cells contained in the peritoneum largely belongs to the sister 
population (vide supra). In this section evidence will be presented that 
peritoneal B cells differ from splenic B cells, regardless of whether 
they express CD5. 

The repertoire of both CD5’ and CD5- peritoneal B cells differs 
from that of splenic B cells in adult C57BL/6 mice. Irrespective of the 
expression of CD5, the frequency of v H 1 1 +  B or V ~ 2 2 +  cells and the 
frequency of cells producing antibodies specific for bromelain-treated 
erythrocytes or ssDNA are higher in the peritoneum (166). The adult 
peritoneum allows adult splenic B cells (which are largely CD5-) to 
persist for over 2 weeks after intraperitoneal transfer, whereas most 
cells that home to the adult (not neonatal) spleen subsequent to intra- 
venous injection rapidly decay (within 1 week) (202). During the 10 
days after transfer, the number of cells expressing J558, vH11, S107, 
and X24 remains constant, whereas the percentage of cells expressing 
the D-proximal or J606 and 36-60 gene families tends to be lower. This 
correlates well with the local enrichment of v H 1 1 ,  S107, and X24 gene 
products in the peritoneal cavity of normal mice and suggests that the 
differences in the repertoire between CD5+ and CD5- cells that have 
been described are not determined by lineage difference, but rather by 
the local environment (203). In spite of their near-to-absolute lympho- 
penia, SCID mice display in the peritoneum practically normal levels 
of IgM+B220+ cells (123). This finding also suggests that the perito- 
neum is a privileged site for B lymphocyte survival and/or replication. 
Accordingly, human B cells were found to persist in the peritoneal 
cavity of SCID mice for several months (204). 

Recent experiments employing transgenic mice underscore intrinsic 
differences in the repertoires of peritoneal and splenic B cells. It is 
well established that in normal B cells only one allelle of immunoglob- 
ulin heavy and light chain loci is found functionally rearranged 
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(205,206). Similarly, the expression of a rearranged p or 6 immunoglob- 
ulin heavy chain gene introduced into the germ line of mice inhibits 
the rearrangement of endogenous genes, a phenomenon that is re- 
ferred to as "allelic exclusion" (207,208). Transgenic expression of an 
IgM heavy chain gene with specificity for the hapten 4-hydroxy-3- 
nitrophenyl causes an obstruction of B cell development that becomes 
manifest in a strong depletion of bone marrow pre-R cells and of 
splenic B cells of the conventional type. In contrast, the peritoneum- 
derived (Ly-1) B cell lineage is unaffected (193). This finding led to the 
conclusion that the transgene affects the rearrangement and expres- 
sion of endogenous immunoglobulin in conventional bone marrow- 
derived B cells but not in CD5+ B cells (209). 

We have recently studied the expression of transgenes and endoge- 
nous immunoglobulin loci at the single-cell level in transgenic mice 
carrying p or 6 transgenes. In agreement with the rule of allelic exclu- 
sion, a majority of B cells obtained from the bone marrow or spleen of 
C57BL/6 mice (Zgh-l b,  transgenic for the rearranged p chain obtained 
from a BALB/c (Zgh-1") anti-TNP hybridoma (207; A. Iglesias, unpub- 
lished ) express the transgene, as recognized by a monoclonal antibody 
specific for the ZgM" allotype. However, a majority of B cells contained 
in the peritoneum are ZgMb and thus express the endogenous immuno- 
globulin locus (Fig. 1). Similarly, in transgenic mice carrying a S chain 
(ZgD") (208) that contains the same VDJ segment as the p transgenic 
mice, endogenous IgM (ZgM") is expressed on a minority of B cells 
from the bone marrow and the spleen, but on a majority of peritoneal T 
cells (Fig. 1). Analogous results were obtained in animals bearing a 
transgene that encodes both a p heavy chain and a K light chain that in 
combination recognize the H-2K" MHC class I product (210). In trans- 
genic mice that bear the H-2Kd MHC haplotype (and hence lack the 
relevant autoantigen), endogenous IgM (ZgM") is expressed in neither 
bone marrow nor in spleen, whereas in the peritoneum up to 20% of 
the IgM-positive cells express endogenous IgM. In contrast, no evi- 
dence could be obtained in favor of an increased expression of endoge- 
nous K chains, using a monoclonal antibody (54.1) that recognizes an 
epitope formed by the combination of the transgenic p and K chains 
(136). The ratio between IgMb54.1+ cells (i.e., lymphocytes that ex- 
press both the transgenic p and K chains) and IgMb54. 1- cells (lympho- 
cytes that express the transgenic p chain in the context ofendogenous K 

chains) is the same for peritoneal and bone marrow B lymphocytes 
(Fig. 1, Table V). The basis for the specific compartmentalization in the 
expression of endogenous heavy, not light, chains remains elusive. If 
selection is operating on those cells, it probably is not via self- 
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recognition, because in p / K  (anti-H-2") transgenic mice carrying an 
H-2K" "background self-specific cells (i.e., p l K  transgene-expressing 
cells recognized by the antibody 54.1) are not significantly over- or 
underrepresented among peritoneal B cells. No selective overexpres- 
sion of Ly-1ICD5 on B cells positive for endogenous immunoglobulin 
p gene products is found. Both in p l K  transgenic mice bearing the 
autoantigenic M HC haplotype H-2K" and in mice negative for H-2K1', 
only a minor portion of peritoneal B cells expressing the endogenous 
IgM allotype (ZgM") expressed Ly-lICD5 (15-21% and 11-19%, re- 
spectively). This percentage is not significantly higher among perito- 
neal B lymphocytes positive for the transgenic IgM allotype (ZgM") or 
reacting with the antiidiotypic antibody 54.1 (range, 10-30%). Thus, 
no correlation between the peritoneum-specific immunoglobulin rep- 
ertoire and CD5 expression can be established, indicating that the 
enhanced expression of endogenous immunoglobulin heavy chains is 
an intrinsic property of the peritoneal B cell population. 

The finding that the frequency of splenic and peritoneal CD5+ B 
cells is regulated by different genetic loci also argues in favor of 
organ-specific rather than cell type-specific differences between the 
two compartments. Homozygosity for the H-2" MHC haplotype from 
the NZB mouse is associated with an increased frequency of CD5+ 
cells in the spleen, not in the peritoneum (200). This suggests that 
MHC-related microenvironments for CD5' propagation differ be- 
tween the two compartments. 

Little is known on the function of the peritoneal lymphocyte com- 
partment. As discussed, both T and B cells differing in their pheno- 
type, function, and repertoire from the quantitatively dominant lym- 
phocytes located in the spleen, lymph nodes, and peripheral blood are 
noted. Because peritoneal lymphocytes constitute a comparatively 
long-lived population, they may fulfill a memory function, intervening 
in immunoregulation, as speculated by UytedeHaag and Coutinho and 
co-workers (189,191,211). 

C. LYMPH FOLLICLES 
Lymphoid follicles or nodules are found inside the spleen, in lymph 

nodes, or in the mucosal-associated tissue along the digestive, respira- 
tory, or genitourinary tracts (tonsils, Peyer's patches, appendix, etc.). 
Whereas primary lymph follicles lack a clear-cut zonal organization, 
secondary lymph follicles that arise from primary nodules in a T cell- 
dependent fashion on antigenic stimulation have a complex architec- 
ture in several concentric or convex zones, namely a corona or mantle 
zone, and the germinal center, which may be subdivided into the outer 
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zone, the apical light zone, the basal light zone, and the dark zone 
(212,214). Each zone is characterized by a particular phenotype of 
follicular dendritic cells and B cells and correlates with a particular 
pattern concerning the repertoire, proliferation, mutation, and selec- 
tion of B cells (214). In transgenic mice carrying a rearranged antily- 
sozyme IgM/IgD transgene, as well as a lysozyme transgene, tolerant 
lysozyme-reactive B cells persist within the follicular mantle zones in 
the spleen, lymph nodes, and Peyer's patches, but are eliminated from 
the splenic marginal zones. The selective accumulation of tolerant B 
cells within the follicular mantle zone suggests unique physiologic 
roles for this lymphoid microenvironment (215). It remains open that 
anergic B cells could present self-antigen to T cells that would be 
rendered tolerant (21 6). 

Germinal centers contained in secondary lymph follicles are foci of 
oligoclonal and hypermutating (21 7) lymphoblasts, probably pro- 
viding a microenvironment suitable for heavy chain switching and the 
differentiation of memory B cells. Germinal center lymphoblasts are 
IgD-IgG'"" B cells in nonmucosal lymph nodes or preferentially Ig- 
D-IgA'"" B cells in Peyer's patches, indicating that lymphoid follicles 
that are exposed to different antigenic microenvironments (and T 
helper types?) favor the production of different immunoglobulin 
classes. It has been recently shown that transient germinal center 
reactions elicited by the same antigen preferentially induce a specific 
IgM/IgA response in Peyer's patches and a IgM/IgCl response in 
lymph nodes, indicating intrinsic antigen-independent differences be- 
tween the mucosal and nonmucosal humoral immune systems (218). 
The follicular mantle contains small recirculating B cells (219) and the 
central dark zone contains proliferating and mutating (21 7,220) centro- 
blasts that replenish the centrocyte population, which in turn, are 
selected by antigen presented on follicular dendritic cells in the con- 
junction with CD23 (and other stimuli, such as IL-lp?) either to 
succumb to programmed cell death or to differentiate into plasma 
blasts or memory B cells (214). It can be speculated that B cells that 
have lost their antigen specificity would not be positively selected by 
follicular cells presenting the relevant antigen and thus would commit 
apoptotic suicide. Follicular dendritic cells contained in germinal cen- 
ters of secondary lymph follicles have been shown to absorb passively 
antigen-antibody complexes and MHC class II-peptide complexes 
shed from B cells, thus serving as long-term antigen depots (221,222) 
that could be important for the maintenance of immunological memory 
(223). The fixation of immune complexes is achieved via Fc or C3b 
receptors without endocytosis (213,221), whereas the mechanism of 
MHC class I1 absorption remains elusive. 
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IV. Generation of Compartments 

Differences in the phenotypic composition, repertoire, and function 
of different local lymphocyte populations may be attributed to several 
principally different, though mutually nonexclusive, mechanisms 
(Fig. 2). First, precursors belonging to different lineages may be tar- 
geted a priori to different tissues, guided by spatiotemporal sequences 
of niorphoregulatory molecules that are expressed in a tissue-specific 
fashion, a possibility that is illustrated by the topobiology of T lynipho- 
cyte migration and could involve chemotaxis, haptotaxis, and contact 
guidance. Second, immature precursors could undergo local induction 
processes that lead to tissue-specific differentiation. This could be the 
case with T cells developing extrathyniically in the context of epi- or  
mesothelia. Third, after an initial random distribution of lyniphocyte 
populations and specificities, a selection step could lead to the 
preferential expansion and maintenance of some cells, whereas others 
are diluted out or physically eliminated. Stimulation by ubiquitous or 
tissue-specific antigens presented by different types of accessory cells 

Pluripotential 
precursor 

Committed 
precursor 

Peripheral 
compartments 

0 0 0 

LINEAGE INDUCTION SELECTION 

Frc. 2. Mechanisms leading to an inhomogeneoiis distribution of lymphocytes in 
different compartments. First, pluripotential precursors may be  coinmitted to a predeter- 
mined differentiation pathway, thus forming different lineages that specifically home to 
different sites. As a second possibility, undifferentiated and noiicomniitted precursors 
that arrive in a predetermined compartment are conditioned by the microenvironment, 
thus being induced to differentiate. Third, randomly homing cells that are already 
committed to express a predetermined phenotype and repertoire are locally selected, 
thus being either expanded or deleted. Note that in all three cases the final outcome is 
the same. For details, explanations, and examples, see text. 
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may contribute to the local proliferation or depletion of T and B lym- 
phocytes. In addition, the costimulatory signals provided by local fac- 
tors, including the extracellular matrix and cytokines, may influence 
the fate of a lymphocyte. In this section examples for each of these 
possibilities will be mentioned. 

A. DIFFERENT LINEAGES 
As discussed above, during the differentiation process T and B lym- 

phocytes may be instructed to migrate to a predetermined organ (Fig. 
3). This is particularly well documented in the case of y / 6  T lympho- 
cytes, which arise in the thymus in distinct “waves” bearing y /6  TCRs 
encoded by different combinations of Vy and V6 gene segments (25). 
Predetermined TCR ylS genes are rearranged during a brief period 
and most of the T cells carrying a predetermined ylS TCR are exported 
to a specific site in the periphery. Vy3-expressing thymocytes pre- 
dominate from day 14 to day 16 and are exported to the skin and 
mucosae of the reproductive tract; later Vyl.1, Vy1.2, and Vy2 rear- 
rangements are detectable in thymocytes that will home to lymph 
nodes and spleen (224-226). As pointed out above, the TCR per se 
does not guide y /6  T cells to a particular location, given that T cells 
expressing a transgenic y / 6  TCR home to any lymphoid compartment 
(82). Raulet and co-workers (75) have proposed that progenitors of 
different y / 6  lineages that differ in their homing patterns are pro- 
grammed to rearrange specific V genes, rather than being selected by 
thymic ligands. In support of this hypothesis, during thymic ontogeny 
y/S T cell precursors transcribe those Vy genes that are still in the 
germ-line configuration and will undergo gene rearrangement. Be- 
cause this germ-line transcription, though indispensable for the rear- 
rangement, does not give rise to translatable products, no TCR- 
mediated selection can intervene in the regulation of this process. 
Moreover, y /6  T cells of a given subtype exhibit nonproductive rear- 
rangements of the same Vy gene that they express on the surface (75). 
Nonetheless, Tonegawa and co-workers (227,228) favor the idea that 
such T cells are positively selected in the thymus. y / 6  TCRs generated 
in fetal thymus cultures bear canonical y /6  TCRs, but treatment of 
cultures with anti-y/S TCR antibodies results in an increase in nonca- 
nonical in-frame junctions (228). Along the same line, expression of the 
invariant TCR expressed on epidermal IELs (Vy3-JylCyllVSl-D62- 
J62)-normally only found on fetal thymocytes-as a transgene in the 
adult thymus of C57BL/6 mice leads to a dramatic depletion of 
transgene-expressing thymocytes (229). Thus, developmental changes 
in the thymic environment may impose the y /6  TCR repertoire ex- 
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FIG. 3 .  Precursor product relationships in the immune system. Black arrows indicate 
major pathways, whereas minor or  hypothetical relationships between different corn- 
partments are represented by shaded arrows. 

pressed at a given stage via positive and negative selection processes. 
Irrespective of these possibilities, the molecular mechanism that tar- 
gets a given y / S  population to a determined site outside of the thymus 
remains obscure. It is possible that, by analogy to y / S  lymphocytes, 
the alp T cell population also is subdivided into different lineages, 
e.g., a thymus-dependent and a thymus-independent one. However, 
the exact precursor product relationships remain elusive and it is yet 
unclear whether yl6 T cells give rise to an alp TCR+ progeny. 

As far as B cells are concerned, two different lineages have been 
postulated, the conventional B2 lineage that stems from the bone 
marrow, and the Ly-l+/CDS+ B1 lineage. Whereas the fetal liver con- 
tains precursors for both B1 and B2 cells, the fetal onientuni (13 days) 
has been reported to reconstitute the CDS+, as well as the CDS- sister, 
but not the conventional B cell subset (158,160). Nonetheless, it is 
possible that the two lineages do not definitely separate at an early 
precursor stage and that a B2 + B1 transition may be triggered at later 
stages of B cell development (164,165). 

H.  SELECTIVE MIGRATION AND EXTRAVASATION 

A large proportion of mature lymphocytes continuously traffic from 
the bloodstream into lymphoid organs and tissue, then to the collecting 
efferent lymphatics, and eventually back to the bloodstream, a pattern 
that evokes the expression “recirculation.” Lymphocyte migration fol- 
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lows a nonrandom pattern and it appears that combinations of mole- 
cules expressed on a particular cell subset permit a lock-and-key recog- 
nition with a suitable combination of receptors expressed on 
specialized endothelial cells. This has been best investigated at the 
level of memory and naive T cells, whose antigen-nonspecific extrava- 
sation is subjected to a differential regulation. Naive T cells migrate 
into lymph nodes, whereas memory T cells traffic preferentially into 
nonlymphoid tissue (20,230-232). 

Memory T cells (CD45RO') selectively traverse flat and inflamed 
endothelium in the peripheral vascular bed, attaching initially to the 
luminal surface in appropriate places, sticking strongly enough to the 
endothelial lining not to be swept away by the blood flow, and then 
migrating through the vessel wall into the surrounding tissue, draining 
to local lymph nodes via afferent lymphatic vessels. This interaction 
involves three ligands that are expressed at a higher density on mem- 
ory, as compared to naive, T cells: (1) VLA-4 (very late antigen 4; 
synonym for integrin a&1 and CD49d/CD29), which binds to VCAM-1 
(vascular cell adhesion molecule 1; INCAM-110; a molecule that is 
expressed upon epithelial cell activation); (2) CD44 (Pgp-1, Ly-24, 
Hermes), which interacts with the glycosaminoglycan hyaluronate; 
and (3)  LFA-1 (leukocyte function-associated molecule 1; integrin 
a&; CD1 la/CD18), which binds to ICAM-1 (intercellular adhesion 
molecule 1; CD54; induced by endothelial cell activation) and ICAM- 
2 (constitutively expressed on resting endothelium) (223-239). In ad- 
dition, a carbohydrate receptor exclusively expressed in a subpopu- 
lation of resting CD4+ memory cells interacts with cytokine-induced 
E-selectin (endothelial leukocyte adhesion molecule 1; ELAM-1) 
which is predominantly expressed in inflamed endothelium of the skin 
(238,240). 

It is predominantly memory T cells that localize to nonlymphoid 
tissues, for example, skin (241), the epithelial surface of the lung, and 
the lamina propria of the gut (242). T cells activated in uitro home to 
the gut and skin and not to lymph nodes (243). A subset of human 
memory T cells expresses the cutaneous lymphocyte-associated anti- 
gen (CLA) (240), a carbohydrate ligand that interacts with ELAM-1 
expressed on inflamed endothelium ofthe skin (244). In the mouse, the 
integrins LPAM-1 (lymphocyte Peyer's patch high endothelial venule 
adhesion molecule), an alp heterodimer ( a & p )  related to human 
VLA-4 (a&1), and LPAM-2 participate in lymphocyte binding to muco- 
sal postcapillary venules (245). Memory cells are subdivided into sub- 
populations that are biased to home to nonlymphoid tissues related to 
the one in which they were originally stimulated (246), a behavior that 
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could serve to reencounter an antigenic insult (e.g., tissue-specific 
microorganisms) in the same (or a similar) anatomical location (20,232). 
The precise location (gut, lung, liver, skin, synovium, etc.) to which a 
memory cell homes is probably determined by an alphabet of multiple 
combinations of interacting pairs of molecules specifically expressed 
in determined tissues and T cell subpopulations. Thus, the integrin 
P ~ c x ~ ~ o  is specifically expressed on mucosal intraepithelial lympho- 
cytes (247).  In addition, differentially expressed isoforms of receptors, 
such as CD44, have been described to arise from alternative splicing 
(248).  

In contrast to memory T cells, blood-borne naive T cells 
(CD45RA+) preferentially cross a histologically distinctive postcapil- 
lary venule termed the high endothelial venule (HEV) that serves as 
the portal of entry into lymph nodes. Morphologically similar HEVs 
also exist in Peyer’s patches, tonsils, and inflammatory reactions, al- 
though they must be functionally different. B cells bind better to 
HEVs of Peyer’s patches, whereas T cells bind better to inguinal 
node HEVs and both bind equally well to inesenteric lymph node 
HEVs (249) .  i-IELs and mesenteric node lyniphoblasts bind with ex- 
quisite selectivity to Peyer’s patch HEVs and poorly if at all to lymph 
node HEVs (249).  In the lymph node, naive T cells mix with a minor- 
ity of memory cells during an 18- to 20-hr residency and make up the 
majority of T lymphocytes that recirculate via efferent vessels to the 
blood (20). The selective adhesion process between naive T cells and 
HEVs is guided by L-selectin (MEL-14; leukocyte adhesion mole- 
cule 1, LAM-1, LECAM-1; leu-8; TQ1) (250,25l), which interacts 
with a vascular addressin specifically expressed on HEVs of periph- 
eral lymph nodes. L-Selectin is expressed on naive resting T cells 
and is down-regulated on activated and memory T cells (252,253). 
The molecule contains an ainino-terminal lectinlike domain (254) ,  
and mannose-containing compounds such as the phosphomannan 
monoester core from Pichin liolstii exopolysaccharide (PPME) or a 
PPME-derived pentasaccharide with terminal mannose-Bphosphate 
block the entry of fluorescence-labeled lymphocytes into lymph 
nodes at the lymphocyte level (254). In addition to L-selectin, CD31, 
a molecule that is also preferentially expressed on naive T cells, may 
participate in the interaction with HEVs (232). Naive T cells, newly 
exported from the mouse thymus, express the L-selectin homing re- 
ceptor for lymph node HEVs and recirculate via the lymph nodes to 
the blood (255). This traffic makes evolutionary sense, because these 
naive T cells thus get the chance to encounter specialized APCs in a 
lymph node that drains antigen from local tissues. 
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Anionic carbohydrate recognition via lectinlike receptors plays a 
role in lymphocyte traffic. Although the phosphomannan monoester 
core from P .  holstii preferentially blocks the entry of lymphocytes 
into lymph nodes, unphosphorylated mannan from yeast is more effec- 
tive in blocking lymphocyte entry into the spleen in uiuo. Pretreat- 
ment of lymphocytes before injection with either PPME or mannan 
suggests that PPME acts on the lymphocyte level (probably via L- 
selectin), whereas mannan acts at some other site (254). Interestingly, 
neither PPME nor mannan modifies the splenic localization pattern 
of fluorescence-labeled lymphocytes, whereas another carbohydrate, 
fucoidin (a sulfated polysaccharide rich in L-fucose), displaces fluo- 
rescent lymphocytes from the periateriolar lymphocyte sheath into 
the marginal zone region and red pulp of the spleen (254). After neur- 
aininidase treatment lymphocytes are retained in the liver because 
they are targets for the hepatic asialoglycoprotein receptor (256). 

In synthesis, it appears that multiple receptors expressed on lym- 
phocytes interact with a suitable set of complementary ligands on 
specific endothelial cells. Although none of the molecules implicated 
in lymphocyte trafficking is highly selective, the interplay (activa- 
tion) between lymphocytes and endothelium, as well as cross-talk 
among the receptors, might refine the regulation of adhesion. Thus, 
specificity does not arise from high selectivity on the part of individ- 
ual receptors but from the coupling of multiple adhesion molecules 
in a variety of ways (257) .  Also, the fact that adhesion receptors may 
be expressed in alternatively spliced isoforms [e.g., CD44 (248) and 
various integrins; reviewed in Ref. 2581 or may differ in the extent of 
N-linked carbohydrate processing (e.g., ICAM-1 (259) may contribute 
to this combinatorial diversity. 

In view of the capacity of endothelial cells to present antigen and 
to trigger the TCRs during a first attachment phase, it is possible that 
antigen specific mechanisms participate in the extravasation of T 
lymphocytes (230,260). TCR-mediated signaling may change the ad- 
hesive properties of the integrin LFA-1 (233), a molecule that is in- 
volve in the trafficking to peripheral lymph nodes and Peyer’s 
patches. This might be important in the local accumulation of 
pathogen-reactive T cells and could have some importance in the 
extravasation of myelin basic protein-specific T cells that initiate de- 
myelinating lesions in experimental allergic encephalitis, a rodent 
model of multiple sclerosis. 

C. LOCAL SELECTION 

Transfer of splenic T cells into syngeneic nude recipients results in 
an expansion of these T cells. The Vp repertoire recovered from the 
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spleen of such reconstituted nude mice is very similar to that of the 
injected cell population, even when FACS-sorted populations en- 
riched or deleted in T cells expressing a defined Vp gene product are 
used as a source of donor cells (261). This could suggest that the 
composition of the splenic alp T cell repertoire is dictated by the 
influx of T cell progenitors rather than by local selection processes. 
In sharp contrast, transfer of adult splenic B cells into the peritoneum 
leads to a change in the local repertoire (relative increase of VHJ558, 
V ~ l l ,  S1-7, and X24) that mimics the repertoire of B cells normally 
present in the peritoneal cavity of untreated mice (203). It is also 
tempting to invoke local selection processes in view of the fact that B 
and T lymphocytes expressing transgenic and endogenous antigen 
receptors are unevenly distributed in the peripheral immune system. 
Thus, B cells that evade allelic exclusion and express endogenous 
immunoglobulins in mice carrying p or ( p  + K )  transgenes represent 
a small percentage of bone marrow cells, a larger fraction of resting 
surface IgM' B cells in the spleen, and constitute the majority of 
immunoglobulin-secreting splenic B cells (262,263) and a even 
higher percentage of peritoneal B cells (136). The same peritoneal 
predilection in endogenous gene expression is observed in mice car- 
rying TCR alp or IgD heavy chain transgenes (136) (Table V). These 
findings could suggest a positive selection in favor of cells expressing 
endogenous gene products, although transfer experiments will have 
to confirm this hypothesis. 

At the local level, tissue-specific antigens may be important in se- 
lection processes. Thus, the high frequency of antigen-specific lym- 
phocytes present at the site of an immune response may be partially 
attributed to selection processes. It has been shown that splenic cells 
from transgenic mice bearing an alp TCR recognizing the male- 
specific H-Y peptide give rise to a different repertoire when 
adoptively transferred to male or female recipients. Thus, cells ex- 
pressing endogenous a gene products preferentially expand in the 
spleen of female mice, whereas male-specific T cells (expressing 
both the transgenic p and a chains) were selected positively in male 
animals (135,264). Similarly, positive selection of self-MHC restric- 
tion occurs not only in the thymus, but also extrathymically, as shown 
by transfer experiments involving nude recipients (265). In addition, 
several authors have described negative selection (clonal deletion) 
that is not a prerogative of the central sites of lymphocyte differentia- 
tion, but that also occurs in peripheral locations, e.g., in athymic mice 
in response to retroviral or bacterial superantigens (266-271). Clonal 
deletion has also been suggested to occur in transgenic mice ex- 
pressing neoautoantigens in peripheral locations, e.g., an H-2Kh 
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transgene ( 1 1 1 )  or a hybrid transgene consisting of the a1 and a 2  
domains of the QlO gene and the a3 transmembrane and intracy- 
toplasmic domains of H-2Ld selectively expressed in hepatocytes un- 
der the control of the albumin promoter (272). Thus, local superan- 
tigens as well as conventional peptidic antigens may modulate the 
lymphocyte repertoire. 

In addition, the function of antigen-presenting cells, differences in 
the composition of the extracellular matrix, and local mediators may 
determine the selective expansion or depletion of predetermined 
lymphocyte subpopulations, as will be discussed in the following 
sections. 

1 .  Antigen-Presenting Cells 

The antigen-specific interaction between T cells and antigen- 
presenting cells has been compared in its complexity with mating 
rituals (273) inasmuch as a bilateral exchange of signals that over- 
comes repulsion and enforces adhesion finally leads to the excitation 
of both partners of the ritual, not only the lymphocyte, but also the 
opposing APC. The interaction between T cells and APCs involves 
at least four different molecule couples [MHC I/II-CD4/8, 
CD58(LFA3)-CD2, CD54(ICAM)-CDlla(LFAl), and B7/BB1- 
CD281 whose roles are distinct from the interaction between the 
TCR and the presented antigen (274), and further interacting pairs of 
molecules remain to be discovered. 

Both the antigen-presenting and the costimulatory capabilities 
vary, depending on the accessory cell type, namely B cells, mono- 
cytes, and dendritic cells from different anatomic localizations. To 
take up antigen, B lymphocytes take advantage of immunoglobulin 
molecules expressed on the surface, whereas macrophages rely on 
phagocytosis; conversely, dendritic cells have no efficient system for 
the concentration of antigen. In contrast to B cells and macrophages, 
dendritic cells constitutively display costimulatory activity for CD4+ 
T cells (274-276). Accordingly, dendritic cells are 10- to 50-fold more 
potent than monocytes or B cells in inducing T cell responses to a 
panel of superantigens and require lower doses than do other APCs 
to stimulate T cells (277) .  Dendritic cells are more efficient inducers 
of proliferation and cytokine secretion (IL-1, IL-2, and IFN-y) in all- 
ogeneic mixed lymphocyte reactions as compared to macrophages 
and B cells (278). These functional differences may reflect the spe- 
cialization of each type of antigen-presenting cell. Macrophages and 
B lymphocytes have to receive activation signals (bacterial walls, li- 
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popolysaccharide, mannan, glycans, etc.) to become costimulatory 
(279) and to present productively antigens from intracellular or extra- 
cellular pathogens, respectively. In contrast, dendritic cells, which 
may be specialized in the expression of viral antigens, display a con- 
stitutive costimulatory activity for Tkf1 cells. Accordingly, antigen- 
pulsed dendritic cells are capable of inducing antibody responses 
in vivo much in the same way as the native antigen, whereas anti- 
gen-pulsed low-density B cells only weakly prime mice in vitro 
(280). 

The functional capacity of macrophages or dendritic cells also de- 
pends on the site from which they have been isolated. In allogeneic 
mixed lymphocyte reactions, splenic macrophages are more stiniula- 
tory than peritoneal macrophages (278). Accordingly, macrophages 
located in different tissues differ in their phenotype. Monocytes and 
peritoneal macrophages express less sialadhesin than do splenic mar- 
ginal metallophils and subcapsular lymph node macrophages (281); 
exudate and resident peritoneal macrophages express different glyco- 
forms of macrosialin (282). Dendritic cells are also encountered in 
very different anatomic localizations (blood, interdigitating cells of 
the thymic medulla and T cell areas of the spleen and lymph nodes, 
Langerhans cells of the skin, intraepithelial cells of the airways, gut 
mucosae, bile ducts, and interstitial tissues) and differ in the expres- 
sion of adhesion molecules, Fc receptors, antigen-presenting capaci- 
ties, and stimulation of autologous mixed lymphocyte cultures (283). 
The capacity of antigen storage attributed to follicular dendritic cells 
that are found in the germinal centers of secondary lymph follicles 
was discussed above. Such cells can take up antigen in the form of 
immune complexes and MHC class II-peptide complexes and can 
conserve nondenatured antigen for long periods, thus contributing to 
the maintenance of immunological memory. 

Tissue-specific “nonprofessional” (i.e., not bone marrow derived) 
antigen-presenting cells, e.g., MHC class II-expressing enterocytes 
of the small intestine (284), as well as keratinocytes (which express 
class I1 after stimulation with, for example, IFN-y) (285) may exert 
important tolerizing functions by causing an abortive activation of 
specific T H  cells and a concomitant anergic state, given that co- 
stimulatory signals provided by “professional” antigen-presenting 
cells (activated B cells and macrophages as well as dendritic cells) 
for complete and productive activation of T cells are not deliv- 
ered by epithelial cells. Accordingly, class 11’ hapten-modified ker- 
atinocytes induce specific immune tolerance when injected in uiuo 
(285). 
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2. Cell-Matrix lnteractions 

The intricate interplay between lymphocytes and the intercellular 
matrix may constitute an additional regulatory factor in cellular acti- 
vation. Thus, the interaction of the extracellular matrix protein fibro- 
nectin with VLA-5 receptors (a&1 integrin) on CD4+ T cells induces 
the IL-2 gene transcription factor AP-1 (286), and the a,& integrin 
(ligands are vitronectin, fibronectin, osteropontin, and collagen) has 
been identified as a receptor of costimulatory signals in y /6  T cells for 
IL-4 production (287). Collagen mediates costimulation via CD26 
(288) and VLA-3. Laminin and fibronectin costimulate via VLA-3, 
VLA-4, VLA-5 (only fibronectin), and VLA-6 (only laminin), respec- 
tively (289-291). At least two ectoenzymes may serve as costimulator 
receptors on T cells. Antibodies recognizing CD26 (previously 
THAM, Tp 103, or F7, identical with the dipeptidyl peptidase IV) 
and another glycosyl phospatidylinositol-anchored protein, CD73 
(ecto 5’-nucleotidase), potentiate submitogenic signals provided by 
anti-CD2 or anti-CD3 stimulation (292,293). Possibly, ectoenzymes 
serve as cell-matrix interaction molecules that enhance activation 
signals via conventional pathways at the time they modify the compo- 
sition of the extracellular milieu. Thus, CD26 binds collagen and 
provides costimulation in a anti-CD3 mAb-mediated proliferation 
system (288). As detailed above, multiple molecules expressed on the 
surface of lymphocytes receive signals either from bystanding APCs 
or from matrix molecules. It may be anticipated that these costimula- 
tory signals may especially promote the survival or expansion of de- 
termined lymphocyte subsets. 

A requirement for combined diffusible (cytokine) and nondiffu- 
sible (matrix) signals may be an important mechanism for localizing 
the responses of cells (294). The fact that certain cytokines may be 
produced in matrix-bound or cell surface-bound forms, in addition to 
the diffusible form, may contribute to the compartmentalization of 
cytokine responses. This is the case for the platelet-derived growth 
factor (295) and the differentiation-inhibiting activity/leukemia in- 
hibitory factor (LIF) (296) that may be generated in isoforms built up 
by different chains (PDGF-A and PDGF-B) or forms, depending on 
alternate promoter use (LIF). The relevant isoforms of LIF and 
PDGF-B, as well as fibroblast growth factors (FGFs) (297) and mem- 
bers of the transforming growth factor /3 (TGF-P) family (298), are 
captured by extracellular proteoglycans that, in turn, differ in their 
growth factor specificity. Thus, heparan binds FGF, LIF, IL-3, gran- 
ulocyte-macrophage colony-stimulating factor, and several members 
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of the intercrine family, whereas P-glycan and decorin bind TGF-P 
(299,300). In addition to passively adsorbing cytokines, thus limiting 
their diffusion, the extracellular matrix has been postulated to store 
information in the carbohydrate moieties of its macromolecules, 
which would reflect a relatively stable engram of past metabolic ex-  
periences and could influence lymphocytes via relevant lectinlike 
receptors (294,302). 

3. Cytokines 

Together with cell- or matrix-mediated signals, cytokines form part 
of a complex cellular signaling language in which individual factors 
are the equivalents of an alphabet or code (302). Cytokines, soluble 
(glyco)proteins, nonimmunoglobulin in nature, are released by living 
cells of the host and act nonenzymatically in picomolar to nanomolar 
concentrations to regulate host cell function (294). In physiological 
conditions they function as auto- or paracrine, not endocrine, factors. 
The temporal and spatial limitation of the production, permanence in 
the microenvironment, and target cell responsivity of T helper cell- 
derived cytokines is of special importance, because lymphokines 
transduce antigenic triggers-which depend on specific recognition 
events involving the polymorphic TCRs-into monomorphic signals 
that exert local immunostimulatory and proinflammatory effects. 
Stringent control mechanisms intervene in the response to, as well as 
the production and bioavailability of, cytokines. First, the production 
of these mediators is subject to specific regulation, in which the stim- 
ulated T cell not only has to receive triggers via the TCR, but has to 
integrate a variety of costimulatory and antagonistic signals from the 
microenvironment. Second, their effects are topographically re- 
stricted in an autocrine or paracrine fashion due to directed secretion 
into the intercellular space formed between interacting cells, local 
adsorption by cytokine receptor-bearing cells, and rapid elimination 
from the circulation [half-lives of 3-8 niin for IL-1, IL-2, IL-6, and 
tumor necrosis factor (TNF), respectively (303-305) 3.  Third, the 
competence to respond to cytokines depends on the activation state 
of the target cell and responses are subjected to a postreceptive con- 
trol (306,307). Interestingly, soluble cytokine receptors that are se- 
creted in a regulated fashion, e.g., that for TNF, may serve as trans- 
port proteins, stabilizing the structure of the relevant mediator and 
preserving its activity (308). Thus, soluble cytokine receptors could 
subserve an immunoregulatory function by augmenting the half-life 
of cytokines. 
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According to the lymphokine production pattern, murine and hu- 
man T helper cells may be grouped into several classes (THO, T131, 

TH2, THX) (309,310) that show an uneven tissue distribution (zjide 
supra). To a certain extent lymphokines produced by a specific T H  
subpopulation enhance the differentiation of their producers in a 
positive-feedback loop, a feature that may favor the local accumu- 
lation of a specific TI, type. Thus, IL-4 induces the differentiation of 
TH cells to the T H ~  type (which secrete IL-4, IL-5, and IL-10); IFN-y 
induces differentiation to TIix cells (producing predominantly 
IFN-y) (16). This may ensure that a community of neighboring T 
cells collectively react to their own signal to differentiate into the 
same direction. In addition, TI31 cells (which produce IL-2, IL-2, and 
IFN-y) and T H ~  cells exhibit a mutual antagonism based on their 
specific products, IFN-y and IL-10, respectively (309,31 I), thus help- 
ing to increase local inhomogeneities in the distribution of both sub- 
sets. Glucocorticoids and prostaglandins of the E series (PGE), as 
well as other substances that increase intracellular CAMP levels, 
skew T H ~  to T H 2  responses (27,312). 

As mentioned above, the presence of predetermined B cell popula- 
tions may be correlated with certain lymphokines locally produced in 
the tissue, a finding that can be accommodated in the context that 
IL-4 favors isotype switching to y l  and E ;  IFN-y to y2a; and TGF-0, 
to a. 1L-2 enhances the production of IgM, and IL-5 and IL-6 en- 
hance that of IgA. Thus, the fact that T H ~  cells (producing IL-4, IL-5, 
IL-6, etc.) occur more frequently in mucosal than in nonniucosal lym- 
phoid tissues could be correlated with the selective production of 
secretory IgA. The mutual antagonism of Tk11 and T112 cell lympho- 
kines on the production of IgE correlates with the elevated local 
presence of T H ~  cells in IgE-mediated allergies (313,314). 

Cytokines may also be important as chemoattractants for different 
lymphocyte subclasses, e.g., IL-2 and various members of the inter- 
crine family [IL-8 and the molecules RANTES, human macrophage 
inflammatory protein-la (HuMIP-la) and -1p (HuMIP-lp), which at- 
tract memory, cytotoxic, and virgin T cells, respectively] (315). In 
addition, cytokines may regulate the expression of adhesion mole- 
cules on vascular endothelia. Resting endothelium expresses few 
ICAM-1 and no VCAM-1 and ELAM-1. All three molecules are rap- 
idly induced by IL-10 and TNF. IFN-y specifically upregulates 
ICAM-1, whereas IL-4 induces VCAM-1 and downregulates the ex- 
pression of ICAM-1 (316). Thus, T cell adhesion to endothelium, the 
first step in T cell extravasation, may be regulated by cytokines. Simi- 
larly, TNF-a has been recently reported to induce the expression of 
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VCAM-1 and ICAM-1 on human neural cell lines (317), a phenome- 
non that might facilitate the attachment of pathogenic autoreactive T 
cells to neural cells in autoimmune diseases of the central nervous 
system. 

As summarized above, several local factors influence the selec- 
tion of a particular local lymphocyte population: (1) the antigenic 
composition of the tissue, (2) the antigen-presenting function of spe- 
cialized cells, (3) particular features of the intercellular matrix, and 
(4) the presence of soluble mediators. Local selection and induction 
processes, together with differential extravasation pattern and 
lineage-determined differences, account for the inhomogeneity of 
lymphocyte distribution. 

V. The Significance of Compartments 

A. SPECIALIZED FUNCTIONS 
Although the immune system has been called our “mobile brain,” 

it appears that many properties of the system reside in the function of 
sessile lymphoid and nonlyinphoid cells. As will be recapitulated in 
this section, the topography of interactions between immune cells 
and the microenvironment contributes an additional dimension to 
the function of lymphocytes that are specialized in function and spe- 
cific in antigen recognition. 

Naive T lymphocytes and “virgin” B cells circulating in the blood 
patrol the body and migrate through different tissues until they are 
activated in an antigen-specific fashion and acquire a memory pheno- 
type with different migratory and functional characteristics. Thus, for 
instance, B cells that have been stimulated to switch to IgA produc- 
tion after local stimulation in Peyer’s patches of the gut migrate to 
mesenteric lymph nodes and recirculate via the thoracic duct and the 
blood to different mucosal tissues in order to differentiate locally into 
IgA-producing plasma cells (140) .  In the lymph node, lymph follicles 
constitute a particular meeting point between locally drained anti- 
gen, T helper cells, and T-dependent B cells, as well as specialized 
dendritic cells that retain antigen-MHC and antigen-antibody com- 
plexes as a substrate of immunological memory. The spleen contains 
a reservoir of lymphocytes and is dedicated to the purging of old and 
mutated cells of the erythroid, myeloid, and lymphoid lineages, thus 
it constitutes a terminal differentiation organ for T and B lympho- 
cytes. Epithelium-associated T lymphocytes bearing a restricted or 
monomorphic repertoire specific for self-peptides may exert a senti- 
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nel function, detecting damage to relevant epithelial cells (keratino- 
cytes, enterocytes, and respiratory epithelial cells), thus alarming lo- 
cal and systemic defenses via the production of cytokines and 
possibly participating in the elimination of damaged cells. Moreover, 
these epithelia may recapitulate the association of T cells with thy- 
mic epithelium that is important in the induction of nondeletional 
tolerance (84), as well as in the maturation of T cell precursors. The 
particular lymphokine secretion profile of intestinal IELs and lamina 
propria lymphocytes may support the production of secretory IgA and 
influence the behavior of local lymph follicles. The peritoneum 
serves as a reservoir of CD5+ B cells, which may participate in reper- 
toire selection and secrete polyreactive antibodies, involved in the 
first line of defense against infectious microorganisms (uide supru). 

Thus, each compartment arranges a specialized microanatomy with 
a different lymphocyte typology to achieve an optimal functional out- 
put. It may be anticipated that the restriction of predetermined 
lymphocytes to different compartments moreover allows for the 
refinement of the immune function. In the same way that it is difficult 
to conceive a nervous system built up by mobile circulating neurons, 
the spatial organization of immune structures can be expected to con- 
tribute to the “intelligence” of the system. 

It can be anticipated that the limitation in lymphocyte recir- 
culation, which obviously is a requirement for the maintenance of an 
inhomogeneous distribution, will lead to a partial fragmentation of 
immunoregulatory circuits. Immunoglobulins, l ike hormones, are 
well distributed in the organism; they are absent in only a few areas 
that also are free of lymphocytes and thus could be involved in a 
ubiquitous idiotype-dependent immunoregulation. In contrast, cell 
contact-dependent regulatory events, e.g., the cooperation of T cells 
with B cells, the stimulation or silencing of specific T lymphocytes 
by professional or nonprofessional antigen-presenting cells, as well 
as different T-T interactions, will be dictated by the local distribu- 
tion of lymphocytes and accessory cells. It thus becomes conceivable 
that a local immune reaction might become uncoupled from a 
contact-dependent regulatory mechanism that is operative at another 
site. Along the same line, immunoglobulin-mediated selection of T 
cell repertoires may be expected to have a high systemic impact. 
Thus, it has been extensively shown that antibodies specific for idio- 
types, VH isotypes, or allotypes stimulate or suppress specific T cell 
responses (318). The best evidence for the selection of T cell reac- 
tivities by antibodies has been obtained by comparing TCR reper- 
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toires in the absence or presence of B cells and immunoglobulins. 
T cell clonotypes expressed in B cell-deprived mice are different 
from those available in normal individuals (319,320). Depletion- 
reconstitution experiments directly support the interpretation that 
TCR repertoires available in normal individuals are positively se- 
lected and expanded by B cells or immunoglobulins and that this 
selection occurs mostly during the first 4 weeks of age in mice (321). 
Experiments aiming at the characterization of the B cells implicated 
in the selection of TCR repertoires have also been performed 
(322,323) and suggest that peritoneal CD5+ B cells as well as acti- 
vated splenic CD5- B cells from normal donors, but not from athymic 
nude mice, are competent. It seeins therefore that the pool of immu- 
noglobulins patrolling the organism not only provides a first line of 
defense against infectious agents but also establishes a common link 
among different lymphoid compartments (188). 

B. SITE-DEPENDENT TOLERANCE 

According to the specialized milieu, tolerance induction obeys dif- 
ferent rules. This is not only true for the expression of (neo)self- 
antigens in the thymus or bone marrow (as opposed to the periphery), 
but also concerns different peripheral compartments. Apparently, the 
same antigen expressed in different tissues may elicit diverging types 
of peripheral tolerance. 

In double-transgenic mice, T cells expressing a transgenic H-2K" 
(MHC class 1)-specific alp TCR have been confronted with a (neo)au- 
toantigen expressed in five different extrathymic localizations, 
namely, under the control of the promoters for the rat insulin pro- 
moter (beta cells of the endocrine pancreas), p-globulin (erythroid 
lineage), glial fibrillary acid protein (GFAP) (cells of neuroectoder- 
ma1 origin, i.e., brain and autonomous ganglia), albumin (hepato- 
cytes), or 2.4-kb keratin IV (epithelial cells from hair root sheaths and 
tongue epithelium). In each case, a different profile of extrathymic 
tolerance was observed. In TCR XGFAP K" mice, a large proportion 
of Thy-l+ splenocytes and lymph node cells downmodulates TCR 
and CD8 molecules, which are rescued by i n  witro stimulation with 
K"+ splenocytes in the absence of IL-2. In contrast, in TCR x al- 
bumin K" mice, which also lack clonotype-positive T cells in the 
periphery, the clonotype-negative CD8- cell could not be activated 
in uitro, suggesting permanent downregulation. No reduction in 
clonotype-positive CD8+ T cells was observed in TCR x 2.4-kb keratin 
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IV K b  mice, although such animals are tolerant to Kb+ skin grafts. Cu- 
riously, in this case the clonotype-positive CD8+ T cells were fully 
responsive in vitro (84). In another series of experiments, transgenic 
mice expressing a Kh-specific TCR were mated with animals ex- 
pressing H-2Kb under the control of the rat insulin promoter. Again, 
cells expressing the transgenic ‘TCR plus CD8 persisted in the pe- 
riphery, although the mice were tolerant to H-2K” (324). Finally, 
transgenic mice carrying H-2Kb linked to p-globulin gene transcrip- 
tional control elements, which direct erythroid lineage-specific ex- 
pression, exhibit a phenotype of tolerance, whereas H-2Kh-specific 
proliferative responses remain intact, but cytotoxic in vitro responses 
are abolished even in the presence of IL-2 (325). 

These findings show that, depending on the site of autoantigen 
expression, but independent of the nature of the antigen, different 
self-tolerance-preserving mechanisms may guarantee postthymic 
nonresponsiveness of potentially autoaggressive T cells, namely, 
functional deletion, reversible downregulation of CD8 and the alp 
TCR, selective loss of the cytotoxic function of T effector cells, or 
postdeletional/postanergy types of tolerance. The finding that an an- 
tigen that is expressed exclusively in the nervous system will induce 
immunological tolerance contradicts previous ideas on antigenic se- 
questration; at the same time these results argue against the exis- 
tence of immunologically privileged sites. It is intriguing that the 
same molecule expressed in different tissues induces disparate types 
of tolerance. Future studies will address the respective contribution 
of antigenic load and tissue-specific antigen presentation to this phe- 
nomenon. 

Recently it has been shown that fluids from immunologically privi- 
leged sites, for example, aqueous humor from the anterior chamber of 
the eye, cerebrospinal fluid from the subarachnoid space of the cen- 
tral nervous system, and amniotic fluid from the fetoplacental unit 
within the pregnant uterus, contain significant levels of transforming 
growth factor p2 (TGF-P2) (326). TGF-P is a predominantly immuno- 
suppressive cytokine that suppresses the IL-1- (327), IL2-, and IL-4- 
dependent proliferation of T cells (328), inhibits the production of 
TNF and IL-1 as well as IL-2 mRNA accumulation (329), and sup- 
presses experimental autoimmune diseases in vivo (330,331). 
Antigen-pulsed macrophages that are exposed in vitro to aqueous 
humor, cerebrospinal, or amniotic fluid present antigens in a deviant 
manner and suppress antigen-specific delayed hypersensitivity in 
vivo, an effect that can be blocked by TGF-&specific antibodies 
(326). Thus, three immune privileged sites (eye, brain, and feto- 
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placental unit) are bathed in biological fluids that are endowed with 
immunosuppressive (at least partially TGF-@-mediated) properties. 
Decidual large granular lymphocytes are NK-like cells that might 
control trophoblast invasion into the uterus wall (332) and that re- 
lease a TGF-pe-related suppressor factor (333). Recent evidence in- 
dicates that this cytokine may also be involved in the regulation of 
oral tolerance. Oral administration of myelin basic protein (MBP) 
prevents subsequent induction of experimental autoimmune enceph- 
alitis (EAE) by MBP immunization. In transfer experiments, disease 
prevention is mediated by CD8+ T cells that are capable of producing 
TGF-P1 on stimulation with MBP in vitro. Antibodies specific for 
TGF-@1 abrogate the protective effect of oral tolerization to MBP in 
EAE and provoke an aggravation of the disease when injected into 
nontolerized EAE animals (334).  Thus, TGF-/3 that is contained in 
certain biological fluids or is produced by specific lymphocytes might 
be an important tolerance-mediating cytokine. 

An unresolved problem concerns lymphocytes that have been se- 
lected in situ (and are only tolerant against the set of tissue-specific 
and housekeeping peptides that are locally present) and thus would 
have a certain chance to be specific for self-antigens present in other 
sites. It remains an open question whether a failure of the mecha- 
nisms that hinder such cells from recirculating or the disruption of 
barriers between compartments may contribute to the development 
of autoimmune diseases. It can be speculated that the control of T 
cell homing might constitute a fail-safe mechanism preventing un- 
warranted autoaggressive responses (59,335). To initiate an autoim- 
mune response, a T cell would have to fulfill a series of require- 
ments: (1) it must express a TCR specific for the relevant autoantigen, 
(2) belong to a subclass of T lymphocytes with proautoimmune 
potential (e.g., cells capable of producing IL-2 and other cytokines), 
(3 )  respond in a productive fashion to the antigenic peptide-MHC 
complex while receiving a complete set of costimulatory signals (i.e., 
the cell must not have been exposed to previous anergizing or immu- 
nosuppressive signals), and (4) last but not least it should express the 
appropriate adhesion receptors that will allow for migration to the 
tissue containing the relevant autoantigen. If this premise is correct, 
then it must be concluded that a tight control of lymphocyte migra- 
tion reduces the probability of autoimmune disease development at 
the time that it allows for the maintenance of distinct immunological 
compartments. In addition, blockade of the specific homing of T cells 
to a predetermined site might be taken advantage of in the 
prevention (336) or therapy of autoimmune diseases. 
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VI. Summary 

The periphery of the immune system-as opposed to the central 
lymphoid organs-contains inhomogeneously distributed B and T 
cells whose phenotype, repertoire, developmental origin, and function 
are highly divergent. Nonconventional lymphocytes bearing a pheno- 
type that is rare in the blood, spleen, or lymph nodes of undiseased 
individuals are encountered at high frequency in different localiza- 
tions, e.g., alp TCR'CD4-CD8- cells in the bone marrow and gut 
epithelium, particular invariant y /6  TCR+CD4-CD8a+CD8@- and 
y / 6  TCR+CD4-CD8a-CD8P- T cells in various epithelia, or CD5+ B 
cells in the peritoneum. The antigen receptor repertoire is different in 
each localization. Thus, different yl6 TCR gene products dominate in 
each site, and the proportion of cells expressing transgenic and endog- 
enous alp TCR and immunoglobulin gene products follows a gradient, 
with a maximum of endogenous gene expression in the peritoneum, 
intermediate values in other peripheral lymphoid organs (spleen, 
lymph nodes), and minimum values in thymus and bone marrow. 
Forbidden T cells that bear self-superantigen-reactive Vp gene prod- 
ucts are physiologically detected among alp TCR+CD4-CD8- lym- 
phocytes of the bone marrow, as well as in the gut. Violating previous 
ideas on self-tolerance preservation, self-peptide-specific y /6  T cells 
are present among intestinal intraepithelial lymphocytes, and CD5+ B 
cells produce low-affinity crossreactive autoantibodies in a physiologi- 
cal fashion. It appears that, in contrast to the bulk of T and B lympho- 
cytes, certain y /6  and alp T cells found in the periphery, as well as most 
CD5+ B cells, do not depend on the thyinus or bone marrow for their 
development, respectively, but arise from different, nonconventional 
lineages. 

In addition to divergent lineages that are targeted to different organs 
guided by a spatiotemporal sequence of tissue-specific homing recep- 
tors, local induction or selection processes may be important in the 
diversification of peripheral lymphocyte compartments. Selection may 
be exerted by local antigens, antigen-presenting cells whose function 
varies in each anatomical localization, cytokines, and cell-matrix in- 
teractions, thus leading to the expansion and maintenance of some 
clones, whereas others are diluted out or deleted. The spatial com- 
partmentalization of lymphocytes in different microenvironments has 
major functional consequences and leads to a partial fragmentation of 
immunoregulatory circuits at the local level. Lymphocytes residing in 
certain antigen-exposed compartments are likely to combat tissue- 
specific pathogens or self-proteins. In addition, specific microenviron- 
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ments may be important for T and B cell cooperation, the storage of 
antigen and immunological memory, and the establishment of immu- 
nological tolerance to self-antigens or to the harmless non-self (e.g., 
alimentary compounds). The division of the immune system into dif- 
ferent microenvironments is likely to augment the complexity of the 
organization of the system. Future investigation will unravel whether 
aberrations in the mechanisms that create and maintain immune com- 
partments may contribute to the pathogenesis of autoimmune diseases. 
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1. Introduction 

The concept of immunological memory germinated from some of 
the fundamental observations on immunity. It was realized from an- 
cient times that individuals who survived a disease seldom suffered a 
second infection. In fact, deliberate inoculation with material from 
smallpox scabs was practiced over three centuries ago in China and 
India, and later in Great Britain. This practice was superseded b y  
vaccination following the observations of Jenner and Pasteur, al- 
though the basis for the immune protection was not understood. After 
the 1920s, it was discovered that antibody responses to an antigen 
could be of a primary or secondary nature, depending on whether the 
challenged animal was immune (1,2). Some types of secondary re- 
sponses were also referred to as anamnestic (from the Greek anamne- 
sis, remembrance). Later, immunological theory was invoked to ex- 
plain the immune system’s “memories” of previous infections. In 
reference to the enhanced secondary response to a preencountered 
antigen, Burnet and Fenner stated that “the changed capacity to re- 
spond is transmitted to cells descended from those in which it was 
induced” (2). Later, Burnet proposed in his clonal selection theory 
(3)  that the secondary response might be accounted for by a greatly 
increased number of clonally expanded, antigen-reactive cells. The 
notion arose that memory might also be harbored by special memory 
cells ( 4 ) .  Sercarz and colleagues (5,6) in 1965 proposed in their 
X-Y-Z model of immunocyte maturation that X was the first antigen- 
sensitive cell, which on stimulation converted to a memory (Y) cell, 
and further stimulation resulted in terminal differentiation to effector 
plasma cells (Z). These authors also suggested other schemes for the 
establishment of memory (6). For instance “asymmetric division” 
could generate both memory cells and effector (plasma) cells. An- 
other suggestion was that memory was somehow a product of the 
terminal Z cells, either through their persistence, or through their 
transformation back to a Y-type memory cell. A 1971 review on im- 
munological memory by Celada ( 7 )  discussed the merits of these 
models and recounted many of the early observations relating to the 
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features and possible nature of memory. Essentially the same models 
exist today, testimony to the slow progress and controversial nature of 
immunological memory. 

Irrespective of its nature, immunological memory provides for con- 
siderable protection and enables an organism to benefit from experi- 
ences with its antigenic environment. Memory is a phylogenetically 
conserved and fundamental feature of vertebrate and invertebrate 
immune systems. In human medicine, the ability to produce memory 
to killed or attenuated pathogens has enabled protection against nu- 
merous diseases. Indeed, the humanitarian and financial benefits that 
have resulted from vaccination programs are presently the most obvi- 
ous fruits of immunological research. 

A number of recent advances have brought the enigma of immuno- 
logical memory to the closer attention of immunologists. Many of the 
cell surface molecules on lymphocytes have been identified by 
monoclonal antibodies (mAbs), which has enabled the phenotyping 
and subdivision of T and B cells into numerous subsets. Moreover, 
the life span, function, and migration properties of these different 
subsets are being reappraised. Which of these subsets are responsi- 
ble for memory, and how is memory maintained? This review will 
assess current knowledge on T and B cell memory, and also the func- 
tion, life span, and migration of different T and B cell subsets and the 
relevance of these properties to memory. 

II. longevity and Maintenance of Immunological Memory 

A. OBSERVATIONS ON THE LIFE SPAN OF IMMUNOLOGICAL MEMORY 

It is generally considered that immunological memory can last for 
many years. There are many examples in humans of secondary im- 
mune responses to previously encountered antigens occurring 10 
years or more after primary infection (8,9). One classic example is the 
outbreak of measles in the Faeroe Islands in the eighteenth and nine- 
teenth centuries. Successive epidemics were encountered on the is- 
lands in 1781, 1846, and 1875, and each epidemic affected only those 
who had not been infected previously and left untouched those who 
had (10). In addition, antibody to viruses such as yellow fever are 
detectable 50 years after infection (2) and, in mice, the persistence of 
high antibody titers following viral infection can last for a lifetime 
(1 1 ) .  Interestingly, immunity to some pathogens lasts a lifetime, 
whereas to other pathogens it is limited. In humans, immunity after 
infection with mumps or chicken pox is lifelong, whereas immunity 
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to tuberculosis and tetanus is of shorter duration. Nevertheless, infec- 
tion or immunization with most pathogens does produce long-lasting 
memory. 

Several variables affect the time span of immunological memory. 
The number and timing of immunizing boosts, the use of adjuvants, 
the dose of antigen, the route of injection, and the age of the animal 
all have a bearing on the longevity of memory (2). The properties of 
different antigens, and the immune responses to them, may show 
great variation. For instance, viral infections are usually acute and 
cleared within the space of days, but can become chronic because of 
persistence of the infection. Some antigens are retained in the body 
for long periods and so provide a continual stimulus, whereas other 
antigens are retained more transiently. Another factor that accounts 
for the variability in immunity to different pathogens is the frequency 
of natural reinfection. 

The duration of immunological memory may differ for the T and B 
cell systems. This was suggested by observations that, in some in- 
stances, T cell memory can be extremely short-lived (I]), i.e., after 
injection of virus into mice, virus titers rose and then fell within the 
first week and T cell responses showed a corresponding rise and fall, 
but with a delay of about 3 days. This was despite the persistence of 
high antibody titers. Moreover, in a recent review, Zinkernagel ( 1 1 )  
quoted many examples of short-lived or unremarkable T cell memory 
to viral infection. In contrast, other studies have shown that specific 
T cell memory can be long-lasting. In a study in mice, cytotoxic T 
lymphocytes (CTLs) specific for lymphocytic chorionieningitis virus 
(LCMV) were found to persist indefinitely after transfer to a second- 
ary, noninfected host (12), although a recent report claims that this 
persistence requires the presence of LCMV, a widely replicating vi- 
rus (12a). Memory T and B cells seem to be generated in different 
ways (discussed below), which probably accounts for the differences 
in persistence of memory found in these lymphocyte subsets. 

B. THEORIES ON How IMMUNOLOGICAL MEMORY IS GENERATED 
AND MAINTAINED 

There are two different mechanisms that might account for mem- 
ory. The conventional model holds that specialized, long-lived 
“memory cells” harbor memory. A second model assumes that mem- 
ory is critically dependent on continual stimulation by antigen, 
which results in the persistence of effector-type or activated clones. 
The necessity of antigen for the persistence of memory was a fashion- 
able idea in the 1970s (7,13-17) and recent experiments have given 
new credence to this model (18-21). A third possibility is that mem- 
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ory is derived from both persistent antigenic restimulation and long- 
lived cells (22); for different antigens, the relative contribution of 
either mechanism of memory might vary, perhaps relating to the ca- 
pacity of the antigen to be retained or reencountered. The evidence 
for the validity of these opposing mechanisms for persistence of 
memory is given below. 

1 .  Memory by Long-Lived Clonally Expanded Cells 

The enduring memory for infectious agents, lasting as long as 75 
years (2), led to the simple interpretation that this memory was main- 
tained by long-lived memory cells. The enhanced and more rapid 
response to reinfection was proposed to result from the increased 
frequency of antigen-reactive cells, which result from clonal expan- 
sion during the primary response. Using limiting dilution, many 
studies have shown that the frequency of antigen-specific cells in- 
creases up to 50-fold following primary immunization (23).  As dis- 
cussed below, the memory response results also from qualitative 
features of memory cells; nonetheless, the increased frequency of 
antigen-reactive cells does have a dramatic effect on the rapidity and 
efficiency of the immune response to an infectious agent (11). 

The relatively long life span of most lymphocytes (see below) fa- 
vors the notion that memory can be maintained through long-lived 
cells. However, the formal demonstration of long-lived, antigen- 
specific memory cells has been difficult. Using a technique to label 
dividing cells (see Section V,A), one study (24) showed that after the 
initial phase of proliferation following primary immunization, mem- 
ory B cells persisted in mice for long periods of time in the absence 
of cell division. Also, T cell memory to Mycobacterium tuberculosis 
in mice was long lasting, even when these mice were treated with 
cyclophosphamide or ionizing radiation, suggesting that immunity 
resulted from the presence of long-lived memory T cells (25). 

At what point in the immune response might long-lived memory 
cells be generated? Effector cells could undergo transformation to 
memory cells, or naive lymphocytes could take alternative differenti- 
ation pathways after antigen stimulation, either to effector cells or to 
memory cells. Commitment to either pathway might occur at the time 
of antigen priming, or at some stage before or after, and presumably 
would relate to microenvironmental signals. For T cells, it seems that 
effector cells do revert to smaller, resting memory T cells or persist as 
activated cells. Convincing evidence for this came from experiments 
in which antigen-driven effector T cell clones were transferred to 
adoptive hosts; they persisted for long periods in vivo and provided 
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immunological memory (12,26). Evidence that this long-term mem- 
ory is mediated by resting long-lived T cells is as follows. Cytolytic T 
lymphocytes have been observed to differentiate into smaller types 
of cells ( 2 7 ) ,  and T cell clones maintained in uitro become smaller 
and live for some months without dividing. The effector cell + mem- 
ory cell model is also consistent with phenotypic studies (see Section 
II1,A) that show that activated/effector T cells and memory-type T 
cells have a similar phenotype (i.e., CD45KO+, adhesion‘”). Memory- 
type T cells are smaller than effector cells but slightly larger than 
naive T cells. Memory T cell production in the course of primary 
stimulation has not been demonstrated, and to my knowledge, there 
is no evidence for the asymmetric production of effector and memory 
T cells. 

In contrast, memory B cells and effector B cells appear to develop 
by alternative differentiation pathways (28). Antibody-forming 
plasma cells produced after antigen challenge are terminally differ- 
entiated, whereas small IgG+ memory B cells still retain the capacity 
to differentiate to plasma cells at a later date (discussed in Section 
IV). One study suggested that the commitment by B cells either to 
primary antibody-forming cell clones or to memory B cells occurred 
even before encounter with antigen (28). 

2.  Maintenance of Memory b y  Constant Antigenic Restimulation 

The dependence of memory on persistent antigenic stimulation is 
an old idea (13-16) that never achieved wide acceptance, until some 
recent experiments strongly suggested its relevance (18-21). In the 
early studies, memory responses were found to decay quite rapidly 
following adoptive transfer of immune cells to syngeneic recipients 
(13). In more recent studies, memory B cells transferred to adoptive 
hosts in the absence of antigen decayed over a period of 12 weeks 
(19,21), whereas those transferred with antigen survived indefinitely 
(19). In these studies, strenuous efforts were made to ensure that 
antigen was not transferred along with lymphocytes. Gray (29) sug- 
gests that in the early studies in which a small element of long-term 
memory was observed, antigen might well have been transferred 
with the cells. A dependence on antigen appears to be necessary also 
for T cell memory. When primed T cells were transferred to adoptive 
hosts, both T helper responses and T cytotoxic responses decayed 
rapidly in the absence of antigen (18). These results favored a model 
whereby antigen-reactive cells must be restimulated constantly to 
ensure the survival of memory. 

Antigen restimulation of primed cells could be accounted for in 
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several ways. Follicular dendritic cells (FDCs) within primary folli- 
cles and germinal centers are one of the main antigen-trapping mech- 
anisms of the lymphoid system (30) and these cells also serve as a 
long-term depot for antigen (17). Antigen-antibody complexes are 
deposited on FDCs via Fc or C3 receptors. Antigen can be retained 
on FDCs in its native form for at least 1 year (17),  and constantly 
restimulate antigen-specific B cells and possibly T cells. If popliteal 
lymph nodes which contain retained antigen are removed from mice, 
there is a marked decrease in serum antibody levels ( 1 7 ) .  High anti- 
body titers in serum can last for the lifetime of the individual follow- 
ing viral infection (2,9,11), which suggests that plasma cells are con- 
tinually produced. Influenza-specific antibody-producing cells can be 
found in the lungs and spleens of mice up to 18 months after a pri- 
mary influenza infection (31). 

The sparse number of T cells in germinal centers indicates that 
maintenance of any form of T cell memory by constant restimulation 
is not from antigen stored on FDCs. It is possible that antigen from 
the FDC is transferred to B cells, and is then processed and pre- 
sented to T cells (32). It has also been suggested that once an im- 
mune response has occurred, long-lasting T cell memory is less criti- 
cal than long-lasting B cell memory. However, the requirement for T 
cell as well as B cell memory was demonstrated by the classic studies 
of Mitchison (33). Poor antihapten responses developed if the carrier 
used for the secondary stimulus differed from that used for the pri- 
mary stimulus. 

Mechanisms other than stored antigen on FDCs could provide the 
constant stimulus for B or T cell clones. One example is the capacity 
of many viruses to persist in the host despite an active immune re- 
sponse, for example, Epstein-Barr virus (EBV) and human immuno- 
deficiency virus (HIV). Hence, for at least some viral infections, the 
potential exists for constant restimulation. Also, certain viruses may 
integrate into the host genome and reemerge after a period of quies- 
cence. In one study, natural infection with influenza virus was found 
to protect individuals for about 5 to 6 years, whereas immunization 
with an inactivated whole virus vaccine provided protection for only 
1 year (34). It is generally recognized that live, attenuated viruses 
usually induce long-lasting immunity, whereas inactivated virus or 
synthetic peptides are generally poorer inimunogens. The tuberculin 
reaction in man, often used to exemplify the longevity of T cell mem- 
ory, sometimes wanes in individuals receiving antimycobacterial 
drugs (35). A recent study in mice using LCMV (a widely replicating, 
persisting virus) and a recombinant vaccinia virus with LCMV glyco- 
protein (a poorly replicating virus) showed that immunization of mice 
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with the former virus induced long lasting memory, whereas the lat- 
ter induced only poor memory unless very high doses were used for 
immunization (12u). 

Another possibility is that cross-reactive stimulation by other anti- 
gens maintains memory (20). Following priming with one antigen, a 
secondary-type immune response may result after challenge with a 
structurally related antigen. This effect has been referred to as “origi- 
nal antigenic sin” (36,37). Memory cells are more readily triggered 
by antigen than by naive cells (see below), so that lower affinity in- 
teractions or cross-reactive antigens might be adequate to restimulate 
memory cells. There is considerable evidence for cross-reactivity by 
T cell specificities. T cell clones specific for a given antigen, in the 
context of the self major histocompatability complex (MHC), can also 
recognize alloantigen (38), or peptide in association with various 
other MHC alleles (39). Malaria-specific T cell responses can be ob- 
tained from individuals who have no history of exposure to malaria 
(40,41). The T cells responsible for this natural “immunity” to ma- 
laria expressed the CD45RO memory phenotype (41,42), and 
malaria-specific T cell clones derived from such individuals showed 
a degree of cross-reactivity with other common pathogens, such as 
tetanus (42).  Studies by Zinkernagel (11) and co-workers and others 
(8) demonstrated that priming with one serotype of virus may lead to 
iininunity to other serotypes. 

There are claims that B cells at least can be primed and restim- 
d a t e d  by antiidiotypes. Theoretically, therefore, the idiotypic net- 
work could maintain immunological memory (43),  although this 
seems dubious. 

3 .  Muintenunce of Memory by Short-Lived and Long-Lived Cells 

Until recently, immunological memory was viewed in a biparti- 
san fashion; the traditionalists argued for long-lived memory cells, 
whereas the heretics stressed the need for the persistence of antigen. 
A case can be made for the operation of both processes. Celada and 
others noted in the early experiments ( 7 )  that following adoptive 
transfer of primed cells to syngeneic recipients, B cell memory de- 
cayed in a nonuniform fashion. Two phases were observed. In the 
first phase, decay was extremely rapid (t’12 = 15 days), whereas in the 
second phase, further decay took considerably longer (t’12 = 100 
days). The rapid early decline in memory could be due to death of 
activated cells, which failed to be restiniulated through lack of persis- 
tent antigen. The slow decline thereafter might be attributable to the 
gradual attrition of longer-lived memory cells. The evidence for the 
operation of a long-lived and a short-lived component of memory will 
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emerge in the following paragraphs. A pertinent issue relevant to 
memory life span, the life span of particular lymphocyte subsets, will 
be discussed below, following a description of memory function and 
precursor-product relationships among T and B cell subsets. 

111. The T Cell Immune System and Immunological Memory 

To understand how memory might be carried by T cell or B cells, it 
is necessary to distinguish phenotypically and functionally distinct 
subsets and to know how these subsets relate to each other. Unfor- 
tunately, precursor-product relationships within the T and B cell 
systems are poorly understood, particularly with regard to the devel- 
opment of memory cells. As discussed already, memory may result by 
different mechanisms, and so memory might be manifest by a num- 
ber of cell types in a differentiation chain. 

A. PHENOTYPIC IDENTIFICATION OF MEMORY T CELLS USING CD45 
AND OTHER MARKERS 

CD45 is an alternatively spliced molecule that is expressed in one 
form or another on all leukocytes (44) .  Alternative splicing of certain 
exons of CD45 yields different isoforms. The framework region of 
CD45 contains a tyrosine phosphatase in its cytoplasmic region, and 
on T cells probably interacts with the T cell receptor (TCR) in signal 
transduction (45). The ligands for the different CD45 isoforms are not 
fully elucidated, although it appears that certain isoforms may inter- 
act with other molecules within the plasma membrane (46,47) (see 
below). One isoforin, CD45R0, appears to serve as a ligand for the B 
cell adhesion molecule CD22 (48), although the significance of this 
interaction is not clear. 

Experiments and discussion on T cell memory over the past 5 years 
have been dominated by the notion that isoforms of CD45 identify 
naive and memory T cells. The initial studies in humans found that T 
cells could be divided into relatively distinct reciprocal populations 
based on expression of two isoforms of CD45, CD45RO (p180) and 
CD45RA (p220/205) (49-51). T cells that expressed CD45RA gener- 
ally expressed low levels of cell adhesion molecules. In contrast, the 
reciprocal population (CD45RO+) expressed increased levels of ad- 
hesion molecules, such as CD2, CDlla/CD18 (LFA-l), CD58 
(LFA-S), CD44 (Pgp-1), CD54 (ICAM-l), and a4, a5, a6, and /3l 
(CD29) integrins (Table I ) .  At first these two populations of T cells 
were proposed to represent functionally distinct “helper-inducer” 
and “suppressor-inducer” lineages (52), but then later it was sug- 
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TABLE I 
FUNCTIONAL AND PHENOTYPIC PROPERTIES OF CD45HOf, CD45RA’, AND EFFECTOR/ 

ACTIVATED T CELLS” 

Feature Effector/ Activated CD45RO CD45RA 

In uitro recall responses +++ +++ + / -  
Cell size Large Medium Small 

Expression of 
to small 

CD44, VLA-4,5,6, LFA-1, +++ + + +  ++ 

L-Selectin - +/- +++ 
CD27 - +/ -  + 
Fas ++ +/ -  
IL-2H, MHCII, ICAM-1 ++ +/- 
CD44 splice variants + 
CD26, CD69 ++ + I -  

IL-2 +++ +++ +++ 

CD2, LFA-3, CD29 

- 

- 

- - 
- 

Production of 

- IL-4, IFN-7, IL-3 +++ + 
“ See text for details and individual references. Some additional phenotypes for CD45HO’ T cells 

are listed in Table 11. For the sake ofsimplicity, soiiie ofthe information listed is a generalization. 

gested that these two subsets were maturation steps, represent- 
ing naive (CD45RA) and memory (CD45RO) T cells (49,5334). 
CD45ROf but not CD45RA+ T cells responded to recall antigens in 
uitru (49,5435). Activation of CD45RAf T cells with antigen or mito- 
gens resulted in a phenotypic change to CD45ROf, as well as in- 
creased expression of adhesion molecules, MHC class 11, and IL-2 
receptors (49,5334). The phenotype of activated T cells resembled 
the CD45ROf “memory” phenotype, except that CD45ROf T cells 
were smaller than activated T cells, although larger than CD45RAf T 
cells (49). It was assumed that CD45RO’ memory T cells developed 
from activated or effector T cells and were long-lived. 

Studies in mice also supported the idea that memory T cells could 
be distinguished phenotypically. The first studies employed CD44 
(Pgp-l), a ubiquitous molecule that functions in cell adhesion (56). 
Murine CD4 and CD8 T cells could be subdivided into CD44’” and 
CD44’” subsets. CD44’” T cells were found to be antigen-activated/ 
effector cells, or their progeny (23), and the increased frequency of 
antigen-reactive cells that occurs after immunization resided in the 
CD44hi subset (23,57). Many of these cells were small and noncy- 
cling, thus fitting the profile of a memory T cell. Subsequently, inAbs 
to the CD45RB isoform were used to distinguish functionally distinct 
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subsets of murine T cells (58-60), and it appeared that the pattern of 
CD45 isoform expression in the mouse was similar to that in the 
human. In the rat, a monoclonal antibody to the CD45RC isoform 
was used to distinguish functionally distinct subsets of T cells (61), 
although a comparison between the functional data for the rat and the 
human revealed inconsistencies (62). Perhaps one reason for this was 
that different isoforms were used to distinguish subpopulations of T 
cells in the different species. 

A strong argument against the assignment of CD45RO for memory 
and CD45RA for naive T cells has emerged following studies from 
three groups (63-65). In one, CD4+ CD45RC- T cells were 
adoptively transferred to athymic recipients. After some months, 
these T cells converted to CD45RC’ (63). Although the expression of 
the RC isoform on T cells in rats may not equate with T cell memory 
in the same way as does RA/RO expression on human T cells, this 
study suggested that T cells do interchange CD45 isoforms, and func- 
tional properties. In addition, studies in humans showed that T cell 
lines could reexpress the CD45RA isoform after a period of time in 
culture (64,65). It is noteworthy that the CD45RO isoform is ex- 
pressed on cortical thymocytes, indicating that T cells convert from 
RO+ to RA+ during their development in the thymus. Moreover, one 
of the main proponents of the “one-way conversion” model (49) has 
recently concluded that CD45 isoforms are indeed interchangeable, 
based on the cell kinetics of CD45RA+ and CD45ROf T cells (66) 
(see below). In sheep, we observed a small response by CD45RA’ 
cells to a recall antigen in vitro compared with an unseen antigen 
(67) ,  suggesting that some form of memory existed in this population. 
A study in mice also concluded that a component of T cell memory 
existed in the CD45RA+ subset (68). It is therefore likely that 
CD45RO marks activated/effector T cells and their progeny, and 
these cells may then revert to CD45RA+ resting T cells at a sub- 
sequent stage. Thus CD45RO expression may correlate more closely 
with cell activation or division, rather than with memory (22). 
CD45RA+ T cells might contribute to memory responses, most likely 
through their increased frequency rather than through hyperrespon- 
siveness (as pertains for CD45RO+ T cells; see below). Perhaps 
CD45RA-type memory T cells are more important for pathogens or 
antigens that are encountered only rarely, since CD45RO+ T cells 
might disappear through lack of restimulation. For a given antigen, 
the existence of both types of memory T cells may vary, and there 
may be continual interchange of CD45 isoforms on a T cell, depend- 
ing on its recent experiences. Most studies have found memory al- 
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most exclusively within the CD45RO+ subset. Accordingly, in this 
review CD45RO’ T cells will be referred to as memory-type, despite 
the likelihood that a small component of memory resides in the 
CD45RAf subset. 

In conclusion, CD45RO’ T cells appear to be an intermediate stage 
between effector/activated T cells and resting CD45RA+ T cells. Ob- 
servations on T cell clones i n  vitro support this notion. Some T cell 
clones can be “rested” for periods of up to 2 months (26), even with- 
out exogenous IL-2, during which time they remain dormant but re- 
tain the capacity to proliferate if restimulated with antigen. Examina- 
tion of‘ the life span and cell cycle characteristics of circulating 
CD45RO T cells in humans and mice (Section V,A) suggests that they 
are analogous to dormant T cell clones. If CD45ROf T cells are not 
eventually restimulated, then they probably die off, or transform to 
CD45RA+ T cells. It should be stressed that this scheme is an over- 
simplification, since T cell clones show considerable heterogeneity 
with regard to lyinphokine secretion, surface phenotype, and depen- 
dence on exogenous interleukins (69). The differentiation of naive T 
cells to different types of effector cells is probably influenced by the 
milieu at the time of stimulation. For instance, different types of ef- 
fector T helper cells ( T H ~ / T H ~ )  develop and secrete distinct sets of 
lymphokines. The uncertain lineage relationship of such T cell 
clones is discussed elsewhere (69). 

B. FUNCTIONAL DIFFERENCES BETWEEN NAIVE, EFFECTOR, AND 

MEMORY T CELLS 

The functional heterogeneity of peripheral T cell subsets has a 
bearing on memory function. First, naive T cells, memory T cells, 
and various populations of effector T cells produce different types 
and amounts of lymphokines (Table I) (69,70). Studies from one labo- 
ratory showed that effector T helper cells generated after primary 
immunization were functionally distinct from those that arose from 
memory T helpers following a secondary challenge. “Primary effec- 
tors” secreted more IL-2 and IL-3 but less IL-4 than did “memory 
effectors” (71). These two effector populations also provided differ- 
ent helper activity to B cells, the former providing help for IgM and 
IgGl production and the latter providing help for all isotypes. This 
functional difference between primary effector T cells and secondary 
effector T cells resembles the situation for B cells, wherein primary 
effectors are IgM plasma cells and secoiidary effectors are IgG and 
IgA plasma cells. 

The second functional difference between naive and memory-type 
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T cells is their sensitivity to antigen stimulation. Thus memory-type 
(CD45RO+) T cells respond very well to antigen, whereas naive-type 
T cells respond less well. For instance, although naive and memory- 
type T cells express similar levels of TCRs on the cell surface, 
memory-type T cells can be stimulated with far less anti-CD3 mAbs 
(72,73) or anti-CD2 mAbs (72). Moreover, naive T cells do not re- 
spond as well as memory T cells to superantigens (74). Despite the 
apparent hyporesponsiveness of naive T cells, both naive and mem- 
ory T cells respond well to mitogens such as phytohemagglutinin 
(PHA) (72-74). These studies led to the assumption that memory T 
cells can respond to lower amounts of antigen or can be triggered by 
lower affinity TCR interactions. 

1. The TCR and Signal Transduction in Naive and Memory T Cells 

The hyperresponsiveness of memory-type T cells is an important 
mechanism for the memory response. The functional differences be- 
tween naive and memory-type T cells can be explained in two ways: 
(1) signal-transducing molecules such as CD45 finction differently 
on the two cell types, and (2) costimulatory requirements for the two 
cell types differ. A variety of molecules participate in signal transduc- 
tion, including the TCR/CD3 complex, CD4, and CD8, CD2, and 
CD45, and a number of other adhesion/activation molecules 
(45,75,76). The TCR, CD4, and CD8 are associated with the ~ 5 6 ' " ~  
tyrosine kinase. Signal transduction by these antigen receptors or 
their coreceptors is significantly enhanced when two or more com- 
ponents are physically associated on the surface of the T cell (75). For 
instance, association of CD4 with the CD3/TCR complex results in a 
100-fold reduction in the level of ligand required for T cell activation 
(75). CD45 appears to function in a similar way, by physically asso- 
ciating with the TCR/CD3 complex and transducing a signal to the T 
cell (75).  The importance of CD45 in signal transduction was under- 
scored by observations that mutant T cell lines that lack CD45 were 
rendered much less responsive to stimulation with antigen ( 7 7 )  and 
were defective in signal transduction through the TCR (45). It is 
likely that CD45 regulates the state of tyrosine phosphorylation of 
~ 5 6 ' " ~  (75), and possibly other substrates. 

The association of the TCR/CD3 complex and various other signal- 
transducing molecules is different on naive and memory-type T cells. 
This has been demonstrated by cocapping studies in both mice (46) 
and humans (47) .  On naive T cells, high-molecular-weight isoforms 
of CD45 migrate in the cell membrane independently of the TCR, 
whereas on memory-type T cells, the lower molecular weight iso- 
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forms of CD45 associate with the TCR complex or other coreceptors. 
Hence, it is possible that the external domains of the CD45 isoforms 
serve as ligands for other surface molecules such as CD4 or CD8. 
Interestingly, the majority of developing thymocytes express the 
CD45RO isoform, and Janeway (75) has speculated that associations 
between CD45RO and CD4 and the TCR may render these thymo- 
cytes hyperresponsive during positive or negative selection. 

2.  Accessory Signals f o r  Naive und Memory T Cells 

Molecules other than the TCR complex or CD45 assist in signal 
transduction. Many of these molecules serve as adhesion molecules, 
for instance, CD2, LFA-3, LFA-1, CD44, and CD29. Costimulating 
signals from these molecules appear to be critically important for na- 
ive T cell activation. One study (74)  showed that particular combina- 
tions of costimuli, such as certain interleukins, or anti-CD28 or CD44 
mAbs, rendered naive T cell stimulation as strong as that of memory 
T cells. It would thus appear that naive T cells have much more 
stringent requirements for activation. This relates to the cellular re- 
quirements for naive and memory T cell activation; “professional” 
antigen-presenting cells (APCs) such as dendritic cells or macro- 
phages are required to activate naive T cells, whereas memory T 
cells can be activated by other types of APCs, such as B cells or 
CD8+ cells (78). The stringent activation requirements of naive T 
cells may be a critical factor for peripheral tolerance (Section VII). 

C. A SCHEME FOR T CELL MEMORY 
Figure 1 depicts a scheme that summarizes the likely maturation of 

T cells into effector cells and memory-type T cells after antigen stini- 
ulation. Newly produced naive T cells (CD45RA+) are assumed to be 
functionally meek, and recognition of antigen with sufficient affinity 
and the right cosignals leads to activation and transformation to blast/ 
effector cells with a distinct surface phenotype (Table I).  These cells 
are clonally expanded, and in the absence of further stimulation they 
slowly adopt the appearance of small CD45RO+ T cells. Such cells 
have phenotypic properties similar to blast/effector cells (Table I)  
but are intermediate in their transition back to the CD45RA pheno- 
type. The expression of CD45RA denotes a truly resting state for T 
cells and a long life span (discussed below). Immunological memory 
by T cells is probably mediated both by the persistance of function- 
ally potent CD45RO’ effectors or by the smaller CD45RO+ memory- 
type T cells, and by an increased frequency of long-lived, resting 
CD45RA+ T cells. Moreover, transition of CD45RO+ T cells to 
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FIG. 1. Schematic representation o f T  cell differentiation following antigen stimula- 
tion. A more complete description of the phenotypes for each of the subsets is given in 
Table I.  The most uncertain aspect of the model is the differentiation of memory-type T 
cells (CD45RO+) to CD45RA+ T cells, and the signals that are involved for this pathway. 
The model assumes that some memory-type T cells also die or become anergic (see 
Section VI). The scheme is an oversimplification, and cell death or anergy may also 
operate on cells other than memory-type T cells. It is likely that T cell memory is 
mediated by subsets in addition to memory-type T cells. 

CD45RA+ may be only one alternative. A proportion probably dies or 
enters into a state ofanergy (discussed below). The signals that influ- 
ence these differentiation steps are presently unknown. 

IV. The B Cell Immune System and Immunological Memory 

B cells and T cells harbor and manifest immunological memory in 
different ways. This relates to basic differences between the B cell 
and T cell immune systems: the B cell antigen receptor undergoes 
somatic mutation whereas the TCR does not. B cells are produced 
throughout life, whereas T cells are produced mostly during fetal and 
early life, and the life span of B and T cells is different. Effector B 
cells (plasma cells) produce antibody without target interaction, are 
terminally differentiated, and can be long-lived, in contrast to effec- 
tor T cells. Also, the pathways that lead to the development of effec- 
tor and memory cells appear to be fundamentally different for T cells 
and B cells. 

Primary immunization with antigen induces low antibody titers, 
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mostly of the IgM type. A secondary challenge with the same antigen 
yields a quicker response, in which the antibodies are of other iso- 
types and of higher affinity. Thus the primary response serves to tool 
up the system, so that subsequent responses are qualitatively and 
quantitatively different. This results from the production and persis- 
tence of memory B cells expressing high-affinity receptors, particu- 
larly of the IgG isotype. A key site where the B cell responses to 
antigen occur is germinal centers, which develop in lymph nodes and 
spleen after antigen challenge. Germinal centers provide the micro- 
environment necessary for the differentiation of B cells into memory 
cells, for the switch in immunoglobulin isotypes on B cells, and for 
the selection of higher affinity mutants arising from somatic mutation 
of immunoglobulin variable region genes. 

A. GERMINAL CENTERS AND THEIR ROLE IN  MEMORY 

The germinal center reaction is a complex interplay between stronial 
elements, cytokines, and B cells at various stages of differentiation. 
The germinal center is a particularly important site for the generation 
of memory B cells. In an experiment in which germinal center forma- 
tion was inhibited by complement depletion, secondary antibody re- 
sponses were severely reduced (79). Moreover, germinal center cells 
from primed animals, identified by their enhanced ability to bind 
peanut agglutinin (PNA), could transfer memory to naive recipients 
(80). The germinal center serves also as a major depot for antigen, 
which can be retained on FDCs for many months (discussed above). 
Germinal centers also provide a microenvironment conducive to the 
hypermutation process that operates on immunoglobulin variable re- 
gion genes after antigen stimulation. Development of germinal centers 
appears to be T cell dependent, since athymic rodents lack germinal 
centers. The intricacies of the germinal center reaction will not be 
dealt with here, but rather their role in the development of memory, 
since informative reviews on germinal centers have been published 
recently (81-85). 

What cells give rise to germinal centers? Although there is a degree 
of uncertainty about this (83,86-88), most of the evidence suggests that 
germinal centers can arise either from memory-type B cells or from 
recently primed naive B cells. Germinal center formation after pri- 
mary challenge probably occurs after naive B cells are activated by 
antigen outside of follicles, probably in T cell areas where there is the 
necessary T cell help and antigen-presenting cells. This is suggested 
by the fiact that during the early stage ofthe primary response, antigen- 
specific B cells proliferate in the T cell zone (81,89). These cells must 
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migrate to follicles to initiate the germinal center reaction. The use of 
anti-IgD to determine the nature of germinal center precursor cells has 
yielded conflicting results (83,86,90); however, it is likely that p+8+ 
naive B cells stimulated by antigen in T cell zones transform to p'8- 
(91). Studies with the J l l D  marker, which discriminates between 
functional subsets of B cells (see below), indicated that J11D'O (mem- 
ory) B cells but not J1lDhi (naive) B cells generated germinal centers 
following transfer to adoptive hosts (88). When memory and naive B 
cells were transferred to recipients that had antigen already localized 
on FDCs, the memory cells responded whereas the naive cells did not 

Once in the germinal center, B cells are subjected to two important 
processes-the hypermutation and selection of high-affinity B cell 
clones and the generation of memory B cells. These processes occur in 
distinct compartments of the germinal center. These compartments 
can be distinguished, based on the phenotypes of B cells and the type 
of FDC in each region (81). By histological staining there is a dark zone 
of densely packed cells and a light zone of loosely packed cells. Over- 
lying these is the follicular mantle, comprising small, resting, sIg+ re- 
circulating B cells. A scheme of events proposed to account for the 
division, movement, and differentiation of B cells within these differ- 
ent regions (81) will be recounted here in brief. Primary B cell blasts 
localize initially in the dark zone; these cells are sIg-, rapidly dividing, 
and have been termed centroblasts. These cells give rise to progeny 
termed centrocytes that are nondividing, sIg+, and migrate to the light 
zone of the germinal center. The centrocytes represent a labile popula- 
tion of cells that is continually replenished by the rapidly proliferating 
centroblasts. As discussed below, the process of hypermutation of 
immunoglobulin variable region genes probably occurs at the centro- 
blast stage or earlier, and not at the centrocyte stage (81,93). It has been 
proposed that antigen on FDCs within the light zone selects those 
centrocytes that have accumulated appropriate somatic mutations in 
their immunoglobulin variable region genes, such that their immuno- 
globulin has a high affinity for antigen. The interaction of centrocytes 
with antigen localized on FDCs may be necessary to prevent cells from 
entering a default program of cell death through apoptosis (94), and in 
this regard, the bcl-2 gene product appears to play an important role 
(Section V,B). 

Different signals appear to drive germinal center cells along differ- 
ent pathways of differentiation, resulting, for instance, in the produc- 
tion of plasmablasts or small memory B cells. Activation of centrocytes 
with anti-CD40 antibody induces these cells to stop cycling and ac- 

(92). 
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quire the physical and phenotypic properties of small B cells (94). 
Anti-CD40 also induces bcl-2, which most likely protects centrocytes 
from apoptosis. Another pathway of differentiation is induced by a 
combination of signals, including IL-1 and interaction of B cell CD23 
with its ligand. This combination of signals turns centrocytes into cells 
resembling plasmablasts-they express cytoplasmic immunoglobulin 
and bcl-2, and have developed endoplasmic reticulum (95). IL-2 is yet 
another signal that is involved in centrocyte differentiation. IL-2- 
stimulated cells also differentiate to plasmablasts, but these cells are 
distinct from CD231IL-l-derived plasmablasts in that they show little 
expression of bcl-2 (81). These signals may occur within different 
microenvironments of the light zone of germinal centers. FDCs in the 
apical region of the light zone express high levels of CD23, whereas 
those in the basal region are essentially CD23- (81). 

B. AFFINITY MATURATION 

The affinity of immunoglobulin for an antigen increases during the 
course of an immune response (reviewed in Ref. 96) and, moreover, 
secondary responses typically produce antibodies with an affinity 
higher than that seen in the primary response. Two processes account 
for this. The first is the clonal selection of antigen-reactive cells by 
antigen (3). As the concentration of antigen decreases during the 
course of the response, only B cells with high-affinity receptors are 
selected and expanded. The second and perhaps more important 
process is somatic hypermutation, which operates on immunoglobulin 
variable region genes and which introduces point mutations mainly 
into the complementarity-determining regions of the immunoglobulin 
combining site. The frequency of these mutations is extraordinarily 
high after antigen stimulation, on the order of per base pair per 
generation. As discussed above, germinal centers are the key site 
where somatic mutation occurs (82,97) and a model proposed to explain 
the selection of high-affinity mutants within germinal centers (92) 
holds that when centrocytes come out of cell cycle and reexpress 
somatically mutated surface Ig, they must successfully compete for 
antigen bound as immune complexes on FDCs. In this way, only those 
clones that have a higher affinity for antigen than that of the preexisting 
antibody on FDCs will be selected. The mechanism of somatic muta- 
tion is unknown, but it is T cell dependent. Once the memory B cell 
population has been generated, further division of B cells outside of 
germinal centers probably no longer involves somatic mutation (98), 
although this has not been established definitively. 

Antibodies produced early in the primary response are free of muta- 
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tions; the hypermutation process operates on those cells that will 
eventually give rise to memory B cells (99,100). Thus the following 
events most likely occur when naive B cells are stimulated with a 
T-dependent antigen. Some B cells are driven to form antibody- 
secreting cells, and the immunoglobulin genes of these cells are free of 
mutations. In parallel, other B cells are driven into the memory path- 
way; these cells switch their class of immunoglobulin and incorporate 
mutations in their V region genes. This occurs within the confines of 
the germinal center, and at some stage small resting memory B cells are 
produced. After a second stimulation by antigen, memory B cells are 
driven to antibody secretion, resulting in the production of high- 
affinity antibody. It is uncertain whether the hypermutation process 
is reactivated during secondary and subsequent responses, since one 
study showed that it was (101), while other studies concluded it was 
not (98). 

C. PHENOTYPE OF MEMORY B CELLS 

A degree of uncertainty surrounds the true nature of memory B 
cells, just as it does for memory T cells. A variety of surface markers 
is differentially expressed on various subsets of B cells, but it appears 
that expression of any one surface molecule is not definitive for the 
distinction of memory B cells. Moreover, it could be that memory is a 
function of more than one B cell subset (92) and might be maintained 
by more than one mechanism. The best hallmark of a memory B cell 
may well be a somatically mutated immunoglobulin gene, since ger- 
minal center formation and affinity maturation appear to be consis- 
tent features of secondary responses. B cells are continually pro- 
duced by the bone marrow, and a source of confusion centers on the 
fact that small proportions of these that enter the peripheral pool are 
apparently selected by antigen (93,102). Recognition of antigen at 
this stage is part of a developmental process and does not lead to 
class switching, somatic mutation, or antibody secretion. Because an- 
tigen shapes the peripheral repertoire, it is possible that a component 
of memory, albeit short-lived, results from this selection process. 

The phenotype of memory B cells has been assessed in a number of 
ways. In some experiments, B cells were separated into subsets based 
on certain markers, which were assessed for their capacity to transfer 
memory to adoptive hosts or for the presence of somatic mutations 
within immunoglobulin variable region genes. Recently, memory B 
cells have also been identified by their ability to bind fluorescently 
labeled antigen with high affinity. 
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1 .  lmmurioglobulin lsotypes 

The majority of peripheral B cells in the mouse coexpress IgM and 
IgD on the cell surface (ps6+). Following an immune response to a 
T-dependent antigen, most antigen-stimulated B cells switch from the 
expression of IgM and IgD to other isotypes (103,104), and such B cells 
usually constitute only a minor fraction of the total B cell pool. By 
adoptive transfer, a number of studies have shown that B cell memory 
was carried predominantly by the 6- B cell subset (105,106). More 
recently, the fluorochronie phycoerythrin (PE) has been used as an 
antigen. PE-binding memory B cells could be identified in spleens 
from PE-primed mice; these cells produced strong IgG anti-PE re- 
sponses in vitro, and phenotypically were almost always p-6- 
(24,104). These PE-binding memory B cells also expressed lower lev- 
els of immunoglobulin light chain compared with naive B cells. Simi- 
lar studies using a fluorescently labeled antigen (98) also showed that 
antigen-binding memory B cells were IgG+ and had incorporated 
somatic mutations in their immunoglobulin variable region genes. In 
a series of experiments (102,107), B cells from normal mice were 
separated into p+6+ and p.6- populations and the immunoglobulin 
heavy chain variable region genes were analyzed. In most cases, the 
immunoglobulin genes of p-6- B cells had incorporated somatic mu- 
tations. Nevertheless, very small numbers ofp+G+ B cells also con- 
tained variable region genes with somatic mutations (102). Moreover, 
studies by another group reported that memory B cells could be re- 
cruited from both the 6- and the 6+ pool (108). Most likely, the vast 
majority of memory B cells are p-6-, although some might be p+6+ 
or p+6-. 

2. Other Surfuce Marker.$ 

A marker that has been used extensively to distinguish subsets ofT 
and B cells is the heat-stable antigen (HSA), recognized by the mAb 
J l l D  (109). Most naive B cells express high levels of HSA, whereas 
memory B cells express low levels (28,88,110,111). This was shown 
by separating murine B cells into J1lD1" and J11D'" subsets and trans- 
ferring them to syngeneic hosts: antigen-specific J11D'" B cells 
transferred a memory response, whereas J1lD1" cells did not 
(28,88,110,111). Somatic mutations were found only in the immuno- 
globulin variable region genes ofJ11D'" B cells (28). Also, SCID mice, 
which do not normally develop germinal centers, formed germinal 
centers after transfer of J1lD1" B cells I)ut not J11D'" B cells (88). 

Other surface markers that appear to distinguish functional subsets 
of B cells are the same as those that are differentially expressed on T 
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cells. This is because the same molecule may serve an activation or an 
adhesion function on both cell types, which correlates with naive and 
memory status. Thus CD44 is reported to be up-regulated on memory 
B cells (112).  Other studies found that germinal center cells could 
transfer memory to adoptive hosts (these cells are L-selectin-, PNA+ ). 
As discussed above, germinal center cells might harbor precursor cells 
that differentiate to memory B cells, and at some point these cells 
revert to PNA- and reexpress L-selectin (113). 

D. FUNCTIONAL PROPERTIES OF MEMORY B CELLS 

Like memory T cells, memory B cells appear to be functionally more 
potent than naive B cells. Memory B cells proliferate in response to 
lower amounts of antigen and require fewer carrier-primed T helper 
cells (114). Consequently, they can be stimulated more easily by cross- 
reactive antigens (115). However, memory B cells may be less respon- 
sive to polyclonal activation with mitogens than are naive B cells. 
There is also evidence that primary and secondary B cell responses 
have different requirements for lymphokines such as IL-6 (116). As 
discussed above, it appears that naive B cells must be activated in the 
extrafollicular areas of lymphoid tissue where there is the appropriate 
T cell help. In contrast, memory B cells can respond to antigen local- 
ized on FDCs within germinal centers (93). 

E. SCHEMES FOR THE GENERATION OF MEMORY B CELLS 

As evident from the above discussion, the identity and precursor- 
product relationships of naive and memory B cells remain uncertain. 
There is general agreement that newly produced, naive B cells are 
p+6+ and have no somatic mutations (although some mammals may 
use somatic mutation to diversify the primary repertoire) (117). At 
some point, the B cell lineage diverges into cells that are destined to 
produce antibody and cells that survive as memory cells. The discus- 
sion to date has assumed that commitment to either of these pathways 
occurs after antigen challenge, and is influenced by microenviron- 
mental signals. A scheme depicting this possibility is shown in Fig. 2A. 
However, another possibility, promoted by Linton and Klinman 
(28,115), is that precursor B cells exist that are precommitted to give 
rise to memory cells, or primary antibody-forming cells, at a stage 
before being stimulated by antigen (see Fig. 2B). Linton and Klinman 
identified two precursor cell subpopulations in the spleen cells of 
nonimmune mice: a J1lDhi subpopulation that, on T cell-dependent 
antigenic stimulation, gave rise to primary antibody-forming cells, but 
not secondary B cells. In contrast, J11D'" B cells failed to generate 
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FIG. 2. Alternative models for the development of memory B cells. The fundamental 
difference between the two models is the point at which commitment to the memory 
lineage or antibody-forming cell (AFC) lineage occurs. Model A assiiines that cornmit- 
ment occurs after antigen stimulation, whereas model H assiinies that the memory B 
lineage and the primary AFC lineage are established at a point before antigen encounter. 
These diagrams are oversimplified, purely to illustrate the basic differences between the 
two models. 

antibody-forming cells but gave rise to memory-type I3 cells (28,115). 
In addition, only the J11D'" population was eiiriched for cells that 
produced germinal centers (88) and that accumulated somatic muta- 
tions in their immunoglobulin variable region genes (28). It is un- 
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known what determines the commitment of immature B cells to the 
memory lineage in this model. It should be stressed, however, that 
strong evidence also exists for the contrary model, depicted in Fig. 
2B. A recent study ( 1 1 7 ~ )  assessed the clonal origin of antigen spe- 
cific germinal center cells and foci of primary APCs situated outside 
of the lymphoid follicles. Similar sequences within CDR3 estab- 
lished a clonal relatedness between germinal center B cells and pri- 
mary APCs, indicating the two populations were derived from a sin- 
gle B cell activated by antigen. Determining which model, A or B in 
Fig. 2, most closely resembles the true situation will require a more 
complete knowledge of B cell precursor-product relationships. The 
contribution of persistent antigenic stimulation to B cell memory has 
been omitted from the schemes in Fig. 2, in view of the uncertainty 
as to if, and at which point, persistent antigen operates to maintain 
memory. 

In summary, therefore, memory B cells are generated following 
T-dependent antigen activation, mostly or exclusively in germinal 
centers, and that such cells have somatically mutated immunoglobulin 
mainly of the IgG type. The persistence of other cell types and their 
contribution to memory remain speculative. 

V. The life Span of T and B Cells and Relevance to Memory 

An understanding of T and B cell life span is essential for discriminat- 
ing between the different models for memory persistence. Life span 
can be considered in two different ways, the most straightforward 
being the intermitotic period of the cell. However, a clone of dividing 
cells can be considered to have a life span, by virtue of its survival and 
persistence. Here, life span will refer to intermitotic period. [More 
detailed considerations of lymphocyte life span are discussed else- 
where (118,118u).] 

A. INTERMITOTIC LIFE SPAN OF T AND B CELLS 

The immune system continuously produces and loses cells, but 
maintains a steady state. Peripheral lymphocytes are capable of self- 
renewal and the division rate of some cells may relate to the need to 
maintain or control the number of cells in the periphery. Primary 
lymphoid organs, the thymus and the bone marrow, produce large 
numbers of T and B cells, hence one has to distinguish between cell 
division that occurs during the primary generation of lymphocytes, and 
that which occurs within the peripheral pool. 

Not surprisingly, studies over the years on the intermitotic life span 
of lymphocytes have yielded widely disparate results. The consensus 
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view now favors a relatively long life span for most T cells and a 
somewhat shorter life span for B cells. One of the first indications for 
this came from studies with patients that had been exposed to ionizing 
radiations for therapeutic reasons (1 19,120). Radiation produces acen- 
tric chromosomal lesions in lymphocytes; such lesions results in cell 
death during mitosis. Hence, persistence of such cells over time gives 
a measure of lymphocyte turnover. One such study showed an average 
lymphocyte life span of 530 days (119) and another around 3 years 
(120). The significance of life span to immunological memory was not 
lost on these authors. Buckton et (11. (120) found a small percentage of 
lymphocytes with dicentric lesions for as long as 10 years after radio- 
therapy, and surmised that the lymphocyte mediated immunological 
memory through its potential for long-term survival in vivo. 

Lymphocyte life span has been studied in rodents using DNA pre- 
cursors to label dividing cells. Early studies using tritiated thymidine 
showed that T cells in the thoracic duct lymph of mice had an average 
life span of 4-6 months, whereas B cells had a shorter life span, -5-7 
weeks (121). Later studies using the thymidine analog 5-bromo-2’- 
deoxyuridine (BrdU) found that B cells in rats had an average life span 
of about 4 weeks (122). B cell life span is complicated by the fact that 
the bone marrow produces B cells continuously throughout life. This 
production is substantial, sufficient to replace the peripheral B cell 
pool every 4-5 days (123). However, the majority of these newly 
produced B cells have a life span of only 3-4 days; to join the periph- 
eral pool as longer lived cells, they need to be selected, possibly by 
antigen (93,102). A study in mice found that more than two-thirds of 
splenic B cells in the adult mouse had a life span of several weeks or 
months, whereas a more rapid turnover took place in young (4-week- 
old) mice (124). It was concluded that the peripheral B cell pool, once 
having been built up early in life, is only slowly renewed. 

Not all studies have found a long life span for peripheral lympho- 
cytes. Drugs that selectively kill cycling cells, such as hydroxyurea or 
radioactive strontium, led to a depletion of 50% of peripheral lympho- 
cytes within 3 days of treatment (reviewed in Ref. 125). Lymphocyte 
life spans were also studied by transferring cells into adoptive hosts 
and monitoring their disappearance; B cells were found to disappear 
progressively, with only 10-40% persisting for >7 days after transfer 
(126). In addition, adult thymectomy in mice led to a large reduction of 
naive T cell numbers (70), suggesting that these cells had a short life 
span. Thus, the conclusion to be drawn from the studies on cell persis- 
tence and the cell arrest was that most peripheral lymphocytes had a 
very short life span (125). In addition, one group using BrdU found that 
B cells and T cells in mice had a high turnover rate, with -30-40% 
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renewal every 48 hr (127). Most of the B cell turnover was accounted 
for by production of B cells within the bone marrow, whereas T cell 
turnover resulted from cell division in the periphery. 

The reason for the discrepancy in estimates of lymphocyte life span 
between groups is unclear. The majority of studies, including our own 
(67), have demonstrated an average life span for T cells of the order of 
months or years, and a life span for B cells of the order of several weeks 
or months. However, the peripheral population o f T  and B cells is 
heterogeneous with respect to life span, and distinguishing minor 
populations of long-lived cells is difficult. Referring to the life span as 
an average can be misleading. 

The central question is whether immunological memory resides 
within the population of long-lived lymphocytes, or in a small popula- 
tion that is turning over? In one of the first studies to address this issue 
(67), the life span of CD45R- T cells (memory phenotype) was com- 
pared with that of CD45R+ T cells, using sheep and BrdU labeling. A 
sizeable proportion of CD45R- memory-type T cells had a high turn- 
over rate, whereas the CD45Rf (naive) T cells had a very slow turn- 
over rate. This result has been confirmed by recent studies in humans. 
The technique of monitoring the disappearance of cells with dicentric 
lesions after radiotherapy was used in conjunction with the naive and 
memory T cell markers CD45RA and CD45RO. CD45RO+ T cells with 
dicentric chromosomal lesions disappeared much faster than did simi- 
larly affected CD45RAf T cells, indicating that CD45ROf T cells had 
a relatively short life span whereas CD45RA T cells had a long life 
span (66). Also, murine T cells expressing the memory phenotype 
(CD45RB-, CD44hi) possessed features of activated cells and ap- 
peared to be maintained in the GI stage ofthe cell cycle, although they 
were not actively cycling (128). When T and B cells from normal mice 
were transferred to SCID mice, many retained a naive phenotype and 
persisted for long periods, apparently without cell division (129). So, in 
conclusion, it appears that most if not all memory phenotype T cells 
have a short to medium life span (weeks or months), whereas naive T 
cells have a long life span (months to years). Assessing the life span of 
these two populations is complicated by the possibility that there may 
be interconversion between memory-type T cells (CD45RO) and 
naive-type T cells (Fig. 1). 

A careful study of the life span of memory B cells in mice by Schittek 
and Rajewsky (24)  concluded that memory B cells were a long-lived 
population. They used the fluorochrome PE as an antigen and as a 
means of detecting antigen-specific B cells, and BrdU to label dividing 
cells. Using a number of experimental regimens, they found that at 
9-10 weeks or at 20 weeks after priming, PE-specific memory B cells 
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were mostly nondividing cells (life span > 7 weeks). Gray (29) con- 
tends that the small amount of cell division observed by Schittek and 
Rajewsky in the memory B cell population at 20 weeks after priming is 
evidence that there was in fact an ongoing stimulation of these memory 
B cells. Currently, it is difficult to reconcile the two sets ofapparently 
conflicting experimental findings, i.e., the long life span of most meni- 
ory B cells and the apparent need for a continued presence of antigen 
to maintain B cell memory. An explanation for this paradox might be a 
requirement by memory B cells for persistent antigenic stimulation, 
without concomitant cell division, although this seems unlikely. 

B .  bcl-2, Fas, AND IMMUNOLOGICAL MEMORY 

The bcl-2 oncogene was discovered as a result of its translocation to 
the immunoglobulin heavy chain locus in certain B cell lymphomas 
(reviewed in Ref. 130). The bcl-2 gene encodes for a 26-kDa protein 
(bcl-2) that associates with the inner membrane of the mitochondrion; 
expression of bcl-2 enhances the survival of many cell types, including 
both B and T lymphocytes, apparently by preventing programmed cell 
death (apoptosis) (131-133). Transgenic mice expressing a bcl-2 gene 
subjugated to an immunoglobulin enhancer contain a large excess of B 
cells with enhanced survival capacity. T cells from the same mice 
showed prolonged survival under adverse conditions, indicating that 
such cells were more resistant to cell death compared with normal T 
cells (133). The bcl-2 gene appears, therefore, to be part of the ma- 
chinery that is involved with signals that regulate the survival and 
longevity of cells. The role of bcl-2 in B cell memory was assessed by 
comparing the ability of antigen-primed B cells from normal mice and 
bcl-2 transgenic mice to transfer memory to adoptive hosts (21).  The 
half-life of transferred memory B cells from normal mice was remark- 
ably short, in agreement with other studies (13,14,19,134) (see Section 
II,A), whereas memory B cells from bcl-2 transgenic mice persisted 
much longer (21).  It was suggested that antigen-induced reactivation of 
bcl-2 was necessary for the maintenance of B cell memory (21). Within 
the B lineage, the bcl-2 product is normally expressed in pre-B cells, is 
quiescent in resting B cells, and is expressed again in activated B cells 
(135). 

The Fas antigen/APO-1 is another molecule that plays a role in 
apoptosis. This molecule belongs to a family of cell surface proteins 
that includes TNF receptor, CD40, and nerve growth factor receptor 
(136). Within the lymphoid system, Fas antigen/APO-1 is restricted in 
its expression to activated T and B cells, as well as to cells that harbor 
memory such as CD45RO+ T cells and sIgD- B cells (137). The regula- 
tion of the bcl-2, Fas/APO-1, and other apoptosis-related molecules 
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seems therefore to be important for immunological memory, by 
promoting the survival of appropriately selected antigen-reactive 
cells. 

VI. The Migration and localization of Naive and Memory Cells 

A. THE IMPORTANCE OF LYMPHOCYTE MIGRATION TO 

IMMUNOLOGICAL MEMORY 

Lymphocyte migration is a fundamental feature of the immune sys- 
tem that permits the repertoire of immune specificities to be very large, 
and consequently for each immune specificity to exist at a very low 
frequency. Another important function of the lymphatic system is to 
disseminate antigen-experienced memory cells to all regions of the 
body, following an immune response in a single location. Thus lym- 
phoid and lymphatic systems are organized so as to collect antigen 
draining from sites of challenge, to capture and store that antigen, to 
respond to it, and to liberate antigen-experienced cells to the circu- 
lation via the lymph. Lymphoid tissue is placed throughout the body in 
a highly strategic manner, so as to maximize the capture of antigens 
penetrating the body’s surface. The importance of the lymphatic sys- 
tem for the dissemination of memory was demonstrated by removing 
the lymphocytes emigrating from an antigen-challenged lymph node 
of a sheep, through an indwelling cannula in the efferent lymphatic 
duct. Systemic memory was thereby abrogated (138). Also, memory 
can be transferred from one animal to another with thoracic duct lym- 
phocytes (15,134,139). These studies led to the widely held belief that 
memory was contained within a long-lived population of cells that 
recirculated from blood to lymph nodes. This concept has been reap- 
praised because of recent findings on the distribution and migration of 
phenotypically defined subsets of T and B cells. 

B. THE MIGRATION PATTERN OF NAIVE T CELLS, EFFECTOR T 
CELLS, AND MEMORY T CELLS 

1 .  Basic Migration of Naive, Effector, and Memory T Cells 

Lymphocytes recirculate mostly by crossing high endothelial ve- 
nules (HEVs) of secondary lymphoid tissue. A small number also leave 
the blood in peripheral vascular beds by crossing normal or inflamed 
endothelium, whereupon they drain to lymph nodes via the afferent 
lymph. Lymphocytes leave lymph nodes through the efferent lymph 
ducts and eventually drain to the thoracic duct and then back to the 
blood. A large number of lymphocytes also leave the blood by crossing 
endothelium within the spleen; however, these lymphocytes migrate 
directly back into the blood. 
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Over the past few years, a great deal of evidence has emerged to 
indicate that naive, effector, and memory cells migrate preferentially 
through different tissues, and this results from the differential expres- 
sion of certain adhesion molecules on lymphocytes and on endothe- 
liuin (2231 ,140). An analysis of lymph cells draining from normal skin 
in sheep revealed that the T cells were entirely CD45RO+, adhesion’”, 
i.e., memory type. In contrast, the T cells within efferent lymph, the 
majority of which derive from the blood via HEVs, were mostly of the 
naive phenotype (51,67). It appears that a proportion of circulating 
CD45RO+ T cells are capable ofcrossing lymph node HEVs (141). The 
recirculating cells in the thoracic duct lymph of inice were also found 
to be mostly the naive type (J. Sprent, personal communication). The 
above observations has led to a revised model of naive and memory T 
cell homing (22,51), which holds that naive T cells traffic mostly 
through lymphoid tissue by crossing HEVs, whereas memory-type T 
cells traffic preferentially through tissues and inflammatory sites and 
reenter the lymph stream by way of the afferent lymph. The pattern of 
naive or memory T cell traffic through the spleen has not been re- 
ported. 

A wealth of evidence supports the above model. Naive T cells newly 
emerged from the thymus express L-selectin (“the lymph node homing 
receptor”) and immediately recirculate by  crossing HEVs (142). In the 
sheep fetus, which is free of antigen, there is extensive recirculation of 
naive T cells through lymph nodes and Peyer’s patches from an early 
stage of gestation (143). In humans, naive-type (CD45RA) T cells are 
rarely seen in nonlymphoid tissues, such as the skin, the lung, and the 
lamina propria of the gut. On the other hand, CD45RO’ effector/ 
memory T cells are the predominant cell type within inflammatory 
lesions (144) and at epithelial surfaces. 

Before the advent of surface markers for T cell subsets, memory was 
assessed by functional criteria. One early study showed that T cell 
memory preferentially resided in peripheral tissues rather than in 
lymph nodes (145), and this conclusion has been arrived at again in 
recent experiments (146). Studies in rats in the early 1970s (147) ana- 
lyzed the function and migratory properties of short-lived and long- 
lived lymphocytes. These studies showed that the cells that migrated 
to inflammatory lesions and provided protection against an immuniz- 
ing antigen were short-lived cells; long-lived cells migrated mostly 
from blood to lymph nodes. The authors concluded that the localiza- 
tion of “committed” lymphocytes to inflammatory sites enabled the 
host to focus its cellular defenses at sites of bacterial challenge. In 
another study, the recirculating pool of lymphocytes in rats was de- 
pleted by chronic drainage of the thoracic duct (148). This resulted in a 
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severe depression of primary antibody responses but normal second- 
ary responses. 

It has been suggested that the migration patterns observed for 
CD45RO+ and RA+ T cells in sheep and other species were those of 
effector T cells and resting T cells, respectively. As ontlined above, 
effector T and memory-type cells are closely related cell types. 
However CD45RO+ T cells are physically small and comprise a large 
proportion of the peripheral pool in old individuals. The memory-type 
T cells in sheep afferent lymph were small cells, only fractionally 
larger than naive-type T cells (149). However, many of these cells were 
recently divided (67), but in this respect they were probably not so 
different from memory-type T cells from other tissues. In humans, a 
high proportion of T cells that adhered to cultured endothelium in 
vitro were CD45RO+ and recently activated ( ] S O ) ,  and so it is possible 
that the most activated portion of CD45RO+ T cells binds to normal 
endothelium. When T cells were activated in vitro and injected into 
syngeneic recipients, they were found to migrate mostly to the gut and 
the spleen and not to lymph nodes (151) (see also below). 

The recirculation of large numbers of naive T cells through lym- 
phoid organs serves to increase the likelihood of these cells encounter- 
ing their cognate antigen. Naive or resting T cells seem to have very 
stringent activation requirements, probably best achieved in lymphoid 
tissue. However, antigen-primed effector T cells and memory-type T 
cells serve their function best at sites of likely antigenic encounter, 
such as epithelial surfaces, enabling an immediate response to recall 
antigens. Epithelial surfaces are not designed for massive lymphocyte 
recirculation, so that the surveillance of these tissues is best served by 
memory-type T cells, which can provide protection against previously 
encountered, and possibly frequently encountered, antigen. 

2.  Tissue Tropic Subsets of Effector Cells and Memory Cells 

A proportion of circulating lymphocytes home preferentially to cer- 
tain tissues. This preferential homing was demonstrated originally 
for the gut (151-156) and the skin (157,158), but may also exist for the 
lung (159), inflamed synovium (160), and other tissues. Studies in 
both rodents and sheep showed that lymphocytes from the gut mi- 
grated preferentially back to the gut, whereas cells draining from the 
skin or from lymph nodes likewise migrated preferentially back to 
the skin or lymph nodes (154,156-158). These in uivo studies were 
supported by the Stamper Woodruff frozen section assay, which 
showed that lymphoblasts from mesenteric lymph nodes bound to 
gut-associated HEVs much better than to HEVs in peripheral lymph 
nodes (161). Certain lymphoma cell lines likewise showed a similar 
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tissue selectivity (156,161). The concept of tissue-specific migration 
by lymphocytes was also supported by very convincing evidence 
from another field, that of tumor metastasis. Some tumors metastasize 
in a highly tissue-specific manner, presumably because they express 
surface structures that enable them to bind to endothelium in particu- 
lar tissues. Indeed, many of the cell adhesion molecules of epithelia 
and other cell types are also expressed on leukocytes. 

An association between tissue-specific migration of lymphocytes 
and immunological memory was proposed several years ago (162), 
and firm evidence for this association has emerged over the last years 
(22,51,140,1 63-1 65). The early experiments showed that T cell blasts 
were the subset that migrated selectively to tissues such as the gut 
(152,153,156,166,167). As for small T cells, some reports found no 
tissue bias (166,167) whereas others did (154,156). It now appears 
that the T cells that exhibit a tissue tropism are either recently stimu- 
lated cells or smaller meniory-type T cells (163,165). In the sheep, a 
T cell subset that migrated preferentially back to the gut had a mem- 
ory phenotype, but was phenotypically distinct from memory T cells 
draining from the skin (163). This finding was supported b y  the fact 
that the gut-specific pathway was not observed until after birth (168). 
In humans, tissue-specific subsets of T cells have been identified by 
their expression of particular adhesion molecules. A skin-tropic sub- 
set expresses a molecule termed cutaneous lymphocyte-associated 
(CLA) molecule. CLAf T cells are almost always of memory pheno- 
type (169). Moreover, a population of gut-associated T cells in hu- 
mans that expressed a novel a-integrin in association with p7 (recog- 
nized by mAb HML-1) was also of ineinory phenotype (169). A 
population of gut-associated lymphocytes in mice expresses a4p7, 
suggesting that p7 expression somehow confers a gut-homing ten- 
dency. A summary of these memory-type T cell subsets and their 
homing preferences is outlined in Table 11. 

Because ap T cells that home specifically to tissues such as the gut 
or the skin are antigen experienced, then presumably tissue tropisms 
are learned during a primary immune response, possibly under the 
influence of particular cytokines. This imprinting presumably occurs 
in organized lymphoid tissue such as lymph nodes or Peyer’s 
patches, since this is where primary immune responses usually de- 
velop. Presumably gut-associated and skin-associated lymph nodes 
provide different environments for T cell activation. Studies with the 
skin-homing molecule CLA suggest that it is preferentially induced 
on memory T cells in skin-associated lymph nodes, possibly by the 
cytokine TGF-/3 (1 70). Another possibility is that memory-type T 
cells learn a tissue preference at a subsequent stage, possibly as a 
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TABLE I1 
TISSUE-SPECIFIC MIGRATION PATTERNS BY SUBSETS OF NAIVE AND MEMORY aP T CELLS" 

Molecular Interaction for 
Homing 

Lymphocyte Predominant L-Selectin . - .  
Subset Migration Pattern Expression Receptor Ligand 

Naive T (CD45RAf) 
Memory T 

(C D45RO' ), 
ubiquitous type 

Memory T 
(CD45RO+ ), 
tissue-tropic 
subsets 

CLA+ 
aM LAP7 

a4P7 
? 

a 

Lymph nodes 
Numerous tissues, 

inflammatory 
lesions 

Skin 
Gut 

Gut 
Joints 

Lung 

+++ L-Selectin PNAd 
+/ -  a4Dl VCAM-1 

LFA-1 ICAM-1 

+/-  CLA E-Selectin 
- axP7 ? 

- a4P7 MadCAM-1 
? 

? p 

" Information is a summary of findings from studies in humans, mice, and sheep. Activatedl 
effector T cells may show properties similar to those listed for memory T cells. 

consequence of further stimulation in a particular tissue. It is likely 
that only a proportion of effector and memory T cells migrate in a 
tissue-selective way and the majority probably show a nonspecific 
distribution. a@ T cells appear to differ from y6 T cells in that y6 T 
cells colonize distinct epithelia during fetal ontogeny as part of a 
developmental program, rather than as a result of an antigenic experi- 
ence (171). 

In conclusion, it appears that naive T cells migrate in a random 
fashion through lymphoid tissue. Following antigen stimulation, 
some lymphoblasts up-regulate tissue-tropic adhesion molecules, 
which endows them with tissue-tropic homing capacity. Populations 
of tissue-homing effector or memory T cells probably represent a ra- 
tionalization of immune resources, to enable cells to migrate to the 
tissues where they are most likely to reencounter their priming anti- 
gen (22).  In a sense, tissue-specific homing is a mechanism for 
achieving a type of memory that is focused, and probably evolved in 
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response to the tissue-specific localization shown by many patho- 
gens. However, lymphocytes that show certain tissue preferences are 
still capable of migrating to other tissues. 

C. MIGRATION OF NAIVE B CELLS, MEMORY B CELLS, AND 

The homing pattern of naive and memory B cells has become more 
difficult to access because the phenotype of these two populations is 
less well defined than that of naive and memory T cells. Nearly all 
recirculating B cells are p+i3+, and these cells migrate from blood to 
lymphoid tissue and to lymph. Naive B cells in prenatal animals are 
p+i3+ and adopt this pathway. These cells express L-selectin and 
readily cross lymph node HEVs. These cells also migrate well 
through Peyer’s patches and the spleen (139), although there has 
been the widespread belief that B cells recirculated more sluggishly 
than T cells (139). The primary follicles of spleen and lymph nodes 
are composed almost exclusively of the p+G+ recirculating B cells. 

The migration of naive and memory B cells has been inferred from 
results of transfer experiments. Strober and Dilley (15,134) found that 
naive B cells could not be recovered from the thoracic duct lymph of 
an intermediate recipient after transfer. In contrast, B cells from 
primed donors did recirculate, as evidenced by the large secondary 
response after transfer of thoracic duct lymph to adoptive hosts. Ob- 
servations on the life span of naive and memory B cells by Strober 
and Dilley (15) led to the general belief that naive cells were a short- 
lived, nonrecirculating population. 

The experiments by Gray (19) and others (21) ,  which showed that 
B cell nieniory transferred to adoptive hosts decayed rapidly, used 
thoracic duct lymph as a source of memory B cells. They concluded 
that B cell memory was strictly dependent on antigen for its persis- 
tence, although another possibility could be that the types of memory 
B cells isolated from the thoracic duct were not representative of the 
memory pool. Earlier experiments had suggested that the cells re- 
sponsible for B cell memory were underrepresented in the recirculat- 
ing pool (148), which led to the notion that although memory was 
disseminated throughout the body by the lymphatic system, a large 
fraction of memory depended on sessile cells (139). In summary, the 
recirculating pool of B cells is composed mostly of naive B cells and a 
population of memory B cells of uncertain nature. 

During a secondary response, the majority of antibody produced 
conies from plasma cells in the bone marrow ( 1  72) .  These cells leave 
lymph nodes and migrate to the bone marrow via the lymphatics and 

PLASMA CELLS 
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peripheral blood. The most obvious example of tissue-selective hom- 
ing by B cells is the association of IgA plasma cells with mucosal 
tissues (162). In contrast, blast cells or plasma cells in lymph nodes or 
the spleen are usually of the IgM or IgG type. 

D. ADHESION MOLECULES MEDIATING THE MIGRATION OF NAIVE 
AND MEMORY CELLS 

The most straightforward hypothesis to account for the different 
homing patterns of naive and memory cells, whether of T or B pheno- 
type, is the differential expression of adhesion molecules on these 
two cell types, and the restricted expression of endothelial ligands to 
particular types of tissue. This concept, although valid, is an over 
simplification, since the adhesion and transendothelial migration of 
lymphocytes is very much a multistep process (1 73-1 76). Moreover, 
the quantitative expression of lymphocyte adhesion molecules is not 
the only factor determining the homing pattern of cells, since the 
state of activation of a cell can also influence the affinity of certain 
adhesion molecules, particularly integrins (1 73-1 76). 

The adhesion molecules responsible for lymphocyte migration 
have been discussed at length in recent reviews (51,140,175,177,178) 
and will be mentioned here only briefly. The adhesion-ligand pairs 
that direct the differential migration of naive, memory, and effector/ 
blast cells are listed in Table 11. The high expression of L-selectin 
(the “lymph node homing receptor”, LAM-1, MEL-14) on naive T 
cells and the lower expression on memory T cells are consistent with 
the preferential migration of naive T cells through lymph nodes via 
HEVs (67), although expression of L-selectin is not necessarily indic- 
ative of a lymph node homing capability. L-Selectin expression on T 
cells appears to differ slightly between species, since L-selectin in 
humans is expressed by about 50% of memory-type T cells (169,179), 
whereas in mice and sheep it is expressed by fewer memory T cells 
(1 63,180). These observations have been corroborated by functional 
data. In mice, L-selectin-positive and -negative subsets of CD4+ T 
cells from long-term, antigen-primed mice were evaluated for spe- 
cific memory responses. Such responses were found almost exclu- 
sively within the L-selectin-negative subset of CD4+ T cells 
(146,180), and, moreover, recall responses to various antigens were 
readily observed when T cells were isolated from tissues such as 
peritoneal cavity and lung, but not from lymph nodes (145,146). Most 
B cells in blood or lymph are L-selectin-positive, including IgG+ B 
cells, whereas B cell blasts in germinal centers are L-selectin- 
negative. 
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Memory-type T cells bind to cytokine-activated endothelium bet- 
ter than do naive T cells, most likely through the a4p1-VCAM-1 
interaction (150,181-183). This might explain in part the preferential 
accumulation of memory T cells at sites of inflammation (144,183). 
Induction of VCAM-1 on lymph node HEVs might also promote the 
entry of memory T cells into antigen-challenged lymph nodes (141). 
In addition, memory-type T cells express higher levels of certain ad- 
hesion molecules that play an accessory role in transendothelial mi- 
gration, such as LFA-1 and CD44. 

Tissue-tropic T cells express distinct surface molecules that direct 
their specific localization and migration patterns (Table 11). Studies 
in mice suggest that the a4 integrin functions as an adhesion mole- 
cule for Peyer’s patch HEVs (184,185). a4  in mice can couple with 
either a p l  chain (LPAM-2, VLA-4) or with a p7 chain (LPAM-1) 
(184). Gut-tropic T cells in humans express a novel a-integrin 
coupled with p7 (recognized by the HML-1/Ber ACT8 mAbs) (169). 
CLA on the skin-tropic subset of memory T cells in humans is a 
ligand for E-selectin, which is expressed predominantly on endothe- 
lium within inflamed skin (165). 

VII. Immunological Memory, Tolerance, and Autoimmunity 

A. MEMORY AND SELF-TOLERANCE 

The ways in which self-tolerance is established, maintained, and 
broken remain one of the paramount enigmas of contemporary immu- 
nology (for reviews, see Refs. 186-188). Self-reactive T cells are de- 
leted as they mature in the thymus (189); however, peripheral inech- 
anisms must also operate, including further clonal deletion or anergy. 
Unresponsiveness may result because the concentration of some self 
antigens is too low for the antigens to be seen by the immune system, 
or the receptors of self-reactive clones may have too low an affinity to 
trigger a resting T cell. Immune responses usually require an interac- 
tion by a number of cell types: an immunoreactive B cell or cytotoxic 
T cell may be unresponsive due to a lack of cognate T helper signals 
(190). Alternatively, suppressor mechanisms might negate autoreac- 
tive T or B cells (191). In many ways, immunological tolerance is the 
antithesis of immunological memory, one subduing and the other en- 
hancing the immune response. For many antigens, foreign and self, 
the immune system must decide between a tolerance response or an 
effective immune response. 

The point at which naive cells are triggered by antigen is probably 
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also a critical point for susceptibility to tolerance. This is because a 
clonally expanded, functionally potent population of autoreactive 
cells may be uncontrollable. Accordingly, newly generated memory 
B cells experience a “window” when they are particularly suscepti- 
ble to tolerance induction. Before antigenic stimulation, precursors of 
memory B cells were found to be relatively resistant to tolerance 
induction whereas newly emerging memory B cells were highly sus- 
ceptible (115,192). Newly emerging hapten-specific secondary B 
cells could be inactivated by the presence of hapten on a carrier not 
recognized by available T helper cells. This inactivation was less 
specific than the tolerance induction of immature neonatal or bone 
marrow B cells, because inactivation could be accomplished by cross- 
reactive determinants. The bcl-2 protein seems to play an important 
role at critical stages of B cell activation (see Section IV,A). 

It has been suggested that tolerance should be much more 
stringent in the T cell system than in the B cell system, because the 
hypermutation of the B cell receptor facilitates the chance emergence 
of autoreactive cells. This may be controlled by the absence of appro- 
priate T helper signals. Several recent reports suggest that the path- 
ways to T cell memory and peripheral T cell tolerance are in some 
way related (193,194). Naive and memory T cells show different 
suseptibility to tolerance induction, similar to their differential re- 
quirements for activation (see Section 111,B). Thus B cells, which 
can act as APCs for memory-type but not naive T cells (78), can also 
render naive T cells tolerant, but not memory-type T cells ( 1 9 4 ~ ) .  In 
another interesting set of experiments, mice were exposed to 
superantigens such as Mls or staphylococcal enterotoxin B (SEB) in 
vivo, whereupon antigen-specific T cells underwent rapid prolifera- 
tion, typical of a normal immune response. However, a state of toler- 
ance to these superantigens ensued. One study concluded that this 
unresponsiveness was due to deletion of reactive cells, possibly as a 
result of “exhaustion” or “terminal differentiation” of these cells 
(193). The idea of exhaustion was first invoked in the 1960s to explain 
forms of immune unresponsiveness to antigens that could elicit 
strong responses (6,195). Other studies concluded that the unrespon- 
sive state was due to anergy, as well as deletion (194,196), since 
antigen-specific cells were present but were nonresponsive in vitro. 
These anergized T cells bore the memory phenotype, and this anergy 
could be partially reversed by the addition of certain interleukins 
(194). This led Lee and Vitetta (194) to suggest that memory T cells 
were critically dependent on the appropriate costimulatory signals 
from APCs, and have in fact more stringent activation requirements 
than naive T cells. This may prevent autoimmune disease developing 
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from low-affinity binding of memory T cells to self antigen. The sig- 
nals that drive antigen-reactive T cells to normal effector cells and 
memory cells, or anergic cells, are unknown. 

One possibility for peripheral tolerance is that lymphocytes newly 
produced from the thymus or bone marrow are deleted, or rendered 
anergic, by reacting with self antigen in the absence of a second sig- 
nal. The migration patterns of naive and memory T cells have a bear- 
ing on this concept, because virtually all naive T cells recirculate 
through lymphoid tissue and not other tissues (see above). It seems 
unlikely that dendritic cells could pick up all the available self anti- 
gens and present them to naive T cells as a means of tolerance. Ac- 
cordingly, naive T cells with receptors for self antigen are normally 
present in the blood, and are neither deleted, anergized, nor trig- 
gered by antigen; hence the idea that some forms of peripheral toler- 
ance occur through ignorance on the part of T cells. Double- 
transgenic mice that express the LCMV glycoprotein in the beta islet 
cells of the pancreas, as  well as a TCR specific for LCMV, showed no 
signs of T cell reactivity against the islet cells (197). However, infec- 
tion of these transgenic mice with LCMV abolished the tolerance to 
the “self” LCMV antigen, resulting in T cell-mediated diabetes. The 
authors concluded that LCMV glycoprotein-expressing beta islet 
cells were unable to elicit a response, but could become the target of 
the response if induced by other means. It is possible that self- 
reactive peripheral T cells were not deleted because they never saw 
self antigen, and when they were activated with the appropriate sec- 
ondary signals and transformed to effector and memory cells, they 
were then able to migrate to the appropriate tissue and mediate a 
functional and destructive response against self. 

A thorny issue is the role of suppressor T cells in peripheral toler- 
ance. It has been argued that suppressor T cells behave like any 
other T cells and manifest effector function as well as memory (191). 
As yet, the phenotype and functional characteristics of suppressor T 
cells have not been well characterized, which has cast doubt on the 
relevance and even the existence of these T cells. 

B. MEMORY AND AUTOIMMUNITY 

The mechanisms that drive immunological memory are probably 
responsible, if not for the development then at least for the persis- 
tence of autoimmune disease. A necessary aspect of autoimmune dis- 
eases is the presence in high amounts of circulating autoantibodies 
against self antigens (reviewed in Refs. 186 and 187), resulting from a 
breakdown of self-tolerance, although autoantibodies may exist also 
in some healthy individuals. In autoiminune disease, it appears that 
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the body's immune system responds to particular self-antigens in a 
fashion akin to that of normal responses. The initial breakdown of 
tolerance presumably starts with a primary response, and thereafter it 
develops into an autonomous reaction with all the features of a sec- 
ondary response. Analysis of anti-DNA antibodies from autoimmune 
mice showed that they were from a clonally expanded population and 
had accumulated somatic mutations, in a fashion similar to that seen 
in secondary responses to normal antigens (198). In addition, autoan- 
tibodies in humans are usually of the IgG isotype, indicative of a 
secondary immune response. Affinity selection of autoreactive mem- 
ory B cells presumably occurs in germinal centers, suggesting that 
autoantigen deposits there. 

A link between autoimmunity and memory is suggested from the 
studies with the protooncogene bcl-2 (see Section V,B). Transgenic 
mice that overexpress the bcl-2 gene in lymphoid cells develop an 
autoimmune condition similar to systemic lupus erythematosus (19Y), 
possibly because self-reactive B cell clones that overexpress bcl-2 are 
less susceptible to the tolerogenic signals that normally induce pro- 
grammed cell death. The bcl-2 gene also appears to play a role in B 
cell memory, probably by  saving memory B cells from programmed 
cell death, and thus extending their life span. In some instances, in- 
appropriate expression of bcl-2 protein may protect autoreactive B 
cells from tolerance and endow them with memory capability. The 
apoptosis-related molecule Fas (see Section V,B), which is expressed 
on memory-type T and B cells (137), also plays a role in autoimmu- 
nity, since Zpr mice with systemic lupus erythematosus-like autoim- 
mune disease have a defect in Fas expression (200). 

In comparison with B cells, the role of T cells in the pathogenesis 
of autoimmune disease is less clear. Inappropriate helper signals 
from CD4' T cells to B cells or to cytotoxic T cells are probably one 
of the critical elements in the breakdown of self-tolerance (187). The 
overwhelming accumulation of memory-type T cells in autoimmune 
lesions (187) suggests that the autoimmune T cell response is proba- 
bly driven in the same way as in a normal secondary response to 
foreign antigen, but with the difference that the provoking antigen is 
never eliminated. Autoimmunity is therefore an enduring process, 
although there are relapses and remissions. 

Can the hyperresponsiveness of memory or effector T cells be 
blamed for autoimmunity? The immune system must tread a fine line 
by providing strong and effective immunity against foreign antigens, 
but remain unreactive against self. An important feature of memory- 
type T cells is that they are functionally potent, and require less of an 
activation signal through the TCR for stimulation (see Section 111,B). 
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It follows then that lower affinity interactions, or lower amounts of 
antigen, could stimulate memory-type T cells yet fail to stimulate 
naive-type T cells. In cei-tain instances, self-reactive T cells can be 
activated to produce autoimmunity by hyperimmunization (197,201). 
Perhaps in these cases functionally potent effector or memory clones, 
once-established, are capable of responding to self antigen. This 
raises an interesting consideration. If naive and niemory-type T cells 
do have different thresholds of activation, then which threshold oper- 
ates during negative selection of thymocytes? Evidence to date sug- 
gests that the process of clonal deletion is more sensitive than naive 
T cell activation ( 75,202). Interestingly, thymocytes express the RO 
isoform of CD45, which may render their TCR complex more sensi- 
tive to triggering by self antigen ( 75). 

VIII. Concluding Remarks 

The central paradigm for immunological memory over the past 20 
years has been that memory depends on long-lived, recirculating 
cells. This paradigm is in the process of shifting toward a model 
whereby persistent antigenic stimulation plays an important role. 
There is now little doubt that at least a component of memory results 
from persistent antigenic stimulation, and future experiments should 
determine whether memory is entirely dependent on this mecha- 
nism. Most likely, immunological memory will prove to be multi- 
faceted, relying on a number of mechanisms for its function, just as 
immunological tolerance relies on several mechanisms. 

Differentiation pathways to effector cells, or to cells that harbor 
memory, are different for the T and B cell systems. For T cells, the 
evidence indicates that effectors transform to smaller CD45ROt T 
cells. These T cells still seem to resemble blast/effector cells with 
respect to phenotype and functional criteria. Perhaps the most obvi- 
ous difference is that they are physically smaller. The most uncertain 
and controversial aspect of this scheme is whether CD45RO' T cells 
then revert to CD45RA'. If they do, then they probably harbor mem- 
ory in a manner different than that of CD45RO' T cells. A convinc- 
ing demonstration of long-lived T cell memory by resting CD45RA+ 
T cells is necessary, and toward this end, transgenic mice with de- 
fined TCRs should prove useful. Notions on T cell memory have 
taken a tortuous path over the last 5 years. The concept of long-lived 
memory T cells led to the search for their identity. Functional studies 
showed the phenotype to be CD45RO+, CD44h', etc. However, re- 
cent studies now show that these cells are probably short-lived and 
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capable of converting to the naive phenotype. To refer to either pop- 
ulation as memory T cells is probably misleading (although this was 
done here for want of a better terminology). 

B cells, in contrast to T cells, diverge into either terminally differ- 
entiated effector (plasma) cells or memory cells. One of the questions 
that needs to be clarified is whether commitment to either pathway 
occurs before or after antigen priming, and what signals influence 
this commitment. Another paradox is the apparent need for antigen 
for maintenance of memory, even though memory B cells are mostly 
a nondividing population. It is possible that memory may exist at 
different levels in the B cell system, as it does in the T cell system. 

Immunological memory is interconnected and often inseparable 
from other fields of immunological research, such as peripheral toler- 
ance, lymphocyte homing, lymphocyte differentiation, vaccine devel- 
opment, transplantation, and autoimmunity. Controversy and uncer- 
tainty surround many aspects concerning the precursor-product 
relationships by subsets of T and B cells, their functional behavior, 
and their life span. As these uncertainties are resolved, a more com- 
plete understanding of immunological memory, which clearly is of 
the highest priority, will reach realization. 
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1. Introduction 

It is now generally agreed that the clinical problems associated 
with gram-negative sepsis occur as a result of the host response to 
endotoxin (lipopolysaccharide; LPS' ), a component of the outer 
membrane of all gram-negative bacteria (Rietschel et ul., 1985). Typi- 
cal symptoms of septic shock are fever, hypotension, diffuse intravas- 
cular coagulation (DIC), and metabolic derangements. These 
changes are seen clinically regardless of the type of infecting grani- 
negative organism and are reproduced in animal models by injections 
of purified LPS. Monocytes/inacrophages (MOs) play a central role in 
mediating these changes (Beutler and Cerami, 1986; Tracey et ul., 
1987; Ulevitch et al., 1989; Johnston, 1991). MOs respond to picomo- 
lar concentrations of LPS by releasing mediators that act as autocrine 
and paracrine signals (Nathan, 1987). These mediators include cy- 
tokines such as the interleukins (IL-1, IL-6, and IL-8) and tumor ne- 
crosis factor (TNF; cachectin), lipid mediators derived from arachi- 
donic acid, and toxic oxygen radicals. Rapid progress is being made 
in defining how these mediators produce the biologic responses to 
LPS. One of the best examples of this progress is found in studies of 

I Abbreviations: ASD-LPS, LPS with covalently attached sulfosuccinimidyl-2-( p -  
azidosalicyamino)-1,3'-dithiopropio11ate; bmMO, bone marrow-derived macrophage; 
BPI, bactericidaUpermeability-increasing protein; CETP, cholesteryl ester trans- 
fer protein; E-LPS, erythrocytes coated with LPS; GPI, glycan phosphatidylino- 
sitol; HKLM, heat-killed Listeriu nionocytogenes; HKSA, heat-killed Stuphy- 
lococcus uureus; IL, interleukin; KDO, 2-keto-3-deoxyoctulosonate, i.e., 3-deoxy-u- 
mannooctulosonate; LBP, LPS-binding protein; LPS, lipopolysaccharide or endotoxin; 
MO, monocyte/macrophage; PEM, peritoneal exudate MO; PC, peptidoglycan; PHA, 
phytohemagglutinin; PI-PLC, phosphatidylinositol-specific phospholipase C; PMA, 
phorbol 12-inyristate B-acetate; RBC, red blood cell; RSLA, lipid A isolated from Alto- 
dopscudomonas sphaeroides; SASD, sulfoszrccinimidyl-2-( p-azidosalicamino)-l,3'-dit- 
hiopropionate; 70Z/3-RSV cells, 70Z/3 cells transfected with the pRc/RSV vector 
only; 70Z/3-hCD14 or 70Z/3-rCD14 cells, 70Z/3 cells transfected with human (h)  or 
rabbit (r) CD14 cDNA, respectively; TNF, tumor necrosis factor; TPA, 12-0-tetradeca- 
noylphorbol-13-acetate. 
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the role of TNF in mediating endotoxin effects. The release of TNF 
into blood within 30-60 minutes following intravenous injection of 
LPS in animals (Beutler et al., l985a,b; Tracey et al., 1987; Mathison et 
al.,  1988) and humans (Michie et ul., 1988) is one of the most rapid of 
the cytokine responses. The importance of TNF as a mediator of LPS 
action has been established in animal models using anti-TNF anti- 
bodies (Beutler et al., 1985a,b; Tracey et al., 1987) and has been 
supported by studies in humans (Michie et al., 1988; Tracey, 1991). 

A crucial part of the response to infection with grani-negative or- 
ganisms involves host recognition of LPS; herein also lies the para- 
dox of this host/pathogen interaction that has been most aptly de- 
scribed by Lewis Thomas (1974): “The grani-negative bacteria . . . 
display lipopolysaccharide . . . in their walls and these macro- 
molecules are read by our tissues as the very worst of bad news. 
When we sense lipopolysaccharide we are likely to turn on every 
defense at our disposal; . . . Cells believe that it signifies the 
presence of gram-negative bacteria, and they will stop at nothing to 
avoid this threat.” 

The importance of recognizing LPS in responding to gram- 
negative infection is uniquely illustrated by the LPS-resistant mouse 
strain, C3H/HeJ, refractory to the toxic effects of LPS but hypersensi- 
tive to gram-negative infections (Vas et al., 1973). Thus, the inability 
to respond to LPS compromises host defenses against gram-negative 
sepsis whereas an uncontrolled response to LPS results in shock, 
DIC, and multiorgan failure. 

One of the pivotal and as yet unanswered questions about how 
LPS acts is the mechanism whereby MOs recognize LPS and gener- 
ate transmembrane signals. In this review we will consider recent 
progress in identifying the cellular molecules that function as LPS 
receptors. This review will focus on data obtained with cells of 
nionocytic origin, but will consider findings derived from studies of 
other cell types for illustration of specific points. In general, we will 
limit the review to work published since 1986 and we will not dis- 
cuss investigations of mechanisms of transmembrane signaling that 
initiate lipid A-dependent cell stimulation. 

II. Structure of Bacterial Lipopolysaccharide 

LPS is a structural component of the outer membrane of all gram- 
negative bacteria. To understand how LPS stimulates cells, one first 
must consider the structure of LPS (reviewed in Rietschel et al., 
1985; Raetz, 1990). LPS consists of two chemically dissimilar do- 
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mains: (1) the hydrophilic, polysaccharide core and O-antigen struc- 
tures and (2) a hydrophobic region known as lipid A. Figure 1 shows 
a schematic structure for LPS from Escherichici coli (Fig. 1A) and the 
detailed chemical structure of lipid A (Fig. 1B). The O-specific chain 
consists of a complex, repeating oligosaccharide of up to five repeat- 
ing sugar residues. There is a great deal of structural diversity when 
O-specific chain structures are compared within different gram- 
negative bacteria. In contrast, the structural variation within the core 
region is low. For example, only one core structure has been defined 
for all of the Salmonellu serotypes and six different core structures 
have been characterized for more than 100 different serotypes of E .  
coli (Jansson et al., 1981; K. Jann and B. Jann, 1984). 

The structure of lipid A found in diverse grani-negative organisms 
is highly conserved, and lipid A is not found elsewhere in nature. 
Virtually all LPS-induced biologic responses are lipid A dependent 
(Rietschel et al., 1982; Kotani et al.,  1983). The most compelling evi- 
dence supporting the concept that lipid A is the biologically active 
moiety of LPS derives from studies with synthetic lipid A. This prod- 
uct has fill1 endotoxic activity (Takada and Kotani, 1989). Thus recog- 
nition of the lipid A of LPS by cells must be the initial step in LPS- 
induced cellular responses. 

The lipid A from enterobacteria such as E. coli or Salnzonella con- 
sists of a p-1’,6-linked u-glucosamine disaccharide phosphorylated in 
positions 1 and 4‘, and in intact LPS the 2-keto-3-deoxyoctulosonate 
(KDO) is carried at the hydroxyl in position 6’. A coninion feature of 
lipid A is the presence of tip to 4 niol of (R)-3-hydroxytetradecanoic 
acids in a symmetrical distribution linked to the two glucosamine 
residues of the backbone. Each glucosamine is substituted b y  one 
ester and one amide-linked fatty acid. Some of the 3-hydroxyl groups 
are additionally 3-O-acylated by tetradecanoic acid. It is these acyl- 
linked fatty acids that are subject to hydrolysis by an enzyme recently 
isolated and characterized by Munford and Hall (1989). Many of the 
steps of lipid A hiosynthesis in bacteria have been elucidated by the 
work of Raetz and co-workers (Raetz, 1990). In particular, these stud- 
ies have led to the identification and isolation of biosynthetic inter- 
mediates with interesting endotoxic properties. 

Lipid A from nonenterobacterial organisms can be separated into 
two groups. One type of lipid A possesses a structure that is quite 
distinct from that described above and does not express typical endo- 
toxic activities (reviewed in Mayer, 1984); the other type is from or- 
ganisms such as Pseudomonas aerrcginosa, Fusobncterium nticle- 
atum, Chromobacterium violnceum, Vibrio cholerti, and Bordetellu 
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FIG. 1 .  (A) Schematic structure of Escherichio coli lipopolysaccharide. (B) Chem- 
ical structure of lipid A. 
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pertussis and displays endotoxic activity and a lipid A architecture 
similar to that determined for enterobacteria. Thus, there are struc- 
tural features of lipid A that are important for biologic activity, al- 
though the exact chemical composition of an “active site” for lipid A 
has not been defined. Little is known about the three-dimensional 
structure of LPS or lipid A dispersions in water or the preferred con- 
formation for biologic activity. 

111. Recognition of lipid A by Receptor-Mediated Mechanisms 

Consideration has been given to two distinct mechanisms that ex-  
plain how LPS stimulates cells via lipid A-dependent mechanisms: 
(1) Lipid A-dependent cell activation occurs via a specific membrane 
receptor that has a lipid A-binding site and initiates transmembrane 
signaling following receptor occupancy, or (2) via the “nonspecific” 
dissolution of LPS within the lipid phase of the membrane, resulting 
in a sufficient change in membrane structure to initiate transmem- 
brane signaling. 

The potency and the specificity of cellular responses to LPS sug- 
gest that a specific membrane receptor is involved. LPS is active at 
concentrations that are equal to or below those observed with protein 
agonists such as hormones or cytokines. For example, recent reports 
show LPS-induced changes in MO phenotype with as few a s  10 mol- 
ecules of LPS per cell (Pabst et d., 1982; Mathison et d., 1990). 
Unfortunately, classical methods using radiolabeled ligand to demon- 
strate specific, saturable binding of lipid A have failed to yield unam- 
biguous evidence for a membrane receptor recognizing lipid A. Nev- 
ertheless, a number of experimental observations recently put forth 
firmly establish the existence of a specific LPS receptor that bincls 
lipid A and initiates cell stimulation. These include the following 
observations: 

1. Partial structures of lipid A prepared by organic synthesis or 
enzymatic deacylation of natural lipid A act as LPS antagonists, sug- 
gesting that there are specific nieinbrane structures, most l ikely 
proteins, that recognize lipid A. 

2. Application of chemical crosslinking strategies or radioactive 
lipid A binding to nitrocellulose-immobilized membrane proteins 
has led to the identification by sodium dodecyl sulfate polyacryl- 
amide gel electrophoresis (SDS-PAGE) of proteins that are candi- 
dates for an LPS/lipid A receptor. 

3.  MO responses to LPS are regulated by adaptation or homol- 



272 RICHARD 1. ULEVITCH 

ogous desensitization, a mechanism that involves agonist/receptor in- 
teractions (Hausdorff et al., 1990). 

4. A specific protein, CD14, present on the plasma membranes of 
all cells of the monocyte/macrophage lineage, has recently been un- 
ambiguously shown to be a receptor for complexes of LPS and the 
plasma protein known as lipopolysaccharide-binding protein (LBP). 

Importantly, CD14 and LPS-LBP complexes are important in me- 
diating cellular recognition and responses to lipid A under physio- 
logic conditions. Details of points 1-4 will be reviewed in the follow- 
ing sections of this article. 

IV. lipid A Structure-Function Relationships: Identification of 
lipid A Antagonists 

The use of nontoxic LPS or partial lipid A structures derived from 
natural sources or organic synthesis has provided evidence for the 
existence of a specific lipid A receptor. These substances can block 
the action of bioactive LPS/lipid A and in this regard act as if they are 
receptor antagonists. 

Observations of Mayer and colleagues (Mayer, 1984) and others 
(Strittmatter et al., 1983) demonstrating that LPS (or its lipid A) pre- 
pared from Rhodopseudomonas sphaeroides is not toxic in animal 
models of lethal endotoxemia suggested the utility of nontoxic forms 
of lipid A as antagonists. This has proved to be the case. The dipho- 
sphoryl lipid A isolated from R .  sphaeroides LPS (RSLA) does not 
stimulate TNF production by RAW264.7 cells; a 10- to 100-fold ex- 
cess of RSLA competes with active LPS preparation in TNF in- 
duction, suggesting an antagonism at the level of a lipid A receptor 
(Takayama et al., 1989). Studies with the LPS-sensitive murine pre-B 
cell line have added additional support to the concept that RSLA acts 
as a receptor antagonist. LPS induces the synthesis of immunoglobu- 
lin light chains by stimulating the transcription of this gene in 70Z/3 
cells. A 100-fold excess of RSLA blocks LPS-induced gene expres- 
sion in these cells without changing the same responses to in- 
terferon-y (IFN-y) (Kirkland et al., 1991). 

Recently it was shown that the RSLA can act as an endotoxin antag- 
onist in vivo, preventing the rapid rise in serum TNF induced by 
LPS injection (Quereshi et al., 1991). The structural basis for the lack 
of toxicity or potential receptor antagonism of RSLA has not been 
defined. Examination of the fatty acid composition of the lipid A re- 
veals three structural features not found in toxic lipid A from enteric 
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strains: (1) shorter O-linked hydroxy fatty acids, (2) an unsaturated 
fatty acyl chain, and (3) an N-linked P-ketomyristate. Comparative 
modeling of the structures of toxic and nontoxic lipid A types might 
reveal information to help in the design of more potent receptor an- 
tagonists. 

Studies of lipid A biosynthesis in bacteria unable to synthesize 
3-deoxy-~-mannooctulosonic acid have resulted in identification of a 
lipid A partial structure known as lipid IVa (reviewed in Raetz, 1990). 
Lipid IVa does not have agonist activity when used to stimulate hu- 
inan cells, although it does induce TNF release from RAW264.7 cells, 
and synthetic lipid IVa causes lethality in galactosamine-sensitized 
mice. Of interest are the recent data of Kovach et  al.  (1990) showing 
that lipid IVa is a potent antagonist of lipid A-dependent TNF pro- 
duction by human monocytes measured in freshly collected whole 
blood ex uiuo. A 10- to 100-fold excess of lipid IVa (weight/weight) 
prevented a lipid A-dependent increase in TNF mRNA, suggesting 
that lipid IVa blocks an early step in LPS/MO interaction. In con- 
trast, at least 100,000-fold higher concentrations of lipid IVa versus 
LPS were required to elicit a TNF response, indicating limited 
agonist activity. Lipid IVa and complete lipid A differ only by the 
presence of additional fatty acids esterified on the hydroxyl fatty 
acids linked to the disaccharide background. Thus, these acyloxyacyl 
chains appear to play some role in  triggering the lipid A receptor 
following receptor occupancy in MOs from certain species. However, 
the antagonist activity of lipid IVa suggests that the acyloxyacyl 
chains are not required for binding to the lipid A receptor. 

Organic syntheses have yielded a number of different partial lipid 
A structures with both agonist/antagonist activity. A recent study by 
Loppnow et al .  (1989) reported on dose-response characteristics of a 
series of natural and synthetic lipid A partial structures for the in- 
duction and release of IL-1 from human monocytes. These studies 
also demonstrated the importance of the acyloxyacyl chains for 
agonist activity. Most importantly, a synthetic partial lipid A structure 
that is analogous (compound 406) to the naturally occurring lipid IVa 
was a potent antagonist for lipid A-mediated IL-1 release. Of interest 
are data showing that cells can be pretreated with a high concentl-a- 
tion of compound 406 for 1 hour, washed, and when recultured with 
lipid A the cells do not synthesize IL-1. In contrast, pretreatment 
with compound 406 did not change the IL-1 response induced by 
heat-killed gram-positive bacteria or phytoheniagglutinin (PHA). 

The previous data must be interpreted cautiously in the absence of 
formal proof that these substances act as receptor antagonists. Lack- 
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ing are proper binding isotherms that provide evidence that the LPS 
agonist and the inhibitory substances bind to the same site. However, 
the use of partial lipid A structures will undoubtedly contribute to 
our understanding of how LPS acts. 

V. identification of Membrane Proteins That Interact with lipid A 

The difficulty in demonstrating specific, saturable binding of LPS 
to MOs has made biochemical strategies used to identify other mem- 
brane receptors difficult to implement. Currently the approaches that 
promise to yield the most information about the identity of a lipid A 
receptor involve the use of photochemical crosslinking strategies or 
ligand blotting assays using high specific activity radioactive LPS or 
lipid A. In many isolates of naturally occurring LPS there are primary 
amino groups present as a result of substitutions with ethanolamine 
or amino sugars. Although the content of amino groups is not stoi- 
chiometric with respect to lipid A, their presence permits covalent 
substitution with groups that facilitate radioiodination and photo- 
chemical crosslinking (Wollenweber and Morrison, 1985). LPS deriv- 
atives incorporating sulfosuccinimidyl-2-( p-azidosalicyamino)-1,3’- 
dithiopropionate (SASD) have been used by several groups to iden- 
tify membrane proteins that are candidates for lipid A receptors. 

A series of papers have been published by Morrison and col- 
leagues using an adduct of SASD and LPS isolated from E .  coli 
O l l l : B 4  (Lei and Morrison, 1988a,b; Roeder et al.,  1989; Lei et al . ,  
1991) to probe cells for membrane proteins that recognize lipid 
A/LPS. Crosslinking of ASD-O111:B4 LPS was studied using two- 
dimensional polyacrylamide gel electrophoresis (2D PAGE) to ana- 
lyze the characteristics of proteins that are radiolabeled following 
photolysis. The experiments performed by Morrison and co-workers 
typically used 50 pg/ml of ASD-O111:B4 LPS. An 80-kDa LPS- 
binding protein with an approximate pZ of 6.5 was identified on a 
variety of LPS-responsive cells, including splenic B lymphocytes, T 
lymphocytes, and macrophages. The 80-kDa protein was also found 
on a variety of cell lines, including the pre-B cell line 70Z/3 and the 
T cell lines YAC-1 and EL-4. Interestingly, the 80-kDa protein was 
also determined to be present on splenocytes from C3H/HeJ mice 
that are hyporesponsive to LPS (Flebbe et al., 1990). In contrast 
ASD-O111:B4 did not label an 80-kDa protein in either human 
erythrocytes or the undifferentiated murine cell line S02/0. An esti- 
mate of 5-10,000 LPS-binding sites per murine splenocyte was made 
in the initial studies. One possible pitfall in this work is the use of 
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LPS concentrations that exceed that required to stimulate a biologic 
response. For example, 702/3 cells typically require 0.1-1 pg/ml 
LPS for a maximum biologic response and MO responses to LPS are 
noted at LPS concentrations <1 ng/inl. Nevertheless, studies with 
ASD-LPS have revealed new information about membrane proteins 
that bind to lipid A. 

Crosslinking of ASD-O111:B4 LPS to the 80-kDa protein was 
blocked with the parent Ol l l :B4 LPS (not derivatized with SASD), 
with LPS from Salmonella mirinesotu (wild type) and its lipid A, but 
not with an SASD adduct of human IgG. Crosslinking of ASD- 
O l l l : B 4  LPS also occurred at 4°C in the presence of 10 niM sodium 
azide. Membrane localization of the 80-kDa protein was established 
by  isolation of radiolabeled splenocyte membranes and by  the use of 
the detergent octylglucoside to release radiolabeled membrane 
proteins. However, a rigorous characterization of the subcellular lo- 
calization of the 80-kDa protein has not been reported (Ooi et al. ,  
1987; Lei and Morrison, 1988a,b; Roeder et ul., 1989). 

A survey of the reactivity of mononuclear cells from a variety of 
species with ASD-O111:B4 LPS revealed that the 80-kDa protein 
was detected in all species that demonstrate endotoxin susceptibility 
and was not found in the cells of chickens and frogs, species that are 
resistant to the endotoxic effects of LPS (Roeder et d., 1989). These 
data have been interpreted to reflect the conservation of the 80-kDa 
protein in species that demonstrate sensitivity to LPS. However, 
these same investigators have also reported that an 80-kDa protein 
was radiolabeled by ASD-O111:B4 LPS on rat trophoblast cells de- 
rived from placental tissue of midgestation rats (Hunt et ul., 1989). 
These cells are not sensitive to LPS and no explanation was provided 
to account for the observed crosslinking. 

Morrison and colleagues (Bright et ul., 1990; Chen et al., 1990) 
described two hamster nionoclonal antibodies (inAbs) prepared 1)y 
iinmunizing with partially purified 80-kDa protein. Both antibodies 
are IgM. These antibodies recognize the 80-kDa protein in enzyme- 
linked immunosorbent assays (ELISAs) performed with partially pu- 
rified 80-kDa protein and bind to glutaraldehyde-fixed 70Z/3 cells. 
Addition of O l l l : B 4  LPS to 702/3 cells competes with antibody 
binding, suggesting that both LPS and the anti-80-kDa antibod- 
ies bind to a common site. The binding of one antibody, 3D7, to par- 
tially purified 80-kDa protein is prevented by pretreatment of the 
antigen with 1.0 mM sodium periodate, whereas the binding of the 
other monoclonal antibody, 5D3, is prevented by pretreatment with 
0.1 pg/ml proteinase K. 
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The 5D3 monoclonal antibody has been shown to stimulate tumor 
cell cytotoxicity of niurine bone marrow-derived macrophages 
(bmMOs) (Chen et al., 1990). Addition of 5D3 to bmMOs induces 
tumor cell killing that is also enhanced by coaddition of IFN-y. Simi- 
lar levels of tumor cell cytotoxicity were induced with 1-10 pg/ml of 
LPS and LPS-induced killing was also enhanced with coaddition of 
IFN-y. These data indicate that 5D3 may act as an LPS mimetic. 
Additional studies examined the binding of 5D3 to bmMOs derived 
from LPS-normoresponsive mice (C3H/HeN) and LPS-hyporespon- 
sive mice (C3H/HeJ). Equivalent binding of 5D3 was observed in 
bmMOs from either strain. However, 5D3 was unable to induce tu- 
mor cell cytotoxicity when added to IFN-y-treated bmMOs from 
C3H/HeJ mice, although these cells were induced by heat-killed Lis- 
teria monocytogenes (HKLM) to kill target cells. These findings also 
support the contention that 5D3 acts as an LPS mimetic. In the same 
experiments, bmMOs from C3H/HeN mice were induced to kill tu- 
mor cells by LPS, 5D3, or HKLM. 

Interestingly, the 5D3 inAb also has been shown to protect D- 

galactosamine-sensitized mice against the toxic effects of both LPS 
and tumor necrosis factor (TNF). In contrast, LPS-hyporesponsive 
mice sensitized with D-galactosamine were not protected by 5D3 pre- 
treatment. Administration of 5D3 80 minutes prior to LPS challenge 
afforded protection, whereas injection of the mAb 20 minutes prior to 
challenge did not protect. 

As suggested by Morrison and colleagues, 5D3 recognizes the 
80-kDa membrane protein that serves as an LPS receptor, and en- 
gagement of the 80-kDa protein with 5D3 generates a transmem- 
brane signal. Transmembrane signaling induces bmMOs to kill tu- 
mor cells and induces tolerance to the toxic effects of LPS and TNF 
in mice. In this regard, 5D3 is an agonist with properties that are 
similar to LPS. A concern is the presence of contaminating LPS in 
the preparation of 5D3; this issue has been addressed systematically 
by Morrison and colleagues and these investigators believe they have 
ruled out the potentially confounding effects of LPS contamination in 
preparations of 5D3. 

Perhaps the strongest argument in favor of the 80-klla protein be- 
ing an LPS receptor and 5D3 acting as an LPS mimetic derives from 
results noted above using C3H/HeJ cells. However, even these data 
must be interpreted cautiously. It has been well documented that 
engagement of monocyte surface proteins with mAbs, with simulta- 
neous engagement of Fc receptors, leads to nionocyte stimulation. 
This phenomenon has been described in detail by MacIntyre et  (11. 
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(1989). To provide an unambiguous interpretation of the effects of 
5D3, controls with hamster IgM mAbs recognizing an MO surface 
protein not involved with LPS recognition are required. Because 
C3H/HeJ MOs have reduced numbers of Fc receptors (Vogel et u l . ,  
1983), it is important to have controls that exclude contributions of Fc 
receptor engagement. 

The results of Morrison and co-workers support the concept that an 
80-kDa membrane protein identified by photochemical crosslinking 
on lymphoreticular and other cell types may serve as a receptor for 
LPS that regulates lipid A-dependent cellular responses. Further 
analysis of the function of this protein awaits a full description of its 
molecular properties. This will permit the development of additional 
immunologic and molecular biologic reagents to evaluate the func- 
tion of the 80-kDa protein in cellular recognition of LPS. 

More recent studies by Dziarski (199la,b) provide an alternative 
interpretation concerning the firnction of the 80-kDa protein de- 
scribed by Morrison and colleagues. Dziarski has used photochemi- 
cal crosslinking strategies with ASD-peptidoglycan (PG) and ASD- 
LPS to demonstrate that PG and LPS bind to the same site, which has 
been identified as a 70-kDa protein identified by SDS-PAGE. Com- 
pelling evidence supporting the conclusion that ASD-LPS and 
ASD-PG bind to the same membrane protein is derived from com- 
petitive binding experiments and one-dimensional peptide maps of 
the crosslinked product formed with ASD-LPS or ASD-PG. It is 
suggested that this membrane protein similarly recognizes the re- 
peating backbone of PG and the diglucosamine of lipid A. The differ- 
ence in apparent size, 80 versus 70 kDa, is simply explained by dif- 
ferences in the protein standards used in SDS-PAGE. It is clear that 
additional studies will be required to elucidate the role of this 
protein in transducing signals from lipid A or PG. Further, the unam- 
biguous assignment of identity between the putative “PG receptor” 
and the “lipid A receptor” will only be made after complete evalu- 
ation of the primary structure of the crosslinked molecule. 

A novel and possibly very useful long-term approach to identifying 
MO receptors for LPS has recently been described b y  Hara-Kuge et 
ul. (1990). The murine macrophage-like cell line J774.1 was shown to 
display specific binding of LPS that was sensitive to proteinase K 
treatment. The J774.1 cells were niutagenized with ethyl methane 
sulfonate, selecting for cells that are resistant to the cytotoxic effects 
of LPS. One such clone, termed LR-9, was shown not to bind 
Ol l l :B4 LPS and not to display biologic responses to LPS. The bio- 
logic responses measured were LPS-induced priming for 12-0- 
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tetradecanoylphorbol-13-acetate (TPA)-induced superoxide anion 
production and LPS-induced arachidonate release; studies of LPS- 
induced cytokine production were not reported. The data reported by 
Hara-Kuge et al. (1990) are consistent with the contention that the 
phenotype of the LR-9 cells is that of a cell lacking a membrane 
receptor for LPS. To characterize further the interactions of LPS, the 
parental and mutant line cells were exposed to '251-labeled ASD- 
O l l l : B 4  LPS at 4°C and then subjected to ultraviolet light (UV)- 
induced crosslinking. Analysis of crude cell membranes from 
crosslinked parental and LR-9 cells by SDS-PAGE and autoradiogra- 
phy revealed LPS crosslinking to two proteins, 65 and 55 kDa, in the 
5774.1 cells and the complete absence of such moieties in the LR-9 
cells. Interestingly, there was no labeling of an 80-kDa protein noted 
in the autoradiograms. Recent evidence has been presented that the 
LPS-unresponsive mutants lack the membrane protein CD14 (M. 
Nishijima, personal communication). Additional discussion of the 
role of CD14 in LPS recognition will be considered in a subsequent 
section of this article. 

Crosslinking of '251-labeled ASD-Re595 LPS has also been used 
by Kirkland, Tobias, and co-workers (Kirkland et al., 1990) to identify 
LPS-binding proteins in a murine pre-B cell line, 702/3. This study 
failed to demonstrate crosslinking to an 80-kDa protein, but instead 
labeled membrane-localized proteins of 18 and 25 kDa. Crosslinking 
of these proteins was saturable with respect to LPS and was blocked 
by a variety of LPS and lipid A sources, including RSLA. No cross- 
linking was observed at 4°C. An estimate of at least 6000 binding 
sites per cell was calculated from the crosslinking data. The experi- 
mental approach utilized by Kirkland and colleagues appeared to be 
identical to that explored by Morrison and co-workers; reasons for the 
inability to detect the 80-kDa protein are not apparent. Potential dif- 
ferences between these studies include the use of different LPS 
preparations (smooth versus rough forms of LPS), the concentrations 
of ASD-LPS used to label cells, and the methods used to solubilize 
membrane proteins. No additional data about the structure of the 
cross-linked 18- or 25-kDa proteins are available. 

Lipid IVa can be radiolabeled to high specific activity with 32P 
(Hampton et al., 1988), and the use of 32P-labeled lipid IVa has been 
recently described to characterize lipid A-binding sites in a murine 
macrophage cell line, RAW264.7 (Hampton et  al., 1988). Initial stud- 
ies were performed to characterize lipid IVa binding to RAW264.7 
cells. An estimate of approximately 3 X lo6 molecules of lipid IVa 
bound per cell was made, assuming the lipid IVa monomer is the 
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bound species. If higher molecular weight oligomers of LPS are 
bound, the calculated number for binding sites would be reduced. 
Similar binding data were obtained for another murine macrophage 
cell line (5774); in contrast, two fibroblast cell lines (CHO-K1 and 
L929) did not reveal saturable binding. Binding is blocked by un- 
labeled lipid IVa and Re595 LPS whereas various pure phospholip- 
ids are essentially without effect. Pretreatment of RAW cells with 
either trypsin or proteinase K prevents specific binding of lipid IVa. 

To probe the identity of the putative receptors for lipid A, a ligand 
blotting strategy was utilized. To do this, cellular proteins are ininio- 
bilized on nitrocellulose and examined for LPS binding using either 
radioactive LPS or anti-LPS antibodies to detect bound LPS. Lysates 
of whole cells or solubilized nuclear or plasma membrane proteins 
were run in SDS-PAGE, transferred to nitrocellulose, and analyzed 
in a ligand blotting assay with 32P-labeled lipid IVa. These studies 
revealed binding of lipid IVa to 95-kDa protein that was present in 
cell membrane fractions. At present no additional information is 
available about the functional or biochemical properties of this 
protein. 

A ligand blotting approach has also been used to study LPS- 
binding proteins in erythrocyte membranes. LPS has been shown to 
bind to murine red blood cells (RBCs) via Pronase-sensitive LPS- 
binding protein in the RBC membrane (Kirikae et al., 1988). Meni- 
brane proteins from the RBCs were subjected to SDS-PAGE and 
transferred to nitrocellulose. Using a ligand blotting assay, wherein 
bound Re595 LPS is detected with iminunopurified anti-Re595 anti- 
body, a 96-kDa LPS-binding protein was detected. Erythrocytes ob- 
tained from the LPS-hyporesponsive C3H/HeJ mice revealed the 
presence of an identical 96-kDa LPS-binding protein. The relation- 
ship of this protein to the 95-kDa protein detected in RAW264.7 cells 
is unknown at present. 

A series of reports by Wright and colleagues (Wright and Jong, 
1986; Wright et al., 1989a) suggested that heterodimeric surface re- 
ceptors containing CDl la ,  C D l l b ,  or C D l l c  and CD18 recognize 
LPS-bearing particles or bacteria. This interaction was demonstrable 
only with lipid A, lipid IVA, or with LPS from organisms with the 
rough-form phenotype. Wright and co-workers showed that unop- 
sonized bacteria and LPS-coated erythrocytes bind to MOs and that 
this binding is blocked by a variety of monoclonal antibodies, includ- 
ing the anti-p chain antibody, IB4. Subsequent studies demonstrated 
that CR3 (CD1 lb/CD18) has distinct binding sites that separately 
recognize arginine/glycine/aspartate-containing peptides and lipid 
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A. It was suggested that these heterodimeric receptors may have a 
binding site recognizing sugar phosphates that are structurally simi- 
lar to the sugar phosphates present in lipid A. Evidence for the par- 
ticipation of CD18 in recognizing lipid A-containing particles was 
also derived from the use of neutrophils deficient in CD18; these 
cells did not bind erythrocytes coated with the rough-form LPS or 
lipid IVa or rough-form E .  coli. Thus, a variety of experimental ap- 
proaches support the concept that heterodimeric receptors containing 
CD18 recognize lipid A. However, these studies failed to address the 
role of CD18-dependent recognition of lipid A in initiating cellular 
responses to LPS. 

Adherence of smooth-form organisms via the CD11/CD18 pathway 
was negligible despite the presence of rough and semi-rough LPS in 
the outer membrane of smooth-form organisms. Furthermore only 
unopsonized particles were used in these studies and it seems highly 
unlikely that MOs or neutrophils would encounter unopsonized bac- 
teria under physiologic conditions. No data are reported showing that 
smooth-form LPS isolates compete for adherence of either rough- 
form bacteria or LPS-coated particles, despite the knowledge that 
MOs respond equally well to both rough- and smooth-form LPS. 
Thus, data from adherence studies alone are not sufficient to invoke a 
general role for CD18 in MO recognition of lipid A leading to cellular 
responses. Studies have been reported using MOs and neutrophils 
from CD18-deficient patients (Wright et al., 1990a). These experi- 
ments failed to show any decrease in LPS-induced cytokine produc- 
tion or priming by LPS for enhanced superoxide anion production. 
Therefore, CD18 and its associated proteins are not involved in cel- 
lular recognition of LPS that leads to transmembrane signaling. 

Recognition of lipid IVa by the scavenger [acetylated low-density 
lipoprotein (LDL)] receptor has also been described (Hampton et al., 
1991). Binding to this receptor facilitates the entry and subsequent 
dephosphorylation of lipid IVa at the l-position. However, it is clear 
that this receptor-mediated pathway has nothing to do with trans- 
membrane signaling leading to cytokine induction because acety- 
lated LDL completely blocks lipid IVa binding without altering LPS- 
induced cytokine production. The biologic function of lipid IVA with 
the scavenger receptor is uncertain, especially because uptake of 
smooth-form LPS via the scavenger receptor has not been described. 
The scavenger receptor or the CD11/CD18 receptors may represent 
pathways that facilitate uptake and intracellular degradation of LPS, 
but considerably more work will be required to establish the physio- 
logical importance of these pathways. 
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In summary, at least five different proteins have been identified as 
lipid A-binding proteins, but in no single case has a role for these 
proteins in mediating transmembrane signaling been ascertained. 
Until the structure of these proteins is elucidated their importance 
cannot be established. In contrast, recent studies described below 
clearly show a crucial role for CD14 as an LPS receptor. 

VI. The Role of the LBP/CD14 Pathway in LPS-Induced 
Macrophage Stimulation 

The discovery of lipopolysaccharide-binding protein and the char- 
acterization of its effects on LPS have led to a new awareness of the 
molecular details of how LPS is recognized by cells. Specifically, a 
series of experiments performed during the past several years by Ule- 
vitch, Tobias and co-workers, and Wright et ul. have unequivocally 
shown that LBP potentiates cellular responses to LPS by facilitating 
the binding of complexes of LPS and LBP to the glycosylphosphati- 
dylinositol (GP1)-anchored plasma membrane protein, CD14. Thus 
CD14 serves as an LPS receptor, and the data summarized below 
provide strong evidence for the participation of LBP and CD14 in 
cellular recognition of LPS. 

The discovery of LBP occurred as a result of experiments that com- 
pared binding of LPS from the rough strain of s. rninnesota Re595 
(Re595 LPS) to high-density lipoproteins (HDLs) in normal and 
acute-phase serum (Tobias and Ulevitch, 1983; Tobias et ul., 1982, 
1985). Isopycnic equilibrium density gradient centrifugation in CsCl 
of mixtures of 3H-labeled Re595 LPS and serum revealed that the 
rate of binding of LPS to HDL was markedly slowed in acute-phase 
serum because of the formation of a stable complex between LPS and 
protein(s) in acute-phase serum. This phenomenon was noted in 
acute-phase serum of humans and of laboratory animals such as rab- 
bits, rats, and mice. Fractionation of acute-phase rabbit serum re- 
vealed that a 60-kDa serum glycoprotein was responsible for com- 
plexing with Re595 LPS in acute-phase serum; this protein was 
named LPS-binding protein (Tobias et  al., 1986). Subsequent efforts 
resulted in the isolation of human LBP (Schumann et al., 1990) and it 
is likely in the near future that LBP will be isolated from other 
animal species. 

LBP is synthesized in hepatocytes as a 55-kDa polypeptide; it is 
glycosylated and released into blood as a 60-kDa glycoprotein (Ra- 
madori et al., 1990) Levels of LBP in normal rabbit serum have been 
estimated to be <0.5 pg/ml and between 1 and 10 pg/ml in normal 
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human serum (D. Leturcq and P. Tobias, unpublished data). After 
an acute-phase response in rabbits, LBP concentrations rise up to 
50 pg/ml; LBP concentrations in excess of 300 pg/ml have been de- 
tected in acute-phase human serum (D. Leturcq and P. Tobias, per- 
sonal communication). 

Tobias and co-workers developed a solid-phase competitive bind- 
ing assay that facilitated analysis of the binding of a variety of differ- 
ent LPS isolates to purified LBP (Tobias et  al., 1989). It was shown 
that LBP binds similarly to LPS isolated from the rough (R) or smooth 
(S) forms of gram-negative bacteria. These data showed that the 
presence of core and/or O-antigen polysaccharide did not signifi- 
cantly influence binding to lipid A. High-affinity binding also was 
seen with synthetic lipid A and a limited series of partial lipid A 
structures, including lipid IVa. In contrast, LBP does not bind to 
other charged polymers such as RNA, DNA, or heparin and even 
binds poorly to high-molecular-weight dextran sulfate, lipoteichoic 
acid, or lipid X. Studies with Re595 LPS provided an estimate for a 
Kd in the nanomolar range and a binding stoichiometry of 1:l .  

Tobias et al. (1988) first reported that LBP was related to another 
LPS/lipid A-binding protein, namely, bactericidaUpermeability- 
increasing protein (BPI). BPI is a 50-kDa protein localized in a gran- 
ule fraction of neutrophils; it is an antibacterial protein specific for 
gram-negative bacteria (Weiss et al., 1978, 1984; Ooi et  al., 1987). 
Cloning of the cDNAs for LBP (Schumann et  al., 1990) or BPI (Gray 
et  al., 1989) and elucidation of the complete primary amino acid se- 
quences confirmed the marked structural homology between these 
two LPS/lipid A-binding proteins. Protein sequence database 
searches also revealed that LBP and BPI are related to the plasma 
protein, cholesteryl ester transfer protein (CETP) (Drayna et al., 
1987). 

The important question of the biological properties of complexes of 
LPS and LBP formed with LPS preparations containing varying lipid 
A : carbohydrate ratios has been recently addressed by Mathison and 
co-workers in studies with elicited rabbit peritoneal exudate MOs 
(PEMs) (Mathison et  al., 1992). Measurements of TNF induction 
with a series of different S-form isolates of LPS, with S.  minnesota 
LPS isolated from wild-type and inner/outer core mutants (Re-Ra 
LPS), and with synthetic lipid A showed that the presence of LBP 
lowered the threshold stimulatory concentration of LPS and 
markedly enhanced the rate of TNF production with each of these 
different forms of LPS. These studies also showed that the LBP ef- 
fects were observed with synthetic lipid A, but not with partial lipid 
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A structures such as lipid IVa. Heat-denatured LBP that no longer 
binds to LPS, serum albumin, or BPI did not substitute for LBP. i n  
contrast to effects on LPS, LBP does not alter the characteristics of 
the TNF response induced by phorbol 12-myristate 13-acetate (PMA) 
or suspensions of heat-killed Staphylococcus aureus (HKSA). Thus 
the effects of LBP on MO stimulation are limited to LPS/lipid A. 

Comparative studies measuring LPS-induced cytokine production 
in the presence and absence of LBP have been performed with sev- 
eral different MO sources that all express CD14 (R. J. Ulevitch, un- 
published data): elicited rabbit peritoneal exudate MOs, murine 
bone marrow-derived MOs, human and rabbit alveolar MOs, and 
freshly isolated human blood monocytes or macrophage-like cell 
lines. Although the majority of studies have measured TNF produc- 
tion, the effects of LBP on LPS-stimulated release of cytokines such 
as IL-1, IL-6, or IL-8 are similar. Addition of LBP has several pro- 
nounced effects on cytokine production: the threshold stimulatory 
concentration of LPS is reduced by as much as 1000-fold and the 
rate of cytokine release is markedly accelerated. The latter effect 
results from more rapid and greater induction of cytokine mHNA. 
Another consequence of stimulation of MO with LPS-LBP com- 
plexes is an increase in the stability of mRNA when TNF mRNA 
half-lives are measured in LPS or LPS/LBP-stimulated cells treated 
with actinoniycin D (Mathison et al. ,  1992; Martin et al . ,  1992). This 
effect most likely contributes to enhanced cytokine production in- 
duced with complexes of LPS and LBP. 

Another function of LBP is to opsonize LPS-bearing particles such 
as intact gram-negative bacteria or erythrocytes coated with LPS 
(E-LPS) (Wright et al., 1989b). This observation forms the basis of a 
quantitative rosetting assay that provided the initial recognition of 
the role of CD14 in recognizing LPS-LBP complexes. Addition of 
LBP to E-LPS promoted adherence of these particles to MOs, hut did 
not result in phagocytosis or initiation of an oxidative burst. 
However, E-LPS opsonized with LBP significantly enhanced phago- 
cytosis in the presence of' suboptimal amounts of antierythrocyte IgG. 

Initial attempts to characterize the membrane receptor for E-LPS- 
LBP revealed that it was mobile in the plane of the membrane, based 
on the finding that it could be downmodulated b y  coating surfaces 
with LPS-LBP complexes. From additional downmodulation experi- 
ments the known opsonic receptors, such as CR1, CR3, or FcH 
(1-IIi), were excluded as mediating the attachment of E-LPS-LBP, 
and monocytes from CD18-deficient patients bind E-LPS-LBP iden- 
tically to cells from nornial controls (Wright et d., 1989b). 
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Subsequent experimentation revealed that the glycan phosphati- 
dylinositol-anchored MO plasma membrane protein, CD14, mediates 
the attachment of E-LPS-LBP to MOs. In experiments utilizing a 
“mobile receptor downmodulation” strategy, Wright et al. demon- 
strated that coating surfaces with anti-CD14 monoclonal antibodies 
but not with monoclonal antibodies to other MO surface proteins 
prior to adherence of MOs to the surfaces markedly reduces binding 
of E-LPS-LBP (Wright et al., 1990b). Pretreatment of MOs with 
phosphatidylinositol-specific phospholipase C (PI-PLC) under condi- 
tions in which >90% of the GPI-anchored CD14 is released also 
markedly inhibited adherence of E-LPS-LBP. Pretreatment of MOs 
with certain anti-CD14 monoclonal antibodies, such as 3C 10, directly 
blocked rosetting of E-LPS-LBP. 

Additional data supporting an important role for CD14 in mediat- 
ing LPS-induced cytokine release is derived from studies with whole 
blood ex vivo. It is likely that the whole blood assay reflects events 
that occur in vivo after exposure to LPS. Exposure of whole blood, ex 
vivo, to LPS results in rapid release of cytokines such as TNF; con- 
centrations of LSP <1 ng/ml are potent agonists in the whole blood 
assay (Desch et al., 1989). Pretreatment of whole human blood prepa- 
rations with anti-CD14 monoclonal antibodies such as 3C10 (Wright 
et al., 1990b) results in a marked inhibition of LPS-induced TNF 
release. In contrast, addition of the monoclonal anti-CD18, IB4, had 
no effect on LPS-induced TNF release in the whole blood assay. 
Ulevitch, Tobias, and colleagues (Schumann et al., 1990) also showed 
that immunodepletion of LBP from normal rabbit blood with goat 
antirabbit LBP IgG markedly inhibited LPS-induced TNF release; 
several other control antibodies, including goat antirabbit IgG or an- 
tirabbit fibronectin, were without effect. Moreover immunodepletion 
of LBP did not block TNF release induced by HKSA. Thus the LBP/ 
CD14 pathway seems to play a central role in controlling cellular 
responses to LPS. 

Lee and colleagues have provided rigorous proof for the impor- 
tance of CD14 in controlling LPS responses. These studies utilized 
the LPS-responsive murine pre-B cell line, 70Z/3 (Lee et  al., 1992). 
The 70Z/3 cells respond to LPS by synthesizing K light chains with 
consequent expression of membrane IgM (Weeks and Sibley, 1988). 
Using polymerase chain reaction (PCR) with primers specific for mu- 
rine CD14, Lee et  al. established that 70Z/3 cells do not contain 
detectable CD14 mRNA. The 70Z/3 cells were transfected with hu- 
man or rabbit CD14 (hCD14 or rCD14) cDNA incorporated into a 
pRc/RSV vector; evidence for stable transfectants expressing CD 14 
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was obtained using flow cytometry staining with anti-CD14 monoclo- 
nal antibodies. Pretreatment of 70Z/3-hCD14 cells with the enzyme 
PI-PLC resulted in a loss of surface staining by anti-CD14 monoclo- 
nal antibodies, indicating that the hCD14 is GPI anchored. Quanti- 
tation of CD14 with '"1-labeled Fab fragments of an anti-Cdl4 
monoclonal antibody revealed that 7OZ/3-hCD 14 cells express 
10,000-20,000 hCD14/cell (P. S. Tobias, personal communication). 

When LPS is coinplexed with LBP the 70Z/3-hCD14 cells bind 
more LPS than do parental or 70Z/3 cells transfected with vector 
only (70Z/3-RSV). This increased binding is prevented by pretreat- 
ment of cells with PI-PLC or anti-CD14 nionoclonal antibodies. 
When LPS dose-response curves for 70Z/3-hCD14 or 70Z/3-RSV 
cells are compared it was observed that expression of CD14 lowers 
the amount of LPS required to stimulate surface IgM expression by 
up to 10,000-fold. These studies were performed with R- or S-form 
LPS isolates as well as with synthetic lipid A. Stimulation of 70Z/3- 
hCD14 with LPS is accompanied by NF-KB activation. In contrast, 
the response of 70Z/3-hCD14, 70Z/3-RSV, or the parental cells to 
IFN-y is identical. 

The data of Lee et nl.  (1992) show that CD14 has a crucial role in 
recognition of LPS and initiation of cellular responses and provide 
support for the concept that stimulation by LPS may occur via CD14- 
dependent and -independent pathways. These studies raise several 
important questions: Is binding of LPS or LPS-LBP to CD14 suffi- 
cient to stimulate 70Z/3-CD14 cells? What is the relationship be- 
tween CD14-dependent and -independent pathways? At present 
there are no data that address these issues. However, i t  is tempting to 
speculate that the LPS receptor on cells that normally express CD14, 
i.e., MOs or polymorphonuclear leukocytes, is a complex containing 
CD14 and an as yet unidentified additional membrane protein(s). 
This implies that binding of LPS or LPS-LBP complexes to CD14 
alone is not sufficient to initiate cellular responses. 

Two plausible models for a heterodimeric LPS receptor can be 
derived from what is known about the receptors for the cytokines 
IL-2 or IL-6. The IL-2 receptor (IL-2R) is a heterodimer (Hatakeyania 
et al., 1989; Mills et al., 1990) consisting of two ligand-binding sub- 
units: the IL-2R a subunit, which binds IL-2 with low affinity but 
does not transduce signals or mediate ligand internalization, and the 
IL-2R p subunit, which binds IL-2 with low affinity but does trans- 
duce signals and mediate ligand internalization. When both the a and 

subunits are present, high-affinity binding is observed (Hat- 
akeyama et al . ,  1989) and the threshold stimulatory dose of IL-2 is 
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substantially reduced. The receptor for IL-6 is a heterodimer consist- 
ing of an 80-kDa ligand-binding subunit and the gp130 subunit that 
does not bind ligand but does mediate transmembrane signaling 
(Hibi et al., 1990; Akira et al., 1990). Engagement of the 80-kDa sub- 
unit by IL-6 results in association of the ligand/receptor complex 
with gp130 and the initiation of transmembrane signaling. 

VII. Summary 

Research performed during the past 5 years has provided a consid- 
erable amount of evidence to support the contention that the initial 
interaction of LPS (lipid A) with cells is mediated by distinct plasma 
membrane proteins. Some of these interactions may be solely in- 
volved in removal and eventual degradation of LPS whereas others 
may play a critical role in transmembrane signaling. Interactions that 
appear to be limited to a removal function have been assigned to the 
lipoprotein scavenger receptor or CD18 where R-form LPS, lipid A, 
or partial lipid A structures such as lipid IVa appear to be the pre- 
ferred ligands; S-form LPS appears not to interact with these mem- 
brane proteins. Whether these interactions reflect events that occur 
in vivo remains to be definitively established. Moreover, the scav- 
enger receptor and CD18 do not have a role in mediating LPS- 
induced transmembrane signaling. 

Photochemical crosslinking studies performed by Morrison and 
colleagues and by Dziarski (1991a,b) have revealed an LPS-binding 
membrane protein with an apparent molecular weight 70,000- 
80,000. This protein binds the lipid A of LPS as well as the carbohy- 
drate backbone of peptidoglycan. Studies with monoclonal antibod- 
ies to this protein show that the presence of antibody blocks LPS 
binding, suggesting that engagement of this protein leads to trans- 
membrane signaling. However, a definitive evaluation of the role of 
this protein in mediating LPS effects will require complete purifi- 
cation and/or gene cloning. 

Perhaps the most important advance in our understanding of how 
LPS acts is derived from the studies of Ulevitch, Tobias, and col- 
leagues wherein the LBPKD14-dependent pathway of cell stimula- 
tion has been identified. This pathway has particular importance for 
LPS recognition and signaling by cells such as monocytes/ 
macrophages or polymorphonuclear leukocytes that constitutively ex- 
press CD14. The importance of the LBP/CD14-dependent pathway 
has been definitively demonstrated by experiments using immuno- 
logic, biochemical, and molecular biologic approaches. Available 
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data are consistent with a model for a heterodimeric LPS receptor 
that consists ofCD14 and an as yet unidentified additional protein(s). 
Clearly a major goal for future research will be to elucidate fully the 
additional proteins involved in recognition of LPS. 
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1. Introduction 

The skin, as an organ, hardly ever fails, even in extreme old age. 
However, if the crucial barrier function of the skin, subserved by the 
epidermis, does fail, the result is almost invariably fatal due to in- 
fection and/or fluid loss. This barrier function of the skin is main- 
tained by an epidermis in which keratinocytes adhere to each other 
as well as to the basement membrane at the dermal-epidermal junc- 
tion. 

The theme of this review will be that, in various autoimmune blis- 
tering diseases of skin, autoantibodies are directed against epidermal 
cell adhesion molecules or molecules found in cell adhesion junc- 
tions. The blisters and dysfunction of the epidermal barrier in these 
diseases result from loss of adhesion of cells either to the basement 
membrane or to other cells. 

This theme will be developed for three diseases, bullous pemphi- 
goid (BP), peinphigus foliaceus (PF), and pemphigus vulgaris (PV). 
Studies of the autoantibodies from patients with these diseases have 
not only shed light on potential pathophysiologic mechanisms, but, 
in a more general sense, have enabled LIS to start to understand how 
the epidermis maintains its intact state. 

It. Clinical, Histologic, and lmmunopathologic Findings 

BP, PF, and PV are all bullous diseases of skin. Each has a distinc- 
tive clinical appearance (1-4)  (Table I), and the blisters in each re- 
sult from loss of adhesion at a specific level of the epidermis ( 2 )  (Fig. 
1). BP and pemphigus also have characteristic imniunofluorescence 
findings (Table I; Fig. 2) ;  however, the inimunofluorescence findings 
in PF and PV are very similar (5-9) (Table I). 
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TABLE I 
CLINICAL AND IMMUNOPATHOLOGIC FINDINGS IN BULLOUS PEMPHIGOID, PEMPHIGUS 

FOLIACEUS, AND PEMPHIGUS VULGARIS" 

Mucous 
Membrane Direct I F  Indirect I F  

Disease Skin Findings Findings (skin) (serum) 

BP Tense blisters, 10-35% have IgG and C3 at 
urticaria1 oral erosions the epidermal 
lesions basement 

membrane 

PF Scaly, crusted None IgC on the 
erythematous keratinocyte 
macules and cell surface 
erosions 

PV Flaccid bullae, Almost all have IgG on the 
large erosions oral or other keratinocyte 

mucous cell surface 
membrane 
erosions. Oral 
erosions often 
presenting 
sign 

IgG binds 
normal 
stratified 
squamous 
epithelial 
basement 
membrane 

IgG binds 
normal 
stratified 
squamous 
epithelial cell 
surface 

IgG binds 
normal 
stratified 
squamous 
epithelial cell 
surface 

I' Abbreviations: BP, bullous pemphigoid; PF, pemphigus foliaceus; PV, peinphigus vulgaris; 
IF, immunofluorescence. 

A. BULLOUS PEMPHICOID 
BP is predominantly a disease of the elderly, although people of all 

ages may be affected, The characteristic lesion in BP is a tense blister 
arising on either normal skin or on an erythematous base. The blis- 
ters characteristically occur on the lower abdomen, thighs, and flex- 
ural surfaces of the extremities, but may become more generalized. 
On the other hand, lesions of BP may be localized, most commonly to 
the lower legs. Because the lesions in BP result in loss of the barrier 
function of the epidermis, the disease may be fatal, especially if 
widespread in elderly patients. 

Histology indicates that the blister in BP forms at the epidermal 
basement membrane (Fig. 1). In cell biologic terms, the pathology 
results from loss of adhesion of the epidermal basal cells to the un- 
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FIG. 1. Site of blister formation in pemphigoid and pemphigus. NHS, Normal hu- 

man skin; BP, bullous pemphigoid; PV, pemphigus vulgaris; PF, peiiiphigus foliaceus; 
SC, stratum corneuiii; GL, granular layer; BC, basal cells; BM, basement membrane. 

derlying basement membrane. Electron microscopic studies demon- 
strate that early blisters occur just below the basal cell membrane, in 
the lamina lucida of the basement membrane zone, with the lamina 
densa remaining on the floor of the blister cavity (10). The earliest 
lesion shows tearing of the anchoring filaments within the hemides- 
mosome below the basal cell membrane, with subsequent disap- 
pearance of the entire hemidesinosome (1  1 J 2 )  (a schematic diagram 
of these structures is shown in Fig. 3) .  It is of interest that the hemi- 
desmosome, an organelle thought to be important in basal cell- 
basement membrane attachment, is destroyed in lesions of BP. 

Lesions of BP also show an inflammatory cell infiltrate to varying 
degrees. This infiltrate characteristically contains eosinophils, which 
localize to the upper dermis, along the basement membrane zone, 
and in the blister cavity. In so-called cell-poor lesions, this infiltrate 
is minimal; however, it is always seen to some degree in all lesions. 
Finally, light microscopic and electron microscopic studies have 
shown degranulation of mast cells near the epidermal basement 
membrane in early BP lesions (13J4) .  

Direct iminunofluorescence of perilesional skin from BP patients 
shows deposits of IgG and C3 at the epidermal basement membrane 



FIG. 2. Indirect immunofluorescence with pemphigoid and pemphigus sera. (A) BP 
serum on pig skin shows staining of epidermal basement membrane zone. (B) PF 
serum on guinea pig esophagus shows cell surface staining of stratified squamous epi- 
thelium. (C) PV staining of cultured human keratinocytes shows cell surface fluo- 
rescence that in more oblique views is seen as dots, suggesting junctional staining 
( x  160). 
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FIG. 2. (Continued) 

zone. In addition, most patients have circulating antibodies that bind 
the basement membrane zones of normal stratified squanious epithe- 
lia and of certain complex epithelia (e.g., trachea, urinary bladder, 
gall bladder), but not simple epithelia or nonepithelial tissues (8,15) 
(Table I; Fig. 2A). Thus, BP autoantibodies define a tissue-specific 
antigen. 

In summary, then, BP is a subepidermal blistering disease in 
which autoantibodies localize to the site of pathology (the epidermal 
basement membrane) and define a normal antigen of stratified 
squamous and complex epithelial basement membranes. 

B. PEMPHICUS 

There are two major types of pemphigus, PV and P F  (Table I). PV 
is characterized by erosions of mucous membranes and flaccid blis- 
ters of the skin. Almost all PV patients have involvement of the mu- 
cous membranes, most often the oral mucosa. Frequently patients 
present with oral erosions and, if untreated, these may persist for 
months before skin lesions eventually develop. Before the advent of 
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corticosteroid therapy for PV the disease was almost invariably fatal 
because of lesions on large areas of skin and mucous membrane ero- 
sions, with resultant loss of epidermal barrier function. 

P F  patients develop small flaccid blisters that rapidly evolve into 
scaly crusted lesions, characteristically localized to the face and up- 
per trunk, but the lesions may become generalized. As opposed to PV 
patients, P F  patients do not develop mucous membrane lesions or 
large skin erosions. PF in an elderly patient with widespread in- 
volvement may be fatal, but, in general, it has a much better prog- 
nosis than does PV. 

Histology of the lesions in PV and PF indicates that an intraepider- 
ma1 blister occurs because of loss of epidermal cell-to-cell adhesion. 
However, in PV this defect in cell adhesion occurs deep with the 
epidermis, just above the basal cell layer, whereas in PF the loss of 
cell adhesion is in the granular layer, the upper part of the living 
epidermis (Fig. 1). Early blisters of pemphigus often show minimal 
or no inflammatory infiltrate. 

Electron microscopic studies of PV blisters have been somewhat 
contradictory. Early PV blisters demonstrate separation of the plasma 
membrane of keratinocytes between desmosomes, with eventual sep- 
aration of the desmosomes in later lesions (12J6) .  However, electron 
microscopic studies of uninivolved skin from PV patients and of skin 
organ culture exposed to PV antibodies suggest abnormalities in des- 
mosomes early in blister formation ( 1  7,18) (see Fig. 3 for a schematic 
diagram of the desmosome). Electron microscopic examination of 
early PF lesions shows abnormalities of desmosomes, with separa- 
tion of the keratin filaments from the desmosome attachment plaque. 
Eventually, cells separate, with loss of desmosomes (19). 

These types of ultrastructural studies are difficult to interpret re- 
garding the time course of pathologic findings, but they do show that 
when keratinocytes come apart in pemphigus lesions, the desmo- 
some, an organelle thought to serve the function of cell-to-cell attach- 
ment, is destroyed. 

Autoantibodies against the keratinocyte cell surface are characteris- 
tic of both types of pemphigus (20). By direct immunofluorescence of 
perilesional skin from PV and PF patients, IgG can be detected on 
the cell surface of keratinocytes throughout the epidermis. The pat- 
tern of fluorescence is the same in both types of pemphigus. As seen 
by indirect immunofluorescence, PV and PF patients have circu- 
lating IgG antibodies that bind the cell surface of stratified squamous 
epithelial cells, but not other epithelial cells (8,21) (Table I; Figs. 2B 
and 2C). 
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DESMOSOME 

(DPI/II,PG,others) 

H EMI DESMOSO M E KERATIN 

BPAI 

BPA2 

FIL 3 Diagram of the ultra\tructure of desinosomes and heinide~ino~omes PFA, 
PF antigen, PVA, PV antigen, BPA1, the 230-kDa BP antigen, BPA2, the 180-kDa BP 
antigen, DPI/II desmoplakin 1/11, PG, plakoglobin, SBDP, \ubba\al dense plate, 
AFiI, anchoring filament\, LD, lamina denw 

In summary, then, PV and P F  are diseases in which blisters and 
erosions form due to the loss of the normal cell-to-cell adhesion of 
keratinocytes, and in which autoantibodies are directed against anti- 
gens found on the cell surface of keratinocytes. 

111. lmmunochemical Characterization of Pemphigoid and 
Pemphigus Antigens 

A. PEMPHIGOID ANTICENS ARE HEMIDESMOSOMAL PROTEINS 

Imniunoelectron microscopic studies have been used to localize, at 
an ultrastructural level, the site of binding of' BP antibodies. The 
original studies were immunoperoxidase localization of in viuo- 
bound IgG or C 3  in the skin of BP patients. These studies showed a 
diffuse localization of peroxidase reaction products to the lamina lu- 
cida, the electron-lucent area between the lamina densa and the 
basal cell membrane (22-24). However, when the localization of BP 
antigen was investigated with circulating antibodies from patient 
sera, an unexpected finding was that most of the IgG bound inside 
the cell. For example, immunofluorescence studies of isolated epi- 
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dermal basal cells and cultured keratinocytes revealed that perme- 
abilization of the cell membrane was necessary for BP IgG to bind 
(25-27). Similarly, very little BP IgG was able to bind the basement 
membrane zone of viable epidermis, as detected by immunofluores- 
cence, but permeabilization of the membrane or exposure of intracel- 
lular sites by cryosectioning allowed much greater binding with 
markedly increased fluorescence (25,28,29). Futhermore, imniuno- 
peroxidase and immunogold electron microscopic studies demon- 
strated that major labeling with BP sera occurred inside the basal cell 
and, more specifically, was found on the hemidesmosome plaque 
(Fig. 3) (15,25-27,30-32). The hemidesmosome is a specialized 
structure organized at sites of attachment of the basal cell to the lam- 
ina densa and is, therefore, thought to be important in anchoring 
basal epithelial cells to the underlying basement membrane (33,34). 

More recent immunoelectron microscopic studies with BP sera 
have confirmed that BP IgG mainly binds the plaque of the hemides- 
mosome inside the cell but that there is some binding in the lamina 
lucida, external to the cell membrane and beneath the hemides- 
niosome plaque (28,35). 

In summary, these immunofluorescence and ultrastructural studies 
with whole BP sera suggest that BP antigen is localized mainly to the 
plaque of the hemidesmosome, but also has some epitopes in the 
extracellular hemidesmosome. 

To further characterize the molecule or molecules that BP sera rec- 
ognize, investigators have used immunoprecipitation and immuno- 
blotting techniques. Preliminary immunofluorescence studies dem- 
onstrated that keratinocytes in culture display, and presumably 
synthesize, BP antigen (36,37). Thus, extracts of cultured keratino- 
cytes, whose newly synthesized proteins were labeled with radioac- 
tive amino acids, were used for immunoprecipitation assays with BP 
sera, disease control sera, and normal human sera. These studies 
demonstrated that human and rodent keratinocytes in culture synthe- 
size BP antigen, which is [as estimated from sodium dodecyl sulfate 
(SDS) and polyacrylamide gel electrophoresis (PAGE)] a protein of 
approximately 230 kDa (reported in various publications as 220- 
240 kDa) (38,39). These observations have subsequently been con- 
firmed by several laboratories (27,40,41). Greater than 90% of sera 
from BP patients precipitates this protein, whereas no disease control 
(such as pemphigus and epidermolysis bullosa acquisita) or normal 
sera precipitate it. Studies with mouse keratinocytes grown in low- 
calcium medium (in which they have a basal cell phenotype) as com- 
pared to high-calcium medium (in which they differentiate) demon- 
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strated that this BP antigen was synthesized predominantly by the 
basal cells, as is expected for an antigen that is only found in this cell 
population in vivo (42). This 230-kDa BP antigen has also been iden- 
tified by immunoblotting of extracts of normal human epidermis, 1x1- 
vine cornea, and bovine tongue with BP sera (15,43-50). Two- 
dimensional gel electrophoresis of immunoprecipitates of keratino- 
cyte extracts and immunoblots of epidermal extracts indicated that 
the 230-kDa BP antigen migrates as a single spot with a basic p l  of 
about 8 (41). Further evidence for the identity of this molecule comes 
from immunofluorescence studies in which antibodies affinity pu- 
rified on immunoblots of this 230-kDa antigen bind the basement 
membrane zone of epidermis in a pattern indistinguishable from 
whole BP sera (41,51). 

The 230-kDa BP antigen has been localized to the plaque of kerati- 
nocyte hemidesmosomes. Consistent with a localization in hemides- 
mosomes, at least some of the 230-kDa BP antigen is found organized 
in the nonioiiic detergent-insoluble particulate fraction of cultured 
keratinocytes and epidermis (51). It is a major polypeptide in henii- 
desmosome-enriched fractions of bovine corneal epithelial cells (46). 
A monoclonal antibody raised against this protein binds stratified 
squamous epithelial basement membrane in the same pattern as is 
seen using BP antibodies (46). Furthermore, antibodies from BP sera 
that are affinity purified on the 230-kDa BP antigen bind the human 
epidermal heniidesmosome by immunoperoxidase electron micro- 
scopy (52) and the bovine tongue hemidesmosome plaque as deter- 
mined by immunogold electronmicroscopy (49). Finally, a human 
monoclonal antibody, isolated from a patient with BP, binds the 
230-kDa antigen and also binds the hemidesmosome plaque by ini- 
munoelectron microscopy (53). As discussed below, ultrastructural 
localization of the 230-kDa BP antigen to the hemidesmosonie 
plaque has also been confirmed with rabbit antibodies raised against 
portions of the cloned 230-kDa BP antigen. 

Perhaps surprisingly, the 230-kDa BP antigen is not the only mole- 
cule specifically recognized by BP antibodies. That there might be 
more than one BP antigen was first suggested by immunofluores- 
cence studies in which patient sera tested against a panel of different 
human skin substrates gave various patterns of reactivity (54) .  In 
other words some sera, but not others, might bind a particular skin 
specimen, whereas all sera bind other skin specimens. However, this 
type of study only suggests that different epitopes are recognized by 
different sera, but does not determine if these epitopes are on differ- 
ent molecules. Subsequently, imniunoblotting studies with epider- 
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ma1 extracts demonstrated that different BP sera bind two major poly- 
peptides (4435). Although the majority of BP patient sera recognized 
the 230-kDa antigen, about 50% recognized a 180-kDa polypeptide 
(by SDS-PAGE, reported as 165-180 kDa in various publications). 
Some patient sera recognized both the 230- and the 180-kDa anti- 
gens, whereas others recognized only one of these antigens. Many 
groups have subsequently confirmed this heterogeneity as deter- 
mined by immunoblotting (45,47,49,50,56). The 180-kDa antigen has 
also been detected by  immunoprecipitation of cultured keratinocyte 
extracts, but not consistently (41). This variability in detection of the 
180-kDa antigen may be because it is particularly prone to proteo- 
lytic degradation during keratinocyte extraction procedures or be- 
cause of differences in extraction procedures used in different studies 
(48,57). Although one study suggested an immunological cross- 
reactivity of the 230- and 180-kDa molecules (52), subsequent clon- 
ing studies have indicated that these are unrelated polypeptides that 
are distinct gene products (see below). 

Analogous to the findings with the 230-kDa BP antigen, the 
180-kDa BP antigen has been localized to hemidesmosomes of strati- 
fied squamous epithelia. A 180-kDa glycoprotein is enriched in the 
hemidesmosomal fraction of bovine corneal epithelial cells (46). 
Monoclonal antibodies directed against this 180-kDa glycoprotein 
showed an immunofluorescence staining pattern and tissue distribu- 
tion similar to that of BP sera and to that of a monoclonal antibody 
against the 230-kDa BP antigen (46). Antibodies affinity purified from 
BP sera on the 180-kDa antigen were localized by immuoperoxidase 
electron microscopy to human hemidesmosomes (52) and by immu- 
nogold electron microscopy to the hemidesmosome plaque of bovine 
tongue epithelia (49). Finally, antibodies raised against a fragment of 
the cloned 180-kDa BP antigen bind to the epidermal basal cell 
hemidesmosome as determined by immunoelectron microscopy (see 
below) (58). 

In summary, then, two distinct BP antigens have been character- 
ized immunochemically. Both are localized in the hemidesmosome 
(mainly on the plaque). Interestingly, there is no correlation between 
the antigens recognized by individual patients and their clinical 
presentation (59-61). 

B. PEMPHIGUS FOLIACEUS ANTIGEN Is DESMOGLEIN, 
A DESMOSOMAL GLYCOPROTEIN 

The first studies to try to characterize the PF antigen were immu- 
noblot analyses of SDS extracts of normal human epidermis. These 
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studies demonstrated that about one-third of P F  sera identified a pol- 
ypeptide of about 160-kDa (155-160 kDa in various publications) 
(62-66). Antibodies from PF sera that were affinity purified on this 
160-kDa polypeptide bound the epidermis by iminunofluorescence 
in a pattern indistinguishable from that of PF sera (62).  The other 
two-thirds of P F  sera did not specifically bind any polypeptides on 
these immunoblots, presumably because they could no longer bind 
P F  antigen epitopes that were denatured during the SDS-PAGE 
procedure. 

This 160-kDa polypeptide was subsequently shown, by the evi- 
dence outlined below, to be desinoglein (previously called desmo- 
glein I), a desmosomal transmembrane glycoprotein (Fig. 3) .  Analo- 
gous to hemidesmosomes that are thought to anchor basal cells to 
basement membrane, desmosomes are organelles found in areas of 
cell-to-cell contact and are thought to be important in maintaining 
cell-to-cell adhesion (Fig. 3 )  (33,34,67-69). Desmoglein is a trans- 
membrane glycoproteiii that extends into the core (or center) of des- 
mosomes and is presumed to be directly involved in cell adhesion 
(32,70). Desmoglein is found in the desniosomes of all tissues (71),  
and has also been shown to bind calcium, which is known to be 
required to induce desinosonie formation in keratinocytes (72-74). 

What is the evidence that P F  autoantibodies bind desmoglein? 
First, monoclonal antibodies against desmoglein and PF antibodies 
bind human epidermis in identical patterns, as seen by immunofluo- 
rescence (75).  Second, on immunol>lots of extracts of normal human 
epidermis, both polyclonal and monoclonal antibodies against des- 
inoglein and PF IgG bind to comigrating polypeptides (which are 
-160 kDa and have a pZ of -5.5) electrophoresed in one (SDS- 
PAGE) and two (isoelectric focusing followed by SDS-PAGE) di- 
mensions (75,76). Third, PF sera bind desmoglein in bovine desnio- 
soma1 extracts (64,75). Fourth, IgG affinity purified from P F  sera on 
the 160-kDa PF antigen froin human epidermal extracts binds to des- 
moglein extracted from bovine muzzle desmosomes (75). Finally, PF 
antigen, obtained by sonication of trypsin-resistant human epidermis, 
can absorb out the antidesmoglein antibodies from PF sera (77).  

However, as stated above, only about one-third of P F  sera can be 
shown to bind the 160-kDa desinoglein by immunoblotting. What 
about the other two-thirds of sera? With the technique of inimunopre- 
cipitation of nonionic detergent extracts of epidermis, which, as op- 
posed to imniunoblotting, does not denature proteins, it was shown 
that all P F  sera bind to a complex of polypeptides that includes the 
160-kDa desmoglein as well as an 85-, 260-, and minor 110-kDa mol- 
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ecule, all in a stoichiometric ratio (78). Antibodies to desmoglein pre- 
cipitate this same complex. Diagonal gel electrophoresis (unreduced 
in the horizontal direction, reduced in the vertical second direction) 
indicates that the desmoglein is linked by disulfide and noncovalent 
bonds to the 85-kDa peptide in this complex (79). Much, if not all, of 
this disulfide bonding might take place after extraction of these mole- 
cules from the epidermis when they are exposed to a more oxidizing 
environment. In fact, extraction in the presence of iodoacetamide, 
which alkylates free sulfhydryl groups and thereby prevents disulfide 
bond formation, demonstrates much less disulfide linkage and more 
noncovalent association of these molecules as determined by diago- 
nal gel electrophoresis (unpublished observation, 1988). Sequential 
immunoprecipitation experiments, in which this complex was dena- 
tured, reduced, and alkylated, then reprecipitated, confirm immuno- 
blotting results that demonstrate that the P F  antigen epitopes are on 
desmoglein, not on the 85-kDa polypeptide of this complex (80). The 
noncovalent interaction of desmoglein and this 85-kDa polypeptide 
must be a strong and specific one, because the complex is stable in 
nonionic detergent and because the molecules always show the same 
relative stoichiometry. 

Immunofluorescence studies have suggested that PF antibody 
binding to human epidermis might be dependent on the presence of 
calcium (81). Consistent with this hypothesis, most PF sera could 
precipitate the P F  complex only in the presence of calcium (78). In 
fact, the PF sera that were negative by immunoblotting were the 
same sera that required calcium to precipitate this complex, and 
those that were immunoblot positive (i.e., those that could bind dena- 
tured antigen) were able to precipitate this complex even when the 
calcium was chelated. These results suggested that most PF sera 
bind to a calcium-sensitive conformational epitope on desmoglein. 
Further studies of immunoprecitation of a fragment of' PF antigen 
released from keratinocytes by trypsin have demonstrated that, in 
fact, all PF sera have antibodies that bind a calcium-sensitive epitope 
and that this epitope is extracellular (82). 

If P F  antigen is desmoglein and it is linked in the epidermis to an 
85-kDa molecule in a stoichiometric fashion, then is the 85-kDa mol- 
ecule also desmosome associated? In fact, the sequential imniuno- 
precipitation studies discussed above demonstrated that the 85-kDa 
molecule, once dissociated from the P F  antigen complex, could be 
immunoprecipitated by antibodies to plakoglobin, a plaque protein 
found not only in desmosomes (Fig. 3) but also in another type of 
intercellular junction called adherens junctions (80,83). These stud- 
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ies also demonstrated that the 260-kDa polypeptide prol)ably consists 
of both the desinoglein and plakoglobin linked by covalent bonds 
that are not reducible (80). Again, it is not known if these covalent 
bonds form after extraction from the epidermis. 

If P F  antigen is desmoglein, it should be localized in desniosomes. 
Early irnmunoelectron microscopic studies, in which investigators 
used the imniunoperoxidase technique, localized IgG along the en- 
tire membrane of keratinocytes in uiuo both in PF patients and in 
neonatal mice that had been injected with PF antibodies (84-86). 
However, more recent iinmunoperoxidase studies of IgG localization 
in patients’ skin indicates that the major binding is to the extracellu- 
lar aspects of desniosomes (87). In addition, indirect immunoelectron 
microscopic studies with immunogold labeling indicate that P F  IgG 
binds to the extracellular portion of desmosomes in ciiltured kerati- 
nocytes and in noriiial human skin (87,88). 

The finding that P F  antigen is desmoglein resulted in a paradox, 
because PF antigen, as detected by immunofluorescence, was known 
to be limited in distribution to stratified squamous epithelia, as dis- 
cussed above. Yet, desmoglein was found in the desniosomes of all 
tissues. The answer to this paradox started to become apparent when 
it was noted that the desinoglein in different tissues was not identi- 
cal. For example, it displayed slightly different mobilities on SDS- 
PAGE (89). In addition, as with PF antibodies, some monoclonal an- 
tibodies also only recognized epitopes of desmoglein expressed in 
stratified squamous epithelia (21,89,90). The final solution to this par- 
adox has been provided by cDNA cloning of desmoglein, which re- 
veals that there is a gene family encoding these molecules, enabling 
expression of different gene products in different tissues (see below). 

In summary, then, P F  autoantibodies recognize stratified squa- 
mous epithelial-specific, and calcium-sensitive conformational, epi- 
topes on desmoglein, a desmosomal transmembrane glycoprotein. 
Recent cDNA cloning of desmoglein, as described below, provides a 
framework in which to understand these findings. PF antibodies also 
have been used to show that desmoglein in keratinocytes is found in 
a stoichiometric complex with plakoglobin, a desmosome plaque 
protein. 

C. PEMPHIGUS VULGARIS ANTIGEN Is A 130-kDa GLYCOPROTEIN 
COMPLEXED WITH PLAKOCLOBIN 

The initial studies done to characterize PV.antigen at a molecular 
level were imniunoprecipitation studies of nonionic detergent ex- 
tracts of mouse and human cultured keratinocytes that, by immuno- 



304 JOHN R. STANLEY 

fluorescence, were known to express PV antigen (36,37,91). These 
studies indicated that PV sera precipitated a glycosylated 130-kDa 
glycoprotein complexed, in a stoichiometric ratio, with an 85-kDa 
polypeptide (also reported as 80 kDa) (62,92). Under nonreducing 
conditions these two chains were disulfide crosslinked as a 210-kDa 
molecule. This PV antigen complex was synthesized by keratinocytes 
but not fibroblasts (62,92). PF sera did not precipitate any polypep- 
tides from these keratinocyte extracts, probably because keratino- 
cytes in culture synthesize little P F  antigen and/or it is not extract- 
able with nonionic detergent. 

Further studies of immunoprecipitation of human epidermal ex- 
tracts showed that PV sera precipitated the same 130- and 85-kDa 
complex (79). In these complexes the 210-kDa molecule was also 
apparent even on reduced gels, suggesting that it consisted of cova- 
lently linked nonreducible chains. No PF sera precipitated this PV 
antigen complex; however, interestingly, two-thirds of PV sera, in 
addition to precipitating the PV antigen complex, also precipitated 
the PF antigen complex, as defined above. 

As with PF antigen, immunofluorescence of PV sera on normal hu- 
man skin and monkey esophagus showed less binding (i.e., de- 
creased titer) when calcium was chelated (81,93). Immunoprecipita- 
tion analysis of epidermal extracts also showed that decreased 
amounts of PV antigen complex were precipitated in the absence of 
calcium, although this effect was not as dramatic as with P F  sera (79). 

Two-dimensional (SDS-PAGE and isolelectric focusing) and diag- 
onal (nonreduced and reduced) gel electrophoresis demonstrated in- 
teresting parallels between the PV and P F  antigen complexes (79). 
First, both complexes contained a glycosylated chain linked by non- 
covalent, disulfide, and nonreducible covalent bonds to an 85-kDa 
polypeptide. (Some or all of these covalent bonds might form simply 
from the oxidizing environment outside the cell, as discussed above, 
or during iodination of the extracted proteins.) Second, the 85-kDa 
polypeptides from both the P F  and the PV antigen complexes 
showed identical migration in two-dimensional gels. Furthermore, as 
in the PF antigen complex, the 85-kDa molecule in the PV antigen 
complex was also identified by sequential immunoprecipitation as 
plakoglobin (80). Finally, the 130-kDa glycopeptide in the PV anti- 
gen complex had the same isoelectric point as the 160-kDa P F  anti- 
gen (desmoglein). These studies, as well as the calcium sensitivity of 
their immunoreactivity, suggested a biochemical similarity between 
the 130-kDa PV antigen glycoprotein and desmoglein, a fact later 
confirmed by cDNA sequencing (see below). 
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The actual antigenic site for PV antibodies was shown by sequen- 
tial immunoprecipitation to be on the 130-kDa glycopeptide (80). In 
addition, immunoblotting studies of SDS extracts of normal human 
epidermis showed binding to a 130-kDa polypeptide (64,65). 

Is the 130-kDa PV antigen found in desmosomes? The data on this 
are conflicting. Immunoblot studies of bovine desmosomes do dem- 
onstrate that an approximately 130-kDa (reported as 135-140 kDa) 
antigen is detected (64,65,94,95). However, this does not address the 
issue of whether PV antigen is concentrated in desmosomes or 
simply distributed all along the keratinocyte cell membrane. Immu- 
nofluorescence studies of cultured mouse keratinocytes suggest that 
PV sera might bind desmosomes, although light microscopic studies 
such as these are not definitive (95) (see also Fig. 2C for immuno- 
fluorescence of the PV antigen in cultured human keratinocytes). 
Electron microscopic studies are also conflicting. As seen by direct 
immunoelectron microscopy of PV patients’ skin (using the immuno- 
peroxidase technique), PV IgG is distributed diffusely along the ker- 
atinocyte cell membrane (96). Indirect immunoferritin electron mi- 
croscopy on trypsinized guinea pig keratinocytes, immiinoperoxidase 
electron microscopy of the skin of neonatal mice injected with PV 
IgG, and iminunogold ultrastructural studies of a rabbit antibody 
raised against the presumed PV antigen from bovine tongue desmo- 
somes all showed localization diffusely along the cell membrane 
(97-99). On the other hand, direct immunoelectron microscopy of PV 
patients’ epidermis with immunoferritin localization and indirect im- 
munogold ultrastructural localization of PV antigen on cultured kera- 
tinocytes have shown a predominantly desmosonial location of PV 
antigen (88J 00). 

In summary, then, these immunochemical studies demonstrate that 
PV antigen is a 130-kDa glycoprotein complexed in the keratinocyte 
with plakoglobin. The PV antigen is biochemically similar to the P F  
antigen (desmoglein) and also seeins to have some calcium- 
dependent epitopes. As with P F  antigen, recent cDNA cloning of PV 
antigen puts these observations in perspective (see below). 

IV. cDNA Cloning of Autoantigens 

Recently, cDNAs reflecting coding sequences for the 230- and 180- 
kDa BP antigens, desmoglein (PF antigen), and pemphigus vulgaris 
antigen have been cloned. The deduced amino acid sequences for 
these antigens provide explanations for many of the observed immu- 
nochemical findings described above. In addition, the cloning of the 
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230-kDa BP antigen has defined a new gene family of adhesion 
plaque proteins, and the cloning of the pemphigus antigens has de- 
finitively assigned them to a gene subfamily of adhesion molecules. 

A. THE 230-kDa PEMPHIGOID ANTIGEN Is HOMOLOGOUS TO 

DESMOPLAKIN I, A DESMOSOME PLAQUE PROTEIN; THE 180-kDa 
PEMPHIGOID ANTIGEN Is UNIQUE 

Initial cloning of cDNA with coding sequences for BP antigen was 
performed with sera from BP patients by immunoperoxidase staining 
of a hgt l l  human keratinocyte cDNA expression library (101). Anti- 
bodies from BP serum affinity purified on the expressed protein of 
this clone stained the epidermal basement membrane by indirect im- 
munofluorescence and immunoprecipitated the 230-kDa BP antigen. 
These results demonstrated that a partial cDNA clone for the 230- 
kDa BP antigen was obtained. The full-length mRNA encoding the 
230-kDa BP antigen was shown by Northern analysis to be 9 kb. 
Another group used a human monoclonal antibody directed against 
the 230-kDa BP antigen to screen a hgtll  mouse keratinocyte cDNA 
expression library (102). This allowed isolation of a partial cDNA for 
the mouse 230-kDa BP antigen. Comparison of the human and mouse 
amino acid sequences showed 77% identity in corresponding re- 
gions, which demonstrates evolutionary conservation of this antigen 
and suggests that an important physiologic function has been main- 
tained. The partial human cDNA clone was then used for extension 
cloning to isolate overlapping cDNAs encoding the 230-kDa BP anti- 
gen (103-105). 

What did this cDNA cloning tell us about the antigen? Consistent 
with the immunofluorescence protein localization studies discussed 
above, Northern analysis revealed that the 9-kb mRNA for the 230- 
kDa BP antigen was found in keratinocytes but not in fibroblasts or 
nonstratified squamous epithelial cells (103). Rabbit antibodies 
raised against a fusion protein within the carboxy-terminal region 
of the antigen stained the epidermal basement membrane zone by 
immunofluorescence and were localized by immunoelectron mi- 
croscopy to the plaque of the hemidesmosome, confirming the studies, 
discussed above, that were performed with patients’ antibodies 
(106,107). Antibodies have also been raised against synthetic pep- 
tides, 17-19 amino acids long, representing hydrophilic regions in 
the carboxy-terminal region of this antigen, and these antibodies bind 
the epidermal basement membrane as seen by immunofluorescence 
(106) and localize to the hemidesmosome plaque (unpublished ob- 
servation, 1990). Southern analysis of genomic DNA indicates that 
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the 230-kDa BP antigen is encoded by a single-copy human gene 
(103,108); related genes are detectable in mammals but not in the 
chicken, frog, or fish (108). The antigen has been localized to the 
short arm of human chromosome 6 (6pll-6p12) (109,110). 

Most interestingly from a cell biology perspective, cDNA cloning 
of the 230-kDa BP antigen revealed its sequence and structural ho- 
inology with desmoplakin 1/11, a desmosome plaque protein 
(111,112) (Figs. 3 and 4). Analysis of the amino acid sequence of 
human desmoplakin 1/11, as determined from cloned cDNA repre- 
senting most of the molecule but lacking the far amino-terminal do- 
main, predicted a central coiled-coil a-helical rod domain formed by 
two molecules lined up in parallel without stagger (113). This pre- 
diction is consistent with rotary shadowing images of' desmoplakin 
1/11 (114). The rod domain of desmoplakin also shows a regular peri- 
odicity of the acidic and basic residues, occurring about every 10.4 
amino acids. The basic and acidic residue periodicities are 180" out 
of phase, suggesting a mechanism by which desnioplakin could self- 
aggregate by ionic interactions. In addition, at the carboxy terminus 
there are three domains (called A, B, and C), of 176 amino acids each, 
that show marked amino acid homology with each other and consist 
of 38-residue internal repeats with homology to each other. An inter- 
esting feature of these dornains is that they display acidic and basic 

BPA 
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DPI 
FIG. 4. Structural and amino acid homologies (percentage identical and chemically 

similar) of BP antigen (BPA) and desmoplakin I (DPI). 
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amino acids in a regular periodicity, about every 9.5 residues, the 
same as that of the 1B rod domain of keratins, suggesting a means of 
ionic interactions between keratins and desmoplakins. 

At the time of the original cloning of desmoplakin 1/11, only part of 
the carboxy terminus of BP antigen had been cloned. It was noted 
that in this part of the BP antigen there was a 174-residue domain 
that had 40% identity to the B domain ofdesmoplakin (113). In addi- 
tion, in comparison to the B domain of desmoplakin, this B domain of 
BP antigen contained a similar internal 38-residue repeat and had 
approximately the same periodicity of acidic and basic residues 
(32,113). Extension cloning of BP antigen revealed further, and strik- 
ing, homologies with desmoplakin 1/11 in both sequence and struc- 
ture (Fig. 4) (104,105). BP was discovered not only to have a desmo- 
plakin I/II-like B domain, but also a desmoplakin-like C domain 
(104,105). In addition, the 230-kDa BP antigen and desmoplakin 1/11 
displayed regions of homology in the amino acids linking the B and C 
domains and in those amino terminal to the B domains (104). In addi- 
tion, BP antigen, like desmoplakin 1/11, was predicted to have a cen- 
tral coiled-coil rod domain (104,105), and, remarkably, with the same 
acidic and basic periodicity (104). Finally, when the amino-terminal 
domains of desmoplakin 1/11 (115) and BP antigen (105) were cloned, 
these too had remarkable sequence homology (1 16). Interestingly, 
the chromosomal localization of desmoplakin 1/11, like that of the 
230-kDa BP antigen, was determined to be on the short arm of human 
chromosome 6 (117). It is therefore possible that a gene duplication 
on this chromosome gave rise to both genes. These studies, then, 
suggested that BP antigen, a hemidesmosomal plaque protein, and 
desmoplakin 1/11, a desmosomal plaque protein, belonged to a gene 
family of adhesion plaque proteins, perhaps fulfilling similar func- 
tions, including the binding of keratin filaments to the adhesion 
structure. Lending support to this hypothesis, a recent study in which 
COS cells and fibroblasts were transfected with cDNA encoding the 
carboxy-terminal domains of desmoplakin 1/11 does demonstrate 
binding of this region to the intermediate filaments (118). 

Another member of this gene family is a recently described inter- 
mediate filament-binding large protein called plectin (119). Cloning 
and amino acid sequence analysis of this 466-kDa polypeptide indi- 
cated structural and amino acid homology with the 230-kDa BP anti- 
gen and with desmoplakin 1/11 (120). As in these latter two mole- 
cules, plectin was predicted to have a coiled-coil rod central domain 
(which was confirmed by rotary shadowing) and, remarkably, had the 
same acidic and basic perioidicity, 180" out of phase, of approxi- 
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mately 10.4 residues throughout much of this domain (116,120). The 
carboxy terminus of plectin contains six highly homologous domains, 
containing internal repeats of either 19 or 38 residues, that are similar 
to the B and C domains of BP antigen and desmoplakin 1/11 
( 1  16,120). Finally, the amino terminus of plectin shares sequence ho- 
mology with BP antigen and desmoplakin 1/11 (116). 

In summary, then, cloning of the 230-kDa BP antigen indicated 
rather striking structural and sequence homology to desmoplakin 
1/11, another adhesion junction plaque protein that may have a func- 
tion similar to that of binding keratin filaments, and to that of plectin, 
which may also function by binding intermediate filaments. These 
molecules form a new gene family, and presumably are important in 
cell-cell adhesion and/or maintaining the structural integrity of the 
cells through interactions with their intermediate filaments. 

Cloning of the cDNA encoding most of the 180-kDa BP antigen has 
recently been reported (58,121,122). A BP serum with antibodies 
against both the 230- and 180-kDa BP antigens was used for immuno- 
screening of a hgt l l  library representing keratinocyte mRNA se- 
quences (58). Antibodies from BP serum, affinity purified on one of 
the selected clones, bound the 180-kDa BP antigen as detected b y  
immunoblotting. In addition, a rabbit antiserum made against the fu- 
sion protein of this clone bound the 180-kDa BP antigen and the 
epidermal hemidesniosome. The mRNA encoding the 180-kDa BP 
antigen was determined, by Northern blotting with this partial cDNA 
clone, to be about 6 kb, clearly distinct from the 9-kb message for the 
230-kDa BP antigen. This clone was also used to localize the 180- 
kDa BP gene to the long arm of chromosome 10, which provides 
further and definitive evidence that the 180- and 230-kDa BP anti- 
gens are distinct gene products (123). 

Additional, overlapping cDNA clones with coding sequences for 
the 180-kDa BP antigen were obtained by screening cDNA libraries 
with hybridization so that almost the full-length coding sequence was 
obtained (122). Analysis of the deduced amino acid sequence for the 
180-kDa BP antigen indicated a unique and interesting structure 
(121,122). A hydrophobic region of23 amino acids is predicted to be 
a transmembrane domain that would span the membrane once. On 
the carboxy-terminal side of this hydrophobic region, presumably ex- 
tracellnlar, is a polypeptide of about 100 kDa made up of 15 col- 
lagenous domains of varying sizes. These collagenous domains are 
interrupted by noncollagenous sequences. On the amino-terminal 
side of the putative transmembrane region is a very basic peptide 
containing four internal 24- to 26-residue honiologous repeating 
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units. Studies using collagenous digestion confirm the collagenous 
nature of part of this molecule. 

Therefore, it is speculated that the 180-kDa BP antigen, as a trans- 
membrane molecule, might interact with the extracellular matrix 
through its collagenous domains and stabilize basal keratinocyte at- 
tachment to the basement membrane. 

B. PEMPHIGUS FOLIACEUS ANTIGEN Is IN THE 

CADHERIN GENE SUPERFAMILY 

As discussed above, P F  antigen was identified as desmoglein by 
immunochemical techniques. Subsequently, cDNAs with desmo- 
glein coding sequences were isolated from libraries constructed with 
mRNA from bovine and human stratified squamous epithelia and hu- 
man keratinocytes (124-127). Analysis of these cDNA clones indi- 
cated that desmoglein belonged to the cadherin gene superfamily of 
cell adhesion molecules (Fig. 5 ) .  

Cadherins are calcium-dependent cell adhesion molecules that 
mediate homophilic adhesion (i.e., a molecule on one cell binds to 
the same molecule on another cell) (128,129). The originally de- 
scribed cadherins (or “typical” cadherins) were E-cadherin (also 
called uvomorulin; L-CAM in the chicken), N-cadherin, and P- 
cadherin. These cadherins have the property that they are protected 
by calcium from proteolytic (trypsin) degradation. Cloning of these 
typical cadherins indicated that they had certain sequence and struc- 
tural similarities (Fig. 5 ) .  Each has a transmembrane domain that 
spans the cell membrane once, with the amino terminus outside the 
cell. These transmembrane molecules are synthesized in the cell as 
inactive precursor proteins that have to be cleaved at a domain of 
highly basic amino acids to yield an active adhesion molecule (130). 
The extracellular region of cadherins can be divided into five do- 
mains of about equal size (approximately 100 amino acids). The first 
four of these domains have sequence homology with each other 
(131,132). An amino acid sequence in the first (furthest amino- 
terminal) extracellular domain, histidine-alanine-valine (HAV), is 
conserved in sequence and location in all the originally described 
cadherins, and this site is thought to be important in adhesion (133). 
These cadherins have six putative calcium-binding motifs in their 
extracellular domains, with sequences such as aspartic acid-any 
amino acid-aspartic acid (DXD), aspartic acid-any amino acid- 
asparagine-aspartic acid-asparagine (DXNDN), or similar motifs 
(129,134,135). It was shown by site-directed mutagenesis that substi- 
tuting one amino acid in one of these domains prevented calcium 
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FIG. 5 .  Comparison of desmoglein (DGI), PV antigen (PVA), and the originally 
described cadherins ( e .g . ,  E-cadherin, N-cadherin, and P-cadherin). Boxes with the 
same pattern have amino acid sequences that are homologous to each other. HAL and 
HAV are conserved amino acid seqiiences that are thought to be  important in adhesion 
function (see text). P, Segment of precursor polypeptide that is cleaved to form the 
mature protein; EC, extracellar domain; T M ,  transinenilmane segment; IA, intracelln- 
lar anchor domain; ICS, intracellular cadherin-type segment; IPL, intracellular 
proline-rich linker; IR, intracellular repeating domain (contains NVXVTE motifs; see 
text); IG, intracellular glycine/serine-rich domain. (Adapted from Refs. 124 and 142.)  

binding and abolished the adhesive function of E-cadherin (135). It 
was speculated that calcium influences the adhesive function of cad- 
herins through its effect on the conformation of the molecule. Fi- 
nally, these typical cadherins also have very well-conserved cytoplas- 
mic domains. The cytoplasmic domains of these typical cadherins 
bind to cytoplasmic proteins called a-, p-, and y-catenins, molecules 
that are presumably important in linking the cadherins to the actin 
cytoskeleton (129,136). Of these three molecules, p-catenin seems to 
be the most tightly linked to the cadherins (137,138). Recent cDNA 
cloning of p-catenin indicates that it is a homolog of plakoglobin 
(139). 

Like the typical cadherins, desmoglein was found to be a trans- 
membrane protein whose cleavage at a basic domain would result in 
a mature protein (Fig. 5). Desmoglein has an extracellular domain 
structure similar to typical cadherins, and has a conservatively substi- 
tuted arginine-alanine-leucine (HAL) in the same location as the 
HAV sequence in typical cadherins. Desmoglein has putative 
calcium-binding motifs in the extracellular domains in locations 
equivalent to those in typical cadherins. The cytoplasmic portion of 
desmoglein has a domain that is homologous to that of typical cad- 
herins, but a marked difference is that the cytoplasmic domain of 
desmoglein is much longer, with another approximately 300 amino 
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acids at the carboxy terminus. This extra cytoplasmic region contains 
a repeating amino acid sequence of asparagine-valine-any amino 
acid-valine-threonine-glutamic acid (NVXVTE). Another marked 
difference in cytoplasmic domains is that there are cysteines in des- 
moglein but not in typical cadherins. 

More recent cloning studies have indicated that desmoglein is ac- 
tually a product of two distinct genes (termed DSG1 and DSGB), both 
localized to chromosome 18 (140-142). Preliminary data ( i n  situ hy- 
bridization and Northern analysis) indicate that the first type of des- 
moglein (dsgl), discussed above, is probably expressed by stratified 
squamous epithelial cells, whereas the second type (dsg2) is ex- 
pressed by basal-type cells or simple epithelial cells (141,142). 

These data on the cloning of desmoglein explain many of the ob- 
servations made about PF antigen. The fact that PF antigen was iden- 
tified as desmoglein, yet could only be detected in stratified 
squamous epithelia, could be explained if P F  antigen corresponds to 
dsgl. The finding of a calcium-sensitive epitope on the extracellular 
domain of PF antigen is consistent with the calcium-binding proper- 
ties of cadherins and the finding of putative calcium-binding domains 
in desmoglein. The immunoreactivity of PF antigen, as determined 
by immunoflourescence, has been shown to be protected from 
proteolytic destruction by calcium (81), consistent with a property of 
cadherins. The ability of P F  antigen to bind plakoglobin by disulfide 
bonds is explained by the presence of cysteines in its cytoplasmic 
domain. Perhaps most importantly, the finding that PF, a disease in 
which epidermal cells come apart, is a disease in which autoantibod- 
ies are directed against a member of the cadherin family of adhesion 
molecules implies a functional importance of cadherins in maintain- 
ing the integrity of the epidermis and in the pathophysiology of 
disease. 

C. PEMPHICUS VULCARIS ANTIGEN Is A CADHERIN CLOSELY 
RELATED TO PEMPHICUS FOLIACEUS ANTKCEN 

PV antibodies, affinity purified on the 130-kDa PV antigen, were 
used to clone, from a human keratinocyte expression library, cDNA 
with coding sequences for PV antigen (143). The clone was verified 
as coding for PV antigen because (1) antibodies from PV serum, af- 
finity purified on the fusion protein of this clone, bound the cell sur- 
face of monkey esophageal epithelium as detected by indirect immu- 
nofluorescence, in a pattern indistinguishable from that produced by 
PV sera, and bound the 130-kDa antigen as detected by immunoblot- 
ting; (2) PV sera, but not control sera, bound a fusion protein made 
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with this cDNA; and (3 )  rabbit antibodies raised against this fusion 
protein also showed PV-like immunofluorescence and bound the 
130-kDa PV antigen as detected by inimunoblotting. Northern blot 
analysis indicated that PV antigen was encoded by  an approximately 
6-kb mRNA that was restricted in distribution to stratified squanious 
epithelia. Southern analysis indicated that PV antigen was encoded 
by a single human gene (143). 

Analysis of the deduced amino acid sequence of PV antigen indi- 
cated that it, too, belonged to the cadherin superfamily, but was more 
closely related to the desrnoglein subfamily than to typical cadherins 
(Figs. 5 and 6) (143). Like typical cadherins and desmoglein, it has a 
transmembrane domain predicted to span the membrane once and 
has a basic domain predicted to be the cleavage site to produce the 
mature protein. The extracellular domain structure is typical of cad- 
herins. PV antigen has the conserved RAL sequence of desmoglein, 
as well as six putative calcium-binding motifs and two potential N- 
glycosylation sites corresponding to those in desnioglein. The three 
most amino-terminal domains of PV antigen show greater homology 
to desnioglein than to typical cadherins, whereas the fourth domain 
shows about equal homology to both. The greatest homology be- 
tween PV antigen and desmoglein (dsgl) was between the most ex-  
ternal (amino-terminal) domains-about 70% identity and 80% simi- 
larity compared to 30% identity and SO% similarity with typical 
cadherins. The homology also extends into the cytoplasmic domains 
in which, again, desnioglein shows tnore similarity to PV antigen 
than do typical cadherins. PV antigen has a longer cytoplasmic tail 
(360 amino acids) than do typical cadherins (160 atnino acids), al- 
though the tail is not as long as that of the desmogleins (480 amino 
acids). Five cysteines are in similar locations in the cytoplasmic re- 
gions of PV antigen and desmoglein. Finally, PV antigen has two 
repeats corresponding to the NVXVTE repeats of desmoglein. Inter- 
estingly, the gene for PV antigen is on chromosome 18, like that of 
the other desmogleins (144). Thus, PV antigen can be classified as 
being in the desnioglein subfamily of cadherins. 

As discussed above with respect to PF antigen, the cloning of PV 
antigen provides explanations for many of its characteristics. For ex-  
ample, the calcium sensitivity of some of the epitopes on PV antigen 
as well as the observation, as determined by immunofluorescence, 
that calcium protects its immunoreactivity from destruction by tryp- 
sin (81) are consistent with the properties of cadherins. As with PF 
antigen, the disulfide binding with plakoglobin could use cysteines 
in the cytoplasmic domain, which is presumably in close contact with 
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plakoglobin. But most importantly, PV is another autoantibody- 
mediated disease of cell adhesion, which suggests an important func- 
tion for cadherin-like molecules in maintaining the integrity of the 
epidermis. 

This critical function of PV antigen and the pathophysiologic action 
of antibodies directed against this antigen have recently been dem- 
onstrated (145). PV sera reactivity with fusion proteins representing 
different domains of PV antigen demonstrated that dominant epi- 
topes were present in the most amino-terminal extracellular domains, 
regions in typical cadherins known to be critical for homophilic adhe- 
sion (146). Antibodies from PV sera affinity purified on this region 
induced loss of cell-to-cell adhesion in the epidermis when injected 
into neonatal mice. Antibodies from PV sera affinity purified against 
more carboxy-terminal extracellular domains did not induce this pa- 
thology. These studies, therefore, demonstrated that critical adhesion 
functions could be perturbed by antibodies against PV antigen and, 
by implication, suggest the critical function of cadherins in maintain- 
ing epithelial integrity. 
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V. Conclusions and Future Directions 

When the blistering diseases pemphigus and pemphigoid were or- 
ginally classified according to their clinical presentation and histol- 
ogy, it became clear that the pathology was due to a loss of either 
epidermal cell-to-cell or cell-to-llasement membrane adhesion. Later, 
iniinunofluorescence was used to show that these were autoimmune 
diseases with antibodies directed against the sites of pathology. More 
recently, these autoantibodies have been used to characterize immu- 
nochemically and to clone molecularly their corresponding autoan- 
tigens. Most interestingly, in light of the pathology of these diseases, 
the targets of these autoantibodies have all been discovered to be in 
gene fbmilies of known adhesion molecules or to be associated with 
adhesion junctions or both. In two of these diseases, BP and PV, 
previously unidentified niolecules have been defined. Molecular 
cloning of the 230-kDa BP antigen, the first known molecular coin- 
porient of hemidesmosonies, not only defined a new molecule but 
also established a new gene family of adhesion junction plaque 
proteins and, perhaps, intermediate filament-binding proteins, in- 
cluding desnioplakin 1/11 and plectin. Molecular cloning of the 
180-kDa BP antigen defined a unique type of transmembrane mole- 
cule. Finally, the PV antigen was shown to be a new member of the 
desmoglein subfamily of cadherins. 

Analyses of the deduced amino acid sequences of these cloned 
autoantigens resulted in predictions of certain structures and func- 
tions. Future research will be directed at trying to confirm these pre- 
dictions experimentally. For the 230-kDa BP antigen the following 
questions might be among those that will be explored: Does rotary 
shadowing show the predicted rod structure? Does the predicted 
coiled-coil rod domain lead to aggregation into a plaque? Does the 
carboxy terminus bind keratin filaments? Regarding the 180-kDa BP 
antigen, do the collagenous domains bind the extracellular matrix 
and, if so, which molecules are bound? What is the function of the 
various regions of the cytoplasmic domain? Regarding the PF and PV 
antigens, are these molecules protected by calcium against trypsin 
degradation, as are typical cadherins? Is the PV antigen localized to 
desmosomes and/or adherens junctions? How do the cytoplasmic do- 
mains of these antigens fiinction? Can these molecules be shown 
experimentally to mediate hoinophilic adhesion and, if so, which do- 
mains are important in this function? 

In addition, important questions relating to the pathophysiology of 
disease remain. Specifically, do the autoantibodies in these patients 
directly mediate loss of cell adhesion? Which epitopes are critical in 
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antibody-mediated pathology? For BP, how can the 230-kDa BP anti- 
gen, which is inside the cell, be a target for autoantibodies? Is the 
180-kDa transmembrane antigen the critical target and, if so, why do 
only about 50% of patients have antibodies against it? 

Finally, another area that may be fruitful for investigation is 
whether these autoantigens are genetic targets in certain hereditary 
diseases (such as junctional epidermolysis bullosa, Hailey-Hailey 
disease, and Darier’s disease) that show loss of epidermal basal cell- 
to-substrate or cell-to-cell adhesion. 

I would predict that the symbiotic relationship, discussed 
throughout this review, between the study of these autoimmune dis- 
eases and the cell biologic study of adhesion structures and mole- 
cules will continue to shed light on both of these areas in the future. 
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foliaceus antigen in, 310-312 

Calcium ionophore 
and factor-dependent mast cell 

lymphokine production, 6 
and transformed mast cell lymphokine 

production, 5 
CBA/N mice, B cell differentiation in, 

CD4 
142-143 

as accessory molecule, 60 
coreceptor effects on selection, 103-104 
coreceptor/MHC binding sites, 68-70 
coreceptor model, 65-66 
cytoplasmic tail 

protein tyrosine kinase ~ 5 6 " ~  and, 

role in mediating coreceptor signal, 
61-64 

73-74 
differential signaling, 91-94 
function in TCR-mediated recognition 

and activation, 59-61 
GTP-binding protein association, 

mechanism of function during 

MHC class I interactions, 60 
and negative selection, 101-102 
and negative signaling, 61 
and positive selection, 97-98 
signaling role in thymocytes, 82 
T cells, development models, 108-113 
TCR-coreceptor molecule association, 

and TCR-mediated recognition and 

and thymocyte development and 

64-65 

thymocyte selection, 104-108 

66-68 

activation, 59-61 

selection, 94-97 

as accessory molecule, 60 
CD8a role in T cell recognition and 

activation, 84-85 
coreceptor effects on selection, 103-104 
coreceptor/MHC binding sites, 68-70 
coreceptor model, 65-66 
cytoplasmic tail, protein tyrosine kinase 

~ 5 6 " ~  and, 61-64 
differential signaling, 91-94 
function in TCR-mediated recognition 

and activation, 59-61 
GTP-binding protein association, 64-65 
mechanism of function during 

thymocyte selection, 104-108 

CD8 
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MHC class I interactions, 60 
and negative selection, 102-103 
and negative signaling, 61 
and positive selection, 98-100 
T cells, development models, 108-1 13 
TCR-coreceptor molecule association, 

and thymocyte development and 
66-68 

selection, 94-97 
CD14, role in cellular recognition of LPS, 

CD45, phenotypic identification of 
memory T cells with, 225-227 

CD45RAt T cells, functional and 
phenotypic properties, 225-227 

CD45R- T cells, life span, 240 
Cholinergic nerve differentiation factor, 

see Leukemia inhibitory factor 
Chronic myelogenous leukemia, 

circulating IL-4 levels, 14-15 
Ciliary neurotrophic factor receptor 

281-286 

and high-affinity LIF receptor, 43-44,46 
pleiotropic nature of, 46-47 

leukemia inhibitory factor, 31-32 
LIF receptor, 38-40 

CNTF, see Ciliary neurotrophic fictor 
Complementary DNA 

Cloning 

cloning of autoantigens 
BP antigen, 306-310 
PF antigen, 310-312 
PV antigen, 312-314 

human LIF receptor, 38-40 

and adhesiveness during TCR 

coreceptor/MHC binding sites, 68-70 
cytoplasmic tail role in signal mediation, 

description, 65-68 
effects on positive vs. negative 

selection, 103-104 
function, gene transfer for, 70-78 
~ 5 6 ' ~ '  role in TCR-mediated 

TCR-coreceptor simultaneous binding, 

Coreceptor model, of CD4 and CD8 

triggering, 83-84 

73-74 

signaling, 74 

66-68 
Crosslinking 

FceRI 
and factor-dependent mast cell 

and IL-3 regulation of lymphokine 

and IL-4 production by splenic and 

and signaling of IL-4 production, 

and transformed mast cell lymphokine 

production, 21-22 

bone marrow FceRI+ cells, 10 

19-22 

production, 5 
photochemical, for lipid A receptor 

identification, 277-279 
Cytokines 

LPS-induced release, CD14 role, 284 
pleiotropy of, 47 
redundancy of, 47 

Cytoplasmic domains, LIF receptor, 
39-40 

D 

Desmoglein 
amino acid sequence homologies and 

conserved sites with PV antigen, 
3 14 

characterization, 300-303 
comparison with PV antigen and 

cadherins, 311 
Desmoplakin I 

homology with 230-kDa pemphigoid 

structural and amino acid homologies 
antigen, 305-310 

with BP antigen, 307 

pemphigus foliaceus antigen 
localization, 300-303 

ultrastructure diagram, 297 

B cells 

Desmosomes 

Development 

differential expression of lineage- 
related markers, 125-127 

subpopulation proliferation and 
differentiation, 127-130 

CD4 vs. CD8 T cells, 108-113 
LIF role in, 33-37 

B cells 
Differentiation 

in CBAiN immunogenic mice, 

subpopulations, 127-130 
surrogate L chain functions in, 

142-143 

lymphokine production, 6 136-143 



pre-B cells into B cells 
in bcl-2 transgenic mice, 143-144 
in oitro, 140-141 
in U ~ U O ,  141-142 

T cells, CD4 and CD8 roles, 94-113 
negative selection, 101-103 
positive selection, 97-98 
thymocyte development and 

selection, 94-97 
Differentiation-inhibiting factor/ 

differentiation-retarding factor, see 
Leukemia inhibitory factor 

E 

Effector T cells 
functional and phenotypic properties, 

functional differences with memory and 
naive cells, 227-228 

maturation into, 229-230 
migration 

basic pattern, 242-244 
tissue topic subsets, 244-247 

primary and secondary, 227-228 
Embryonic stem cells, LIF effects 

Erythrocyte membranes, LPS-binding 

Escherichia coli, lipopolysaccharide 

Extracellular domains, LIF receptor, 39 

225-227 

(murine), 33-34 

proteins, 279 

structure, 269-270 
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production, 15-17 cells, 167 

Fas antigen/APO-1, immunological 

FceRI+ cells 
memory and, 241 

bone marrow, lymphokine production 

human, lymphokine production by, 

IL-4 production, and T cell lymphokine- 
producing phenotype, 18 

lymphokine production, molecular 
regulation, 22 

murine, infected or immunized, IL-4 

by (murine), 9-14 

14-15 

peritoneal, lymphokine production by 

role in disease process, 17 
signaling processing in response to FcR 

splenic, lymphokine production by 

(murine), 9-14 

crosslinkage, 20-21 

(murine), 9-14 
FceRI crosslinkage 

and basophil IL-4 production, 13 
and factor-dependent mast cell 

lymphokine production (murine), 6 
and IL-4 production by splenic and bone 

marrow FceRI+ cells, 10 
and signaling of IL-4 production, 19-22 
and transformed mast cell lymphokine 

FceRI receptor, polypeptide components 

5D3 monoclonal antibody, LPS mimesis, 

Follicular dendritic cells, stored antigen 

Forbidden T cells, in peripheral immune 

production, 5 

a, P,  and y, 21 

276-277 

on, 222, 231 

system, 164-166 

G 

Genetic defects, in B lineage cells leading 
to autoimmune disease, 144-147 

Gene transfer, for CD4/CD8 coreceptor 
function, 70--78 

Germinal centers 
and memory B cells, 231-233 
pathways of cell differentiation, 

somatic hypermutation in, 233-234 
GM-CSF, see Granulocyte-macrophage 

colony-stimulating factor 
gp130, and high-affinity OSMlLIF 

receptor, 43 
Granulocyte-macrophage colony- 

stimulating factor 

232-233 

factor-dependent mast cell production 

transformed mast cell production of, 4-6 
of, 8-9 

GTP-binding protein, association with 
CD4-p56lCk and CD8Irk, 64-65 

Gut, lymphokine production by isolated T 
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H 

Heat-stable antigen, for B and T cells, 

Hematopoiesis, leukemia inhibitory factor 
role, 35-36 

Hemidesmosonies 

235-236 

pemphigoid antigen localization, 

ultrastructure diagram, 297 
297-300 

Hepatocyte-stimulating factor 111, see 
Leukemia inhibitory factor 

Human interleukin for DA cells, see 
Leukemia inhibitory factor 

Hypermutation, in germinal centers, 
233-234 

I 

IgE, plate-bound, IL-4 production in 
response to, 20-21 

IL-1, see Interleukin-1 
IL-2, see Interlenkin-2 
IL-3, see Interleukin-3 
IL-4, see Interleukin-4 
IL-5, see Interleukin-5 
IL-6, see Interleukin-6 
IL-8, see Interleukin-8 
Immune system 

B cell, and memory 
affinity maturation, 233-234 
bcl-2 oncogene role, 241 
Fas antigen/APO-1 role, 241-242 
germinal centers role, 231-233 
intermitotic life span and, 237-241 
memory cells 

functional properties, 236 
generation of, 236-238 
phenotype of, 234-236 

peripheral, compartmentalization 
anatomic localization of colonizing 

B cells 
lymphocytes, 159 

CD5+/CD5- dichotomy, 178-183 
in lymph follicles, 185-186 
in peritoneum, 183-185 

generation of compartments, 187-194 
significance of, 199-203 
site-dependent tolerance, 201-203 
specialized functions of, 199-201 

T cells 
intestinal intraepithelial, 163-167 
y / 6  invariant intraepithelial cells, 

in liver, 169-171 
in lymph nodes, 161-163 
in peritoneum, 173-177 
in spleen, 161-163 

bcl-2 oncogene role, 241 
differentiation after antigenic 

stimulation, 229-230 
effector cells, 227-230 
Fas antigen/APO-1 role, 241-242 
intermitotic life span and, 237-241 
memory cells, 227-230 
naive cells, 227-230 
phenotypic identification of memory 

T cells, 224-227 
TCR and signal transduction, 238- 

239 

167-169 

T cell, and memory 

Immunological memory 
and autoimmunity, 251-252 
and B cell immune system, germinal 

bcl-2 oncogene and, 241 
Fas antigen/APO-1 and, 241 
generation, theories of, 219-220 
life span of, 218-219 
lymphocyte migration and, 242 
maintenance 

centers role, 231-233 

by constant antigenic stimulation, 

by long- and short-lived cells, 

by long-lived clonally expanded cells, 

22 1-222 

223-224 

220-22 1 
and self-tolerance, 249-251 
and T cell immune system 

differentiation after antigenic 
stimulation, 229-230 

effector T cell function, 227-228 
memory T cell functions, 227-228 
naive T cell function, 227-228 
TCR and signal transduction, 228-229 

Inflammation, LIF role, 37-38 
Interleukin-3 

production 
by crosslinkage of FceR on peritoneal 

mast cells, 9 
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by factor-dependent mast cell lines, 

by transformed mast cells, 4-6 
6-8 

regulation of lymphokine production by 
FcsRIt cells, 21-22 

Interleukin-4, production 

mice, 15-17 
by FceR+ cells in infected/immunized 

by FcsRI' bone marrow cells, 10 
by FcsRIt cells, and lymphokine- 

producing phenotypes of CD4t T 
cells, 17-19 

by FcsRI+ spleen cells, 9-10 
by human FcaRt cells, 14-15 
by N .  brasiliensis-infected mice, 15-17 
in response to plate-bound IgE, 20-21 
signaling mechanisms, 17-22 
by transformed mast cells, 4-6 

Interleukin-5, production by factor- 
dependent mast cell lines, 6-8 

Interleukin-6 
common signaling pathways, 44-46 
and LIF, 44-47 
pleiotropic nature of, 44 
production 

by crosslinkage of FceR on peritoneal 

by factor-dependent mast cell lines, 
mast cells, 9 

6-8 
Interleukin-7 

pre-B cells nonproliferating on stromal 

pro- and pre-B cells reactive to, 131-136 
cells, 134-135 

Interleukin-8, production by factor- 
dependent mast cell lines, 8 

Interleukin-11, relationship to LIF, OSM, 
CNTF, and IL-6,47 

Intermitotic life span, of B and T cells, 

Intestine, intraepithelial lymphocytes, 

Intraepithelial lymphocytes 

237-241 

163-167 

intestinal, differentiation, 163-167 
invariant y / 6  T cells (skin, female 

reproductive tract), 167-169 
Ion-exchange chromatography, leukemia 

Ionomycin, effects on 
inhibitory factor, 32 

factor-dependent mast cell lymphokine 

IL-3 production by mast cells, 5 
production, 6 

J 

J774.1 cell line, specific binding of LPS, 
277-278 

K 

Knockout mouse gene 
LIF role and, 48 
targeting technology, 33 

1 

Langerhans cells, FceRI expression, 1-2 
Leukemia inhibitory factor 

and blastocyst regulation, 34 
in cachexia, 37-38 
in development, 33-37 
effects on mouse embryonic stem cells, 

in hematopoiesis, 35-36 
human, amino acid sequence, 40 
and IL-6,44-47 
immobilized form, 34 
in inflammation, 37-38 
LIF knockout mouse, 48-49 
local action of, 49 
matrix-associated form, 34 
molecular cloning, 31-32 
pleiotropic nature of, 44 
polyfunctionality in uitro, 32-33 
pseudonyms for, 32-33 
purification, 31-32 
soluble form, 34 
as stem cell factor, 35 

alternatively spliced versions 

cloned, 38-39 
cytoplasmic domain, 39-40 
extracellular domain, 39 
genes, chromosome locations, 39 
high affinity 

33-34 

Leukemia inhibitory factor receptor 

(murine), 39 

characterization, 38 
and CNTF receptor, 43-44,46 
oncostatin M binding, 41-43 

human, 38-39 
low affinity, 38 
transfected, 41 
types of, 38 
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Life span 
of immunological memory, 218-219 
intermitotic, of B and T cells, 237-241 

Ligand blotting, for LPS receptor 

Lipid A 
identification, 279-280 

antagonists, 272-274 
binding proteins, 274-281 
chemical structure, 270 
from enterobacteria, 269 
from nonenterobacteria, 269-270 
receptor identification, 274-281 
recognition by receptor-mediated 

mechanisms, 271-272 
structure, 269 
structure-function relationships, 

272-274 
Lipid IVa 

3’PP-labeled, for lipid A binding site 
characterization, 278-279 

recognition by scavenger receptor, 280 

bacterial, structure, 268-271 
cellular recognition, role of LBPICD4 

heterodimeric receptor models, 285-286 
lipid A 

Lipopol ysaccharide 

pathway, 281-286 

antagonists, 272-274 
binding proteins, 274-281 
chemical structure, 270 
from enterobacteria, 269 
from nonenterobacteria, 269-270 
receptor identification, 274-281 
recognition by receptor-mediated 

mechanisms, 271-272 
structure, 269 
structure-function relationships, 

272-274 
Lipopolysaccharide-binding protein, in 

LPS-induced macrophage 
stimulation, 281-286 

Liver, T lymphopoiesis in, 169-171 
LPS, see Lipopolysaccharide 
Lung mast cells, IL-4 storage by, 15 
Lymph follicles 

B cell populations, 186-187 
zonal organization, 185-186 

forbidden alp T cells, 166 
T lymphocyte populations, 161-163 

Lymph node 

Lyniphoblasts, germinal center, 186 

Lymphocytes 
anatomic compartments colonized by, 

159 
B, see B cells 
biology, LIF role, 36 
circulating, functions of, 201-203 
Compartments 

site-dependent tolerance, 201-203 
specialized functions of, 199-201 

by different lineages, 188-189 
by local selection, 192-199 
by selective migration and 

extravasation, 189-192 

compartments, generation 

T, see T cells 

AB-Mu1 V-transformed mast cells 

factor-dependent mast cell lines 

human FceRt cells, 14-15 
murine FceRIt cells (peritoneal, 

splenic, bone marrow), 9-14 
Lymphopoiesis, T cells in liver, 169-171 

Lymphokines, production by 

(murine), 4-6 

(murine), 6-9 

MAH cell line, LIFiCNTF receptors, 

Major histocompatibility complex 
43-44 

proteins, CD4-CD8 coreceptor/MHC 
binding sites, 68-70 

Markers, lineage-related, differential 
expression during development 
(murine B cells), 125-127 

Mast cells 
AR-Mu1 V-transformed, lymphokine 

bone marrow-derived, 3 
characterization, 2-3 
connective type, 2-3 
differentiation/dedifferentiation, 3 
factor-dependent cell lines, lymphokine 

production (murine), 6-9 
mucosal, 2-3 
phenotypic properties, 1-2 
precursors, 2 
properties, 1-2 
role in inflammatory reactions, 2 
secretions, 2 

production (murine), 4-6 



334 INDEX 

Megakaryopoiesis, LIF effects, 36 
Melanoma-derived lipoprotein lipase 

inhibitor, see Leukemia inhibitory 
factor 

Memory, see Immunological memory 
Memory B cells 

adhesion molecules affecting migration, 

affinity maturation, 233-234 
functional properties, 236 
generation, alterative models for, 

germinal centers and, 231-233 
life span, 240-241 
migration 

248-249 

236-238 

adhesion molecules and, 248-249 
basic pattern, 247-248 

migration pattern, 247-248 
pathways of differentiation, 232-233 
phenotype of, 234-235 

immunoglobulin isotypes, 235 
surface markers, 235-236 

differentiation after antigenic 
stimulation, 229-230 

functional differences with naive and 
effector cells, 227-228 

maturation into, 229-230 
migration 

basic pattern, 242-244 
tissue topic subsets, 244-247 

Memory T cells 

phenotypic identification with CD45, 

TCR and signal transduction, 228-229 

effector T cells 

224-227 

Migration 

basic pattern, 242-244 
tissue-specific, 244-247 

lymphocyte, and immunological 

memory B cells 
memory, 242 

adhesion molecules and, 248-249 
basic pattern, 247-248 

adhesion molecules and, 248-249 
basic pattern, 242-244 
tissue tropic subsets, 244-427 

adhesion molecules and, 248-249 
basic pattern, 247-248 

memory T cells 

naive B cells 

naive T cells 
adhesion molecules and, 248-249 
basic pattern, 242-244 
tissue-specific, 244-247 

plasma cells, 247-248 
Monoclonal antibodies, 5D3, 276-277 
Monocyte/macrophages 

LIF role in, 35-36 
LPS receptors, 274-281 

Naive B cells, migration 
adhesion molecules and, 248-249 
basic pattern, 247-248 

functional differences with memory and 

migration 

Naive T cells 

effector cells, 227-228 

adhesion molecules and, 248-249 
basic pattern, 242-244 
tissue topic subsets, 244-247 

TCR and signal transduction, 228-229 

CD4 and, 61 
CD8 and, 61 

Negative signaling 

Nippostronglyus brasiliensis infections, 
IL-4 production by FcER+ cells in, 
15-17 

0 

Oncostatin M 
amino acid sequence, 40 
binding to high-affinity LIF receptor, 

and CNTF, 44-47 
and LIF, 44-47 
pleiotropic nature of, 46 

41-43 

OSM, see Oncostatin M 
Osteoblasts, LIF effects, 36-37 

P 

Pemphigus foliaceus 
antigen 

of cadherin gene superfanlily, 

cDNA cloning, 310-312 
310-312 
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desmosonial localization, 300-303 
relationship to PV antigen, 312-314 

clinical presentation, 295-297 
histology, 295-297 
irnrnunopathology, 295-297 

antigen 
Pemphigus vulgaris 

amino acid sequence homologies and 
conserved sites with desmoglein, 
314 

characterization, 303-305 
identification as PF antigen-related 

cadherin, 312-314 
clinical presentation, 295-297 
histology, 295-297 
irnmunopathology, 295-297 

Peripheral immune system, 
compartmentalization 

lymphocytes, 159 
anatomic localization of colonizing 

B cells 
CDSt/CD5- dichotomy, 178-183 
in lymph follicles, 185-186 
in peritoneum, 183-185 

generation of compartments, 187-194 
significance of, 199-203 
site-dependent tolerance, 201-203 
specialized functions of, 199-201 
T cells 

intestinal intraepithelial, 163-167 
y / 6  invariant intraepithelial cells, 

in liver, 169-171 
in lymph nodes, 161-163 
in peritoneum, 173-177 
in spleen, 161-163 

167-169 

Peritoneum 
B cells, 183-185 
forbidden alp T cells, 166 
lymphokine production by FceRI+ cells 

(murine), 9-14 
T cells, characterization, 173-177 

PF, see Pemphigus foliaceus 
Photochemical crosslinking, for lipid A 

receptor identification, 274-279 
Plakoglobin, 130-kDA glycoprotein 

complexed with, 303-305 
Plasma cells, migration, 247-248 
Pleiotropy, LIF, OSM, CNTF, and IL-6, 

Primordial germ cells, LIF effects, 34-35 
Proliferation 

B cell subpopulations, 127-130 
long-term, pro- and pre-B cells, 131-136 

PV, see Pemphigus vulgaris 

RAW264.7 cell line, lipid A binding sites, 

Redundancy, LIF, OSM, CNTF, and IL- 

Reproductive tract, female, invariant 
intraepithelial y / 6  T cells, 167-169 

Reverse-phase high-performance liquid 
chromatography, leukemia inhibitory 
factor, 32 

278-279 

6, 44-47 

S 

SASD, identification of lipid A-binding 
membrane proteins, 274-275 

Schistosoma mansoni infections, 
lymphokine production in, 16 

SCID mice, expression of defective B 
lineage cells, 146 

Self-tolerance, immunological memory 
and, 249-251 

70Z/3 murine pre-B cells, crosslinking of 
'251-labeled ASD-Re595 LPS, 278 

Signaling 
differential, between CD4 and CD8, 

in IL-4 production, mechanisms, 17-22 
in naive and memory T cells, 228-229 
TCR-mediated 

91-94 

and CD4,85-91 
and CD8,85-91 
and p56'", 85-91 

lymphocytes, 201-203 
Site-specific tolerance, of peripheral 

Skin, invariant intraepithelial y/6 T cells, 

Somatic hypermutation, in germinal 

Spleen 

167-169 

centers, 233-234 

B cells, CD5' and CD5-, 180-181 
FceRIt cells, lymphokine production by . -  

44-47 (murine), 9-14 
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forbidden (YIP T cells, 166 
T lymphocyte populations, 161-163 

B cells from, 124-130 
LIF effects (murine), 33-34 

contacts with pre-B cells, 133-134 
pre-B cell nonproliferation on, 134-135 
pro- and pre-B cells reactive to, 131-136 

Stem cells, embryonic 

Stromal cells 

Sulfosuccinimidyl-2- 
( p-azidosalicyamino)-1,3'- 
dithiopropionate, identification of 
lipid A-binding membrane proteins, 
274-275 

Surface markers, for memory B cells, 235 
Systemic lupus erythematosus-like 

autoimmune disease, in B/WF, mice, 
144-147 

T 

T cells 
activation 

CD8a role, 84-85 
tyrosine kinase p56Ick role, 78-82 

bone marrow, characterization, 171-173 
CD4 

determination of lymphokine- 

development models, 108-113 
producing phenotypes, 17-19 

CD8, development models, 108-1 13 
CD45RAt, functional and phenotypic 

CD45ROt, functional and phenotypic 

circulating, functions, 199-201 
differentiation, CD4 and CD8 roles, 

in negative selection, 101-103 
in positive selection, 97-100 

functional differences with memory 

maturation into, 229-230 
migration pattern, 242-244 
primary and secondary, 227-228 
tissue-specific migration, 244-247 

properties, 225-227 

properties, 225-227 

94-113 

effector 

and naive cells, 227-228 

forbidden, in peripheral immune 
system, 164-166 

and growth requirements, 167 
intermitotic life span of, 237-241 
intestinal intraepithelial lymphocytes, 

invariant intraepithelial y /6  T cells 
163-167 

(skin, female reproductive tract), 
167-169 

in lymph nodes, 161-163 
lymphogenesis in liver, 169-171 
from lymphoid compartment, origins, 

164 
and lymphokine production, 167 
memory 

adhesion molecules affecting 
migration, 248-249 

differentiation after antigenic 
stimulation, 229-230 

functional differences with naive and 
effector cells, 227-228 

maturation into, 229-230 
migration pattern, 242-244 
phenotypic identification with CD45, 

TCR and signal transduction, 228-229 
tissue-specific migration, 244-247 

adhesion molecules affecting 
migration, 248-249 

functional differences with memory 
and effector cells, 227-228 

migration pattern, 242-244 
TCR and signal transduction, 228- 

224-227 

naive 

229 
in peripheral compartments, 

site-dependent tolerance, 201-203 
in spleen, 161-163 

TCR-mediated signaling 
and CD4,85-91 
and CD8,85-91 
in naive and memory T cells, 228-229 
and ~ 5 6 " ~ ,  85-91 

classification, 159-161 

TCR triggering, coreceptor molecules 
modulation of adhesiveness during, 
83-84 

TFN-a, see Tumor necrosis factor-a 
Thymocytes 

CD4 signaling role, 82 
development and selection, CD4/CD8 

roles, 94-97 
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mechanism of selection by CD4 and 
CD8, 104-108 

Tolerance 
immunological memory and, 249-251 
site-specific, of peripheral lymphocytes, 

Transcriptional regulation, of lymphokine 
production by FceRI+ cells, 22 

Tumor necrosis factor-a, production 

201-203 

by crosslinkage of FceR on peritoneal 

by factor-dependent mast cell lines, 8-9 
by FcERI' cells, 9 
by human mast cells, 14-15 

mast cells, 9 

Tyrosine kinase p56Ick 
binding to CD4 and CD8 cytoplasmic 

tails, 61-64 
role in T cell activation, 78-82 
structure, 62-64 
and TCR-mediated signaling, 85-91 

Tyrosine phosphorylation of protein 
substrates, and lymphokine 
production, 5-6 

Z 

Zonal organization, lymph follicles, 
185-186 
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