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Introduction

P. J. LACHMANN

MRC Group on Mechanisms in Tumour Immunity, Laboratory of Molecular Biology, The
Medical School, Cambridge

The area that this symposium is going to work over is an extensive one. I was
taught at medical school that the absorptive area of the intestine alone was
the size of a tennis court, though 1 cannot vouch for this being true. It is the
overlapping fields of gastroenterology in its widest sense—to include even
dental caries, in which perhaps not all gastroenterologists regard themselves
as practitioners—that have been brought together with immunology in this
symposium. Immunological mechanisms can be thought of as protecting the
milieu intérieur from the milieu extérieur, at any rate as far as macromolecules
are concerned. The mechanisms for doing this have to apply not only to the
normal, sterile tissues of the body, which are protected from most macromole-
cules except for the insect’s sting and the doctor’s needle, but also to regions
like the gut and to some extent the respiratory tract where the milieu extérieur
has succeeded in getting inside the milieu intérieur and where foreign molecules
in the form of both food and microorganisms exist in quantities which, com-
pared with the quantities that immunologists usually deal in, are astronomical.

It is interesting here to draw a distinction between the respiratory tract and
the gut. The respiratory tract is protected from antigenic material by a number
of mechanical barriers, but once antigenic material gets down to the lung it is
almost as antigenic there as when it is introduced parenterally. In the gut, on
the other hand, there is no mechanical protection; and in parts of the gut, at
any rate, foreign macromolecules are present in large quantities; but in this
site they are not antigenic to any substantial extent. Therefore it is not sur-
prising that specialized immunological mechanisms have evolved around areas
like the respiratory tract and particularly the gut to deal with these special
situations, and these special mechanisms are concerned intimately with the
secretory immunoglobulins and especially with IgA. This is the particular
immunoglobulin with the characterization of which Joe Heremans was in-
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timately involved, and his absence, through his premature death, makes not
only this meeting but the whole immunological community very much the
poorer. Others are going to discuss [gA—its production, its functions and the
cells that make it. The other limb of the immune response, cell-mediated
immunity, will not be left out, and I am relieved to see that even complement
will have a mention!

The interactions of immunology and clinical medicine have always been
very much two-way. It is not just that work on immunology has expanded the
field of medicine but also very much that studies of individual patients, the
subtle experiments of nature, have made considerable contributions to our
understanding of immunology. By no means the worst example of this is the
role that studies of multiple myeloma and myeloma proteins have had in
increasing our knowledge of immunoglobulin structure, function and genetics,
and IgA and 1gG, both of which are to be discussed, give good examples of
this. It is still a very active field and we shall hear in some detail about the
current status of the work on alpha chain disease, that extraordinary situation
where partial immunoglobulin molecules are produced and secreted.

The study of immunity deficiency is a second good example of the two-way
interaction, and here too work is still very active. We shall hear not only about
the effects of primary immune deficiencies, of the sort where the immuno-
deficient child develops infections; but also about the paradoxical situation,
which is now being increasingly appreciated, where minor forms of immune
deficiency may become manifest not in increased sensitivity to infection as
much as in increased liability to produce allergic diseases due to inappropriate
immunological reactivity.

In their turn, studies of immunology have led to great advances both in the
understanding and the prevention of disease. Perhaps prophylactic immuniza-
tion against infection is still the major man-made change in the pattern of
morbidity throughout the world, and it is to be hoped that in this area there is
still much progress to be made. One could imagine, for example, that a vaccine
against dental caries might have almost as much effect on morbidity in the
world as a vaccine against cholera, though perhaps not as much as a vaccine
against hookworm or malaria (although the latter is not directly relevant to the
gut). To develop effective prophylactic immunization one has to understand
the processes by which immunological mechanisms bring about immunity.
This is a curiously complex topic in which much interest has been taken again
in the past few years after a period when there was relatively little work devoted
to it. The mechanisms seem to be different for all the major classes of pathogenic
organisms. One might say that they are understood badly for bacteria, and
worse for worms! We are going to hear about both these topics—about
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immunity to the pathogenic variants of the normal gut flora, and about immune
mechanisms directed towards nematodes, where there remains the long-standing
question of whether the IgE system does have any useful function, and if it
does, whether it is in relation to nematodes in the gut.

One major understanding which has come from the study of the immunology
of infection is that the same mechanisms which give rise to immunity can also
give rise to allergic tissue damage and can themselves contribute to the mani-
festations of the very infectious diseases against which they also provide
protection. This is true both of overt infectious disease (it has, for an example
in the gut, been claimed that the diarrhoea of shigella dysentery is largely
allergic in nature) and also of diseases that are not obviously infectious at all.
For example, brain damage in subacute sclerosing panencephalitis is now
recognized as being due to allergic reactions to measles virus infection. The
extent to which mechanisms of this kind may be involved in inflammatory
bowel disease is a subject of great importance, and this is also to be discussed
in the symposium.

Such allergic reactions are not restricted to antigens of infectious organisms,
and a consideration of disease caused by allergic manifestations to dietary
antigens will be a fitting conclusion to a meeting where I am sure there will be
plenty for us all to mark, learn and inwardly digest!
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The secretory IgA system of the gut

JOHN J. CEBRA, RAMESH KAMAT, PATRICIA GEARHART, STELLA M.
ROBERTSON and JEENAN TSENG

Department of Biology, The Johns Hopkins University, Baltimore, Md.

Abstract Most commonly, humoral immunity manifested in the gastrointestinal
tract of mammals is due to the presence of secretory IgA antibodies. Antibody
specificities have been detected in the secretory IgA of gut secretions to a wide
range of naturally occurring viral and bacterial components and to test antigens
such as chemically modified proteins. Much of the IgA found in gut secretions
is synthesized and secreted locally by the abundant plasma cells of the lamina
propria. Development of methods for establishing local protective immunity in
the gut requires knowledge of the origins of these plasma cells and of the where-
abouts of their precursors when they are susceptible to antigen-driven prolifera-

tion and/or maturation.

The Peyer’s patches have been shown to contain a population of B lymphocytes
especially rich in precursors for IgA plasma cells and in cells which can repopulate
gut lamina propria with such IgA plasma cells. The Peyer’s patches also appear
to ‘sample’ gut antigens, in that small amounts of antigens are passed intact

through their dome epithelial cells.

Recent experiments bearing on the origins, differentiation and maturation,
antigen sensitivity, migration and lodging of precursors for gut IgA plasma cells
are discussed. We use the following three systems: (1) congenic transfer of cells
from different murine lymphoid cell sources or mixtures of these (CB20 —
BALB/c or BALB/c — CB20) and the use of allo-antisera to IgA allotypic deter-
minants to assess their potential to impart an adoptive IgA antibody response
to the recipient and to repopulate its histocompatible lamina propria with IgA
plasma cells; (2) clonal precursor analysis (the method of Klinman) both to
enumerate antigen-sensitive cells in different tissues of mice and to evaluate
their potential to generate plasma cells making particular isotypes and idiotypes
of antibodies; (3) use of pairs of Thiry-Vella loops in rabbits, each member
either bearing or lacking a Peyer’s patch, and quantitation of antibodies of each
isotype and of total secretory IgA to assess the response of each loop with the
time after local immunization. The results from all three systems provide strong
evidence for the importance of Peyer’s patches in supplying cells responsible for
local humoral immunity and suggest both a differentiative pathway for IgA
precursors and their whereabouts when antigen may cause the expansion of a

population of specific cells.
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Most commonly, humoral immunity manifest in the gastrointestinal tract of
mammals is due to the presence of secretory immunoglobulin A (sIgA) anti-
bodies. Thus, in order to devise effective immunization procedures leading to
the establishment of local protective immunity in the gut, one must gain some
knowledge of the following: (1) the origins and locations of the cells responsible
for the synthesis and secretion of sIgA; (2) the stages at which they and/or
their precursors are susceptible to antigen-driven proliferation and their
whereabouts when such specific expansion may be possible after both primary
and secondary challenge; (3) the interactions these cells must undergo with
other cell types or with humoral factors—antigens, mitogens, hormones,
etc.—before their maturation to IgA plasma cells; and (4) the migration routes
and any tissues of temporary domicile favoured by the cellular progenitors of
the gut IgA response and any selective lodging properties that they may develop
en route to intestinal lamina propria. Observations to be presented by ourselves
and by Dr Ahlstedt later in this symposium (Ahlstedt ez al., pp. 115-129) suggest
that an understanding of these aspects of the development of humoral immunity
in the gut may also be germane to the appearance of sIgA antibodies in other
secretory (exocrine) tissue. Of course, another process relevant to the occurrence
of sIgA antibodies in the gut that is not directly related to the generation of a
local IgA response involves the passage of the IgA antibodies across an epithelial
cell barrier into the intestinal or glandular lumen, and this will be considered
later by Dr Brandtzaeg (Brandtzaeg & Baklien, this volume, pp. 77-108).

Our ability to formulate these particular areas of inquiry pertinent to the
development of humoral immunity in the gut follows directly from a series of
basic observations made during the past 17 years, many by Professor Joseph
Heremans and his colleagues. The Heremans group isolated that isotype of
immunoglobulin (Ig) from human serum which we now call IgA and defined
some of its characteristic properties, such as its lower isoelectric point and
higher sugar content relative to other Igs and its propensity to occur in a
number of polymeric forms (Heremans et al. 1959). Using immunohisto-
chemical methods we were then able to show the synthesis of the IgA isotype
by a class of human or rabbit plasma cells different from those making IgG or
IgM (Bernier & Cebra 1965; Cebra et al. 1966). This separate population of
IgA cells assumed greater significance when considered with the finding by
Hanson, Tomasi and colleagues from their two groups that the concentration
of IgA in human milk and other exocrine secretions was considerably greater
than that of any other isotype of Ig (Hanson, 1960, 1961; Tomasi & Zigelbaum
1963; Tomasi et al. 1965). The Tomasi group characterized the human sIgA
as some sort of polymer of serum IgA containing ‘extra’ antigenic sites (Tomasi
et al. 1965) which were later found to occur on a separate polypeptide now
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called secretory component (SC) (South et al. 1966). Yet another distinct
polypeptide, called J chain, was later found in sIgA, IgM and polymeric serum
IgAs (Halpern & Koshland 1970). Shortly after the isolation of human sIgA
(Tomasi et al. 1965) we were able to purify its homologue from rabbit milk
(Cebra & Robbins 1966) and deduce from it the molecular weight and polypep-
tide chain composition of sIgA : four pairs of heavy («) and light (L) polypeptides
+ one SC (mol.wt. = 60-70 000) + one J chain (mol.wt. = 15 000) (Cebra
& Small 1967; O’Daly & Cebra 1971). In a comprehensive study the Heremans
group went on to show that IgA either predominated over all other Ig isotypes
in secretions or at least was more concentrated in secretions than in serum
from all of many mammalian species examined (Heremans & Vaerman 1971).
The rabbit represents a rather extreme case of IgA distribution since the con-
centration of this isotype, which is the major one in secretions, is about 20-fold
higher in milk and 5-10 fold higher in intestinal secretions than in serum
(Cebra & Robbins 1966; Robertson & Cebra 1976). An appreciation of the
protective role of sIgA in the gut lumen has evolved in parallel with the molecular
characterization. Although sIgA antibodies appear neither to react with Fc
receptors of any cell type—and therefore do not ‘opsonize’—nor to activate
complement starting with Cl (Eddie ez al. 1971), they do appear to be effective
simply by complexing with antigen in the gut or at other mucosal surfaces.
Thus sIgA antibodies can specifically neutralize toxins, prevent viral attach-
ment to host target cells, and diminish adherence of bacteria to mucosal sur-
faces and hence the probability of colonization by them (see Ogra et al. 1975;
Smith et al. 1966; Gibbons 1974; Freter 1970).

The local synthesis of much of the sIgA in secretions was inferred from the
finding by Tomasi’s group of many IgA plasma cells in the interstitium of
human salivary glands (Tomasi et a/. 1965) and by Heremans and his colleagues
that human gut mucosa contained up to 200 000 IgA plasma cells per mm? in
the lamina propria (Crabbé et al. 1965), or an estimated 7.5 x 10'° of such
cells in the entire gut (Heremans 1975). The lamina propria of the rabbit
intestine contains a similarly large number of IgA plasma cells (Crandall et al.
1967). Reflecting the 10-20 fold difference in IgA concentration between
secretions and serum, these [gA cells are markedly compartmentalized in
lamina propria and exocrine tissue—where they comprise 859 of all plasma
cells—away from most IgG and IgM plasma cells which are found in spleen
and peripheral lymph nodes in the company of only 2-5% IgA cells (Crandall
et al. 1967; Cebra et al. 1966). In an effort to deduce how this compartmenta-
lization of IgA plasma cells was achieved in the rabbit, we sought a source for
cells which could repopulate the gut lamina propria of lethally irradiated animals
among a variety of lymphoid tissues. Among the tissues tested were Peyer’s
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patches, which are situated in the mucosa of the small bowel and are quite
distinct from the IgA plasma cell-rich surrounding lamina propria. The
histology of mammalian Peyer’s patches, especially those of the rabbit, has
been thoroughly described (Faulk et a/. 1971; Waksman et al. 1973). Large
follicles of B lymphocytes, containing many dividing cells in the deeper and
lateral regions of each, are characteristic of this lymphoid tissue. Smaller,
thymus-dependent areas rich in T lymphocytes occur between the B cell
follicles and closer to the dome epithelium.

Using the allotypic determinants present on the L chains of rabbit Igs as
markers of cellular origin, we were able to show that Peyer’s patches and
appendix were enriched sources of cells which could repopulate the gut lamina
propria of lethally irradiated rabbits with IgA plasma cells (Craig & Cebra
1971). Relative to peripheral lymph nodes, blood or spleen, Peyer’s patches
contained many more immediate precursors of IgA plasma cells as judged by
the pokeweed mitogen-stimulated appearance of IgA plasma cells i vitro upon
microculture of cells from the different sources and by the number of IgA
plasma cells generated in spleens of recipients of the various cell populations
(Craig & Cebra 1971; Jones et al. 1974; Craig & Cebra 1975). A sub-popula-
tion of Peyer’s patch lymphocytes was identified which bore no detectable
endogenous membrane 1gM but did carry as surface markers L chain and Fab
(«) determinants associated with IgA (Craig & Cebra 1975; Jones & Cebra
1974). We were able to isolate this sub-population of cells, which usually
comprised <109, of Peyer’s patch lymphocytes, by fluorescence-activated cell
sorting (Jones et al. 1974). Almost all of the immediate precursors for IgA
plasma cells were found in this sub-population (Jones et al. 1974). A similar
small minority of B lymphocytes with surface IgA has been detected in mouse
Peyer’s patches (McWilliams et al. 1974; Guy-Grand et al. 1974) although the
potential of this sub-population has not been evaluated.

An ‘antigen sampling’ role has also been ascribed to the Peyer’s patches,
since macromolecules and even bacteria may pass through or by their dome
epithelial cells and arrive intact in the midst of B lymphocyte areas (Bockman
& Cooper 1973; Carter & Collins 1974). Heremans and his colleagues have
made the very important observation that oral administration of either sheep
erythrocytes or ferritin to germ-free mice results in the sequential appearance
of IgA antibody-forming cells to the former in mesenteric nodes and then
spleen and the appearance of ferritin-binding IgA cells after 30 days in gut
lamina propria (Crabbé et al. 1969; Bazin et al. 1970). Gowans and his group
and others (Guy-Grand et al. 1974; Gowans & Knight 1964; Griscelli et al.
1969; McWilliams et al. 1975) have shown that a small population of rapidly
dividing lymphocytes in rat thoracic duct lymph or in mouse and rat mesenteric
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lymph nodes can accumulate in the gut lamina propria. Some of these thoracic
duct cells bear surface IgA and some may contain specific cytoplasmic IgA
antibodies (Williams & Gowans 1975; Pierce & Gowans 1975). It is tempting
to suggest that IgA precursors have their first encounter with antigen in the
Peyer’s patches. Thus we arrive at a consideration of the areas for inquiry
suggested at the start by directing our attention to the antigen-sensitivity and
immunological potential of Peyer’s patch cells themselves.

DO PEYER’S PATCHES CONTAIN ANTIGEN-SENSITIVE B LYMPHOCYTES?

Attempts to stimulate the appearance of antibody-forming plasma cells in
Peyer’s patches by a wide variety of antigens and immunization schedules have
consistently failed (see Henry et al. 1970; Coppola et al. 1972). Similarly,
efforts to adoptively transfer an antibody response with patch cells alone have
been unrewarded (Katz & Perey 1973; Knudson et al. 1975). However,
transfers of mixtures of appendix cells with autologous thymocytes into
X-irradiated rabbits or of patch cells with spleen cells into syngeneic, cyclo-
phosphamide-suppressed mice led to an increased number of IgM antibody-
producing cells over that observed when appendix or patch cells were omitted
from the inoculum (Ozer & Waksman 1972; Coppola et al. 1972). A more
recent example of such ‘synergism’ with patch cells involved their adoptive
transfer to syngeneic, X-irradiated mice along with bone marrow cells and a
resulting anti-sheep erythrocyte response including some IgA antibody-pro-
ducing cells (Knudson et al. 1975). Because of the experimental design the
tissue source of the antibody-producing cells could not be ascertained. Finally,
attempts to elicit an in vitro IgM response to sheep erythrocytes with Peyer’s
patch cells alone have been successful with cells of rabbit origin (Henry et al.
1970) and likewise for mouse cells, except that there is some controversy about
the need for accessory, adherent peritoneal cells (Kagnoff & Campbell 1973)
or not (Jones et al. 1976).

We proposed that much of the difficulty in demonstrating the expression of
a primary antibody response by patch cells—especially an IgA antibody
response—encountered using either an adoptive transfer or an in vitro assay
was due to the failure to maintain either viable recipients or cultures sufficiently
long enough. Thus we have adoptively transferred lymphoid cells into sub-
lethally irradiated (600 R) syngeneic mice to assess both their potential to
respond to antigen and their time-course of response, and into similarly irra-
diated congenic recipients differing in Ig allotype from the cell donors to
establish the origin of any antibody-producing cells. In our first experiments
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TABLE 1

Time-course of PFC response in recipients of Peyer’s patch cells

Day of No. of Mean plaques/spleen

assay animals IeM IgG1 IgG2 IgA T
7 2 740 0 0 0

10 3 633 443 N.D. 516

12 4 690 2120 4240 1200

15 2 310 3040 N.D. 740

19 3 520 612 814 570

DBA/2J — DBA/2].
107 Peyer’s patch cells + 107 thymus cells.

107 Peyer’s patch cells, 107 spleen cells or 3 x 107 peripheral lymph node cells
(excluding cells from mesenteric nodes) from normal DBA/2 mice were trans-
ferred along with 107 syngeneic thymus cells into X-irradiated DBA/2 recipients.
After 24 hours the mice were challenged with 5 x 108 sheep erythrocytes given
intraperitoneally. The recipients were sacrificed from 7-19 days after challenge
and their spleens were assayed for IgM, IgGl, IgG2, and IgA antibody-
producing cells (PFC) by the Jerne plaque assay technique. Table 1 shows that
by day 7 the Peyer’s patch cell recipients expressed only IgM PFC. From day
10 onwards IgA and IgG PFC were also detected. Cells expressing either of
these isotypes reached a maximum number around day 12-15 and declined
thereafter. Table 2 shows that the IgA PFC detected 12 days after antigenic
challenge are only observed in recipients of patch cells plus thymocytes and not
in mice receiving mixtures of cells from other sources or thymocytes alone.
In order rigorously to ascertain the source of the IgA PFC and to rule out the
possibility that the response obtained in sub-lethally irradiated syngeneic
recipients is due to host B cell regeneration followed by some undefined inter-
action with donor cells, we did congenic transfers using CB20 mice (Lieberman
et al. 1974) as the presumptive B cell donors and BALB/c as the thymocyte

TABLE 2

Comparison of PFC responses in recipients of lymphocytes from different sources

Type of transfer Dayof No.of Mean plaques/spleen

assay  animals gpr 1gG1  1gG2 IgA
107 spleen + 107 thymus 12 3 884 3730 2940 6
3 x 107 lymph node + 107 thymus 12 3 504 3190 2610 5
107 Peyer’s patch + 107 thymus 12 4 690 2120 4240 1200
107 thymus 12 2 57 0 0 0

DBA/2] - DBA/2J.
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TABLE 3

PFC response by recipients of Peyer’s patch or peripheral lymphoid cells in a congenic
transfer

Ig2®
Dayof No.of Mean plaques/spleen Ig4 x 100
assay  animals jgM IgGl  1gG2  IgA spleen

plasma cells

Type of transfer

107 CB20 PP* + 107

BALB/cJ thymus 7 2 2490 0 0 0 N.D.
107 CB20 PP + 107

BALB/cJ thymus 10 3 630 950 0 610 100
2 x 10 CB20 LN + 107

BALB/cJ thymus 10 3 700 106 0 0 N.D.

9PP, Peyer’s patch cells; LN, lymph node cells.

donors and recipients. These two strains are histocompatible (H-2¢) but their
Ig molecules can be distinguished by allotypic markers. For instance, allo-
antisera can be raised which specifically distinguish the IgA molecules of the
two congenic strains which express allelic C, genes (Ig-2* and Ig-2° for BALB/c
and CB20 respectively) (Herzenberg 1964). Table 3 shows that cell transfers
between such mice resulted in IgA PFC by day 10 only when Peyer’s patches
were the source of donor B cells. At this time, essentially all of the IgA plasma
cells in recipients’ spleens also carried the donor IgA allotype marker, as
judged by staining with fluorochrome coupled anti-alpha chain and anti-Ig-2°.
Thus Peyer’s patches of the donor were the source of the antibody-forming IgA
plasma cells and do contain antigen-sensitive cells capable of generating IgA
plasma cells while spleen and peripheral nodes appear to contain many fewer
of such cells. The results also suggest that Peyer’s patches share with other
lymphoid tissue the potential to generate IgM, IgG1 and, at least in the DBA/2
strain, IgG2 plasma cells.

ENUMERATION OF FREQUENCY OF ANTIGEN-SENSITIVE PRECURSORS IN
PEYER’S PATCHES AND ASSESSMENT OF THEIR POTENTIAL TO EXPRESS
VARIOUS Ig ISOTYPES

To enumerate the precursor frequency in different lymphoid populations we
have employed the technique of clonal analysis developed by Klinman and his
colleagues (Klinman 1969) and evaluated the clonal precursor cells (( PC)
sensitive to the phosphorylcholine (PC) determinant, since considerable in-
formation is available concerning splenic CPC reactive with this hapten
(Gearhart et al. 1975). Briefly, mice to be used for scoring CPC were carrier-
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TABLE 4

Frequency of anti-phosphorylcholine (PC) precursors

% anti-PC
5
Total no. cells Total clones/ No. clone's /10 response
Donor s B cells with T15

analysed 10° B cells diot represented by

watotype T15 idiotype

Spleen 630 x 10° 228+ 178 177+ 163 74 + 28
Peyer’s patch 94 x 10° 3.13 4+ 1.14 1.23 4 0.84 39 + 15

primed with Limulus haemocyanin 6-8 weeks before cell transfer. They were
then lethally irradiated (1300 R) and one day later were injected with limiting
doses of the lymphoid cells to be tested. After 16 hours the mice were sacrificed
and their spleens were sliced into 1.0 mm cubes. The spleen fragments were
individually cultured in Dulbecco’s modified Eagle’s medium with 109
agammaglobulinaemic horse serum in the wells of microtitre plates along with
an optimum concentration of PC conjugated to haemocyanin through a tri-
peptide spacer (5 x 1077 M in PC). At intervals culture fluid was removed
from the wells and fresh medium was added. The fluids from the wells were
individually assayed for anti-PC antibody, isotype of anti-PC antibody and
for the presence of a common idiotype of anti-PC antibody from BALB/c mice
(prototype myeloma protein TEPC 15) (Potter & Lieberman 1970) using
radioimmunoassays. If the appropriate, limiting dilutions of lymphocytes are
delivered to the scoring animal, then the total amount of antibody and its
isotype(s) and idiotype in a positive spleen fragment can be considered to be
the product of a single clone and to reflect that potential of a single precursor
expressible in the CPC assay by its progeny (Klinman 1969; Gearhart et al.
1975). Table 4 compares the frequency of anti-PC CPC with and without the
potential to express TEPC 15 idiotype in spleen and Peyer’s patches. The
frequency of CPC in both these tissues, based on B cell content, is similar
to that previously observed for spleen (Gearhart et al. 1975). The lower
frequency of CPC in patch cells that express the TEPC 15 idiotype than in
spleen is conspicuous and provides a hint that the two cell sources may be
subject to different mixtures of naturally occurring PC-determinants which
may selectively expand out different sub-populations of anti-PC precursor
cells. Table S compares the CPC from the two tissues with respect to isotypes
of anti-PC antibodies expressed by their clonal progeny. The CPC of splenic
origin predominantly generate clones which make only IgG1, IgM and IgG1
or IgM, IgG1 and IgA anti-PC. The population of CPC from Peyer’s patches
is conspicuously different in that their resultant clones produce IgM and IgA
or only IgA anti-PC with a very high incidence. Fig. 1 graphically illustrates
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F1G. 1. Anti-phosphorylcholine (PC) response of B lymphocyte-derived clones expressing the
TEPC 15 idiotype marker. The area of each circle represents the size of the clone estimated
from total output of product antibody. The sectors shown in some circles represent the
proportion of total antibody present as a particular isotype (IgA, IgM, IgGl). The clones
depicted were chosen to be representative of much larger samples derived from both spleen
and Peyer’s patch.

this difference in populations of CPC as well as the relative sizes of the
clones generated by the two cell sources as judged by their total output of anti-
PC antibody (proportional to area of circles). There seems to be no correlation
between clone size and isotype(s) expressed. Thus the Peyer’s patches are as
rich a source of antigen-sensitive CPC as the spleen but their potential to
generate clones making IgA antibodies is far greater. The Peyer’s patches are
known to differ from other lymphoid tissue in some or all of the following
characteristics: (1) T lymphocyte areas segregated away from B cell follicles;

TABLE 5§

Isotype distribution

% B cell clones with TEPC 15 idiotype
Spleen Peyer’s patch

Heavy chain class

® 10 6
vl 16 6
o 2 46
u, vl 26 3
vl o 6 8
u, o 4 26

u, yl, a 36 8
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(2) no organized antigen-trapping reticulum; (3) excessive numbers of sup-
pressor T lymphocytes; (4) deficiency in accessory cells; (5) extensive B
lymphocyte proliferation without in situ maturation to plasma cells (see: Faulk
et al. 1971; Waksman et al. 1973; Bockman & Cooper 1973; Kagnoff &
Campbell 1974; Kamin et al. 1974). Thus one unique feature of the Peyer’s
patch may be that it provides an environment that permits B cell division—at
least in part antigen-driven—without providing those interactions necessary
for maturation to plasma cells. One might suppose therefore that the patch B
cell population contains cells that, on the average, are more divisions removed
from the pre-B or ‘virgin’ B cell than those of any other lymphoid tissue. Such
cells may be more likely to generate clones which express IgA. Whether, in
addition to permitting such B cell divisicns, the milieu of the Peyer’s patch can
also influence the course of differentiation (perhaps gene rearrangement) or
development (gene expression) is still conjectural.

However, having demonstrated that Peyer’s patches contain antigen-
senstitive precursors for IgA plasma cells and that they are enriched sources of
precursors for clones which express IgA, we must consider their role in populat-
ing the lamina propria of gut mucosa. We have already discussed observations
by others that dividing cells from mesenteric nodes and thoracic duct lymph
appear to selectively lodge in gut (p. 10). However, such short-term selective
accumulation in gut has not been shown for cells of Peyer’s patches. Our own
studies related above have clearly shown that allogeneic patch cells contained
a sub-population of B cells that could fully repopulate intestinal lamina propria
with IgA plasma cells. We have now examined such repopulation in mice
histocompatible with the donated cells in a system which permitted unequivocal
assignment of the B cell source of IgA plasma cells.

REPOPULATION OF HISTOCOMPATIBLE INTESTINAL MUCOSA WITH IgA
PLASMA CELLS FROM CONGENIC DONORS

As before, our lymphoid cell donors were CB20 mice and the recipients were
sub-lethally (600 R) X-irradiated BALB/c congenic mice. Each animal received
either 107 patch cells or 2 X 107 peripheral lymph node cells from CB20 mice
either with or without 107 BALB/c thymocytes. The addition of exogenous
thymus cells appeared to have no effect on the repopulation observed. The
recipients were sacrificed at various times after cell transfer. Spleens were
rendered into single-cell suspensions for replicate cell monolayer preparation
by cyto-centrifugation (Dore & Balfour 1965) and random cryostat sections
of the small intestine were made. Each film and section was consecutively
stained with fluorescein (F)-labelled anti-x and rhodamine (R)-labelled anti-Ig-
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TABLE 6

Relative repopulation of spleen and gut lamina propria by donor-derived IgA plasma cells

Relative -+  Average %

Cell . Day Exp. no. % lg-2'] i‘ area of gut Ig-2%/o
source in spleen analysed® in gutt
PP 6 1 0 - 0
PP 6 1 0 - 0
PP 7 2 0 - N.D.
PP 7 2 0 - N.D.
PP 8 3 93 517 42
PP 10 2 100 498 47
PP 10 2 N.D.2 693 49
PP 10 2 N.D. 967 48
PP 12 1 100 2391 58
PP 14 3 920 375 96
PLN 10 2 15 662 21
PLN 10 2 N.D. 486 15
PLN 10 2 N.D. 498 9
PLN 14 3 45 423 36

@ PP, Peyer’s patch cells; PLN, peripheral node cells; N.D., not done.

b 9 of Ig-2° plasma cells of total IgA plasma cells. About 200400 and 20-100 IgA plasma
cells were present per 2 X 10° nucleated cells in spleens of recipients of PP and PLN cells
respectively.

¢ About 20 plasma cells comprise 100 units of area.

¢ Determined from area measurements.

2° (anti-CB20 IgA allotype). Differential cell counts were made on the mono-
layers. Fields of the gut sections were randomly chosen on the basis of content
of F anti-a-staining cells alone and these were photographed first and then
rephotographed under filter conditions permitting visualization of any R anti-
Ig-2° positive cells. Each set of transparencies from a single field was magnified,
projected in turn onto the same tracing paper, and the areas of « and Ig-2°
positive cells were recorded. The latter cells were always a sub-set of the former.
The IgA and allotype positive areas were measured using a planimeter and the
extent of repopulation was expressed as the percentage of the total a-positive
area which was Ig-2° allotype positive. Table 6 indicates that very few, if ariy,
donor-derived IgA cells appear in spleen or gut through days 6-7. However,
by day 8-10 there is a sudden appearance of donor IgA plasma cells in lamina
propria of patch cell recipients, when they comprise about 40-50%; of the total
IgA cell population. By day 14 almost all gut IgA cells of patch cell recipients
are of donor origin. The peripheral nodes seem considerably less effective at
recolonizing recipients with IgA plasma cells and contribute only 10-209%, of
such cells by day 10 and 36 %, by day 14. Of course, as donor-derived cells are
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repopulating the gut, the host’s own cells are diminishing in number. Our
finding that almost complete replacement of intestinal IgA cells occurs by 14
days in Peyer’s patch cell recipients is consistent with a previous estimate,
based on a different measurement, of 4.7 days as the half-life of mouse IgA
cells in lamina propria (Mattioli & Tomasi 1973). By 14 days the host cells
should have endured three half-lives and should have diminished to about 129
of their original number. Thus comparison of different cell sources for their
potential to repopulate by other methods should be more meaningful at early
times (days 8-10) when the host compartment is still substantial and hence
provides a more accurate internal standard.

Peyer’s patch cells can certainly repopulate gut lamina propria with IgA
plasma cells. However, it is still not known whether they must temporarily
reside in other tissues before gaining their propensity to lodge in lamina propria
or whether they pass directly to the gut, there to mature into plasma cells.
Another property of these IgA precursors which has not yet been evaluated is
whether they can divide after lodging in the lamina propria and before matura-
tion into plasma cells. A truly ‘local’ secondary response would seem to require
such a reserve potential for antigen-stimulated division.

On the basis of some of the principles deduced by ourselves and others we
have attempted to devise a model system for evaluating the role of Peyer’s
patches after the introduction of antigen into the gut lumen (Robertson &
Cebra 1976).

A MODEL SYSTEM FOR THE STUDY OF INDUCTION OF HUMORAL IMMUNITY
IN THE GUT

Many investigators have been able to stimulate the appearance of specific
IgA antibodies in mammalian secretions (Blackman et al. 1974; Montgomery
et al. 1974; Yardley et al. 1976). Particularly, Hanson and his colleagues have
been able to correlate the appearance of IgA antibody-secreting cells in human
milk with colonization of mothers’ guts with a distinctive serotype of E. coli
(Goldblum et al. 1975). Most of these studies suffer from the drawbacks that
it is technically difficult to identify the precise tissues where B lymphocytes
respond to antigen and to directly implicate Peyer’s patches in this response.
Thus, sites of earliest response of B cells to antigen could include: (1) Peyer’s
patches; (2) lamina propria; (3) mesenteric lymph nodes; (4) spleen and other
lymphoid tissues reached by antigen via the bloodstream after absorption by
the gut.

Using rabbits we have constructed a series of animals having two 20-cm
isolated ileal loops (Thiry-Vella), each bearing or lacking a Peyer’s patch, by
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FIG. 2. Analysis of daily loop secretions of rabbit 1 (containing Peyer’s patches) which received
two doses of antigens, DNP-KLH and Salmonella typhimurium, into the loops on day 0 and
day 4 (|). Data for the stimulated loop (SL) are shown on the left and the control loop (CL)
on the right. Symbols: —e ——e—, specific IgA anti-DNP activity as determined by 251
anti-o in the radioimmunoassay (RIA) at a 1/600 sample dilution; , total anti-
DNP activity as determined by 25T anti-Fab in the RIA at a 1/600 sample dilution. The
relative sIgA concentration (e o) was determined at a 1/3000 sample dilution by 1251
anti-Fab and anti-« BAC in the RTA. The value of ‘1’ for the SL is 1.6 mg sIgA/m1 secre-
tions; for the CL, 2.3 mg/ml. The specific anti-DNP activity has been normalized by a factor
which reflects the daily fluctuation of total sIgA.

the method used by Yardley and his group (Keren et al. 1975). These loops,
though isolated, still maintain their mesenteric attachment and thus their
neurovascular supply. Seven days after surgery, antigens—2,4-dinitrophenylated
keyhole limpet haemocyanin (DNP-KLH) (400 1.g) and heat-killed Salmonella
typhimurium LT-2 Zinder (4 < 107)—were introduced into one of the loops
(distal) and saline was introduced into the other control loop (proximal). After
12 hours the remaining antigens were flushed out of the loops with air and the
introduction of antigen was repeated at the desired times. The secretions of
the loops were collected at intervals and the total sIgA, total antibody and total
IgA antibody concentrations were measured by radioimmunoassay using
appropriate insoluble antigens (Elson & Taylor 1974; Klinman & Taylor 1969).
The specific serum response was also monitored. Fig. 2 shows that a specific
IgA anti-DNP response could be elicited by two applications of the mixture of
antigens into the distal loop on days 0 and 4 (Robertson & Cebra 1976). The
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TABLE 7

Absolute concentrations of anti-DNP antibodies and of sIgA in the intestinal loop fluids

R Pre-immune levels Maximum response levels
Animal  Loop Pevers ol lgA  Anti- " Total 2 )
pateh® al Ig nti-DNP otal IgA Anti-DNP
(mg|ml) (uglml) (mg/ml) {(wg/ml)
1 SL* + 31 33 4.5 138-216
CL® + 34 51 6.8 147
2 SL + 1.7 16 2.2 87
CL + 1.1 27 2.7 49-86
3 SL + 3.1 22 4.8 60
CL + >S5 27 >S5 80
4 SL + 2.9 6 4.1 25-36
CL =+ 5 15 >S5 72
5 SL — 3.7 5 >5 10
CL — 3.2 4 5.5 14
6 SL — 2.7 23 >S5 44
CL — 2.8 17 4.7 36
7 SL — 5.4 5 >5 24
CL + >S5 13-34 3.4-6.5 34-42
8 SL + 1.5 4 5.6 45
CL — 0.072 7.7 0.43-0.96 44
@ SL, stimulated loop.
® CL, control loop.
¢ +, Peyer’s patch present in loop; —, Peyer’s patch absent from loop.

time-course of appearance of anti-DNP antibodies was somewhat variable but
often showed an early rise (days 4-8) followed by a slight decline and then
another modest rise to a rather constant level, which occurred later (days
12-20). Most often, the change in antibody concentration with time followed
the same course in secretions of the distal (immunized) and proximal (control)
loop. Almost all the anti-DNP present in the secretions was IgA and this was
in the form of dimers and higher polymers. Immunohistochemical staining
showed plasma cells making anti-DNP in the lamina propria of the loops.
Throughout the 20-40 days during which loop secretions could be monitored,
no rise in serum anti-DNP titres of any isotype could be detected. The maximum
concentration of IgA anti-DNP often rose 5-10 fold over pre-stimulation values
to 100-200 pg/ml (Table 7). However, if the loops lacked Peyer’s patches, the
increase in anti-DNP in secretions was either slight or did not occur at all
(Table 7). We believe that this model system implicates the Peyer’s patch in
the response to antigens impinging on the gut mucosa. The observations are
consistent with antigen-stimulated B cell division in the patch follicles followed
by departure of these cells via the mesenteric nodes, through the circulation and
back to the lamina propria of all sections of the gut. The possibility of tem-
porary residence of these cells in mesenteric nodes and further antigen-driven
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proliferation and maturation before further emigration is also consistent with
our findings.

We have tried to provide some recent findings pertinent to the stimulation of
humoral immunity in the gut and to sharpen the areas of inquiry we posed at
the outset as relevant to this process. I am sure that subsequent contributors
to this symposium will further elucidate the mechanisms for both the eliciting
and the functioning of gut immunity.
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Discussion

Soothill: How secure is your evidence that the Peyer’s patch is relevant to
the IgA response in the experiments with ileal loops?

Cebra: The general finding in about 20 rabbits is that if there is an IgA
response, it is manifest in the secretions of both loops, and the time-courses
are almost identical. If the loop receiving antigen lacks a patch, there is no
response in either loop, or a minimal response in both; but if the loop receiving
antigen bears a patch, the response tends to be higher in both loops, though
not as high in the control loop as when both loops have a patch. The overall
net increase in IgA antibodies when both loops have a patch is 10-fold, some-
times 20- or 25-fold, from about 20 pg/ml of background antibody to 200
pg/ml. If neither loop contains a patch, there is 10-20 pg/ml of antibody before
stimulation which may rise to 30 or 35 pug/ml with antigen.

Porter: So the segmental immunization reported by Ogra & Karzon (1969)
is really determined by where you do the immunization within a loop prepara-
tion? I assume they must have been applying antigen high up in the intestine,
away from the Peyer’s patch region?

Booth: No; Ogra used colonic segments.

Cebra: 1t is possible that one can, in the absence of a patch, stimulate a local
immune response. One unanswered question is whether the cells that arrive
in the lamina propria have a residual potential for antigen-driven proliferation.
Such a potential would be necessary for a true secondary response. It has been
shown that a small fraction of antigen can pass intact through gut epithelium
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in areas lacking a patch (Walker et al. 1972), so I would not rule out stimulation
in the absence of a patch. However, I think our results show that a patch is
essential for effective stimulation.

Soothill: Have you shown that this is not simply a result of the particular
region of the bowel you are dealing with?

Cebra: No. In our choice of sites for stimulation we have favoured loops
from the distal ileum, which is richer in patches and is known to play a role in
stimulation by certain gut organisms that accumulate proximal to the ileal-
caecal valve (Carter & Collins 1974).

Soothill: The result could be an effect of organisms present acting as
adjuvants?

Cebra: Yes. In fact, there could be an enhanced response due to the sal-
monellae given with the antigen. We are now giving the antigen without
salmonella organisms.

Lehner: A possible adjuvant effect is important, but it depends on the
sequence of adding adjuvant to the antigen; this certainly applies to lipopoly-
saccharides (Johnson er al. 1956; Lagrange & Mackaness 1975). Have you
tried to give lipopolysaccharide first and then antigen? This would not increase
the humoral antibody response but might cause suppression.

Cebra: We have not done this but we are doing various extensions of this
experiment, involving the use of LPS and varying the order of addition, and
also we are assessing the effect of carrier-priming in a hapten-protein system.
You are probably partly right in thinking that LPS is affecting the response.
At least three-quarters of the animals show an increase in total IgA in the loop
as well as the increase in specific antibody. We think this increase in IgA con-
centration may have something to do with the bacteria we put in the loop.

Gowans: Your evidence that you get a similar antibody response in both
loops when you give antigen into only one loop contradicts other evidence in
sheep which shows clearly that the highest concentration of specific antibody
is found in the challenged loop (Husband & Lascelles 1974). I will be re-
porting similar results in rats (p. 39). How do you reconcile these differences?

Cebra: Pierce & Gowans (1975) have shown that antigen can influence IgA
cell lodging. Probably at least two factors are involved in determining the
magnitude of the response in different segments of the gut. One is a random
lodging of B lymphocyte precursors of IgA plasma cells in the lamina propria
after stimulation and emigration of cells from the patch through the mesenteric
lymph nodes. The other factor might be a selective accumulation and/or pro-
liferation of cells at sites adjacent to antigens or antigen-bearing material in the
gut. Most of our rabbits are immunized two to four times, and immunization
is still going on when we see the first responses. Perhaps by using small amounts
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(<400 pg) we are not detecting as big a role for local antigen in determining
sites of IgA secretion as others have found.

Gowans: Did you study the time-course of the response? Is there any time
at which the response is highest in the loop with a patch?

Cebra: The overall response may be less in the non-immunized loop but it
follows very much the same time-course.

Porter: I want totake up the question of the class of antibodies. In your studies
with Trichinella infections in rabbits (Crandall et al. 1967) you showed that the
first cells in the response were IgM cells. Our work in the pig (Allen & Porter
1973) shows that in the early local immune response of the intestine to bacterial
antigens, or in normal bacterial colonization in the developing pig, IgM cells
far outnumber IgA cells over the first 4-5 weeks of life. The early antibody
response is largely IgM. McNeish has similar findings in relation to Escherichia
coli infections in infants in which IgM was the chief immunoglobulin (McNeish
et al. 1975). Of course, IgM is a major secretory immunoglobulin. Your
precursor cells in the loop experiments are probably y-negative in their surface
characteristics. If you had looked at your antibody response in the loops in
terms of IgM, might you have found different characteristics of the response?

Cebra: Perhaps. There is always the possibility of inactivation and degra-
dation of IgM antibodies before assay; if IgM antibodies are more susceptible
we might have missed them in assaying the loop secretions. Had we looked at
antibody-forming cells in the lamina propria, which we are doing now (which
is harder because one cannot disperse lamina propria cells and do plaque-
forming cell analysis), we might have seen significant numbers of IgM antibody-
forming cells in the gut. .

Let me try to reconcile two kinds of data in my paper. I spoke of immediate
precursors for IgA plasma cells. These are important in the earliest phase of
the IgA response. This early IgA response could even be regarded as a secon-
dary response by patch cells that may be many divisions away from ‘virgin’
antigen-sensitive cells and may have been primed by naturally occurring
antigens. I think that these immediate precursors are surface IgA-positive
cells that can generate large clones of IgA plasma cells. The antibody responses
seen later (days 10, 12, 15 after stimulation) are probably derived from w-
bearing cells that give rise to the p. plus o clones. Such p.+ cells may also be
abundant clonal precursors in the Peyer’s patches. In other words, I think
antigen-sensitive cells may be at different stages of maturity in the patches.
One doesn’t know the importance of T cell interactions in influencing the ex-
pression of IgA by clonal progeny of u+ antigen-sensitive cells originating in
the patch or in selectively stimulating maturation of the daughters derived
from «+ cells. The time-sequence and relative numbers of IgM and IgA
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antibody-forming cells may vary, depending on the amount of T cell coopera-
tion.

Porter: In your adoptive transfer studies did your p-negative cells give rise
predominantly to [gA producers?

Cebra: Yes. Plasma cells derived from pu-negative Peyer’s patch cells found
in either spleen or gut lamina propria of allogeneic rabbit recipients pre-
dominantly were IgA producers. Probably the precursors of these cells are
equivalent to those cells in mouse Peyer’s patches that generate clones which
produce only IgA. However, other precursors found in mouse Peyer’s patches
can give rise to clones expressing IgM and occasionally IgGl as well as IgA.
It is probable—although not formally shown—that these latter precursors
bear IgM on their surface.

Pierce: You mentioned a biphasic antibody response in your loops. Was
the second phase of that response similar in magnitude to the first, and equal
in both loops? Have you an explanation for this observation?

Cebra: We often but not always see the biphasic response. If one phase is
missing it is usually the earlier one. An explanation may be derived from our
clonal precursor analysis: at any given time one has in the patch an assortment
of cells having equal proliferative potential; any can give rise to, say, a thousand
antibody-secreting cells. Some of these cells in the patch are differentiated to
the point where they can provide clones expressing only IgA, and I think
these are responsible for the earliest phase of the secretory IgA response.
These precursors could be regarded as secondary cells, even though they have
not been deliberately primed. Other antigen-sensitive cells which probably bear
IgM occur in the Peyer’s patches and these may be even more abundant
than the precursors which generate clones expressing only IgA. These go
through further divisions after antigen stimulation before producing daughters
that make IgA. T would postulate that these cells account for the later phase
of the secretory IgA response. It also seems possible that the development of
maximal expression of a secretory [gA response is dependent on the time-
course of the generation of cooperating T cells.

Gowans: You have never shown that p-bearing cells are the precursors of
cells which eventually make IgA, have you?

Cebra: No, not formally, but we have shown that a high proportion of
antigen-sensitive cells from the patch reactive with the phosphorylcholine
determinant can generate clones which produce IgM and IgA. Assaying with
the DNP rather than the phosphorylcholine determinant, the picture is a
little different (P. J. Gearhart & J. J. Cebra, unpublished work 1976). Almost
half of the clones derived from the spleen or patch contain some cells which
express IgM. However, there are hardly any clonal precursors for DNP in the



26 DISCUSSION

unimmunized mouse which generate clones making only IgA. Almost all of
the derivative clones expressing IgA also make IgM or IgM plus IgGl. While
we have not shown in these assays that p-bearing cells go on to make IgA,
there is a strong suggestion that some of their daughter plasma cells do.

Pierce: Have you any evidence of a third or fourth wave or is this response
in the loops only biphasic, not multiphasic? Secondly, you gave antigen
repeatedly. Do you time these responses in relation to the first dose of antigen
or the last? Is it possible that the biphasic response is related to the schedule of
multiple doses?

Cebra: The phases of the response do not seem to be related to the timing
of antigen doses, since the last antigen administration is usually at the be-
ginning of the response and most of our observations have been made after
stimulation on days 0 and 4. It is not clear if there are subsequent waves of
secretory IgA responses because the system gets rather ‘noisy’ later.

Pepys: Have you any data on a delta-like heavy chain on the Peyer’s patch
cells, in view of the work showing that delta is a major heavy chain isotype on
such cells in mice (Vitetta et al. 1975)?

Cebra: No.

Parrott: In your adoptive transfer experiments, you always added thy-
mocytes, evidently because there are not enough T cells in Peyer’s patches. If
you took Peyer’s patches from germ-free mice or from mice of other ages,
would you need to add the thymocytes?

Cebra: For the adoptive transfer of a sheep red blood cell response you can
leave out the thymocytes; there are sufficient T cells in the patch. However, if
you remove the T cells from the Peyer’s patch cell population, there is no
appreciable adoptive antibody response transferred with the residual cells. If
T cells from a primed animal are added to a Peyer’s patch cell inoculum, more
IgA PFC cells arise in the spleens of the recipients and these appear sooner than
in recipients of patch cells alone. We feel that there is a T cell-dependence of
the expression of the IgA plaque-forming cells (PFC) and part of the delay in
the appearance of IgA PFC until 10-12 days after cell transfer might be due to
the necessity for generating sufficient T cells. We are now investigating the
role of suppressor and cooperating T cells in this adoptive transfer system.

White: You mentioned the dome epithelium and the implication seemed to
be that antigens were entering through this epithelium. Where is the antigen?
You said that there is no antigen-retaining reticulum in Peyer’s patches. Is the
antigen associated with antibody?

Cebra: The work I quoted was that of Bockman & Cooper (1973) and of
Walker et al. (1972). When ferritin or peroxidase has been introduced into the
gut lumen the active protein has been found in vesicles in dome epithelial cells,
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and presumably must be transported through these cells since the proteins are
also found among the patch lymphoid follicles. Very quickly thereafter the
active proteins may be found trapped in the reticulum of draining mesenteric
lymph nodes. I don’t know what the mechanism is by which protein is trans-
ported across the dome epithelial cell. Perhaps the mechanism is similar to
that found in studies by Rodewald (1975) on transport of maternal immunoglo-
bulin across the absorptive gut epithelium of newborn mice and rats. There
appears to be a membrane-bound receptor for immunoglobulin which becomes
bound to membrane within vesicles upon endocytosis. After trans-cellular
passage the immunoglobulin is ejected on the basal side of the cell by a reversal
of endocytosis.

Cells that can take up antigen have been observed scattered through the
patch (Faulk ef al. 1971), so I would not exclude any trapping of antigen there,
but there is no organized antigen-trapping reticulum in the patches. I know
of no studies concerning the role of antibody in transport of antigen into the
patch or in trapping it there.

Evans: You mentioned the difficulties of dispersing lamina propria cells for
plaquing studies. Methods have been described for doing plaquing on sections
(Berenbaum & Stringer 1970). Have you found these to be impractical on
intestine?

Cebra: We have not been able to make the plaquing method work for gut
sections because of non-specific lysis. We want to follow the cells after adoptive
transfers to the lamina propria and we have resorted to an immunohisto-
chemical method.

Parrott: Your main thesis is that the Peyer’s patches populate the whole of
the lamina propria. Dr Crabbé did beautiful studies (Crabbé et al. 1970)
showing that there are more IgA cells in the villi close to the Peyer’s patches
than in more distant villi, and we (Parrott & Ferguson 1974) have pointed out
that there are just a few lymphatic connections directly from Peyer’s patches
to those near villi where you can show with labelled cells that a few cells go
straight through.

Cebra: 1 am familiar with these histological studies (Crabbé er al. 1970) and
agree that lateral migration of IgA precursors directly from patches into the
adjacent lamina propria may be an alternative means of populating the lamina
propria. However, I believe that most observations support the lymph/blood
circulation route as the major one leading to population of lamina propria.
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Abstract The IgA-secreting cells in the lamina propria of the small intestine are
derived from large lymphocytes which enter the blood by way of the thoracic
duct and then migrate into the gut where they complete their differentiation into
plasma cells. Three aspects of this cellular traffic have been examined in rats.

1. The cells in thoracic duct lymph which give rise to IgA-secreting cells in the
lamina propria are among those which carry surface IgA. Blast cells lacking
surface immunoglobulin migrate mainly into the Peyer’s patches and do not
contribute to the IgA response.

2. Studies on a secondary antibody response to cholera toxoid, in which the
challenge was given into a Thiry-Vella loop, showed that the antibody-containing
blast cells in thoracic duct lymph were derived from Peyer’s patches. The
mesenteric nodes contributed little, if anything, to the cellular response in the
lymph.

3. The idea that secretory component is a signal for the emigration of large
lymphocytes from the blood into the lamina propria lacks experimental support.
Secretory component does not bind to the IgA on the surface of thoracic duct
cells. On the other hand, antigen in the gut may play an important part in
immobilizing large lymphocytes in the lamina propria once they have migrated.

Immunity against potentially harmful microorganisms and macromolecules
which may enter by way of the gut is provided by antibodies which are secreted
into the intestinal lumen. The plasma cells which synthesize these antibodies
are unusual in two ways: they are situated locally in the lamina propria of the
intestine and not in lymphoid tissue; and in man and most animal species the
predominant class of immunoglobulin which they synthesize is IgA. There is
now evidence that the population of IgA-secreting cells in the gut is maintained
by a traffic of large lymphocytes which enter the blood by way of the thoracic
duct and then migrate from the blood into the intestinal lamina propria where
they complete their differentiation into plasma cells (Gowans & Knight 1964;
Guy-Grand et al. 1974: Pierce & Gowans 1975). This paper is concerned with
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three aspects of the generation and delivery of this remarkable local immunity:
(1) the nature of the cells in thoracic duct lymph which migrate into the gut,
(2) the origin of these cells, and (3) the factors which may influence their
accumulation in the lamina propria.

Although IgA antibodies play an important protective role against enteric
pathogens and their products it must be emphasized that both the small and
large intestine of normal animals contain large numbers of IgA-secreting plasma
cells. The antigens against which these antibodies are directed have not been
identified but the density of plasma ceils does not appear to be related in a
simple way to the bacterial load in different parts of the intestine: the bacterial
content of the large gut is considerably higher than that of the small, but this is
not reflected in the density of plasma cells in the respective laminae propriae.
Possibly, the absorption of sensitizing doses of dietary proteins constitutes a
potential hazard against which the secretion of specific IgA antibodies is the
normal response. The complex abnormalities sometimes associated with
selective IgA deficiencies also suggest that the full range of function undertaken
by IgA has probably not yet been uncovered. This paper is only indirectly
concerned with the functions of IgA antibodies but it is necessary to point out
that the cells in the gut which synthesize them are being continually generated
in normal, healthy animals. The present experiments have been carried out on
inbred strains of rats, raised under specific pathogen free conditions but later
held in a conventional animal room for various periods before study. Unless
otherwise stated the rats were not intentionally immunized.

ORIGIN OF INTESTINAL IgA-SECRETING CELLS FROM THORACIC DUCT
LYMPHOCYTES

The thoracic duct collects lymph by way of the intestinal lymphatics from
the whole intestinal bed, that is, from the large and small gut and from its
associated lymphoid tissue, the mesenteric lymph nodes and the Peyer’s patches
(Fig. 1). In the absence of intentional immunization, both the small and large
lymphocytes in thoracic duct lymph are derived almost exclusively from the
intestinal bed. This has been established in rats by comparing the cell output
from the thoracic duct with that from the intestinal lymphatics (Mann &
Higgins 1950; G. Mayrhofer & J. L. Gowans, unpublished). The large lym-
phocytes, which make up less than 109, of all the cells in thoracic duct lymph,
are formed by cell division in the intestinal lymphoid tissue because very few
of them normally recirculate from the blood back into the lymph (Gowans &
Knight 1964), and because they virtually all become labelled in vivo following
a continuous 12-hour infusion of tritiated thymidine (Gowans 1959).
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FIG. 1. The migration of large lymphocytes from the blood into the lamina propria of the
small intestine and their origin from the lymphatic bed drained by the thoracic duct (TD).
CC: Cisterna chyli; MLD: mesenteric (intestinal) lymph duct; MLN: mesenteric lymph
nodes; PP: Peyer’s patch.

Large lymphocytes in thoracic duct lymph, unlike the small, can be labelled
by a brief incubation in vitro with radioactive precursors of DNA. The iden-
tification of such labelled cells by autoradiography after transfusion into syn-
geneic rats established that at least some of the plasma cells in the lamina
propria of the intestine are derived from DNA-synthesizing lymphocytes which
normally enter the blood by way of the thoracic duct. It was therefore proposed
that the large lymphocytes were attracted into the lamina propria by the antigens
which had originally provoked their formation in the intestinal lymphoid
tissue (Gowans & Knight 1964), a view which will be reconsidered later. The
subsequent discovery that the predominant class of immunoglobulin syn-
thesized by intestinal plasma cells is IgA (Crabbé et al. 1965) led to the obvious
conclusion that the large lymphocytes in thoracic duct lymph are the precursors
of the IgA-synthesizing cells in the gut and this point has now been established
(Guy-Grand et al. 1974; Pierce & Gowans 1975). Table 1 shows the results of
a transfusion experiment in which large lymphocytes from the thoracic duct
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TABLE 1

Proportion of labelled donor thoracic duct lymphocytes which contained internal IgA in gut
of recipient rats

% labelled cells with
internal IgA in lamina

propria
1 2
Jejunum 72 (72) 70 (91)
Ileum : upper 84 (49) 64 (142)
: lower 77 (74) 67 (143)
Colon : ascending 50 (48) 66 (29)

Donor thoracic duct lymphocytes labelled in vitro with tritiated thymidine (1 h, 37°C,
0.5u.Ci/ml, specific activity 5 Ci/mmole). Total of 2-8 x 108 cells given i.v. to each of two
syngeneic rats which were killed 24 h later. Autoradiographs exposed for 14 days. Total
number of labelled cells counted in gut sections in parenthesis; table shows % of these which
also contained IgA by immunofluorescence. Technique for observing double label in Williams
& Gowans (1975).

were identified in the intestine of syngeneic recipients both by their radioactive
label and by their content of cytoplasmic IgA. It can be seen that about 709,
of all the labelled cells in the lamina propria of the small intestine, and possibly
a somewhat smaller proportion in the large intestine, also contained IgA.
Labelled cells not containing IgA may have produced it at a later time or some
may have been T blasts.

The fate of large lymphocytes has also been studied by estimating the dis-
tribution of radioactivity among the organs of rats after an intravenous trans-
fusion of syngeneic thoracic duct cells previously labelled in vitro with a radio-
active precursor of DNA (Hall et al. 1972). Fig. 2 illustrates a series of experi-
ments of this kind which confirm that the tissue in which the greatest proportion
of injected radioactivity accumulates is the small intestine (about 20-409, of
the injected activity) and that a much smaller fraction localizes in the large
intestine. Fig. 2 makes the additional point that a large fraction of the radio-
active label appears in the urine, indicating that many of the transfused cells
had died. This may merely reflect the damage sustained by the cells during
handling in vitro or, possibly, that a proportion of the large lymphocytes are
at the end of their lifespan and normally die in the lymph or in the blood.

Studies on the fate of DNA-synthesizing cells teased from lymph nodes are
more difficult to interpret since the extent to which they reflect the population
which normally migrates into the lymph is not known. However, large lym-
phocytes from mesenteric lymph nodes are second only to those from the
thoracic duct in the proportion which localizes in the lamina propria (Griscelli
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FiG. 2. Proportion of injected radioactivity recovered in whole organs of AO strain rats 24
h after an i.v. injection of syngeneic thoracic duct cells (0.3-1.6 x 10®) labelled in virro with
[125T)iododeoxyuridine (12°TUdR) (1 h, 37°C, 0.1 uCi/ml). Mean and range for 5 recipients.
Liver (L), lungs (Lu), mesenteric lymph nodes (Mln), inguinal, axillary, brachial and cervical
nodes (PIn), spleen (Spl), small intestine (S.1.), large intestine (L.1.), thyroid (Th) and urine (U).
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et al. 1969); large lymphocytes from peripheral nodes elsewhere show no
predilection for the lamina propria (Griscelli et al. 1969). Paradoxically,
DNA-synthesizing cells from Peyer’s patches are reported not to home to the
gut (Guy-Grand et al. 1974; McWilliams et al. 1975) although, as will be
discussed later, Peyer’s patches are the major source of the gut-seeking lympho-
cytes. The nature of thelymphocytes from bronchus-associated lymphoid tissue
which populate the lamina propria is not known (Rudzik et al. 1975b).

The transfusion experiments make it clear that some IgA-secreting cells in
the lamina propria are derived from precursors in thoracic duct lymph but they
do not precisely identify them. The problem is complicated by the possibility
that cells in the lymph not in DNA synthesis may also be precursors and by the
heterogeneity of the blast cells themselves. These complications have been
partially resolved by studying the distribution of surface and internal IgA
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TABLE 2

Homing to the intestine of DNA-synthesizing large lymphocytes from the thoracic duct.
Fate of all labelled blasts compared with that of subpopulation of blasts which lacked surface
Ig

% injected radioactivity recovered in intestine after transfusion of:

Experiment Mljndepleted TDL® Depleted TDL®
S.I L. S.I. L.

1 32.1 3.6 42.8 4.6

2 40.6 4.7 32.0 33

3 43.8 5.5 37.5 4.0

¢ Normal thoracic duct lymphocytes (TDL) from inbred AO or PVG/c strain rats.

®* TDL depleted of all cells carrying surface Ig by rosetting with sheep erythrocytes coated
with rabbit F(ab’), anti-rat Fab and spinning through Isopaque/Ficoll (Parish & Hayward
1975; Mason 1976). About 10® normal or depleted TDL which had been labelled in vitro
with tritiated thymidine (1h, 37°C, 0.5 p.Ci/ml, specific activity 5Ci/mmole) given i.v. to
syngeneic recipients. Recipients killed at 24 h and whole small (S.1.) or large (L.1.) intestine
incinerated on sample oxidizer and radioactivity (c.p.m.) measured by scintillation counting.

among rat thoracic duct lymphocytes. About half the large lymphocytes in
thoracic duct lymph and also about half of those which label in vitro with
tritiated thymidine contain considerable amounts of cytoplasmic IgA. Cells
with internal IgA may account for up to 59 of all the lymphocytes in lymph
from conventional rats but cells containing immunoglobulin of other classes
are very rare. All the lymphocytes which contain cytoplasmic IgA also carry
surface IgA which is not acquired by absorption from the lymph; a further
1-59% of all the cells carry surface IgA but lack internal IgA and these are
mainly small lymphocytes (Williams & Gowans 1975). Similar values have
been obtained for mouse thoracic duct cells by Guy-Grand et al. (1974). The
cells in lymph carrying surface immunoglobulin of all classes can be efficiently
removed by rosetting them with appropriately prepared sheep erythrocytes
and then separating the rosettes from the non-rosetting cells by spinning through
Isopaque/Ficoll (Parish & Hayward 1974; Mason 1976). Table 2 indicates
that about the same proportion of blast cells in both the depleted and undepleted
populations migrate into the intestine. However, autoradiography showed that
the labelled cells which had originally lacked surface immunoglobulin accu-
mulated predominantly in the T areas of Peyer’s patches and to some extent
in the villi at their margins; the few which were found in the lamina propria did
not contain [gA. T blasts from the auricular nodes of mice (Parrott & Ferguson
1974) and from the thoracic duct of rats (Ford 1975), activated by oxazolone
and a graft-versus-host reaction respectively, also migrate into the T areas of
Peyer’s patches but not into the lamina propria. It is not clear whether T blasts
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which have been normally activated by gut antigens show a greater tendency
to migrate into Peyer’s patches than those generated by other means; nor is
their function known.

It can be concluded from these experiments that the blast cells in thoracic
duct Ilymph which home into the lamina propria are those which carry IgA on
their surface but it has yet to be established whether the small lymphocytes with
surface IgA but not in DNA synthesis are also part of the precursor population.

THE ORIGIN OF IgA-CONTAINING CELLS IN LYMPH

The presence of IgA-containing cells in thoracic duct lymph can be inter-
preted in the light of the studies of Morris and his colleagues (Hall & Morris
1963; Hay et al. 1972) on the cellular response in efferent lymph which follows
regional stimulation with antigen: the cells with internal IgA arise in intestinal
lymphoid tissue in response to antigenic stimulation from the gut and are then
released into the thoracic duct lymph. The study of a specific response to a
defined antigen has made this interpretation more certain and has enabled the
origin of the lymph-borne precursors of the intestinal IgA response to be
determined. The candidates for the tissue of origin are clearly either the
Peyer’s patches and/or the mesenteric lymph nodes (Fig. 1).

Pierce & Gowans (1975) showed that when rats which had been primed
intraperitoneally with cholera toxoid were given an intraintestinal boost with
fluid toxoid, a wave of antitoxin-containing large lymphocytes (ACC) appeared
in the thoracic duct lymph. They were first detected about two days after
challenge and their numbers increased rapidly during the next 1-2 days to
reach a maximum of about 200 000 ACC/h; at the height of the response 1%
of all thoracic duct lymphocytes were ACC, of which about 809, contained
IgA. In rats which had been primed orally, the intraintestinal boost produced
ACC which contained IgA exclusively (Table 3).

A proportionally smaller ACC response in thoracic duct lymph was observed
when the boosting dose of toxoid was given into the lumen of a Thiry-Vella
loop (Markowitz et al. 1964) which had been constructed from about one-
quarter of the total length of the small intestine (Fig. 3). On the other hand, no
response was obtained after challenging loops from which the Peyer’s patches
had been removed surgically some time previously (Fig. 3). In other animals
the long chain of mesenteric lymph nodes was removed and time allowed for
the torn lymphatics to regenerate so that the normal flow of lymph from the
intestine into the thoracic duct was re-established. A normal ACC response to
challenge with cholera toxoid could be generated from Thiry-Vella loops
prepared in such lymphatectomized animals (Fig. 3).
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FiG. 3. Output of antitoxin-containing cells (ACC) in thoracic duct lymph after intraintestinal
challenge with 1.0 mg of fluid cholera toxoid in rats primed 14 days previously with 0.1 mg of
toxoid in CFA intraperitoneally. Challenge into duodenum of 5 normal intact rats (@);
and challenge into Thiry-Vella loops of either 8 normal rats (x), of 4 rats from which the
mesenteric lymph nodes (MLN) had been removed surgically (O), or of 3 rats in which the
loops lacked Peyer’s patches (PP) (H).

TABLE 3

Ig class of cholera antitoxin in thoracic duct lymphocytes (TDL) after intraintestinal challenge
of primed rats

Ig class in ACC

Immunization No. % ACC with internal:
Primary Secondary rats Ig4 IeM IgG2
Intraperitoneal ) 5 82 0 9
Oral or (76-88) (6-14)
" intraduodenal
Oral $ 2 100 0 0.5
(99, 100) {, 0)

Rats primed with either 0.1 mg cholera toxoid in CFA i.p. or 25-40 mg toxoid in drinking
water over 8-16 days. Challenge with either 5 mg toxoid orally or 1 mg intraduodenally 14
days after priming. Thoracic duct cannulated 3 days after challenge and lymph collected for
24 h. Igclass in TDL by autoradiography after incubation with '25I-rabbit F(ab’), anti-rat
Ig; internal cholera antitoxin by immunofluorescence. Values are mean and range. (From
Pierce & Gowans 1975.)
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TABLE 4

Effect of a thoracic duct fistula on the appearance of antitoxin-containing cells (ACC) in gut
after intraduodenal challenge with cholera toxoid in primed rats

Density of ACC in lamina propria

Rat Immunization (mean/mm?® < 10~ + S.E.)
Jejunum Heum Colon
Normal (6) Primary only 0.7 + 0.1 20 4+ 0.5 31 4+ 11
Normal (5-7) Secondary 10.3 4+ 2.0 14.9 4+ 2.1 57 £ 13
With TD fistula
(6-7) Secondary 2.0 + 0.6 28 4+ 0.6 72+ 10

Rats primed i.p. with 0.1 mg cholera toxoid in complete Freund’s adjuvant and challenged
intraduodenally with 1 mg of fluid toxoid 14 days later. In one group of rats a thoracic duct
fistula was established just before challenge. Observations 19 days after priming. Number of
rats in parenthesis. (From Pierce & Gowans 1975.)

These experiments show that the IgA antibody-containing large lymphocytes
in thoracic duct lymph were derived from Peyer’s patches. We had considered
the possibility that although the precursors may have been discharged from
Peyer’s patches, their induction by antigen might have occurred upstream in
the mesenteric nodes where antigen-trapping would probably be more efficient.
In the event, the mesenteric nodes apparently contributed little to the response
and engagement with antigen must have occurred in the Peyer’s patches.

The wave of ACC which appeared in the lymph of primed rats after intra-
duodenal challenge with cholera toxoid was followed about two days later by
the accumulation of IgA-containing ACC in the lamina propria of the small
intestine (Pierce & Gowans 1975). This intestinal accumulation of ACC did
not occur if a thoracic duct fistula had been established just before challenge:
the density of ACC in the jejunum and ileum of rats with thoracic duct fistulae
was not significantly different from the density observed in rats which had
received primary immunization only (Table 4). Thus, the ACC which accumu-
lated in the lamina propria were derived exclusively from lymph-borne cells.
This conclusion does not refute the claim that cells from bronchus-associated
lymphoid tissue may contribute to IgA production in the lamina propria
(Rudzik et al. 1975b). It does, however, show that an immune response
triggered in the intestine itself is delivered entirely by cells derived from the
intestinal lymphoid mass.

The first evidence for the origin from Peyer’s patches of IgA-secreting cells
was provided by Craig & Cebra (1971). They showed that suspensions of cells
teased from Peyer’s patches gave rise to IgA-containing cells in the intestine
and spleen of irradiated allogeneic rabbits. The splenic localization was
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probably an artefact of allogeneic transfer (Rudzik et al. 1975a) but the ex-
periments clearly revealed the potentiality of cells from Peyer’s patches in
comparison with lymphoid tissue elsewhere. The precursors in Peyer’s patches
were among the cells with IgA on their surface (Jones & Cebra 1974). In
view of all the evidence for the origin of IgA-secreting cells from Peyer’s
patches it is surprising that blast cells from Peyer’s patches do not home into
the gut (Guy-Grand et al. 1974). If this is not a consequence of cell damage
during handling in vitro then it must be assumed that the lymph-borne pre-
cursors of the response only enter into DNA synthesis after their release from
the Peyer’s patches into the lymph, although this seems unlikely.

The mechanism of the remarkable class commitment shown by cells in
Peyer’s patches remains unexplained. It is not known whether Peyer’s patches
accumulate IgA precursors from the general recirculating pool of B lymphocytes
or whether the environment of the Peyer’s patches dictates their differentiation,
perhaps from B cells initially carrying surface IgM. In any event, Peyer’s patches
have the capacity to accumulate IgA memory cells from elsewhere, because
intraintestinal challenge produced a brisk secondary response of ACC in the
lymph in rats which had been primed intraperitoneally, a route which does not
engage lymphoid tissue in the intestinal bed (Pierce & Gowans 1975).

FACTORS AFFECTING THE MIGRATION OF LARGE LYMPHOCYTES INTO THE
LAMINA PROPRIA

In discussing the factors which affect the localization of large lymphocytes
in the intestine it is necessary first to consider the extent to which this migration
shows selectivity. On a weight basis the spleen sequesters almost as great a
proportion of an injected dose of labelled large lymphocytes as the small
intestine. On the other hand, if one asks—into what organ or tissue do most of
the large lymphocytes pass in order to execute their function?—then it is clear
that the small intestine is overwhelmingly the dominant organ (Fig. 2). The
large intestine attracts only a small fraction of all gut-localizing cells (Fig. 2);
its behaviour is also anomalous in that a thoracic duct fistula did not prevent
the accumulation of ACC in the colon in rats primed and challenged with
cholera toxoid (Table 4). Plasma cells in the large gut may turn over relatively
slowly or the large and small intestine may differ in the mechanisms by which
plasma cells are generated or localized.

In the original work on the homing of large lymphocytes (Gowans & Knight
1964) it was suggested that antigen might play an important part in determining
their localization in the gut. It would seem sensible to accumulate plasma cells
in those areas of the intestine where the target for the secreted antibody is
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TABLE 5

Antigenic challenge into Thiry-Vella loops prepared in rats primed intraperitoneally with
cholera toxoid. Selective accumulation of antitoxin-containing cells (ACC) in challenged loop

Loop challenged:
Proximal (4) Distal (6)

ACClem AC Clem Ig A-containing cellsjcm
Duodenum 13 (10-16) 15 ( 7-22) 2094 (1638-2569)
Proximal loop 69 (62-89) 15 (10-21) 822 ( 693- 921)
Distal loop 16 (12-20) 73 (52-121) 730 ( 662- 870)
lleum 16 ( 8-26) 18 (12-25) 1122 ( 988-1265)

Proximal and distal Thiry-Vella loops (Markowitz et al. 1964) prepared from equal lengths of
mid-third of small gut. Continuity re-established by joining jejunum to lower ileum. Loops
made 10 days after priming with 0.1 mg cholera toxoid in complete Freund’s adjuvant, i.p.
Challenge into one loop with 1 mg fluid toxoid 4 days after surgery. Antitoxin-containing
cells (ACC) and IgA-containing cells in gut 6 days after challenge scored by immunofluores-
cence in measured lengths of gut sections cut at 4 wm thickness. Number of rats in parenthesis.

present. Pierce & Gowans (1975) showed that ACC taken from the thoracic
duct after challenging primed animals with cholera toxoid could be identified
in large numbers in the intestine of normal recipients, whether or not they had
been given antigen at the time of transfusion. On the other hand, it was found
that in the primed animal itself, the greatest concentration of ACC in the
lamina propria always occurred in that region of the intestine which had been
challenged with antigen.

Similar evidence for the influence of antigen on the localization of specific
antibody-producing cells in the lamina propria has come from studies on
Thiry-Vella loops. Rats were primed intraperitoneally with cholera toxoid and
two separate loops were prepared from the small intestine 10 days later. A
challenge of toxoid was then given into one loop only and the number of ACC
was counted in both loops six days later. Table 5 shows that the greatest
number of ACC occurred in the loop which received antigen despite the fact
that the loops themselves contained fewer total IgA cells than normal small
intestine. Similar findings have been reported for responses in Thiry-Vella
loops in sheep (Husband & Lascelles 1974).

The idea that antigen plays any part in the localization of large lymphocytes
in the intestine is thought to be discredited by the observation that they will
home selectively into neonatal or embryonic intestine which is presumptively
antigen-free (Halstead & Hall 1972; Parrott & Ferguson 1974). How then is it
possible to reconcile these observations with experiments which show that
antigen dictates the area in the gut in which most specific antibody-forming cells
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accumulate? The dilemma could be resolved if two independent processes are
at work. First, some property intrinsic to the small intestine favours the emigra-
tion of large lymphocytes into the lamina propria; and second, there is an
antigen-dependent immobilization of the celis once they have emigrated. This
implies that if the specific antigen is not present in the lamina propria the cells
may leave it, re-enter lymphatics and pass by way of the thoracic duct back
into the blood. In conventional animals such a recirculation of large lym-
phocytes would not be observed (Gowans & Knight 1964) because the antigens
which gave rise to their formation are naturally present in the gut. The ex-
periments in which ACC homed into the intestine whether or not cholera
toxoid was present in the gut (Pierce & Gowans 1975) are incomplete since
localization was only studied at one time-interval (5 hours) after transfusion.
The same objection applies to studies on neonatal gut where the accumulation
of cells in the lamina propria was only studied up to 8 hours after transfusion
(Halstead & Hall 1972). The lymphatic obstruction which has been described
in grafts of embryonic gut placed under the capsule of the kidney (Ferguson
& Parrott 1972) may not allow cells which have emigrated into the lamina
propria to leave it again.

The proposed immobilization of large lymphocytes in the lamina propria
by antigen can be readily tested but even if it proves to be correct it would leave
unexplained the mechanism of the initial migration from the blood which
probably occurs through small venules. In anatomical terms it is reasonable
to suppose that the signal for migration is provided by the vascular endothe-
lium and that the first event is probably the adherence of the lymphocytes to it.
A number of workers have considered the possibility that secretory component,
synthesized by the intestinal epithelial cells, may provide the signal for migra-
tion because it might combine with the lymphocytes which carry IgA on their
surface. This is not an attractive hypothesis because there is no evidence that
secretory component is available either in the lamina propria or, more im-
portant, in the vascular endothelium. Further, our colieague H.-J. Gross has
shown that secretory component does not, in fact, bind to the surface of rat
thoracic duct lymphocytes: 125I-labelled rabbit secretory component bound
avidly to the internal IgA in fixed smears of rat thoracic duct large lymphocytes
but it failed to bind to the surface of living large lymphocytes in suspension,
possibly implying that the IgA on their surface is monomeric. The hypothesis
is further weakened by the observation that migration of large lymphocytes
into the gut is unperturbed by pre-treating animals with antibodies directed
against either secretory component or IgA (McWilliams et al. 1975). For the
moment, the molecular basis for the emigration of large lymphocytes into the
lamina propria of the small intestine remains unsolved.
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Discussion

Ahlstedt. To take up the question of antigen causing the cells to home to
particular areas, in our studies with colostral cells, where we treated pregnant
women with Escherichia coli O83 bacteria, antibody-producing cells were
found in the colostrum for over three weeks, while the bacteria were very
difficult to detect in faecal samples (Goldblum et al. 1975). It would seem
unlikely that the antigen is transported from the gut up to the mammary gland
and stays there for three weeks, making the cells there produce antibodies.

Gowans: So antibody-forming cells are entering the mammary gland and
passing out into the colostrum continuously?

Ahlstedt: Yes, maybe, if the cells are not proliferating within the gland.
This finding may also be peculiar to the mammary gland, since we cannot detect
any secretory antibodies in saliva or urine, or any antibodies in serum. We
haven’t looked at the gut.

Brandtzaeg: 1 agree with Professor Gowans that secretory component
apparently has no role in the homing of IgA cell precursors to the gut. We
have looked at circulating human B lymphocytes and we detect no surface
affinity for secretory component and no J chain on these cells (Brandtzaeg 1976).

Booth: Strober and his colleagues (1976) have described a single case re-
corded of secretory piece deficiency. There was a normal population of IgA
cells in the lamina propria.

Brandtzaeg: Aswill be discussed in my paper (pp. 77-108), Idoubt very much
that that report shows a complete deficiency of the secretory component.

Professor Gowans referred to Hall’s recent study (Hopkins & Hall 1976)
and used this as an argument that the IgA cells in the lamina propria do
not come from peripheral lymph nodes, but have anintestinal source. However,
if your conclusions about the role of antigen in B cell trapping are correct,
this mechanism may equally well apply to the immunocyte populations in
spleen and peripheral lymph nodes in Hall’s study. The intestinal lymphoid

44 DISCUSSION



NATURAL HISTORY OF CELLS PRODUCING IgA IN THE GUT 43

I am not sure that this study proves that the blast cells homing to the gut
come exclusively from intestinal sources.

Gowans: Hopkins & Hall (1976) have shown that radio-labelled blast cells
from the intestinal lymph of sheep home preferentially to the small intestine
whereas those from the efferent lymph of peripheral nodes elsewhere migrate
mainly to the spleen. You are right to emphasize that the blasts in intestinal
lymph were formed in response to normal gut antigens whereas the spleen-
seeking blasts were a response to intentional stimulation with a mixed bacterial
vaccine. So it could be argued that the latter were not given an opportunity
to display gut-homing since the specific antigen was not present in the gut. It
would be interesting to know whether these blasts entered the lamina propria
and then left it again, but this appears unlikely since Hopkins and Hall say
that ‘they did not reappear in significant numbers in samples of either lymph
or blood’.

Brandtzaeg: One should stimulate the peripheral lymph nodes with the gut
flora, to do a clear-cut experiment.

Gowans: 1 agree.

Rosen: Can one interfere with the homing of IgA-forming cells by treating
them with anti-IgA antibody, and is the homing population completely
eliminated if one treats the thoracic duct suspension with anti-IgA and com-
plement?

Cebra: That experiment using mesenteric lymph node cells has been done
by McWilliams et al. (1976). Anti-IgA antibody plus complement ablates the
small extra increment of cells that are found in mesenteric nodes and that lodge
in gut rather than elsewhere. These sensitive cells probably account for at least
some of the IgA precursors which populate gut lamina propria.

Gowans: This experiment is difficult to interpret because treatment with
anti-IgA may opsonize the cells for phagocytosis by the liver and spleen.

Seligmann: Have you any information on the membrane-bound immuno-
globulins of the large dividing cells in thoracic duct lymph which do not have
intracytoplasmic IgA, and particularly have you information on IgD?

Gowans: I cannot give you a precise answer to your question but from
estimates of the proportion of large lymphocytes with surface IgA (Williams
& Gowans 1975) and of the proportion of blasts carrying surface Ig of all
classes (Mason 1976a) I would guess that very few large lymphocytes in rat
thoracic duct lymph possess membrane Ig other than IgA. About half do not
bind anti-L chain reagents and are presumably T blasts.

We have no reagent for detecting IgD in rats (assuming it exists) but Mason
(1976b) has concluded that the existence of B cells carrying IgD exclusively in
rat thoracic duct lymph is very unlikely: the sum of the proportions of B cells
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with surface IgM, IgG and IgA is about equal to the proportion of all cells
which bind anti-L chain antibodies. On the other hand, estimates of the
amount of anti-Ig reagents bound to individual cells certainly leave room for
cells carrying more than one class, for example IgM plus presumptive IgD.

I should emphasize that everything I have said applies to thoracic duct cells
from rats which were not intentionally immunized: that is, to blast cells
generated in gut lymphoid tissue in response to gut antigens. I would guess
that blast cells generated in peripheral nodes elsewhere might carry predom-
inantly IgM.

Booth: In loop experiments, a technical problem is that the loop atrophies
after about a month and the segment distal to the anastomosis hypertrophies.
What is your technique for counting the cells and how do you express the
number—oper length of tissue or per villus, or what?

Gowans: All the experiments were done within a week or so of preparing
the loops and the problems you describe were not encountered.

On the second point, we express the density of antibody-forming cells as the
number per centimetre of gut in histological sections cut at 4 um. The unit
length includes the whole thickness of the mucosa down to the muscular coat.

Parrott: In the primed rats with loops, have you put a non-cross-reacting
antigen into the loops, or traumatized the second loop, to get the cells to go to
that loop?

Gowans: No, we have not tried mechanical, chemical or other immuno-
logical stimuli in the second loop.

Porter: You highlighted the difference in the populations of lymphoid cells
in the colon and small intestine; there is also a difference among the small
intestinal lymphoid cells that was first shown by Crabbé & Heremans (1966).
The duodenum, for example, showed a considerably higher lymphoid cell
population than the jejunum or ileum. We have made a similar observation in
relation to intestinal infection with E. coli in mono-contaminated germ-free
pigs. The response of the gut shows ten times more cells in the duodenum
than the jejunum and ileum, yet the antigen density, or the E. coli population,
is almost inverse, in that it is higher at the lower end of the intestine. I have
argued teleologically that this is a good way for the gut to defend itself, in that
it is better to pour the antibody out at the upper end of the intestine than at the
lower, but it goes against the antigen-trapping idea, and I favour some in-
trinsic factor which would tend to bind antibody-forming cells in the upper
small intestine rather than to mediate at the site of challenge.

Pepys: Why does intraperitoneal antigen prime for subsequent gut challenge?
Is it because antigens reach the gut or because non-gut blast cells home into
the intestine?
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Gowans: Tt is surprising that intraperitoneal priming prepares the gut for a
secondary response (Pierce & Gowans 1975). 1 assume that memory cells
created by intraperitoneal priming accumulate in Peyer’s patches and are thus
available for stimulation by the subsequent intra-intestinal challenge. Dr Pierce
tells me that subcutaneous priming is much less effective, which is hard to
explain. Antigen injected intraperitoneally is collected by the diaphragmatic
lymphatics, a few of which join the thoracic duct in the chest; most, however,
drain into the mediastinal lymph nodes. I suppose that it is possible that
intraperitoneal antigen in complete Freund’s adjuvant, which is extremely
corrosive, may stimulate Peyer’s patches directly by penetrating them from
their peritoneal surface, but this has never been established. We need to know
what happens to an antigen in CFA which is injected into the peritoneal
cavity.

Pepys: We have data that may be relevant. We have been looking at the
production of IgE antibody in mice after the intraperitoneal injection of 0.1 pg
of ovalbumin on alum, with a priming dose at six weeks of age and a booster
four weeks later. The mice make good IgE responses. When we killed them
some weeks after the booster, we found IgE-containing lymphoid cells in the
Peyer’s patches, although antigen had not been given into the gut (W. D.
Brighton, B. E. Hewitt & M. B. Pepys, unpublished work).

Secondly, on the question of whether lymphocytes are stimulated by antigen,
or divide, in the lamina propria, Marsh (1975) has studied both the morphology
and the tritiated thymidine incorporation of lymphocytes in the intestinal
epithelium of mice. He found that at any one time about 59 are blasts of
which many appear to be T cells, but some look like B cells.

Gowans: The simple scheme which I put forward envisages each DNA-
synthesizing large lymphocyte in the lymph as giving rise to no more than two
IgA-secreting cells in the lamina propria. This may well be an over-simplifica-
tion. We need to know whether IgA-precursor cells which have not yet started
proliferating in either the Peyer’s patches or the lymph can enter the lamina
propria and proliferate and differentiate locally; and whether large lymphocytes
which are already in DNA synthesis in the lymph can undergo several further
divisions after migration into the gut. The clustering of IgA plasma cells in
some villi is certainly consistent with continued local proliferation, although
equally consistent with accumulation due to specific attraction.

Bienenstock: You mentioned that it isn’t known where some of the respi-
ratory tract lymphoid cells go to. We have shown that lymphoid cells in the
follicles of the respiratory tract go to the gut and will repopulate the spleen in
a similar fashion to cells from Peyer’s patches (Rudzik et al. 19795).

As far as intraperitoneal priming is concerned, antigen put into the peritoneal
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cavity certainly goes up into the mediastinal area and enters what is loosely
described as the area draining the respiratory tract (Gerbrandy & Bienenstock
1976). I suggest that this may be a higher localization of potential IgA pre-
cursor cells than if the antigen is given either parenterally or orally. I wonder
why, in the experiments done with Dr Pierce, oral priming is worse than intra-
peritoneal priming?

Pierce: 1 am not certain it is worse, because the conditions are not the same.
We cannot prime the gut of rats with either a single intraperitoneal or intra-
duodenal injection of purified fluid toxoid. We obtain good priming when
toxoid is injected intraperitoneally with Freund’s complete adjuvant but we
have not evaluated this combination given into the gut lumen.

Cebra: Complete Freund’s adjuvant given intraperitoneally with antigen
induces a high proportion of cooperating T cells. What is the relative im-
portance of the priming, on the one hand to give cooperating T cells and on the
other to affect the B cell compartment of the Peyer’s patches? In experiments
mentioned earlier (p. 26), if cooperating T cells were transferred together with
Peyer’s patch cells we found more IgA-forming PFC cells (plaque-forming
cells) in the spleen, and at earlier times. The response that Professor Gowans
observes may be only one part of the overall secondary IgA response, the
earliest phase. Secondary IgA cells may mature in a few days following very
few divisions and end up in the lamina propria. Those B cells which are able
to mature so rapidly must be already committed to generating IgA plasma cells
and also must surely have available a lot of cooperating T cells to facilitate
rapid maturation with few cell divisions. Ordinarily, an adoptive transfer of
unprimed cells requires seven or eight cell divisions before significant numbers
of IgA plasma cells are seen. The rapidity of your response suggests both
cooperation early with pre-existing T cells and that the B cells functioning in
your system are already committed to generating IgA plasma cells (i.e., are
secondary B cells). One wonders whether they have reached that secondary
state by priming or whether natural gut stimulation has put a few cells in this
state, which are susceptible to early maturation to IgA plasma cells. There
may be a reservoir of other cells that can take part in later stages of the IgA
response.

Pierce: In the rat intraperitoneal priming of the gut immune response does
not require Freund’s complete adjuvant; it is produced equally well by the
incomplete adjuvant. This may diminish concern that the response depends on
T cell stimulation primarily. It is not reproducible by intraperitoneal priming
with an alum-precipitated toxoid, or by toxoid plus Freund’s adjuvant given
subcutaneously.

Second, we have observed apparent species differences in the responses of
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rats and dogs. In dogs we can prime the gut by the subcutaneous route without
Freund’s adjuvant, so the requirement for an oil adjuvant given intraperiton-
eally may apply to rats but not to the system in general.

Lachmann: You have discussed afferent and efferent homing, Professor
Gowans, and you have evidence that the cells that come from the Peyer’s
patches are committed to make IgA, but how do they get there in the first
place? They must presumably come from bone marrow; but how do the cells
there that are committed to make IgA know to go to Peyer’s patches?

Gowans: We have no idea. Peyer’s patches are very odd structures. They
possess no afferent lymphatics so they are not regional lymph nodes in the
conventional sense. Presumably, antigen reaches them directly by passage
through the overlying intestinal epithelium, or through defects in it. On the
other hand, they are similar to lymph nodes in that both B and T lymphocytes
recirculate through them and that, in cell transfer experiments, they can mount
IgM and IgG adoptive antibody responses, at least to sheep erythrocytes.
Their special feature is that, in situ, Peyer’s patches generate cells that make
IgA. We know that the precursor B cell in Peyer’s patches is a non-dividing
(small) lymphocyte (McWilliams et al. 1974) which carries IgA on its surface
(Jones & Cebra 1974).

Now we come to Dr Lachmann’s questions. If the marrow produces virgin
sIgA (surface IgA) lymphocytes, then Peyer’s patches may simply concentrate
them by some unknown mechanism. On the other hand, all sSIgA small lym-
phocytes may be memory cells in which there has been an antigen-driven
switch from sIgM — sIgA and it is the facility to mediate this switch which is
a particular property of Peyer’s patches. A further possibility is that sIgA
cells, whether virgin or memory, may undergo non-clonal expansion in Peyer’s
patches under the influence of locally active mitogens (? gut derived). All this
is pure speculation, as [ am sure Dr Lachmann will immediately recognize.

Cebra: One point directly pertinent to Dr Lachmann’s question has to do
with transfer of bone marrow cells into irradiated congenic BALB recipients.
We can restore the peripheral lymphoid tissue, and then test the peripheral
nodes, spleen and Peyer’s patches. The bone marrow cells, which bear almost
no surface IgA, are able, when they proliferate in the Peyer’s patches, to generate
cells among which are cells capable of mounting an IgA response. We believe
that one unique feature of the Peyer’s patches, aside from a possible selective
effect on differentiation or development, is that divisions occur there without
maturation. That seems to be the key to getting a cell line advanced towards,
if not already committed to, generating IgA plasma cells.

Gowans: There is, as yet, no evidence for a B cell expansion of this kind in
Peyer’s patches, is there?
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Cebra: There is extensive cell division there; moreover, from the results of
the clonal precursor analysis using a variety of antigens, a pattern emerges.
Antigens most likely to stimulate patch cells naturally and chronically reveal
a population of antigen-sensitive precursors that generate large clones making
IgA plus IgGl or IgA plus IgGl and IgM. Clonal precursor analysis with rarer
antigens reveals antigen-sensitive cells which generate clones making only IgM
or IgM plus IgGl. Some change in potential of patch cells appears to occur
which is division-related.

Lachmann: Can we go any further towards resolving the question of whether
there is a switch to IgA production by precursors that are not already fully
committed to producing that isotype before they meet antigen? It makes a
difference to explanations of the generation of IgA responses whether or not
there are cells which make IgM and, after they meet antigen in the bowel, go
on to make something else.

Cebra: Our data are consistent with the existence of B lymphocytes that can
be precursors for IgA plasma cells and in addition have a broader isotype
potential. Antigen-sensitive cells reactive with the DNP determinant generate
clones making IgM plus IgA, IgGl plus IgA and IgA plus IgGl and IgM. A
‘switch’ must occur during the generation of a clone to explain how one cell
gives rise to a thousand cells, some of which make one isotype and some
another. Gearhart et al. (1975) showed that all the antibody made by such a
clone to the phosphorylcholine determinant bears the same idiotype marker,
which means that the same V genes are being expressed in connection with C,,
C,, and C,. A major question is how the patch environment, or antigen
stimulation, influences the expression of the V gene together with a particular
C gene. At that level, we are ignorant of what happens. Many geneticists
concede that a translocation or gene rearrangement might occur, and that V
and C genes are not a single gene to begin with. However, they consider it less
likely that with successive divisions the V gene can move around. The alternative
must be expansion (selective replication) of a particular V gene giving VC,,
VC,, VC,, etc. and thereafter gene regulation by conventional mechanisms.
It is hard to see how antigen could affect gene rearrangement or gene expression,
so I suggest that potentials to express various isotypes are in all the primary
cells, that regulating components may be in their milieu, and that the number
of divisions which a B cell undergoes influences which isotypes are expressed.
Perhaps divisions can be stimulated in many ways—hormonally, or by mitogens;
antigen might just induce the last division(s) before final maturation when a
particular VC gene will be expressed. We don’t know how antigen intervenes
but I suggest that is by the facilitation of division rather than by acting on the
genetic material itself.
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Lachmann: So you would predict that any cell would go on to make IgA, if
you stimulated it to divide intensively enough?

Cebra: It is possible that either it or its progeny might do that.

Pepys: Parkhouse and his collaborators have demonstrated in mice that the
memory cells of some stable clones committed to IgG antibody formation have
receptors of IgM class (Abney et al. 1976). The clonal cells were treated in
vitro so as to ‘cap’ and ‘strip’ with various anti-mouse immunoglobulin
antisera, before being transferred together with antigen and carrier-primed
helper cells into irradiated recipients. Pretreatment with anti-p. or anti-Fab
prevented the production of IgG antibody, while anti-y and anti-putative
mouse 3 had no effect.

Cebra: If both classes are synthesized, there must be two V genes active in
each cell and presumably those are identical.

Gowans: The recent work of D. W. Mason (1976b) should be quoted in
connection with that just cited by Dr Pepys. Mason used the fluorescence
activated cell sorter to identify the B lymphocytes which generated a secondary
IgG anti-DNP response in rats. He found the precursors exclusively among a
small population of cells bearing surface IgG. The IgM-positive cells, which
constituted the majority of the primed population, contributed little or nothing
to the response. I would guess that sIgG memory cells were derived, during
priming, from sIgM precursors but this remains to be proved.

Lachmann: There is the work from Max Cooper’s laboratory showing that
all future antibody-forming cells go through a phase where they have IgM on
their membranes, and that anti-p. antibody given in early life will destroy
subsequent antibody production, even of IgG (Kincade et al. 1970). There
must presumably be a time when the cells switch from transcribing the w
isotype to, say, the vy isotype. If there is enough messenger RNA left they can
still be making IgM receptors although inside the cell the switch in the DNA
being copied may have taken place and any new messenger will be for the v
chain.

Mayrhofer: To my knowledge, there has been no study of the class of
immunoglobulin on differentiating cells in animals undergoing a primary
immune response leading to production of IgA. Oral immunization with soluble
proteins would be a difficult system to work with because prolonged feeding of
antigen appears necessary in order to obtain a secretory antibody response.
If a switch of class occurs during differentiation, it might easily be missed.
Studies on the surface immunoglobulin of precursors of IgA plasma cells in
normal animals are looking at on-going immune responses to normal gut
antigens (Craig & Cebra 1975; Williams & Gowans 1975) and therefore do
not necessarily bear on the precursors that respond with primary exposure to
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antigen. The cholera toxoid system (Pierce & Gowans 1975) gives a brisk IgA
response, but requires parenteral priming, the effect of which may be to generate
IgA memory cells. One possible reason for the lack of a brisk response to oral
immunization might be the failure to engage sufficient antigen with the lymphoid
tissue of the gut. It would seem worthwhile to try a live enterovirus as an
antigen, as this might deliver a more powerful challenge of shorter duration.
After such an infection, specific antibody-forming cells might be found in
Peyer’s patches or thoracic duct lymph showing evidence of class switching.
Gowans & Williams (unpublished) for instance found one rat during the course
of their study in which a significant minority of thoracic duct cells containing
IgA bore IgM on their surfaces. This was unusual as, in most rats, IgA-
containing cells have surface IgA (Williams & Gowans 1975). It could be that
this animal was responding to an infective agent that it had not previously
encountered at the time of study.

Seligmann: There have been two cases of Ig myeloma with IgG inside the
cell and IgM with the same light chain on the cell membrane (Seligmann et al.
1973). Unfortunately, the idiotypes have not been studied.

Cebra: Operationally we always elicit a primary response in our experi-
ments, in the adoptive transfer system, in the clonal precursor analysis and in
the direct gut stimulation. But one question is what a real primary response is,
and I am suggesting that environmental antigens impinging on the cells in the
Peyer’s patch could cause divisions to yield cells which immunologists would
call secondary B lymphocytes, even though they had not been stimulated
deliberately. Lipopolysaccharide or other mitogens might also stimulate cells
in the Peyer’s patches to arrive at such a secondary state where a cell might
display IgM on its membrane but synthesize and secrete another isotype on
maturation.

Davies: Dr Cebra, in your experiments in which you transferred Peyer’s
patch cells and compared them with transferred spleen cells, there were some
added thymocytes, which did not seem to be essential. You certainly demon-
strated that cells from the Peyer’s patches can, under the given circumstances,
be found in the lamina propria doing their thing. How long were they found?
You implied a week or so. I would be interested in the performance of these
cells in comparison with that of transferred bone marrow cells. One wonders
whether the kinds of activity that you have demonstrated cen take place, but
perhaps don’t?

Cebra: Transfer of congenic cells from the Peyer’s patch, with or without
thymocytes, to irradiated BALB/c mice, and then antigen stimulation, results
in an IgA plaque-forming response in the spleen. The transfer also results in a
repopulation of the lamina propria by about day 14. Almost all the IgA cells
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bear the donor marker. At about day 30 total IgA cells decline in the lamina
propria. The mice gradually replace the donor cells with their own, presumably
from bone marrow.

We have transferred marrow and after 6-8 weeks can recover cells from the
peripheral lymph nodes, spleen or Peyer’s patch displaying the usual potential
of cells from these sources, but bearing the marrow donor’s marker, so you can
totally repopulate the lamina propria with marrow-derived cells. This repopu-
lation takes 3-4 weeks.

Davies: That shows that bone marrow can do this, but does not tell one
much about the state of differentiation of the cells in the bone marrow. You
have recolonized Peyer’s patches with bone marrow cells, although the implica-
tion is that bone marrow eventually outgrows Peyer’s patch cells. Whatever
kind of ‘stemness’ they have, their capacity for persistence, or proliferation, is
relatively limited. Is there anything incompatible with the notion that one is
dealing ontogenetically with the development of microenvironments within
which the synthesis of a particular antibody will be propitiated, rather than a
development of cells which will produce a particular kind of antibody?

Cebra: 1 have no evidence for this, but it is an attractive notion, although
how the microenvironment could direct the course of differentiation and matu-
ration is not clear. I prefer a version of ‘microenvironment’ that includes cells
or factors that act on B lymphocytes and, during the course of division, favour
the expression of IgA by some siblings in a clone but not other isotypes by
progeny of the same clone. That kind of immunoregulation, together with
stimuli of division, might be all that the Peyer’s patch ‘microenvironment’
provides to generate more IgA precursors than appear elsewhere.

Davies: The idea of microenvironments has precedents in the haemopoietic
system. It seems likely that certain kinds of haemopoietic stem cells develop
along one of two or perhaps three pathways of development in the spleen, and
this gives credence to the microenvironmental notion. One wonders whether it
applies to lymphoid cells.

Cebra: Initially we thought that patch cells displayed a differentiative
pathway of potential to express IgM — IgGl —> IgA while peripheral node cells
showed a parallel but different pathway of IgM — IgGl — IgG2. However,
with some antigens we saw a pronounced potential for IgG2 expression by
Peyer’s patch cells, so a clear-cut separate and distinctive development of B cells
in different microenvironments does not seem to occur.

Davies: Did you see them making IgG?2 in the spleen, however?

Cebra: Yes, but they were derived from patch precursor cells on adoptive
transfer, even though they expressed IgG2 in the spleen of the recipient.

Porter: In relation to the sequential development of Ig-forming cells in the
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lamina propria, it is some time after birth in the mammal before the IgA cell
dominates, and so the role of the IgA cell in the ontogeny of secretory Ig
responses should not be over-emphasized. The pig and cow are at least 20
weeks old before there are more IgA cells than IgM cells in the lamina propria.
It is almost a year before one sees the adult pattern of about 809/ of the cells in
the lamina making IgA.

In relation to the sequential development, IgM as a secretory immunoglobulin
must be taken seriously into account. One wonders what the consensus is about
Cooper’s sequence of IgM to IgG to IgA in the chicken, because although IgG
cells appear in the lamina they form a very small proportion of the population
at any age, in mammals.

Brandtzaeg: 1 agree that the Ig A system has been too much emphasized, and
that we should think more about the development of IgM cells. In IgA-
deficient patients, IgM cell precursors, and to a smaller extent IgG cell pre-
cursors, home to the gut and to other glandular sites, and the local plasma cell
population develops to about the same size as the normal IgA cell population.

Seligmann: The question is whether there is a direct switch from M to A
without going through G. There is some evidence in favour of this hypothesis
(Cooper et al. 1976).

Porter: In the normal sequence of development within the first week of life
there are at least ten times more IgM cells than IgA cells in any part of the
intestine.

Brandtzaeg: My point was that the gland-associated development of IgM-
(and IgG-)producing cells is greatly enhanced when there is a maturation defect
in the IgA system.

Porter: So it appears as if there is no competence to switch.

White: Kincade & Cooper (1973) made the firm assertion that switches do
not occur in peripheral tissues, based on the experimental finding that the switch
did not occur in bursectomized birds, and we await confirmation or rejection
of that. Of course, the bursectomy additionally eliminated another possible
peripheral site of switching, namely the germinal centres. On the other hand,
the experiments of Martin & Leslie (1974) favour a direct switch from IgM to
IgA. Chickens were bursectomized at hatch and treated with anti-p. antiserum;
there was a depletion of IgA and IgM but not IgG. At least some of the
switching was thought to occur in the periphery.

Lachmann: Cooper’s hypothesis goes further and says that the switch is not
antigen-driven and happens before the cells see antigen. It is a coherent story
and therefore a good one for testing with data!
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Abstract The impact of bacterial colonization on the alimentary tract in early
life is reflected in gross changes in morphology. Subsequent health, if not
survival, may largely be determined by a continuum of local intestinal immune
mechanisms and it is essential for antibody development during the neonatal
period to compensate adequately for declining passive maternal antibody.
Consequent upon the development of the gut microflora the lamina becomes
infiltrated with immunocytes in which the dominant immunoglobulins produced
are IgM and IgA. Both immunoglobulins are transported across the epithelium
by a process involving membrane-bound vesicles. '

Germ-free and fistulated pigs and calves were shown to be able to respond to
oral immunization with Escherichia coli O somatic antigens during the first week
of life. Resistance to infection with enteropathogenic E. coli was significantly
enhanced, along with other parameters of nutrition and performance. However,
in the young chick, although the intestinal response to infection with E. coli
was similar to that in the mammal, no response to E. coli O antigens could be
determined on oral administration in germ-free or local intestinal applications in
fistulated birds.

In the mammalian intestine secretory antibodies participate in the control of
pathogenic E. coli by blocking adhesion to the mucosal epithelium, interfering
with the elaboration of surface antigens, inhibiting toxins, and facilitating rapid
elimination from the alimentary tract by agglutination and bacteriostasis. In
consequence fewer enteropathogens are excreted into the environment, an im-
portant feature in modern intensive systems of animal production.

Animal species have evolved in intimate association with a complex microbial
flora, and perhaps in consequence most living forms exhibit a strong dependence
upon microbial activities. The alimentary tract provides an ideal environment
for microbial colonization and the indigenous flora may play an indispensable
role in regulating intestinal physiology and biochemistry and exert various
morphogenetic effects on the host. The way in which the host tolerates the
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proliferation of certain microorganisms, and yet sets up mechanisms for
rejection of others, remains to be determined. Colonization by a pathogen
always has a traumatic effect on the morphology of the intestinal mucosa,
interfering with the dynamics of epithelial cell renewal to the detriment of the
function of the organ in nutrition (Kenworthy 1970). Under such circumstances
the competence of intestinal immune mechanisms will govern the opportunity
for rejection of the pathogen and subsequent survival of the host.

It is well known that Escherichia coli preponderates among those pathogens
associated with enteric disease in domestic livestock. The animals most at risk
are young ones, particularly those raised in modern intensive systems. We
have studied the secretory immune mechanisms of the gut with particular
reference to their role in effecting a balance in the host—pathogen relationship.
In this context we have investigated oral immunization during the neonatal
period, placing emphasis on nutritional performance and environment and not
limiting the observations to the clinical manifestations of the problem.

MATERNAL IMMUNITY IN THE NEONATE

Most species have the ability to respond to a variety of antigenic stimuli
during late fetal development. Indeed recent studies have shown that fetal
lambs may be orally immunized by introducing antigens into the amniotic
fluid (Husband & McDowell 1975). However, it is normal for passively
acquired maternal immunoglobulins to compensate for the quantitative
immunological deficiency of the neonate. The susceptibility of the neonate to
enteric colibacillosis is readily evident in those species with chorioepithelial
placentation. In such species, exemplified by pigs and calves, survival in the
absence of colostrum will barely extend to 24 hours in a conventional environ-
ment. The quantitative weight of maternal immunity is evident from measure-
ment of immunoglobulins which accumulate in the blood serum of the neonate.
Thus the piglet in the first few hours of life will absorb colostral immuno-
globulins through its gut wall amounting to approximately 3 g in total and the
calf exceeds this by some 20-fold; even the chicken will take up some 60 mg
from the yolk sac. What is of immediate consequence, however, is the class
of antibody involved and its mode of antibacterial action in the intestinal
mucosa and within the lumen.

A comparative study of immunoglobulin (Ig) classes in the pig, calf and
chicken is of interest in this respect (Fig. 1), providing several different features
of alimentary tract physiology and of the mode of operation of maternal
immunity. The universal role of IgG is seen to operate in terms of its quantita-
tive abundance in each species. The selective characteristics of the ruminant
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Fic. 1. Comparison of serum immunoglobulin (Ig) profiles of pig, calf, and chicken during
the first few weeks of life.

allowing transport of IgG, into mammary secretions are well known and will
not be dealt with here. In both pig and calf, IgM and TgA are transferred and
play a significant role in antibacterial immunity. There is no transfer of IgM
or IgA via the yolk sac in birds.

In mammals the lactational changes in the immunoglobulin profile of the
dam in relation to neonatal requirement are of considerable interest. During
the first few days of lactation the total concentration of immunoglobulin falls
steeply in the milks of both pigs and cows. It is the rapid fall in IgG during
this period which contributes most to the total decline, thus exercising a
necessary economy in a maternal immunoglobulin which is transferred almost
exclusively from the blood circulation by a transudative process across the
mammary acinar epithelium.

In the pig, IgA emerges as the dominant immunoglobulin in the milk (Porter
et al. 1970) whereas in the cow there is a uniformly low level of immuno-
globulin secretion, which is a feature of ruminants in general. Secretory 11S
IgA anti-E. coli antibodies in porcine colostrum and milk have been shown to
operate entirely in the lumen without contributing significantly to antibody
in the blood circulation of the neonatal piglet. The physiological patterns of
milk antibody secretion, ingestion by the neonate and subsequent passage
through the alimentary tract combine to provide a continuous bathing of the
intestinal mucosa with maternal IgA antibody. Since the bovine mammary
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gland does not continue to secrete high leveis of IgA throughout lactation
(Butler et al. 1972), it is interesting to see how the calf compensates for this
deficiency. It exhibits no intestinal selection in absorption of maternal immuno-
globulins and temporarily high levels of 11S IgA occur in the blood circulation
(Porter 1972). This IgA declines with a half-life of approximately two days,
being lost into various external secretions, principally those of the gut. This
process continues for a period of approximately 10 days, providing the basis of
a short-term barrier to infection.

In this context the recent observations on the appearance of IgA and IgM
in the amniotic fluid of embryonating eggs and the intestinal tract of chick
embryos are of interest (Rose et al. 1974). It is suggested that the maternal
IgA and IgM present in oviduct secretions are acquired by the egg as it passes
down the oviduct where the white is laid down. These appear in the embryonic
gut via swallowed amniotic fluid, giving some analogy to the situation that
exists in the newborn mammal.

DEVELOPMENT OF INTESTINAL SECRETORY IMMUNITY IN THE NEONATE

There are very few lymphoid cells in the intestinal lamina propria of the
newborn mammal and lymphoid follicles are poorly defined. In the germ-free
state the lymphoid cell population of the lamina propria remains at a negligible
level and the lamina becomes infiltrated with lymphocytes and plasma cells in
response to the development of a gut microflora. Sequential studies on pigs
have shown that during the first days of life, [gM cells outnumber those con-
taining IgA or [gG (Fig. 2) and during this period IgM is the principal immuno-
globulin secreted across the crypt epithelium (Allen & Porter 1973a.b).
Immunoelectron microscopical studies suggest that the mechanism of transport
of both immunoglobulins is essentially the same. Vesicles containing either
IgM or IgA were found in the apical cytoplasm of crypt epithelial cells,
suggesting that the immunoglobulin is transported across the epithelium by a
process of reverse pinocytosis (Allen et al. 1973, 1976). ,

The relationship between the cellular component of the secretory immune
system and the antigenic load in the lumen of the gut may be considered to be
one of dynamic equilibrium. Thus the greater the load the higher the level of
cellular activity required to counter it. The major antigenic stimufus derives
from the enteric flora and it is interesting to note that lipopolysaccharide from
Gram-negative organisms appears free in the lumen and is not only a B cell
mitogen but also an antigen which promotes preferential synthesis of IgM.

During the early stages of its development an animal is likely to experience
challenges by new antigens more frequently than later on. The establishment of
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FiG. 2. Sequential development of immunoglobulin-producing cells in the lamina propria of
the duodenum in the young pig.

the gut microflora together with a wide range of dietary antigens all contribute
to this challenge. As the animal matures, the microflora becomes stabilized
and the number of previously unencountered dietary components diminishes
to a low level, and the cellular component of the lamina is better able to
equilibrate with the luminal environment. Thus it is suggested that local
antigenic challenge results in an initial proliferation of IgM-producing cells,
to be followed by a possibly greater proliferation of IgA cells. Similarly, at any
stage of maturity this development process is likely to occur in response to any
previously unexperienced antigen. It is interesting that Crandall et al. (1967)
showed a relative increase in the numbers of IgM-containing cells in the in-
testinal mucosa of adult rabbits soon after infection with Trichinella. Further-
more, in studies of infants with enteric colibacillosis, IgM antibodies formed an
important part of the early response, especially in the youngest children of
four or five months of age (McNeish et al. 1975).

The pattern of development of immunoglobulin-producing cells in response
to antigens from the intestinal lumen can be gauged to advantage in the germ-
free animal. In the germ-free pig IgM was demonstrated to play a dominant
role in the early phases of the intestinal response to pathogenic E. coli. Further-
more, repeated administration of sterile preparations of bacterial antigens
resulted in a response similar in terms of cell numbers to that produced by
infection with the live organism in a comparable period.

In the young chick, however, no response to E. coli O antigens could be
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determined on either local application in fistulated birds or oral immunization
in germ-free birds. This was surprising since the characteristics of the intestinal
response to infection with E. coli are very similar to those in the mammal,
implicating IgM-and IgA-producing cells in the tissues and antibody associated
with these immunoglobulin classes in the secretions (Parry et al. 1977).

ORAL IMMUNIZATION IN PROPHYLACTIC CONTROL OF POST-WEANING
ENTERIC INFECTION

The decline and termination of the protective function of maternal immuno-
globulin is of signal importance in the complex of predisposing factors in the
pathogenesis of post-weaning enteric syndromes. Immune mechanisms only
play a significant role in inhibiting microbial proliferation after weaning
provided that the intestinal mucosa is alerted to the production and secretion
of antibodies long before the organisms achieve pathogenic proportions in the
lumen. Thus if intestinal immunity is to have any potential at all, the young
animal must be immunized early in life in order for a mucosal blockage to be
established against the proliferation of enteropathogens consequent upon
weaning. Only a limited number of serotypes are normally associated with
diarrhoea syndromes of young farm livestock (Sojka 1971), so suitable prospects
for vaccination exist.

The first criterion to establish in support of this rationale was that effective
synthesis and secretion of anti-E. coli antibodies would occur in response to an
antigenic stimulus to the intestinal mucosa of the neonate even in the presence
of maternal antibodies. Studies were made in a litter of pigs in which intestinal
fistulae were prepared at four days of age; four animals were maintained on the
sow and four animals were reared separately and fed on cow’s milk. One
animal in each group was retained as a control and heat-inactivated E. coli
were administered to the others. The characteristics of the secretory antibody
response were very similar in all six animals, independent of whether the
animals were maintained on maternal milk or a reconstituted cow’s milk
substitute lacking antibody (Fig. 3). Studies in the young calf provided essen-
tially similar data; intestinal secretion of antibodies was registered in colostrum-
fed animals in response to the oral administration of bacterial antigens at five
days of age. Thus a useful relationship between passive maternal antibody and
active intestinal antibody could be established in neonatal life. Since health
and performance in young animals could be attributed to the establishment of
this continuum, the stage was set to examine the efficacy of the local intestinal
immune response in terms of the young animal’s resistance to enteric infection.

Imbalance in the host-pathogen relationship will be shown in a range of
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FiG. 3. Local intestinal antibody secretion after administration of heat-inactivated E. coli
0141 to baby pigs.

(A) Animals maintained on the sow.

(8) Animals weaned at four days of age and raised on reconstituted spray-dried cow’s milk.
@, control animals. O, A and M, animals locally challenged with heat-inactivated E. coli O141.

responses creating a decline in performance, leading finally to overt disease
and death. Young farm animals are growing rapidly during this stage of
development and we have taken the view that maintenance of intestinal in-
tegrity and function against a bacterial challenge should be apparent in terms
of animal performance. Thus, whereas the traditional approach to investiga-
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tions of E. coli-associated enteric syndromes has been towards clinical mani-
festations of the problem, we have also placed emphasis on the overall nutritional
and physiological status of the animal during a vital period of its life.

The requirement for antigens to be administered in repeated doses was met
by including them in the diet, thus saving the labour of individual dosing.
E. coli antigens were added at levels which ensured that on average animals
consumed at least 10 times the minimum required dose.

In pilot trials with pigs, orally immunized animals showed a reduction in the
natural excretion of pathogenic E. coli compared with controls. Significant
benefits in weight gain were recorded along with improvements in food con-
version, and the incidence of diarrhoea and requirement for medication were
reduced (Porter et al. 1974a). Trials in calves provided much the same data.
When calves are reared in units under continuous occupation, health and
performance deteriorate in successive batches of animals associated with the
bacterial loading of the environment created by previous occupants (Roy
et al. 1955). It is interesting to note that in such a trial carried out over a
period of 12 months involving 16 batches of calves, the overall deterioration in
performance shown in control groups was practically abolished by oral
immunization.

IMMUNE MECHANISMS OF HOST RESISTANCE TO ENTEROPATHOGENIC
E. COLI AFTER ORAL IMMUNIZATION

Enteropathogenic E. coli may represent a substantial component of the
intestinal microflora without manifestation of clinical symptoms. The enteric
syndrome is usually associated with the establishment of enteropathogens in
the anterior regions of the small intestine, a view supported by the observation
that the tissues become progressively less responsive to the effects of E. coli
enterotoxins after the first few feet, comprising the duodenum and upper
jejunum. Thus attachment to the intestinal wall is considered to be an impor-
tant prerequisite of an enteropathogen, enabling it to counter the flushing
effects of peristalsis. Furthermore the toxic mechanisms will be optimized by
the close proximity of the bacteria with the epithelial cells (Smith & Linggood
1971).

The commonest mechanism of adhesion identified in the Enterobacteriaceae
is associated with the presence of filamentous surface antigens. A common K
antigen, K88, occurs in porcine enteropathogenic strains and this, unlike other
K antigens, is a protein component forming fine filaments on the surface of the
bacterium. The antigen is the product of an episomal gene which can be
transferred (Orskov & Grskov 1966) and elimination of the genetic elements
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FiG. 4. Adhesion of pathogenic E. coli [08; K87(B), K88ab(L)] to cell membranes shown by
interference contrast microscopy.

(A) Intestinal epithelial cell from duodenum of newborn piglet ( X 600).

(B) Chicken erythrocyte ( x 600).

responsible for its synthesis results in loss of virulence (Smith & Linggood 1971).
Calf and lamb enteropathogenic strains also possess a common K antigen,
designated K99, and this too is controlled by a transmissible plasmid (Smith &
Linggood 1972). These antigens appear to display specific characteristics of
attachment to host intestinal epithelium. Thus K88 determines virulence in
the pig and K99 in the calf or lamb and not vice versa. This implies the presence
of a specific receptor in the epithelial membrane of each species for the bacterial
protein determinant. In this context it is of interest that E. coli possessing
these antigens also agglutinate and adhere to the erythrocytes of certain species
(Fig. 4). The erythrocyte and its membrane are a more suitable subject for
investigation than the enterocyte and furthermore a simple haemagglutination
technique provides a useful method for quantifying the bacterial K antigen.
We have used the chicken erythrocyte to facilitate our investigations of the
K88 virulence determinant for the pig; by specific inhibition techniques we have
correlated the agglutination of erythrocytes with adhesion to enterocytes.
Additionally, both properties can be inhibited by antibodies raised against the
purified K antigen. The presence of a possible membrane receptor in enterocytes
and erythrocytes is demonstrated indirectly by treating the cells with K88
antigen and subsequently localizing the antigen with fluorescent antibody.
The role of virulence determinants in protective immunization has been
examined in relation to porcine neonatal enteritis by Rutter & Jones (1973).
Sows were immunized with a crude preparation of K88 antigen and passive
protection in the suckling neonate was suitably demonstrated by oral challenge
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with enteropathogenic E. coli. Parenteral immunization of the sow results in
transfer of antibody, mainly by transudative processes, and the antibody class
yielded by the immunization protocol used in this study is invariably IgG. An
active local antibody response to bacterial adhesion determinants would be
expected to enhance the resistance of a young animal to intestinal colonization
with enteropathogenic serotypes of E. coli, but so far these protein K antigens
have not been used successfully as an oral immunogen.

There are, however, indirect means of eliminating the properties of bacterial
adhesion. Agglutination may assist in creating bacterial aggregates which may
successfully be eliminated by peristalsis, but of greater potential significance is
our recent observation that piglets orally immunized with O antigens, and then
infected with KB88-containing enteropathogens, subsequently excrete only
K88-negative E. coli. We failed to infect control pigs with cultures prepared
from the excreted serotype, whereas the original enteropathogen was demon-
strated to be virulent and excreted without modification in the control animals.
Furthermore, in an in vitro model system in which K88-positive E. coli were
passaged through media containing antibodies to O antigens, the K88 plasmid
was progressively lost so that the level of antigen which was produced in
culture declined rapidly over a series of passages. Thus modification of the
antigenic composition of enteropathogens occurs in the presence of antibody
in vivo and in vitro. The practical benefits of oral immunoprophylaxis therefore
go beyond the immediate characteristics of host resistance, and a very significant
advantage to the environment will accrue in terms of a limitation on the ex-
cretion of serotypes with virulence determinants, thereby reducing the risk to
other animals.

The ability to produce enterotoxin is a prime requirement for entero-
pathogenicity and this too has been identified with the presence of a trans-
missible plasmid (Smith & Halls 1968). Enterotoxins of Vibrio cholerae and E.
coli have several similarities and their main function is the creation of a
prolonged disturbance of fluid and electrolyte balance. If we take the view
that E. coli enterotoxins are poorly antigenic, it might be most appropriate to
make an indirect approach to the problem via antibacterial mechanisms. Thus,
if the bacterium is eliminated, the enterotoxic problem does not arise. In this
respect it is significant that Smith & Linggood (1971) had concluded from studies
of post-weaning diarrhoea in pigs that the protective function of immunity may
be principally associated with bactericidal as opposed to anti-enterotoxic
mechanisms,

This concept of indirect protection against enterotoxigenicity was tested in
orally immunized pigs in which the main effect of mucosal antibodies was
considered to be bacterial agglutination and stasis (Porter et al. 1974b).
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E. coli (right). Defined characteristics of interference with microbial pathogenicity by secretory
antibody are listed.

Bacterial proliferation in response to infection during the critical two-week
period after weaning was substantially reduced by oral immunization with
heat-inactivated antigens, and in consequence so was the severity and duration
of diarrhoea. Furthermore, inrecent studies orally immunized piglets were used
in ligated gut tests to look for an inhibition of the enterotoxigenicity of live
pathogens (Balger er al. 1975). Such animals were demonstrated to resist
approximately 1000 times greater doses of E. coli than control animals and the
effect was attributed to bacteriostasis. However, perhaps of greater significance
are the recent observations of Linggood (1976) using the ligated gut model
with cell-free isolates of E. coli enterotoxin. In these studies enterotoxin
neutralization was observed in orally immunized animals and in addition the
activity could be passively transferred with intestinal secretions. Thus en-
terotoxin inhibition can be mediated directly by mucosal antibodies, without
necessarily invoking indirect antibacterial mechanisms.

The variety of ways in which secretory antibodies may mediate in local
interference with microbial pathogenicity are summarized in Fig. 5. Most of
these mechanisms will be required for solid immune defence.

Finally, in considering the mechanisms of synthesis and secretion of immu-
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noglobulins and their presentation as a local antibody barrier on the intestiral
epithelium, it is relevant also to consider the distribution of immunogiobulin-
producing cells within the lamina propria. If we return to the observation of
Smith & Linggood (1971), that in order to cause disease the bacteria needed to
proliferate in the upper region of the small intestine, it is significant that
immunocytes are more numerous here than anywhere else in the gut. A further
link in quantitative terms is apparent when one considers that it is this region
of the intestine which is most susceptible to the effects of enterotoxin (Smith &
Halis 1967). Thus immune cell function predominates in the most vulnerable
area of the gut rather than in the region which carries the greatest microbial
population. Probably this characteristic of intestinal function will contribute
to the control of the pathogenic component of the intestinal flora not only
locally, but generally, by virtue of the release of antibody which will ultimately
traverse the length of the alimentary tract in the digesta. In this context, our
observation on the effects of low levels of secretory antibody causing loss of
virulence determinants in cultures of enteropathogens will be relevant. Thus,
in terms of the balance of the host-pathogen relationship, the environmental
implications of the excretion of fewer organisms with lower virulence will
definitely benefit the host.
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Discussion

Pierce: You suggested that it is necessary to continue to feed the antigen in
order to sustain protection, as measured by the presence of coproantibody. In
dogs immunized by one of several means that induce a local immune response
to cholera toxoid, we obtained protection against live vibrio challenge which
far outlasted the presence of preformed antibodies in gut washings (Pierce
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1976). Have you considered that it may not be necessary to continually feed the
antigen, or to have pre-existing secreted antibody in the gut, to protect the
animals?

Porter: We have not examined this particular aspect. The mechanisms we
have concentrated on would probably require the continuous secretion of
antibody; for example, the loss of the virulence determinant, or inhibition of
the adhesion determinant, and bacteriostasis, would all be mediated by secreted
antibody.

Pierce: Perhaps antibody-mediated mechanisms can be effective even in the
absence of pre-formed secretory antibody—for example, by a rapid secondary
response after re-exposure of a primed animal.

Porter: Have you evidence of a rapid secondary response of this type?

Pierce: Only in terms of protection against experimental cholera in dogs,
which has an incubation period of 12-16 hours. We have shown that significant
protection against oral challenge with live Vibrio cholerae lasts at least eight
months after effective local immunization with cholera toxoid (Pierce 1976).

Porter: There is a difference between the level of antibody secretion, and
the antibody which would be present in the intestinal epithelium. There will
be continuing antibody in the intestinal wall that is not revealed by the crude
measurement of antibody in the secretion from the gut loop. However, I do
not think that protection will go on for months.

Lehner: Dr Pierce’s question touched on the problem of whether there is a
memory in the secretory antibody (IgA) system, and some of the evidence you
showed, Dr Porter, suggests that there wasn’t; the antibodies did not appear
early, the response was not greater in magnitude, and it didn’t last longer. Can
you enlighten us about the existence of an IgA memory system?

Porter: Professor Parrott has published work on bovine serum albumin
(BSA) which indicated tolerance. We were studying a response that will not
involve T cell help, since we use the O endotoxin. We use this antigen because
it is very stable, is not degraded in mammalian intestine to any extent, and
mediates important anti-bacterial mechanisms. We wouldn’t have expected
that the O antigen would mediate an anti-enterotoxic effect, and Balger’s work
suggests that it was a bacteriostatic mechanism rather than an anti-enterotoxic
one (Balger ef al. 1975), yet we are getting enterotoxin antigens surviving and
producing antibodies that can be transferred between species.

The other important point is the mediation against the adhesion-virulence
determinant. We can produce the virulence determinant very easily and can
measure it, but we are not yet able to immunize by feeding this protein. In
Professor Parrott’s work with BSA there was little activity in terms of secreted
antibody and yet there was tolerance, after oral feeding of antigen.
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Parrott: We fed large amounts of protein antigen (BSA) and got partial
tolerance (Thomas & Parrott 1974). There was also a small amount of systemic
antibody but there were no IgA-secreting cells in the lamina propria; but there
was no antibody production after challenge with BSA in Freund’s complete
adjuvant, so presumably no production of memory.

Brandtzaeg: In relation to a possible secondary response, Richard Newcomb
repeatedly immunized his own nose with serum albumin from Alligator
mississippiensis, and found after prolonged immunization an apparent feedback
on the secretory IgA response as measured in the secretion (Newcomb &
Sutoris 1974). It may be misleading just to look at the secretions, however.
For example, if gland-associated secondary immune responses also lead to a
gradual switch from production of dimeric IgA to an increased proportion of
monomeric IgA and perhaps also IgG, these immunoglobulins will not appear
in the secretions. A secondary response may thus be masked because of lack
of secretory properties of the antibodies produced. This possibility should be
considered in evaluating mucosal secondary immune responses.

Mayrhofer: Another factor is that if IgA has a role in preventing antigen
absorption by the gut, then any possibility of producing a secondary response
by gut challenge with an antigen is reduced for as long as secretory antibody to
that antigen persists. This could make it difficult to demonstrate memory in
the IgA system of the intact animal. An adoptive transfer of immune lym-
phocytes into a non-immune animal may be necessary in order to show it.

André: We found that a repeat intragastric administration of sheep red blood
cells resulted in a spleen response with plaque-forming cells which belonged
predominantly to the IgA class. This spleen response was in all points similar
to the primary response and in no way suggestive of immunological memory
when the animals were given their second immunization after a three-month
rest period. In contrast, when the intragastric immunization was resumed two
weeks after the priming period, no response was obtained (André et al. 1973).
It is known that local immunization of the gut impairs its capacity to absorb
the corresponding antigen (André er al. 1974). But we have also established that
intragastric immunization caused an immunological hyporesponsiveness to
parenteral challenge and that one is therefore dealing with tolerance and not
with failure to absorb antigen from the gut (André et al. 1975).

Porter: We get different results with bacterial antigens. We get a booster
response, not tolerance, by oral immunization. If we orally immunize with the
E. coli antigens and follow with a single parenteral administration of the same
heat-killed antigen, there is a booster response providing an IgM antibody in
serum. We haven’t looked at the secretions because we wanted to exploit this
response in terms of colostral immunity, timing the IgM response to coincide
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with formation of colostrum, to get a high IgM antibody titre into the suckling
neonate (this is John Chidlow’s work). This is distinct from the tolerance
observations made by Professor Parrott.

Lachmann: Is it significant that you are using on the one hand a T-dependent
and on the other a T-independent antigen? The classical demonstration of
tolerance following oral immunization is the Sulzberger & Chase phenomenon,
where it is to delayed hypersensitivity that feeding hapten renders the animal
tolerant (Sulzberger 1929; Chase 1963).

Porter: Yes. We are using a T-independent antigen. This is the difference
from Dr Parrott’s work.

White: You said that if you continuously administered the antigens of E.
coli to pigs you found a response in terms of cell numbers that was like that
generated by infection with gut pathogen; thus in the monocontaminated and
in the orally immunized germ-free animal the cell responses were similar. In
the chicken, whereas we obtained a similar cell response in the monoconta-
minated bird to that generated in the pig, the oral administration of E. coli O
antigens produced no cell response. Is that related to adherence of the
antigen to the intestinal wall? Does it adhere in the pig and not in the
chicken?

Porter: 1 don’t think so, but we haven’t looked at this question specifically.
We have examined the survival of the antigen along the alimentary tract of the
chick; we fed iodine-labelled E. coli O2 antigen, which is pathogenic for the
chick. It survives into the caecum. There is much degradation, since iodine-
labelled fragments are absorbed into the blood and excreted in the urine.
We wondered whether there is a lack of absorption of the antigen, or perhaps
adherence of the antigen, or survival of antigen, in the region of the bursa.
Furthermore, the distribution of Peyer’s patches along the intestine of the pig
gives a greater opportunity for immune stimulation than does the simple
presentation of the antigen to the bursa in the chicken.

White: You said that antibody does not interfere with the immunization
process. Does that depend on the specificity of the antibody?

Porter: No. We were using an immunization schedule that reproduced what
we envisaged would exist in the sucking pig, in preparation for events at
weaning, because the young animal normally then goes through an E. coli
proliferation lasting two weeks. A survey by Svendsen et al. (1974) found
829, morbidity associated with E. coli pathogens at weaning. We envisage
preparing the young animal and its intestinal immune system to take over from
the protection continuously mediated by maternal IgA antibody in its intestine
during the suckling period. The sow provides antibody to the gut lumen of the
young animal throughout suckling and that presumably could interfere with
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any antigenic stimulus, given orally. The experiment I described (p. 60) showed
that the maternal antibody did not interfere.

White: Was it antibody against the K antigen?

Porter: No, it was antibody against the O antigen, which was interfering with
the production of the adherence factor.

Booth: One obvious feature of the gut mucosa is the mucus layer but
whenever we look at preparations, by electron microscopy or any other method,
we never seeit. Thisappliesto all techniques of fixation for electron microscopy.
You have made scanningelectron micrographs simply showing an impregnated
surface of the membrane.

Porter: Those electron micrographs illustrate adherence. In an animal that
had died because of E. coli infection, or is in the worst phases of infection, the
anterior small intestine is completely coated with millions of organisms,
whereas in an animal excreting the same pathogen and not showing clinical
symptoms, the anterior small intestine can be free. So whether the animal shows
clinical symptoms is determined by the upper region of the small intestine.

Booth: The question is whether the organisms adhere in the small intestine.
It has been proved for the mouth.

Porter: Yes. The bacterium must gain access to the upper small intestine
and adhere where it has close association with the epithelial cell and the
capability to multiply and secrete its toxin, because E. coli is non-invasive and
tae efect is mediated by toxin. The interesting point is that the antibodies are
mediating not against adhesion but against the ability of the pathogen to
produce the adhesion factor.

Gowans: Has the ability of virulent bacteria to adhere to the intestinal
epithelium any connection with the ability of the organisms to prevent mucus
secretion? Mucus does not appear on your list of possible mechanisms, pre-
sumably because it is not an immunological mechanism, but one would like
to know whether it is important.

Lachmann: In fact it is not altogether non-immunological. Eggert (1976) in
Professor Coombs’ laboratory has evidence of IgA complexes with mucin that
mediate antibacterial reactions in saliva.

Porter: We have interesting observations in relation to the reaction of the
K88 antigen which go some way towards answering this question. If we
prepare extracts of this antigen from a virulent organism and treat sections of
gut with it, and then with a fluorescent antiglobulin, or do the same with
chicken erythrocytes, we see receptor domains for that antigen.

Booth: The background of my question was an observation of Tabagchali
(1970) using electron microscopy and non-pathogenic E. coli in man, showing
the bacteria beautifully wrapped up in mucus, which is very puzzling.
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Porter: We can agglutinate bacteria in vitro with anti-O antibody and do not
prevent adhesion, so the agglutinate still adheres by available determinants to
the gut epithelial cells.

Bienenstock: Bloch & Walker studied antigen uptake in the rat ligated
everted gut sac. If the rats are pre-timmunized or there are immune complexes
in the bathing medium, the goblet cells eject mucus (K. J. Bloch & A. Walker,
personal communication 1976). It would be interesting to look at the relation-
ship of immune complexes to that.

Cebra: You seem to be suggesting, Dr Porter, that IgM could pass into the
gut lumen but that IgA could adhere to the mucosal surface of the cells.
Perhaps there is an interaction between the Fc region of IgA and the cell
surface, or perhaps an Fc-mucin interaction. Have you any observations on
the relative adhesion of serum as against secretory IgA to the surface of cells?
We had wondered if the passage of IgA across undifferentiated crypt cells
might lead to the sequential addition of monosaccharides, leading to a mucin-
like oligosaccharide and resulting in a cell surface interaction directly or via a
mucin binding. Have you done comparative studies?

Porter: No, nothing in that realm, but would you not think that the secretory
component mediates this binding effect with mucin?

Cebra: 1 am open-minded on this. But just how different are the two isotypes,
IgM and IgA, with respect to mucin binding which in turn may lead to cell
adhesion?

Porier: We obtained intestinal secretions from Thiry-Vella loops in calves.
By the time we put the secretions into the fridge to cool, the mucin had clotted
and when we compared the supernatant and the clot, the binding of IgA and
IgM was very different. Only IgM went into the supernatant, whereas IgA
was bound into the mucin gel.

Lachmann: What is the evidence of opsonization by virtue of IgA antibodies?

Porter: Rowley made the initial observations on this (Wernet et al. 1971)
but I believe he has subsequently retracted this thesis.

Soothill: Unfortunately Dr Breu was unable to reproduce this phenomenon
while working in our laboratory.

Porter: There 1s other work that has shown this. Girard & de Kalbermatten
(1970) made similar observations using intestinal antibodies. One should
remember also that intestinal antibody function is not solely mediated by IgA;
I have emphasized the role of IgM (Fig. 5, p. 65). This may also exert a potent
antibacterial effect in gut immunity.

Lachmann: 1gGl in serum at least is a perfectly good opsonizing and com-
plement-fixing antibody.

Porter: There is interesting work by Bellamy (1973) in relation to the appear-
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ance of neutrophils in the intestinal lumen, which seems to be antibody-
mediated. Bellamy looked in the calf at the transudation of neutrophils into
Thiry-Vella loops in response to the local administration of BSA and also
E. coli antigens. This seemed to be antibody-mediated rather than T cell-
mediated, so there may be a basis for opsonization within the gut lumen.

Lehner: On the same basis, has anyone shown Fc¢ receptors for IgA?

Pepys: There is evidence that IgG and IgA from the plasma bind in the
cold to human peripheral blood lymphocytes and monocytes; the immuno-
globulins can be removed by washing the cells at 37 °C instead of 4 °C, or by a
low pH shock (Kumagai ef al. 1975; Lobo et al. 1975). It has not been estab-
lished that this binding, particularly of IgA, takes place via receptors for Fc.

Lehner: 1s there any evidence for the IgA Fc receptor on polymorphs or
macrophages by rosetting or by using aggregated IgA and anti-IgA conjugate?

Pepys: The work of Kumagai er al. (1975) demonstrated the following. A
proportion of human peripheral blood lymphocytes and monocytes, prepared
by Ficoll-Hypaque separation and washed at 4 °C, can be stained with fluores-
cent anti-IgA antibodies. If the cells are washed at 37 °C before fluorescent
staining, very few stain with anti-IgA. Reincubation at 4 °C of the warm-
washed cells with a source of IgA restores the staining with anti-IgA.

Lachmann: Tt has been shown that IgA will not inhibit K cell cytotoxicity
(Wisl6ft er al. 1974).

Rosen: There is an interesting situation in man where the early feeding to the
newborn of poliovirus results in the prompt cessation of poliovirus secretion
and in no immunity. This occurs when the mother has a reasonable titre of
antibody to poliovirus. The reason is that the human newbornhas Fab fragments
in the intestine which are washed out at about 48 hours after birth. Fab
fragments can even be found in newborn infants with oesophageal atresia.
Fab has about 10 times less viral-neutralizing capacity than intact y-globulin.
Nonetheless, these Fab fragments are effective in neutralizing poliovirus.

Bienenstock: Chickens are interesting in that they have very few, but large,
Peyer’s patches; there are only two in the whole gastrointestinal tract, ex-
clusive of the bursa. It might be worth exploring some of the questions we
discussed earlier using the chicken, because this species has many IgA cells
with relatively few Peyer’s patches.

Porter: Most characteristics of the secretory immune system in the chicken
have an analogy to the mammal; there is an analogue, if not a homologue, to
the secretory component, and there is the same sort of response to bacterial
infections, yet antigen given orally fails to mediate responses seen in mammals.

Bienenstock: One reason may be that the bird doesn’t have the Peyer’s
patches and therefore lacks the lymphoid tissue necessary for the response.
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Parrott: Perhaps you should sit chickens in a bath of antigen, so that it can
get to the bursa—the converse of oral immunization!

White: This has been done with HSA. The antigen is cloacally drunk by the
chicken; there is not much immediate antibody formation, but there is sen-
sitization to subsequent systemic challenge and you lay down the mechan-
ism for antibody production, the antigen going via the cloaca into the
bursa.
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Abstract The secretory component (SC) has recently been found to be associated
with 1gM in external secretions, although in a less stable complex than secretory
1gA. Moreover, SC combines spontaneously in vitro with both IgA and IgM.
A prerequisite is that the immunoglobulins contain the J chain, which is present
only in dimers and polymers. This polypeptide is essential for the formation of
an SC-binding site which appears already at the cytoplasmic level in IgA- and
TgM-producing immunocytes. Locally formed J-chain-containing immunoglob-
ulins are therefore readily available for complexing with SC present in the
membranes of columnar secretory epithelial cells of glandular sites. This com-
plexing initiates pinocytosis and external transport. Immunohistochemically the
gland cells are shown to contain SC, IgA and 1gM in identical locations, except
that SC alone appears in the Golgi zone. Locally formed IgA and IgM antibodies
are thus efficiently transferred to the mucosal surface where they exert an immun-
ological exclusion of antigens. Conversely, IgG antibodies, which are not
actively drained away from the lamina propria, may rather become engaged in
complement activation and cell-mediated cytotoxicity with potentially deleterious
effects on the tissue. Secondary to severe inflammatory reactions, secretory
epithelium may show decreased production of SC; the selective external transport
of SC-stabilized secretory IgA and IgM is thus jeopardized, and a vicious circle
may be set up in the mucosa.

Because of its quantitative dominance and unique association with an epithelial
secretory component (SC), IgA is considered as the most important immune
factor in human exocrine secretions (for reviews, see Tomasi & Grey 1972;
Hanson & Brandtzaeg 1973; Heremans 1974). Nevertheless, some individuals
appear completely healthy despite a selective lack of IgA, at least in countries
with good hygiene. It has been speculated that this may depend on a compen-
satory local immune mechanism expressed by enhanced local synthesis and
secretion of IgM, known to occur in IgA deficiency (Heremans & Crabbé 1967);
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Brandtzaeg et al. 1968; Eidelman & Davis 1968; Brandtzaeg 1971a). The ob-
servation that locally produced IgM may exhibit anti-virus activity in IgA-
deficient individuals (Ogra et al. 1974) supports a possible contribution of this
immunoglobulin to mucosal defence mechanisms. On the basis of our quantifi-
cations of immunoglobulins in pure glandular secretions we proposed several
years ago that IgM should be considered as a secretory immunoglobulin with
epithelial transport properties similar to secretory IgA (Brandtzaeg 1968).
Indeed, subsequent studies of reptiles and amphibians suggested that IgM
probably served the function of protecting mucosal surfaces before the evolu-
tion of IgA (Portis & Coe 1975). Recent immunochemical studies of IgM
present in human secretions have moreover demonstrated that the 19S pen-
tamers contain SC, which is retained in 60-70%/ of the molecules after purifica-
tion (Brandtzaeg 1975¢). Compared with secretory IgA, the quaternary
structure of secretory IgM is less stabilized, since SC shows reactive I deter-
minants after incorporation and depends on an excess of free component for
permanent association with the remaining 30-40 % of IgM in the secretions.

A MODEL FOR THE GLANDULAR TRANSPORT OF IgA AND IgM

It was speculated in several early studies that SC may facilitate the entry of
extracellular IgA into glandular epithelial cells (Tomasi ef al. 1965; South et al.
1966; O’Daly et al. 1971). SC was therefore originally called ‘transport piece’
(South et al. 1966). This suggestion was prompted by the fact that SC was
complexed with secretory IgA, but there was no obvious explanation for its
postulated transport function.

We proposed originally that a common glandular transport mechanism
operates for IgA and IgM independently of SC, perhaps involving unique
characteristics (‘transfer sites’) in the Fc portions of these two immunoglobulin
classes and a corresponding epithelial receptor of unknown nature (Brandtzaeg
1968; Brandtzaeg et al. 1970). This view was mainly influenced by our early
failure to demonstrate a regular association between SC and secretory IgM
(Brandtzaeg et al. 1968; Brandtzaeg 1971a). An epithelial receptor specific
for IgG1 has recently been demonstrated in bovine mammary glands, which
preferentially transmits this immunoglobulin unchanged from serum during
the colostrum-forming period (Kemler et al. 1975).

Subsequent observations, however, have made it increasingly likely that the
epithelial membrane receptor specific for IgA and IgM is identical with SC.
We have therefore recently proposed a common glandular transport model for
these two immunoglobulins including five critical steps as depicted in Fig. 1:
(1) J chains are produced and incorporated into IgA dimers or larger polymers
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FiG. 1. Schematic representation of gland-associated synthesis and selective external transport
of dimeric IgA and pentameric IgM. It is proposed that SC acts as a specific receptor for
these two immunoglobulins, and that Ig-SC complexes are formed and become mobilized in
the plasma membrane of secretory epithelial cells. The completed secretory immuno-
globulins finally reach the gland lumen via the cytoplasm outside the Golgi region. While
conjugation of IgA with SC is efficient and gives rise to stable complexes, this is so for only
60-70% of the IgM ; the rest of the secreted IgM contains SC in an association that is unstable
and depends on excess of free SC in the fluid. The five schematic steps are discussed in the
text. (Modified from Brandtzaeg 19744.)

and into IgM pentamers in gland-associated immunocytes; (2) SC is produced
by secretory epithelial cells, concentrated in the Golgi zone, and made available
for the general secretory process as well as for plasma-membrane incorporation;
(3) structural characteristics induced by the J chains in polymeric IgA and
pentameric IgM constitute a specific SC-binding site; the polymers will
therefore after release from the immunocytes readily become bound to epithelial
cells by non-covalent interactions, which apparently depend on the I-deter-
minant-bearing part of the membrane-associated SC (Brandtzaeg 1975a); (4)
the Ig-SC complexes are then taken up by the epithelial cell by adsorptive
pinocytosis and subjected to stabilizing conjugation by disulphide exchange
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(enzymically catalysed?); such exchange reactions depend on the immuno-
globulin class as well as on an excess of free SC (Brandtzaeg 1974a); (5)
finally, the completed secretory polymers are extruded into the gland lumen
along general secretory pathways (Kagnoff et al. 1973). The possibility also
exists that some of the Ig-SC complexes floating in the cell membrane may
reach the gland lumen without entering the cytoplasm.

In man the covalent conjugation of IgA with SC is efficient and gives rise to
polymers which are very stable in the exocrine fluids. SC is thus disulphide-
bonded in 75-80 %, of human secretory 11S IgA (Brandtzaeg 1974a), and only
about 109, of the IgA dimers separated from human colostrum lack SC
(Mestecky et al. 1970). As discussed in the introduction, a permanent associa-
tion between SC and secretory IgM is more dependent on an excess of free SC
(Brandtzaeg 1975¢). The ratio of free to bound SC varies in different secretions
(Brandtzaeg 1973b) and also depends on the fluid flow rate (Brandtzaeg 19714d).
In normal human saliva and colostrum the amount of free SC may approach
that of the bound component (Brandtzaeg 1973b). In pig colostrum, on the
other hand, there are only traces of free SC and 60 %, of the dimeric IgA lacks
SC after purification (Bourne 1974). A stabilization of Ig-SC complexes, as
regularly seen for human secretory IgA, may hence be explained by surplus SC
production and unique possibilities for disulphide-exchange reactions. The
fact that there is no other known situation where a receptor becomes per-
manently attached to the transported molecule (Lamm 1976) is therefore no
valid argument against a receptor function of SC. The phylogenetic selection of
the secretory IgA system may indeed have its basis in the unique stability
conferred on dimeric IgA by covalently bound SC (Lindh 1974), since the less
stabilized secretory IgM apparently has a shorter functional survival time, at
least in the gastrointestinal secretions (Haneberg 1974 a,b).

The proposed model for selective epithelial immunoglobulin reception and
transmission is compatible with the fluid mosaic structure suggested for cell
membranes (Singer & Nicolson 1972). However, it must be stressed from the
outset that our transport model is based mainly on test tube experiments with
purified proteins and on the immunofluorescence of dead tissue. Nevertheless,
it should be possible in the near future to test several of the proposed steps by
kinetic studies on living cells.

IMMUNOCHEMICAL AND PHYSICOCHEMICAL OBSERVATIONS SUPPORTING
THE MODEL

1. Quantitation and characterization of human immunoglobulins

The concentration ratio of IgG:IgA in pure glandular secretions, such as
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TABLE 1

Average immunoglobulin concentrations (mg/100 ml) in serum and some exocrine secretions

Immunoglobulin class Ratio
Sample
IgG IgA IgeM 1gG:IgA 1gG:IgM
Serum? 1230 328 132 3.8 9.3
Colostrum® 10 1234 61 0.008 0.16
Parotid
secretion® 0.036 3.95 0.043 0.009 0.84
Whole saliva® 1.44 19.40 0.20 0.07 6.86
Duodenal
secretion” 10.4 31.3 20.7 0.33 0.50
Jejunal
secretion® 34.0 27.6 N.D ¢ 1.23 N.D.
Colonic
secretion® 86.0 82.7 N.D. 1.04 N.D.

“ From Brandtzaeg et al. (1970).

® From Girard & de Kalbermatten (1970).
¢ From Bull et al. (1971).

4 N.D., not determined.

colostrum and parotid saliva, is 400-500 times lower than the.same ratio in
normal serum (Table 1). This suggests that the exocrine glands actively or
selectively transmit IgA. The same reasoning applies to the glandular transfer
of IgM, although the reduction of the IgG:IgM ratio is less marked (10-60
times) and varies between different secretions (Table 1). Fluids collected from
surfaces of mucous membranes contain relatively more IgG, indicating that
the external transmission of this immunoglobulin mainly depends on extra-
glandular passive diffusion. Such ‘leakage’ is enhanced by inflammatory
processes (Brandtzaeg et al. 1970). Comparisons of the parotid transmission
of immunoglobulins in patients with G myeloma or macroglobulinaemia have
further attested to the selectivity inherent in the glandular transport of IgA and
IgM (Brandtzaeg 1971a). Moreover, parotid IgA and IgM show similar
secretory dynamics on gustatory stimulation of the gland (Brandtzaeg 1971d).

Since secretory IgM is chiefly a 19S pentamer (Brandtzaeg 1971a, 1975¢), its
immunoglobulin moiety may be derived from serum. Conversely, the IgA
pattern in pure glandular secretions is quite different from that in serum,
comprising a major J-chain-containing 11S dimer fraction (Tomasi et al. 1965;
Halpern & Koshland 1970), two minor (heavier than 11S) polymer populations,
and only 10-13 %, monomeric 7S IgA (Brandtzaeg er al. 1970). About 80-909/
of human serum IgA normally consists of monomers devoid of J chain (see
Vaerman 1973); most secretory IgA must therefore originate in gland-associated
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immunocytes which produce both IgA and J chain (see later section, p. §7).

The predominance of IgA in external secretions could hence depend on
preferential local synthesis alone rather than on selective external transmission.
Nevertheless, glandular transfer selectivity for IgA and IgM is firmly sub-
stantiated by immunohistochemical observations (see later, p. 89). Since pure
glandular fluids contain about ten times more monomeric IgA than IgG
(Brandtzaeg et al. 1970), transfer selectivity might seem to be more easily
explained by an Fc characteristic of IgA and IgM (Brandtzaeg 1968) than by a
J-chain-induced SC-binding site (Fig. 1, p. 79). However, a relative enrichment
of 7S IgA compared with [gG may well be accounted for by a combination of
passive external transmission and degradation. Intercellular diffusion through
the epithelium probably includes monomeric IgA derived both from serum and
from the abundant local IgA-producing immunocytes, which release a mixture
of monomers and dimers (see later, p. 87). As discussed above for IgM,
dimers of IgA are probably unstable before covalent conjugation with SC, and
may in part be converted to monomers by intraepithelial and intraluminal
degradation. Some breakdown of SC-conjugated dimers is also likely, and may
explain why a fraction of the monomeric IgA present in colostrum is apparently
associated with SC (Mestecky et al. 1970).

A preferential glandular transfer of IgA dimers compared with monomers is
supported by analyses of monoclonal IgA components appearing in the saliva
of patients with multiple myeloma (Coelho et al. 1974), and intravenously
injected monomeric IgA does not seem to be selectively secreted (for review,
see Heremans 1974; Lamm 1976). One possible exception was reported after
the infusion of large quantities of plasma into two hypogammaglobulinaemic
patients (South et al. 1966). However, it could not be excluded that the traces
of IgA transmitted to the saliva were polymers.

A varying fraction (10-209,) of IgA in normal serum is composed of dimers
and larger polymers (see Vaerman 1973). This fraction is small in view of the
abundant polymer-producing IgA cells found in bone marrow (Radl et al.
1974) and especially in the digestive tract (Brandtzaeg 1973a, 1974c¢). The
fraction of polymeric IgA in lymph from the thoracic duct is not significantly
raised (Tomasi & Grey 1972), perhaps because locally produced IgA polymers
are rapidly transmitted to the gut lumen. Moreover, Radl e¢ al. (1975) showed
that most IgA polymers present in normal human serum lack the J chain.
Since there is a dynamic equilibrium between proteins in serum and interstitial
fluid, this observation supports the idea that an efficient clearing mechanism
selective for J-chain-containing IgA operates in glandular regions. Only about
209; of serum IgM (molecular weight about 1 000 000) is distributed extra-
vascularly (Waldmann & Strober 1969); a J-chain-dependent clearing mechan-
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ism would therefore a priori be less efficient for IgM than for serum-derived
dimeric IgA (molecular weight about 320 000). It should also be considered
that the two molecular species are competing for the same epithelial receptor
if this indeed is SC. The proposed transport model could easily explain the
lack of external transmission of intravenously injected secretory 11S IgA
(Stiechm et al. 1966; Butler et al. 1967) since the SC-binding site of these
polymers is occupied.

2. In vitro combination of SC with IgA and IgM

The discovery of SC as a regular subunit of human secretory IgA (Tomasi
et al. 1965) stimulated a series of attempts to show specific affinity between
SC and IgA. Tomasi & Bienenstock (1968) first reported that reduced and
alkylated SC added to whole serum combined fairly specifically with IgA.
Hanson et al. (1969) mixed native free SC with purified IgA and obtained a low
yield of poorly stabilized complexes. We likewise found that the affinity of
native free SC was relatively specific for serum IgA, although there was some
evidence of SC-IgM association (Brandtzaeg 1971¢). Thompson (1970) had
previously reported that small amounts of SC-IgM complexes might occur in
sera of IgA-deficient individuals, and also found that IgM in the duodenal
juice of one such patient to some extent was associated with SC.

The first indication that a particular conformation is necessary for an
efficient binding of free SC came from studies of rabbit secretory IgA; when
the polymer had been separated from its bound SC it became highly active in
recombination with free SC (Lawton et al. 1970b; O’Daly & Cebra 1971).
Mach (1970) and Radl et al. (1971) independently demonstrated the importance
of the IgA-dimer conformation by studying the combination between human
myeloma proteins and free SC isolated from colostrum. Complexing with
I1gM was also noted in these studies, but only polymers larger than 19S pentamers
seemed to be active (RAadl et al. 1971). In a subsequent study we were unable
to confirm the latter finding (Brandtzaeg 1974a). By contrast, we showed that
SC is able to combine with 19S IgM as readily as with dimeric IgA (Fig. 2a,c),
and that specific complex formation depends on non-covalent interactions
(Brandtzaeg 1974 a,b). This would be a prerequisite for a receptor function of
membrane-associated SC. Our observations have been verified by Weicker &
Underdown (1975).

When Mach published his results in 1970 the J chain had just been detected
in polymeric IgA and IgM (for review, see Inman & Mestecky 1974; Koshland
1975); in an addendum to his paper he therefore postulated a role for this
polypeptide in the SC-binding process. We obtained the first evidence to
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FiG. 2. Ultracentrifugation analyses (42 000 r.p.m., 20 h, 10-35%; linear sucrose gradients)
of immunoglobulin polymers after incubation with radioactive SC (2.5 pg). The immuno-
globulin distribution was determined by testing each fraction in single radial immuno-
diffusion; SC distribution was shown by scintillation counting. Bottom of gradients is to the
left. The positions of four marker proteins are indicated (vertical arrows) as reference for
S values. Samples: (@) 100 pg of J-chain-containing polyclonal IgA polymers (mainly 108
dimers); (b) 100 p.g of J-chain-deficient monoclonal IgA polymers; (¢) 50 ug of J-chain-con-
taining monoclonal IgM 198 pentamers; and (d) 110 pg of J-chain-deficient monoclonal
IgM polymers.
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support such a function of the J chain when we found that an IgM polymer
lacking it failed to bind SC in vitro (Eskeland & Brandtzaeg 1974). In a sub-
sequent study we quantified immunochemically the reductive release of J chain
in twenty-four [gA preparations (Brandtzaeg 19765). Five polymeric fractions
that contained only 0.2-0.8 mg J chain per 100 mg protein showed an SC-binding
capacity of 6-12%, compared with 69-82 %, for polymers containing more than
4.0 mg J chain per 100 mg (Fig. 2). Monomeric [gA without contaminating
J-chain-positive polymers did not bind SC. The report of Jerry et al. (1972)
has caused some confusion in this respect. They found that in the presence of
a large excess of SC obtained from reduced secretory IgA, covalent complexing
took place with monomeric IgA of the subclass «, and genetic variant Am,
(+). These findings must be clearly distinguished from our results which are
based on non-covalent interactions with small amounts of native free SC.

We have thus demonstrated that the J chain is mandatory for a spontaneous
association of SC with IgA and IgM, but the mechanism of its function in this
binding process is still unknown. One possibility is that the SC-binding site is
located in the Fc region of the Ig polymers, the conformation of which may
depend on J-chain incorporation. Direct non-covalent interactions between
SC and the J chains may be another explanation, although the purified poly-
peptide only marginally blocks the binding of SC to dimeric IgA and 19S IgM
(Brandtzaeg 1975d). Antibody to J chain, on the other hand, efficiently blocks
the SC-binding site of these polymers (Brandtzaeg 1975d). Such experiments
are difficult to interpret, but the results are compatible with the hypothesis
that polymer-incorporated J chains have acquired a configuration conducive
to specific interactions with SC.

Contrary to the present view (see Koshland 1975), our recent studies of
human J chain have indicated that it occurs as a dimer in IgA and as a trimer
or two dimers in [gM (Brandtzaeg 1975b). IgM should hence show stronger
SC affinity than IgA if this property is determined by the J chain. Indeed, the
binding of SC to IgM is less inhibited by high salt concentrations (Brandtzaeg
1974a), and on a molar basis pentameric IgM has five to thirty times better
affinity for SC than dimeric or trimeric IgA in competitive tests (P. Brandtzaeg,
unpublished data). It is tempting to speculate that these observations reflect
the ‘bonus effect’” of a higher molar J-chain content in IgM. Thus, if our
glandular transport model is correct, the relative amount of bound J chain may
have biological consequences by enhancing the epithelial reception and trans-
mission of IgM, whose local synthesis normally is inferior to that of dimeric
IgA (see below, p. 86).
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IMMUNOHISTOCHEMICAL OBSERVATIONS SUPPORTING THE MODEL

1. Characterization of intestinal immunocyte populations

The reliability of immunohistochemical observations depends on the quality
of the fluorochrome conjugates as well as on the tissue-processing technique
(for review, see Brandtzaeg & Baklien 1976). Our aim is complete retention of
diffusible immunoglobulins in one piece of the biopsy specimen (see Fig. 11 a-c,
p. 100) and extensive removal of these components from another with preserva-
tion of immunocytes and facilitated characterization of their cytoplasmic
content (see Fig. lle-h, p. 100). The former piece is fixed directly in cold
alcohol, whereas the latter is first extracted by washing in isotonic buffered
saline (Brandtzaeg 1974d).

TABLE 2

Immunoglobulin-containing cells in normal adult intestinal mucosa

Cell numbers expressed as mean, observed range, and average %, contribution

IgA cells IgM cells 1gG cells
Jejunum 104(60-163) 21(8-36) 3.2(1-8)
81% 17% 26%
Tleum 37(21-61) 5(1.5-10) 2.5(0.3-6)
83% 11% 5%
Large bowel 129(28-237) 8(1-27) 6(2-14)
90% 6% 4.29%,

Table modified from Brandtzaeg & Baklien (1976). Data based on a ‘mucosal tissue unit’
constituting a 6-um-thick and 500-pm-wide block of tissue including the mucosa at full height
from the muscularis mucosae.

A marked preponderance of IgA-producing cells is found at all levels of the
human intestinal tract (Table 2). We have calculated that almost 10'° such
immunocytes normally occur per metre of small bowel. The share of IgM-
producing cells varies between 69, and 179, being highest proximally, and
IgG cells are normally even fewer. The immunocytes are not homogeneously
distributed throughout the various mucosal layers. In the normal large bowel
about 60 % occur in the luminal 200-um zone, with decreasing numbers towards
the muscularis mucosae. In the small bowel about 70 % occur in the 200-pum
zone around the base of the villi. Marked alterations are seen associated with
bowel disease. Thus, in coeliac disease an increase takes place for all im-
munocyte classes, in relative terms most prominent for IgG and IgM cells.
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In ulcerative colitis and Crohn’s disease the IgG cell response is very dramatic
(for review, see Brandtzaeg & Baklien 1976).

Gland-associated IgA immunocytes were initially thought to produce
monomers which subsequently polymerized by complexing with SC (Fig. 10a,b,
p. 97). Random combination of the polymer subunits was supported by the
apparent occurrence in human colostrum of hybrid 118 IgA isoagglutinins
containing both « and A light chains (Costea et al. 1968). But molecules
hybrid with regard to allotypic markers could not be detected in rabbit
colostral 11S IgA (Lawton & Mage 1969). Also, studies of suspended rabbit
appendix immunocytes indicated a direct release of dimeric IgA (Cohen &
Kern 1969). Our finding of J chains with partially buried antigenic determi-
nants in human intestinal IgA cells is likewise indicative of dimer production
(Brandtzaeg 1976a). Moreover, SC-affinity tests on tissue sections (Brandtzaeg
1973a) show that the J-chain-containing IgA and IgM immunocytes (Fig. 3)
can bind SC to their cytoplasm in vitro (Brandtzaeg 1974c). This non-covalent
affinity characteristic (Brandtzaeg 1974a) demonstrates that the polymer sub-
units to a substantial extent are ‘correctly’ aligned already at the cytoplasmic
level. Thus, when these immunoglobulins are released into the extracellular
fluid, they are readily available for spontaneous complexing with membrane-
associated SC of columnar epithelial cells.

The intestinal [gA immunocytes are heterogeneous with regard to cyto-
plasmic SC affinity (Brandtzaeg 1973a) and J-chain content (Fig. 3a-¢). This
indicates that the cells produce varying proportions of monomers and polymers.
According to our glandular transport model most of the monomers should be
drained away by the vessels and thus contribute to the pool of serum
IgA.

Very little conclusive information is available about the origin of the in-
testinal immunocytes, but they apparently develop from blast cells seeded into
the mucosa (for review, see Brandtzaeg & Baklien 1976; Lamm 1976). Most
of these blasts probably express J-chain synthesis, since this seems to be turned
on early in the immune response (Brandtzaeg & Berdal 1975; Brandtzaeg
1976a). We have therefore proposed that circulating J-chain-containing blasts
regardless of immunoglobulin class may contribute to the predominant gland-
associated population of dimer-producing IgA immunocytes (Fig. 4). In
individuals with selective IgA deficiency there is a block in the final B cell
differentiation; according to the maturation scheme (Fig. 4), IgM- and IgG-
producing cells should then accumulate adjacent to the glands, which agrees
with immunohistochemical observations (Brandtzaeg et al. 1968 ; Savilahti 1973).
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Fic. 3. Immunohistochemical demonstration of J chain in human intestinal IgA and IgM
immunocytes. Sections of a saline-extracted specimen of normal rectal mucosa were prein-
cubated for 60 min in 6M-urea, pH 3.2, to expose concealed J-chain determinants.

(a-c) Double tracing of ‘green’ IgA and ‘red’ J chain shown by selective filtration of green (a)
and red (c) fluorescence and double exposure (b) in the same field. Most IgA immunocytes are
J-chain-positive, although of varying intensity ; a few are negative (large arrows). Two J-chain-
positive cells are of another immunoglobulin class (small arrows).

(d-f) Double tracing of ‘green’ IgM and ‘red’ J chain shown by selective filtration of green (d)
and red (f) fluorescence and double exposure (¢) in the same field. Three IgM immunocytes
are J-chain-positive (large arrow), whereas one is negative (small arrow). Some J chain is
revealed in the gland cells (G). Magnification: x 340.
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B -cell blasts

Gut lumen

F1G. 4. Hypothetical scheme for the maintenance of a normal gland-associated immunocyte
population. Circulating J-chain-positive B cell blasts of 1gG, IgA, or IgM class become
continuously seeded into the lamina propria, where further clonal differentiation is induced
by a ‘second signal’ mediated by helper T cells or directly by antigens or mitogens. During
this differentiation most cells end up as IgA dimer producers due to switching of class ex-
pression in the precursors. The direction of differentiation may be from IgM to IgG to IgA
or directly from IgM to IgA. If an insufficient amount of J chain is synthesized by mature
IgA cells, a mixture of dimeric and monomeric IgA will be produced (not indicated in figure).
Monomeric IgA will, like IgG, not be transported externally by gland cells. (From Brandtzaeg
& Baklien 1976.)

2. Interstitial and epithelial distribution of immunoglobulins and SC

In sections of directly fixed mucosal specimens the connective tissue ground
substance exhibits diffuse fluorescence for IgG, particularly intense in the
basement membrane zones along epithelia and vessel walls (Figs. 54 and 6q).
The epithelium is virtually devoid of cytoplasmic [gG, but there may be an
irregular faint fluorescence related to interstices in the glands and especially
in the epithelium facing the gut lumen, indicating intercellular diffusion. Some
IgG is also occasionally seen in goblet cells (Fig. 62). An influence of the
biopsy procedure on the epithelial [gG distribution cannot be excluded.
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Fi1G. 5. Immunohistochemical localization of immunoglobulins and SC in normal rectal
mucosa fixed directly in alcohol to retain diffusible protein components. Comparable fields
shown after single tracing of ‘red’ IgG in one section (4) and double tracing of ‘red’ IgA
(b) and ‘green’ SC (c) in the adjacent section. Note that IgG predominates in connective
tissue ground substance and basement membranes but is hardly detectable in epithelium, IgA
is located in numerous immunocytes, but only small amounts are seen extracellularly in this
specimen. In the epithelium IgA is especially prominent apically in the columnar cells of
the crypts, whereas little is present in surface epithelium (at the top). SC shows an overall
distribution in epithelium similar to that of IgA. Magnification: x 100.

In most normal specimens the lamina propria contains much less extra-
cellular IgA than IgG, despite extensive local synthesis of the former (Fig. 55).
This is compatible with an efficient external transport of the locally produced
dimeric IgA. However, in connection with an intensified mucosal immune
response, the specific background staining is very bright and obscures many of
the IgA immunocytes (Figs. 6¢ and 11¢). The crypt epithelium shows staining
for IgA in the cytoplasm and in relation to interstices. The intracellular
fluorescence is bright in the apical part of the columnar cells near the crypt
openings, especially in the large bowel. Much less IgA is present in the surface
epithelium (Fig. 5b) and hardly any occurs in the epithelium covering the villi
of the small intestine (Fig. 6c).

The ground substance shows relatively little IgM staining, except for base-
ment membrane zones and vessel walls. The epithelial distribution mimics that
of IgA, but the fluorescence intensity is normally weaker (Fig. 65). IgM is most
readily demonstrated in colonic and rectal glands (Fig. 7b), as noted before



INTESTINAL SECRETION OF IgA AND IgM 91

Fig. 6. Immunohistochemical localization of immunoglobulins and SC in morphologically
normal duodenal mucosa from a patient with Giardia lamblia infestation. The specimen was
fixed directly in alcohol to retain diffusible proteins. Single tracing with rhodamine con-
jugates in four serial sections: (a) 1gG; (b) IgM; (¢) IgA; and (d) SC. Lamina propria is rich
in extracellular IgG, but also contains unusually large amounts of extracellular IgA, prob-
ably because of extensive local production by numerous IgA immunocytes which are difficult
to discern against the bright background. Smaller amounts of extracellular IgM are present
and some IgM immunocytes can be seen. Columnar crypt cells contain cytoplasmic SC and
there is also distinct staining related to their basal and lateral borders (arrows in d). The SC
concentration is gradually diminished in epithelium covering the villi (V). Mucinous content
of goblet cells is unstained. Epithelial distribution of IgA parallels that of SC with distinct
staining related to lateral borders of crypt cells (arrows in c) as well as apically in their
cytoplasm. Similar but much weaker epithelial staining is seen for IgM (arrows in b). Cyto-
plasmic IgG fluorescence is absent from columnar crypt cells, but some striated staining is
seen related to epithelial interstices. Some goblet cells contain IgG (arrows in @). Magnifi-
cation: X 50.

in normal (Chen 1971) and especially in IgA-deficient individuals with enhanced
local synthesis of IgM (Heremans & Crabbé 1967; Savilahti 1973). Paired
staining with contrasting colours reveals no difference in the epithelial distribu-
tion of IgA and IgM in colonic glands (Brandtzaeg 1975¢).
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There is reason to believe that most of the ‘intercellular’ staining for IgA and
IgM in crypt epithelium may be interpreted as cell-membrane fluorescence.
Firstly, if passive diffusion from the lamina propria was the only explanation,
the concentration of IgG between the epithelial cells should greatly exceed that
of IgA and especially that of IgM. A possible molecular filtration in the
basement membrane should moreover favour IgG. Secondly, all epithelial
IgG can be removed by washing the tissue specimens, whereas IgA and IgM
may still be found related to the borders of epithelial cells (Fig. 11e-A, p. 100).
This indicates that IgA and IgM are adsorbed to the cell membranes, as
proposed before (Brandtzaeg 1974e). The presence of IgA in crypt cell mem-
branes has likewise been suggested at the ultrastructural level (Brown et al.
1975).

Many conflicting reports have appeared about the cellular origin of SC.
Rossen et gl. (1968) proposed that it is a plasma cell product, and Tourville
et al. (1969) claimed that the goblet cell is the major intestinal source of SC.
Other workers have refuted these findings (Munster 1972; Seltoft & Soeberg
1972; Poger & Lamm 1974). Our studies (Brandtzaeg 19735, 1974d) have
demonstrated SC in the columnar crypt cells of the large bowel and generally
also in the surface lining cells (Fig. 5¢). In the small bowel it is present in the
columnar cells of the glands, decreasing in concentration in the epithelium
covering the villi and rarely reaching their tips (Fig. 6d). Regardless of the
tissue-processing technique, we have been unable to demonstrate SC associated
with the mucinous content of goblet cells. At the ultrastructural level SC has
been detected on the lateral membranes of both goblet and columnar crypt cells
(Brown et al. 1975). Poger & Lamm (1974) failed to demonstrate SC corre-
sponding to cell membranes by immunofluorescence, but we see specific
staining related to the intercellular and basal borders of glandular cells,
especially with highly sensitive rhodamine conjugates (Figs. 6d and 7d). This

—

F16. 7. Immunohistochemical localization of immunoglobulins and SC in a directly alcohol-
fixed autopsy specimen from the colon of a 32-week-old boy with intractable diarrhoea and
marasmus. There was a maturation defect in his B cell system until the age of 5 months, when
marked synthesis of IgM and IgG began. From that age immunocytes appeared in his bowel
mucosa with a predominance of IgM-producing cells. Single tracing with rhodamine con-
jugates is shown in serial sections: (@) IgG; (b) IgM (corresponding fields); (c¢) IgA; and (d)
SC (corresponding fields). Lamina propria contains large amounts of extracellular IgG and
1gM, whereas IgA is localized to immunocytes. In the crypt epithelium IgM is located in the
cytoplasm of columnar cells and along their lateral borders (arrows in b). Some striated
staining is seen for IgG. TgA is present only in crypt cells situated adjacent to small groups of
IgA immunocytes. SC is ubiquitously present in the cytoplasm of columnar epithelial cells
and along their lateral and basal borders (small arrows in d). Large arrows point to similar
locations in (c) and (d). Magnification: x 90.
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FiG. 8. Immunohistochemical localization of immunoglobulins and SC in a directly alcohol-
fixed specimen of duodenal mucosa from an adult with coeliac disease. The bottom of two
or three crypts (C) and some Brunner’s glands (B) are shown. Single tracing with rhodamine
conjugates in serial sections: (@) IgG; (b) IgA; and (¢) SC. Note differences between crypts
and tubules of Brunner’s glands with regard to IgA and SC distribution. Distinct localization
of IgA and SC is seen related to the borders of tubule cells (arrows in b and c¢), whereas IgA
in apical cytoplasm and accumulations of SC inGolgi zone are typical for columnarcryptcells.
Stroma of Brunner’s glands contains IgA, but there are no IgA immunocytes, in contrast to
the mucosal lamina propria which is crowded by such cells (arrowheads in b). Note abundance
of IgG in connective tissue, but absence of IgG staining in epithelium (a). Magnification:
X 200.

feature may well represent membrane-associated SC. Indeed, Huang et al.
(1976) recently succeeded in establishing long-term cultures of colon carcinoma
cells bearing SC which regenerated after removal by trypsinization. These
findings lend strong support to the proposed receptor function of SC.

The congruent distribution of SC, IgA and IgM in epithelium showing
immunoglobulin transport further suggests that SC is involved in this process
(Figs. 5b,c and 6b-d). When the local synthesis of IgA is limited to a few
immunocytes, the immunohistochemical appearance indicates that IgA passes
directly into the adjacent SC-containing epithelial cells (Fig. 7¢). O’Daly et al.
(1971) made similar observations in rabbits, using allotypic markers to trace
the local immunoglobulin products after B cell transfer experiments. Con-
versely, when there is a pronounced IgA synthesis in the gut the immunoglobulin
may apparently diffuse over a considerable distance before it is taken up by the
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epithelial cells. This is exemplified in Fig. 8, which shows unusually prominent
IgA transport by a group of SC-producing Brunner’s glands devoid of IgA
immunocytes. However, the interstitial fluid surrounding the tubules contains
appreciable amounts of IgA, probably derived from the mucosal lamina
propria which in this patient with coeliac disease is very rich in IgA-producing
cells.

Compared with the crypt epithelium, the staining for SC and IgA is intense
in relation to the borders of the epithelial cells in these Brunner’s glands (Fig.
8b,c). This may indicate that relatively more SC-IgA complexes accumulate
in the gland cell membranes and perhaps reach the lumen without entering the
cytoplasm, as has previously been suggested for respiratory and salivary
glands (Brandtzaeg 1974¢). That the striated staining does not represent inter-
cellular IgA is indicated by the lack of IgG in the epithelial interstices of the
tubules (Fig. 8a).

Although the epithelial distributions of SC and IgA are in general very
similar, the detailed staining patterns of crypts revealed by double tracing are
not completely congruent (Brandtzaeg 1974d,¢). A common feature is the
fluorescence apparently related to the cell membranes, as discussed above.
Intracellularly, both SC and IgA are present in the apical portion of the cyto-
plasm, but SC alone is distinctly concentrated in a granular pattern correspond-
ing to the Golgi zone (Fig. 9). Ultrastructural studies of rabbit mammary
glands lend support to these observations, since SC but no IgA could be
found in the Golgi elements of the epithelial cells, whereas both components
were present in more apically located vesicles (Kraehenbuhl et al. 1975).
Moreover, the antigenic properties of SC present in human colonic crypt cells
indicate that it exists in a free form in the Golgi zone and in a bound form
apically in the cytoplasm (Brandtzaeg 1974¢; Poger & Lamm 1974).

OTHER PROPOSED MODELS FOR THE GLANDULAR TRANSPORT OF IgA

There is now general agreement that secretory IgA represents the synthetic
product of two cell types. Since free SC is concentrated in the Golgi zone of
serous secretory epithelial cells (Fig. 9), it seems unquestionable that it is
produced by these cells. The synthesis of SC may be regarded as independent
of IgA and IgM because it appears to be normal in hypogammaglobulinaemic
individuals (see Brandtzaeg & Baklien 1976) and occurs in the fetus before the
initiation of immunoglobulin production (Ogra et al. 1972). However, there
may be as yet undefined interrelations between SC and immunocytes. Thus,
Hassall’s corpuscles synthesize SC (Tomasi & Yurchak 1972) and the maturation
of IgA-producing cells is clearly thymus-dependent (for review, see Lamm
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FI1G. 9. Double tracing of IgA and SC in directly alcohol-fixed intestinal specimens: (a-c)
Oblique section through crypt in colon mucosa from a patient with ulcerative colitis. (d-e)
Section through two hypertrophied crypts in duodenal mucosa from an adult with coeliac
disease. (a) Selective red filtration for IgA; (c) selective green filtration for SC; and (b) double
exposure in same field. Many columnar cells in the colon crypt have been cut through the
Golgi zone where granular accumulations of SC (¢) and absence of IgA (a) are distinctly
shown. Both IgA and SC occur in the apical part of the cytoplasm close to the lumen (L) of
the gland, and also related to lateral and basal borders of columnar cells (arrows). Mucinous
content of goblet cells is unstained. (d) Selective green filtration for IgA; (f) selective red
filtration for SC; and (e) double exposure in same field. The duodenal specimen contains
numerous IgA immunocytes and considerable amounts of extracellular IgA in lamina propria.
Epithelial distribution of SC and IgA is similar to that seen in the colon crypt, but SC is not
so distinctly concentrated in the Golgi zone. Magnification: x 510.

1976). Lawton et al. (1970a) obtained some evidence from tissue culture ex-
periments with rabbit mammary glands of an influence of IgA on the synthesis
of SC. Moreover, it is claimed that some unidentified cells in lymphoid organs

such as bone marrow, spleen and lymph nodes are able to produce SC (Lai A
Fat et al. 1974).
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FIG. 10. Schematic representation of glandular transport of secretory IgA as proposed by
various research groups. The six models depicted are discussed in the text.

In the first model proposed for the glandular secretion of IgA (Tomasi et al.
1965; South et al. 1966) it was envisioned that the SC-producing epithelial cell
mediated the immunoglobulin transport, and that the union of two IgA
monomers took place by intracellular complexing with SC (Fig. 10a). The
IgA monomers were thought to be produced by local plasma cells, but a
contribution from serum was not excluded. It was not clear whether the
epithelial transport was active, or whether it depended on high concentrations
of locally formed IgA. This model was recently supported by Shiner & Ballard
(1973) using commercial immunofluorescent antibodies to 7S IgA, 118 IgA and
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SC. However, their results are questionable since the reagents obviously did
not discriminate between monomeric and dimeric IgA, nor between free and
bound SC.

Heremans & Crabbé (1967) challenged the view that IgA follows an intra-
cellular route through the epithelium. They felt that the apical IgA fluorescence
seen in intestinal glands should be ascribed to adsorbed mucus rather than to
cytoplasmic IgA. On the other hand, they stressed the localization of IgA in
epithelial interstices and proposed that most intestinal IgA diffuses between the
epithelial cells into the gut lumen where complexing with SC takes place (Fig.
105).

A direct passage of IgA into the lumen would be restricted by the apical
tight junctions between the epithelial cells. Tomasi and co-workers (Tourville
et al. 1969; Tourville & Tomasi 1969; Franklin et al. 1973) have therefore
maintained the view that IgA combines with SC in the epithelial interstices;
most of the complexes then enter the glandular cell and are subsequently ex-
truded into the lumen (Fig. 10c). This model raises many questions. Why
should the basement membrane selectively allow IgA (and IgM) to diffuse into
the epithelial interstices? Why is SC usually undetectable in sera of hypo-
gammaglobulinaemic individuals (Brandtzaeg 19715) if it is regularly secreted
into the intercellular spaces? Why do the secretory IgA molecules go into the
epithelial cell? These authors (Tourville et al. 1969; Tourville & Tomasi 1969)
have moreover claimed that the mucous-type glandular cell is especially active
in the production of SC, but it is not clear how this fits into their transport
model.

Allen et al. (1973) tried to follow the intestinal secretion of IgA in pigs at the
ultrastructural level. They suggested that pseudopodia from plasma cells
adjacent to the glands are sloughed off as vesicles which cross the basement
membrane into the epithelial interstices and thereafter enter the columnar cells
(Fig. 10d). In this way IgA could be protected during the entire external
transfer. After release into the gut lumen IgA combines with SC, which also
according to the latter authors is derived mainly from goblet cells. The
ultrastructural localization of IgA and SC in human intestinal epithelium does
not agree with these findings (Brown et al. 1975), and the proposed model
cannot explain the transport of IgA by glands lying at a considerable distance
from the IgA-producing cells (Fig. 8, p. 94).

The recent immunchistochemical study of Poger & Lamm (1974) agrees to
some extent with our findings. Firstly, the serous secretory epithelial cell is
identified as the major source of SC. Secondly, when IgA is transported
through this cell, free SC is present in the Golgi zone, whereas the bound
component occurs in the apical part of the cytoplasm. Since no indication of
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membrane-associated SC was obtained, their observations were interpreted
(Lamm 1976) to suggest that the assembly of secretory IgA takes place inside
the epithelial cell after the fusion of pinocytotic and SC-containing Golgi
vesicles (Fig. 10e).

If the epithelial uptake of IgA occurred as a “fluid’ or ‘bulk’ pinocytosis, the
latter model would not easily explain the selectivity in the transport. One
possibility mentioned by Lamm (1976) is that SC protects IgA against degra-
dation by intracellular enzymes, whereas IgG and other proteins included in the
pinocytotic vesicle are degraded. Even fragments of IgG should retain some
antigenicity, however, and the complete lack of cytoplasmic IgG staining in
glandular epithelia (see previous section, p. 89) speaks against an entry of this
protein into intact secretory cells. Thus, a selection of IgA most likely takes
place at the epithelial cell membrane by means of a receptor. According to
our transport model this receptor is specific for J-chain-containing IgA and
IgM (Fig. 1, p. 79). Receptor-substrate complexes formed on the cell surface
are either taken up by adsorptive pinocytosis or may float in the membrane and
reach the gland lumen without entering the cytoplasm (broken arrow in Fig.
10f). Which route is preferred may depend on the cellular distribution of SC,
which apparently varies among different glands (Fig. 8). Although there is no
formal proof demonstrating the identity of the epithelial receptor with SC,
circumstantial evidence is accumulating to support our view. Heremans
(1974) in his recent review also favoured a similar model for the transport of
IgA.

Some authors argue against a participation of SC in glandular immuno-
globulin transport (Weicker & Underdown 1975) by referring to the lack of
in vivo (Newcomb & Ishizaka 1970) and in vitro association between SC and
IgE (P. Brandtzaeg, unpublished data). This argument is not valid, however,
since the previous assumption of selectivity in the secretion of IgE comparable
to that of IgA does not hold true (Nakajima et al. 1975); a relative enrichment
of IgE in some exocrine fluids compared with serum apparently depends on
local synthesis combined with passive diffusion through epithelial interstices.
The function of SC has further been confused by the recent suggestion that it
may act as a vy-glutamyltransferase; a possible involvement of this enzyme
activity in the glandular transport or function of secretory IgA has been
discussed (Binkley & Wiesemann 1975). However, we have distinctly separated
the y-glutamyltransferase activity of colostrum from SC and secretory IgA
(P. Brandtzaeg & A. Winsnes, unpublished data). In our opinion, therefore,
the only established activity of SC is to complex spontaneously with J-chain-
containing IgA and IgM by specific non-covalent interactions. This property
is certainly compatible with its proposed receptor function.
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GLANDULAR IMMUNOGLOBULIN TRANSPORT IN DISEASE

A defect in glandular immunoglobulin transport has not been convincingly
shown to be a primary cause of intestinal disease. The SC pattern of duodenal
and jejunal mucosa from patients with coeliac disease (Fig. 11d) mimics that
of the normal colon, and signs of intracellular IgA and IgM transport are seen
along the entire hypertrophied crypts (Fig. 11b,c). We do not agree with
Shiner & Ballard (1973) who claimed that there is a marked ‘backflow’ of
secretory IgA into the lamina propria in this disease. In our hands the usual
epithelial distribution of SC and IgA is found (Fig. 94-f). The same holds
true for normal-appearing glandular epithelium in ulcerative colitis and
Crohn’s disease, where SC may be present to the very brink of the ulceration
(Fig. 12a-¢). However, pathological epithelium may contain reduced amounts
of SC, and there seems to be a parallel decrease (Fig. 12d,e) and sometimes
complete lack (Fig. 12f,g) of intracellular IgA and IgM transport. Green &
Fox (1975) and Das et al. (1975) have likewise reported altered SC distribution
in Crohn’s disease and idiopathic proctitis. These findings must be ascribed
to localized secondary events, and no significant overall reduction of SC
synthesis is shown when mucosal specimens from various intestinal diseases
are cultured in vitro (McClelland et al. 1976).

A few reports have recently appeared indicating deficient SC synthesis as the
primary cause of disease. A 52-year-old male (Krakauver er al. 1975) and a
15-year-old boy (Strober et al. 1976) with severe diarrhoea were found to have
normal levels of serum immunoglobulins including IgA, but secretory IgA and
SC were virtually undetectable in saliva and intestinal fluid. Moreover, the
intestinal mucosa of the latter patient showed only negligible IgA production

-—

FiG. 11. Immunohistochemical localization of immunoglobulins and SC in directly fixed
(a-d) and saline-extracted (e-#) specimens of jejunal mucosa from an adult with coeliac disease.
Single tracing with rhodamine conjugates in serial sections: (a) IgG; (b) IgM; (¢) IgA; and
(d) SC. The extracellular concentration of IgG is high as usual, but in coeliac disease with
intensified local immune responses large amounts of extracellular IgA are also present in
lamina propria and obscure the visualization of numerous IgA immunocytes. Extracellular
IgM is less abundant, and most IgM cells can be discerned. Hypertrophied crypts produce
SC along their entire length, and also cells lining the surface show some SC staining.
The epithelial distribution of IgA parallels that of SC. Small amounts of cytoplasmic IgM
can likewise be seen in the crypt epithelium, whereas faint IgG staining seems to be restricted
to epithelial interstices. Double tracing of: (e) ‘red’ IgG and (f) ‘green’ IgA (same field); and
of: (¢) ‘red’ IgM and (#) ‘green’ IgA (same field). Extracellular immunoglobulins have been
removed from lamina propria by the extraction procedure, and immunocytes of all classes are
clearly revealed against the dark background. IgG has also been completely removed from
lateral and basal borders of cryptcells (C) ,whereas some IgA and IgM seems to be retained
along the epithelial cell membranes (arrows). Magnification: (a-d) x 80; (e-h) X< 190.
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FiG. 12. Immunohistochemical localization of epithelial IgA and SC in inflammatory bowel
disease. (a-c) Double tracing of ‘green’ lactoferrin and ‘red’ SC in rectal mucosa of patient
with ulcerative colitis shown by selective filtration of green (a) and red (c¢) fluorescence and
double exposure (b) in same field. Note that there is a normal distribution of SC almost to the
brink of the ulceration, which appears as an accumulation of lactoferrin-containing neutrophilic
granulocytes. (d, e) Tracing of IgA (d) and SC (e) in comparable fields from neighbouring
sections of large bowel mucosa of a patient with Crohn’s disease of colon. The pathological
epithelium shows highly varying content of SC, and there are parallel variations in the
epithelial distribution of IgA. (f, g) Double tracing of ‘green’ IgA and ‘red’ IgG in saline-
extracted specimen from the colon of a patient with ulcerative colitis shown by double ex-
posure (f) and selective filtration of green fluorescence (g) in same field. Examples of identical
positions in the two pictures are indicated by arrows. Note that the crypt epithelium to the
left of the lumen (L) apparently shows a normal distribution of IgA in columnar cells, whereas
there is no intracellular immunoglobulin in the pathological epithelium facing the dense
1gG-cell infiltrate to the right. Magnification: (a-¢) X 100; (f, g) X 240.
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in tissue culture. A common feature was a 20-fold increase of the IgM con-
centration in jejunal aspirates, indicating normal epithelial transport combined
with enhanced local synthesis. A maturation defect of B cell blasts being
seeded into the mucosa might explain the fact that intestinal IgA production
apparently was replaced by IgM. According to our proposed glandular
transport model, however, IgM should not be transmitted to the gut lumen
without the participation of SC. Lack of SC synthesis in the two patients was
not directly shown by immunohistochemistry or tissue culture techniques,
neither was any attempt made to demonstrate SC bound to IgM in the in-
testinal fluid. Critical definition of these important points in such rare patients
would be invaluable for the understanding of mucosal immunity.

A primary defect in SC-synthesizing capacity has been proposed as a possible
cause of the sudden-infant-death syndrome (Ogra et al. 1975). Decreased
amounts of SC were found in mucosal tissue extracts and sections from most
of eight patients studied. The authors speculated that this deficiency might
have jeopardized the respiratory mucosal defence. However, it was not excluded
that a defect in SC production could be secondary to a recent virus infection
of the epithelium. Williams et al. (1976) detected SC in submandibular gland
extracts from all of ten such patients. A primary SC deficiency therefore seems
unlikely as a general aetiological factor in this syndrome.

BIOLOGICAL IMPLICATIONS OF SELECTIVE GLANDULAR IMMUNOGLOBULIN
TRANSPORT

It may be conceived that a normal immunological homeostasis is maintained
in the intestinal mucosa through a critical balance between the various immu-
noglobulin classes. Polymeric IgA and IgM act as a first line of defence by
immunological antigen exclusion at the mucosal surface. Antigens by-passing
this exclusion mechanism may meet corresponding antibodies of all the three
major immunoglobulin classes in the lamina propria. IgM and IgG are able to
activate complement and IgG may participate in antibody-dependent cell-
mediated cytotoxicity, but adverse reactions are normally most likely moderated
within the mucosa by blocking antibody activities of IgA, which lacks phlogistic
properties.

The initial phase of an intestinal immune response is characterized by in-
creased synthesis and external transport of IgM and IgA. When noxious in-
fluences are counterbalanced by such a response, only moderate and reversible
alterations of the local immunological homeostasis take place. An example
is probably seen in coeliac disease; a pronounced mucosal IgM and IgA
response develops but also a disproportionately increased local formation of
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IgG, which indeed may be responsible for a considerable fraction of the gluten
antibodies (Brandtzaeg & Baklien 1976). Since IgG is not actively transferred
to the body exterior, antibodies of this class are of little value in the immuno-
logical exclusion of antigens and may rather have adverse effects within the
mucosa.

Persistent and excessive stimulation of the intestinal B cell system leads to a
pronounced local overproduction of IgG, as seen in ulcerative colitis and
Crohn’s disease (see Brandtzaeg & Baklien 1976), and the immunological
homeostasis is severely altered. Antigens gain increased access to the lamina
propria through epithelial breaks and because of defective external transport
of SC-stabilized secretory IgA and IgM by injured epithelium. The IgG-cell
response will be maintained and intensified by a continuous exposure of the
interior of the body to a massive antigen load.
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Discussion

Cebra: You suggested that secretory component may be a membrane com-
ponent of the epithelial cells and be found on their basal borders. Have you
any idea about the selectivity of secretory component as a receptor explaining
differences in the concentrations of exported Ig? If you compare IgM with
IgA1 and IgA2, are the changes in proportions outside in gut lumen explained
by a difference in specificity?

Brandtzaeg: So far there is no evidence for any difference between IgA1l and
IgA2 dimers in SC binding properties. There is one study indicating binding
of SC to monomeric IgA2 of the genetic variant Am, (=), but that experiment
was done with a large excess of SC obtained from colostral IgA by reduction
(Jerry et al. 1972). The situation was therefore not comparable to the specific,
non-covalent interaction I have discussed.

Cebra: Have you looked at the relative proportions of IgA2 and IgAl cells
in the lamina propria? There is a difference in the proportion of the two
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isotypes in the secretions and in the circulation, and one wonders what the basis
for the difference is.

Brandtzaeg: This information is based on one publication (Grey et al. 1968)
which has not been confirmed, and there are as yet no published cellular studies.

André: You gave evidence of some IgG cells synthesizing J chains. Do these
cells bind secretory component?

Brandtzaeg: The I1gG producers containing J chain do not bind SC, neither
do J-chain-positive IgD cells. The SC-binding site depends on the incorpora-
tion of J chain into IgA or IgM polymers. Apparently J chain is unable to
combine with IgG and IgD. '

Gowans: How firm is the evidence that there is a J-chain specific binding site
for secretory component?

Brandtzaeg: The evidence is two-fold. Firstly, you need the presence of J
chain in the IgM or IgA polymers in order to obtain SC binding. Secondly,
you can block the binding site by means of antibody to J chain. The latter
experiment is difficult to interpret, however, because of the possibility of non-
specific steric hindrance.

Lachmann: When you say you need the J chain, have you taken polymeric
forms of IgM and IgA that are free of J chain and shown they have not bound
secretory piece?

Brandtzaeg: Yes; that was shown in Fig. 2. SC likewise binds only to the
cytoplasm of J-chain-producing IgA and IgM cells when tested on tissue
sections.

Cebra: According to Hanly et al. (1973), there may well be a requirement for
J chain but there seems also to be a second requirement, for the hinge region of
the Fc fragment. They can prepare Fc dimer from IgA2 molecules which fails
to bind SC. One can infer that perhaps one requires the J chain but also a part
of the heavy chain around the hinge.

Brandtzaeg: 1 agree completely, because J chain isolated from polymeric
IgA does not block the binding reaction to any great extent. Also cells con-
taining native free J chain (we call it ‘free’ when it is in an IgG or IgD plasma
cell) do not bind secretory component, so free J chain apparently has very low
affinity for the secretory component. The Fc portion of Ig polymers is thus
essential for the SC-binding site. Why it is important is not known. Is it
because of the conformation of the heavy chains or because of the configuration
of the bound J chains? Our results favour the latter possibility.

Vaerman: It has also been proved by Mach (1970) that dimeric IgA which
was re-formed from reduced IgA and from which J chain had been removed
could not bind.

Gowans: Where precisely do you think the membrane-bound secretory
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component is located? You illustrated a striated pattern which you suggested
might indicate a distribution along the sides of the epithelial cells. However,
another. picture showed basement membrane staining. Do you think the
receptors are arranged on the basement membrane, or on the epithelial cells?

Brandtzaeg: 1 think they are on the plasma membrane, and this is supported
by the work of Huang et al. (1976).

Gowans: Has this ever been demonstrated on suspensions of intestinal
epithelial cells? The epithelium can be readily dissociated into a cell suspension.

Brandtzaeg: We have not been able to produce such cell suspensions with
the capacity to make SC, which would be required for proving the point.

Cebra: Some beautiful studies were made by Kraehenbuhl et al. (1973) using
microperoxidase-labelled Fab anti-secretory component. He used normal
sections and looked at the epithelial cells, and found a staining of the whole cell
membrane going round into the intercellular space before the tight junction.
This distribution of SC is very much like the one that Rodewald (1975) finds
for Fc receptors on the absorptive epithelium in the neonatal rat.

Brandtzaeg: As I mentioned (p. 95), Kraehenbuhl ef al. (1975) also showed
that SC but not IgA is present in the Golgi complex in rabbit mammary gland
cells. - The same sort of findings as you mention have been made by Brown
et al. (1975) showing a plasma membrane localization of IgA plus SC, in
human gut sections examined electron microscopically.

. Gowans: Can you really tell that it is on the surface in sections?

Cebra: This technique uses thick sections which are ‘marinated’ in the
Fab-microperoxidase and then cut into ultra-thin sections.

' Brandtzaeg: 1 agree that the final proof of a model such as I have been
suggesting must be obtained on cells in suspension. The first step in this
direction is the studies reported by Huang et al. (1976). I hope that they will
do further experiments on cultivated colon cancer cells.

Evans: With the Sainte-Marie technique you could lose up to 509 of
antigenic activity of IgG, especially if it is at an extracellular site. Scott (1976)
found that with jejunal biopsies which had been washed for up to two days in
phosphate-buffered saline and then sectioned as frozen sections, IgG was often
still present in the stroma.

Brandtzaeg: 1t depends on the techmque and on the type of tissue. The
dimensions of ‘the tissue piece in one direction must not exceed 2-3 mm if one
is to get rid of the diffusible proteins. But our slides show a satisfactory absence
of background staining for IgG.

'Evans: This might be denaturation. Have you tried it with frozen sections?

Brandtzaeg: Why is it not denatured in the plasma cells, then?

- Evans: It may be much easier to denature material at an extracellular site.
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Brandtzaeg: 1 have doubts about frozen sections in relation to the specificity
of extracellular staining.

Evans: The specificity control I used was the same as one usually uses in
such studies, namely absorption and blocking studies.

Brandtzaeg: 1 cannot answer your question but I doubt that one will have
pronounced denaturation at 4 °C in our washing process, and the alcohol
procedure is the same as for the directly fixed material. The fact that diffuse
background staining is present, despite a 48-hour washing of tissue pieces that
were too big, speaks against extracellular denaturation of Ig.

Vaerman: 1 was struck by the lack of IgG staining between the epithelial
cells. Andersen ef al. (1963) claimed that the gut was an important site of IgG
catabolism. This suggests that some IgG reaches the gut lumen. I am surprised
then to find no IgG staining, especially in view of the high concentration of IgG
in the extracellular fluid. This implies that if there is some IgG there, it is very
quickly removed from the spaces between the epithelial cells by an unknown
mechanism.

Brandrzaeg: Our directly fixed material indicates that there is some inter-
cellular staining of IgG in the crypts, and especially in all types of surface
epithelium, like the tips of the villi and the surface of the colon. It depends on
the type of epithelium: in the Brunner’s glands and salivary glands the epithelium
seems to be very tightly packed, because there we hardly see any IgG staining,
while it is easily seen in columnar surface epithelia. Normally IgG is not
present in the cytoplasm of epithelial cells.

Ferguson: You touched on the technical problems of fluorescence staining
related to extracellular fluid. Do you think that when there is extravascular
staining with anti-immunoglobulin and anti-complement conjugates (on the
basement membrane or elsewhere), this can be taken to imply the presence of
immune complexes? I am thinking in the context of mucosal appearances in
coeliac disease, Crohn’s disease and ulcerative colitis.

Brandtzaeg: We find extravascular immunoglobulins of all classes and also
extravascular complement factors (Baklien & Brandtzaeg 1974), but whether
they are present in complexes, I do not know. One can’t tell from tissue sections.

Porter: Allen and I showed that IgA was transported in vesicles (Allen e?
al. 1973). This particular vesiculation takes place outside the epithelial cell.
We showed the vesicles within the intercellular channels. Our model includes
the pushing of a pseudopodium from the plasma cell into the intercellular space,
Would you feel that in the transport of this vesicle, secretory component is
necessary?

Brandtzaeg: Let me first ask you whether you still feel that there are vesicula-
tions from the plasma cell going into the interstices.
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Porter: We have seen these inside and outside the epithelial cell, within the
intercellular channel.

Brandtzaeg: How thenis IgA transported considerable distances from plasma
cells to epithelium, if it depends on such vesicles?

Porter: 1 agree that free IgA may be transported by transudation on to the
secretory component. My question is whether you feel that the secretory
component would be a necessary receptor in terms of transporting that vesicle.

Brandtzaeg: 1 have no idea about these vesicles because I am not working at
the ultrastructural level, but in the study of Brown et al. (1975) such vesicles
were not found.

Lachmann: Can one conclude that there seems to be some difference of
opinion on whether secretory piece, either bound on cell membranes or free in
solution, acts as a receptor for IgA? We have been told that secretory piece
occurs on the membranes of epithelial cells and picks up material, presumably
either directly from a plasma cell, or from solution. But on the other hand
there seems to be no good evidence that secretory piece is an important receptor
for localizing IgA-forming cells in the lamina propria. If the secretory piece is
not the receptor responsible, is the IgA itself the identifying molecule? There
would seem to be no convincing evidence for this either.
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Abstract Ingestion of Escherichia coli O83 bacteria by adults resulted in a
transient irregular colonization leading to a serum antibody response in only
four out of 14 cases examined. In all of three pregnant women, however, IgA
antibodies against E. coli O83 antigen were released from colostral cells after
similar bacterial ingestion although no serum antibody response was noted. The
findings indicate a link between the antigenic exposure of the gut and secretory
antibodies of the IgA class, presumably locally formed in the mammary gland.

Antibodies of the secretory IgA class registered in colostrum may, at least
partly, reflect the antigenic exposure of the gut. These antibodies are probably
important in protecting against E. coli infections in the neonate, as suggested by
the findings of antibodies in human milk against O and K antigens of non-
enteropathogenic as well as enteropathogenic serotypes of E. coli. Furthermore,
in milk of women from low socio-economic groups in Pakistan, neutralizing
antibodies were present against enterotoxins of E. coli bacteria and occasionally
against Vibrio cholerae enterotoxins.

In addition, secretory IgA antibodies against food proteins were detected in
human milk. This suggests that intestinal exposure to such antigens could
stimulate a local immune response in the gut resulting in triggered lymphoid
cells homing to the mammary gland. These human milk secretory IgA antibodies
against bovine milk proteins may help to prevent cow’s milk allergy in infants on
mixed feeding, since these infants tend to have a lower serum antibody response
to cow’s milk proteins than infants fed mostly artificially. Furthermore, children
suffering from cow’s milk protein intolerance and gluten enteropathy may have
higher serum levels of antibody to cow’s milk protein antigens than normal
children, possibly reflecting increased permeability of the intestinal mucosa for
various antigens.

Intestinal exposure to antigens has been found to stimulate the immunological
system in man as well as in animals (see Crabbé er al. 1970; Lodinova et al.
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1973; Sagie et al. 1974). The resulting immune response, mostly registered as
an increase in antibody titre, may be local as well as systemic.

Immunity resulting from intestinal exposure to microbial antigens appears to
be important in the body’s defence against enteric infections. A protective role
of acquired local immunity has been demonstrated in cholera where antibac-
terial as well as anti-enterotoxin antibodies have been found to be effective
(Fubara & Freter 1973; Holmgren ef al. 1975). Protection mediated by local
antibodies against other enteric organisms such as Escherichia coli, Salmonella
and Shigella has also been indicated (reviewed by Gerrard 1974 and Hanson
et al. 1976a). Local immunity in the form of secretory IgA antibodies not only
provides protection against mucosal adhesion of bacteria or toxins, but may
also protect the mucosa from contact with potential allergens such as food pro-
teins (Walker et al. 1972, 1974b, 1975; Soothill 1974, 1976). Furthermore, the
local antibodies can serve a regulatory role with regard to their continued
synthesis by abrogating further antigenic contact with the lymphoid cells in
the gut mucosa (Fubara & Freter 1973; Walker ef al. 1972, 1974b). Recent
observations suggest a close relation between antigenic stimulation in the gut
and the appearance of secretory IgA antibodies in the mammary secretion
(Allardyce et al. 1974; Goldblum et al. 1975; Montgomery et al. 1974). This
paper surveys studies of the relationship between the systemic serum antibody
response and the local responses in the gut and the mammary gland against
enteric microbial antigens and food proteins.

SERUM ANTIBODY RESPONSE AFTER INTESTINAL EXPOSURE TO E. COLI

Colonization of the gut in infants with Escherichia coli O83 bacteria gives
rise to a specific serum antibody response if the E. coli O83 establishes itself
as a resident strain dominating the aerobic faecal flora (Lodinova et al. 1973).
In contrast, we found that if healthy adults were exposed to these bacteria by
the ingestion of two doses, resulting in E. coli O83 as one of many transient
strains in the gut, serum antibody responses were detectable in only four out of
11 individuals (Jodal et al. 1976) (Fig. 1).

Serum antibody responses presumably stimulated from the gut in healthy
children as well as in adults may vary with the bacterial antigens involved.
Thus, the anti-E. coli O6 serum antibody levels are lower than those against
E. coli 02, O4 and O75 (Table 1) (Ahlstedt & Jodal 1976; Jodal et al. 1976).
Yet the virulence of these bacteria of various types may be similar, as suggested
by their relative frequency in urinary tract infections and in faecal flora
(Griineberg et al. 1968; K. Lincoln & G. Lidin-Janson, personal communica-
tion). Thus a tolerogenic effect of the O6 antigen, as previously observed in
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Fi1G. 1. The antibody titre (ASP) (—e —) and the antibody avidity (Ko) (— © —) to the
E. coli 083 antigen in four healthy adults (e—d) after ingestion of the bacteria. Two ingestion
times are indicated (1).

TABLE 1

Mean serum antibody titre against E. coli O antigens, determined with the ASP technique

Antibody titre against

02 04 06 075 083
Children 54¢ 47° 35 46 not done
Adults 40° 40° 26 402 22

@ Differs significantly from 06 (P < 0.05).
b Differs significantly from 06 and 083 (P < 0.01).

parenterally immunized mice (Ahlstedt ef al. 1973), might possibly explain the
lower anti-O6 titres observed.

MILK ANTIBODY RESPONSE AFTER INTESTINAL EXPOSURE TO E. COLI

Microbial antigens induce a local response in the gut demonstrable as IgA
coproantibodies (Crabbé et al. 1970; Holmgren et al. 1975; Lodinova et al.
1973). Such a response is difficult to study, because of the problems of
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obtaining representative material and the risk of enzymic degradation, even
though laborious experimental systems have recently been successfully applied
(e.g. Svennerholm & Holmgren 1976; Pierce & Sack 1976; Walker e al.
1974a). We have studied the link between the antigenic exposure of the gut and
antibody release from the mammary gland. The results indicate a close
relationship between the intestinal antigenic stimulation and the antibodies in
the mammary secretion {(Goldblum et a/. 1975). This prompted us to study in
greater detail lymphoid cells and antibodies in the human milk as a reflection
of the maternal gut immunity.

Human milk contains considerable numbers of lymphoid cells, up to 8%, of
which secrete IgA antibodies to E. coli O antigens as detected with the plaque
haemolysis-in-gel technique (Ahlstedt ef al. 1975). This high frequency of cells
producing antibodies against only one group of antigens present in the gut
suggests that they may represent a rather selective lymphoid cell population.
The triggering of this cell population may occur within the intestinal tract.
Thus three pregnant women ingested bacteria of the harmless E. coli 083
strain used in about 200 neonates by Lodinova et al. (1973). One or two
ingestions by the women of 10° bacteria resulted within a few days in strikingly
high numbers of cells in their milk which formed antibodies against the 083
antigen (Fig. 2). Actually, between 0.1 and 19 of the milk cells formed anti-
083 antibodies, again indicating that the cells recorded belong to a selective
cell population forming antibodies against enterobacterial antigens present in
the gastrointestinal tract. Since we did not see any corresponding serum anti-
body response it is not likely that the local antibody response was due to the
transport of antigen from the gut to the mammary gland. Therefore we favour
the hypothesis that the observed IgA-producing cells were antigenically
triggered in the Peyer’s patches and then homed to the mammary gland. This
is in accordance with the findings of Craig & Cebra (1971) that cells from the
Peyer’s patches can repopulate the intestinal mucosa of irradiated animals
with IgA-producing lymphoid cells. It is also in agreement with the recent
demonstration by Pierce & Sack (1976) that lymphoid cells containing antibodies
against an antigen used for peroral immunization can be found in the thoracic
duct lymph.

Human milk contains high levels of antibodies against many enterobacterial
antigens. Thus Gindrat et al. (1972) found antibodies against numerous E. coli
O antigens. Using the enzyme-linked immunosorbent assay (ELISA), we
found such antibodies to be predominantly of the secretory IgA type, although
IgG and IgM were also demonstrated (Ahlstedt et al. 1975).

Analysis of antibodies in milk from well-nourished healthy Swedish mothers
and undernourished Pakistani mothers showed quite similar antibody levels to
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FiG. 2. Antibody-forming cells registered as plaques in colostrum samples from three women
after ingestion of E. coli 083 bacteria. — e —, antibodies against the O83 antigen. --0 - -,
antibodies against a pool of O antigens from the eight most frequent strains occurring in
urinary tract infections. (a), (b)) and (c) show the responses of the different women. (From
Goldblum et al. (1975), by permission of the Editor of Nature.)

E. coli O antigens. This was noted regardless of whether a pool of the Swedish
or Pakistani E. coli O antigens was used in the assays (Carlsson ez al. 1976).
Thus the finding that individuals suffering from protein calorie malnutrition
are deficient in their secretory immune response (Sirisinha et al. 1974) could not
be confirmed by studying the mammary gland secretion. There were indica-
tions, however, that the milk volumes were smaller from the undernourished
Pakistani mothers than from the healthy Swedish mothers, resulting in a
smaller output of the antibodies. In the Pakistani milk samples we also
consistently found antibodies against the O antigens of enteropathogenic E.
coli bacteria while such antibodies were less common in milk from Swedish
mothers (Table 2).

Antibodies against the important virulence antigens of the capsule (K) of the
E. coli bacteria are commonly present in the milk (Table 3 and Hanson ez al.
1976a; Carlsson et al., in manuscript). Of particular interest is the almost



ANTIBODIES INDUCED BY ENTEROBACTERIA AND FOOD PROTEINS 121

TABLE 2

Milk antibody levels to enteropathogenic E. coli in Pakistani and Swedish mothers, measured
with the enzyme-linked immunoabsorbent assay (ELISA)

Determined Pakistani mothers Swedish mothers

with antiserum  (n = 13) (n = 20) P
against i Range ¥ Range

IgA 19.1 5.6-70.6 5.7 2.9-13.7 < 0.01
SCe 27.1 0 -79.8 33 0 -22.3 < 0.01
igG 0.8 0 -42 0.2 0 - 1.8 N.S.
igM 2.9 0 -17.5 0 0 N.S.

2 8C, secretory component.

TABLE 3

Antibodies to E. coli K antigens: ratio of antibody levels in milk/serum

X Range n
Kl 3.36 0.48—- 8.9 13
K3 4.70 0.98-15.3 13
K6 2.87 1.18- 6.7 12
K13 4.27 1.38-14.3 10
K52 2.68 0.97- 6.73 13

consistent presence of anti-K 1 antibodies (Table 3) in spite of the previously
shown poor immunogenicity of the K1 antigen (Kaijser er al. 1973). Since
this K1 antigen has been found in 84 % of the E. coli strains causing neonatal
meningitis (Robbins er al. 1974), the presence of such antibodies may be of
particular significance during the neonatal period.

Another antibody activity in human milk of potential biological importance
is directed against the enterotoxins of E. coli and Vibrio cholerae. Striking
differences were noticed between the milk specimens of Pakistani and Swedish
women with regard to neutralizing activity against E. coli enterotoxin. This
was tested with the adrenal cell morphology assay (Donta et al. 1974) using
a few (2-5) minimal effective doses of enterotoxins and the milk samples diluted
1:50 to avoid non-specific cell reactions. Most of the Pakistani milk samples
neutralized the enterotoxin of two different E. coli strains, whereas only a
single Swedish milk sample had a partial neutralizing effect (Table 4). It seems
likely that this difference reflects a more frequent intestinal exposure to entero-
toxigenic E. coli of t