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The mucosal immune system in health and disease,
with an emphasis on parasitic infection

R. A. ALLARDYCE' & J. BIENENSTOCK2

This article briefly describes the network of immunity involving selected
humoral and cellular elements shared between mucosal surfaces that are both
exposed to and remote from antigen challenge. The mechanisms promoting the
production, concentration, and secretion ofspecific antibody isotypes, as well as the
migration and localization of various lymphoid cellpopulations, have been discussed
with regard to host mucosal protection against pathogenic agents and other poten-
tially harmful macromolecules.

Although certain aspects of the mucosal immune system may be viewed as
separate from the systemic immune system, they are not exclusively so. We have
drawn attention to their interactions with systemic immune reactants and other, non-
immunological, cellular and humoral constituents of mucosal surfaces and tissues
such as the liver. At another level of interaction we have considered the teleological
translation of host defence and immunoregulation from one generation to the next
through the medium of colostrum and breast milk.

The manipulation of the mucosal immune system in order to enhance host resist-
ance, modulate autoimmune and allergic systemic reactivity, or even modifyfertility
holds great promise. Achievement of these goals depends on gaining further insight
into the mechanisms that contribute to mucosal immunity and their interactions with
the systemic immune system. Much of our current knowledge is based upon experi-
mental animal models or human populations living in relative prosperity. However,
the results of oral vaccination, for example, are known to differ considerably in
populations that sufferfrom parasitic infestations, lack adequate nutrition, and are
very old or very young. We have chosen to focus attention on these groups because
they constitute a large proportion of the world's population and because mucosal
infections are a common cause of illness and death among them.

Lastly, the recent discovery that immune deficiencies due to insufficient dietary
zinc may extend to subsequent generations ofoptimally nourished offspring callsfor
a re-evaluation of immunization protocols in malnourished populations, and of our
current understanding of disease inheritance and susceptibility.

THE MUCOSAL IMMUNE SYSTEMa

Resistance to many respiratory and intestinal infections is better correlated with the
presence of specific antibodies in mucosal secretions than with those in serum. Similar
generalizations hold true for the mucosal surface of the nose, the salivary, lacrimal, and
mammary glands, and the female reproductive tract, where, as in the gut and upper
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respiratory tract, IgA is the predominant immunoglobulin isotype (class). It is the site-
specific defence and regulatory roles of IgA, in conjunction with its local synthesis, trans-
port and secretion, that sets mucosal immunity apart from systemic immunity (1-4).
Despite this correlation between resistance and IgA antibody, the cause-and-effect
relationships have never been conclusively proved (4). It is important therefore to keep in
mind the possibility, when thinking about mucosal immunity, that additional factors such
as cellular mechanisms and non-specific humoral factors in secretions may all play a
significant role in protection.
As will be discussed later, the selective patterns of lymphocyte migration and localization

between mucosal tissues suggest that it may be possible to immunize mucosal tissues distant
from the site to which antigen is presented. The factors that regulate this localization
depend on many mechanisms including the presence of antigen (5, 6). Similarly, mouse
MLN B lymphoblasts become selectively localized, under hormonal control, in the breast
and uterine cervix where they predominantly produce IgA (1, 7). In mice that had been fed
with ferritin, IgA antibody-containing cells (of presumed MLN origin) were found in the
gut, lung, and mammary and parotid glands (8). However, once inflammation is induced
in a mucosal tissue, the pattern of cellular traffic and localization changes and a systemic
type of response supervenes at that site. This general concept of a common mucosal
immunological system or network may not only apply to cellular traffic, but also extends to
the selective mucosal localization of intravascular dimeric (IgA)2 synthesized at distant
sites (9).

Roles of IgA

Two major roles have been attributed to IgA (9). The first involves host defence against
invasion and infection by microorganisms. The second relates to the clearance and
regulation of immune responses to dietary and environmental antigens that may gain
access across the various mucosal surfaces (2).
The composition of IgA in mucosal tissues differs from the circulating monomeric form

produced in the systemic lymphoid tissues or bone marrow. Dimeric (IgA)2, associated
with a relatively short, joining or "J" polypeptide chain, is produced by plasma cells in the
mucosal lamina propria and transported onto the mucosal surface by one of two means.
Locally diffusing IgA is transported in vesicles across mucosal columnar epithelial cells and
secreted by exocytosis into the intestinal lumen after complexing with a membrane-
associated secretory component (SC) displayed on the surface of epithelial cells. Alter-
natively, dimeric (IgA)2 may enter the intestinal lumen indirectly from the circulation via
the bile. In many animals, hepatic parenchymal cells display surface SC and transport
dimeric (IgA)2, after SC complexing, into their biliary systems (1). The secretory
components of monomeric IgA and dimeric (IgA)2 are not transported to the bile. The
extent of (IgA)2 transport by this route in man is not yet certain.

Secretory IgA is highly resistant to the activity of most proteolytic enzymes and so is well
adapted for activity in a hostile environment. For example, much of the secretory IgA in
breast milk can be found intact in the baby's stools. However, several bacterial species
secrete enzymes that specifically degrade only the IgAl subclass. This IgAl protease is
associated with pathogenicity of several Neisseria and streptococcal strains (2). Since in
mucosal secretions the IgA2 subclass is concentrated relative to serum and is resistant to
this proteolytic activity, the observed association between pathogenicity and the ability to
synthesize IgAl protease is difficult to explain.

Epithelia, such as that of the gut, do not constitute complete barriers to the environment.
Antigens in food, as well as viruses, bacteria, and particles of starch (< 25 ytm) and even
asbestos (> 90 ,m) may be found in free or complexed form in the circulation following
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ingestion (10). Moreover, the infectivity of many bacterial pathogens is related to their
adherence to mucosal surfaces. Secretory IgA, present as a result of any of the mechanisms
discussed or by passive transfer, effectively blocks both bacterial adherence and antigen
association with enterocyte membranes, thereby reducing or eliminating mucosal pen-
etration (2).

Similarly, viruses such as rotavirus, parainfluenza virus, rhinovirus, adenovirus, and
respiratory syncytial virus colonize mucosal surfaces and produce disease locally with little
or no systemic spread. Secretory IgA antibody levels correlate with protection, possibly
due to viral neutralization, more closely than do serum antiviral antibody titres and may
prevent the mucosal carrier state of viruses such as human poliovirus (2).

Secretory IgA also excludes the transmucosal entry of many chemicals, bacterial by-
products, and inhaled and ingested materials of all kinds, including potential carcinogens
that contact mucosal surfaces. The effectiveness of the immunized gut and lung to exclude
antigens, to increase goblet cell mucus secretion, and to enhance local antigen retention and
breakdown by intestinal and pancreatic enzymes has been demonstrated (11).

Several other related, but non-immunological, factors may also contribute to mucosal
defence. These include intestinal peristalsis, the establishment of indigenous (non-patho-
genic) flora, as well as synergistic defence mechanisms involving secretory products (such
as lysozyme, lactoferrin, and peroxidase) that are found in quantity in all mucosal
secretions (2).
Once the epithelial barrier is breached, antigen passing through the mucosa may form

complexes with specific (IgA)2 and be either secreted directly through the gut epithelium or
enter the circulation to be transported to other mucosal tissues (e.g., mammary and
salivary glands) or the liver and from there back into the external secretions (Fig. 1).
Whether the (IgA)2-complexed antigen in bile remains antigenic is not known. However,
during and following the First World War (1914-18), Besredka produced effective oral
immunization against shigellosis and typhoid in man by using killed organisms in a bile
cocktail. The ox bile that was used may have increased the antigen binding to the bowel
mucosal cells and increased immunogenicity because of its acid-neutralizing and mucolytic
properties (I ).

Other advantages might accrue from the transcellular transportation of dimeric IgA/
antigen complexes. Via the hepatic route, incompletely digested molecules, microbial
products, or other potentially harmful substances may be subjected to additional pro-
teolysis or liver detoxification that could be especially important when their access is
increased in mucosal inflammatory conditions. The uptake of (IgA)2 or its immune
complexes by secretory mucosal tissues may provide passive immunity to remote mucosal
sites or "harmless" antigenic drive to promote local active immunity to current environ-
mental antigens (9). Dimeric IgA/antigen complexes might also regulate subsequent
immune reactivity, thereby avoiding systemic immunity or potentially damaging in-
flammatory reactions. In this respect, none of the various molecular forms of IgA fixes
complement by the classical pathway, and there is still discussion whether complement
fixation via the alternate pathway occurs. It also seems clear that the presence of IgA
antibody in serum may interfere with complement fixation by other Ig isotypes.

Increased circulating or localized IgA immune complexes have been associated with
several clinical abnormalities including IgA nephropathy (Berger's disease), Henoch-
Schonlein purpura and dermatitis herpetiformis. It is possible that the persistence and
deposition of IgA/antigen may be associated with defective transport mechanisms. Thus,
dermatitis herpetiformis patients, who are known to have a faulty IgG receptor function,
may have similar problems with IgA, secretory IgA, and secretory IgA/antigen receptors,
since IgA deposition may be due to abnormal clearance and persistence of these complexes
(9, J0).
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Fig. 1. Possible role of IgA (see text, pp. 8-10). Reprinted from Gastroenterology (ref. 9), with permission.

In addition to epithelial cells and hepatocytes, a number of cells that participate in or
regulate immunological and inflammatory reactions possess receptors for IgA and IgA/
antigen complexes including polymorphonuclear leukocytes, monocytes, and lympho-
cytes. Receptors on some lymphocytes bind polymeric IgA and SC, and IgA-immuno-
regulatory T (alpha) cells residing in Peyer's patches and spleen may also possess IgA
receptors (12).
Although secretory IgA does not directly promote phagocytosis, serum IgA has been

shown to activate blood monocyte ADCC (antibody-dependent cellular cytotoxicity) to
bacteria. It remains for a similar effect of secretory IgA on mucosal leukocytes to be
demonstrated. At present, it is unclear whether liver Kupffer cells and other resident
macrophages of the reticuloendothelial system (active in antigen clearance) bear receptors
for IgA as they do for IgG complexes.

Cellular immune aspects

The mucosal presentation of antigen may result in the generation of delayed-type hyper-
sensitivity, cytotoxic T cell effectors, and the production of T cell-derived lymphokines
such as MIF. These observations demonstrate that sensitization of lymphocyte populations
(in addition to those involved in immunoglobulin regulation and production) occurs, and
illustrate their participation in both mucosal and systemic immune reactions.

10



THE MUCOSAL IMMUNE SYSTEM

Generally, lymphoid cells appear to be compartmentalized within mucosal tissues with
regard to their functional properties, phenotypic surface markers, and morphology. B
cells, commonly distributed throughout the lamina propria, are never found in the epi-
thelium. Those lymphocytes distributed superficial to the epithelial basement membrane,
intraepithelial lymphocytes (IEL), tend to be of two types. The majority display surface
antigens that mark them as T cells capable of expressing cytotoxic or suppressor functions.
Morphologically they are small lymphocytes but some 500% contain cytoplasmic meta-
chromatic-staining granules, share some features common to both T cells and mast cells,
and express cytotoxic potential (natural killer, NK). Although most of the studies referred
to here were done with reference to the intestine, all mucosal epithelial structures contain
lymphocytes and it is tempting to speculate that these mucosal similarities extend to the
subtypes and function of epithelial lymphocytes.

In the intestine, the IEL population rises in response to infections and antigen challenge
in sensitized individuals, such as occurs in gluten-sensitive enteropathy (13). Since the
proportion of IEL found in the normal patient is approximately 1 for every 10 epithelial
cells, the mass of lymphoid tissue in the intestinal epithelium alone may be equivalent to the
entire spleen. Furthermore, since these cells are directly in the pathway of antigen which
may cross the epithelial barrier, it may be assumed that their secreted products have some
effect on epithelial cell function (11).
Lymphoid cells other than those containing or secreting immunoglobulin are also found

in the lamina propria. These small lymphocytes have surface characteristics common to T
helper or inducer cells. Functionally, they do not express ADCC or NK activity or suppress
immunoglobulin production, although they may be induced by mitogens to become weakly
cytotoxic (12).

In the normal intestinal lamina propria, such helper cells are balanced by the presence of
functionally active suppressor cells. However, in disease states, as for example inflam-
matory bowel disease, the suppressor population is either reduced in number or func-
tionally diminished in activity.
Macrophages are also found in the intestinal lamina propria. Whether they can present

antigen for priming of immune responses is not known but appears likely. Lastly, it should
be pointed out that epithelial cells possess la antigens so that their role in antigen presen-
tation must be explored, especially since other Ia-bearing non-immune cells (such as endo-
thelial cells) have been shown to be effective initiators of immune responses.

Mucosal lymphoid follicles
These are found in two forms: aggregates and solitary. The aggregates are seen in the

intestine (Peyer's patches or gut-associated lymphoid tissues, GALT) and in the lungs
(bronchus-associated lymphoid tissues, BALT). In both sites their morphology and func-
tion are very similar. They are covered by a specialized lymphoepithelium which selectively
pinocytoses and phagocytoses material from the luminal environment. The follicles are
made up primarily of B cells, most of which are precursors of the IgA line. Helper cells,
especially those promoting IgA synthesis, are found in the follicles. Adoptive transfer
experiments of GALT or BALT cells have led to the conclusion that both sources contain
cells that can repopulate the mucosal tissues, primarily but not exclusively with IgA cells
(1, 6, 12).
At birth or in the germ-free animal these aggregates are low in number and primitive in

morphology. Maturation or conventionalization leads to major expansion of this B cell
pool. It is interesting that at birth there are high numbers (relative to adult life) of IgE-
bearing cells in these tissues and that the majority of these cells also express IgA. The
signals that regulate IgA and IgE in these sites, and their relationship to switch and helper
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factors for either of these immunoglobulins have not been adequately explored to offer
suggestions as to mode of action at present.

Solitary lymphoid follicles are found throughout the lung and gut. They appear to
possess primarily B cells and have an overlying lymphoepithelium with the same selective
sampling propensity as described for the larger mucosal lymphoid aggregates and the bursa
of Fabricius in the chicken. The characterization of these follicles is otherwise incomplete.

Small lymphocytes

Intestinal mucosal small lymphocytes appear to be derived originally from the thymus
and, when isolated from the gut, tend to selectively repopulate the sheep intestine and (to a

lesser extent) the lungs. There is disagreement in the literature about the presence of this
phenomenon in rodents. In contrast, cells derived from peripheral lymph nodes (PLN) do
not normally populate mucosal areas and tend instead to localize in peripheral lymphoid
tissues. This selective cellular traffic pattern in sheep develops by11 weeks after birth but is
not demonstrable while the fetus is in utero. It is thought that exposure to environmental
microorganisms is highly significant in the development of GALT and BALT lymphoid cell
behaviour (1, 3, 4).
When activated, mucosal T cells may affect the functional integrity of the gut epithelium

and the proliferation of crypt cells (11) and contribute to the partial villous atrophy that
occurs in nematode infections in rats or is induced by Trichinella spiralis or Giardia muris
in mice and man (12). Whether similar reactions occur in coeliac disease, tropical sprue, or

dermatitis herpetiformis in man remains an interesting possibility.

T immunoblasts

Mesenteric lymph node and thoracic duct T immunoblasts tend to localize in the lamina
propria and villous epithelium of normal small intestine as well as in the (antigen-free) fetal
gut isografts placed under the kidney capsule. Only if the intestine is markedly inflamed, as
occurs, for example, with T. spiralis in mice, do PLN T blasts localize to any extent in the
intestine. The attraction of PLN T blasts may be related to inflammatory changes in the
vascular endothelium, release of lymphokines, the reactions of polymorphonuclear leuko-
cytes or mast cells, or the products released by damaged gut epithelial cells (11, 12). It is
relevant to question whether those PLN cells that find themselves in the gut mucosa are

then committed to behaving as if they were GALT T cells or whether they retain some of
their systemic immune characteristics. It would be of interest to know their functional
capabilities in their new location for it is possible that a stress-related link between mucosa-
associated lymphoid tissues (MALT) and systemic lymphocytes may be an effective way of
recruiting extra-mucosal defence elements in circumstances of adversity.

The induction of systemic immune tolerance after mucosal challenge

Oral or bronchial challenge with a variety of antigens and sensitizing agents results in
mucosal immunity accompanied by partial or profound systemic unresponsiveness. Oral
tolerance has become known as the Sulzberger-Chase phenomenon although 150 years ago
American Indians are credited with ingesting poison ivy leaves to prevent subsequent
contact dermatitis (6).

Gastrointestinal antigen challenge invariably results in the regulation of systemic
immune responses that are the results of complex interactions between T and B suppressor
cells, macrophages, prostaglandins, antibody formation, the presence of immune com-
plexes, and the persistence of antigen.
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Oral presentation of antigen may not only cause systemic tolerance in so far as antibody
synthesis is concerned, it may also allow suppression of delayed hypersensitivity reactions.
It is important to recognize, however, that once immunity occurs, it is very difficult to
regulate this downwards and produce tolerance. Furthermore, most studies of this
phenomenon have not adequately reviewed the mucosal immune response itself.
The presentation of antigen to the bronchial tract has also been reported to induce

systemic tolerance with regard to both IgE synthesis and contact hypersensitivity. Since
much of the antigen introduced into the lungs is eventually swallowed, the mechanism
of bronchial tolerance is not clear.

It seems self-evident but worth stressing that bacterial and viral components appear to
elicit primarily positive immune responses. It may be that dietary antigens, to which toler-
ance can easily be induced in experimental animals, may act in a similar way in man. The
basis for the differences in capacity to induce positive or negative immune responses is at
present obscure.
Depending on the dose and mode of oral antigen presentation, several mechanisms of

tolerance induction have been described. T cells capable of suppressing IgG and IgM anti-
body at first appear in Peyer's patches and subsequently localize in the mesenteric lymph
nodes and spleen. Cells similarly affecting IgA production are not noted after antigen
challenge although T cell IgE antibody suppressors are found. In addition, after oral
challenge, IgGI antigen-specific antibody may be found in the serum which suppresses
systemic IgG and IgM plaque-forming cells, while macrophage-derived prostaglandin-
induced suppression has also been noted.
The interplay of these suppressive and regulatory mechanisms often results in the sparing

of the systemic immune system and the production of antigen-specific mucosa-derived
immunoregulatory and effector cells, including predominantly IgA-precursor lympho-
blasts, which selectively migrate from the site of antigen challenge to localize in other
mucosal tissues (6). In addition, oligomeric IgA, wherever synthesized, is selectively con-
centrated at distal mucosal sites, and when complexed with antigen this might extend the
antigen-driven proliferation of immunoreactive cells (9). Moreover, macrophages (or
other immunocompetent cells) bearing IgA or immune complexes might selectively localize
in mucosal tissues (as do IgA-bearing lymphocytes from Peyer's patches or mesenteric
lymph nodes). Their role in promotion or regulation of immune responses is unknown.

Regulation of mucosal IgA synthesis and secretion

Prior to specific antigen presentation to the intestinal mucosa, thymus-dependent helper
(T alpha) cells specific for IgA-precursor lymphoblasts are found in Peyer's patches. These
stimulatory cells are capable of migration to the draining mesenteric lymph nodes but
apparently not to the spleen. T cells capable of suppressing IgA production have also been
described in Peyer's patches and spleen (15) before antigen stimulation, but not after oral
antigen challenge when the T alpha helper cells predominate.

In addition, the cleavage of transmembrane secretory component may regulate the rate
of IgA secretion while free or antigen-complexed IgA may control its own synthesis, and
IgA has been shown to regulate SC synthesis in vitro. It is also possible that IgA fragments,
resulting from the action of IgA 1 -protease secreted by Streptococcus sanguis, S. pneu-
moniae, Neisseria gonorrhoeae, and N. meningitidis, as well as Haemophilus influenzae,
may cause a local depression of IgA synthesis, the resultant amount produced being
insufficient to control infection. A more detailed discussion of IgA regulation has recently
been presented elsewhere (9).
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Although IgA responses appear to dominate protective mucosal immune reactivity, in so
far as the B cells are concerned, MALT are not limited to the production of cells engaged
only in IgA-mediated responses. Indeed, one single, shielded Peyer's patch can reconstitute
the lymphoid tissues of an irradiated animal. It has also been shown that the removal of
GALT in rabbits results in a decrease in all circulating immunoglobulins and reduction in
the immune responses to a wide variety of antigens (6).

Adoptive transfer of mesenteric, bronchial, and peripheral lymph node cells suggests
that IgG precursors from mucosally-derived sources do have a tendency to localize in
mucosal tissues, particularly those mucosae from which they have been obtained. It is not
known, however, whether this tendency to selective localization is restricted to IgG-
precursor lymphoblasts that are destined to produce IgG subclasses that have a selective
membrane transport advantage over other immunoglobulins such as that represented by
IgG 1 in ruminant mammary secretions.

Immunization and immunity

Persistent immunization may be achieved in the gastrointestinal tract by the presentation
of antigen orally. Oral challenge is accompanied by a highly regulated mucosal IgA re-
sponse that is often associated with systemic reactions ranging from immunity (in the case
of the Sabin polio vaccine) to partial or complete tolerance. The outcome of mucosal im-
munization depends on the dose of antigen and when the antigen is a replicating agent such
as an attenuated virus or Salmonella typhi mutant strain (16), it appears to be most effec-
tive (see also section on malnutrition, pages 21-22). The chemical nature of the antigen
may be important for bypassing or withstanding the stomach's acid barrier. In this regard,
as well as the efficiency of antigen presentation, the vehicles in which antigens are delivered
may be important. Many substances have been shown to be effective mucosal adjuvants.
The timing of immunization via the gastrointestinal tract and the interval between doses are
of crucial significance in generating optimal responses, since changes in the former in
experimental animals will produce responses ranging from a good mucosal response to
complete systemic unresponsiveness (see below). The propensity of antigen to bind to epi-
thelial cells is also of importance. However, previous exposure to the same antigen or a
cross-reactive antigen may be of as great importance as any of the preceding. For example,
parenteral immunization of Swedish mothers who had not been exposed to cholera led to
virtually no secretory antibody in their breast milk, while previously exposed Pakistani
mothers responded to a similar challenge with marked antibodies in their milk (17). It
appears that the combination of parenteral priming and mucosal challenge often induces
the most long-lasting immunity.

Since the normal healthy intestine presents the largest surface area and the greatest
collection of lymphoid tissue, it seems obvious that oral presentation of antigen is appro-
priate for obtaining the largest number of systemically distributed, primed mucosal
lymphocytes. Indeed, there is a linear correlation between the number of cells transferred
in the experimental situation and the number selectively localized subsequently. Priming of
the mucosal immune response does not occur efficiently by parenteral immunization alone.
Presentation of antigen to a mucosal surface allows priming to occur either in MALT or in
the draining nodes. Since many of the B cells found in MALT are already primed, this
tissue may be primarily an amplification organ for IgA and T memory cells with a commit-
ment to go to mucosal sites. Once disseminated and localized, such cells in distal (or local)
sites will have to encounter again the specific antigen so that effective immunity will be
produced by local proliferation. Thus, in several experimental systems a distal mucosal
immune response has been shown to occur primarily in the IgA class after presentation of
antigen to either the lung or gut (1). It must be emphasized that the nature of the antigen
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appears crucial; for example, bovine serum albumin is a poor mucosal immunizing antigen
but killed respiratory syncytial virus has been shown in rabbits to produce large amounts of
specific IgA antibody in milk and respiratory secretions after oral or intratracheal
exposure, whereas intravenous administration was ineffective from the point of view of
IgA antibody in these mucosal sites.

Lastly, work on lymphocyte cell traffic has demonstrated that cells obtained from a
lymph node draining a mucosal tissue tend to return to that tissue so that only a small
proportion of the mucosa-seeking blasts eventually localize in sites distal to their recent
mucosal point of origin (6). This suggests that to maximize the distal mucosal immune
responses after oral presentation of antigen requires antigen challenge at the distal site.

Mucosal immune reactivity in breast milk

It is common to find significant reactivity of both cells and antibodies in breast milk
against intestinal, lung, and genital tract organisms. The selective localization of IgA anti-
bodies, (IgA)2/antigen, or immunoreactive cells from MALT by the mammary glands
could have a number of advantages for the breast-fed neonate. Secretory IgA in the breast
milk may (1) protect from endemic pathogens (particularly those encountered by the
mother's intestine) and regulate the diversity of commensal flora, (2) limit systemic reac-
tivity by exclusion of antigens, and (3) promote maturation of the neonatal mucosae and
limit the potentially damaging systemic immunity to bacterial and dietary antigens before
and after weaning (3, 18). The presence in breast milk of both lymphocytes (primarily T
cells) and macrophages in large numbers must have physiological significance. The passage
of antigen-specific cells, macrophages, and their products could serve to stimulate and
regulate the developing immune responses of the neonate in a manner proven to enhance its
survival in early life. The advantages of breast-feeding for the developing child need hardly
be emphasized here. Suffice it to say that we are persuaded by the available evidence that
the breast-fed baby is at less risk of succumbing to a variety of infections, e.g., those of the
gastrointestinal and upper respiratory tracts (including otitis media), than infants not so
treated (see below).

Immunological tolerance produced by pre- and postnatal exposure to antigen

The presentation of dietary antigens to the fetus or suckling neonate via the placenta or
the breast milk may result in reduced immunological reactivity. For example, the injection
of antigen into mothers (mice) before, during, or after gestation may result in antigen-
specific tolerance in the weanlings which depends on suckling (19,20). This was also shown
to be the case for IgE antibody (21) and is thought by some persons to account for the
observation that the commonest human food allergy (i.e., to cow's milk) is more frequent
in bottle-fed than in breast-fed infants (22). Of interest in this regard are experiments in
which soya-fed weanlings of milk-fed rabbits (and vice-versa) showed ten-fold increases in
serum soya antibodies within 3-4 weeks of the first exposure. In contrast, weanlings fed the
same dietary protein as their mothers showed little change in antibody levels (23). These
results suggest that contact with a dietary antigen before birth and during the suckling
period is important in the induction of systemic tolerance to food proteins in young
animals. Whether the induction of tolerance to dietary antigens in suckled neonates is due
to the presence of antigen, antibodies, immune complexes, or other immunoregulatory
factors present in breast milk is not known.
The full selective advantages of these protective and regulatory functions of breast milk

may not be perceived by observers of developed societies where sanitation and nutrition are
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good and infant mortality is low. But, where such favourable conditions do not exist,
breast-feeding may be the best means of enhancing infant survival (24).
Although a number of protective mechanisms have been suggested, it would be naive not

to realize that the immune system may adapt and compensate for deficiencies. As an

example of this, we may reflect on the increase in secretory IgM and IgG antibody levels
noted in patients with selective IgA deficiency.

IgE antibody

Reaginic or IgE antibody is regarded as the major mediator of allergic reactions, and
sensitizes both basophils and mast cells for release of inflammatory constituents upon

interaction with specific antigen. In allergic subjects, IgE is found in the secretions of target
organs such as the nose, eyes, and bronchial and intestinal mucosae. It is thought that cells
containing IgE are most abundant in mucosal tissues and their respective lymph nodes in
both germ-free and conventional animals. IgE is synthesized in Peyer's patches and in the
mesenteric and bronchial lymph nodes; however, it is not present in human milk or urine,
does not share the same SC transport mechanism as IgA orIgM, and is not resistant to
proteolysis (9).

Intratracheal immunization has been shown to generate IgE synthesis in the bronchial
lymph nodes. However, the IgE response is not limited to expression at mucosal surfaces
since even footpad immunization may result in minimal, but definite, IgE synthesis in the
draining popliteal nodes, and the oral administration of Bordetella pertussis gives rise to
circulating IgE. It is none the less tempting to assume that the synthesis of considerable
amounts of IgE antibody is dependent on the provision of IgE-precursor cells in MALT
and that the differentiation and localization of such cells are controlled, in part, by the
local environment of the nasopharynx, intestine, and lungs.

This association of mucosal tissues with fostering of IgE reactivity may be important in
the host response to bacterial, viral and parasitic infections. Notably, nematode (Nocardia
brasiliensis) expulsion from the intestine of immunized rodents is associated with enhanced
mucus secretion known to be triggered by both immune complexes and IgE-mediated reac-

tions in the intestinal mucosa (12). Likewise, in regulation of the uptake of dietary
antigens, IgE antibody to one antigen may exclude its uptake but non-specifically will
enhance uptake of another (25).

In atopic individuals, the involvement of intestinal mucosal IgE may lead to the
formation of circulating IgG and IgE immune complexes with dietary antigens that are
potentially capable of causing tissue damage. It has been observed that both the absorp-
tion of dietary antigens and the formation of circulating immune complexes were reduced
in some atopics by pretreatment with sodium cromoglycate which decreases IgE-mediated
mast cell degranulation (26).

Breast-feeding and the development of atopy in children

It has been suggested that a relative deficiency in secretory IgA at mucosal surfaces
predisposes the newborn to the development of IgE-mediated atopic (allergic) diseases.
The likelihood that breast-feeding would offset neonatal mucosal IgA deficiencies and
thereby protect the baby from developing allergies has been investigated in a number of
studies. The relationship between breast-feeding and allergy is not, however, a simple one
and agreement on this is not universal.

Recent evidence has suggested that human breast milk cells contain and can release
certain factors capable of regulating the differentiation and synthesis of cord blood
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lymphocyte IgA (27) and IgE (28). Whether these in vitro interactions are relevant to
mucosal immune regulation in the newborn is at present unknown. However, the likeli-
hood of this is increased by current understanding of the transfer of immunoregulators in
milk from mother to infant and the specific regulation of IgE antibody responses. For
example, immunoregulatory cells, humoral factors, and antigens are transferred in active
forms in breast milk and may gain access to the tissues and circulation of the suckling
neonate. Moreover, Jarrett & Hall (21) have shown in immunized rats that the IgE
responses of the offspring depended not on the womb from which they came but on the
breast they suckled.
The predominant lymphocytes in breast milk include antigen-reactive and functionally

selected T cell populations. IgE production in vivo and in vitro is highly T cell-dependent
and is not directly related to IgG and IgM synthesis. Interactions between T cell subsets
determine where the balance is struck between enhancement and suppression of B cell IgE
production.
The effects of breast milk cell products on cord blood lymphocyte IgE production may

reflect similar interactions that take place within the intestinal mucosal tissues of the
suckling newborn. As discussed before, the effect of factors regulating IgE responses on
IgA production has not been explored.
The passage of immunoregulatory cells and humoral factors provides an illustration of

how breast-milk mediated regulation of mucosal immune development in neonates might
be accomplished. Viewed in this light, the development of atopy in an infant might partly
depend on the balance of immunologically active factors and regulators in the mother's
milk, since in this complex situation it may not be possible to generalize for all breast- or
bottle-fed infants.
Maybe atopic mothers, who had already demonstrated the inability to regulate their own

immune IgE responses, might pass on similarly inappropriate regulatory messages to their
suckling offspring. This could be viewed as one factor contributing towards the develop-
ment of childhood atopy in an already genetically predisposed neonate. In support of this
view, milk cell supernatants derived from atopic mothers appear more likely to induce the
release of IgE from cultured cord blood lymphocytes than supernatants from non-atopic
mothers (28).

PARASITIC INFECTION AND THE MUCOSAL IMMUNE SYSTEM

The impact of parasites on human health has stimulated the World Health Organization
to identify five parasitic diseases as potentially liable to yield to attack in major inter-
national control programmes. A sizeable proportion of parasites (protozoa, roundworms,
flatworms and flukes) gain access through, or infect, mucosal surfaces and have the poten-
tial to affect mucosal immunity to themselves (including each one on the others) and to a
vast array of environmental and dietary antigens. To describe the immunological conse-
quences of the many parasitic infections studied in experimental models and man is beyond
the scope of this article (for a fuller discussion, see reference 12). However, the identifi-
cation of some aspects of parasitic infections of the gut, lung, and genital tract may serve to
highlight reactions that may affect the mucosal immune system generally.
The value of this approach derives from the observed, shared immune responses between

mucosae. Thus, immune reactivity and inflammation at one mucosal site may increase or
decrease host resistance to infection, alter the course of systemic immunity, or affect the
efficacy of vaccination against other mucosa-associated pathogens. Recognition of these
interactions may be especially important since the prevalence of apparently asymptomatic
parasitic infection is very high in some communities. That is not to say that host resistance
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or well-being need be jeopardized, for there are many compensatory and alternative mech-
anisms available for host defence. It does imply that subsequent responses may differ from
those of the naive subject.

Parasite antigen uptake and processing

The antigenic complexity of the protein, lipid, and carbohydrate components and meta-
bolic products of parasites as they pass through the various stages of their life cycles is enor-
mous. Although a considerable number of protozoan and helminthic antigens have been
identified, our understanding of host reactivity is based on the overall picture of immuno-
logical and immunopathological changes apparent after parasitic infection.
The major sites of macromolecular and particulate antigen uptake in the gut and lung are

the M cells scattered over the surfaces of the GALT and BALT epithelia. These cells,
derived from local crypts, may represent a major entry site for many infectious agents.
A number of immunological and non-immunological factors influence the antigen uptake
at mucosal sites. Antibody, immune complexes and secondary antigen challenge increase
mucus secretion, block antigen uptake, and promote antigen degradation. On the other
hand, local anaphylaxis and chronic inflammation increase the antigen uptake. Alterations
in the biliary and pancreatic enzymes and gut hormone secretion in response to parasite
infection as well as possible enzymic products of the parasites themselves may also alter
subsequent antigen uptake in the gastrointestinal tract (11).
The rendering of antigens into forms suitable for the generation of mucosal lymphoid

cell responses is generally associated with macrophages in MALT. However, the dendritic
and endothelial cells that bear surface Ia (DR) markers have been shown to present antigen
in vitro and the significance of their role and that of Ia-positive mucosal epithelial cells in
this regard is unknown. Functionally active, adherent, Ia-positive macrophages have been
identified in the mucosal lymphoid aggregates of GALT and BALT, while other antigen
processing macrophages (e.g., alveolar) may be derived from blood monocytes, or inter-
stitial or lamina propria tissues. In the female genital tract, phagocytic cells may dispose
of effete sperm without generating inflammatory responses to paternal antigen while
preserving the ability to participate in the induction of local responses to other antigens. In
the colostrum, 40%7o of the cells are macrophages whose function may be to present antigen
in an "acceptable form" to the developing mucosal lymphoid tissues of the newborn.

IgA antibodies

IgA antibodies are thought to be involved in the control of parasite antigen uptake and
clearance from the circulation, the modulation of various antigen-specific and non-specific
cells active in inflammatory responses as well as the limitation of non-specific tissue
damage, and the re-establishment of homoeostasis. The correlation between IgA respon-
siveness and parasitic infections has been demonstrated in several ways. The predominant
antibody binding to parasite antigens in serum and secretions after infection is IgA. Intes-
tinal extracts and colostrum from immunized animals have in vitro as well as in vivo anti-
parasitic activities. The kinetics of these IgA-mediated activities follow that of parasite
infection and expulsion, as does the transfer of protection with MLN cells. In addition,
studies following cellular responses to a variety of gut parasites indicate increases in cells
positive for cytoplasmic IgA, IgGl, IgG2, and IgM, as well as the activation of IgA plas-
macyte precursors in Peyer's patches and their migration from the mesenteric lymph nodes
through the thoracic duct to the intestinal lamina propria and to the developing and lac-
tating mammary glands. Thus, there is a temporal and functional correlation between
parasitic infection and the appearance of increased specific and non-specific IgA antibody
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and cells, and the selective localization of IgA precursors in mucosal tissues.
The demonstration of intestinal or serum anti-parasite IgA antibody is not, however

always associated with host protection and leaves open the question of possible parasite
escape or adaptive mechanisms. Further consideration should also be given to appropriate
methods of delivering passive antibody protection and approaches to mucosal vaccination
which would help to clarify the role of IgA.

IgE antibodies

Parasitic infections often result not only in vigorous parasite-specific IgE antibody
responses but also a marked elevation in total serum IgE. Peyer's patches in germ-free and
conventional rats bear a large number of surface IgE plasma cells. Following N. brasiliensis
infection, the numbers of surface IgE-bearing and IgE-producing cells increase in both the
mesenteric and bronchial lymph nodes.
Through its association with mucosal mast cells, IgE antibody is a major contributor to

local tissue inflammation and the physiological consequences which may include the
amplification of immune reactivity. IgE may also promote eosinophilia and when associ-
ated with parasites and cells bearing IgE receptors (mast cells, eosinophils, alveolar macro-
phages and monocytic cells), it potentiates adherence and killing through ADCC and other
cytotoxic cellular mechanisms.

It is not known how important IgE is in parasite protective immunity or whether IgE-
mediated protection extends through selective cellular localization to mucosal sites other
than the gut and lungs. However, unlike IgA, IgE is not selectively transported or protected
from proteolytic degradation by the secretory component.

Complement

The role of complement in mucosal resistance to parasitic infection is not clear. It does
not appear essential in the expulsion of N. brasiliensis from immune rats. Several types of
parasites possess complement receptors or activate complement by the alternate pathway
in vitro, but it is not known if this could limit their penetration into tissues.

Acute phase reactants

The activation of monocytes and macrophages stimulates the hepatic synthesis and
release of various acute phase reactants (APR). These may be important modulators of
inflammation and subsequent immune and physiological responses at infected mucosal
sites. In addition, the tendency of these mediators to limit tissue damage may be exploited
by parasites that display APR-like surface molecules in escaping the host defence cytotoxic
reactions.

Mucosal cellular immunity in parasitic infections

Although mucosal tissues may be richly endowed with lymphoid, monocytic and mast
cells capable of a range of cytotoxic reactions, cell-mediated immunity is not a prominent
feature of parasite immune reactivity. In the few examples cited, intraepithelial lympho-
cytes and granular lymphocytes demonstrate marked increases in response to Giardia in
both man and mouse and N. brasiliensis in mice. However, it appears at present that resist-
ance to mucosal infections may relate to the cytotoxic activities of mast cells, and granular
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lymphocytes (perhaps expressing NK activity) rather than cytotoxic T cells.
Luminal lymphocytes present in the intestine, respiratory tract, genital tract and mam-

mary glands reflect changes in those sites following parasite infection. However, there is
insufficient information to assess the reactivity of these cells and their role in host
protection.

Intestinal mast cell hyperplasia is mostly limited to some helminth infections and may be
preceded by basophilia. These are both T cell-dependent events mediated by slg-negative
cells found in the thoracic duct, and mesenteric and bronchial lymph nodes of immunized
animals, as well as factor(s) in immune serum. Antibody, fragments of complement, and T
cells are capable of activating mast cells to release a variety of mediators that contribute to
resistance.

Eosinophilia at mucosal sites is a common feature of parasitic infections. Although
eosinophil function at mucosal sites is not well understood, experiments employing anti-
eosinophil serum indicate that they are important in reducing schistosomula and adult
worm recoveries from the lungs of mice and that their reduction is associated with
increased susceptibility to intestinal nematode infection in guinea pigs.

Mucosally-derived macrophages are plentiful and are capable of phagocytosis and
antigen processing, function as accessory or cytotoxic effector cells, and secrete a variety of
products. Their roles in parasitic infections have not been adequately investigated. The
activation of intestinal macrophages (in lamina propria and Peyer's patches) as well as
macrophages in the peritoneal exudate by T. spiralis and Giardia muris in rodents might
be expected to promote host resistance to infection. However, it is also recognized that in
trypanosomiasis and schistosomiasis the function of macrophages may be arrested or their
suppressor mode activated.

Histological evidence of marked inflammatory reactions associated with dead parasites
in the lung suggests a potential protective role for alveolar macrophages. However,
although the lung can be a major site of parasite death, the apparent activities of alveolar
and respiratory tract macrophages are not consistent.
Macrophages at other sites such as the genital tract show spontaneous phagocytic/cyto-

toxic responses to some pathogenic parasites such as Trichomonas vaginalis. Colostral
macrophages contain a rich supply of immunoglobulins as well as retain phagocytic
activity. However, their role in protection of the newborn from parasitic infection is not
known.

Goblet cell hyperplasia is a variable response to gut parasite infection and may be in-
duced by sensitized T cells. In the immunized host challenged with T. spiralis or N. brasili-
ensis (nematodes), increased mucus trapping of the parasites results in their rapid (24-48 h)
expulsion facilitated by complement activation (alternate pathway) and immune serum
components. Mucus secretion is also stimulated by immune complexes made in antibody
excess, secondary oral challenge with antigen, and IgE-mediated inflammatory reactions
induced by intestinal mast cell mediator release.

In addition to the secretion of lysozyme-rich granules into the crypt lumen, Paneth cells
found at the base of crypts in the small and large intestine may also enhance host protection
by acting as stationary phagocytes capable of digesting Hexamita muris trophozoites.
Whether this IgA-mediated reaction extends beyond protozoan infections in mice is un-
known.

Negative immune reactivity

Parasite-induced immunodepression to parasite-specific as well as unrelated antigens
may, in part, explain the survival of parasites in a sensitized host. This may be related to the
stimulation of T cell and macrophage suppressor rather than effector cells, or the gener-
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ation of local immunoregulatory IgA. On the other hand, parasites may produce a range of
factors that interfere with normal mucosal immunity, or they may present the host with
overwhelming antigenic competition.
As previously pointed out, mucosal immunity may result in systemic unresponsiveness.

Since this may extend to complex and diverse parasite antigens, the results may have great
significance when the host is confronted with a second pathogen or vaccine, or when she is
breast-feeding.

Host protection and parasite expulsion are thought to be due primarily to non-specific
inflammatory reactions that are initiated and amplified by antigen-specific means. The
result is an inhospitable local environment in which the continued presence of the parasite
is not possible. However, in addition to the protective events aimed at parasite expulsion,
diverse regulatory reactions take place that serve to limit tissue damage, restore infected
organs and tissues to normal function, and re-establish homeostasis in the host.

MALNUTRITION AND THE MUCOSAL IMMUNE SYSTEM

On a worldwide basis, malnutrition is the most frequent cause of immunodeficiency.
However, difficult as it is to separate factors such as poor sanitation and water supplies and
overcrowding which also contribute to infectious diseases, studies in the last decade have
indicated that increased frequency and severity of infections in malnourished populations
may have an immunological basis (29-31). Several aspects of immunity may be impaired in
nutritional deficiency states. It is also apparent that future investigations should focus on
immune responses at mucosal surfaces since it is infections at these sites which are common
and so often lead to death. In general, protein and calorie malnutrition is associated with
declining thymic function, depressed mature T cell numbers, suppressed cell-mediated
immune reactivity, and lowered T cell induction of B cell responses as well as the impair-
ment of macrophage phagocytosis and responses to lymphokines.

Specific nutritional deficiencies may have different effects on the immune system. For
example, recent studies have indicated that the entire T cell network is uniquely sensitive to
the presence of the trace metal zinc. In man, zinc deficiency impedes thymic development,
decreases cells in the T-dependent areas of the spleen, lymph nodes and MALT, and results
in dysfunctional ADCC, cell-mediated cytotoxicity, delayed type hypersensitivity, NK and
a decrease in the response to tetanus toxoid. All are reversible with oral zinc supplement-
ation. However, a recent report demonstrating that gestational zinc-deprivation-induced
immunodeficiency may persist through three subsequent generations in mice (32) suggests
far-reaching consequences of malnutrition. This relationship serves as a model suggesting
that other specific dietary constituents may be necessary for normal immune regulation
and function. In this regard, vitamin A deficiency in large population studies has been
associated with an increased incidence of bronchial carcinoma, lung cancer, and squamous
cancers of the oral cavity. Experimentally, reduced dietary vitamin A lowered lymphocyte
mitogen responses and cytotoxicity towards allogeneic tumour cell challenge, acted
synergistically with bacterial, viral and parasitic infections, induced defective localization
of mucosal immunoblasts and atrophy of thymus and spleen, and reduced in vitro T cell
functions (30, 33).

Mucosal immune deficiencies in protein-energy malnutrition (PEM)

PEM in man is associated with the atrophy of GALT such as Peyer's patches, and
tonsillar and adenoid tissue. Besides a reduction in size, there is depletion of paracortical

21



R. A. ALLARDYCE & J. BIENENSTOCK

areas and germinal centres. Similar effects have been noted in experimental animals where
mesenteric lymph nodes were less affected than the thymus. This may reflect antigenic
stimulation by ingested and indigenous antigens of the gut or effects on the thymic epi-
thelium as well as its lymphoid cell components.

Intraepithelial lymphocytes and mucosal T cells are also depleted and there is a decrease
in sIgA-bearing B cells with an increase in sIgM-bearing cells in the mucosae. These
imbalances in mucosal B cells are reflected in diminished secretory IgA and increased IgM
levels in saliva, tears, gut and nasopharyngeal secretions that are independent of general
mucosal protein synthesis, proteolysis or reabsorption. Also, measles IgA antibodies in
nasopharyngeal secretions are depressed in malnourished children when compared with
healthy controls.

In mice, selective MLN lymphoblast localization in the intestinal mucosa was impaired
by 33%0 in PEM and by 66%7o when vitamin A deficiency was superimposed upon PEM.
This was due to an effect on the lymphoblasts themselves rather than on the intestine (33).

Mucosal immunity may also be influenced by the indirect effects of malnutrition. The
lysozyme concentration in tears may be reduced and intestinal villus structure altered by
nutrient depletion. Moreover, a decrease in dietary iron may actually reduce all gut bacteria
except Lactobacillus because they need iron for replication and growth. But, too much iron
will also facilitate microbial growth by suppressing host immunity. It is an interesting point
concerning the balance between iron, immunity, and bacterial growth that if children with
kwashiorkor are given iron supplementation before protein, they may develop septicaemia
and die (31).

Breast-feeding and malnutrition

Mother's milk affords significant immunological protection to the neonate and may also
regulate lymphoid organ development and maturation. However, few studies have investi-
gated the influence of maternal malnutrition on the immunologically reactive humoral and
cellular components of breast milk. In studies of IgA antibodies to dietary antigens such as
cow's milk, black bean and soya proteins, as well as E. coli, salmonella, and shigella in the
breast milk of Guatemalan women, it has been suggested that antibodies to at least some of
those antigens are formed equally efficiently in undernourished and in well-nourished
mothers (34, 35). These findings raise the question of whether the breast or breast milk
might constitute an immunologically privileged site. This may be the case since levels of
lactogenic hormones are higher in undernourished than in well-nourished lactating
mothers (36).

Clinical significance of impaired mucosal immunity

The clinical significance of impaired mucosal immune reactivity resulting from mal-
nutrition relates to the inability to regulate and exclude the mucosal flora and dietary and
environmental antigens, thereby increasing the incidence and severity of infection, local
inflammation, and tissue damage and perhaps raising the susceptibility to allergy, auto-
immunity, and neoplasia. Furthermore, although the cause is not known, it is clear that the
oral Sabin polio vaccine has proved relatively ineffective in populations subject to mal-
nutrition and an increased parasitic load (37). In our view, it is possible that this is directly
due to the malnutrition. Certainly the implications of this short review are hard to escape;

namely, that although rational approaches to engender mucosal immunity are being
worked out, they may be partially or completely ineffective in populations suffering from a

variety of malnourished states and without effective dietary supplementation.
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AGING AND THE MUCOSAL IMMUNE SYSTEM

It is well accepted clinically that infections in the elderly are common, and that they
present atypically and result in high morbidity and mortality. Despite achievements in
infectious disease control and treatment, severe disease due to invasive microorganisms
remains a major problem as much in the aged individual as in the neonate.

Reviewing the immunological and other pathological factors that might determine this
increased susceptibility to, and prevalence and severity of infections, Phair (38) concluded
that there was little evidence to suggest that the immune and inflammatory responses of
healthy humans declined in a significantly functional manner with age; rather, it appeared
that failures or deficiencies of the immune system were superimposed upon a background
of other disease processes.
The question of age and its effects on immunity has not been directed towards the

mucosal immune system in humans. However, experiments in mice point to rather un-
expected and interesting findings. In aged mice, compared with young animals, fewer
spleen cells are activated by T cell mitogens and fewer activated cells will proliferate in
vitro. These quantitative and qualitative alterations with age seem to mirror some of the
reported changes in humans and possibly reflect decreased thymic function. By measure-
ment of IgA, IgG and IgM antibody-forming cell responses to a T-dependent antigen in
aged and young mice, systemic immunity was shown to decline with age. In contrast,
mesenteric and mediastinal lymph node cell responses, after an intraperitoneal or gastric
antigen challenge, did not (39). This suggests that the mucosal immune system may differ
from systemic immunity with regard to its immune competence with age.

In conclusion, if the elements of immune function wane with age, one might predict that
old individuals would have greater susceptibility to disease and infection. On the contrary,
the host defence mechanisms that react to infections show minimal alterations in healthy
aged individuals. It remains to be shown how often defects in mucosal immunity may play
an important role in resistance to, or recovery from, infection in the elderly.
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