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The immune geography of IgA induction and

function

AJ Macpherson!, KD McCoy!, F-E Johansen? and P Brandtzaeg?

The production of immunoglobulin A (IgA) in mammals exceeds all other isotypes, and it is mostly exported across
mucous membranes. The discovery of IgA and the realization that it dominates humoral mucosal immunity, in contrast
to the IgG dominance of the systemic immune system, was early evidence for the distinct nature of mucosal immunology.
Itis now clear that IgA can function in high-affinity modes for neutralization of toxins and pathogenic microbes, and as a
low-affinity system to contain the dense commensal microbiota within the intestinal lumen. The basic map of induction
of IgA B cells in the Peyer’s patches, which then circulate through the lymph and bloodstream to seed the mucosa with
precursors of plasma cells that produce dimeric IgA for export through the intestinal epithelium, has been known for
more than 30 years. In this review, we discuss the mechanisms underlying selective IgA induction of mucosal B cells for
IgA production and the immune geography of their homing characteristics. We also review the functionality of secretory
IgA directed against both commensal organisms and pathogens.

INTRODUCTION

Historical aspects of IgA and the mucosal immune system

It is very appropriate that there should be a review of
immunoglobulin A (IgA) in this first issue of Mucosal
Immunology. We can justify our discipline (and our journal)
on the distinct features of immunity at mucosal surfaces,
and classical studies of the IgA isotype yielded some of the first
evidence for this.

The A class of immunoglobulins was discovered by Gugler,
Heremans, and co-workers from the observations that not
all myeloma proteins were accounted for by the 7S (low
carbohydrate content) and the 16S (high carbohydrate)
classes. Subsequently, an antigenically distinct immuno-
globulin with a high carbohydrate content named yA (or later
IgA) that migrates in the B-globulin region after electrophoresis
was characterized.!? This isotype was subsequently shown to be
predominant in exocrine secretions.>* More than eight models
were proposed in the late 1960s and early 1970s to explain how
IgA selectively could reach the secretions. One of us suggested
in 1974 that the epithelial glycoprotein identified by Tomasi
et al.” as part of secretory IgA (SIgA) and later on named
secretory component (SC) by WHO could act as a membrane
receptor for dimeric IgA and pentameric IgM on secretory

epithelium.® This model formed the basis for a common epithe-
lial transport mechanism to generate SIgA and SIgM, in which SC
and the joining (J) chain of polymeric Ig (pIgs) constituted “key
and lock” molecules.” This model is now generally accepted
(see the section Selective epithelial export of locally produced
IgA and IgM) and membrane SC has been termed plg receptor
(pIgR).

Studies that compared humoral immunity at mucosal sur-
faces with serum immune responses had repeatedly shown a
separation between secretory and systemic immune responses
(see Table 1; also reviewed in ref. 8). In general, immunization
or infection at mucous membranes resulted in high titer of pro-
tective antibodies at the mucosal site with absent or low titers in
serum, whereas the reverse occurred with parenteral immuniza-
tion. In retrospect, not all the locally induced antibodies detected
in these studies would have been of the IgA class, but the facts of
(i) a distinct mucosal immune response at mucosal surfaces and
(ii) a distinct Ig isotype that dominated mucosal antibodies con-
stituted strong evidence for a local immune system structurally
and functionally distinct from the systemic compartment.

We now know that although IgA is a relatively small compo-
nent of serum antibodies, the abundance of IgA-secreting cells
in normal mucosae means that this isotype actually comprises
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Table 1 Historical observations of separation of secretory
and serum immunoglobulins.?

System studied Sites Citations

Oral infections with  Proposal of Besredka Ann. Inst.
Enterobacteria, distinct local Pasteur 33, 882
skin infections with  and systemic (1919)

anthrax immunity

Patients with Fecal Davies Lancetii,

dysentery

Cholera vaccine in
guinea-pigs

(coproantibodies)

Fecal
(coproantibodies)

1009 (1922)

Burrows et al. J. Inf.
Dis. 81, 261 (1947);
Burrows and Havens
J. Inf. Dis. 82, 231
(1948); Burrows et
al. J. Inf. Dis. 87, 158
and 169 (1950)

Post-diphtheria Salivary Schubert Travaux 2,

and following antibody 45 (1938)

immunization with

diphtheria anti-

toxoid

Protection of Bronchial Bull & McKee

rabbits against antibodies A.J. Hyg.9, 490

pneumococcal (1929); Walsh

respiratory infec- & Cannon J. Immunol.

tions by intranasal 31, 337 and 35, 31

immunization (1936,1938)

Influenza Bronchial Fazekas de St. Groth
antibodies Aust. J. Exp. Biol.

Trichomas fetus in
cattle

Brucella abortus

Vaginal (mucus)
antibodies

Vaginal (mucus)
antibodies

Med. Sci. 29, 330
(1951)

Kerr & Robertson
J. Hyg. 51, 405 (1953)

Batty & Warwick
J. Pathol. Bacteriol.

70, 355 (1955).

atleast 70% of all Ig produced in mammals. Most T cells are also
found at mucosal surfaces.

IgA induction by commensal intestinal microbes

This dominance of IgA production in the intestinal mucosa
depends on colonization with environmental microbes. While
microbes in soils, subsurfaces, and oceans of the earth gener-
ally reach a density of < 108 organisms per g, the mammalian
lower intestine is an extraordinarily good habitat where bacteria
achieve densities of up to 10'? organisms per g contents.’ One
of the most dramatic and first discovered adaptations of the
host to the presence of these microbes was the fact that mucosal
IgA-secreting cells are drastically reduced in germ-free animals,
and are virtually absent in neonates before they have been colo-
nized with a commensal microflora.!%-12 Although intestinal
IgA is clearly induced by the presence of commensal intestinal
microbes, the function of the IgA response in maintaining mutu-
alism between host and microbe is far less clear. Particularly
intriguing is the fact that selective IgA deficiency is a common
immunodeficiency with a generally mild phenotype.!® These
functional aspects are discussed further in the section Function
of IgA in different systems of this review.
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IgA neutralization of pathogens and exotoxins

The other important set of classical observations showed that
IgA can act as a neutralizing antibody to pathogens and exo-
toxins. For example, cholera toxin has been very widely used
as a model immunogen for in vivo IgA induction, and SIgA
can protect from toxin-induced fluid accumulation in a ligated
intestinal loop model.!# Usually the formal affinities for toxin
and pathogen-protective effects are unknown, but comparisons
with neutralizing antibodies of other classes suggest that these
antibodies probably work at 10 /M or better.!> In some cases,
the neutralization effect occurs during transport of IgA through
the epithelial cell layer,'®!” and the mechanisms and affinities
here may be different. The general principle is that IgA appears
to function across a spectrum of near innate immune responses,
as described in the section IgA induction by commensal intes-
tinal microbes, and highly adaptive responses as evidenced
by the functional neutralization of pathogenic molecules and
microbes.

IgA CLASS SWITCH RECOMBINATION WITHIN AND
OUTSIDETHE INTESTINAL MUCOSA

In most mammals, a single gene encodes the o heavy chain
(CHo) domains at the 3’ end of the constant Ig heavy chain
locus. In humans and higher primates, however, there has been
a duplication of the y—a region, resulting in two functional
CHu gene loci, encoding the IgA1 and IgA2 subclasses. The
predominant difference between these two isotypes lies in the
hinge region. Human IgA2 is more resistant to proteases because
of a 13-amino acid deletion in the hinge region that removes
the recognition site for IgA1-specific proteases. IgA2-producing
plasma cells are enriched at secretory effector sites and domi-
nate in the distal gut,'!® whereas IgA1 is the main IgA subclass
produced by the systemic immune system. Lagomorphs, such as
rabbits, have multiple duplications of the CHo. gene, resulting in
13 IgA isotypes. Generally, mammalian o loci have three exons
corresponding to the constant heavy chain domains, with the
region coding the 18-amino-acid extension of the secreted form
at the 3’ end of the third exon (called the secretory tailpiece)
and another short exon coding the transmembrane segment
and cytoplasmic tail (Figure 1a). The tailpieces of IgA and IgM
heavy chains allow selective combination of these isotypes with
the J chain (see the section Selective epithelial export of locally
produced IgA and IgM).

A model of the three-dimensional structure of monomeric
IgA2 is depicted in Figure 1b, showing the wide separation
of the two antigen-binding fragments at the top. This unique
characteristic of IgA probably provides this isotype with
better binding properties in the face of large antigens such as
bacteria.

Class switch recombination (CSR) to IgA occurs following
transcription from the intronic o (Iot) promoter 5’ of the o
locus,'® and requires the activation-induced cytidine deami-
nase?’ (Figure 1c). The circular spliced segment is usually from
the region between the switch segments upstream of the p and
o loci, although trans splicing between different chromosomes
is also possible.?!
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Figure 1 IgA structure and class switch recombination (CSR). (a) The intron—exon structure of the constant o heavy-chain (CHa) gene. Each exon
encodes a separate domain (Ca1, Ca2, Ca3). The hinge (H) region is encoded at the 5’ end of the Ca2 exon and the 18-amino-acid extension at

the C-terminal end of secreted IgA is encoded at the 3’ end of the Ca3 exon (tail piece available for J-chain combination). The transmembrane and
cytoplasmic tail sequences are encoded by the «M exon located 3’ of the Ca3 exon. The shaded box represents 3’-untranslated RNA. (b) Three-
dimensional model of monomeric human IgA2 showing wide separation of antigen-binding sites at the top (reproduced with permission from ref. 128).
(c) Following V(D)J recombination, synthesis of the 1 heavy chain and subsequent association with a light chain, an IgM molecule is expressed on the
surface of the B cell. CSR to IgA (shown for the mouse) is preceded by the production of an o germline transcript (not shown), which is formed following
transcription through the initiation (I) exon, the intronic switch (S) region, and the Co exons. Transcription is initiated from cytokine-inducible promoters
upstream of the | exon. Processing of this primary transcript generates the germline transcript and a spliced out S-region transcript. The spliced out S-
region stably associates with the template DNA strand of the S-region, forming a stable RNA-DNA hybrid. The displaced G-rich single-stranded DNA
is thought to be the substrate for the enzyme activation-induced cytidine deaminase (AID). DNA double-strand breaks at the S-region and DNA repair
result in joining of the So. and Sy regions yielding the rearranged IgA heavy chain constant region and the excised intervening DNA, depicted as a DNA
switch circle, which represents a short-lasting sign of local CSR. Ep upstream of the Sp region indicates the intronic enhancer. Gene elements depicted

are not to scale.

In general, CSR has been found to require two signals. The
first is through cytokines, which activate transcription of the
promoters upstream of the CH exons and the switch region
preceding them. The second is delivered by ligation of CD40
on B cells with its ligand CD40L on T cells. However, in mice
and humans deficient in CD40L or CD40, IgA production is
not abrogated.?>2* The major cytokine signal for a-CSR is
transforming growth factor (TGF)f with contributions from
interleukin (IL)-2, IL-4, IL-5,IL-6, and IL-10, as initially demon-
strated by studying IgA production in nonspecifically stimulated
B-cell cultures®* (reviewed in ref. 25). Evidence for the role of
TGFB in vivo comes from an almost complete absence of IgA in
mice deficient for the TGFp receptor TPRIL2® Mice deficient for
the TGFP SMAD?7 negative regulator have increased CSR to IgA
but reduced proliferation to LPS,?” whereas mice deficient for
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the positive signal SMAD2 have no IgA.?8 IL-4-deficient mice
have normal total IgA levels, but an impaired specific response
to mucosal immunization with cholera toxin,? while IL-6-defi-
cient mice have defective IgA responses in some systems.30-32
Because IgA production is partially independent of T cells?
and CD40-CD40L engagement, other costimulatory signals for
o-CSR in B cells have been sought. Two members of the tumor
necrosis factor (TNF) family—BAFF (B-cell activating factor
of the TNF family, also known as BLyS (B-lymphocyte stimu-
lator) in humans) and APRIL (A proliferation-inducing lig-
and)—have been shown to stimulate CSR to IgG and IgA in both
human3* and mouse3’ B cells. Monocytes and dendritic cells
express BAFFE, whereas APRIL is expressed by monocytes, mac-
rophages, dendritic cells, and activated T cells.>® Recently, He
et al’” showed that in response to Toll-like receptor stimulation,
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human colonic epithelial cells also secrete BAFF and APRIL,
which could lead to local switching to IgA within the human
colon. B cells express all three receptors (BAFF-R, BCMA
(B-cell maturation antigen), and TACI (transmembrane activator
and CAML interactor)) for these cytokines (Figure 2). While
APRIL binds only BCMA and TACI, BAFF can interact with all
three receptors. However, APRIL, but not BAFF, can also bind to
proteoglycans, such as syndecan, thereby providing an APRIL-
specific binding partner.

The function of these interactions has been investigated with
mouse strains having selective deficiencies. BAFF and BAFF-R
knockout (KO) mice cannot be used to investigate the require-
ments of IgA induction because they are deficient in B cells.>
TACI KO mice have low IgA and show poor immune responses
to repetitive (type 2) T-independent antigens.* In humans,
mutations in the gene encoding TACI have been found in
both common variable immunodeficient and IgA-deficient indi-
viduals.*'*2 In regard to APRIL, two APRIL-deficient mouse

strains have been independently generated and they display
either normal serum IgA levels*® or a selective decrease of [gA.*4
The latter IgA-low APRIL-deficient mice also show defective
IgA responses to mucosal immunization.**

In vitro, APRIL stimulates murine B cells to undergo CSR
to IgG, IgA, and IgE via TACI, whereas TACI-deficient B cells
switch to IgG and IgE, but not IgA when stimulated by BAFE>>
Taken together, APRIL-TACI interactions appear to be neces-
sary for IgA production in vivo, and potentially make CD40-
CDA40L requirements redundant for IgA CSR.

If both APRIL and BAFF can stimulate CSR to isotypes other
than IgA, then why is the IgA class switch so specific for the
intestine and other mucosal sites? Intestinal dendritic cells
from Peyer’s patches and mesenteric lymph nodes constitutively
secrete retinoic acid, which synergizes with IL-6 and IL-5 to
induce IgA production in purified B cells, both in humans and
in mice.* Retinoic acid secretion alone can also induce the small
intestinal homing receptor CCR9 on purified B cells.* Thus, the

Epithelial cell

Monocyte

Activated T cell

.L
o o .
° :: Dendritic cell
A
A
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Figure 2 Costimulatory signals for class switch recombination (CSR) to IgA. BAFF and APRIL are expressed by dendritic cells, monocytes, and human
colonic epithelial cells (following Toll-like receptor signaling, not shown), whereas APRIL can also be secreted by macrophages and activated T cells.
These cytokines bind to their receptors, BAFF-R, TACI, or BCMA, which are all expressed by B cells. APRIL, A proliferation-inducing ligand;

BAFF, B-cell activating factor of the TNF family; BCMA, B-cell maturation antigen; TACI, transmembrane activator and CAML interactor.
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environment of cytokines and dendritic cell phenotype in the
intestinal lymphoid tissues is sufficient for the IgA-dominated
response that is generated. In addition, intestinal epithelial cells
may also influence the switch to IgA by the local secretion of
mediators, such as BAFF and APRIL, TGFf, and IL-6.

Germ-free mice, lacking the stimulus of the intestinal micro-
biota to IgA production, have a profound deficiency in IgA
production in the intestinal mucosa, but the serum IgA levels
are maintained at about half the normal magnitude.3? This
suggests that some serum IgA (possibly mainly natural
antibodies) can be produced independently of mucosal IgA.
Another experiment that suggests separate circuits of systemic
and mucosal IgA production has been carried out with aly-
mphoblastic mice with no mucosal inductive sites other than
tiny collections of nasal lymphoid tissue. In this strain, it is
possible to reconstitute about half the serum IgA by adoptive
transfer of wild-type B cells, but mucosal IgA-producing cells
remain absent?® because the strain also has a defect in generating
intestinal homing signals.*7-48

In addition to Peyer’s patches, what other sources of IgA*
B cells do we have? In mice, both peritoneal B cells of the B1
lineage and marginal zone B cells in the spleen can contribute
to IgA production (discussed further in the section Selective
epithelial export of locally produced IgA and IgM). Since APRIL
deficiency and TGFBRII deficiency lead to global lack of IgA,
it is likely that these signaling mechanisms are also required
for serum IgA production. Indeed, BAFF-transgenic mice show
increased IgA switching in the marginal zone.*° In both purified
B1 and marginal zone populations, culture with BAFE, LPS, and
TGEFp stimulates the switch to IgA. The IgA switch is further
enhanced in the case of marginal zone populations by the addi-
tion of anti-IgD linked to dextran, IL-4, and IL-5, whereas these
cytokines do not increase the IgA switch in peritoneal B1 popu-
lations.>® These findings suggest that the requirements for CSR
to IgA may be somewhat different at different sites. Whether
retinoic acid or extra-intestinal dendritic cells are implicated in
this pathway is currently unknown.

IMMUNE GEOGRAPHY OF IgA INDUCTION AND FUNCTION
The above argument suggests that IgA can be induced at diffe-
rent tissue sites and from various subsets of B cells. We shall first
discuss the classical pathway in intestinal lymphoid follicles.

The classical IgA+ B-cell Odyssey from intestinal lymphoid
tissue

The distinct structure and function of IgA in mucosal immunity
requires special immune geography to separate the inductive
and effector arms so that they can function independently of the
remainder of the immune system. The Odyssey of IgA induc-
tion and mucosal B-cell circulation is intrinsic to this immune
geography, and consists of four stages: IgA induction in mucosal
B cells; IgA * plasmablast recirculation and homing to the intes-
tinal mucosa; terminal B-cell differentiation to plasma cells with
local IgA production; and export of IgA through the intestinal
epithelial cell layer (see Figure 1 in the accompanying article by
Brandtzaeg et al. in this issue, page 32).
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The principal site of induction of the IgA was demonstrated
by Craig and Cebra®! in 1971. In adoptive transfer experiments
with Ig allotypic markers, they found that B cells from the Peyer’s
patches in rabbits switched to IgA. This showed that Peyer’s
patch B cells are destined to undergo CSR to IgA and to seed
mucosal sites with precursors for IgA-producing plasma cells,
despite the fact that few cells with cytoplasmic IgA are seen in the
Peyer’s patches. Much of the spontaneous IgA response in mice
is driven by commensal intestinal bacteria, and Peyer’s patch
dendritic cells that have sampled commensals are responsible for
the local IgA induction.*? It is now known for both humans and
mice that intestinal dendritic cells constitutively secrete retinoic
acid, and these program B cells both to undergo CSR to the o
segment and also express the CCR9 molecule required for hom-
ing to the small intestine.

Gowans et al.>® had shown in the 1950s and 1960s that lym-
phocytes generally home from the bloodstream to lymph nodes
and then recirculate via efferent lymph back to the bloodstream
at the junction of the thoracic duct and the left subclavian vein.
Subsequently, they studied recirculation of IgA * blasts induced
in the gut.>* Using cholera toxin as an intestinal immunogen,
they found that lymphoblasts secreting anti-cholera toxin IgA
could be isolated from the thoracic duct lymph 16-19 days later,
and that IgA-secreting cells were detected in the intestinal lam-
ina propria from day 17. If two segments of the small intestine
were surgically isolated in rats so that one part could be immu-
nized with cholera toxin in isolation, recirculation nevertheless
resulted in IgA-secreting cells reaching the lamina propria of
an intestinal segment that had never been in contact with the
immunogen.>

This B-cell homing system works through specific signals
that identify the endothelial cells of the microvasculature in
the intestinal lamina propria. In the systemic immune system,
lymphocytes that are destined to leave the bloodstream inter-
act with the vascular endothelium of high endothelial venules
by tethering and rolling through interactions between their
L-selectin (CD62L) and peripheral lymph node addressins,
collectively called PNad. Firm arrest is mediated by chemok-
ine-triggered integrin activation, and extravasation of cells then
occurs through interaction of LFA-1 (oy B, integrin) with the
generally expressed endothelial ICAM-1. At mucosal effector
sites, vascular adhesion mechanisms differ from the systemic
PNAd-CD62L interactions (reviewed in refs. 56,57). Thus,
adhesion is mediated mainly by chemokine-triggered integrin
activation through a3, interacting with the mucosal addressin
molecule MAdCAM-1, with some additional effect of a; 3, affin-
ity to endothelial ICAM-1. Moreover, tissue-specific expression
of chemokine and chemokine receptors on memory/effector
cells contributes to their preferential mucosal localization and
retention (Figure 3). For example, IgA plasmablasts destined
to home to the small intestine express CCR9 that binds to the
locally produced ligand CCL25 (TECK), whereas large intestinal
IgA plasmablasts express CCR10 and are attracted by the ligand
CCL28 (MEC).

Shared expression of adhesion and chemokine receptor pairs
explains the fact that IgA lymphocytes induced in one mucosal
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Figure 3 B-cell homing to mucosal and peripheral tissues is mediated by specific combinations of chemokine receptors and adhesion molecules.
Newly developed B cells express specific chemokine receptors that mediate responsiveness to chemokine ligands expressed in secondary lymphoid
tissues, bone marrow (BM), and mucosal effector sites. Within secondary lymphoid tissues, B cells encounter specific antigen leading to their activation
and differentiation. In general, activation of B cells and differentiation to mucosal IgA antibody-secreting cells (plasmablasts and plasma cells) induce
upregulation of CCR10 and expression of a,f, integrin, which mediate attraction to CCL28 and VCAM-1, respectively. Expression of VCAM-1 in
effector sites is indicated, although the expression of vascular adhesion molecules (like VCAM-1) at various effector sites is not yet systematically
worked out. Differentiation of IgA plasmablasts within small intestinal lymphoid tissues additionally induces upregulation of CCR9 and a,f, and directs
homing back to the small intestine, which expresses CCL25 and MAdCAM-1. In contrast, differentiation to IgG plasmablasts of systemic type leads

to upregulation of CXCR3, allowing responsiveness to CXCL9 and CXCL10 and migration to inflamed mucosal and non-mucosal tissues. Homing

to the bone marrow is mediated through CXCR4, which is expressed on all types of plasmablasts, as well as CCR10. Memory B cells (not shown)
retain expression of CCR7, CXCR5, and CXCR4 to allow their recirculation through lymphoid tissues. Retained expression of CCR7 and CD62L on
effector B cells from tonsils/NALT may explain their joint tropism for organized lymphoid tissue and the upper aerodigestive tract (not shown). Specific
chemokine—chemokine receptor pairs are indicated by corresponding colored text; specific integrin—ligand pairs are depicted by gray and yellow boxes.
Bold text indicates the molecule is expressed on lymphocytes; text in italics indicates expression on endothelial or stromal cells. BALT, bronchus-
associated lymphoid tissue; CCL, CC-chemokine ligand; CCR, CC-chemokine receptor; CXCL, CXC-chemokine ligand; CXCR, CXC-chemokine
receptor; MAACAM-1, mucosal addressin cell-adhesion molecule-1; MLN, mesenteric lymph nodes; NALT, nasopharynx-associated lymphoid tissue;
PP, Peyer's patches; PLN, peripheral lymph nodes; VCAM-1, vascular cell-adhesion molecule-1.

site can populate another site with IgA-secreting cells, which
gave rise to the obsolete term “a common mucosal immune
system.” However, it is important to be aware of the extensive
regionalization and compartmentalization that exist within the
mucosal immune system.!®8 Thus, in contrast to extravasation
events in the intestine, o 487 and MAdCAM-1 are not important
homing molecules in the airways, where CD62L, o,3,, CCR7,
and CCRI10 appear to play a more decisive role (Figure 3).

Selective epithelial export of locally produced IgA and IgM
Most IgA* mucosal plasma cells express the ] chain and there-

fore produce dimers and larger polymers of IgA, collectively
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termed pIgA.!8 The short J-chain polypeptide was identified
independently by Koshland and co-workers>® and Mestecky
et al.®0 as an Ig-associated peptide common to SIgA and IgM.
J-chain-mediated polymerization provides pIgA with enhanced
antigen avidity, a property particularly useful for agglutinat-
ing microbes in external secretions. Furthermore, its selective
incorporation into pIgA and pentameric IgM is mandatory for
their binding to epithelial membrane SC, now best known as the
pIgR.7®! This receptor carries its ligands to mucosal surfaces by a
vesicular transport process termed transcytosis. Intracellular traf-
ficking of pIgR has been studied in great detail and represents the
paradigm for transcytosis across a polarized epithelium.6263
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The pIgR has an N-terminal extracellular ligand-binding
domain, a single membrane-spanning o helix, and a 103-amino-
acid cytoplasmic C-terminal tail that contains all the informa-
tion for proper intracellular routing.®? The extracellular region
is comprised of five Ig-like domains (D1-D5). Solution structure
analysis has suggested a bend between D3 and D4, forming a
molecule reminiscent of a “]” separated from the transmem-
brane domain by a flexible region, which also contains the recep-
tor cleavage site.®* The pIgR is a sacrificial transport receptor
in that it is specifically cleaved to release its cargo. For this rea-
son, it is constitutively expressed by mucosal epithelial cells at
quite high levels, particularly in the small and large intestine.®®
Furthermore, its expression can be regulated at the transcrip-
tional level by cytokines and other mediators. Although one of
us originally suggested that SC represented a transmembrane
receptor,® this was not formally proven until after the molecular
cloning of rabbit pIgR by Mostov et al.® in 1984. Its functional
expression by transfection into Madin-Darby canine kidney
(MDCK) cells as a transcytotic receptor for pIgA was demons-
trated only 2 years later.5” The human pIgR was subsequently
cloned,® and similar transfection and transcytosis experiments
have been made with this receptor.®®

The pIgR is synthesized in the endoplasmic reticulum of
secretory epithelial cells and delivered via the trans-Golgi net-
work directly to the basolateral membrane. Here, it is available
to bind J-chain-containing pIgA and pentameric IgM produced
by lamina propria plasma cells.!® Binding is initiated by inter-
actions between D1 of the receptor and the Ig Fc portion, and
for IgA this non-covalent complexing is subsequently stabilized
by covalent linking between D5 and C02.5! Receptor-mediated
endocytosis of the ligand-pIgR complex, and also the unoccu-
pied receptor, occurs by clathrin-mediated endocytosis. While
some recycling back to the basolateral membrane occurs, the
bulk of the receptor is ferried to the common endosome where
cargo destined for transcytosis is segregated from cargo destined
for basolateral recycling (such as the transferrin receptor).

The ligand-pIgR complex is next delivered to the apical
recycling endosome and released to the intestinal lumen after
fusion of the apical recycling endosome with the apical plasma
membrane and cleavage of the pIgR by a leupeptin-sensitive
endoprotease.®® Thus, cleavage of ligand-bound pIgR gives rise
to SIg with bound SC, while cleavage of unoccupied pIgR gives
rise to free SC. The covalent coupling of SC provides mucophilic
properties and increased stability to SIgA in the harsh intestinal
environment.”%”! Owing to the lack of covalent stabilization by
bound SC, SIgM is not as resistant as SIgA to degradation in the
secretions. Despite this, SIgM can provide compensatory mucosal
defence in early infancy and selective IgA deficiency.!® SIgM com-
pensation is less consistent in the airways than in the gut, and this
variable apparently contributes to susceptibility of IgA-deficient
individuals to infections in the respiratory tract.”?

The contribution of different tissue sites to IgA induction

As predicted by the classical Cebra paper,”! induction of
mucosal IgA takes place largely in the organized gut-associ-
ated lymphoid tissue. For example, in isolated intestinal loops,
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cholera toxin immunization was ineffective in segments lack-
ing a Peyer’s patch.>> Other ways of looking at this effect are
to exploit animals in which lymphoid structures are abnormal
as a result of genetic manipulation or experimental disruption
of the signaling mechanisms operative in secondary lymphoid
tissue formation.

Peyer’s patch organogenesis requires antenatal lymphotoxin
(LT) o, B signaling between the CD4* CD3~ organizer lymphoid
cell population and the ICAM -1* VCAM - 1 * mesenchymal
cell population around embryonic day e16.”*> Mice deficient
for LTa,”4 LTB,”> or LT receptor (LTBR) lack lymph nodes
and Peyer’s patches, and do not have intestinal IgA produc-
tion. When LTBR signaling is disrupted by administration of
the fusion protein of LT BR-Ig in utero, the offspring of mice
are later still able to produce significant antigen-specific IgA
responses following immunization.”® A more severe defect
occurs if both Peyer’s patches and mesenteric lymph nodes are
disrupted by concurrent antenatal administration of LT R-Ig
and the TNFR55-Ig fusion proteins against the p55 subunit of
the TNF receptor on days e13 and e16;”” in this case, antigen-
specific responses are abrogated, although the total intestinal
IgA is not significantly altered.

Peyer’s patches are not the only gut-associated lymphoid tis-
sue structures containing B lymphocytes in the gut wall; there
are additional multiple solitary or isolated lymphoid follicles
(ILFs)7® with a similar cellular composition. Like Peyer’s patches,
ILFs increase in cellularity during recolonization of germ-free
mice.”” These structures also undergo a compensatory increase
when Peyer’s patch and mesenteric lymph node formation is
disrupted by antenatal LTBR-Ig and TNFR55-Ig fusion protein
treatment as described above. IgA induction in the germinal
centers of ILFs probably accounts for the relatively normal
intestinal IgA content under these conditions.”” The ILFs can
be selectively disrupted by weekly administration of LTBR-Ig
and TNFR55-Ig in young adult mice; in this case, the number of
IgA-producing plasma cells in the intestine remains unaltered,
but the response to intestinal immunization with tetanus toxoid
is reduced.””

The conclusions from these studies are that both Peyer’s
patches and ILFs contribute to the generation of IgA-produc-
ing plasma cells in the intestinal mucosa. However, the absence
of such plasma cells in mice with a genetic defect of LT sig-
naling does not preclude extra-intestinal sites of IgA induc-
tion. Lymphoid tissue chemokines and adhesion molecules
are reduced within the lamina propria of these mice, but their
intestinal IgA deficiency can be partially reversed in a segment
of transplanted RAG ~/~ intestine.*® Notably, in mice, both peri-
toneal B1 lymphocytes and splenic marginal zone B cells can
contribute to IgA.

In embryonic and early neonatal life, B cells of mice are
derived from the fetal liver, but lymphopoiesis is taken over by
the bone marrow (B2 lymphocytes) and cells in the pleuroperi-
toneal cavities (B1 lymphocytes) after birth.89 B1 and B2 cells
carry different B-cell receptor repertoires,?! can be distinguished
by their surface markers, and apparently represent separate
line-ages.8283 Although there is no surface expression of IgA in
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peritoneal B-cell populations, experiments in which radiation
chimeras have been made with allotypic markers to distinguish
the IgA derived from B1 and B2 cells indicate that up to 50%
of intestinal IgA (mostly T-independent) is B1-derived.3>848>
In a different experimental system, intestinal IgA in MHC class
I1-deficient animals has been studied. Here, the levels of intes-
tinal IgA were relatively normal, despite the T-cell deficiency
and the absence of cognate B-T interactions; however, when
the MHCII =/~ strain also carried the xid mutation resulting in
B-cell deficiency, IgA was severely reduced.

This is still a controversial area; experiments with antibody
depletion followed by transfer of allotypically distinguishable
peritoneal cells showed only little contribution of B1 cells to
intestinal IgA,% although residual recipient B1 cells in this sys-
tem might have led to an underestimation. It is striking that
both B1- and B2-derived IgA B-cell receptor repertoires are
quite oligoclonal, without evidence of sequential acquisition of
somatic mutations that would be expected in a conventional
germinal center response. Both lineages may therefore func-
tion to generate a rather primitive B-cell response, probably as
a high-capacity, low-affinity system directed against commensal
bacterial surface epitopes.’”

In general, these transfer or strain combination experiments
leave uncertainty about the actual sites of CSR outside of gut-
associated lymphoid tissue in vivo. A direct approach is ham-
pered because the putative sites for CSR have only a few IgA* B
cells and because the nested PCR that detects the nascent trans-
cripts from the circular DNA looped out between the switch
regions on the Ig heavy-chain locus? is a very demanding assay.
Evidence for*”%8 and against>>8° lamina propria CSR has been
presented, and in the CD40-deficient strain, direct evidence of
CSR was also not found in ILFs.?? B cells with B1 surface char-
acteristics can be seen in Peyer’s patches of TGFBRII~/~ mice,?
and there is some indirect evidence that B1 CSR may occur in
the mesenteric lymph nodes.?® Nevertheless, we still need much
better information about the sites and mechanisms of alternative
IgA CSR pathways.

FUNCTION OF IgA IN DIFFERENT SYSTEMS

Non-pathogens

The lower intestine is inhabited by a dense commensal micro-
biota consisting of organisms that are not normally pathogenic
for the host. Their numbers are prodigious: in humans, it is esti-
mated that the number of intestinal bacteria (10'4) outstrips the
number of human cells in the body (10'3) by an order of magni-
tude. The density of bacteria in the intestinal lumen (10'2g~1) is
far higher than other microbial consortia found in soils, oceans,
and other global subsurfaces (< 10%). As the best of good culture
media, the human gut has to be highly adapted to the presence
of these organisms and their potentially immunostimulatory
molecules.

IgA is highly induced in the gut only in animals contain-
ing intestinal microbes; in those kept in a germ-free state, the
number of intestinal IgA-producing plasma cells is 1-2 orders
of magnitude lower. From this fact, teleology would suggest that
IgA functions to protect the host. Although this can be shown in
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some cases for pathogens, the functional impact of SIgA is not
easy to demonstrate for commensals, although they are prob-
ably responsible for most IgA induction. The reason is that 200
million years of mammalian evolution have endowed us with a
mucosal immune system with a series of redundant protective
mechanisms that allow us a mutual existence with our micro-
biota.’! These mechanisms are very diverse and involve sys-
temic and mucosal immunity, epithelial biology, and metabolic
mechanisms. In particular, IgA deficiency can be compensated
in mouse and human by increased export of SIgM, which is also
handled by the pIgR (see the section Selective epithelial export
of locally produced IgA and IgM).

Two laboratories have made KO mice deficient for pIg
In both cases, there is a failure of SIgA and SIgM export into the
intestinal lumen and highly increased concentrations of serum
IgA. Serum IgG is also elevated and there is increased mucosal
penetration of commensal bacteria and intensified priming
of systemic antibody responses against these organisms.?>%4
Macpherson and Uhr®? showed that secretion of intestinal IgA
limited penetration of test doses of intestinal commensals to
the mesenteric lymph nodes. Johansen et al.?? also looked at
the functional consequences of a system lacking SIg, and found
serum protein loss into the intestinal lumen, pathognomonic
of low-grade enteropathy. These results imply reduced mucosal
protection against the commensal microbiota in the absence of
secretory antibodies.

The SIgA protection mechanism is far less clear. Dimeric IgA
has an abnormally large hydraulic diameter in relation to its
molecular weight because of the combination of two Ig mole-
cules;?® this may limit low-level penetration of IgA-coated
microbes through the surface epithelium, or decrease the effec-
tive paracellular permeability of bound bacterial breakdown
components. Furthermore, glycosylation of both IgA and the
bound SC in SIgA may contribute to trapping of SIgA-bound
antigen in the mucus.”%’! A model for this is sperm penetration
in cervical mucus; sperms coated with IgA show reduced moti-
lity and this effect is reversed by IgA1-specific protease.®

If microbes succeed in reaching and penetrating the surface
epithelium, the SIgA export mechanism can act as a clearance
system from the basolateral surface back to the lumen. Receptor-
mediated epithelial IgA transport per se is clearly important in
limiting epithelial viral infections in cell monolayers infected
with Sendai®” and in vivo during rotavirus infection.!” In vivo
measurements to assess the commensal penetration across the
intestinal epithelium are currently mostly indirect and rely on
bacterial cultivation from mesenteric lymph nodes. Results in
adult wild-type mice and pIgR KO mice are described above. In
neonatal mice, lack of maternal antibody in milk leads to pre-
mature induction of the pups’ own mucosal IgA from post-natal
day 16 rather than after weaning at day 21.%8 This results from
stimulation by the commensal intestinal microbiota, because
such early endogenous IgA induction in the pups does not
occur under germ-free conditions.” In challenge experiments
in the pups, fixing the IgA specificity to nitrophenol with the
quasimonoclonal mouse strain did not affect the ability of SIgA
to limit penetration of the commensal Enterobacter cloacae.®®
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In other words, low antibody affinities to redundant surface
epitopes of bacteria, or binding of IgA through bacterial lec-
tin-mediated mechanisms, can probably be sufficient for the
reinforced barrier effect of SIgA.

The simplistic notion of an immunological ‘fly-paper’ mecha-
nism on the luminal side of the epithelium could also be valid,
as SIgA may increase the barrier by stabilizing a biofilm layer
of bacteria. For example, binding of purified salivary mucin to
Pseudomonas aeruginosa and Staphylococcus aureus depends
on SIgA because the binding disappears when SIgA is removed,
but can be reconstituted when it is reintroduced.!° Moreover,
formation of bacterial biofilms in culture on glutaraldehyde-
fixed CaCo, cells can be promoted by SIgA and mucin, and
remain stable despite repetitive replacement of the medium.!%!
Formation of biofilms dependent on pili expression has also
been shown to be SIgA-dependent.!%2

Paradoxically, the protective mechanisms argued to apply at
the level of the surface epithelium may work in the opposite
direction in the M cells of the gut-associated lymphoid tissue.
Here uptake of SIgA, complexed with its antigen, can increase
the sampling of intestinal bacteria.!%3

Microbial pathogens

The functional results of experiments with pathogens at mucosal
surfaces have also shown a role for SIgA protection. Because of
its remarkable immunostimulatory properties, cholera toxin has
been used as a potent mucosal adjuvant.!%4-1% However, its toxi-
city prohibits application in its native form in humans. Injection
of a test dose of cholera toxin into ligated intestinal loops causes
great accumulation of fluid, and prior mucosal immuniza-
tion can generate toxin-neutralizing SIgA antibody in vivo.1%”
Unlike SIgA protection against the commensal microflora, this
does require the conventional mechanisms of T-cell help for
a germinal center response, presumably to raise the antibody
affinity to satisfactory functional levels, as well as active pIgR-
mediated epithelial transport.!42%108-110 Orally immunized
J-chain and pIgR KO mice are as susceptible to cholera toxin as
naive mice.!!! In the naive state, mice lacking secretory
antibodies are more susceptible to infection with Salmonella
typhimurium than wild-type animals.!!? Thus, natural SIgA
antibodies inhibited early invasion and horizontal fecal-oral
spread of this pathogen.

Influenza infection in mice is also abrogated by SIgA-neutra-
lizing antibodies to the virus. Adoptive transfer of doses of anti-
bodies from immune animals of different isotypes matched to
those in convalescent serum shows that SIgA prevents pathology
in the upper respiratory tract whereas IgG prevents pathology
in the peripheral lung parenchyma.!!3

Similarly, where mice have been immunized with the HIN1
vaccine and challenged 4-5 weeks later with 103 PFU of the
A/PR/8/34 strain intranasally, IgA-deficient mice showed
increased lethality, which could be abrogated if the immuniza-
tion was accompanied by the addition of IL-12.114 In this system,
SIgA was one of a number of protective mechanisms, and IL-12
was shown to correct the poor T-cell proliferative responses to
phytohemoagglutinin and memory recall responses to HIN1 in
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IgAKo animals. Not surprisingly, selective IgA deficiency in an
otherwise unmanipulated animal does not significantly alter the
outcome of influenza infection in experiments based on a strong
adjuvant.''> However, cross-protection against antigenically dis-
tinct, but related A-type strains of influenza virus was abrogated
in pIgR KO mice, suggesting a protecting role of crossreactive
SIgA antibodies.'!®

In experimental murine rotavirus infection, clearance of virus
correlated well with production of mucosal and serum IgA,!17:118
and specific IgA was induced even in T-cell-deficient animals.!!®
Although B cells were required to protect mice from experi-
mental re-infection with virus,'2%!2! experiments with the IgA
KO strain showed that SIgA is potentially redundant for the pro-
tective effect.!?? Interestingly, although from observations that J
chain KO mice showed delayed clearance of rotavirus and failure
of immunization'?? one would expect that SIgM should com-
pensate for IgA in the IgAKo strain, it appeared to be IgG rather
than IgM that provided protection with both serum and fecal
antibodies.'??

This picture of IgA occasionally having a redundant role in
pathogen protection at mucosal surfaces with compensation by
antibodies of other isotypes, or by innate immune mechanisms,
is a general one. For example, experimental vaginal infection
with HSV2 in IgA KO mice appears not to be different from that
in wild-type strains,'?412% and IgA is also not essential for genital
tract chlamydia immunity in mice.'?¢ Nevertheless, clearance of
intestinal Giardia muris infection was abrogated in IgA KO, pIgR
KO, and J chain KO mice, indicating an important role for SIgA
in expulsion of this lumen-dwelling parasite.'?”

EPILOGUE

IgA is an appropriate subject of a review in the first issue
of this journal because its history reaches back to the start of
mucosal immunology, and its immune geography is inextricable
from the distinct nature of the mucosal immune system. Indeed,
the 1st International Congress of Mucosal Immunology, held in
Birmingham (AL, USA) in 1973, was called a symposium on the
immunoglobulin A system (organized by Frederick W. Kraus,
Jiri Mestecky, and Alexander R. Lawton). Yet compared with
the dominance of IgA in total body Ig production, relatively
little is known about its function, and especially its role in host—
microbial mutualism remains elusive. This is a paradigm for
mucosal immunology: a major part of immunity that is relatively
understudied and where more information is badly needed.
The new journal aims to be a valuable vehicle to stimulate and
disseminate the results of such studies.
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