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Summary

Complex and diverse communities of bacteria establish mutualistic and symbiotic relationships
with the gut after birth. The intestinal immune system responds to bacterial colonization by
acquiring a state of hypo-responsiveness against commensals and active readiness against
pathogens. The resulting homeostatic balance involves a continuous dialog between the
microbiota and lymphocytes with the intermediation of epithelial and dendritic cells. This dialog
causes massive production of immunoglobulin A (IgA), a non-inflammatory antibody specialized
in mucosal protection. Here, we discuss recent advances on the regulation of intestinal IgA
responses and their role in host-microbe interaction.
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Introduction

The gut mucosa is a dynamic interface encompassing an epithelial monolayer that separates
the local immune system from diverse communities of commensal bacteria. This microbiota
confers defensive and metabolic capabilities to the intestinal mucosa by competing with
pathogens, breaking down otherwise indigestible food components, and generating essential
vitamins (1). Commensals also stimulate the growth of intestinal epithelial cells (IECs) and
enhance the development of the local immune system (1). To maintain a peaceful bacteria-
host interaction, the gut mucosa releases anti-microbial proteins and immunoglobulin A
(IgA), an antibody isotype specialized in mucosal protection (2, 3).
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Anti-microbial proteins and IgA constrain the topography, composition, and pro-
inflammatory activity of commensal bacteria (4). This protective activity involves the
binding of both anti-microbial proteins and IgA to a mucus layer that separates commensal
bacteria from the apical surface of IECs (5). The building block of intestinal mucus is
MUC?2, a gutspecific gel-forming mucin secreted by goblet cells (5). Besides providing
glycan-dependent anchoring sites and nutrients to the microbiota (5), MUC2 helps the gut
immune system to generate homeostasis (6).

Intestinal homeostasis is characterized by a state of hypo-responsiveness against
commensals and active readiness against pathogens and involves an intimate interplay of the
microbiota with IECs as well as dendritic cells (DCs) of the innate immune system (7). By
using microbial sensors such as Toll-like receptors (TLRs), IECs and DCs orchestrate tonic
non-inflammatory immune responses that involve massive generation of IgA by B cells of
the adaptive immune system. This review discusses the regulation of IgA production and
how IgA controls host-microbe interactions.

Function of intestinal IgA

IgA is the most abundant antibody in mucosal secretions (3, 8). In the intestine, monomeric
IgA interacts with a small plasma cell-derived polypeptide termed joining (J) chain to form
IgA dimers that recognize polymeric immunoglobulin receptor (plgR) on the basolateral
surface of mucosal IECs (9-11). By shuttling IgA dimers across IECs through a complex
process called transcytosis, plgR facilitates the release of secretory IgA (SIgA) onto the
surface of the gut (12). The resulting, SIgA includes a plgR-derived polypeptide termed
secretory component (SC) that increases the stability of SIgA in the intestinal lumen and
anchors SIgA to mucus (13-15).

SlgA favors both maintenance of non-invasive commensal bacteria and neutralization of
invasive pathogens through multiple mechanisms (12, 16). By using the antigen-binding
variable (V) region of IgA, SIgA specifically blocks certain bacterial epitopes to prevent the
adhesion of commensal bacteria with the apical surface of IECs (12). In addition, SIgA
limits the microbial motility by non-specifically binding bacteria through glycans associated
with the SC and constant region a (Ca) of IgA (12). Besides neutralizing pathogens in the
intestinal lumen, SIgA can intercept microbes and toxins inside IECs (12). Of note, SIgA
delivers these protective functions without activating the complement cascade (12, 17), thus
impeding inflammatory damage to the epithelial barrier.

Origin and reactivity of intestinal IgA

Intestinal SIgA originates from B cells undergoing somatic hypermutation (SHM) and class
switch recombination (CSR) in the germinal center (GC) of gut-associated lymphoid
follicles (18). SHM and CSR require activation-induced cytidine deaminase (AID), a B-cell-
specific enzyme highly expressed in the GC (19). SHM introduces point mutations in the
recombined V(D)J exons that encode the antigen-binding V regions of Igs (20). This process
generates structural changes that promote the selection of B cells expressing high-affinity Ig
variants by antigen (21). In contrast, CSR alters the effector function of Igs without
changing their antigen specificity by replacing Cu and C8 exons encoding IgM and IgD (two
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antibody isotypes expressed by naive B cells) with Cy, Ca, or Ce exons encoding 1gG, IgA,
and IgE, respectively (22).

Intestinal B cells undergo class switching to IgA and affinity maturation within organized
follicular structures associated with the gut-associated lymphoid tissue (GALT) (18).
Affinity matured and IgA class-switched B cells emerging from intestinal follicles enter the
general circulation and then home to the intestinal lamina propria (LP), an effector site that
fosters the differentiation of IgA-secreting plasma cells (18). These plasma cells cooperate
with IECs to release SIgA onto the mucosal surface (23, 24).

Recent evidence indicates that IgA-secreting plasma cells arise from either newly activated
naive B cells or previously selected memory B cells that become re-activated by antigen
(24). In general, the intestinal IgA repertoire is comprised of high-frequency clones, which
probably recognize highly prevalent and stable components of our microbiota, and low-
frequency clones, which may reflect adaptive adjustments to minor changes in the
microbiota or exposure to pathogens (24). After postnatal gut colonization by bacteria, the
gut IgA repertoire becomes progressively more diverse through the introduction of
additional mutations in highly expanded B-cell clones and the generation of new mutated B-
cell clones (25). Commensals likely provide some of the signals required for the induction of
mutated plasma cells (26). However, the nature of these bacteria remains unclear (26).
Remarkably, commensals not only shape the reactivity of gut B cells, but may also provide
checkpoint signals to remove autoreactivity form systemic B cells (27).

Intestinal IgA inductive sites

Two functional compartments known as inductive and effector sites characterize the
geography of IgA responses in the intestine (17). Highly organized follicular structures
termed Peyer’s patches (PPs) develop in the small intestine during fetal life independently of
gut colonization by bacteria and constitute the most prominent IgA inductive site in the
GALT (18). Additional organized structures called isolated lymphoid follicles (ILFs)
develop after birth in both small and large intestinal segments in response to bacteria (18).
Unlike systemic lymph nodes, PPs and ILFs lack afferent lymphatic vessels and therefore
receive antigen directly from the epithelial surface via antigen-transporting DCs (18, 28).
Further IgA responses occur in the follicles of mesenteric lymph nodes (MLNSs), which
develop during fetal life and receive antigens from PPs via afferent lymphatics (18). While
PPs, ILFs, and MLNs function as IgA inductive sites, the intestinal LP mainly serves as an
IgA effector site that supports the differentiation and survival of IgA-secreting plasmablasts
and plasma cells (18).

Structure of PPs and ILFs

PPs consist of large structures built on a stromal scaffold composed of several follicles that
include B cells separated by interfollicular areas containing CD4* T cells and DCs (18). The
formation of PPs involves coordinated interactions between non-hematopoietic stromal cells
and bone marrow-derived lymphoid tissue-inducing (LTi) cells expressing the transcription
factors 1d2 and retinoic acidrelated orphan receptor yt (RORyt) (29). These LTi cells belong
to a heterogeneous family of group-3 RORyt* innate lymphoid cells (ILCs) that regulate
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lymphoid organogenesis, homeostasis, and immunity (30). Interactions between stromal
cells and LTi cells involve bidirectional signals that include lymphotoxin (LT) and tumor
necrosis factor (TNF) from ILCs and interleukin-7 (IL-7) from stromal cells (31).

After colonization with bacteria, PPs become larger and form GCs, which foster the cognate
interaction of B cells with CD4* T cells (18). In the adult life, follicles from PPs always
show prominent GCs due to the continuous stimulation of B cells by luminal antigens (18).
These antigens are transported from the subepithelial dome to the follicles of PPs by DCs
that receive antigen from specialized microfold (M) cells positioned in the follicle-
associated epithelium (32). By constantly supplying antigen, this process permits PPs to
generate a massive and diverse repertoire of high-affinity IgA (17).

ILFs consist of solitary B-cell clusters built on a scaffold of stromal cells with a few
interspersed CD4* T cells and more abundant perifollicular DCs (18). Scattered throughout
the intestine, ILFs develop from the anlagen of cryptopatches in response to postnatal
exposure to bacteria (18). This anlagen includes RORyt* ILCs that guide the formation of
ILFs by establishing an extensive crosstalk with stromal cells as well as DCs and B cells
through LT and TNF (33).

Intestinal IgA responses through the TD pathway

Intestinal IgA production mostly occurs in the follicles of PPs and MLNs through a T-cell-
dependent (TD) pathway (3, 17, 18). This pathway involves the activation of follicular B
cells by T-follicular helper (Tth) cells and the generation of IgA-secreting plasma cells that
seed the LP along the whole length of the intestine (Fig. 1). While IgA responses to the
microbiota may be multi-centered and highly diverse, IgA responses to simple protein
antigens appear to be highly synchronized and involve the reutilization of pre-existing GCs
in multiple PPs (34). This process leads to the generation of extensive clonal relationships in
the pools of B cells and plasma cells that occupy PPs and the gut LP, respectively (24, 25).

Antigen sampling by gut DCs

Follicular IgA responses require the activation of CD4™ T cells by antigen-presenting DCs.
But how do DCs sample antigens from the intestinal lumen? In agreement with their major
role in IgA induction, PPs are equipped with a follicle-associated epithelium that contains M
cells specialized in antigen capture (35). These M cells sample SIgA-free bacteria through
an antigen recognition system that involves the glycoprotein 2 receptor (36). In addition, M
cells sample SIgA-coated bacteria by using a poorly characterized IgA receptor and
Dectin-1, a C-type lectin receptor that interacts with glycans associated with SIgA (37-39).

After capturing antigen, M cells deliver antigen to DCs positioned in the subepithelial dome
of PPs (35). Various DC subsets orchestrate the IgA response in PPs (28, 40, 41). Some of
these DCs directly capture luminal antigens by extending dendrites through M cell-specific
transcellular pores (42). Similarly, macrophage-like DCs expressing the chemokine receptor
CX3CR1 project antigen-sampling dendrites across IECs in response to a chemotactic
gradient established by the epithelial chemokine CX3CL1 (43, 44). As they sample antigen,
CX3CR1* DCs preserve the integrity of the epithelial barrier by expressing tight junction
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proteins identical to those that seal the intercellular surfaces of IECs, including occludin,
claudin 1, and zonula occludin 1 (45).

Owing to their sessile nature, CX3CR1" DCs transfer sampled antigens to migratory
CD103* DCs through the formation of intercellular gap junctions that contain the gap
junction protein connexin-43 (46). Of note, CD103* DCs have an ontogeny distinct from
that of CX3CR1* DCs. Indeed, CD103" DCs emerge from circulating pre-DCs, whereas
CX3CR1* DCs originate from circulating monocytes (47). After capturing antigen, CD103*
DCs move to the interfollicular areas of PPs and MLNs to establish cognate interactions
with CD4* T cells, including tolerogenic Treg cells that eventually differentiate to Tfh cells
(48, 49). Yet, in the presence of dysbiosis, also CX3CR1* DCs can acquire migratory and T-
cell-stimulating capabilities (50). Conversely, CD103* DCs form antigen-sampling
transepithelial projections in response to pathogens (51). These observations point to the
presence of a certain degree of functional flexibility in both macrophage-like CX3CR1*
DCs and CD103* DCs.

Non-inflammatory priming of gut DCs

Intestinal IgA responses provide protection without causing inflammation (52). Given the
key role of DCs in IgA induction, it is not surprising that the gut mucosa has developed
several strategies to imprint antigen-sampling DCs with non-inflammatory properties. By
releasing retinoic acid (RA), which is a metabolic product of dietary vitamin A, IECs
stimulate the development of tolerogenic CD103* DCs, which suppress Th1 cells secreting
pro-inflammatory inter-feron-y as well as Th17 cells secreting pro-inflammatory IL-17 (53,
54). This suppressive activity involves the release of multiple anti-inflammatory factors by
CD103* DCs, including TGF-B1, IL-10, and RA (55). Concomitantly, TGF-B1, IL-10, and
RA promote the formation of Foxp3* Treg cells that secrete tolerogenic TGF-1 and I1L-10
(56, 57).

By inducing tolerogenic Foxp3* Treg cells, RA skews intestinal B-cell responses toward
IgA production (48, 49). Indeed, Foxp3* Treg cells release the IgA-inducing factor TGF-B1
and further differentiate to Foxp3* Tth cells that express CD40L and IL-21, which cooperate
with TGF-B1 to induce IgA but not IgG production (48, 49, 58). Remark-ably, RA couples
its IgA-inducing activity with a strong propensity to trigger expression of gut-homing CCR9
and a4b7 receptors on IgA-expressing B cells (59, 60). Besides RA, IECs release TGF-p1
and the IL-7-like cytokine thymic stromal lymphopoietin (TLSP) (53, 54, 61). Similar to RA
and TGF-B1, TSLP mitigates DC production of IL-12, a pro-inflammatory cytokine required
for the generation of Th1 cells (53, 54, 61).

In addition to capturing antigen from CX3CR1* DCs, CD103* DCs acquire antigen from
goblet cells (62), a glandular epithelial cell specialized in the secretion of the mucin MUC2
(63). This hyperglycosylated protein constitutes the building block of gut mucus and
provides anchoring sites to both commensal bacteria and SIgA (5). Furthermore, MUC2
imprints antigen-sampling CD103* and CX3CR1* DCs with tolerogenic properties
following its interaction with a carbohydrate-binding complex comprised of galactin-3,
Dectin-1, and FcyRIIB (6). Signals emanating from this MUC2 receptor inhibit
inflammatory but not tolerogenic responses in antigen-sampling DCs through a mechanism
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involving B-catenin, a transcription factor required for the formation of tolerogenic gut DCs
(6, 64).

Commensal bacteria also interact with SIgA and thus may use SIgA to deliver additional
tolerogenic signals to antigen-sampling DCs (65). Consistent with this possibility, SIgA
interacts with DC-specific ICAM-3-grabbing non-integrin (DC-SIGN), specific ICAM-3-
grabbing non-integrin receptor-1 (SIGNR1), and Dectin-1, three carbohydrate receptors of
the C-type lectin family that confer tolerogenic properties to DCs (39, 66, 67). Collectively,
this evidence indicates that DCs collaborate with SIgA to orchestrate non-inflammatory
immune responses in the gut.

Role of gut T and B cells in the GC reaction

Antigen-loaded DCs migrate to the interfollicular areas of PPs to establish cognate
interactions with precursors of Tth cells (18, 68, 69). In general, Tfh cells are essential for
the maintenance and function of GCs and for the generation of both memory B cells and
plasma cells (68, 69). The generation of Tth cells requires their stimulation through the T-
cell receptor via stable cognate interactions with DCs in the interfollicular area and with B
cells at the T-B cell border of the follicle (68, 69).

Tth cells to home to the follicular dendritic cell (FDC) network of the lymphoid follicle in
response to CXCL13, a CXCR5-binding chemokine produced by FCDs (21, 68).
Accordingly, both Tfh cells and Tfh cell-activated B cells upregulate CXCRS5 to enter the
follicle in response to CXCL13 (68, 69). In addition to CXCRS5, Tth cells express the co-
stimulatory molecules CD40L, inducible costimulator (ICOS), and programed cell death-1
(PD-1) and release the B-cell-helper cytokines IL-21 and IL-4 (18, 68, 69). In PPs, Tfh cells
also release TGF-B1, which cooperates with 1L-21 to induce IgA (49, 58).

Tth cells acquire GC B-cell-helper activity by following a genetic program that includes the
induction of the transcriptional activator B-cell lymphoma-6 (Bcl-6) and the downregulation
of the transcription repressor B-lymphocyte inducer of maturation-1 (BLIMP-1) (21, 70).
Tth cells are further regulated by T-follicular regulatory (Tfr) cells (71), a subset of GC
CD4™* T cells that share several features with Tfh cells, including high expression of CXCR5
and PD-1, strong dependence on Bcl-6 and preferential GC location (72). Unlike Tfh cells,
THr cells express the Treg cell-associated transcription factor Foxp3 and likely derive from
natural (central) Treg cells (73). In addition, Tfr cells lack CD40L and secrete less 1L-21
than Tth cells (72).

In PPs, Tth cells originate from Treg cells and possibly also Th17 cells and exert their IgA-
inducing function under the control of constraining signals from Tfr cells (49, 74). Indeed,
excessive expansion of Tfh cells resulting from the lack of Tfr cells perturbs the affinity
selection of GC B cells in PPs and thereby alters the quality of IgA released by plasma cells
in the LP (75). The mechanism by which Tfr cells control IgA production remains unclear,
but one possibility is that Tfr cells inhibit the proliferation and cytokine secretion of
antigenprimed Tfh cells. This process may involve constraining signals from programed cell
death-1 (PD-1), an inhibitory receptor that binds at least two distinct PD-1 ligands on
various cell types, including GC B cells (75).
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Role of gut FDCs in the GC reaction

In PPs, FDCs expose gut antigens on their surface for extended periods, thereby facilitating
the selection of GC B cells that express high-affinity BCRs (18, 76). In addition, FDCs
release CXCL13 to induce CXCR5-dependent follicular homing of Tth cells, Tfr cells, and
B cells (18, 77). Moreover, FDCs support the preferential generation of IgA by producing
large amounts of TGF-B1, B cell-activating factor of the TNF family (BAFF), and IL-6 in
response to tissuespecific conditioning signals (77). In particular, TLR signals from the
microbiota cooperate with RA signals from dietary vitamin A to induce FDC expression of
latent TGF-B-binding proteins and matrix metalloproteinases (MMPs), which are required
for the activation and release of the IgA-inducing cytokine TGF-f1 by FDCs (77).

However, it must be noted that FDCs are not the only intestinal cell type capable to skew
antibody production toward IgA. For instance, PPs may contain TNF and inducible nitric-
oxygen synthase (iNOS)-producing DCs (TipDCs) that release nitric oxygen (NO) in
response to TLR signals from the microbiota (78). Nitric oxide increases the expression of
TGF-B receptors on follicular B cells, thereby enhancing IgA CSR and production (78).

Homing of PP-derived B cells to the gut LP

In addition to activating CD4* T cells and initiating IgA production, DCs from PPs release
RA to imprint IgA classswitched B cells with gut-homing properties through the induction
of a4b7 (79). This integrin binds mucosal addressin cell-adhesion molecule-1 (MadCAM-1)
on high endothelial venules located in the gut LP (79). RA also induces B-cell expression of
CCRY9, a chemokine receptor that binds CCL25 from IECs (79). After entering the general
circulation via efferent lymphatics, MLNs and the thoracic duct, PP-derived IgA™ a4b7*
CCR9* B cells migrate to the LP of the small intestine in response to CCL25. The
mechanism underlying the colonization of the large intestine by PP-derived B cells remains
unclear, although CCR10 ligands such as CCL28 may be involved.

Homing of IgA-expressing B cells to the LP is coupled with their differentiation into
plasmablasts and plasma cells (17). Newly generated plasma cells displace pre-existing
plasma cells in the LP through a process of antigenic attrition (26). In this competitive
scenario and given the high rate of intestinal plasma cell generation, one might expect that
intrinsic factors limit the survival of plasma cells in the LP. However, gut plasma cells are
not intrinsically short-lived, but can survive for more than 3 months in the LP (26), possibly
due to the release of powerful plasma cell survival factors such as IL-6 and a proliferation-
inducing ligand (APRIL) (24).

Extensive remodeling of the plasma cell pool by antigenic attrition might counteract the
establishment of stable hostmicrobiota symbiosis and limit the efficacy of mucosal
vaccination. However, the human microbiota is remarkably stable and mucosal vaccination
confers IgA-mediated protection (80, 81). In agreement with these observations, recent data
indicate that the intestinal IgA system recalls previously selected specificities expressed by
dominant B-cell clones (25). Thus, the generation of IgA likely occurs partly through the
activation of naive B cells and partly through the re-activation of previously selected
memory B cells.
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Accordingly, the pool of gut plasma cells consists of an oligoclonal component, in which a
few clones are highly expanded, and a polyclonal component, in which many different
clones are present at low frequency (25). Dominant clones could respond to new antigens if
these antigens have sufficient structural similarity with the ones previously encountered
(24). This strategy could provide the IgA system with the necessary flexibility to respond to
pathogens, while offering sufficient stability to accommodate minor changes in the resident
microbiota.

A DC-mediated a4b7-CCR9-dependent mechanism also orchestrates the homing of antigen-
specific CD4" T cells such as Treg and Th17 cells to the LP. This process is controlled by
soluble LT from LP-based RORyt* ILCs, which appear to selectively guide the influx of
CD4* T cells expressing CD40L (82). Given the strong IgA-inducing function of CD40L,
the LP may function not only as an IgA effector site but to some extent also as an IgA
inductive site (82).

Intestinal IgA responses through the Tl pathway

In the absence of CD4" T cells, mice retain significant intestinal 1gA production (33, 83,
84), which points to the existence of mucosal T cell-independent (TI) pathways that may
generate some degree of IgA-mediated protection (Fig. 2). These TI IgA responses appear to
occur at both follicular and extrafollicular sites, including the LP.

Some intestinal 1gA persists in mice lacking the GALT (85), which raises the possibility that
limited IgA production takes place in the diffuse lymphoid tissue of the LP (Fig. 2). Indeed,
variable amounts of IgA can be detected in the gut of RORyt-deficient or Id2-deficient mice,
which have no PPs, ILFs, and lymph nodes due to the lack of LTi cells (33). Accordingly,
the LP from both gut and upper respiratory tracts of immunodeficient patients with no
CD40L-CD40 interaction or CD4" T cells contains subepithelial B cells that express both
AID and IgA, a hallmark of ongoing IgA CSR (86-88). Similarly, AID can be detected in
IgA class-switched B cells from the intestinal LP of mice that lack GCs (89).

Despite these findings, the notion that the intestinal LP functions as an IgA inductive site
remains debated (90). Indeed, some studies show that, when compared to PPs, the LP
contains little or no AID and little or no molecular byproducts of IgA CSR (91-94). One
caveat of these studies is that the LP contains more scattered B cells than PPs and that B
cells in the LP express less AID transcripts than B cells in PPs (90). Thus, IgA CSR can be
easily underestimated or pass completely unrecognized in the LP, unless appropriate
controls and sensitive methodologies are used (90). Accordingly, recent works confirm that
gut B cells can indeed undergo IgA production through a T1 pathway that takes place in
ILFs or LP (33, 82).

Some B cells may initiate T1 IgA production in the gut LP after acquiring antigen from DCs.
Indeed, some AlID-expressing B cells can be detected beneath the intestinal epithelium (18,
86, 88). This sub-epithelial area also contains CX3CR1* DCs and CD103* DCs that sample
luminal antigens through transepithelial projections or transient passages formed by goblet
cells. Besides presenting luminal antigens to B cells, DCs inhabiting the LP release various
cytokines that support local IgA production in a TI manner. In particular, TLR5-expressing
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DCs highly responsive to bacterial flagellin (a TLR5 ligand) induce IgA production by
stimulating B cells through IL-6 and RA (95). In addition to promoting plasma cell
differentiation, RA enhances both IgA CSR and production by cooperating with TGF-§ (59,
96).

Another subset of LP-based DCs called TipDCs triggers Tl IgA production by releasing
CDA40L -related members of the TNF family known as BAFF and APRIL in response to TLR
signals from the microbiota (78). TipDCs also release nitric oxide, which up-regulates
BAFF and APRIL production in LP-based DCs (78). Recent findings suggest that this T
pathway further involves iNOS-inducing signals from LT expressed on RORyt* ILCs (82).
Of note, also IECs release BAFF and APRIL and cooperate with DCs to promote APRIL-
dependent CSR from IgM to IgAl or IgA2, particularly in the distal gut (86, 88). IECs may
further amplify their IgA-inducing function by releasing TSLP, which augments BAFF and
APRIL production by DCs (86, 88). In the presence of TGF-§ or IL-10, BAFF and APRIL
deliver IgA CSR signals to B cells by engaging transmembrane activator and
calciummodulating cyclophilin-ligand interactor, a receptor that signals in cooperation with
BCR and TLR ligands (97, 98). In addition to inducing local CSR from IgM to IgA, BAFF
and APRIL likely cooperate with IL-6 from DCs and stromal cells to enhance the survival of
IgA-secreting plasmablasts and plasma cells (24).

IgA induction in ILFs

As discussed earlier, ILFs contain RORyt* ILCs that cooperate with stromal cells, DCs, and
macrophages to sustain IgA production through a Tl pathway (33). In the presence of TNF
and LT signals from LTi cells and TLR signals from the microbiota, SCs produce BAFF,
APRIL, and TGF-B1 in addition to CXCL13, CCL19, and CCL20, which recruit both B cells
and DCs (33). Together with LTi cells, macrophages and DCs produce abundant TNF,
which triggers DC and stromal cell expression of MMP2, MMP9, and MMP13 required for
the release of active TGF-B1 (33). Similar to stromal cells, DCs and macrophages also
produce BAFF and APRIL, which cooperate with TGF-B1 and TLR ligands to induce IgA
CSR and production in B cells (33). Of note, this IgA induction requires neither T cells nor a
GC reaction (33).

IgA induction in MLNs and PPs

TI IgA production can also occur in MLNSs through a pathway involving plasmacytoid DCs
(pDCs) (99). By producing type-I interferon in response to TLR signals from the microbiota,
stromal cells stimulate pDC release of BAFF and APRIL, which thereafter trigger IgA CSR
and production in B cells (99). In MLNSs as well as PPs, also FDCs may induce Tl IgA
production by stimulating B cells through BAFF, APRIL, TGF-B1 and antigen-containing
immunocomplexes (77). Indeed, imprinting signals from dietary RA and microbial TLR
ligands stimulate FDC release of BAFF and CXCL13 as well as FDC processing of TGF-p1
via MMP9 and MMP13 (77). This FDC-dependent pathway may permit PPs to support IgA
production in the absence of CD40L-CD40 interaction (92, 100).
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Conclusions

The intestine is a major site of pathogen entry, contains trillions of commensal bacteria, and
is exposed to large amounts of food antigens. To protect the integrity of the epithelial barrier
and avoid potentially catastrophic inflammatory reactions, SIgA not only restricts the access
of microbes and other antigens to the mucosal surface, but also modulates the sampling of
antigens and the quality of the local immune response. Although better known for its ability
to neutralize toxins and some pathogens, IgA also maintains a diverse and spatially
diversified community of commensal bacteria. To achieve these functions, the intestine has
developed multiple follicular and extrafollicular pathways for the induction of IgA with or
without help from T cells. The precise contribution of these pathways to mucosal immunity
and homeostasis remains to be fully elucidated. Further studies are also needed to
characterize how intestinal IgA discriminates commensals from pathogens and whether
specific commensals are needed to optimize homeostatic IgA responses. This information
may not only facilitate the development of novel oral vaccines, but also contribute to a better
understanding of intestinal inflammatory disorders and food allergies.
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Fig. 1. Intestinal IgA production in Peyer’s patches (PPs)
M cells intercalated in the follicle-associated epithelium of PPs capture luminal SIgA-coated

antigens through SIgA receptors. Luminal antigens are also captured by transepithelial
projections emanating from non-migratory macrophage-like CX3CR1* dendritic cells (DCs)
in the subepithelial dome (SED) of PPs. Then, M cells and CX3CR1* DCs transfer antigen
to migratory CD103* DCs, which move to the interfollicular area of PPs to establish cognate
interactions with CD4* T cells, including Treg cells. These tolerogenic CD4* T cells have
IgA-inducing function and require RA, TGF-$1, IL-10, and TSLP from intestinal epithelial
cells (IECs) and DCs. Treg cells further differentiate to Tth cells, which establish cognate
interactions with antigen-specific B cells at the T-B cell border. Tth cellactivated B cells
migrate to the follicle together with Tfh cells by following a CXCL13 gradient formed by
follicular dendritic cells (FDCs). In the presence of antigen-retaining FDCs, B cells undergo
expansion, SHM, IgA CSR, and affinity maturation in response to CD40L, IL-21, and TGF-
B1 from Tth cells. TGF-B1, IL-10, RA, and nitric oxide (NO) from FDCs and TipDCs
further enhance IgA CSR and production in the GC. B cells emerging from the GC
upregulate a4f7 and CCR9 gut-homing receptors in response to RA, reach the general
circulation, and finally enter the lamina propria (LP) through MAdCAM-1-expressing high
endothelial venules. In the LP, B cells differentiate to plasmablasts and plasma cells that
secrete polymeric IgA. Following plgR-mediated transcytosis across IECs, polymeric IgA
forms SIgA, which interacts with commensal bacteria and neutralizes pathogens.
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Fig. 2. Intestinal IgA production in isolated lymphoid follicles (ILFs) and lamina propria (LP)
CX3CR1* dendritic cells (DCs) capture luminal antigens through transepithelial projections.

Luminal antigens are also captured by CD103* DCs through transient passages formed by
MUC2-secreting goblet cells. These DCs receive conditioning TSLP, RA, TGF-f1, and
MUC?2 signals from intestinal epithelial cells (IECs) or goblet cells and then present antigen
to B cells located in ILFs or in the diffuse lymphoid tissue of the LP. In ILFs, B cells receive
IgA-inducing signals from BAFF, APRIL, and TGF-B1 produced by DCs and stromal cells
in response to TNF and LT from LTi cells and TLR ligands from the microbiota. In the LP,
B cells receive IgA-inducing signals from BAFF, APRIL, and nitric oxide (NO) produced
by TipDCs and TLR ligands from the microbiota. Of note, NO enhances BAFF and APRIL
produced by TLR-activated DCs. DC release of NO is further enhanced by LTa1f2 on
RORyt* ILCs. Additional IgA-inducing signals originate from RA and IL-6 produced by
TLR5* DCs and from BAFF, APRIL, and IL-10 produced by DCs and/or IECs in response
to TLR ligands. IECs further enhance DC production of BAFF and APRIL by releasing
TSLP. Together with IL-6 from stromal cells and DCs, BAFF and APRIL enhance the
survival of IgA-secreting plasma cell in addition to inducing IgA CSR in B cells. Finally,
CD4* T cells (possibly Treg cells) further enhance IgA production in the LP by expressing
CD40L. The homing of these CD4™ T cells to the LP is regulated by soluble LTa3 from
RORyt* ILCs.
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