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Abstract

A substantial fraction of the commensal microbiota is coated with IgA antibodies during
homeostatic conditions. Here, we discuss the humoral strategies and mechanisms deployed in the
mucosa to confront this immense diversity of bacterial antigens. Homeostatic IgA responses
employ a highly polyreactive repertoire to bind a broad but taxonomically distinct subset of
microbiota. These antibodies arise in the presence of limited T cell help and exhibit low rates of
somatic mutation with little affinity maturation. Such processes contrast with classical paradigms
of high-affinity T cell-dependent antibody responses elicited by mucosal pathogens and vaccines,
yet provide a simple immunological solution to the challenge of microbiota antigenic complexity.
This model raises several fundamental future questions including how polyreactive specificities
are generated and selected into the IgA repertoire, how these antibodies exert their effector
functions, and how they coexist or overlap with other immune responses during homeostasis and
disease.

Introduction

The gastrointestinal environment presents a tremendous challenge for the immune system.
Here, classical mechanisms of tolerance are challenged by the presence of a complex and
dynamic mixture of largely innocuous foreign antigens from the diet and commensal
microbiota as well as occasional harmful pathogens. As such, a number of unique
immunological mechanisms have emerged to serve functions distinct to mucosal tissues
(Honda and Littman, 2016). A homeostatic barrier consisting of mucus, antimicrobial
peptides, and immunoglobulin A (IgA) antibodies maintains separation between luminal
antigens and the underlying epithelium and serves as a first line of defense against both
microbiota and pathogens. IgA antibodies are exceptionally abundant at mucosal surfaces:
more than 80% of mammalian antibody-secreting plasma cells (PCs) reside in the gut and
express the IgA isotype (Fagarasan et al., 2010). Notably, these antibodies arise prominently
during homeostasis, in the absence of inflammation or immunization. However, despite its
abundance, the specificity and functions of IgA in vivo have remained enigmatic. While IgA
has long been known to coat the cell surface of a subset of commensal bacteria (Kroese et
al., 1996; Tsuruta et al., 2009; van der Waaij et al., 1996), recent advances utilizing bacterial
flow cytometry combined with high-throughput sequencing have facilitated the identification
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of IgA-coated bacteria and clarified the immunological mechanisms that lead to their
targeting by the immune system (Bunker et al., 2017; Bunker et al., 2015; Kau et al., 2015;
Kawamoto et al., 2014; Kubinak et al., 2015; Palm et al., 2014; Planer et al., 2016).
Strikingly, these studies have revealed substantial differences between homeostatic
responses to commensal bacteria and classical paradigms of humoral immunity to pathogens
or vaccines. Here, we review the literature and propose a model in which two distinct types
of humoral immunity coexist in the gastrointestinal mucosa. The first — a homeostatic
response to commensals — involves natural polyreactive specificities that differentiate largely
in the absence of T cell help with little somatic hypermutation or affinity maturation. The
second — a protective response to pathogens — involves the production of high-affinity and
specific antibodies generated in germinal centers by mechanisms that resemble systemic
responses. Determining how these pathways overlap or coexist during homeostasis and
disease represents a significant direction for future research.

Evolution of mucosal antibodies

The IgM isotype is a defining feature of all B cell lineages and is ancient and highly
conserved in all jawed vertebrates (Flajnik and Kasahara, 2010). By contrast, IgA arose
relatively recently and is present only in reptiles, birds, and mammals. Whereas mice
express a single IgA subtype, humans express two subtypes termed IgA1 and IgA2.
Although IgA is absent in lower jawed vertebrates, many of these organisms express
specialized mucosal antibody isotypes that have arisen by convergent evolution. Bony fish
express IgT in intestinal tissues, and these antibodies coat their gut microbiota (Zhang et al.,
2010). Amphibians express IgX intestinal antibodies (Mussmann et al., 1996). Interestingly,
mucosal antibodies show a common multimeric structure: whereas IgA is typically dimeric,
IgX is pentameric and IgT is tetrameric (Mussmann et al., 1996; Zhang et al., 2010).
Notably, both IgT* and IgX* PCs appear to differentiate in the absence of T cell help,
similar to a significant fraction of the IgA repertoire in mice and the IgA2 response in
humans, as we discuss in detail later (Bunker et al., 2017; Bunker et al., 2015; He et al.,
2007; Macpherson et al., 2000). Together, these observations indicate that strong
evolutionary pressure has driven the emergence of specialized mucosal antibodies.

Anatomy and organization of mucosal B cell responses

The largest population of IgA* PCs is found in the small intestinal (SI) lamina propria (LP),
whereas the colonic LP harbors only a minor population (Bunker et al., 2015; McWilliams et
al., 1977; Walker and Isselbacher, 1977). High levels of microbiota IgA coating and free IgA
are also present in the Sl, with lower levels in the colon (Bunker et al., 2015; Kroese et al.,
1996; Tsuruta et al., 2009). Additional minor populations of IgA* plasma cells are
detectable in extraintestinal tissues including the salivary gland, lung, lactating mammary
gland (LMG), liver, and bone marrow (BM) (Bunker et al., 2017; Moro-Sibilot et al., 2016;
Roux et al., 1977; Wilmore et al., 2018). Human IgA subtypes show distinct anatomical
expression patterns, with IgA1 dominating in serum and IgA2 in the distal intestine (He et
al., 2007).
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Gut-associated lymphoid tissues (GALT) are the primary sites of IgA induction. These
include Peyer’s patches (PPs), mesenteric lymph nodes (mLNS), isolated lymphoid follicles
(ILFs), and the cecal patch (Craig and Cebra, 1971; Hamada et al., 2002; Macpherson and
Uhr, 2004; Masahata et al., 2014; McWilliams et al., 1977; Tsuji et al., 2008). IgA may also
be induced in situ in the LP (Fagarasan et al., 2001), and tertiary lymphoid structures have
been observed in the LP in response to colonization with particular commensal bacteria
(Lecuyer et al., 2014). Active germinal centers (GCs) are constitutively present in PPs and
mLNs; these tissues therefore support both T cell-dependent (TD) and —independent (T1)
pathways of IgA PC differentiation (Bunker et al., 2015; Macpherson et al., 2000). By
contrast, ILFs are largely devoid of T cells and primarily support T differentiation (Hamada
et al., 2002; Tsuji et al., 2008). In vivo, there is likely considerable redundancy between
these structures. Indeed, ablation of PPs or surgical removal of mLNs individually have little
effect on IgA* PC abundance (Macpherson and Uhr, 2004; Yamamoto et al., 2000). Mice
lacking lymphotoxin signaling or the transcription factor retinoic acid-related orphan
receptor yt (RORyt) lack all GALT tissues — these mice show a significant but incomplete
reduction in IgA* PCs (Kang et al., 2002; Tsuji et al., 2008). These GALT-independent PCs
arise in lymphotoxin p-deficient mice via a TD mechanism that requires soluble
lymphotoxin a3 expression by type 3 innate lymphoid cells (ILC3) (Kruglov et al., 2013),
though the relevance of this pathway in wild-type (WT) mice remains unknown. Together
these observations indicate that, while GALT are not strictly required for IgA PC
differentiation, the vast majority of IgA PCs in vivo likely derive from these tissues.

IgA class-switch recombination, homing, maintenance, and secretion

The mechanisms that regulate class-switch recombination (CSR) to the IgA isotype, cellular
migration and maintenance, and secretion of IgA antibodies have been extensively studied
and reviewed — here, we discuss them only briefly (Cerutti, 2008; Kaetzel, 2005; Phalipon
and Corthesy, 2003; Tuma and Hubbard, 2003). Naive B cell precursors expressing IgM and
IgD are induced to switch to the IgA isotype by cellular activation in the presence of certain
factors that are constitutively present in the gut microenvironment, and the precise signals
that direct class-switching differ during TD and TI pathways of activation. In all cases, BCR
stimulation is necessary to induce expression of activation-induced cytidine deaminase
(AID), which is essential for IgA class switching (Fagarasan et al., 2002). Additional signals
through TNF-superfamily receptors promote CSR: CD40-CD40L interactions with T cells
play a key role in TD responses; similar signaling in T responses is achieved through
BAFF/APRIL interactions with three potential receptors including transmembrane activator
and calcium-modulating cyclophilin-ligand interactor (TACI), BAFF receptor (BAFFR), and
B cell maturation antigen (BCMA) (Cerutti, 2008; Litinskiy et al., 2002). Class-switching to
the IgA isotype requires induction of transcription in the Ca. switch region (Sg), and this
generates a substrate for AID activity and subsequent DNA recombination. Transcription at
S, can be initiated by a number of factors present in GALT tissues including transforming
growth factor p1 (TGFpP1), IL-4, IL-6, IL-10, and retinoic acid (Cazac and Roes, 2000;
Cerutti, 2008; Reboldi et al., 2016; Watanabe et al., 2010). Of these, TGFp1 is likely the
most important in vivo, although there may be considerable redundancy (Cazac and Roes,
2000; Reboldi et al., 2016). In humans, IgA1 or IgA2 CSR can occur in IgM™* cells;
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alternatively, sequential IgA1-to-IgA2 CSR can be initiated in IgAL1* cells (He et al., 2007).
In vivo, many of the factors that regulate IgA CSR including BAFF and TGFp1 activators
are expressed by GALT follicular dendritic cells (fDCs), plasmacytoid DCs, and
conventional DCs (Reboldi et al., 2016; Suzuki et al., 2010; Tezuka et al., 2011). Notably,
the same signals that specify IgA CSR also imprint cells for homing to the intestinal LP by
inducing expression of the integrin a4p7 and the chemokine receptors CCR9 and CCR10
(Kunkel et al., 2003; Mora et al., 2006). After cellular activation, IgA CSR, and gut
imprinting, lymphoblasts leave the GALT via lymphatics and reenter the bloodstream. Upon
circulation through the intestinal vasculature, interactions between a4p7, CCR9, and
CCR10 and their ligands mucosal vascular addressin cell adhesion molecule 1
(MAdJCAM-1), CCL25, and CCL27 and CCL28, respectively, direct migration into the
intestinal LP.

Murine SI IgA* PCs have an average half-life of 5 days and a maximum lifespan of 7-8
weeks (Mattioli and Tomasi, 1973). The IgA* PC population is heterogenous and contains
both short-lived major histocompatibility complex class 11* (MHCII*) cells and longer-lived
MHCII™ cells (Kawamoto et al., 2012); some exceptionally long-lived PCs have been
identified in humans (Landsverk et al., 2017). However, the factors that regulate intestinal
PC maintenance and turnover are only partially understood. Interleukin-6 (IL-6) produced
by intestinal epithelial cells and eosinophils contributes to PC maintenance (Chu et al., 2014;
Ng et al., 2003; Ramsay et al., 1994). B cell activating factor (BAFF) and a proliferation-
inducing ligand (APRIL) produced by intestinal epithelial cells, eosinophils, dendritic cells
(DCs), and plasmacytoid DCs similarly promote PC survival (Chu et al., 2014; He et al.,
2007; Huard et al., 2008; Tezuka et al., 2011; Wang et al., 2017); additional unidentified
factors are also likely to contribute. Notably, most intestinal PCs express B cell receptors
(BCRs) on their cell surface (Di Niro et al., 2010); while some evidence suggests that PCs
can receive signals through their BCRs (Blanc et al., 2016; Pinto et al., 2013), it remains
unknown whether intestinal PCs signal or internalize antigen through their BCRs in vivo,
and the role of surface BCR expression in PC maintenance remains unclear.

A key pathway for IgA secretion at mucosal surfaces involves the polymeric Ig receptor
(plgR) (Kaetzel, 2005; Phalipon and Corthesy, 2003). IgA in mucosal secretions
predominantly exists as a dimer connected by a small polypetide called J chain, although
monomers are also detectable (Iversen et al., 2017; Koshland, 1985). pIgR is expressed on
the basolateral surface of intestinal epithelial cells and binds selectively to polymeric IgA
and IgM. Upon binding, antibodies are internalized and transported by transcytosis to the
apical surface of the epithelial cell, where proteolytic cleavage releases the antibody bound
to a highly glycosylated 80 kDa fragment of plgR known as secretory component (SC). The
complex of dimeric IgA, J chain, and SC is referred to as secretory IgA (SIgA). In numerous
studies, plgR-deficient mice have been used as models of SIgA-deficiency. However,
analyses of these mice indicate only a 2—-3-fold defect in SI IgA titers, a 5-10-fold decrease
in fecal IgA, and no defect in breast milk IgA (Johansen et al., 1999; Rogier et al., 2014).
These data suggest that alternative pathways such as paracellular transport can compensate
for the loss of pIgR and may also contribute to steady-state IgA secretion (Van Itallie and
Anderson, 2006).
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Mechanisms of homeostatic IgA responses that target microbiota

IgA responses to microbiota occur via both Tl and TD pathways (Bunker et al., 2015;
Macpherson et al., 2000), and target a taxonomically distinct subset of microbiota that we
consider in detail below. Precursors to IgA* PCs include circulating naive follicular B2 cells
and innate-like peritoneal B1b cells; peritoneal Bla cells that contribute to natural serum
IgM responses are not observed within the IgA repertoire (Bunker et al., 2015; Macpherson
et al., 2000; Reynolds et al., 2015; Roy et al., 2013). In classical models of systemic
immunity, TI responses occur in response to polyvalent antigens such as bacterial
polysaccharides and involve rapid cellular differentiation with little somatic hypermutation
(SHM). By contrast, TD responses typically target protein antigens and involve iterative
rounds of SHM and affinity selection in GCs based on cognate interactions with CD4* T
follicular helper cells (Tfh) (Victora and Nussenzweig, 2012). However, the extent to which
homeostatic mucosal IgA responses resemble these processes remains unclear, and several
lines of evidence suggest distinct mechanisms and regulation.

First, specific and high-affinity recognition of individual microbial antigens by homeostatic
IgA antibodies has not been demonstrated. Instead, studies of monoclonal antibodies (mAbs)
indicate that IgA-derived antibodies are commonly polyreactive and show low-affinity
binding to numerous microbial antigens including lipopolysaccharides, DNA, flagellin, and
capsular polysaccharides (Figure 1A) (Benckert et al., 2011; Bunker et al., 2017; Fransen et
al., 2015; Peterson et al., 2007; Peterson et al., 2015; Quan et al., 1997; Shimoda et al.,
1999). Moreover, a substantial number of natural SI IgA PCs differentiate in germ-free (GF)
mice or GF mice fed an antigen-free diet (GF/AF) that are devoid of exogenous antigens;
mAbs cloned from these IgA™ PCs can bind to the same bacteria normally coated with IgA
in specific pathogen free (SPF) mice (Bunker et al., 2017; Fransen et al., 2015; Wijburg et
al., 2006). Further, random polyreactive mAbs cloned from naive B cells or influenza-
specific responses bind the same subset of microbiota that is coated with IgA in vivo
(Bunker et al., 2017). Glycan-reactive but non-polyreactive antibodies elicited by pathogens
also commonly cross-react against commensal bacteria (Rollenske et al., 2018). Together,
these data suggest that antibody polyreactivity and associated self-reactivity may be the
predominant drivers of IgA selection, and support a model whereby IgA polyreactivity
enables low-affinity binding to multiple bacterial surface molecules (Figure 1A).

A minor fraction of murine naive B cell precursors express polyreactive specificities and can
recognize microbiota in their germline configuration (Bunker et al., 2017). These
polyreactive cells recirculate and are preferentially induced to divide in GALT such as the
PPs, where they upregulate expression of the chemokine receptor CCR6 and downregulate
IgD (Figure 2) (Bunker et al., 2017; Reboldi et al., 2016). CCR®6 signaling directs their
migration to the PP subepithelial dome (SED), where they receive TGFB1 signals via
interactions with CD11¢*CD11b* and CD11c*CD11b~CD8~ DCs (Reboldi et al., 2016).
This cellular pathway initiates IgA CSR in CCR6* cells via a mechanism that requires DC
expression of integrin avp8, which binds to latency-associated peptide (LAP) and liberates
active TGFB1 (Figure 2) (Reboldi et al., 2016). After receiving signals in the SED, B cells
downregulate CCR6 and migrate back to the PP follicle where they continue differentiation.
After splenic cell transfer, virtually all dividing B cells in the PPs express CCR6 and thus
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this population likely contains cells that differentiate via both Tl and TD pathways, although
CCRG6-deficient mice show more profound TD defects (Bunker et al., 2017; Reboldi et al.,
2016). Of note, the relevance of this pathway in vivo has only been demonstrated in PPs; by
contrast, mLN IgA responses are largely unaffected by CCR6-deficiency (Reboldi et al.,
2016) suggesting additional potential contributions of CCR6-independent pathways.

SHM and affinity maturation of the homeostatic IgA response in PP and mLN GCs may also
differ significantly from systemic responses. Analysis of SHM distribution and of T cell-
deficient mice indicates that the SI IgA* PC repertoire is a mixture of Tl and TD
specificities: in young mice and humans, ~75% of PCs are mutated and likely of TD origin,
and the frequency of TD specificities increases with age (Bunker et al., 2017; Lindner et al.,
2015; Lindner et al., 2012). However, while GALT GCs are clearly dependent on T cells,
affinity maturation to antigens from the microbiota has not been demonstrated (Bunker et al.,
2015; Casola et al., 2004; Guy-Grand et al., 1975; Macpherson et al., 2000). B cells lacking
a BCR but expressing the constitutively active BCR surrogate LMP2A form GCs in GALT
but not extraintestinal lymphoid tissues (Casola et al., 2004), suggesting that GC B cell
differentiation can occur in the absence of cognate antigen. Moreover, careful analysis of
SHM patterns in PP GC cells suggest random mutation driven by DNA sequence-intrinsic
AID hotspots rather than affinity-driven selection (Yeap et al., 2015). Further, the amino acid
replacement to silent mutation ratio in IgA PCs is approximately 2:1, also suggestive of
random SHM in the absence of selection (Bunker et al., 2017). Many mutated IgA mADbs are
polyreactive: although some studies have indicated that polyreactivity can be acquired in
GCs (Mouquet et al., 2010; Tiller et al., 2007), polyreactivity of IgA mAbs was typically
retained upon reversion of mutations to germline (Bunker et al., 2017). Additionally,
analyses of mice lacking T cells, CD40, or GCs show largely normal IgA coating of
microbiota, with the exception of a handful of rare and atypical commensals (Bergqvist et
al., 2006; Bergqvist et al., 2010; Bunker et al., 2015). Perhaps the exceptionally diverse
antigen burden in GALT tissues and the scarcity of T cell help for non-protein antigens
precludes affinity maturation and instead selects for polyreactivity. Additionally, Tl and TD
pathways may be intertwined in some circumstances, as memory cells generated via TD
pathways can potentially be reactivated in response to Tl stimuli (Magri et al., 2017). Thus,
although both Tl and TD responses contribute to the homeostatic IgA repertoire, clear
differences in specificity between these responses have not been documented. By contrast,
IgA affinity maturation in PPs in response to vaccination or mucosal pathogens is well
documented and may be mechanistically distinct from homeostatic responses (Figure 2)
(Bergqvist et al., 2013).

Although homeostatic TD and TI responses do not show major differences in specificity, T
cells do influence IgA responses through other mechanisms. Notably, T cell-deficient mice
show a significant decrease in intestinal IgA* PC abundance and a near complete lack of IgA
* PCs in extraintestinal tissues (Bunker et al., 2017; Bunker et al., 2015; Macpherson et al.,
2000). As noted previously, a significant population of SI IgA* PCs can differentiate in the
absence of microbiota or dietary antigens; however, these IgAs are largely unmutated
(Bunker et al., 2017; Lindner et al., 2012). While CCR6™" dividing cells are detectable in GF
PPs, GCs are largely absent (Kubinak et al., 2015). Indeed, T cell-intrinsic sensing of
microbial signals through TLRs via the universal adaptor protein myeloid differentiation
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primary response 88 (MyD88) may be necessary to initiate TD IgA responses (Kubinak et
al., 2015). This pathway likely involves MyD88 signaling in both Tfh and forkhead box P3*
(FoxP3*) T follicular regulatory (Tfr) cells (Kubinak et al., 2015; Wang et al., 2015). The
origins and specificity of mucosal Tfh/Tfr remain poorly understood, and different studies
have suggested that these cells may differentiate from either naive CD4* T cells, Th17 cells,
or T regulatory cells (Cong et al., 2009; Hirota et al., 2013; Kawamoto et al., 2014; Tsuji et
al., 2009). Further, it remains unclear to what extent the interactions between GALT Tth/Tfr
and GC B cells depend on cognate antigen recognition. While high-affinity cognate
recognition by Tfh is necessary to support affinity maturation in response to pathogens, the
observation that IgA PCs show few signs of affinity maturation suggests that other
mechanisms may operate in GALT during homeostasis. For example, these could involve
low-affinity interactions with self-reactive T cells, sequential recognition by different T cell
clones with distinct specificities due to internalization and presentation of diverse protein
and non-protein antigens by polyreactive BCRs, and/or cytokine-driven interactions.
Although the extent to which Tfh specificity influences the IgA repertoire remains unclear,
other T cell factors such as PD-1 can negatively regulate TD IgA responses (Kawamoto et
al., 2012). In summary, these observations support a model in which T cell-intrinsic sensing
of microbiota promotes GC formation, which increases the magnitude of IgA responses,
facilitates migration of extraintestinal IgAs, and randomly diversifies the IgA repertoire.

IgA-seq and the identification of IgA-coated microbiota

The commensal bacteria bound by IgA in vivo can be studied using bacterial flow cytometry
of microbiota taken directly ex vivo and stained with anti-IgA detection reagents. Early
studies of human and murine microbiota revealed that only a fraction of commensal bacteria
are coated with IgA in vivo (Kroese et al., 1996; Tsuruta et al., 2009; van der Waaij et al.,
1996). Recently, new insights have emerged from the combination of bacterial flow
cytometry with high-throughput 16S gene amplicon (16S) sequencing, termed IgA-seq. This
technique allows relatively unbiased profiling of the complete repertoire of IgA-bound or -
unbound bacteria in vivo. Several laboratories have independently developed variants of
IgA-seq and these studies have universally revealed that, despite the frequent polyreactivity
of IgA antibodies, a taxonomically distinct subset of microbiota is coated with IgA
antibodies in mice and humans in vivo (Bunker et al., 2017; Bunker et al., 2015; Dzidic et
al., 2017; Kau et al., 2015; Kawamoto et al., 2014; Koch et al., 2016; Kubinak et al., 2015;
Palm et al., 2014; Planer et al., 2016; Wilmore et al., 2018). By contrast, most microbes can
become IgA-coated in monocolonized gnotobiotic mice (Geva-Zatorsky et al., 2017), likely
representing an artifact of monocolonization. Additionally, while some studies have
suggested that IgA antibodies may interact with bacteria in a fragment antigen-binding
(Fab)-independent manner via glycans on SC (Mathias and Corthesy, 2011), such
interactions have not been demonstrated in vivo and the patterns of polyclonal IgA binding
to microbiota have been largely confirmed by analysis of IgA-derived mAbs expressed with
a human IgG1 constant region (Bunker et al., 2017). Together, these observations suggest
that IgA coats a particular subset of microbiota in vivo via interactions that are
predominantly Fab-dependent. The human gut microbiota exhibits substantial inter-
individual variation (Arumugam et al., 2011). Murine microbiota is relatively stable in

Immunity. Author manuscript; available in PMC 2019 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bunker and Bendelac

Page 8

animals that are co-housed, but can differ significantly in mice with distinct environmental
histories or between animal facilities (Stappenbeck and Virgin, 2016). Moreover, substrains
within a species can show considerable variation that is not typically resolved in 16S
sequencing analyses (Greenblum et al., 2015). Thus, some caution is warranted in
comparing and generalizing IgA-targeted bacteria identified in different studies in mice
and/or humans. Below, we consider the bacterial taxa bound by IgA in vivo and the humoral
mechanisms that regulate their targeting (Figure 1B).

Several studies have described substantial enrichment of multiple taxa of the phylum
Proteobacteria within the IgA* fraction (Bunker et al., 2017; Bunker et al., 2015; Planer et
al., 2016; Wilmore et al., 2018). Although these organisms are relatively rare in the colon,
they are often abundant in the SI, and this may explain the high frequency of IgA* bacteria
typically observed in the SI lumen (Bunker et al., 2015; Kroese et al., 1996; Tsuruta et al.,
2009). Indeed, fecal IgA* bacteria preferentially colonize the SI upon transfer to GF
recipients (Bunker et al., 2015). Additionally, intestinal Proteobacteria may influence the
abundance of BM IgA™ PCs and serum IgA (Wilmore et al., 2018). Proteobacteria are
targeted by both Tl and TD IgA antibodies in vivo, but their recognition usually does not
require SHM or T cells (Bunker et al., 2017; Bunker et al., 2015). Moreover, individual
antibodies typically bind multiple distinct Proteobacterial taxa. Polyreactive antibodies of
various origins are frequently reactive to Proteobacteria and often bind these taxa in their
germline configuration; as such, Proteobacteria-reactive antibodies can arise naturally in the
Sl of GF or GF/AF mice. Whether IgA binding to Proteobacteria represents active
expression of microbial factors that attract these antibodies or widespread binding of
polyreactive specificities remains unclear; however, individual bacterial strains typically lose
their reactivity to these antibodies upon culture in vitro and regain their binding after
reintroduction in vivo, suggesting that antibody binding can be modulated under different
growth or environmental conditions (Bunker et al., 2017) and (JJ Bunker, unpublished
observation).

IgA responses to several atypical commensals seem to uniquely require TD responses. Of
these, segmented filamentous bacteria (SFB) is prototypical and is known to inhabit an
unusual niche in close proximity to the ileal epithelium, where it potently stimulates IgA
production as well as CD4* Th17 cell differentiation (Ivanov et al., 2009; Klaasen et al.,
1993). SFB induces PP GC hyperplasia, tertiary lymphoid structure formation in the LP, and
substantial quantities of both SFB-reactive and SFB-non-reactive IgA (Klaasen et al., 1993;
Lecuyer et al., 2014; Talham et al., 1999). SFB is highly coated with IgA in both SPF and
monocolonized mice (Bunker et al., 2015; Jiang et al., 2001; Palm et al., 2014). Studies of
AID-deficient mice that lack SHM have noted PP and ILF hyperplasia in response to SFB
outgrowth, though these phenotypes have not been observed in all studies (Bunker et al.,
2015; Fagarasan et al., 2002; Suzuki et al., 2004; Wei et al., 2011). While IgA coating of
SFB is lost in T cell-deficient mice, the extent to which this response involves specific, high-
affinity antibodies remains unclear, as SFB lg-coating is unaltered in mice lacking AID
(Aicda™") or GCs (CD4-cre Bcl-6" (Bunker et al., 2015), and polyreactive IgA mAbs that
cross-react with both SFB and Proteobacterial taxa in vivo have been observed (Bunker et
al., 2017). Thus, SFB IgA coating apparently occurs via a non-canonical mechanism that is
dependent upon T cells but neither GCs nor SHM.

Immunity. Author manuscript; available in PMC 2019 February 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bunker and Bendelac

Page 9

In addition to SFB, several additional taxa seem to selectively elicit TD responses. These
include Mucispirillum spp., Prevotellaspp., and Helicobacter flexispira (Bunker et al., 2015;
Palm et al., 2014). Similar to SFB, these bacteria seem to inhabit unconventional niches in
close proximity to the intestinal epithelium (Palm et al., 2014; Robertson et al., 2005). While
the precise humoral mechanisms that regulate the targeting of these taxa are not known, IgA
coating of Mucispirillum, as with SFB, apparently requires T cells but neither SHM nor GCs
(Bunker et al., 2015).

Many taxa in the microbiota are not bound by IgA antibodies in vivo (Bunker et al., 2015;
Palm et al., 2014). These include most members of the phyla Bacteroidetes and Firmicutes,
which are typically abundant in the colon. It remains unclear why these bacteria are not
targeted by IgA antibodies. However, it seems that polyreactive antibodies, which commonly
cross react with IgA-targeted taxa, do not bind most Bacteroidetes and Firmicutes in vivo
(Bunker et al., 2017). This may be due to active expression of factors that prevent
polyreactive antibody binding or may relate to intrinsic properties of bacterial cell surface
molecules that preclude antibody binding, among other possibilities.

A number of other bacterial taxa are coated with IgA in vivo. While most Firmicutes are not
bound by IgA antibodies, coating of Lactobacilli and some but not all Clostridial species
have been observed (Bunker et al., 2015; Planer et al., 2016). Akkermansia mucinophila, a
member of the phylum Verrucomicrobia, is highly enriched in the IgA* fraction in humans
(Bunker et al., 2015; Planer et al., 2016). Additional taxa are likely to be identified in further
studies of diverse microbiota. Moreover, as we discuss later, some pathogens or
opportunistic commensals may elicit strong IgA responses in the context of inflammation or
dysbiosis (Kau et al., 2015; Palm et al., 2014).

Bone marrow and lactating mammary gland IgA

While the Sl is the predominant site of IgA synthesis, IgA* PCs are also found in a number
of extraintestinal tissues including the bone marrow (BM) and lactating mammary gland
(LMG). BM IgA* PCs are presumably the source of most serum IgA antibodies, and the
specificity of these antibodies has been analyzed by staining fecal bacteria with serum
followed by IgA-seq (Koch et al., 2016; Wilmore et al., 2018). These experiments have
revealed that serum IgA antibodies typically react against a similar subset of microbiota to
that targeted by intestinal IgA. Notably, serum IgAs bind prominently to Proteobacterial
taxa, and the relative abundance of these microbes in the gut may influence the magnitude of
the BM IgA* PC response (Bunker et al., 2017; Wilmore et al., 2018). Analysis of mAbs
cloned from BM IgAs indicates that these include many polyreactive specificities that bind
Proteobacterial taxa (Bunker et al., 2017). However, in contrast to the intestinal IgA
repertoire, virtually all BM 1gAs arise via TD responses (Bunker et al., 2017; Wilmore et al.,
2018), perhaps because T cell-derived signals are required for induction of molecules such
as integrin a4p1 and chemokine receptors such as CXCRA4 that facilitate migration and
homing to the BM (Mora and von Andrian, 2008).

Although few IgA* PCs are found in the mammary gland of nonpregnant females, there is a
dramatic accumulation of these cells during pregnancy and postpartum lactation that wanes
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after lactation ceases (Figure 3) (Weisz-Carrington et al., 1977). These cells presumably
secrete the IgAs that are found at high titers in breast milk (Rogier et al., 2014). As intestinal
IgA* PCs do not appear in young mice until 3-4 weeks of age (Harris et al., 2006), breast
milk 1gAs ostensibly serve to coat the intestinal microbiota of neonatal mice. Indeed, the
LMG and Sl IgA repertoires are highly similar within individual mice, implying a common
origin (Lindner et al., 2015). Analysis of mAbs cloned from LMG IgAs further suggests that
these antibodies resemble intestinal IgAs, with frequent polyreactivity and binding to
various microbial taxa including many Proteobacteria (Bunker et al., 2017). Similar to BM
IgAs, differentiation of LMG IgAs is predominantly TD and microbiota-dependent (Bunker
etal., 2017). Migration of IgA* PCs to the LMG is dependent upon CCR10 and glandular
expression of its ligand CCL28 (Wilson and Butcher, 2004).

IgM and IgG responses to microbiota

In addition to IgA antibodies, a variety of studies have demonstrated that IgM and 1gG
antibodies can also react against microbiota. There are virtually no detectable PCs
expressing IgM or 1gG in the murine intestine, however IgM* and IgG* PCs are readily
detectable in the human gut (Benckert et al., 2011; Bunker et al., 2015; Magri et al., 2017).
IgM and 1gG coating of microbiota is observable in humans but not mice, and these
antibodies coat a similar subset of microbiota to that bound by IgA (Magri et al., 2017; van
der Waaij et al., 2004). IgM also coats a subset of microbiota in bony fish that predominantly
express mucosal IgT (Zhang et al., 2010). While intestinal 1IgG* and IgM* PCs remain
poorly characterized, their similar specificity to IgAs suggests these cells may all derive
from similar precursors. It remains unclear why these cells do not undergo IgA CSR;
however, the fact that they are present in humans but not mice may suggest that they
differentiate during transient periods of inflammation during which IgA CSR is impaired by
the presence of inflammatory cytokines. Alternatively, the observation that these cells are
detectable relatively early in life may suggest that they arise spontaneously as part of normal
ontogeny (Magri et al., 2017).

While IgM* and 1gG* PCs are not detectable in the murine intestine, staining of microbiota
with murine serum indicates that homeostatic IgM and 1gG antibodies can bind microbiota
(Koch et al., 2016; Zeng et al., 2016). Systemic IgGs that react to microbiota are further
enriched under conditions that select for self-reactive and polyreactive antibodies, such as
certain genetic deficiencies that alter central tolerance or anti-HIV responses (Schickel et al.,
2017; Slack et al., 2009; Williams et al., 2015). In mice, homeostatic serum antibodies of the
1gG2b and IgG3 isotypes are commonly reactive to microbiota and bind a similar subset to
that coated with IgA; IgG1 antibodies also bind a smaller subset (Koch et al., 2016). 1gG2b
and 1gG3 antibodies arise via a Tl mechanism that is dependent upon signaling through
TLR2 and TLR4. IgG2b and IgG3-expressing precursors are detectable at low frequencies in
GALT and may derive from B1 cells. These antibodies commonly bind intestinal
Proteobacteria and can limit their translocation to extraintestinal tissues under both steady-
state and inflammatory conditions (Zeng et al., 2016). Interestingly, IgG2b and 1gG3
antibodies are transmitted to neonates in breast milk and coat the neonatal microbiota
(Figure 3) (Koch et al., 2016). These antibodies may also influence the metabolites found in
breast milk by an unknown mechanism, and consequently modulate neonatal intestinal ILC3
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and macrophage differentiation indirectly (Gomez de Aguero et al., 2016). Mice born to
mothers lacking 1gG2b and 1gG3 show increased effector CD4* T cell differentiation in
GALT and GC hyperplasia, suggesting that these antibodies limit neonatal T cell responses
(Koch et al., 2016). The precise mechanisms by which these antibodies affect microbiota
and/or neonatal immunity remain unknown.

IgA memory

Pharmacological depletion of intestinal IgA* PCs leads to rapid recall of similar
specificities, suggesting that IgA* memory B cells differentiate under homeostatic
conditions (Lindner et al., 2012), although expansion of residual PCs may also explain this
observation. However, IgA responses to microbiota appear to generate an atypical memory
response that differs from the classical prime-boost effect observed upon systemic
immunization. Studies utilizing a “reversible” GF system involving transient colonization
with an auxotrophic strain of Escherichia coli suggest that repeated commensal exposure
results in an additive, rather than exponential, increase in IgA titers (Hapfelmeier et al.,
2010). These titers can persist for long periods in GF mice after £. coli exposure but are
rapidly lost upon colonization with a complex microbiota. Repeated rounds of memory B
cell reactivation, each resulting in low levels of random SHM, may explain the observation
that the IgA repertoire accumulates SHM with little affinity maturation (Lindner et al.,
2015). Together, these studies suggest that IgA memory cells arise under normal conditions
but turn over rapidly and exhibit reduced expansion upon reactivation relative to systemic
memory cells.

The cellular phenotype of IgA memory cells in GALT remains poorly defined. Memory cells
are likely contained within the IgD~CCR6* population in PPs, though this population may
be heterogenous (Reboldi et al., 2016). In response to mucosal vaccination, an
a4B7*CD73*PD-L2*CD80* memory population was identified (Bemark et al., 2016). In
humans, a CD19*CD27*1gA* memory population is identifiable in blood, though the
relation of these cells to intestinal responses remains unclear (Prigent et al., 2016). Further
studies detailing the phenotypic and functional properties of IgA* memory cells are
warranted.

Functions of antibodies that bind microbiota

Functional consequences of IgA binding to microbiota are commonly invoked but remain
poorly understood, and few if any definite functions have been demonstrated in vivo under
homeostatic conditions with an intact microbiota. Assigning precise functions to IgA
antibodies has been complicated by a lack of genetic models that are truly deficient in
secretory antibody production. As mentioned previously, mice lacking pIgR display only
partial loss of 1gA secretion (Johansen et al., 1999). Mice bearing a disrupted Igu constant
region (UMT) are widely used as models of B cell deficiency, yet these mice produce largely
normal titers of intestinal IgA (Macpherson et al., 2001b). Mice with a deletion in the Ig
heavy chain J locus (J /") lack all B cells but, due to the critical role for these cells in
lymphoid organogenesis, lack most GALT and thus display numerous B cell-extrinsic
deficiencies (Golovkina et al., 1999). Mice that lack IgA via disruption of the Iga constant
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region or deletion of AID produce a compensatory IgM response that targets the same
commensal bacteria normally coated with IgA (Bunker et al., 2015). Of note, IgA deficiency
is one of the most common human immunodeficiencies, ranging from 1:400 to 1:3000 in
various populations (Cunningham-Rundles, 2001). Similar to IgA-deficient mice, a
compensatory mucosal IgM responses arises in these patients (Barros et al., 1985; Fadlallah
et al., 2018; Klemola, 1988; Magri et al., 2017). Consistent with this observation, these
patients generally have few clinical symptoms. However, IgA-deficient patients do show
moderately enhanced susceptibility to a variety of pathologies including recurrent
respiratory infections, celiac disease, and autoimmunity (Cunningham-Rundles, 2001). In
summary, genetic analyses in mice and humans have generally failed to highlight a clear
functional role for homeostatic IgA antibodies.

Although its functions remain elusive, the magnitude of the IgA response and the strong
evolutionary pressure to secrete mucosal antibodies both suggest functional relevance. It is
possible that IgA antibodies may have either beneficial or deleterious effects on IgA-targeted
microbes, yet the constitutive presence of IgA-coated commensals suggests that any
detrimental effects are not generally sufficient to drive extinction. Indeed, IgA binding to
capsular polysaccharides may be exploited by some microbiota species in order to form
clusters anchored to the mucus layer, thereby securing a niche from invasion by competing
species (Figure 4) (Donaldson et al., 2018). A number of studies have suggested possible
functions for these antibodies that may or may not play a role in vivo in the context of
homeostatic interactions with the microbiota (Figure 4).

The protective functions of IgG and IgM antibodies typically involve opsonization and
complement recruitment or binding to fragment crystallizable (Fc) receptors (Ravetch and
Kinet, 1991). However, IgA is a poor stimulator of the classical complement pathway
compared to other isotypes (Murphy and Weaver, 2016). An IgA Fc receptor, FcaRl, is
present in humans, primates, and several other mammals but absent in mice (Bakema and
van Egmond, 2011). Ligation of this receptor can lead to either activating or inhibitory
effects, depending on the monomeric or dimeric nature of the IgA stimulus (Pasquier et al.,
2005). FcaRlI is expressed by neutrophils, eosinophils, monocytes, and macrophages that are
largely absent during homeostasis but can infiltrate the gut during inflammation (Bakema
and van Egmond, 2011). These observations suggest that Fc receptors and complement are
unlikely to play a functional role during normal homeostasis with microbiota but may be
relevant in inflammatory contexts.

One function of IgA may be immune exclusion of its targets, in which antibody binding
retains antigen in the intestinal lumen until it is digested or eliminated and thereby precludes
priming of other immune responses. This function has been demonstrated in the context of
model antigens and specific monoclonal IgA antibodies (Stokes et al., 1975), but its
relevance in vivo in the context of IgA-targeted microbiota remains untested. A second
possible function is neutralization of bacterial surface antigens, such as adhesins or pili, that
promote invasion and pathogenesis. While this has been demonstrated in the context of
enteric pathogens (Williams and Gibbons, 1972), it remains unknown whether this
mechanism is relevant to homeostasis with commensal microbes. Notably, B cells are
required to prevent translocation of commensal bacteria to the mLN upon microbiota
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colonization of GF mice, although the mechanisms of protection remain undefined
(Macpherson and Uhr, 2004).

IgA binding may restrict bacterial motility through several possible mechanisms, whose
relevance in vivo in the context of microbiota and natural microbiota-reactive IgA remains
unclear. Studies of monoclonal 1gA antibodies specific for the pathogen Shigella flexneri
have suggested that IgA can entrap bacteria within the mucus layer overlaying the intestinal
epithelium (Boullier et al., 2009). Additionally, IgA may agglutinate pathogens and facilitate
their clearance (Hendrickx et al., 2015). IgA antibodies generated after oral vaccination with
inactivated Sa/monella Typhimurium were shown to enchain daughter cells of dividing
bacteria and accelerate their clearance (Moor et al., 2017). IgA may also limit motility by
binding bacterial flagellins: while specific IgA recognition of commensal flagellins has not
been demonstrated, many polyreactive 1gAs bind flagellin with low affinity (Bunker et al.,
2017; Cullender et al., 2013). In vitro studies of high-affinity mAbs to flagellin have
demonstrated that these can limit bacterial motility (Cullender et al., 2013). Further,
increases in flagellar gene expression are observable in the microbiota of mice lacking the
flagellin innate immune sensor TLR5, and a role for IgA in this process has been suggested
(Cullender et al., 2013).

Another possible function may involve direct or indirect modulation of microbial gene
expression. This is supported by studies of IgA hybridomas isolated from mice
monocolonized with Bacteroides thetaiotaomicron and subsequently administered to B.
thetaiotaomicron-monocolonized Rag1~~ mice, which lack IgA (Peterson et al., 2007;
Peterson et al., 2015). In direct modulation, IgA binding results in changes in bacterial gene
expression. For example, one IgA mAb against a capsular polysaccharide antigen
downregulated epitope expression and reduced bacterial fitness relative to an epitope-
deficient strain (Peterson et al., 2007). A second mAb against an LPS O-antigen
polysaccharide did not modulate antigen expression or microbial fitness, suggesting that this
property may be variable (Peterson et al., 2015). In indirect modulation, IgA binding may
alter gene expression by epithelial or other cells, which in turn secrete factors that alter
bacterial gene expression. Monocolonization of RagZ™~ mice with B. thetaiotaomicron
leads to upregulation of reactive oxygen and nitrogen species synthesis in the intestinal
epithelium and concomitant upregulation of bacterial antioxidant enzymes; these phenotypes
were abrogated in the presence of IgA monoclonal antibody (Peterson et al., 2007). This
system is reductionist but informative; however, B. thetaiotaomicron is not a major target of
IgA antibodies in vivo and thus it remains unclear whether these principles apply to
naturally-arising IgAs in the context of an intact microbiota.

Homeostatic IgA antibodies may also play distinct functional roles in specific physiological
contexts. The Proteobacteria-reactive serum IgA response that arises under normal
homeostatic conditions appears to be protective against polymicrobial sepsis after intestinal
injury (Wilmore et al., 2018); the mechanisms by which IgA is protective in this model
remain unknown. Further, as mentioned previously, maternal antibodies transmitted in breast
milk seem to attenuate intestinal immune activation in neonates (Figure 3). Mice born to B
cell-deficient mothers show exaggerated intestinal IgA responses early in life, perhaps as a
result of increased commensal translocation to the mLN (Harris et al., 2006; Rogier et al.,
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2014). Maternal 1gA may also influence the composition of the neonatal microbiota via
unknown mechanisms (Rogier et al., 2014). Additionally, maternal IgA may play a partially
redundant role together with 1gG2b and IgG3 antibodies to limit neonatal TD responses
(Koch et al., 2016). Lastly, IgA binding to intestinal antigens may facilitate their uptake
through epithelial microfold (M) cells and enhance priming of further responses (Figure 4)
(Fransen et al., 2015).

IgA antibodies can confer protective immunity in response to mucosal pathogens in a variety
of additional contexts that have been reviewed extensively elsewhere (Lycke, 2012;
Macpherson et al., 2001a). Cholera toxin has been well-studied and induces a TD response
that protects via neutralization (Hornquist et al., 1995). In vitro studies suggest that IgA can
bind toxins in the intestinal LP and facilitate their excretion (Fernandez et al., 2003).
Additionally, IgA antibodies against the HI\V Envelope were strongly correlated with
protection in the RvV144 HIV vaccine trial (Haynes et al., 2012). While preexisting
polyreactive IgA antibodies were shown to provide early protection against Sa/monella
Typhimurium (Wijburg et al., 2006), in the vast majority of infections the relationship
between protective responses and pre-existing homeostatic IgA remains unknown. In many
cases, protective responses to pathogens are likely to proceed via cellular pathways that
more closely resemble systemic immunity than the homeostatic IgA response; careful
studies of the pre- and post-immune repertoires and cellular processes involved should shed
light on these mechanisms.

Antibodies to microbiota in inflammatory bowel diseases

Mucosal antibody responses are exaggerated in inflammatory bowel diseases (IBD)
including Crohn’s disease and ulcerative colitis, which involve a complex interplay between
host genetics, environmental factors, and microbiota composition (Dalal and Chang, 2014).
Increased coating of fecal microbiota with IgA, 1gG, and IgM has been observed in both
human IBD and mouse models (Palm et al., 2014; van der Waaij et al., 2004; Viladomiu et
al., 2017). IgM* and 1gG* PCs accumulate in the inflamed gut and may exacerbate
inflammation, though their specificity and contributions to pathology remains poorly
understood (Kanai et al., 2006; Uo et al., 2013). IBD patients also show elevated serum IgA
that reacts against flagellin and various autoantigens; whether this represents induction of
specific antibodies or expansion of polyreactive specificities remains unknown (Landers et
al., 2002; Lodes et al., 2004; Sitaraman et al., 2005). Mouse models of colitis induced by T
cell-transfer into lymphopenic recipients suggest that B cells can protect against pathology
(Gerth et al., 2004), though the mechanisms of protection and their contributions in human
IBD remain unclear. Recently, several studies have suggested that IgA coating can identify
disease-associated members of the microbiota in IBD or IBD-associated spondyloarthritis
(Palm et al., 2014; Viladomiu et al., 2017). These studies have generally focused on single
microbes or somewhat arbitrary consortia without performing systematic analysis of both
IgA* and IgA~ bacteria. Given the extensive IgA coating of microbiota found under normal
healthy conditions, it is unlikely that all IgA-targeted microbes in IBD patients are
colitogenic. A more likely scenario is that bona fide pathogens elicit IgA responses and are
present alongside a wide variety of non-pathogenic commensals in the IgA* fraction.
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Therefore, IgA-seq in combination with other assays may be required for more reliable
discrimination between pathogens and commensals.

Concluding Remarks

Current evidence supports a model in which two distinct types of humoral immunity coexist
in the intestinal mucosa (Figure 2). The predominant pathway is intrinsically polyreactive
and low affinity, largely independent of T cells and somatic mutations, and bears features of
germline-encoded innate immunity; this response seems mostly involved in homeostatic
interactions with commensal bacteria. The other pathway exhibits classical features of T cell
dependent, hypermutated and affinity-matured adaptive responses and is predominantly
triggered by pathogens. Determining how these radically different responses are integrated
to protect the host while preserving a symbiotic relationship with microbiota is a major
direction of future research.

From an immunological viewpoint, the enrichment of polyreactive specificities within the
IgA repertoire raises questions about how cells expressing these antibodies avoid deletion
during central tolerance (Wardemann et al., 2003). Future work should determine how and
when these antibodies might escape from tolerance mechanisms and define the cellular
pathways involved in their selection in the mucosa. Further, the structural basis of antibody
polyreactivity remains poorly understood, and determining how this reactivity is achieved
will require detailed structural and biochemical studies. In addition, it remains unclear to
what extent polyreactivity might enable cross-reactivity to pathogens, and whether pre-
existing homeostatic 1gA antibodies might also contribute to protective immunity during
infection. The answers to these questions may have implications for mucosal vaccination
and elicitation of polyreactive broadly neutralizing antibodies against rapidly mutating
viruses (Andrews et al., 2015; Mougquet et al., 2010).

From a microbiological perspective, major questions remain regarding the molecular targets
of IgA. In particular, studies should focus on identifying specific antigens recognized by IgA
antibodies using biochemical and genetic approaches — a matter that is complicated by a
general lack of genetic tools or genomic information for many commensal bacteria.
Relatedly, it will be important to define and characterize bacterial mechanisms that lead to
either evasion or attraction of IgA antibodies. In addition, further work should investigate the
consequences of antibody binding on microbes, and define precise mechanisms by which
IgA binding alters physiology and/or fitness. The answers to these questions may shed light
on the enigmatic functions of IgA and may have major implications for our understanding of
its biological meaning.

While recent years have seen numerous important advances, many aspects of IgA responses
remain poorly understood. Future studies exploring these questions may provide wide-
ranging insights, from evolutionary aspects of immunity and commensalism to new
strategies to manipulate the host or microbiota in order to prevent, treat, or cure enteric
pathologies.
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Figure 1. IgA-coated bacterial taxa and mechanisms of targeting
A) The IgA repertoire is enriched in natural polyreactive IgA antibodies that can bind

multiple self and bacterial antigens with low affinity. Individual antibodies can react against
lipopolysaccharides (LPS), capsular polysaccharides, flagellin, DNA, and other antigens,
and may target multiple surface antigens in vivo. B) Summary of bacterial taxa that are
targeted by IgA in vivo and the humoral mechanisms that lead to their coating, as
determined by IgA-seq. The requirements for IgA targeting are based on 1g-seq studies of
Terb™~d™~, CD4-cre Bel-6f/7, or Aicda™~ mice lacking T cells, Tfh, or SHM and CSR,
respectively. Properties of coating antibodies are based on polyreactivity ELISAs and 1g-seq
using individual mAbs.
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Figure 2. Mechanisms of 1gA selection in Peyer’s patches
Natural polyreactive antibodies arise at low frequencies in the naive B cell repertoire and

recirculate through secondary lymphoid organs including GALT such as PPs. Upon reaching
PPs, polyreactive cells are preferentially induced to divide in a manner that may involve
reactivity with self-antigens. Upregulation of CCR6 drives migration to the subepithelial
dome (SED), where cells receive TGF1 signals that induce IgA CSR via a mechanism that
requires SED DC activation of latent TGFB1 through the integrin avp8. After initiating
CSR, B cells migrate back to the follicle where they can differentiate through either TD or
TI pathways. During homeostasis, polyreactive and microbiota-reactive specificities
differentiate via either a Tl pathway lacking SHM or affinity maturation, or a TD pathway
that accumulates SHM but shows little affinity maturation and may include both GC and
extrafollicular contributions. This contrasts with TD responses to pathogens that are
typically non-polyreactive and show extensive SHM and affinity maturation in GCs. TNF-
superfamily receptor-ligand interactions contribute to both TD (CD40-CD40L) and TI
(BAFF/APRIL-TACI) pathways. Cells are imprinted for gut homing by induced
upregulation of integrin a4p7 and the chemokine receptors CCR9 and CCR10.
Lymphoblasts leave the PPs via lymphatics and transit through the thoracic duct to reenter
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blood circulation, which facilitates their migration to mucosal effector sites such as the
intestinal LP, BM, or LMG.
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Figure 3. Maternal antibodies impact neonatal microbiota and immunity
During postpartum lactation, IgA, 1gG2b, and 1gG3 antibodies are transferred to neonates

via breast milk. These antibodies coat the neonatal microbiota and restrain the differentiation
of CD44" effector T cells, GCs, and IgA* PCs in the mucosa, perhaps by preventing
bacterial translocation.
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Figure 4. Potential functions of IgA antibodies
Numerous potential functions for IgA antibodies have been suggested that may or may not

play a role in vivo in the context of homeostatic interactions with the commensal microbiota.

These include immune exclusion, neutralization, altered motility, modulation of gene
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expression, niche occupancy, and enhanced antigen uptake.
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