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Abstract: Mucosal surfaces in the gastrointestinal tract are continually exposed to native, commensal
antigens and susceptible to foreign, infectious antigens. Immunoglobulin A (IgA) provides dual
humoral responses that create a symbiotic environment for the resident gut microbiota and pre-
vent the invasion of enteric pathogens. This review features recent immunological and microbial
studies that elucidate the underlying IgA and microbiota-dependent mechanisms for mutualism
at physiological conditions. IgA derailment and concurrent microbiota instability in pathological
diseases are also discussed in detail. Highlights of this review underscore that the source of IgA
and its structural form can dictate microbiota reactivity to sustain a diverse niche where both host
and bacteria benefit. Other important studies emphasize IgA insufficiency can result in the bloom
of opportunistic pathogens that encroach the intestinal epithelia and disseminate into circulation.
The continual growth of knowledge in these subjects can lead to the development of therapeutics
targeting IgA and/or the microbiota to treat life threatening diseases.

Keywords: secretory IgA; gut homeostasis; IgA deficiency; polymeric immunoglobulin receptor
(pIgR); mucosal immunology; B cells

1. Introduction

Immunoglobulins (Ig), also known as antibodies, are large Y-shaped glycoproteins
produced by plasma cells. Ig are involved in the clearance and neutralization of foreign
particles in the body by identifying, binding, and eliminating specific bacterial, fungal
and viral antigens. Out of the five Ig in the body, immunoglobulin A (IgA) is the second
most abundant antibody found in circulation and the predominant antibody generated in
mucosal secretions, whose primary function is to defend mucosal surfaces (e.g., gastroin-
testinal and respiratory tracts) from pathogen invasion [1-3]. In this review, we begin by
explaining in-depth the production of IgA through both T cell dependent and independent
pathways, the divergent IgA subclasses, and the differential functions between circulating
and secretory IgA (SIgA). We then expand on how the robust reactivity between SIgA and
the host microbiome can dictate species fitness and overall gut homeostasis. We follow by
delineating how a disruption in the IgA-microbiome axis contributes to pathophysiological
conditions such as colitis, colorectal cancer, and nephropathy. In addition, altered IgA
responses to the gut microbiota have even been documented in asthma, food allergies and
obesity, further illustrating the need for additional studies regarding IgA outside the scope
of immunological diseases [4,5]. As IgA is the main antibody in maternal milk, we also dis-
cuss how this first source of antibody-mediated immunity protects infants from necrotizing
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enterocolitis. Overall, continual research to decipher the IgA-dependent mechanisms for
microbiota-immune stability has the potential to be therapeutically exploited in the defense
against pathological diseases.

2. Immunoglobulins: The Basics

Ig belong to various classes and subclasses (isotypes) that differ in their structure, tar-
get specificity and localization. In the cognominal immunoglobulin superfamily (IgSF), Ig
are structurally constructed with two pairs of heavy (H) and light (L) chains that constitute
the crystallizable fragment (F.) and the antibody-binding fragment (F,,), respectively [6].
In the Y-shaped antibody, the F. region frames the tail/trunk whereas the F,, region
composes the arms/branches. Each fragment contains an NH2-terminal “variable” (V) do-
main consisting of three hypervariable loops termed complementarity determining regions
(CDRs) [7]. As CDRs are in direct contact with antigens, they often undergo extensive and
frequent hypermutations, which enable Ig to recognize a near limitless number of different
antigens for their adaptive immune function [8]. Both fragments also contain one (F,,
fragment) or more (F. fragment) COOH-terminal “constant” (C) domains [7]. When the
F. fragment has three C domains, a middle hinge region, rich in proline and cysteine, is
required to space out the first and second C domains [7]. Importantly, delicate distinctions
in C domains of the F. fragment are what differentiates the five Ig classes: IgM, IgG, IgD,
IgE, and IgA. Naive B cells first produce IgM and IgD with other isotypes produced later
upon maturation of B cells via class switch recombination. In this process, only the C
domain in the F. region is juxtaposed, so that the V domain in the F,, fragment retains
affinity toward recurring antigens. In the next section, we discuss how the basic IgM and
IgD classes switch to IgA in both T cell dependent and independent manners.

3. IgA: A Unique Structural and Functional Antibody
3.1. IgA Production in Germinal Centers

Gut-associated lymphoid tissue (GALT) comprises the secondary lymphoid organs
named Peyer’s patches, mesenteric lymph nodes, and isolated lymphoid follicles found
in the small intestine. These lymphoid organs are composed of three, interactive layers
that partake in IgA production: the B cell-rich follicles, the T cell-rich interfollicular zones
and a subepithelial dome rich in CD11c* dendritic cells (DCs) that separate the epithelium
from the follicles. There are both T cell-independent and dependent pathways for IgA
production in the germinal centers. In the former, when a luminal antigen is present,
specialized allograft inflammatory factor 1 (Aifl)-expressing microfold (M) cells lining
the follicle-associated epithelium transport the antigen via transcytosis to the DC-rich
subepithelial dome [9-11]. DCs expressing high levels of lysozyme then capture the luminal
antigen for its activation [12,13]. Activated B cells that have travelled from the follicle
region to the subepithelial dome via the chemokine receptor CCR6 can then interact with
these DCs [14]. During this interaction, DCs undergo integrin ocv38-mediated activation
and secrete transforming growth factor- (TGFf3) [14-16]. This cytokine then promotes
TGEFBRII-SMAD signaling, followed by inducing the expression of activation-induced
cytidine deaminase (AID, a DNA-editing enzyme) and gene promoters for the constant
heavy chain “alpha’, collectively ensuing IgA class switching in B cells [14,16,17].

In contrast, IgA production can be induced in a T cell dependent manner. Antigen-
carrying M cells can elicit Th1, Th17, and Th22 responses [18] and CCR6" DCs can directly
activate pathogen-specific T cells [19]. DCs can also migrate to the T cell-rich interfollicular
zones and cue the priming of CD4* helper T cells to become a subset of follicular helper
T (Tpy) cells [20]. There are currently two independent reports that provide separate
mechanisms for this differentiation. In one approach, the loss of FOXP3 from CD4* T cells
allows the conversion to Tgy cells, and in the other, RORYy™* Th17 cells differentiate into
Trp cells in an IL-17 and IL-22-dependent, but IL-23-independent manner [21,22]. In favor
of the latter, it was recently shown that commensal antigens activate macrophage-inducible
C-type lectin receptor (Mincle) in lysozyme-expressing DCs, where the secretion of IL-6
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and IL-23p19 initiated Th17 polarization through its regulation of IL-17 and IL-22 [23].
Following activation, CD4" Tgp cells interact with B cells via the CD40 ligand (member
of the tumor necrosis factor (TNF) family), which stimulates TGF(3 and IgA producing
plasma cells [21,22,24]. Importantly, T cell dependent IgA production in germinal centers
subsequently undergoes somatic hypermutation and antigen affinity selection [25]. As
these IgA™ B cells coexpress type 1 sphingosine-1-phosphate receptor (S1P;), this mediates
their exit from the Peyer’s patches to enter the lamina propria for plasma cell maturation
and polymeric IgA production [26,27].

There is a possibility that excess Try cells with altered phenotypes may cause dys-
regulated IgA production within the germinal centers. Kawamoto et al. observed this in
programmed cell death-1 (PD1)-deficient mice, which produced IgA with reduced bacteria-
binding capacity, emphasizing PD1 involvement in the differentiation of Tgy cells to be
critical in the appropriate selection of IgA plasma cell repertoires [28]. In line with this, mice
deficient for the ATP-gated ionotropic receptor P2X7 had Try cell expansion, accumulated
Lactobacillus-specific secretory IgA, and metabolic dysfunction [29,30]. As such, it is note-
worthy that TGFf3 and group 3 innate lymphoid cells (ILC3) were independently found to
restrain Tpy cell accumulation and thereby prevent B cell mediated autoimmunity [31,32].
While DCs have been well established in the induction of IgA-producing plasma cells, it is
intriguing that gut specific macrophages and eosinophils are other myeloid cells capable
of inducing IgA production through the promotion of tertiary lymphoid structures and
Peyer’s patches, respectively [33,34].

3.2. IgA Production in Nongerminal Centers

Much evidence shows that unorganized, nongerminal centers in the lamina propria
can also promote T cell independent, microbial-induced IgA class switching. The mech-
anism behind T cell independent IgA class switching in the lamina propria is rooted
to resident DCs upregulating two ligand members of the TNF family, known as the B
cell activating factor (BAFF, alias B lymphocyte stimulator (BLyS) or TNFSF 13b) and a
proliferation-inducing ligand (APRIL, alias TNFSF 13a) [35]. BAFF and APRIL bind to
two TNF receptors: B cell maturation antigen (BCMA) exclusively on CD5* B1 cells and
transmembrane activator, and calcium-modulator and cytophilin ligand interactor (TACI)
found on both B and T cells [35,36]. In the presence of TGF( alone, or with a microbial
product like lipopolysaccharide (LPS), BAFF and APRIL activate class switching from the
u-heavy chain (IgM) antibody to the alpha constant heavy chain (IgA) antibody [35,37].
Accordingly, APRIL deficient mice had an impairment for T cell independent IgA class
switch recombination but could produce IgA in response to T cell dependent antigens [38].
Notably, interleukin-10, another class switching recombination cytokine, can also stimulate
IgG and IgA production through BAFF and APRIL [35]. Besides these class switching
cytokines, chemokine CCL28 induces the migration of IgA Ab-secreting cells (ASCs) via
CCR10. Mice deficient in CCL28 have significantly reduced ASCs in the lamina propria,
an overgrowth of opportunistic pathogens like Bacillus cereus and Enterococcus faecalis, and
more susceptibility to mucosal inflammation [39]. Aside from BAFF and APRIL-mediated
class switching, ER-stressed mucosa via defective autophagy can induce T cell independent
polyreactive IgA production through expansion of a subset of peritoneal B cells known as
B1b cells [40].

Compared to the conventional T cell dependent antigens, CD103* DCs capture molec-
ular patterns from commensal and pathogenic bacteria inhabiting the gut microbiome and
then trigger T cell independent IgA production [41]. The CD103* DCs themselves can
recognize and carry these antigens, in addition to goblet cells serving as a supplemental
delivery system to pass on low molecular weight soluble antigens to CD103" DCs in the
lamina propria [42]. As most molecular patterns are recognized by Toll-like receptors, DCs
undergo in situ inducible nitric oxide synthase (iNOS) signaling for T cell independent
IgA production. This was apparent when Tezuka et al. observed iNOS-deficient mice to
have significantly lower levels of serum IgA and IgG (with the other Ig classes unaffected)
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and impaired IgA production in the intestine [43]. Importantly, this study identified a
specific, natural subset of iNOS/TNF-o producing DCs residing in the lamina propria to
be responsible for BAFF/ APRIL-dependent IgA synthesis, where mice deficient in other
Toll-like receptors resulted in a defect for iNOS-dependent IgA production [43]. This
study also demonstrated iNOS to be required for T cell-dependent IgA class switching as
AID became defective and TGFBRII levels were significantly depleted in iNOS knockout
mice [43], underscoring the absolute necessity for iNOS in whole body IgA production.
It is important to mention that IgA™ cells can also express iNOS and TNF-«, essentially
creating a positive feedback loop to support IgA levels in the gut [44].

To summarize, the Peyer’s patches and lamina propria in the small intestine are
the central hubs for T cell dependent and independent homeostatic IgA production, re-
spectively. It should be noted, however, that the colon has been reported to exhibit T
cell independent IgA class switch recombination but only in the presence of organized
lymphoid follicles [45]. Irrespective, DCs are the main antigen-presenting cells that can
recognize both T cell dependent antigens and microbial molecular patterns to stimulate
intestinal IgA production in either the Peyer’s patches or lamina propria, respectively. Be-
sides the mentioned TNF ligands (CD40L, BAFF, and APRIL) and cytokines (TGFf3), other
studies have showed additional environmental factors, like retinoic acid (RA) and other
interleukins (e.g., IL-5, IL-6, IL-21), to be synergistically required for IgA synthesis [27,46].
Recently, it was discovered that the acute phase protein, serum amyloid A (SAA), acts as a
transporter for retinol to intestinal myeloid cells via LDL receptor-related protein 1 (LRP1),
and the conversion of retinol to RA promoted RA-dependent IgA synthesis. Indeed, the
same study observed that mice lacking SAA or LRP1 were significantly deficient in IgA
production and more susceptible to enteric infection, highlighting the necessary function
of vitamin A metabolism in intestinal adaptive immunity [47]. Moreover, certain cytokines,
such as IL-21, were found to augment IgA production in the presence of microbiotal anti-
gens [46]. As T cell-independent IgA is made in response to the endogenous microbiota,
IgA is designed to be relatively nonspecific and polyreactive. The topic of IgA reactivity
toward bacteria will be discussed further in Section 4, as this interaction is critical in the
gut homeostasis and pathogenesis of various diseases.

3.3. IgA Subclasses in Humans and Mice

The human genome encodes two IgA isotypes, IgA1 and IgA2 (and two IgA2 allotypes
IgA2m1 and IgA2m?2), whereas the mouse genome encodes a single IgA with multiple
allotypes. The divergence between these isotypes and allotypes is due to differences in
hinge length and composition, including distinct glycosylation patterns [48-51]. Below, we
first discuss human IgA and then make comparisons with murine IgA.

In terms of structural differences, human IgA1 displays an extended hinge region
consisting of two eight-amino acid long duplicate sequences (one per light chain) that is
absent in IgA2. This amino acid sequence is the recognition site for IgA1-specific proteases
and, depending on the bacterial IgA1 protease enzyme type, it may cleave one specific
peptide bond within one of the duplicate sequences, but not at the equivalent site of the
other duplicate sequence [52]. The lack of these 16 amino acids in human IgA2 makes this
antibody inadvertently resistant to proteolysis. Another major difference between human
IgA1l and IgA2 is its preference to be either monomeric or dimeric, respectively, and this
can vary based on localization within the body. In circulation, human IgA is predominately
monomeric with a ratio of 9:1 IgA1 to IgA2 [50]. At mucosal sites, human IgA is prevalent
in a secretory, dimeric form and the proportions between dimeric IgA1 and IgA2 varies per
site: 80 to 90% IgA1l in nasal and male genital secretions, 60% IgAl in saliva, and 60% IgA2
in colonic and female genital secretions [50]. The prevalence for IgA2 class switching in the
gut is mediated by intestinal epithelial cells that secrete APRIL after sensing commensal
bacteria through Toll-like receptors [53]. As such, T cell independent IgA production
in the local gut is essential to ensure appropriate mucosal immunity between host and
microbiota [27,41].
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Activated plasma cells localized in the mucosa produce dimeric human IgA via
covalent linkage of the joining (J) chain to polypeptide extensions of the F. regions on
monomeric IgA in a process known as intracellular polymerization. Although dimeric
IgA is predominantly produced through this process, ] chain-containing trimeric and
tetrameric IgA are also produced via intracellular polymerization when the cellular ] chain
is scarce [54]. The ] chain serves as the ligand for the intestinal epithelial transmembrane
protein known as polymeric immunoglobulin receptor (pIgR), which, upon receptor bind-
ing to the ] chain, promotes endocytosis for the dimeric IgA (predominantly IgA2) across
pIgR-expressing mucosal cells [55,56]. A portion of pIgR referred to as the transmembrane
secretory component (SC) is cleaved from pIgR and becomes a component of the polymeric
secretory IgA (SIgA) or, when detached, has antimicrobial properties [57]. Upon release
into the lumen, SIgA binds to many receptors such as the IgA transmembrane receptor
(FcaRI) expressed on myeloid cells such as eosinophils, neutrophils, macrophages, den-
dritic cells, and Kupffer cells (in depth discussion on SIgA function via FcaRI signaling
can be found in Section 3.4) [58]. Of note is that SIgA utilizes ‘chaperones’ that assure
antibody availability and stability. Recently, Xiong et al. demonstrated the marginal zone B
and B-1 cell-specific protein (MZB1) to act as a chaperone by preventing the intracellular
degradation of the IgA a-light-chain complexes, promoting J-chain binding to IgA, and
increasing the secretion of dimeric IgA [59]. Intriguingly, in vitro studies indicated that the
chaperone addition of SC limit SIgA proteolytic degradation [60] but was a silent bystander
in terms of SIgA biological activity for antigen recognition and affinity [61]. In vivo studies
further demonstrated that the SC did not improve antibody stability, but rather provided
better tissue localization for the SIgA complex and localization of bacteria in damaged
tissue [62], most likely due to its inherited bactericidal property.

When examining mouse IgA immunity, mice have only one IgA subclass and presum-
ably use alternative receptors such as Fca/ UR, the transferrin receptor (CD71), and pIgR
due to their lack of FcaRI (alias CD89) [63], which is the major IgA receptor in humans.
Other significant differences include: (i) murine IgA is primarily monomeric whereas
humans exhibit both mono- and dimeric forms; (ii) mice, but not humans, exhibit the B-1 B
cell precursors of IgA plasma cells in the spleen; (iii) mice display three times less somatic
hypermutations than humans; (iv) the germinal center boundary in mice is not well-defined
when compared to humans, and (v) mice have low systemic IgA levels due to hepatic
plgR transporting serum IgA into bile, which then travels to the intestinal lumen [64]. It
is noteworthy that human B cells have relatively low expression of Toll-like receptor 4
(TLR4, pattern recognition receptor for bacterial lipopolysaccharide) compared to mice [65],
suggesting an increased demand for immune surveillance in these animals for regulating
and maintaining their microbiota. This could signify why mice have a greater number of
M cells and the additional pIgR expression on hepatocytes to deposit IgA in the intestinal
lumen via the bile duct. In the next section, we further discuss how the function of systemic
vs. SIgA mediates mucosal adaptive immunity.

3.4. Systemic vs. Mucosal IgA: A “Silent Panic Button” vs. Robust Interaction

Naturally occurring systemic IgA is mainly immunoregulatory with little to no direct
contact with microbes due, in part, to the sterile environment of blood. Previous studies
have demonstrated the ability of serum IgA to effectively eliminate antigens without
alerting the host immune system via inhibition of the complement system [66,67]. This
allows serum IgA to act as a ‘silent panic button’ in the clearance of antigenic material from
the body. However, it is worth noting that its structure is heavily involved in the general
anti-inflammatory nature of IgA1. When monomeric, nonantigen-carrying IgA1 interacts
with the myeloid IgA F. receptor, FcaRI, and then the Src homology region 2 domain-
containing phosphatase-1 (SHP-1) is recruited in an ERK-dependent manner to the docking
site named inhibitory immunoreceptor tyrosine-based activation motif (ITAM) [68-70].
When FcaRI and ITAM colocalize with the surrounding lipid rafts, their complex forms
inhibisome clusters called ITAMi, and the resulting impaired downstream phosphorylation
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blocks immune responses [68-71]. Compared to the IgA-mediated immune tolerance
in circulation, dimeric IgA2 from the lamina propria can translocate into the intestinal
lumen as SIgA and anchor itself on the outer mucosal surface to robustly interact with
the gut bacteria for proper immune-microbiota stability [72]. This collectively establishes
both serum and mucosal IgA to have important involvement in immune function under

homeostatic conditions (Figure 1).
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Figure 1. Structure and functions of serum and secretory IgA. In the left column, IgA, primarily monomeric IgA, is secreted
by mature plasma cells in the bone marrow and enters systemic circulation. Circulating serum IgA forms immune complexes
with transmembrane Fc receptors located on myeloid cells to induce downstream effector signaling necessary in maintaining
immune homeostasis. In the right column, intestinal plasma cells produce dimeric IgA through divalent linkage of two
IgA monomers to a joining (J)-chain. The J-chain binds to the secretory component (SC) of polymeric IgA receptors (pIgR)
located on the basolateral surface of intestinal epithelial. IgA is rapidly transcytosed into the intestinal lumen as secretory
IgA (SIgA). Free SC is also transcytosed into the lumen and serves as an antimicrobial peptide. Interacting with the gut
microbiota, SIgA selectivity and reactivity can be categorized into either (a) cross-species (polyreactive) reactive against
various bacterial species, (b) species-specific reactivity or (c) strain-specific reactivity. For pathogen removal, SIgA may (i)
bind to and agglutinate bacteria, thus hindering microbial attachment and invasion of host intestinal epithelia, a process
known as immune exclusion, (ii) prevent bacterial conjugation via enchained growth to limit bacterial proliferation, and (iii)
expedite bacterial translocation through microfold (M) cells into Peyer’s patches for antigen sampling by resident dendritic
cells (DC).

In the scenario of local bacterial dissemination, when the front-line defense of SIgA
is not sufficient, dimeric IgA2 opsonizes the antigens by cross-linking with the resident
Fcoa/uR* follicular DCs and recruited Fco/uR* neutrophils [73,74]. When cross-linked,
the Src kinase Lyn phosphorylates the tyrosine within the associated ITAM and this pro-
motes the recruitment of kinases/growth factors that stimulate the immune cells that
are associated with phagocytosis, respiratory burst, and secretion of inflammatory cy-
tokines [68,69,75-77]. Simultaneously, leukotriene B4 (LTB4) is secreted to act as a chemo-
taxis signal for more neutrophil recruitment to the site of infection, thus creating a positive
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feedback loop to eliminate invading pathogens [78,79]. In cases when bacterial infection
and dissemination are severe enough to reach portal vein circulation, serum IgA opsonizes
the antigen, cross-links with Kupffer cells (resident liver macrophages), and induces a
pro-inflammatory response [80]. It is important to note that the natural per se anti and
proinflammatory effector function of dimeric IgA2 and monomeric IgA1, respectively, were
recently shown to be attributed to their different glycosylation profiles. Both antibodies
contain several N-glycosylation sites, but only IgA1 has multiple O-glycosylation sites
and therefore, has more terminal sialic acid per glycan. Steffen et al. reported that desia-
lylation via neuraminidase treatment increased the proinflammatory capacities of IgA1l
that mirrored IgA2 [49]. As circulating glycosylated IgA can contribute to the progress of
various autoimmune diseases, targeting autoantibody glycosylation could be a potential
therapeutic strategy.

In summary, if we view the body as a fortress protecting against pathogen invaders,
SIgA act as a ‘blockading wall” in collaboration with the intestinal epithelia as an indis-
pensable first line of defense to neutralize microbes. When bacteria invade past SIgA and
breach the mucosal layer, dimeric IgA serves as the second line of innate mucosal immune
defense, and then the teamwork of serum IgA and Kupffer cells becomes the third and
last line of defense to eliminate pathogens, should they enter circulation. As SIgA is the
most abundant antibody in the human body, the remainder of the review focuses on how
SIgA provides immune protection through its interaction with the microbiota, and how
malfunction in this system can lead to debilitating diseases.

4. SIgA: A Dynamic and Versatile Ally in Host-Microbiota Interactions

The human gastrointestinal tract is comprised of an estimated 100 trillion microor-
ganisms, which outnumber our somatic and germ cells 10 to 1 in population quantity,
effectively making us more ‘microbe than man’ [81]. The most densely microbe-populated
portion of the intestine is the large intestine, and it is primarily colonized by two distinct
phyla: Firmicutes and Bacteroidetes. A ratio between these two divisions, called the F/B
ratio, serves as a putative marker for gut homeostasis in an individual [82,83]. Throughout
our lives, the microbiota shapes both our innate and adaptive immune systems, where the
greatest variability in bacterial colonization during the first three years of life are the most
crucial time points [84]. We have already discussed that T cell independent SIgA synthesis
is advanced by means of microbial stimulation, which could be thought of as a purposeful
act to create a mutualistic environment between host and microbiota [85]. In the following
sections, we describe the mechanisms for the generation of different SIgA reactive types
and how these subgroups of SIgA recognize their bacterial targets for clearance.

4.1. SIgA Is Selectively Reactive against the Gut Microbiota

SIgA interacts with the microbiota in maintaining homeostasis, with homeostatic
properties largely dependent on the specificity of the antibody against various microbiota
consortia. In the human gut, it is estimated that a single bacterium is coated with nearly
19,000 SIgA molecules, and this number increases to roughly 60,000 molecules for SIgA-
coated bacterium in mice [86]. These antibody-microbiota interactions can be distinctly
grouped into three categories based on SIgA reactivity: (i) cross-species, (ii) species-specific,
and (iii) strain-specific reactivity [2] (Figure 1). Cross-species reactive SIgA refer to IgA
antibodies with the capability of binding various unrelated bacterial taxa, and are typically
polyreactive in that they are able to bind structurally distinct antigens (e.g., LPS, CpG).
However, it was recently identified that SIgA somatic hypermutations, rather than polyre-
activity, confer cross-species binding and high microbiota reactivity [87]. Cross-species
reactive SIgAs innately arise within all naive B cell subsets prior to plasma cell differ-
entiation and bind to a broad subset of microbiota, which include most members in the
phylum Proteobacteria, but these SIgAs largely lack binding to the predominant taxonomic
groups Bacteroidetes and Firmicutes [88]. This is expected because, as it has been previously
described, only 7% of intestinal SIgA present are cross-species reactive, while the majority
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of IgA are antigen-specific [89]. However, despite its low population, cross-species reactive
SIgA plays a major role in the maintenance of microbiota diversity. In comparing BALB/c
and C57BL/6 mouse strains, Fransen et al. found a genetic predisposition for certain mice
to produce homeostatic polyreactive SIgAs, which were primarily involved in maintaining
microbiota homeostasis [90]. Accordingly, this study demonstrated that all BALB/c mice
displayed significantly more polyreactive SIgAs when compared to C56BL/6 mice irrespec-
tive of vendor source or housing condition, and this correlated significantly with increased
microbiota diversification in BALB/c mice [90]. Notwithstanding, the same group also
observed that germ-free (GF) BALB/c mice, but not C57BL/6 mice, possessed considerably
elevated quantities of microbial-independent, innate SIgAs at baseline, which were further
augmented following microbiota colonization, indicating a genetic predisposition involved
in the innate proclivity for BALB/c mice to produce these antibodies [90].

Species-specific reactive SIgAs refer to IgA antibodies that bind exclusively to different
bacterial species present in the gut. While it is not exactly known how IgA discriminates
against distinct bacterial species, it is widely believed that bacterial surface carbohydrate
moieties play a significant role in IgA selectivity across taxonomic species [91]. In GF
mice monocolonized with Bacteroides thetaiotaomicron (B. theta), a highly specific gut SIgA
response was induced with low cross-reactivity to other closely related Bacteroides [92]. It
was also determined that anti-B. theta IgA targeted proteins on the B. theta polysaccharide
utilization locus (PUL), which indicated bacterial fructans as a potential epitope required
for species specific SIgA selectivity [92]. Another study with a reversible in vivo germ-free
colonization model further substantiated the high precision for species specific SIgA. In this
model, GF mice were primed with a triple mutant of the auxotrophic E. coli K-12 mutants
(known as strain HA107), but as this strain cannot divide nor persist in vivo, the mice
returned to their germ-free state within 72 h. Upon re-exposure to E. coli HA107, the GF
mice produced a distinct mucosal SIgA response to this bacterial strain, whereas first time
exposure to Salmonella typhimurium (S. typhi) did not elicit a species specific SIgA response
in the pretreated E. coli HA107 GF mice [93]. In line with this, E. coli HA107-pretreated
GF mice that were later colonized with a compositionally-defined microbiota consortia
deficient in E. coli lacked SIgA with E. coli-binding capabilities, albeit total IgA production
did not decrease [93]. This evidence suggested that species presence may be a prerequisite
for SIgA species specificity. Interestingly, a functional analysis of B cell responses to the
intestinal microbiota detected SIgA antibodies against Prevotella copri (a Gram-negative
commensal bacterium linked to rheumatoid arthritis) in the plasma and feces of healthy
individuals in a human cohort that apparently lacked Prevotella in their gut microbiota [94].
The researchers attributed this phenomenon to the individuals having prior exposure at
some point to the bacteria, and potentially developing antibodies to Prevotella long after
clearance from the system, which they characterized to be in line with other prior studies
on the subject.

Strain-specific SIgAs are IgAs that are selective to various genetic variants, or subtypes,
within a bacterial species. It was recently demonstrated that mice monocolonized with
Bacteroides ovatus elicited a robust mucosal SIgA response; however, it was determined that
certain B. ovatus variants were more effective at inducing colonic IgA-secreting plasma cells
than other variants, leading these particular subtypes to have the classification of IgANish—
B. ovatus [95]. Similarly, upon examination of bacterial strains found in human feces, it was
observed that specific strains of Bifidobacteria were able to induce large quantities of IgA
in vitro, whereas standard strains were able only weakly to induce IgA [96]. Additionally,
monocolonization of the B. theta type strain VPI-5482 elicited a strain-specific IgA repertoire
attracted to the capsular polysaccharides found on B. theta VPI-5482, but not other B. theta
strains [97]. Likewise, IgA prevented bacterial adherence and invasion of wild-type S. typhi,
in contrast to mutant strains, on polarized epithelial cell monolayers in vitro because IgA
recognized a specific carbohydrate epitope on the wild-type S. typhi [98]. These findings
collectively highlight the multiplicity of specific epitopes able to be recognized by SIgA
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and signify IgA responses to employ a great polyreactive repertoire to bind an extensive,
but taxonomically diverse, subset of microbiota.

4.2. SIgA-Mediated Gut Pathogen Clearance and Homeostatic Properties

SlgA, the predominant form of IgA, serves a dynamic role in both protecting the host
from pathogens and shaping the gut microbiota composition to promote host-microbiota
homeostasis [99] (Figure 1). Compared to monomeric IgA, polymeric SIgA poorly activates
F. receptors for adequate downstream effector signaling [100]. For this reason, SIgA has
developed several mechanisms that exploit its cross-linking ability and the intestinal en-
vironment for potent elimination of pathogens. The first mechanism for SIgA-mediated
microbe neutralization is a process known as immune exclusion, which aims to intercept
microbial access to the intestinal epithelium in a stepwise fashion: (i) antibody aggluti-
nation and cross-linkage; (ii) pathogen entrapment in mucus, and (iii) removal through
peristalsis [101]. In this regard, SIgA acts more as a “blockading wall” to inhibit the translo-
cation of microbes from the lumen to the blood. For instance, SIgA could prevent systemic
infection in mice orally inoculated with S. typhimurium, but SIgA was unable to prevent bac-
teremia and systemic infection after intraperitoneal challenge of the same bacterium [102].
Later findings demonstrated that immune exclusion by SIgA was specifically designated
within the mucosa. Another in vivo study substantiated immune exclusion of Shigella to
require glycosylated residues on the secretory component of IgA for suitable localization
of antibody molecules and optimal prevention of infection in the mucosa [62]. Moreover,
IgA-mediated immune exclusion is not exclusive to bacterial pathogens but occurs also for
commensal fungi. Recently it was discovered that SIgA can also target cell-surface adhesion
proteins responsible for hyphae adherence and invasion of host cells by Candida albicans to
prevent attachment and subsequent infection in humans [103].

A limitation to immune exclusion is that it is only efficient at high pathogen densi-
ties, unlike in typical infections. For this reason, another mechanism of SIgA-mediated
pathogen elimination known as “enchained growth” has recently been proposed to be
relatively effective at lower pathogen quantities. SIgA-mediated enchained growth works
by enchaining and segregating bacterial plasmid donor and recipient clones to prevent
conjugative plasmid transfer [104]. Enchained growth is finite, however, and clustered
pathogen growth, albeit restricted, can occur until a certain size is obtained and then broken
to form subclusters comprising of closely related bacteria [105]. A drawback to enchained
growth is that it is most effective against fast-growing bacteria, as observed in a computa-
tional study by Bansept et al. on SIgA-mediated enchained growth in Salmonella spp. [106].
Indeed, the group noted that bacteria with high growth rates replicated prior to the linkage
between daughter bacteria breaking, and generated larger cluster sizes, whereas bacteria
with slower growth and replication rates had high probability in suffering cluster breaks
earlier and escape SIgA enchained growth upon replication [106].

In addition to the above two mechanisms, SIgAs have an exclusive function called
coating’ to increase bacterial translocation in Peyer’s patches, which inadvertently im-
proves resident DCs in their antigen sampling and activation [107,108]. For example,
SlgA-coated Shigella flexneri was found to be rapidly transcytosed into Peyer’s patches and
internalized by DCs, whereas uncoated S. flexneri was unable to penetrate the intestinal
epithelium [107]. SIgA coating was reported to be dominant toward commensal bacteria in
the small intestine, which, in turn, assisted resident colonization, whereas IgA-free bacteria
were mostly indigenous to the colon [109]. Importantly, this ‘coating” action of SIgA seems
to be highly regulated as <5% of SIgA are utilized for bacterial coating despite sufficient
SIgA available to coat nearly the entire microbiota population [86]. This can be inferred as
an essential mechanism to sustain mutualism with the gut microbiota, whereas in disease
conditions SIgA coating becomes more prevalent (see Section 5). Impressively, IgG and IgM
have little capacity to coat anaerobic bacteria, emphasizing SIgA to be the main responsive
immunological component against gut antigens [110].

/
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SIgA has been found to be largely influential in maintaining gut homeostasis by
reshaping the gut microbiota composition to promote gut symbiont growth and sup-
press pathogenic bacteria proliferation. For instance, SIgA that specifically coats mucus-
resident symbiont B. theta has been shown to upregulate a cluster of genes provisionally
named, Mucus-Associated Functional Factors (MAFFs), which function to ensue symbiosis
amongst the Firmicutes and can also provide protection against chemically-induced colitis
in mice [111]. Moreover, SIgA is critical for robust mucosal colonization and single-strain
stability of commensal Bacteroides fragilis via commensal colonization factor (ccf)-mediated
upregulation of capsular polysaccharides to attract IgA binding [112]. Intriguingly, B. frag-
ilis possess endoglycosidase activity, and can therefore exploit the complex N-glycans
heavily decorated on SIgA for necessary symbiotic bacteria growth [113]. Moreover, mu-
cosal IgA maintains microbiota homeostasis by limiting commensal fungi proliferation,
as SIgA has been observed to be reactive against Candida glabrata, Candida albicans, Saccha-
romyces cerevisiae, and Candida tropicalis found in human feces [103].

Aside from promoting beneficial commensal bacteria, SIgA facilitates healthy bio-
diversity in the gut microbiota starting at birth. A recent study by Fehr et al. found
breast milk to transfer certain bacteria including Streptococcus spp. and Veillonella dispar,
which contributed to the overall variation in offspring microbiota [114]. Another recent
article by Donaldson et al. indicated that certain human commensals, such as B. fragilis,
purposely alter the epithelial architecture to attract IgA-coating, which ultimately helps
in the bacterium’s colonization within a specific mucosal niche [112]. Computational
modeling by McLoughlin et al. further supports the concept that IgA is essential for
microbial adhesion to the epithelial surface and can concurrently remove those bacteria
for clearance to maintain appropriate diversity [115]. Comparatively, mice deficient in
recombination activating protein-1 (RAG-1), which lack adaptive immunity, displayed con-
siderably reduced diversity in the bacterial community when compared to their wild-type
and heterozygous littermates [116]. In line with this, mice deficient in either only B or only
T cells had altered bacterial communities that lacked diversity [116]. It was shown that the
differentiation of Foxp3™ T cells into Try and follicle regulatory (TgRr) cells in the germinal
centers regulated both the quality and quantity of SIgA. Furthermore, the antibodies had
various binding affinities that coated a moderate portion of the gut microbiota with the
intention to maintain, not eliminate, the microbes for diversity [116]. This interaction
between host SIgA and bacteria facilitated additional host immune responses in the gut
to produce a symbiotic regulatory loop to maintain gut homeostasis [116]. Interestingly;
Clostridia belonging to clusters IV and XIVa in the phylum Firmicutes were observed to
be potent inducers of Foxp3* T cells necessary for diversified IgA production [117,118].
Reciprocally, T cell dependent IgA responses to the symbiont Akkermansia muciniphilia
provides “bystander protection” against enteric infections to further promote gut health
and maintain homeostasis [119].

Even though the gut homeostatic functions of SIgA remain subtle, the extent of IgA
responses, and the requirement to secrete mucosal IgA antibodies, supports its functional
significance. Though it is not clear whether IgA antibodies may have either advantageous
or deleterious effects on IgA-targeted microbes, the constitutive presence of IgA-coated
commensals endorses that any harmful effects are not generally sufficient to cause elimina-
tion. In fact, IgA binding to bacterial capsular polysaccharides may be suppressed by some
microbiota species to allow mucus layer attachment, thereby preventing a niche invasion
from competing species [112,120].

5. Defects in IgA-Microbiota Axis Lead to Pathological Diseases

As emphasized in the earlier sections of this review, IgA plays a significant role in the
immune system due to its structural significance, secretion, glycosylation, localization and
receptor interactions. We also highlighted the ways in which IgA strongly influences the
microbiota composition and its related gene expressions of various commensal microor-
ganisms. Importantly, continuing research underscores the microbiota composition to be
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an implicated etiological factor in an increasing number of diseases, including gastroen-
terological (e.g., colitis), allergies, asthma, and metabolic disease [121]. As dysfunctions in
IgA biology can also lead to multiple types of pathologies, it can be reasoned that a defect
in the IgA-microbiota axis could explain the development of various diseases (Table 1).
Herein, we discuss the literature that supports impaired IgA can lead to various pathologies
regulated by microbiota.

5.1. IgA Deficiency in Autoimmunity

Undetectable levels of serum IgA involve quantities that are below 7 mg/dL. This clin-
ical manifestation of human IgA deficiency is termed selective IgA deficiency (SIgAD) [122].
SIgAD is an interesting pathology because it is the most common primary immunodefi-
ciency where the remaining Ig levels are normal. As can be expected, 20-30% of SIgAD
patients suffer from autoimmune diseases [122,123]. Alarmingly, a cohort study by Jor-
gensen et al. showed that first-degree relatives of SIgAD patients had a 10% occurrence
of autoimmune diseases, which is twice the estimated 5% in the general population [123].
Recalling how circulating IgA initiates anti-inflammatory signals through FcaRI-ITAMi
(Section 3.4), the absence of IgA would then allow inflammatory responses to persist with
no restraint, causing autoimmune disease development [124]. It is important to note that
even when either B cells or IgA is absent, the intestinal epithelia can launch other protective
defenses e.g., inducing the interferon-inducible immune response pathway, but only when
the microbiota are present [125].

There are conflicting reports concerning whether human SIgAD is associated with
substantial changes in gut microbial ecology. In a study from Fadlallah et al., their metage-
nomics analysis suggested minor perturbation in the microbiota, where IgA deficiency
caused the expected pathobiont expansion but caused a less than expected depletion in
some classic beneficial symbionts [126]. One explanation they had for this phenomenon
was that the partial compensatory response in IgM levels could preserve microbiota diver-
sity [127]. Contrary to this hypothesis, a later report by Catanzaro et al. showed that SIgAD
patients still exhibit significant gut microbiota dysbiosis even with the compensatory IgM
response [128]. This study uncovered that IgM had less specificity toward the commen-
sals, and consequently coated a larger subset of the microbial species [128]. Interestingly,
a recent study showed a compensatory IgG response in systemic circulation for SIgAD
patients, where the IgG had antimicrobial properties toward commensals [129]. Another
metagenomic study demonstrated that SIgAD patients had reduced microbial diversity but
were enriched with opportunistic bacteria like Escherichia coli [130]. As with humans, the
mouse model of IgA deficiency (IgA~/ ") resulted in spontaneous inflammation specifically
in the ileum, and segmented filamentous bacteria (SFB) were noted to bloom in IgA~/~
mice within the inherited dysbiotic microbiota [131]. As studies linking SIgAD and the gut
microbiota are only a few years old, more research is needed to uncover what effects these
have on the autoimmune disease progression.

Besides SIgAD, there is a condition named common variable immunodeficiency
(CVID) from ineffective antibody production, primarily IgG and IgA, due to a generalized
B cell defect [132,133]. In addition, there is Omenn syndrome (OS) caused by hypomorphic
RAG mutations, and this inadvertently results in IgA deficiency [134]. CVID and OS
patients automatically have a greater risk in contracting bacterial infections, but they can
also have noninfectious autoimmune complications e.g., inflammatory bowel disease and
enteropathy. Despite minimal studies on the subject, it is hinted that unstable gut microbes
do play a part in the autoimmune reactions seen in CVID and OS patients [133-136]. The
following sections expand in detail on the link between IgA and microbiota in inflammatory
and infectious diseases.

5.2. IgA-Microbiota in Necrotizing Enterocolitis

Necrotizing enterocolitis (NEC) is the most serious and common intestinal diseases in
vulnerable infants. The risk for NEC in premature newborns increases in those with moder-
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ate to very low body weight, and the mortality rate is estimated to be 20-30% for the latter
infants [137,138]. Contributing factors to NEC progression are focused on intestinal immaturity
and improper microbial colonization in the neonatal period. NEC does not typically appear until
8-10 days after birth, which is when the gut is being colonized by facultative anaerobes from
Proteobacteria and Firmicutes phyla [139]. Alarmingly, the immediate use of antibiotics when
premature infants enter the neonatal intensive care unit (NICU) could perturb appropriate bac-
terial colonization and, therefore, cause NEC [140,141]. In essence, bacteria invade the intestinal
wall to cause localized infection, and this is followed by epithelial injury, Paneth cell depletion,
compromised barrier function, inflammation, necrosis, bacteremia and endotoxemia [137,138].
To study NEC in rodents, postnatal disruption in Paneth cell development via dithizone or
diphtheria toxin are two of the most widely used approaches [142-144].

Germ-free studies confirm that the gut microbiota is a required element in NEC [145].
Importantly, microbial diversity appeared almost nonexistent in stool samples of NEC pa-
tients; this was signified with no more than seven poor colonizing species, but the families
Enterobacteriaceae and y-Proteobacteria were highly abundant [140,143,146]. Metagenomic
and sequencing studies identified Klebsiella spp. such as the cytotoxin-producing Klebsiella
oxytoca (notably in the Enterobacteriaceae family) to be substantial early colonizers in prema-
ture infants before NEC onset [147,148]. A recent study by Shaw et al. found a dichotomous
microbiota profile in NEC infants where cases had high levels of LPS-expressing organisms
(recognized by TLR4) but low levels of CpG DNA (recognized by TLRY) in the bacterial
genomes [149]. These authors presented the hypothesis of two aberrant Toll-like receptor
signals: (i) TLR4 overstimulation and (ii) TLR9 silence, which would normally counteract
TLR4 [149]. Besides the already mentioned bacteria, there are conflicting reports as to
whether Clostridia spp. are prevalent or depleted in NEC cases [140,150], but a report
by La Rosa et al. demonstrated the highly regulated maturation progression from Bacilli
to y-Proteobacteria to Clostridia in the microbiota of premature infants [151]. Importantly,
the same study showed that this nonrandom, sequential order of bacterial colonization is
consistent, but can have different paces depending on factors like antibiotics, vaginal vs.
caesarian birth, age, and breast milk vs. formula feeding [151].

In a Paneth cell disruption NEC rodent model, the addition of formula feeding exacer-
bated intestinal injury independent of gut microbial dysbiosis [152]. This result emphasized
the caution needed for preterm infant feeding. Comparatively, maternal milk was found
to substantially lower NEC incidence [153], suggesting an antimicrobial component in
mother’s milk responsible for the protection. Of relevance to this review, dimeric and
polymeric, but only minor traces of monomeric IgA have been purified and quantified in
milk [154]. A recent groundbreaking study by Gopalakrishna et al. discovered maternal
milk to be the principal source of SIgA in the first month of life, when IgA-coating assisted
in the reduction of Enterobacteriaceae and safeguarded against NEC in mice [155]. This find-
ing was further supported with the observation that IgA-deficient pups exposed to their
mother’s milk were still susceptible to NEC [155]. It is noteworthy that y-Proteobacteria-
specific IgA is responsible for the transition from the immature to mature microbiota,
whereas IgA deficiency results in a bloom of y-Proteobacteria [156]. Recalling that the
final transition to a mature microbiota is from y-Proteobacteria to Clostridia [151], it can
be hypothesized that the Clostridia depletion might be an indicator of stalled microbiota
maturation in NEC infants. Hence, it would be important for future studies to see whether
the supply of maternal IgA correlates with mature microbiota i.e., Clostridia restoration in
NEC protected infants.

The above studies underscore the therapeutic potential in elevating IgA and mod-
ulating the IgA-associated microbiota in NEC. However, targeting IgA in NEC is not
necessarily new, as a study back in 1988 by Eibl et al. found oral administration of an IgA-
IgG supplement to be effective in preventing NEC in premature infants [157]. Regardless,
a therapeutic approach to promote and/or sustain IgA levels could be lifesaving. This
is especially important when considering that mothers with inflammatory bowel disease
have lower IgA availability to horizontally transfer to infants via breast milk [158] where,
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potentially, both mother and child could need IgA supplementation. However, awareness
must be given to the possibility of IgA ‘over coating’ as a recent study by Brawner et al.
described prenatal stress increased IgA coating in the offspring microbiota and aggravated
NEC in a sex-dependent manner [159]. As such, other microbial approaches i.e., probiotics
can also be used to treat NEC with special regards to Lactobacillus spp. [160-162]. Prebi-
otic treatment has not yielded any definitive results but is an interesting area of future
research [137].

5.3. IgA-Microbiota and Inflammatory Bowel Diseases

Inflammatory bowel diseases (IBD) are the result of intense inflammation throughout
the gastrointestinal tract, and there are an estimated 70,000 new cases of IBD diagnosed each
year with 6.8 million cases globally [163,164]. It is well established that the microbiota plays an
integral part in IBD, but whether its role is the cause, consequence, or a correlation has been a
continual question in IBD research. On the one hand, certain bacteria may be the antigenic stimu-
lus responsible for the escalation of inflammatory processes essential in IBD progression. Indeed,
GF mice indicated the microbiota as an inducer and aggressor in experimentally-induced and
spontaneous colitis, respectively [165]. On the other hand, when studying spontaneous colitis in
mice deficient in the epithelium-specific polarized sorting factor adaptor protein (AP)-1B, Jangid
et al. found a predisposition to IBD triggered an unfavorable change in the microbiota compo-
sition toward dysbiosis, in which a bloom of sulfur-reducing and lactate-producing bacteria
might have explained the aggravated colitis [166]. Additional mouse studies support cer-
tain individual bacterium as procolitogenic, including the human-derived butyrate-producing
strain Anaerostipes hadrus BPB5, mucin-eating Mucispirillum, Klebsiella pneumonia, and Proteus
mirabilis [167-169]. This is further correlated with human studies that observed an increase in
the family Enterobacteriaceae and the phylum Proteobacteria in IBD patients [170]. These changes
have been simultaneously noted as biomarkers for human IBD and a therapeutically related
target to abate microbiota from exacerbating IBD. While these studies suggest microbiota com-
position differences are simply a complication of inflammation, it is noteworthy that a decrease
in acetate-butyrate-converting Roseburia spp. in healthy controls has been recently found to
precede IBD and be sustained during IBD [171], suggesting that microbiota are involved in the
etiology of the disease itself.

Given its previously established ability to affect microbiota composition in the gut,
SIgA is of much importance in the microbiota-IBD relationship in which IBD patients may
have dysfunction in mucosal tolerance to commensal fungi and bacteria. For instance, pIgR
knockout mice were more susceptible to colitis due to their defect in SIgA transport and
unstable microbiota [172]. Regarding fungi, several Candida species are linked with IBD
pathology, with particular Candida hyphal morphotypes associated with increased IBD
severity. Further, SIgA was observed to target adhesion and hyphal cells in pathogenic
fungi to prevent Candida-associated damage during colitis [103]. Concerning bacteria, mice
deficient in inducible costimulator ligand (ICOSL), which are spontaneously susceptible
to IBD, have reduced IgA and impaired antigen recognition toward flagellin from mucus-
associated bacteria of the Lachnospiraceae family [173]. In addition, activating transcription
factor 3 (ATF3)-deficient mice exhibit gut microbiota dysbiosis that favors pro-inflammatory
Prevotella copri abundance, and display impaired Try cell development in the gut, resulting
in significantly decreased SIgA production [174,175]. This response is similar in mice
deficient in innate effector protein, myeloid differentiation primary response 88 (MyD88),
which plays a key role in modulating IgA responses to the gut microbiota though induction
of CD4" T cells and regulatory T cells. In addition, the MyD88 deficient mice displayed
exacerbated colitis severity with gut dysbiosis highlighted by an overabundance of SFB
and increased bacterial load, indicating MyD88 signaling is needed in IgA responses to IBD
and gut dysbiosis [176,177]. Comparatively, deletion of methylation-controlled ] protein (a
mitochondrial inner membrane protein) caused a bloom in the IBD-associated bacterium
Ruminococcus gnavus, but surprisingly increased SIgA levels [178]. Likewise, indoleamine
2,3-dioxygenase (IDO) knockout mice had higher basal levels of SIgA reactive toward
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Citrobacter rodentium and were resistant to Citrobacter-induced colitis [179]. These last two
studies indicate that in certain conditions, elevated SIgA could be a compensatory response
to ensure commensal clearance and create an environment ready to fight against pathogens.

During IBD, SIgA-mediated gut pathogen clearance appears to favor the coating
method (see Section 4.2), as a recent study demonstrated IBD patients to have higher
amounts of SIgA-coated bacteria in stools compared with controls [180]. As such, IgA-Seq
has been utilized to profile the SIgA-coated bacteria and thus identify IBD-associated
microbes [181-184]. For instance, Palm et al. conducted a landmark study by selecting
SlgA-coated bacteria via IgA-Seq, isolating and anaerobically culturing these microbes
from IBD patients, and then colonizing them in GF mice; finding those SIgA-coated bacteria
to be indeed colitogenic [181]. Besides serving as a biomarker, SIgA coating seems to serve
as a target for immune-mediated lowering of intestinal bacterial load. A study by Gupta
et al. demonstrated this in that a SIgA-high mouse strain CBA /CaJ (CBA) was resistant to
dextran sodium sulfate (DSS)-induced acute colitis due to its inherit increased SIgA-coating
and decreased fecal bacterial loads, whereas a SIgA-low mouse strain C57BL/6 (B6) was
susceptible to colitis [185]. Impressively, a recent report by Rochereau et al. uncovered a
subset of Crohn’s disease patients with a mutation in nucleotide binding oligomerization
domain containing 2 (NOD2) who had an increase in retrograde transport of antigen-
carrying SIgA into the Peyer’s patches [186]. The authors confirmed this observation in
NOD2-deficient mice, which supported the concept that increased mucosal inflammation
could be due to overactive SIgA retrograde transport [186].

Generally, this evidence indicates that a high IgA response in humans may protect
against colitis and, therefore, elimination or suppression of SIgA-coated bacteria is an av-
enue for potential therapies. A study by Zhang et al. found that sodium butyrate treatment
to IL-10 deficient mice decreased the number of SIgA-coated bacteria and concomitantly
increased gut biodiversity compared to isotype controls [187]. As a more direct approach,
Okai et al. recently developed an engineered IgA clone, W27, which targeted and sup-
pressed harmful commensal bacteria, but not beneficial bacteria, resulting in the prevention
of colitis and enrichment of gut microbiota diversity in several mouse models [188]. An-
other source to consider is breast milk-derived SIgA, given that Rogier et al. demonstrated
its early exposure ameliorated DSS-induced epithelial damage [189]. It would be inter-
esting to investigate whether this observation could be due to the immunologic tuning
of RORy-expressing regulatory T cells over multi-generational transmission [190]. The
continued research in targeting the IgA-microbiota axis could certainly advance the clinical
setting for treating IBD.

5.4. IgA-Microbiota in Colorectal Cancer

Colorectal cancer (CRC) is the second most common cause of cancer related deaths
in the United States, and IBD happens to be the main precursor for CRC development. In
2021, it is predicted that there will be an estimated 149,500 diagnosed cases and 52,980
deaths from CRC in the United States [191]. As with any cancer, early detection is vi-
tal to reduce mortality because treatment can immediately begin after diagnosis. Sev-
eral studies have investigated autoreactive antibodies with special emphasis on IgA as
a prominent CRC screening tool [192-194]. In particular, IgA reactive to the tumor as-
sociated antigen carcinoembryonic antigen (CEA) has been an important signature for
CRC patients. Butviloskaya et al. recently demonstrated with hydrogel biochips that com-
bining anti-CEA and anti-glycan antibodies in diagnosis provided preferable predictive
values [195]. Of special note, when immunizing CRC patients with recombinant CEA,
IgA anti-CEA antibodies were found to be cytotoxic against the tumor cells and improved
patient survival [196]. IgA specific to certain bacteria such as Fusobacterium nucleatum and
toxin-producing Clostridioides difficile has also proven to have diagnostic value with high
specificity and sensitivity [197-199].

While IBD patients suffer from IgA insufficiency, recent literature could suggest that
the lack of IgA may actually be a protective mechanism to prevent aggressive CRC. In the
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ApcMin/+ CRC mouse model, an expansion of IgA* lymphocytes in the tumor microenvi-
ronment was identified [200]. This matches the dominancy of plasma cells in advanced
tumors for CRC patients, where the B cell subpopulation IgA* IGLC2" was associated
with poor prognosis [201]. Noteworthy is the observation that pre-B like cells may have
antitumor functions in the early stages of CRC development [201], but perhaps this be-
comes less effective when they differentiate into plasma cells in advanced CRC. A recent
study led by Hale et al. confirmed that a defect in class switching decreased the inci-
dence of inflammation-associated colorectal neoplasia and reduced neoplastic lesions [202].
Specifically, Tnf~/~ 1110/~ (“T/1”) mice prone to spontaneous colitis were bred with
Aicda=/~ (AID encoding gene) mice to generate TIA mice that had no IgA class switching
nor somatic hypermutation capabilities. While colitis was still prevalent after 28 weeks of
age, the incidence of neoplasia in TIA mice was lowered by nearly 25% when compared
to T/I mice [202]. Contrary to the idea of the host purposely limiting IgA availability per
se, the reported lack of IgA migration to colonic tumor cells could, theoretically, promote
a pro-inflammatory environment that supports oncogenic growth [203]. Mice deficient
of IL-33 were shown to have markedly low IgA levels, a dysbiotic microbiota, colitis,
and eventual CRC development [204], supporting the conventional concept that IgA is
necessary to sustain microbiota homeostasis for the prevention of intestinal diseases.

The gut microbiome and IgA have a relatively undescribed relationship with CRC,
for which future research could unveil new ways to screen and treat this lethal cancer. An
interesting research direction would be to understand the role of IgA-coating toward CRC-
associated bacteria such as F. nucleatum and B. fragilis in disease progression [205]. There
could be many other gut microbes that may play a role in CRC that require further studies.

5.5. IgA Nephropathy and Vasculitis

First discovered by Berger and Hinglais in 1968 [206], IgA nephropathy (IgAN, alias
Berger’s disease) describes the deposition of galactose-deficient IgA1 in the glomerular
mesangium and subsequent glomerulonephritis due to the formation of inflammatory
immune complexes in the kidney [207-209]. IgAN is the most common primary glomeru-
lonephritis worldwide and is often clinically characterized by asymptomatic hematuria
and progressive kidney disease [210,211]. Recent estimates suggest approximately one in
four patients with IgAN end up developing end-stage renal disease within 20 years and,
therefore, have increased risk for mortality [212]. The etiology behind IgAN seems to start
with the expansion in intestinal-activated B cells and antibody-secreting cells (ASC) in
the lamina propria [213,214]. Both mouse and human studies indicate that the transgenic
expression of either APRIL or the high homology BAFF causes aberrant O-glycosylation on
the IgA1l hinge region [215,216] and the hyperresponsiveness in IgA1 production [217-220].
When IgA* ASC leave the secondary lymphoid tissue into circulation, they can further dif-
ferentiate into long-lived IgA™ plasma cells. The mesangial deposits of galactose-deficient
IgA1 can then over activate the complement system [221,222] and /or complex with IgG
autoantibodies [223], which collectively causes proinflammatory responses and renal injury.

Though IgAN is a disease affecting the kidneys, its origins are also heavily linked to a
gut microbiota-renal axis. In 2011, Kiryluk et al. found four novel IgAN loci enriched in
KEGG pathways associated with the “Intestinal Inmune Network for IgA Production”,
including a strong positive association to mucosal immunity i.e., local pathogen diver-
sity [224]. More recently, in 2021, He et al. uncovered several microbiome quantitative
trait loci associated with the microbial composition changes seen in IgAN e.g., decreased
abundances of Dialister and Bacilli but increased abundances of Erysipelotrichaceae and
Lachnobacterium [225]. Using operational taxonomic units (OTUs), Dong et al. examined
for differences in microbial composition between IgAN patients and healthy controls. This
study found no gross differences in microbiota diversity or richness, but there were signifi-
cant taxonomical alterations of key bacteria in IgAN patients including elevated levels of
Escheria-Shigella and decreased levels of Roseburia, Lachnospiraceae_unclassified, Clostrid-
ium_sensu_stricto_1, and Fusobacterium [226]. Interestingly, certain gut metabolites such as
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short chain fatty acids, in parallel with their bacterial producers, were significantly reduced
in IgAN patients [227]. It is notable that antibiotic treatment to humanized mice was
sufficient to significantly reduce the pathophysiological features of IgAN, including IgA1
mesangial deposition, immune complexes, and glomerular inflammation [228]. Hence,
the gut microbiota appears as a strong contributor to the generation of mucosa-derived
nephrotoxic IgA1, but more studies are warranted to further define the gut microbial
signatures in IgAN. It is noteworthy that microbial proteases can remove IgA immune
complexes from the glomeruli [229], indicating an opportunity to therapeutically resolve
IgAN in a microbiota-dependent manner.

Often found concomitantly in IgAN patients is IgA vasculitis (IgAV), alternatively
known as Henoch-Schonlein Purpura, a disease in which IgA deposits in blood vessels
lead to inflammation. It has been debated as to whether IgAV and IgAN are two clinical
manifestations of the same disease in different tissues [230]. The etiological concept of both
diseases is essentially the same, but there are minor differences in terms of symptoms and
epidemiology. Compared to IgAN occurring primarily in adults and hematuria being the
first clinical indicator, IgAV patients are more common in the pediatric population and they
exhibit cutaneous (palpable purpura i.e., purple-red rashes), gastrointestinal (colicky pain,
bloody stools) and articular (arthralgia i.e., joint pain) symptoms [230]. When comparing
gut microbiota profiles, IgAV patients exhibit the marked decrease in diversity seen with
IgAN patients, but Fusobacteria was found to be increased in IgAV patients [231,232], which
is opposite to an early study on IgAN patients. IgAV patients are also noted to have
a negative correlation with Dialister [231], a previous member of the Clostridia family,
and a greater abundance of Escherichia-Shigella [232], both observations of which parallel
Ig AN microbiota signatures. It is interesting to note that other cases of vasculitis, such as
Kawasaki disease, also exhibit more Fusobacteria, whereas Behget syndrome patients have
lower butyrate-producing bacteria, such as Roseburia and Clostridia spp. [233-236]. This
hints that Fusobacteria are most likely pathogenic bacteria in vasculitis, whereas the short
chain fatty acid butyrate is perhaps a beneficial metabolite that has limited availability
during vasculitis and nephropathy. Nonetheless, larger clinical studies are required to
understand the correlation of microbiota in nephropathy and vasculitis, and to also assess
microbiota-dependent prognosis and therapeutic strategies for IgAN and IgAV.

5.6. IgA-Microbiota in Salmonella Infection

Salmonellosis is a food borne diarrheal disease that presents itself as either gastroen-
teritis or enterocolitis. Most Salmonella spp., except for S. typhi and S. paratyphi, can infect
the gastrointestinal tract, but Salmonella enterica strains are the most prevalent. Salmonella
infection is a global concern, in which approximately 20 million people yearly contract the
bacterium and there are more than 200,000 deaths annually [237]. In the United States alone,
there is an average of over 38,000 cases reported to the Center for Diseases Control, and
the highest incidence is among children under 5 years old with a rate of 45 cases/100,000
population [238]. Salmonella enterica serovars Typhimurium (STm) is the primary infection
model discussed in this review.

Invasive and noninvasive STm have a type III secretion system that facilities docking and
invasion of the intestinal epithelium by the ejection of bacterial toxins [239]. Invasive STm infects
the intestinal epithelia by exclusive entry into M cells within the follicle-associated epithelium
of the Peyer’s patches [240]. Noninvasive STm, on the other hand, can be captured by DCs in
the lamina propria independent of M cells. The invasive STm in the Peyer’s patches stimulates
IgA responses, whereas noninvasive STm does not induce IgA responses in the intestinal
epithelium but enters into the lamina propria then disseminates into the mesenteric lymph
nodes via CCR?7, continues to the bloodstream and spleen via CD18-expressing phagocytes,
and lastly triggers humoral IgG responses [241-243]. Besides the resident DCs, other subsets
of CXCR3* mononuclear phagocytes, such as CXCL13" macrophages, function as superior
mucosal antigen-presenting cells for the recruitment and activation of CD4* T cells and IgA-
producing B cells [34]. The CXCR3" cells can additionally participate in immune exclusion
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in the early stage of infection by migrating to the intestinal lumen to capture bacteria [244].
Accordingly, the absence of CXCR3 results in greater Salmonella load due to the compromised
mucosal IgA responses [245]. In line with this, the absence of Peyer’s patches in mice causes a
failure of Salmonella-specific intestinal IgA production [246,247].

Understanding the mechanisms concerning how IgA fends off Salmonella has been eluci-
dated mostly from studies that utilized recombinant IgA monoclonal antibodies. Generation
of the O5 serotype-specific IgA monoclonal antibody, called Sal4, was derived after the first
observation that mice bearing subcutaneous Sal4 hybridoma tumors were protected from an
oral challenge of STm [102]. Interestingly, Sal4 in dimeric and SIgA forms, but not recombinant
IgG1 carrying the Sal4 variable regions, were effective to prophylactically immunize mice and
act as a curative treatment against STm [248]. Upon oral administration, Sal4-SIgA promotes
bacterial agglutination via cross-linking, and the clumps of microbes become susceptible to
either immune exclusion or enchained growth for clearance, depending on the bacterial den-
sity [104,249,250]. Similar to Sal4, a biologically active secretory-like IgA and IgM (SCIgA /M)
antibody protected mice from intragastric infection with a virulent strain of STm as revealed by
reduced colonization of both mucosal and systemic compartments, and preserved integrity of
the Peyer’s patches through immune exclusion of bacterial aggregates [250,251]. While these
recombinant monoclonal antibodies signify the bactericidal ability of SIgA, there are conflicting
reports as to whether innate SIgA confers protection against STm. In two independent reports,
plgR-deficient mice were infected with STm SL1344 at either a dose of 10° CFU or 107 CFU,
respectively, where the first group demonstrated increased survival and protection from sys-
temic dissemination of STm, but the second group had more profound infection [252,253]. It
is noteworthy, though, that previously immunized pIgR-deficient mice and their wild-type
litter mates were equally resistant to STm challenge [254]. These collectively indicate that
immunization against STm is one of the best prophylactic defense options. While no vaccine
has been approved yet, an exciting recent 2021 report from Zhao et al. constructed and tested a
live attenuated vaccine strain of STm and found it to exhibit exceptional immunogenicity and
protection efficacy in mice prior to STm challenge [255].

There are limited studies that have investigated the relationship of the IgA-microbiota
axis in Salmonella infection. A study by Endt et al. described the contributions between
SIgA and microbiota in mucosal defense and STm clearance, respectively. By using a
low complex microbiota-derived mouse model, they found that SIgA functions to restrict
pathogen access to the mucosal surface but played no part in the kinetics of bacterial
clearance [256]. The introduction of a complex microbiota to the mouse model mediated
STm clearance independent of Th;y and SIgA [256], and the mechanism to how is still
unknown. Futures studies are certainly needed to further define the interaction between
SIgA and microbiota in STm pathogenesis and clearance.

5.7. IgA-Microbiota in Biliary Infection

Bile is a greenish-yellow secretory product responsible for the emulsification of lipids
and fat-soluble vitamins from our diet. The liver is responsible for bile synthesis and its
transportation into the gallbladder for storage. In humans, roughly 5-50 pug/mL of protein
is excreted from the liver in the form of bile per day [257]. Ig are predominant biliary
proteins with IgG prevailing in hepatic bile and IgA most abundant in gallbladder bile [258].
Specifically, gallbladder bile contains a pool of polymeric IgA, polymeric SIgA, and free
secretory component (SC). The mechanisms for IgA transportation into the gallbladder vary
among species. In rats, for instance, circulating polymeric IgA binds to the SC expressed
on hepatocyte sinusoidal plasma membranes and then internalizes into endocytic vesicles
as SIgA. Next, the vesicles travel to the bile canalicular membrane where pIgR expressed
on biliary epithelial cells promotes transcytosis of SIgA into bile [259-261]. In humans,
polymeric IgA is produced by adjacent plasma cells along the hepatobiliary tree and is
then captured by the SC-pIgR complex expressed on biliary epithelial cells for secretion
into bile [258,260,261]. This difference between capturing IgA transport and secretion into
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bile between rats and humans, respectively, is due to the presence of SC on hepatocytes in
rats but not in humans, who express SC only on the biliary epithelium [260,262].

The large presence of SIgA in the bile suggests an important biological function of IgA
within the hepatobiliary system. There are several proposed functions for IgA in bile [259].
Much research from the 1980s concluded that IgA transport from circulation to bile serves
as a natural route to remove antigens [263,264]. Radiolabeled antigens intravenously
injected with various immunoglobulin classes into mice showed IgA, but not IgG nor
IgM, to be the primary antibody for antigen transport into bile [264]. This function of
bile IgA is essential for abating hepatobiliary infections that are secondary consequences
from intestinal bacterial and parasitic infections, in addition to preventing primary liver
infections [265-270]. By immunizing rats, via injection of a killed E. coli strain into Peyer’s
patches, the production of biliary IgA-specific anti-E. coli protected against hepatobiliary
infection, cholangitis, and systemic sepsis [271]. It must be cautioned that patients with
hepatobiliary diseases (e.g., cholestasis, cholelithiasis) are at greater risk for gallbladder
infection because the injury to biliary epithelial cells results in impaired hepatobiliary IgA
clearance and bile IgA reflux into the blood [261,272]. In line with this, individuals with
SIgAD are naturally more prone to hepatobiliary diseases such as primary biliary cirrhosis
and gallbladder infections [273,274]. It is interesting that a test for IgA-coated bacteria in
the bile fluid can relate to clinical symptoms such as fever and leukocytosis for those with
hepatobiliary infection [275].

Not much research has investigated whether the gut microbiota could influence IgA
in hepatobiliary infections. Only recently, Moro-Sibilot et al. in 2016 demonstrate that
local IgA in the liver was identified to be microbiota reactive and sourced from antibody
secreting cells (i.e., plasmablasts) that left the Peyer’s patches [276]. Prior research has also
indicated that patients with gallstones exhibit gut microbiota dysbiosis, and that about 70%
of gut bacterial OTUs (OTU) were detectable in the biliary tract [277]; however, whether
that impacts liver and bile IgA is unknown. Recently, more recognition has been given to
changes in the bile microbiota with biliary infection. In parallel with the gut microbiota, the
four dominant phyla are Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria in the bile
microbiota [278]. The presence of liver fluke Opisthorchis felineus infection resulted in an
increase of beta-diversity for the bile microbial community with members of the Spirochaetes
phylum blooming and elevated abundance of Klebsiella spp., Aggregatibacter spp., Lactobacil-
lus spp., Treponema spp., Haemophilus parainfluenzae and Staphylococcus equorum [278,279].
Another important finding was that the infected individuals had detectable levels of Veil-
lonella dispar, Paracoccus aminovorans, Parabacteroides distasonis, Sphingomonas changbaienss,
Cellulosimicrobium spp., and Phycicoccus spp. that were not found in the uninfected pa-
tients [278]. Changes in the gut microbiota are also noted following liver fluke infection,
such as increases in Lachnospiraceae, Ruminococcaceae, and Lactobacillaceae, but a decrease
Porphyromonadaceae, Erysipelotrichaceae, and Eubacteriaceae [280]. Future studies should
determine whether single or concurrent changes between the biliary and gut microbiota
impact IgA function and whether this could determine severity of hepatobiliary infection.

Table 1. IgA Involvement in Various Diseases.

Disease Involvement of IgA

Selective IgA deficiency has a two-hit impact

causing
Autoimmune Disease pathobiont expansion leading to dysbiosis and
[Section 5.1] spontaneous gut inflammation [122,127] and

unmitigated inflammation leading to
autoimmune disease development [120].

Dimeric IgA in mother’s milk helps to control
the prevalence of Enterobacteriaceae providing a
safeguard against NEC [151].

Necrotizing Enterocolitis (NEC)
[Section 5.2]
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Table 1. Cont.

Disease Involvement of IgA
SIgA aids in preventing IBD pathogenesis by
Inflammatory Bowel Diseases (IBD) helping to facilitate microbiota stability [172],
[Section 5.3] neutralization of procolitogenic fungi and

bacteria via immune exclusion [103,180].

IgA antibodies reactive to carcinoembryonic
Colorectal Cancer (CRC) antigen to be cytotoxic to colonic tumor cells
[Section 5.4] [196]. Promotes a proinflammatory tumor
microenvironment for oncogenic growth [203].

IgA aggregates in the glomerulus of the kidney
Nephropathy & Vasculitis causing inflammation leading to nephropathy
[Section 5.5] [198-200]. IgA deposits in the walls of the
blood vessel leading to vasculitis [221].

Promotes bacterial agglutination to become
susceptible to immune exclusion or enchained
growth by SigA for clearance [104,249,250].

Salmonella Infection
[Section 5.6]

SIgA is the predominant antibody in bile and
Biliary Infection helps to prevent primary and secondary
[Section 5.7] hepatobiliary infection from intestinal or
parasitic infection [258,265-270].

6. Therapeutic Potential of IgA

From a microbiological viewpoint, key questions remain concerning how to target IgA.
From its unique functional capabilities, it is necessary to consider the clinical applications of
IgA. To date, very few therapeutic IgA treatments have been approved for use in the United
States. Immunoglobulin replacement therapy using antibodies purified from donated
plasma has been practiced as a conventional treatment for IgA deficiencies [281]. Novel
therapies including synthetically engineered multivalent bispecific antibodies (BsAbs)
have been developed and are clinically approved to treat various cancers such as acute
lymphoblastic leukemia [282] and small cell lung cancer [283], but currently no BsAbs
have been approved and only limited to treat IgA-related disorders [284,285]. Positive
reports in rodent models support BsAbs to be effective in alleviating IBD [286,287]. Certain
commensals from the microbiota (e.g., Lactobacillus lactis) have been demonstrated as a
delivery system to secrete these BsAbs for the improvement of IgA-associated diseases
such as colitis [288]. It can be expected that IgA-based BsAbs, in conjunction with the
frontline microbiota target therapeutics i.e., probiotics and prebiotics, would underpin a
paradigm shift in the treatment of immunological disorders and communicable diseases.

7. Future Thoughts

Compelling evidence demonstrates IgA to be the fundamental immunoglobulin that
bridges the host and microbiota into symbiosis. As IgA-microbiota interactions are ex-
tremely diverse and complex across bacterial and fungal species, more studies are needed
to delineate the specific mechanisms by which IgA binding modifies physiology and/or
fitness of the microbial community. It is understood that IgA has multiple methods to facili-
tate appropriate antigenic specificity and immune responses, but whether antibody coating
could cause unintended consequences for the microbiota status is of future concern. Dys-
functions in IgA, such as abnormal glycosylation, receptor shedding, and self-aggregation,
result in inflammatory diseases that can affect a wide array of organ systems. With emerg-
ing reports regarding dietary components as other antigens recognized by SIgA, future
studies are warranted to delineate the complex interaction among diet, microbiota, and
SIgA in both physiological and pathophysiological conditions. The answers to these queries
would help better interpret the immunological functions of IgA and have significant impli-
cations in translational therapeutics that target the IgA-microbiota axis.
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