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Abstract

IgA is the dominant immunoglobulin isotype produced in mammals, largely
secreted across the intestinal mucosal surface. Although induction of IgA
has been a hallmark feature of microbiota colonization following coloniza-
tion in germ-free animals, until recently appreciation of the function of IgA
in host-microbial mutualism has depended mainly on indirect evidence of
alterations in microbiota composition or penetration of microbes in the ab-
sence of somatic mutations in IgA (or compensatory IgM). Highly parallel
sequencing techniques that enable high-resolution analysis of either micro-
bial consortia or IgA sequence diversity are now giving us new perspectives
on selective targeting of microbial taxa and the trajectory of IgA diversifica-
tion according to induction mechanisms, between different individuals and
over time. The prospects are to link the range of diversified IgA clonotypes
to specific antigenic functions in modulating the microbiota composition,
position and metabolism to ensure host mutualism.
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1. IgA FUNCTIONS

IgA is the isotype that constitutes the bulk of immunoglobulin produced in mammals. Most IgA is
secreted across mucous membranes, especially in the (small) intestine. In considering the role of
IgA in relation to the intestinal microbiota, a useful starting point is the diversity of functions of
IgA at the mammalian intestinal surface. These include neutralizing toxins and viruses, blocking
excessive live bacterial adherence or translocation, clearing unwanted macromolecular structures at
the epithelial surface, and directed sampling of luminal antigen (1-6). Lack of IgA against a specific
bacterial epitope has been shown to increase transcriptional evidence of innate immune system
activation in the intestine (7). Secreted antibodies in maternal milk shield the young mammal
from premature stimulation of its own mucosal immune system and have long-term effects on the
composition of its acquired microbiota (8-10). These heterogeneous functions have likely evolved
in parallel with the diversity of taxa in the intestinal microbiota. In other words, the classical focus
on investigating antibody function mainly in terms of neutralization of pathogen invasiveness or
toxigenicity (11) is being widened to include those functional aspects of the interactions of the
host with microbes that are being contained as nonpathogens.

The challenge to widen the focus from direct pathogen neutralization to other functional
activities lies in the experimental readouts themselves. Measuring changes in the severe phenotype
that a single pathogen can exert on its host as a function of antibody induction or specificity is a
rather cleaner experimental system than the diversity of compensated functions that manipulate
the microbiota or its molecular interactions with its host. For example, evaluating the consequences
of secreted antibodies that affect metabolism of benign microbes that exist in the luminal contents
may be far more straightforward than determining the long-term consequences for the host. Yet
it was the host that generated these antibodies in the first place, and the long-range consequences
of microbial metabolism (7) are intimately linked with host metabolism (7, 12). Making functional
interpretations is therefore a question of being able to expand the dimensionality of the readouts,
both in depth and over time.

Science generally is advanced by a continuum of hard work with established technologies and
computational methods and the introduction of game-changing new techniques. T'o understand
IgA function, we have built on classical studies of IgA in relation to cholera toxin as an immunogen
itself (13) or as an adjuvant capable of inducing mucosal responses to other antigens (14), where
IgA against cholera toxin could be related to protection from its secretory effects on the intestine
(4, 15). Cholera toxin was instrumental in revealing the recirculation of IgA lymphocytes through
the lymph and the bloodstream after local induction in intestinal secondary lymphoid structures,
antibody neutralization at the mucosal surface, the T cell dependence of this arm of the mucosal
immune system, and the existence of mucosal immune memory (reviewed in 16). Animal experi-
mentation with a limited defined microbiota (gnotobiotic technology generating isobiotic animals)
with century-old origins has been combined with inbreeding and germline genetic manipulation
to produce designed isogenic animals: This approach allows in vivo host functions to be studied
in the context of a defined limited microbiota (17). Omics have been game-changing technologies
for the role of IgA in host microbial mutualism, because (together with the parallel development
of computational methods) they allow unprecedented insight into a diverse microbiota and fan-
tastic depth of analysis of the IgA host repertoire. Omics do more than power analysis of animal
models, because they enable assessment of the multidimensional complexity of the role of IgA in
human-microbial mutualism and disease.

This review focuses primarily on IgA function in relation to the nonpathogenic intestinal
microbiota rather than giving an overview of mechanisms of T-dependent or -independent class
switch recombination in the intestinal mucosa, for which the reader is referred to recent reviews
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(18-21). The quality of the IgA response clearly has an influence on IgA function, so evidence that
different pathways of IgA induction have a functional influence on host-microbial mutualism are
developed later in the review. We also address how the emerging insights into the detailed IgA
repertoire can potentially help resolve the range of IgA-based host-microbial interactions.

2. IgA FUNCTIONAL REDUNDANCY

Redundant is a rotten word, because it makes you think you are useless.
—Billy Connolly

Selective IgA deficiency is the commonest diagnosed immunodeficiency in Caucasians, with a
prevalence of approximately 1:600 in measured Iceland, as reported in 2013 (22). Although it has
generally been thought to have a rather weak phenotype, affected individuals have an increased
incidence of respiratory infections, allergy, and autoimmunity (23). There are also case reports
suggesting that immunosuppression or other immunodeficiencies can expose a stronger pheno-
type (24, 25): The frequency of selective IgA deficiency makes it hard to exclude epidemiologically
chance co-occurrence of other (rarer) conditions. Studies now in progress will report the effect
of selective IgA deficiency on the human microbiota. In contrast, common variable immunodefi-
ciency (where all immunoglobulin isotypes are deficient) is strongly associated with opportunistic
infections, and gastrointestinal complications are common (even in patients without evidence of
infection) (26). This suggests that other isotypes can compensate for selective IgA deficiency, es-
pecially IgM, which like IgA is transported across the epithelium into the intestinal lumen by the
polymeric immunoglobulin receptor (pIgR) (27).

In animal models, isolated IgA deficiency also has a mild phenotype, even with experimental
respiratory infections (28), although there are compensatory increases of mucosal and serum levels
of IgG and IgM (29). The relevance of compensation can be experimentally determined in mice,
since lymphonodular hyperplasia (similar to that seen in humans with common variable immu-
nodeficiency) and an expansion of the microbiota are seen in strains with either total deficiency
of activation-induced cytidine deaminase [AID '~ abolishing both isotype class switching and so-
matic hypermutation (SHM)] or selective AID#** polymorphism deficiency (which allows class
switch recombination but abolishes somatic mutation) (30, 31). These results show that in the ab-
sence of IgA, IgM can be sufficient to contain an intestinal microbiota, provided SHM can diversify
the repertoire appropriately. The importance of secretion of IgM and/or IgA into the intestinal
lumen via the pIgR is shown by a protein-losing enteropathy and compensatory reprogramming
of intestinal epithelial gene expression, including increased transcripts for antimicrobial peptides
in pIgR-deficient mice (32-34). Protection from mucosal inflammation is achieved by backpack
hybridoma secretion of IgA (7) or restoration of IgA levels through B cell adoptive transfer in
RAG-hypomorphic mice (35). IgA per se can therefore be compensated by IgM and is thus po-
tentially redundant, although in its function as the dominant secretory immunoglobulin of the
intestine it is certainly not useless.

3. IgA MICROBIAL SELECTIVITY
Hier bast du nun eine schine Auswahl und wabrlich, eine Gelegenbeit mit mebr als Einem Schopfe.

—Friedrich Nietzsche, Also sprach Zarathustra: Ein Buch fiir Alle und Keine

Given the extensive alpha and beta diversity of the mammalian intestinal microbiota, it is unsur-
prising that there is selectivity in the taxa that are targeted by IgA. This is seen in both mice and
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humans and has both public and private characteristics; that is, the same taxa may be selectively
targeted across different individuals, although there is variability in the individual responses (10,
36-40).

Some of this selectivity relates to the immune geography of IgA induction and secretion. IgA is
dominantly produced in the small intestine, and mouse experiments show that specific responses
(through both T cell-dependent pathways and T cell-independent pathways) are selectively di-
rected mainly against small intestinal microbes (38). This is likely to relate to the necessity for
the small intestine to be protected from proinflammatory exposure of the small intestinal mucosa
to microbial molecules in the face of the thin layer of small intestinal mucus, in contrast to the
thick mucous barrier in the large intestine (41). For example, segmented filamentous bacteria
(S¥B; “Candidatus Arthromitus”) have a preferential existence in the lower small intestine of ro-
dents, where their extensive auxotrophy can be substituted by undigested macronutrients (42).
This taxon has long been noted to preferentially induce IgA (43), which is capable of control-
ling colonization density (44). Selectivity can also depend on the quality of IgA, according to the
mechanism of induction (45), discussed below.

IgA is certainly useful as an extremely effective marker of potentially inflammatory taxa within
the microbiota (36). The experimental method IgA-Seq exploits differences in IgA binding be-
tween different microbiota, as seen by fluorescence intensity shift of IgA-bound microbes in flow
cytometry (Figure 1). Those microbes in the high-binding gate and in the low-binding gate are
then isolated (either through flow cytometric sorting or through magnetic-activated cell sort-
ing [MACS]), and these different fractions are analyzed for the proportions of different taxa that
they contain through highly parallel sequencing that exploits polymorphism in the microbial 16S
ribosomal gene loci. This approach has allowed not only identification of those taxa preferen-
tially bound by IgA in vivo in mice and humans but also indirect assessment of their functional
significance.

In one colony of C57BL/6 specific-pathogen-free mice, 4 genera were significantly enriched in
the IgA* consortia: an unclassified genus of S24-7 from the order Bacteroidales, Lactobacillus, SFB,
and an unclassified genus of the Erysipelotrichaceae family (Figure 2) (36). In contrast, 23 taxa were
significantly enriched in the IgA~ consortia, including Anaerostipes, Adlercreutzia, 2 genera of the
Ruminococcacene family, 2 undetermined genera of the Lachnospiraceae family, Rikenellaceae gen.,
Bacteroides, Debalobacterium, Clostridium, unclassified bacteria, Mogibacteriaceae gen., Coprococcus,
Oscillospira, 2 undetermined genera of the Clostridiales order, Bilophila, Dorea, Mucispirillum, Lach-
nospiraceae gen., Sutterella, Ruminococcus (Lachnospiraceae family), and Ruminococcus (Ruminococcaceae
family) (Figure 2).

Induction of IgA responses to proinflammatory taxa could be demonstrated by first generating
dysbiosis and intestinal inflammation through cohousing C57BL/6 wild-type mice with a dysbiotic
strain deficient for the apoptosis-associated speck-like protein containing a C-terminal caspase
recruitment domain (ASC; the adaptor protein that activates caspase 1 to generate IL-1f and IL-
18 in the inflammasome effector pathway). Highly IgA*—coated taxa from the cecal microbiota of
these C57BL/6 mice after induction of dysbiosis contained an unclassified genus of Prevotellaceae,
Helicobacter sp. flexispira, and SFB: The Prevorellaceae genus is the defining proinflammatory taxon
in the ASC-deficient donor strain, and all three have proinflammatory potential in different animal
models (36).

Turning to humans with chronic intestinal inflammation, 35 species were selectively IgA*
coated in patients with inflammatory bowel disease (Crohn disease and ulcerative colitis) com-
pared with controls, including 2 Bacteroides species, 4 Lactobacillus species, unclassified Pediococ-
cus, Weissella spp., 2 Clostridiales species, unclassified Ruminococcaceae, Acidaminococcus spp., Veil-
lonella spp., Anaerostipes spp., Blautia spp., 2 Roseburia species, Veillonella dispar, Haemophilus
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parainfluenzae, Allobaculum spp., Eubacterium dolichum, Rikenellaceae spp., Ruminococcus spp., and
Eggerthelln lenta (Figure 2). These were also shown to have inflammatory potential: When IgA*
or IgA™ taxa from patients with inflammatory bowel disease were used to colonize germ-free mice,
animals colonized with the IgA™ taxa were more susceptible to subsequent induction of dextran
sodium sulfate colitis compared with those colonized with the IgA™ taxa (36). In a separate study,
IgA-coated Escherichia coli strains bearing adherent-invasive virulence factor genes were isolated
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Figure 1 (Figure appears on preceding page)

A FACS-based approach for sorting high-affinity IgA-bound bacteria and colonization of gnotobiotic mice.
IgA-binding bacterial consortia can be purified from mouse or human fecal samples using flow cytometric or
magnetic bead sorting techniques. The specific bacterial taxa highly coated with IgA are classified as IgA™
bacteria, whereas the specific bacterial taxa with little or no IgA are classified as IgA™ bacteria. IgA™ bacteria
and IgA™~ bacteria are reintroduced into gnotobiotic animals for further characterization of the role of these
consortia in the host. Palm et al. (36) exploit these different approaches to identify colitogenic bacteria
isolated from patients with inflammatory bowel disease (IBD). IgA™ consortia from IBD patients increase
susceptibility to DSS-induced colitis, whereas IgA™ consortia from IBD patients cause less inflammation in
colonized mice. Kau et al. (37) identified bacterial targets of IgA responses in gnotobiotic mice colonized
with fecal microbiota from twins discordant for kwashiorkor. IgA™ consortia from twins discordant for
kwashiorkor were transferred to mice, resulting in increased weight loss after DSS-induced colitis, while
control transfer of IgA™ consortia showed minimal inflammation. This indicated that the species present
within the IgA™ consortia harbor pathogenic potential and exacerbate disease. See Figure 2 for
taxonomically distinct bacteria in gnotobiotic mice colonized with IgA™* and IgA™ bacteria.

from patients with Crohn disease complicated by arthritis: These strains exacerbated disease when
transferred into the IL-10-deficient mouse model of colitis or the K/BxIN model of arthritis (46).

The implication that IgA is selectively induced to mitigate the proinflammatory potential of
a taxon is supported by experiments with a backpack hybridoma secreting monoclonal IgA to a
capsular polysaccharide of Bacteroides thetaiotaomicron in monocolonized mice (7).

4. IgA BINDING AS AN INFORMATIVE PARAMETER FOR
ENVIRONMENTAL ENTEROPATHY

Grief fills up the room of my absent child.
—Shakespeare, King Fobn

A similar approach of using preferential IgA binding to different intestinal microbes has been used
to identify those taxa that are generating the intestinal inflammation characteristic of environ-
mental enteropathy (Figure 2). This rather innocent name is emblematic of one of the greatest
health problems of our age. Over 3 million children globally die annually before the age of 5 years
(47). The medical causes include low birth weight, sudden infant death syndrome, malnutrition,
and infectious diseases. This is only the tip of the iceberg, as 200 million children annually do not
reach their developmental potential (48).

Malnutrition is especially important as a cause of death in those aged less than 2 years and stunts
the physical growth and cognitive development of survivors; for girls, it also limits the ability to
deliver and raise healthy children later in life (49). In addition to associations between abnor-
mally dense intestinal microbial consortia, low-grade intestinal inflammation, and poor intestinal
function (reviewed in 50), there is direct evidence that dysbiosis of the intestinal microbiota in
early life and consequent intestinal dysfunction are important factors causing infant malnutrition
(37,51).

Although it is currently unclear whether the development of environmental enteropathy is a
consequence of vertical transmission of organisms from the mother (at birth or during lactation)
or horizontal transmission from the environment, malnutrition and its consequences of stunted
growth and impaired cognitive development cannot therefore be attributed solely to food inse-
curity; early-life microbial colonization is critical (52). Mortality from severe acute malnutrition
in infants can be significantly limited and recovery accelerated by the administration of antibi-
otics to supplement therapeutic food (53). Increased expression of IgA was shown in the 1980s
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Figure 2 (Figure appears on preceding page)

The phylogenetic tree of common IgA-targeting strains. The phylogenetic tree showing mouse fecal bacterial taxa that are significantly
coated with IgA was generated from Palm et al. (36). Taxa in green are significantly [gA™ consortia, whereas gray ones have some
degree of difference between groups; however, the data are not significant. These taxa were then compared with other studies to reveal
multiple concordant significant differences [although they do not capture differences between Palm et al. and other studies such as
Enterobacteriaceae in Kau et al. (37)]. Commensal bacteria targeted by IgA at several taxonomic ranks are depicted on the phylogenetic
tree of life using Kau et al. (37; labeled open and closed green circles), Bunker et al. (38; labeled open and closed red circles), and Rogier
et al. (10; labeled open and closed orange circles). The Kau (37) and Bunker (38) studies identify IgA™*- and IgA~-coated bacteria,
whereas Rogier et al. (10) report the gut microbiota profile of pups in the presence and absence of sIgA. Planer et al. (39) exploit the
development of gut mucosal IgA responses in healthy twin pairs and recapitulate the results in young gnotobiotic mice colonized with
fecal microbiota of twin pairs and fed a sequence of human diets. Abbreviations: gen., classified as a distinct but unassigned genus in the
Greengenes reference database (http://greengenes.secondgenome.com); sIgA, secreted IgA; UC, unclassified in Greengenes.

(54), although it has only recently been recognized that those taxa within the microbiota that are
proinflammatory can be discriminated according to their IgA*-binding status (37).

The evidence for this immunomodulatory causality combines immune and gnotobiotic technol-
ogy. When fecal microbiota samples from infant twins discordant for malnutrition were transferred
into germ-free mice, the sample from the malnourished infant caused intestinal inflammation and
dysfunction, whereas the transfer from the healthy twin was less harmful (37, 51). More generally,
this provides a means of identifying the IgA*-binding status of those taxa that are responsible for
the enteropathy (37) (Figures 1 and 2). The experimental approach was to humanize germ-free
mice (fed a macronutrient- and micronutrient-deficient diet designed to reflect the nutrition of
the donor Malawian subjects) with the microbiota from one of a pair of twins suffering from
kwashiorkor. This xenobiotic reconstitution of mice allowed the identification of mouse IgA*-
bound taxa. These were notably enriched for Enterobacteriaceae, Brachyspiraceae, Erysipelotrichaceae,
Actinomycetaceae, and Rikenellacene—the IgA™ enrichment of these taxa was considerably reduced
if the mice were fed a nutritionally complete diet. In the same experiment, germ-free mice hu-
manized with the microbiota of the healthy twin showed IgA* enrichment of Erysipelotrichaceae,
Verrucomicrobiaceae and Bacteroidaceae (37). Whereas the Palm et al. (36) study described above did
not find significant enrichment of IgA coating of the Enterobacteriaceae family, this was a prominent
finding in the context of malnutrition (37). Viladomiu et al. (46) also showed selective enrichment
of IgA-coated adherent-invasive E. co/i pathotypes in patients with Crohn disease who had arthritis
complications.

The proinflammatory relevance of the IgA*-enriched taxa in this nutritional context was
demonstrated by isolating and transferring them from mice colonized with the microbiota of
the kwashiorkor twin or from the healthy twin into fresh germ-free mice on the Malawian diet.
Whereas the IgA" taxa from the kwashiorkor twin proved lethal due to intestinal inflammation
and dysfunction in the new germ-free murine recipients, IgA* taxa from the healthy twin were
well tolerated. The effect could be abrogated by feeding a nutritionally rich standard chow diet
to the recipients of the kwashiorkor IgA* taxa, linking proinflammatory consortia that develop in
the setting of childhood malnutrition and the host IgA response (37).

5. EARLY-LIFE IMMUNITY

For in every adult there dwells the child that was, and in every child there lies the adult that will be.
—John Connolly, The Book of Lost Things (55)

Logically it should follow from the possibility of using IgA binding as a marker for potentially
proinflammatory taxa in pathogenic conditions that IgA is important in establishing the early-life
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balance of intestinal microbes with their host. IgA is the predominant immunoglobulin secreted
in milk (56), and there is evidence that the specificities include those corresponding to the recent
immune experience of the mother (57-60). One can broadly divide the effects of milkimmunoglob-
ulins on the nonpathogenic microbiota into protection of the neonate and their influence on the
incoming microbiota.

5.1. Protection of the Neonatal Mucosa

Secreted milk immunoglobulins are an important component of the milk, but milk contains other
antimicrobial proteins (such as lactoferrin, xanthine oxidoreductase and lysozyme) and leukocytes.
It can be argued that the mammary gland evolution has been driven by both a necessity for
innate immune protection of the offspring as well as nutrition (61). To dissect out the effects of
adaptive immunity, particularly antibody secretion, experiments with immunodeficient mice can
be arranged so that either the dam or sire (father) is immunodeficient through a homozygous
versus wild-type cross. In each case the pups are heterozygous and immune competent (Figure 3).
In experiments using severe combined immunodeficient (scid) mice, Cebra’s group showed that
maternal immunodeficiency resulted in early induction of intestinal IgA in the scid/4- offspring
at postnatal day 16-17, whereas in the control experiment where the mother was fully immune
competent, endogenous IgA in the pups was only induced after weaning (8). These results were
later extended with a similar experimental design to mice that were selectively deficient in all
immunoglobulin isotypes because of a deletion of ] segments at the Ig heavy chain locus: in this
case, the effect was formally shown to be driven by the intestinal microbiota by its absence when
the entire experiment was carried out under germ-free conditions (9). Unlike humans, where
maternofetal IgG transfer is largely complete via the transplacental route at birth, neonatal mice
continue to absorb maternal IgG from the milk via the duodenum until approximately postnatal day
12 (62, 63). Nevertheless, parenteral IgG supplementation of pups did not prevent early induction
of IgA when they were nursed by a Ji;-deficient dam (a mouse in which the ] segments on the
immunoglobulin heavy chain gene loci have been deleted are deficient in B cells), positioning
the protective immunoglobulin effect at the intestinal mucosal surface (9). As with the protective
effects of endogenously secreted IgM that can substitute for IgA in adult mice and humans, strain
combination experiments with the strain selectively deficient for IgA showed that this also was
possible in maternal milk (A.J. Macpherson, unpublished data).

5.2. Antibody Influence on the Incoming Microbiota

Milk composition has a profound influence on early microbiota development in human and animal-
model studies. These microbiota effects are also certainly not limited to secreted antibodies (10,
37), as other milk proteins such as lactoferrin (64) and milk oligosaccharides (65, 66) influence
the specifics of the microbial consortia that populate the intestine early in life. In some cases, the
mechanisms can be inferred from the metabolic capability of certain taxa, for instance to metab-
olize particular saccharides (64, 67), or the potential of antibodies to neutralize pathogens (68).
Nevertheless, experiments with pIgR-deficient mice have shown that polymeric immunoglobulins
(IgA and IgM) that are actively secreted via this transport mechanism can shape the long-term
intestinal microbiota that is acquired by pups (10). These effects, which are particularly manifest
in increased representation of Proteobacteria and Firmicutes, were present not only in the weanling
mice nursed by pIgR-deficient dams, but also in these mice after they became adults. Just as pIgR-
deficient adults show compensatory reprogramming of epithelial gene expression—an effect that
is driven by the microbiota (33, 34)—so too do neonates that are being nursed by a pIgR-deficient
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(@) Murine experimental models of maternal antibody deficiencies. The effect of maternal antibodies on the offspring can be studied by
using immunodeficient (scid) or antibody-deficient (Jr~/~) mice. (i) Wild-type (+/+4) males are crossed with immunodeficient
(scid/scid) females to obtain antibody-sufficient (scid/+) pups that are nursed by antibody-deficient (scid/scid) dams. As controls,
scid/scid males are crossed with wild-type females to obtain antibody-sufficient (scid/+) pups that are nursed by antibody-sufficient
(4/+) dams. (i7) Jg*/+ males are crossed with Jiy '~ females to obtain antibody-sufficient (Ji /=) pups that are nursed by antibody-
deficient (Jir~/~) dams. As controls, Jiy '~ males are crossed with Jir7/+ females to obtain antibody-sufficient Jat") pups that are
nursed by antibody-sufficient (Jyy+/*) dams. (b)) Principles of IgH amplification for repertoire sequencing (RepSeq), and schematic
steps toward the generation of antibody RepSeq data. The germline IgH locus is shown (V, D, and ] segment numbers are
representative of the mouse genome locus), followed by the successive diversification processes, first in naive B cells via DNA segment
rearrangement and nontemplated nucleotide additions at the D-J and V-D junctions, then in affinity-matured B cells via somatic
hypermutation. The 5'-RACE experimental protocol starting from RNA molecules follows. The PCR amplicon is generated using a
degenerate set of primers at the 5’ end to probe the diversity of V genes, and an isotype-specific primer at the 3’ end. A unique
molecular identifier (UMI) tag can be added to the primer to mark PCR products uniquely for PCR error correction.
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dam (10). In other words, the protective effects of actively secreted polymeric immunoglobulins
are able not only to protect the early-life mucosa in the fragile postnatal mouse before devel-
opment of its own innate and adaptive immune mechanisms, including prevention of intestinal
microbes penetrating the epithelial defenses to translocate to the mesenteric lymph nodes (9),
but also to shape the long-term composition of the microbial consortia that successively populate
the early-life intestine (10). Another likely example of this is the case of SEB, which temporarily
undergo an exaggerated bloom in the intestines of scid/+ mice nursed by a scid-deficient dam
(44), and colonization is related to the IgA levels in maternal milk and IgA that is endogenously
produced after weaning (69). Age-discriminatory bacterial taxa defining a program of consortial
assembly and maturation across healthy twin pairs and a distinctive pattern of progression of IgA
responses have also been shown in humans (39) (Figure 2).

These experiments collectively support the classical view that IgA (or IgM) provides mucosal
protection, whereas passively acquired IgG provides maternal immune memory against pathogens.
However, it was recently shown that there is T cell-independent and Toll-like receptor dependent
induction of maternal IgG,;, and IgG; against members of the intestinal microbiota (58). This
result was obtained by flow cytometric analysis of taxa in the intestinal microbiota bound by serum
IgG in a setup similar to those used for the IgA-Seq experiments described above, but comparing
IgG binding from colonized and germ-free mice. Uptake of this microbiota-specific IgG by pups
had the functional effect of limiting early mucosal follicular helper CD4 T cell responses. In a
different approach, our group has used a reversible colonization system to show that the maternal
microbiota per se causes extensive reprogramming of epithelial gene expression in her pups (70). In
these experiments, the pregnant dam was only transiently exposed to live E. coli—she became germ-
free again 48 h later because the test microbe lacked the ability to synthesize bacterial specific amino
acids, which were unavailable in the sterile mammalian host. Therefore, the pups were delivered
germ-free to a germ-free dam. Maturation of the innate immune system (including type 3 innate
lymphoid cells and intestinal mononuclear cell populations) and transcriptional reprogramming
of the neonatal intestinal mucosa depended on the transfer of microbial metabolites from dam to
pup via the placenta and milk. These effects were greatly amplified by uptake of maternal IgG
by the pups, and functionally complemented specific IgA in protecting the early-life intestinal
mucosa from penetration of bacteria given as test doses into the pups’ intestine (70).

6. THE QUALITY OF THE IgA RESPONSE AS DETERMINED
BY MECHANISMS OF IgA INDUCTION

Non refert quam multos sed quam bonos habeas.

—Lucius Annaeus Seneca, Epistulae Morales ad Lucilinm

IgA is induced mainly in the secondary lymphoid structures of the intestine [Peyer patches (71)],
although evidence from mice thatlack Peyer patches shows that other sites can also sustain IgA class
switch recombination (21) (Figure 4). Although T cell-dependent responses in germinal centers
provide the means for affinity maturation through interactions with antigens that are presented
on follicular dendritic cells (72) (Figure 4), there is evidence that class switch recombination
occurs in the subepithelial dome through interactions between activated B cells and dendritic cells
within the dome expressing TGF-f (73). Innate lymphoid cells in the Peyer patches promote
lymphotoxin beta receptor (LT R)-dependent maintenance of dendritic cells (73). Abrogation of
these interactions in the subepithelial dome through blocking CCR6-dependent B cell recruitment
reduced the intestinal IgA response. Intestinal dendritic cells therefore can determine B cell fate,
positioned precisely for sampling of luminal intestinal antigens, including taxa of the microbiota
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Figure 4

Induction of IgA in intestinal Peyer patches. Activated B cells may enter GCs within the intestinal Peyer patches via engagement of the
chemokine receptor CXCRS, where they undergo T cell-dependent activation in the light zone and CSR and SHM in the dark zone.
GC Tth cells in the light zone mediate affinity maturation for antigens selected and presented by FDCs. Interaction between B cells
and Tth cells involves class I MHC:T cell receptor interactions as well as CD40:CD40L engagement. Tth cells further produce IL-21
that is sensed by the IL21R on the follicular B cells. B cells subsequently upregulate AID required for CSR and SHM in the dark zone.
Recirculation between the light zone and the dark zone can occur several times. IgA CSR can also happen through events taking place
in the subepithelial dome. Antigens entering the intestine through M cells are taken up and presented by DCs to B cells at the interface
to the follicles. Migration of B cells to the follicle border is mediated through activation of the oxysterol receptor EBI2 on B cells.
TGF-f production by the DCs supports IgA CSR. In addition, antigens entering through M cells can be phagocytosed and processed
by subepithelial macrophages, allowing them to diffuse freely into the germinal centers where they can be recognized by B cells. Last,
follicular B cells can migrate to the epithelium through CCR6:CCL20 interaction, where they take up antigens directly beneath M
cells. Activated and affinity-matured B cells leave the GC as plasmablasts or memory B cells. The plasmablasts circulate through lymph
and blood back to the lamina propria, where they mature into fully functional IgA-producing plasma cells. Dimeric IgA is then
transcytosed through the epithelium into the gut lumen via the polymeric immunoglobulin receptor (pIgR). Abbreviations: AID,
activation-induced deaminase; DC, dendritic cell; FDC, follicular dendritic cell; GC, germinal center; IL21R, IL-21 receptor; MZ
marginal zone; SHM, somatic hypermutation; Tth, T follicular helper.

(3). These results are consistent with the observations that although CD40-deficient mice lack
germinal centers in the Peyer patches, IgA levels are near normal (74, 75). The CD40 pathway is
not the only means of stimulating expression of AID and its functions of class switch recombination
and SHM: the dendritic and mononuclear cell soluble ligands APRIL (a proliferation-inducing
ligand) and BAFF (B cell-activating factor) engage the receptor TACI (transmembrane activator

370 Macpherson et al.




and cyclophilin ligand interactor) on B cells, which binds MyD88 to support rapid extrafollicular
T cell-independent AID induction (76; see also 77 for a recent review on the downstream B cell
signaling pathways). Strain combination experiments that abrogate APRIL or TACI signaling also
reduce the overall expression of IgA, IgG, and IgE (78, 79), and these B cell-intrinsic pathways
likely also allow the T-independent generation of IgA in isolated lymphoid follicles (80).

Despite the initial occurrence of T-independent class switch recombination to IgA, only about
a quarter of total IgA can be generated in the absence of T cells (81): It should also be pointed out
that measurements of the presence of T-independent IgA binding to taxa within the microbiota
have been carried out in strains deficient in T cell help, so the T independent pathway may be
partly compensating for the T-dependent pathway under these conditions (38, 81), and a diversified
microbiota cannot be adequately contained solely by T-independent mechanisms (82).

The presence of follicles containing germinal centers is a defining feature of Peyer patches,
whose durable formation depends on T cells (21). Follicular helper CD4 T (Tth) cells, with em-
blematic CXCRS5 expression, sustain germinal center development through expression of CD40
ligand (CD40L) as well as secretion of IL-4 and IL-21. Through CD40L signaling they also
guide the selection and survival of B cells, and the upregulation of AID for SHM and affinity
maturation of expressed immunoglobulins (20). As described in the previous section, there is
evidence that AID-dependent SHM—whether on the IgA or IgM isotype—is important to gen-
erate a repertoire that can contain the intestinal microbiota (31). The importance of Tth cells
to establish a diversified intestinal microbiota with host microbial mutualism has been shown in
strain combination experiments where CD3¢ ™~ T cell-deficient animals with limited microbiota
diversity were reconstituted with naive T cells (which reduced microbiota diversity further) or
with Foxp3*™ + naive T cells, which resulted in increased microbiota diversity. The effect was
aligned with germinal center formation from dependence on Bcl6 expression by the transferred
cells, and with the quality of IgA induction, as Foxp3* reconstitution allowed the generation of
high-IgA*-binding and low-IgA*-binding taxa (45). The Fagarasan group (83) have also shown
that appropriate feedback control of the Tth population through the inhibitory receptor PD-1 is
also important to generate an appropriate IgA repertoire for microbiota control.

These observations indirectly promote the relevance of mechanisms aligned with generating
high-affinity IgA (or IgM) in controlling host microbial mutualism within the intestine. Certainly,
the generation of neutralizing antibodies against cholera toxin (which can be demonstrated in vivo
by preventing fluid accumulation in ligated loops of intestine) is predictably T cell dependent
(4). Conversely, strain-combination studies that demonstrate IgA binding to intestinal microbes
imply both T-dependent and T-independent pathways of induction (38). This suggests a degree
of flexibility of mechanisms of IgA induction that depends on the contextual composition of
the microbial consortia present and possibly its plasticity over time, as reversible colonization
experiments show that specific IgA intestinal plasma cells can be very durable, and that the specific
response integrates overall exposure rather than showing the secondary exaggerated responses of
classical systemic prime-boost immunization (84). Gut memory B cells can show variable clonal
relatedness to long-lived plasma cells (85, 86).

One must be cautious about the assumption that the occurrence of germinal center-mediated
pathways in Peyer patches necessarily implies obligatory specific B cell receptor engagement, for
either class switch recombination or SHM. In experiments where the B cell receptor function was
replaced with Epstein-Barr virus LMP2A protein signaling without antigen-recognition capability,
germinal centers were absent from the spleens, but presentin the Peyer patches and the mesenteric
lymph nodes of DiyLMP2A mice. Despite the nonspecific nature of signaling, both AID induction
and SHM of immunoglobulin light chains were found in their Peyer patch follicular B cells (87).
These responses that occur in the absence of antigen recognition through the B cell receptor were

www.annualyeviews.org o 1gA Function and Intestinal Microbes

371



372

substantially reduced by reducing the microbiota density with a broad spectrum of antibiotics
in the drinking water (87). In another approach, mice harboring one productive V(D)] allele at
the Jy locus and a further nonproductive passenger test sequence on the other IgH locus in a
RAG-deficient background showed significantly greater SHM on both the productive and the
nonproductive IgH alleles in the Peyer patches compared with the spleen when germinal centers
were induced without significant antigen-specific stimulation (88). The high levels of SHM in the
Peyer patches and mesenteric lymph nodes may provide a diversified repertoire available for later
affinity-based selection. Reboldi & Cyster (21) have suggested that the early phase of germinal
center responses in lymph nodes that generate a diversity of low-affinity B cells can be equated to
the chronic stimulation in Peyer patches, with a later phase that is antigen specific. Lineage tree
analysis suggests that synchronization of IgA oligoclonality between germinal centers of different
Peyer patches in the small intestine can be achieved, at least for the T-dependent immunogen
4-hydroxy-3-nitrophenylacetyl conjugated to cholera toxin (89). Such a process may also capture
and expand B cells from the diversified repertoire—possibly even those that originally were derived
from T cell-independent induction (90). As discussed in the next section, this could be consistent
with the oligoclonal nature of the (most frequent clonotypes) in individual mouse small intestinal
IgA, but with heterogeneity between different animals (85).

Contextual effects that depend on the exact microbiota present in humans or experimental ani-
mals are currently challenging to resolve, given that the genetically outbred human population has
substantial interindividual microbiota variation (91-93), and that almost all experimental vivaria
with inbred animal models are working with different microbiota compositions (17, 40). In some
cases, such as SFB, this variability can be exploited to identify very strong effects, with highly
specific T cell responses (94, 95), with the generation of additional tertiary lymphoid structures in
the intestine (96). Such contextual effects resulting in differences in lineage plasticity (97) may also
explain apparent discrepancies between results that show the importance of Tregs or T cells that
have expressed IL-17 as a source of Tth cells for germinal center—dependent IgA induction (45,
98, 99). Such caveats imply that to understand host microbial mutualism, as it applies to intestinal
IgA, we need much better information about the functional relevance of the repertoire in relation
to the detailed taxa composition and niches of the microbiota. Agent-based model simulations in
silico imply that IgA mediates differential adhesion of gut bacteria (100). This means that in addi-
tion to context effects depending on the consortial composition present we should experimentally
aim for a higher spatial resolution in sampling the IgA repertoire along the digestive tract.

7. THE IgA REPERTOIRE

Petit a petit, loiseau fait son nid.

—French Proverb

One approach to addressing the IgA repertoire is to examine what it can bind as a first step
to understanding how it functions. Conveniently for classical immunology, antibodies capable of
neutralizing toxins or pathogen uptake are largely of high affinity, so they can be detected in ELISA
or FACS-based binding assays after substantial dilution, and the slow off-time allows binding to
persist during the necessary washing steps. Nevertheless, such responses can represent the tip of
the iceberg of the overall repertoire (11, 101). Binding does not necessarily mean neutralizing
function in pathogen studies (102, 103), but the relation between binding and function is even less
clear for intestinal IgA, whether directed against pathogens (6) or the microbiota. As shown above,
the relevance of IgA binding to taxa within the intestinal microbiota has been indirectly shown
by generation of intestinal inflammation after transfer into germ-free mice—in some cases after
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the additional provocation of dextran sodium sulfate treatment. Relatively few specific microbial
epitopes have been systematically explored using monoclonal IgA, butin vivo hybridoma backpack
models suggest that even within a single taxon, depending on the epitope that is targeted, the
functional impact of IgA can be to modulate bacterial gene expression or to limit the inflammatory
effects of the bacteria on the intestinal mucosa (7, 104).

Considering just binding, there is a component of broad specificity, the extent of which varies
between experimental mouse strains (105). Cloning of IgA and IgG antibodies expressed from
the human adult lower intestine has shown that at least a quarter of the repertoire is polyreactive
through ELISA binding against the classical antigens dsDNA, ssDNA, insulin, and lipopolysac-
charide (106) with broad reactivity to a diverse subset of microbiota (107). By subtraction, three-
quarters of the repertoire is not polyreactive by this readout, although the specificities are almost
completely unknown.

Another approach is to examine the diversity of the repertoire from sequencing the somat-
ically expressed immunoglobulin genes (Figure 3). High-throughput methodology (repertoire
sequencing, RepSeq) has enabled a far greater depth of analysis of the repertoire than the earlier
approach of Sanger sequencing of monoclonal or diverse B cell populations (108-110). The use-
fulness of the approach to understand how the repertoire develops, and the relative influence of the
host genetic background or antigenic drive, depends on experimental and informatics techniques
that are informative about inherent sequencing errors and can distinguish V, D, and J segment
usage from untemplated N-nucleotide insertions (for a review see 111). The recent development
of tools inferring germline genes directly from repertoire sequencing data (112) opens the avenue
of studying repertoires in nonmodel organisms as well as accurately taking into account interindi-
vidual variation in germline genes in human studies (113). When applied to mouse intestinal IgA,
high-throughput sequencing has shown clonal persistence and diversification within an aging in-
dividual over time (114), but the individual repertoires are very different even between mice of
the same strain kept under the same hygiene conditions (85, 114). The repertoire in the small
intestine is distinct, but diversification can be independent of Peyer patch formation (114). These
experiments are examining the progressive development of the IgA repertoire in colonized but
pathogen-free animals. As technology progresses quickly, from these two landmark publications,
future studies relying on deeper sequencing will enable the exploration of a larger extent of IgA
repertoire diversity and the extent of SHM in different populations of IgA. Accurate tracking of
SHM from RepSeq data is affected by the error-prone nature of PCR-based protocols, so recent
efforts have been made to implement unique molecular identifiers (UMIs) to remain true to the
original sequence (115) (Figure 5). This is a tradeoff with the need to explore the maximum
repertoire diversity, as UMIs restrict the maximum number of molecules and therefore clono-
types obtained at a given depth of sequencing. Given the expanded V gene repertoire of mice
compared to humans, human and mouse IgA repertoires need to be compared for levels of SHM,
in case V repertoires affect the mechanisms in place to generate the necessary diversity (113, 116)
(Figure 5).

In a complementary approach, high-throughput sequencing has been applied to determine
V-gene usage, clonal expansion, clonal diversity, and repertoire size at different stages of B cell
development with, or without, systemic immunization using three antigenically different proteins
(117). Whereas the IgG repertoire in pre-B and naive B cells is substantially publically deter-
mined between individuals with the same host genetic background, the plasma cell repertoire is
40% privately determined (within each individual) by the stimulus of immunization (117). This is
a developing area that should be transformative for understanding the specifics of IgA expression:
on one hand to distinguish the effects of mucosal exposure to different microbial taxa and on
the other to express the induced antibodies in pure form to determine their binding specificities,
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Deeper sequencing:
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features specific to

commensal recognition IgA repertoire
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variations for SHM calling
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« Low-throughput of methods for full-length sequencing
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Figure 5

Insights from and challenges of the RepSeq approach to studying immunoglobulin diversity. Considerations for the benefits and
limitations of current protocols for antibody RepSeq, including potential applications for IgA analyses. Abbreviations: RepSeq,
repertoire sequencing; SHM, somatic hypermutation; UMI, unique molecular identifier.

affinities, and function. Computational approaches are being developed that aim to understand the

selection and evolution of immunoglobulin repertoires by probabilistic (117-120) or network-
based methods (85, 121, 122). Machine-learning methods can also be used to identify immuno-
logical signatures through dissection of the high-dimensional complexity of the data (123-127).

These approaches may be combined with the proteomic identification of antibodies, using the

RepSeq repertoire to interpret the mass spectrometry data. This has already been performed with

libraries of monoclonal antibodies, but it remains challenging for complex repertoires with un-
known antigen-binding properties (128). Ongoing efforts to predict antigen identity and affinity
from RepSeq data aim to fill the gap. Predictability using extracted features from the antibody
sequence data has been achieved toward the identification of public versus private clones across

individuals (117) or following single-cell sequencing of cells of known antigen-binding properties

toward the identification of receptors associated with a specific antigen (129, 130) (Figure 5).

Linking the diverse repertoire to the range of antigen binding is a potentially transformative goal.

8. CONCLUSIONS

There is good evidence that despite functional redundancy with mutated IgM, IgA secretion

into the intestine is far from useless. IgA binding can be predictive of proinflammatory taxa, and

appropriately diversified (somatically mutated) IgA is required to maintain the diversity of taxa
in the microbiota. Nevertheless, the somatic mutational process that results in IgA diversity can

374 Macpherson et al.



potentially proceed in the intestinal secondary lymphoid structures without high-affinity B cell
receptor engagement. A major challenge in understanding the role of IgA in host-microbial mutu-
alism is to be able to relate the clonotypes in the IgA repertoire to the epitopes (or range of different
epitopes) that bind on different taxa and how far high-affinity germinal center responses are driv-
ing the process. The idiosyncrasies of the intestinal IgA repertoires between different individuals
need to be explained in terms of the differences in timing and specific taxa that constitute antigen
exposure or the potentially overlapping redundancy of different epitope groups. There is also good
evidence, albeit from the small number of specific epitopes studied, that bound IgA can modify
microbial metabolism and abrogate a mucosal inflammatory response. Understanding the func-
tional relevance of a far wider range of specific clonotypes on the microbial taxa, their consortial
formation, and the overall interactions with the host should bring us closer to accurate insight into
the detailed functioning of the isotype that constitutes the bulk of immunoglobulin production in
mammals.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We would like to thank our colleagues in the Department of Biomedical Research of the University
of Bern for their help and support in preparing this review. Dr. Noah Palm of Yale University
generously provided access to original data to help in drawing Figure 2. A.J.M. is supported by
the GutX program (SystemsX.ch), Swiss National Science Foundation (SNSF 310030B_160262,
SNF Sinergia CRSII3_136286, and SNSF Sinergia CRSII3_154414). S.C.G.-V. was funded by a
Marie Curie Intra-European Fellowship (FP7-PEOPLE-2013-IEF Project No. 627206) and by
a European Molecular Biology Organization longterm fellowship (ALTEF 841-2013). ]J.P.L. was
funded by a transition postdoc grant from SytemsX.ch (TPdf 2013/139).

LITERATURE CITED

1. Kaetzel CS, Robinson JK, Lamm ME. 1994. Epithelial transcytosis of monomeric IgA and IgG cross-
linked through antigen to polymeric IgA: a role for monomeric antibodies in the mucosal immune system.
F- Immunol. 152:72-6

2. Kadaoui KA, Corthesy B. 2007. Secretory IgA mediates bacterial translocation to dendritic cells in mouse
Peyer’s patches with restriction to mucosal compartment. 7. Immunol. 179:7751-57

3. Macpherson AJ, Uhr T.2004. Induction of protective IgA by intestinal dendritic cells carrying commensal
bacteria. Science 303:1662-65

4. Lycke N, Eriksen L, Holmgren J. 1987. Protection against cholera toxin after oral immunisation is
thymus dependent and associated with intestinal production of neutralising IgA antitoxin. Scand. 7.
Immunol. 25:413-19

5. Kaetzel CS, Robinson JK, Chintalacharuvu KR, Vaerman JP, Lamm ME. 1991. The polymeric im-
munoglobulin receptor (secretory component) mediates transport of immune complexes across epithelial
cells: a local defense function for IgA. PNAS 88:8796-800

6. Burns JW, Siadat-Pajouh M, Krishnaney AA, Greenberg HB. 1996. Protective effect of rotavirus VP6-
specific IgA monoclonal antibodies that lack neutralizing activity. Science 272:104-7

7. Peterson DA, McNulty NP, Guruge JL, Gordon JI. 2007. IgA response to symbiotic bacteria as a
mediator of gut homeostasis. Cel/ Host Microbe 2:328-39

www.annualyeviews.org o 1gA Function and Intestinal Microbes

375



376

10.

11.

12.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Kramer DR, Cebra JJ. 1995. Early appearance of “natural” mucosal IgA responses and germinal centers

in suckling mice developing in the absence of maternal antibodies. 7. Immunol. 154:2051-62

. Harris NL, Spoerri I, Schopfer JF, Nembrini C, Merky P, et al. 2006. Mechanisms of neonatal mucosal

antibody protection. 7. Immunol. 177:6256-62

Rogier EW, Frantz AL, Bruno ME, Wedlund L, Cohen DA, et al. 2014. Secretory antibodies in breast
milk promote long-term intestinal homeostasis by regulating the gut microbiota and host gene expression.
PNAS 111:3074-79

Bachmann MF, Zinkernagel RM. 1997. Neutralizing antiviral B cell responses. Annu. Rev. Immunol.
15:235-70

Holmes E, Li JV, Athanasiou T, Ashrafian H, Nicholson JK. 2011. Understanding the role of gut
microbiome-host metabolic signal disruption in health and disease. Trends Microbiol. 19:349-59

. Pierce NF, Gowans JL. 1975. Cellular kinetics of the intestinal immune response to cholera toxoid in

rats. J. Exp. Med. 142:1550-63

Elson CO, Ealding W. 1984. Cholera toxin feeding did not induce oral tolerance in mice and abrogated
oral tolerance to an unrelated protein antigen. 7. Immunol. 133:2892-97

Lycke N, Holmgren J. 1986. Intestinal mucosal memory and presence of memory cells in lamina propria
and Peyer’s patches in mice 2 years after oral immunization with cholera toxin. Scand. 7. Immunol.
23:611-16

Macpherson AJ, Hunziker L, McCoy K, Lamarre A. 2001. IgA responses in the intestinal mucosa against
pathogenic and non-pathogenic microorganisms. Microbes Infect. 3:1021-35

Macpherson AJ, McCoy KD. 2015. Standardised animal models of host microbial mutualism. Mucosal
Immunol. 8:476-86

Fagarasan S, Kawamoto S, Kanagawa O, Suzuki K. 2010. Adaptive immune regulation in the gut:
T cell-dependent and T cell-independent IgA synthesis. Annu. Rev. Immunol. 28:243-73

. Cerutti A, Chen K, Chorny A. 2011. Immunoglobulin responses at the mucosal interface. Annu. Rev.

Immunol. 29:273-93

Fagarasan S, Macpherson AJ. 2015. The regulation of IgA production. In Mucosal Immunology,
ed. ] Mestecky, W Strobel, MW Russell, BL Kelsall, H Cheroutre, BN Lambrecht, pp. 471-85. Oxford,
UK: Elsevier

Reboldi A, Cyster JG. 2016. Peyer’s patches: organizing B-cell responses at the intestinal frontier.
Immunol. Rev. 271:230-45

Jorgensen GH, Gardulf A, Sigurdsson MI, Sigurdardottir ST, Thorsteinsdottir I, et al. 2013. Clinical
symptoms in adults with selective IgA deficiency: a case-control study. 7. Clin. Immunol. 33:742-47
Singh K, Chang C, Gershwin ME. 2014. IgA deficiency and autoimmunity. Autoimmun. Rev. 13:163-77
Takahashi N, Kondo T, Fukuta M, Takemoto A, Takami Y, et al. 2013. Selective IgA deficiency mim-
icking Churg-Strauss syndrome and hypereosinophilic syndrome: a case report. Nagoya 7. Med. Sci.
75:139-46

Iervolino S, Lofrano M, Di Minno MN, Foglia F, Scarpa R, Peluso R. 2012. Clinical manifestation of
selective IgA deficiency evidence after anti-TINF- o treatment in a psoriatic arthritis patient: case report.
Reumatismo 64:40-43

Jorgensen SF, Reims HM, Frydenlund D, Holm K, Paulsen V, etal. 2016. A cross-sectional study of the
prevalence of gastrointestinal symptoms and pathology in patients with common variable immunodefi-
ciency. Am. J. Gastroenterol. 111:1467-75

Brandtzaeg P, Prydz H. 1984. Direct evidence for an integrated function of J chain and secretory com-
ponent in epithelial transport of immunoglobulins. Nature 311:71-73

Mbawuike IN, Pacheco S, Acuna CL, Switzer KC, Zhang Y, Harriman GR. 1999. Mucosal immunity
to influenza without IgA: an IgA knockout mouse model. 7. Inmunol. 162:2530-37

Harriman GR, Bogue M, Rogers P, Finegold M, Pacheco S, et al. 1999. Targeted deletion of the
IgA constant region in mice leads to IgA deficiency with alterations in expression of other Ig isotypes.
7. Immunol. 162:2521-29

Fagarasan S, Muramatsu M, Suzuki K, Nagaoka H, Hiai H, Honjo T 2002. Critical roles of activation-
induced cytidine deaminase in the homeostasis of gut flora. Science 298:1424-27

Macpherson et al.



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

SI.

52.

Wei M, Shinkura R, Doi Y, Maruya M, Fagarasan S, Honjo T. 2011. Mice carrying a knock-in mutation
of Aicda resulting in a defect in somatic hypermutation have impaired gut homeostasis and compromised
mucosal defense. Nat. Immunol. 12:264-70

Johansen FE, Pekna M, Norderhaug IN, Haneberg B, Hietala MA, et al. 1999. Absence of epithelial
immunoglobulin A transport, with increased mucosal leakiness, in polymeric immunoglobulin receptor/
secretory component-deficient mice. 7. Fxp. Med. 190:915-22

Reikvam DH, Derrien M, Islam R, Erofeev A, Grcic V, et al. 2012. Epithelial-microbial crosstalk in
polymeric Ig receptor deficient mice. Eur. . Immunol. 42:2959-70

Reikvam DH, Erofeev A, Sandvik A, Grcic V, Jahnsen FL, et al. 2011. Depletion of murine intestinal
microbiota: effects on gut mucosa and epithelial gene expression. PLOS ONE 6:¢17996

Rigoni R, Fontana E, Guglielmetti S, Fosso B, D’Erchia AM, et al. 2016. Intestinal microbiota sustains
inflammation and autoimmunity induced by hypomorphic RAG defects. 7. Exp. Med. 213:355-75

Palm NW, de Zoete MR, Cullen TW, Barry NA, Stefanowski J, et al. 2014. Immunoglobulin A coating
identifies colitogenic bacteria in inflammatory bowel disease. Ce// 158:1000-10

Kau AL, Planer JD, Liu J, Rao S, Yatsunenko T, et al. 2015. Functional characterization of IgA-targeted
bacterial taxa from undernourished Malawian children that produce diet-dependent enteropathy. Sci.
Transl. Med. 7:276ra24

Bunker JJ, Flynn TM, Koval JC, Shaw DG, Meisel M, etal. 2015. Innate and adaptive humoral responses
coat distinct commensal bacteria with immunoglobulin A. Immunity 43:541-53

Planer JD, Peng Y, Kau AL, Blanton LV, Ndao IM, et al. 2016. Development of the gut microbiota and
mucosal IgA responses in twins and gnotobiotic mice. Nature 534:263-66

Moon C, Baldridge MT, Wallace MA, Burnham CA, Virgin HW, Stappenbeck TS. 2015. Vertically
transmitted faecal IgA levels determine extra-chromosomal phenotypic variation. Narure 521:90-93
Johansson ME, Phillipson M, Petersson J, Velcich A, Holm L, Hansson GC. 2008. The inner of the two
Muc2 mucin-dependent mucus layers in colon is devoid of bacteria. PNAS 105:15064-69

Sczesnak A, Segata N, Qin X, Gevers D, Petrosino JF, et al. 2011. The genome of Th17 cell-inducing
segmented filamentous bacteria reveals extensive auxotrophy and adaptations to the intestinal environ-
ment. Ce/l Host Microbe 10:260-72

Klaasen HL, Van der Heijden PJ, Stok W, Poelma FG, Koopman JP, et al. 1993. Apathogenic, intestinal,
segmented, filamentous bacteria stimulate the mucosal immune system of mice. Infect. Immun. 61:303-6
Jiang HQ, Bos NA, Cebra JJ. 2001. Timing, localization, and persistence of colonization by segmented
filamentous bacteria in the neonatal mouse gut depend on immune status of mothers and pups. Infect.
Immun. 69:3611-17

Kawamoto S, Maruya M, Kato LM, Suda W, Atarashi K, et al. 2014. Foxp3™ T cells regulate im-
munoglobulin A selection and facilitate diversification of bacterial species responsible for immune ho-
meostasis. Irmmunity 41:152-65

Viladomiu M, Kivolowitz C, Abdulhamid A, Dogan B, Victorio D, et al. 2017. IgA-coated E. coli en-
riched in Crohn’s disease spondyloarthritis promote Tt 17-dependent inflammation. Sci. Transl. Med.
9:eaaf9655

Vos T, Lopez AD, Murray CJL; for GBD 2013 Mortality and Causes of Death Collaborators. 2015.
Global, regional, and national age—sex specific all-cause and cause-specific mortality for 240 causes of
death, 1990-2013: a systematic analysis for the Global Burden of Disease Study 2013. Lancer 385:117-71
Grantham-McGregor S, Cheung YB, Cueto S, Glewwe P, Richter L, Strupp B; for Int. Child Dev. Steer.
Group. 2007. Developmental potential in the first 5 years for children in developing countries. Lancet
369:60-70

Walker SP, Wachs TD, Gardner JM, Lozoff B, Wasserman GA, et al.; for Int. Child Dev. Steer. Group.
2007. Child development: risk factors for adverse outcomes in developing countries. Lancet 369:145-57
Korpe PS, Petri WA Jr. 2012. Environmental enteropathy: critical implications of a poorly understood
condition. Trends Mol. Med. 18:328-36

Smith MI, Yatsunenko T, Manary MJ, Trehan I, Mkakosya R, etal. 2013. Gut microbiomes of Malawian
twin pairs discordant for kwashiorkor. Science 339:548-54

Blanton LV, Barratt MJ, Charbonneau MR, Ahmed T, Gordon JI. 2016. Childhood undernutrition, the
gut microbiota, and microbiota-directed therapeutics. Science 352:1533

www.annualyeviews.org o 1gA Function and Intestinal Microbes

377



378

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Trehan I, Goldbach HS, LaGrone LN, Meuli GJ, Wang R], et al. 2013. Antibiotics as part of the
management of severe acute malnutrition. N. Engl. 7. Med. 368:425-35

Beatty DW, Napier B, Sinclair-Smith CC, McCabe K, Hughes EJ. 1983. Secretory IgA synthesis in
kwashiorkor. 7. Clin. Lab. Immunol. 12:31-6

Connolly J. 2006. The Book of Lost Things. New York: Wash. Sq.

Chodirker WB, Tomasi TB. 1963. Gamma globulins: quantitative relationships in human serum and
non-vascular fluids. Science 142:1080-81

Weisz-Carrington P, Roux ME, Lamm ME. 1977. Plasma cells and epithelial immunoglobulins in the
mouse mammary gland during pregnancy and lactation. 7. Immunol. 119:1306-7

Koch MA, Reiner GL, Lugo KA, Kreuk LS, Stanbery AG, et al. 2016. Maternal IgG and IgA antibodies
dampen mucosal T helper cell responses in early life. Cel/ 165:827-41

Roux ME, McWilliams M, Phillips-Quagliata JM, Weisz-Carrington P, Lamm ME. 1977. Origin of
IgA-secreting plasma cells in the mammary gland. 7. Exp. Med. 146:1311-22

Halsey JF, Mitchell C, Meyer R, Cebra JJ. 1982. Metabolism of immunoglobulin A in lactating mice:
origins of immunoglobulin A in milk. Eur. . Immunol. 12:107-12

Vorbach C, Capecchi MR, Penninger JM. 2006. Evolution of the mammary gland from the innate
immune system? BioEssays 28:606-16

Ghetie V, Ward ES. 1997. FcRn: the MHC class I-related receptor that is more than an IgG transporter.
Immunol. Today 18:592-98

Jacobowitz Israel E, Patel VK, Taylor SF, Marshak-Rothstein A, Simister NE. 1995. Requirement for a
beta 2-microglobulin-associated Fe receptor for acquisition of maternal IgG by fetal and neonatal mice.
7 Immunol. 154:6246-51

Oda H, Wakabayashi H, Yamauchi K, Abe F. 2014. Lactoferrin and bifidobacteria. Biometals 27:915-22
Kapiki A, Costalos C, Oikonomidou C, Triantafyllidou A, Loukatou E, Pertrohilou V. 2007. The effect
of a fructo-oligosaccharide supplemented formula on gut flora of preterm infants. Early Hum. Dev.
83:335-39

Charbonneau MR, O’Donnell D, Blanton LV, Totten SM, Davis JC, etal. 2016. Sialylated milk oligosac-
charides promote microbiota-dependent growth in models of infant undernutrition. Ce// 164:859-71
Weiss GA, Chassard C, Hennet T. 2014. Selective proliferation of intestinal Barnesiella under fucosyl-
lactose supplementation in mice. Br. 7. Nutr. 111:1602-10

Mata L], Urrutia J], Garcia B, Fernandez R, Behar M. 1969. Shigella infection in breast-fed Guatemalan
Indian neonates. Am. J. Dis. Child 117:142-46

Ohashi Y, Hiraguchi M, Sunaba C, Tanaka C, Fujisawa T, Ushida K. 2010. Colonization of segmented
filamentous bacteria and its interaction with the luminal IgA level in conventional mice. Anaerobe 16:543—
46

Gomez de Aguero M, Ganal-Vonarburg SC, Fuhrer T, Rupp S, Uchimura Y, et al. 2016. The maternal
microbiota drives early postnatal innate immune development. Science 351:1296-302

Craig SW, Cebra J]J. 1971. Peyer’s patches: an enriched source of precursors for IgA-producing im-
munocytes in the rabbit. 7. Exp. Med. 134:188-200

Suzuki K, Maruya M, Kawamoto S, Sitnik K, Kitamura H, et al. 2010. The sensing of environmental
stimuli by follicular dendritic cells promotes immunoglobulin A generation in the gut. Immunity 33:71-83
Reboldi A, Arnon TI, Rodda LB, Atakilit A, Sheppard D, Cyster JG. 2016. IgA production requires
B cell interaction with subepithelial dendritic cells in Peyer’s patches. Science 352:aaf4822

Bergqvist P, Gardby E, Stensson A, Bemark M, Lycke NY. 2006. Gut IgA class switch recombination
in the absence of CD40 does not occur in the lamina propria and is independent of germinal centers.
F. Immunol. 177:7772-83

Bergqvist P, Stensson A, Lycke NY, Bemark M. 2010. T cell-independent IgA class switch recombination
is restricted to the GALT and occurs prior to manifest germinal center formation. 7. Immunol. 184:3545—
53

He B, Santamaria R, Xu W, Cols M, Chen K, et al. 2010. The transmembrane activator TACI triggers
immunoglobulin class switching by activating B cells through the adaptor MyD88. Nat. Immunol. 11:836—
45

Macpherson et al.



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Gutzeit C, Magri G, Cerutti A. 2014. Intestinal IgA production and its role in host-microbe interaction.
Immunol. Rev. 260:76-85

Castigli E, Scott S, Dedeoglu F, Bryce P, Jabara H, et al. 2004. Impaired IgA class switching in APRIL-
deficient mice. PNAS 101:3903-8

Castigli E, Wilson SA, Scott S, Dedeoglu F, Xu S, et al. 2005. TACI and BAFF-R mediate isotype
switching in B cells. 7. Exp. Med. 201:35-39

Tsuji M, Suzuki K, Kitamura H, Maruya M, Kinoshita K, et al. 2008. Requirement for lymphoid tissue-
inducer cells in isolated follicle formation and T cell-independent immunoglobulin A generation in the
gut. Immunity 29:261-71

Macpherson AJ, Gatto D, Sainsbury E, Harriman GR, Hengartner H, Zinkernagel RM. 2000. A prim-
itive T cell-independent mechanism of intestinal mucosal IgA responses to commensal bacteria. Science
288:2222-26

Owens WE, Berg RD. 1980. Bacterial translocation from the gastrointestinal tract of athymic (nu/nu)
mice. Infect. Immun. 27:461-67

Kawamoto S, Tran TH, Maruya M, Suzuki K, Doi Y, etal. 2012. The inhibitory receptor PD-1 regulates
IgA selection and bacterial composition in the gut. Science 336:485-89

Hapfelmeier S, Lawson MA, Slack E, Kirundi JK, Stoel M, etal. 2010. Reversible microbial colonization
of germ-free mice reveals the dynamics of IgA immune responses. Science 328:1705-9

Lindner C, Thomsen I, Wahl B, Ugur M, Sethi MK, etal. 2015. Diversification of memory B cells drives
the continuous adaptation of secretory antibodies to gut microbiota. Nat. Immunol. 16:880-88

Bemark M, Hazanov H, Stromberg A, Komban R, Holmqvist J, et al. 2016. Limited clonal relatedness
between gut IgA plasma cells and memory B cells after oral immunization. Naz. Commun. 7:12698
Casola S, Otipoby KL, Alimzhanov M, Humme S, Uyttersprot N, et al. 2004. B cell receptor signal
strength determines B cell fate. Nat. Immunol. 5:317-27

Yeap LS, Hwang JK, Du Z, Meyers RM, Meng FL, et al. 2015. Sequence-intrinsic mechanisms that
target AID mutational outcomes on antibody genes. Cel/ 163:1124-37

Bergqvist P, Stensson A, Hazanov L, Holmberg A, Mattsson J, et al. 2013. Re-utilization of germinal
centers in multiple Peyer’s patches results in highly synchronized, oligoclonal, and affinity-matured gut
IgA responses. Mucosal Immunol. 6:122-35

Lycke NY, Bemark M. 2012. The role of Peyer’s patches in synchronizing gut IgA responses. Front.
Immunol. 3:329

Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, et al. 2011. Enterotypes of the human gut
microbiome. Nature 473:174-80

Hum. Microbiome Proj. Consort. 2012. Structure, function and diversity of the healthy human micro-
biome. Nature 486:207-14

Schloissnig S, Arumugam M, Sunagawa S, Mitreva M, Tap J, et al. 2013. Genomic variation landscape
of the human gut microbiome. Nature 493:45-50

Ivanov II, Atarashi K, Manel N, Brodie EL, Shima T, et al. 2009. Induction of intestinal Th17 cells by
segmented filamentous bacteria. Ce// 139:485-98

Yang Y, Torchinsky MB, Gobert M, Xiong H, Xu M, et al. 2014. Focused specificity of intestinal T 17
cells towards commensal bacterial antigens. Nature 510:152-56

Lecuyer E, Rakotobe S, Lengline-Garnier H, Lebreton C, Picard M, et al. 2014. Segmented filamentous
bacterium uses secondary and tertiary lymphoid tissues to induce gut IgA and specific T helper 17 cell
responses. Immunity 40:608-20

Gagliani N, Amezcua Vesely MC, Iseppon A, Brockmann L, Xu H, et al. 2015. Th17 cells transdiffer-
entiate into regulatory T cells during resolution of inflammation. Nature 523:221-25

Linterman MA, Pierson W, Lee SK, Kallies A, Kawamoto S, et al. 2011. Foxp3™* follicular regulatory
T cells control the germinal center response. Nat. Med. 17:975-82

Hirota K, Turner JE, Villa M, Duarte JH, Demengeot ], et al. 2013. Plasticity of T1117 cells in Peyer’s
patches is responsible for the induction of T cell-dependent IgA responses. Nat. Immunol. 14:372-79
McLoughlin K, Schluter J, Rakoff-Nahoum S, Smith AL, Foster KR. 2016. Host selection of microbiota
via differential adhesion. Ce/l Host Microbe 19:550-59

www.annualyeviews.org o 1gA Function and Intestinal Microbes

379



380

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Hunziker L, Recher M, Macpherson AJ, Ciurea A, Freigang S, et al. 2003. Hypergammaglobulinemia
and autoantibody induction mechanisms in viral infections. Nat. Inmunol. 4:343-49

Bachmann MF, Kalinke U, Althage A, Freer G, Burkhart C, et al. 1997. The role of antibody concen-
tration and avidity in antiviral protection. Science 276:2024-27

Kalinke U, Bucher EM, Ernst B, Oxenius A, Roost HP, et al. 1996. The role of somatic mutation in
the generation of the protective humoral immune response against vesicular stomatitis virus. Imsmunity
5:639-52

Peterson DA, Planer JD, Guruge JL, Xue L, Downey-Virgin W, et al. 2015. Characterizing the in-
teractions between a naturally-primed immunoglobulin A and its conserved Bacteroides thetaiotaomicron
species-specific epitope in gnotobiotic mice. 7. Biol. Chem. 290:12630-49

Fransen F, Zagato E, Mazzini E, Fosso B, Manzari C, et al. 2015. BALB/c and C57BL/6 mice differ
in polyreactive IgA abundance, which impacts the generation of antigen-specific IgA and microbiota
diversity. Immunity 43:527-40

Benckert J, Schmolka N, Kreschel C, Zoller MJ, Sturm A, et al. 2011. The majority of intestinal IgA™*
and IgG™ plasmablasts in the human gut are antigen-specific. 7. Clin. Investig. 121:1946-55

Bunker JJ, Erickson SA, Flynn TM, Henry C, Koval JC, et al. 2017. Natural polyreactive IgA antibodies
coat the intestinal microbiota. Science 358:eaan6619

Kuppers R, Zhao M, Hansmann ML, Rajewsky K. 1993. Tracing B cell development in human germinal
centres by molecular analysis of single cells picked from histological sections. EMBO 7. 12:4955-67
Milstein C. 2004. From the structure of antibodies to the diversification of the immune response. Biosci.
Rep. 24:280-301

Georgiou G, Ippolito GC, Beausang J, Busse CE, Wardemann H, Quake SR. 2014. The promise and
challenge of high-throughput sequencing of the antibody repertoire. Nat. Biotechnol. 32:158-68
Friedensohn S, Khan TA, Reddy ST. 2017. Advanced methodologies in high-throughput sequencing of
immune repertoires. Trends Biotechnol. 35:203-14

Corcoran MM, Phad GE, Vazquez Bernat N, Stahl-Hennig C, Sumida N, et al. 2016. Production of
individualized V gene databases reveals high levels of immunoglobulin genetic diversity. Nat. Commun.
7:13642

Watson CT, Glanville J, Marasco WA. 2017. The individual and population genetics of antibody im-
munity. Trends Inmmunol. 38:459-70

Lindner C, Wahl B, Fohse L, Suerbaum S, Macpherson A], et al. 2012. Age, microbiota, and T cells
shape diverse individual IgA repertoires in the intestine. 7. Exp. Med. 209:365-77

Marx V. 2017. How to deduplicate PCR. Nat. Methods 14:473-76

Collins AM, Wang Y, Roskin KM, Marquis CP, Jackson KJ. 2015. The mouse antibody heavy chain
repertoire is germline-focused and highly variable between inbred strains. Philos. Trans. R. Soc. Lond. B
Biol. Sci. 370:20140236

Greiff V, Menzel U, Miho E, Weber C, Riedel R, et al. 2017. Systems analysis reveals high genetic
and antigen-driven predetermination of antibody repertoires throughout B cell development. Cel/ Rep.
19:1467-78

Ralph DK, Matsen FA 4th. 2016. Likelihood-based inference of B cell clonal families. PLOS Comput.
Biol. 12:¢1005086

Murugan A, Mora T, Walczak AM, Callan CG Jr. 2012. Statistical inference of the generation probability
of T-cell receptors from sequence repertoires. PNAS 109:16161-66

Mora T, Walczak AM, Bialek W, Callan CG ]Jr. 2010. Maximum entropy models for antibody diversity.
PNAS 107:5405-10

Bashford-Rogers RJ, Palser AL, Huntly BJ, Rance R, Vassiliou GS, et al. 2013. Network properties
derived from deep sequencing of human B-cell receptor repertoires delineate B-cell populations. Genomze
Res. 23:1874-84

Miho E, Greiff V, Roskar R, Reddy ST. 2017. The fundamental principles of antibody repertoire archi-
tecture revealed by large-scale network analysis. bioRxiv 124578. https://dx.doi.org/10.1101/124578
Emerson RO, DeWitt WS, Vignali M, Gravley J, Hu JK, et al. 2017. Immunosequencing identifies
signatures of cytomegalovirus exposure history and HLA-mediated effects on the T cell repertoire. Nat.
Genet. 49:659-65

Macpherson et al.


https://dx.doi.org/10.1101/124578

124.

125.

126.

127.

128.

129.

130.

Cinelli M, Sun Y, Best K, Heather JM, Reich-Zeliger S, et al. 2017. Feature selection using a one
dimensional naive Bayes’ classifier increases the accuracy of support vector machine classification of
CDRS3 repertoires. Bioinformatics 33:951-55

Bolen CR, Rubelt F, Vander Heiden JA, Davis MM. 2017. The Repertoire Dissimilarity Index as a
method to compare lymphocyte receptor repertoires. BMC Bioinform. 18:155

Angermueller C, Parnamaa T, Parts L, Stegle O. 2016. Deep learning for computational biology. Mol.
Syst. Biol. 12:878

Greiff V, Weber CR, Palme J, Bodenhofer U, Miho E, et al. 2017. Learning the high-dimensional
immunogenomic features that predict public and private antibody repertoires. 7. Immunol. 199:2985—
2997

Boutz DR, Horton AP, Wine Y, Lavinder JJ, Georgiou G, Marcotte EM. 2014. Proteomic identification
of monoclonal antibodies from serum. Anal. Chem. 86:4758-66

Glanville J, Huang H, Nau A, Hatton O, Wagar LE, et al. 2017. Identifying specificity groups in the
T cell receptor repertoire. Nature 547:94-98

Dash P, Fiore-Gartland AJ, Hertz T, Wang GC, Sharma S, et al. 2017. Quantifiable predictive features
define epitope-specific T cell receptor repertoires. Nature 547:89-93

www.annualyeviews.org o 1gA Function and Intestinal Microbes

381



