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Immunomolecular and reactivity landscapes of gut
IgA subclasses in homeostasis and inflammatory
bowel disease
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The human gut includes plasma cells (PCs) expressing immunoglobulin A1 (IgA1) or IgA2, two structurally distinct IgA
subclasses with elusive regulation, function, and reactivity. We show here that intestinal IgA1* and IgA2* PCs co-emerged early
in life, comparably accumulated somatic mutations, and were enriched within short-lived CD19* and long-lived CD19- PC
subsets, respectively. IgA2* PCs were extensively clonally related to IgA1* PCs and a subset of them presumably emerged from
IgA1* precursors. Of note, secretory IgAl (SIgAl) and SigA2 dually coated a large fraction of mucus-embedded bacteria,
including Akkermansia muciniphila. Disruption of homeostasis by inflammatory bowel disease (IBD) was associated with an
increase in actively proliferating IgA1* plasmablasts, a depletion in long-lived IgA2* PCs, and increased SIgA1*SIgA2* gut
microbiota. Such increase featured enhanced IgA1 reactivity to pathobionts, including Escherichia coli, combined with depletion
of beneficial A. muciniphila. Thus, gut 1gA1 and IgA2 emerge from clonally related PCs and show unique changes in both
frequency and reactivity in IBD.

Introduction

Human but not mouse immunoglobulin A (IgA) encompasses
IgAl and IgA2 subclasses encoded by the Cal and Ca2 genes,
located in the first and second duplication units of the Ig heavy
chain locus, respectively (Cerutti, 2008). Compared to IgAl, the
IgA2 protein is less susceptible to bacterial proteolysis due to its
shorter hinge region, has a distinct glycosylation pattern, and
further differs from IgAl in that it is more abundant in mucosal

surfaces but scarce in the peripheral compartment, which
mostly includes IgAl (Cerutti, 2008).

Systemic plasma cells (PCs) release IgAl as monomers,
whereas mucosal PCs secrete IgAl or IgA2 as dimers, which
include a PC-derived protein called the joining (J) chain (Chen
et al., 2020; Brandtzaeg et al., 1999). By binding the ] chain, the
polymeric Ig receptor (pIgR) from the basolateral membrane of
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epithelial cells mediates the translocation of secreted polymeric
IgA across epithelial cells (Johansen et al., 2001). During this
process, polymeric IgA acquires a pIgR-derived polypeptide
called secretory component and thereafter becomes secretory
IgA (SIgA), which recognizes intraluminal commensal bacteria
(Chen et al., 2020; Brandtzaeg et al., 1999).

In the intestinal lumen, SIgA coats, retains, and functionally
modulates commensal bacteria and fungi (Chen et al., 2020;
Sterlin et al., 2019, 2020; Rollenske et al., 2021; Pabst and Slack,
2020; Macpherson et al., 2018; Nakajima et al., 2018; Doron
et al., 2021). Conversely, gut commensals enhance SIgA pro-
duction, thereby establishing a microbiota (MB)-SIgA mutual-
ism that enhances gut homeostasis (Fagarasan et al., 2010). Of
note, secretory IgAl (SIgAl) and SIgA2 have been recently found
to dually target most gut commensals except colonic Bacter-
oidetes, which are preferentially recognized by SIgA2 (Sterlin
et al., 2020). Despite these advances, the specific biology of IgAl
and IgA2 remains unclear. This gap in knowledge largely stems
from the lack of IgA subclasses in mice (Chen et al., 2020).

In adults, most gut IgA is thought to emerge from germinal
center (GC) B cells undergoing IgM-to-IgA class switch recom-
bination (CSR) and somatic hypermutation (SHM) through a
T cell-dependent (TD) pathway involving CD40 ligand (CD40L)
from T follicular helper cells (Seikrit and Pabst, 2021; Chen et al.,
2020). In humans, some IgA2 may also derive from a
T cell-independent (TI) pathway inducing IgAl-to-IgA2 CSR in
memory IgAl* B cells via a CD40L-like myeloid and epithelial
cytokine termed a proliferation-inducing ligand (APRIL) (He
et al., 2007). While the question of how frequently sequential
IgAl-to-IgA2 class switching occurs in intestinal B cells is still
debated (Seikrit and Pabst, 2021; Lin et al., 2014; Fenton et al.,
2020); circulating or tonsillar IgA1* and IgA2* B cells have been
shown to display a significant degree of clonal relatedness
(Phad et al., 2022; King et al., 2021; Ellebrecht et al., 2018; Horns
et al., 2016; Kitaura et al., 2017). This clonal overlap echoes
the largely overlapping transcriptional regulation of the TGF-
B-responsive promoters located upstream of Cal and Ca2 genes
(Islam et al., 1991; Nilsson et al., 1995).

Disruption of gut homeostasis by inflammatory bowel disease
(IBD) increases SIgA as well as IgG responses to unique members
of the commensal MB (Shapiro et al., 2021; Doron et al., 2021),
including colitogenic bacteria (Palm et al., 2014). These findings
correlate with the expansion of intestinal B cells and PCs, in-
cluding poorly diversified IgG-secreting plasmablasts (PBs)
(Uzzan et al., 2022). Yet, the biology of PCs expressing IgAl or
IgA2 and the specific reactivity of SIgAl and SIgA2 to the gut MB
from IBD patients remain elusive.

Here, we combined high-throughput and standard ap-
proaches to gain new insights into human gut IgA subclasses.
We found that IgA1* and IgA2* clones from the non-inflamed gut
mucosa were largely clonally related and comparably hyper-
mutated, with a fraction of them expressing identical variable
(V) region sequences. Moreover, under homeostasis, SIgAl and
SIgA2 antibodies dually targeted beneficial commensals, in-
cluding Akkermansia muciniphila. Disruption of homeostasis
by IBD augmented the binding of SIgAl to pathobionts, in-
cluding Escherichia coli (E. coli) as well as members of the
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Erysipelotrichaceae family. This change was associated with
the expansion of short-lived IgAl* plasmablasts combined with
the depletion of long-lived IgA2* PCs. Concomitantly, IBD de-
creased dually coated beneficial commensals, including A. mu-
ciniphila. Thus, while gut homeostasis fosters prominent IgA2
responses, which may promote the retention of beneficial
commensals, IBD favors dominant IgAl responses, which may
perpetuate gut dysbiosis and inflammation.

Results

IgA2* PCs emerge along with IgA1* PCs early after birth and in
adults exceed IgA1* PCs in the distal gut

The human intestinal IgA repertoire follows a maturation pro-
gram that co-develops with the assembly of the gut MB during
the first 2 years of life (Planer et al., 2016). We first analyzed
human gut tissues by immunofluorescence analysis (IFA) to
determine age-related changes in the frequency of IgAl* and
IgA2* cells. IgA* cells were absent in fetal samples, before gut
colonization by the MB, and remained undetectable up to 2 wk
after birth (Fig. 1, A and B). Gut IgAl* PCs started to appear along
with gut IgA2* PCs as early as 6 wk after birth and progressively
increased over the first 5 years of life (Fig. 1, A and B). In adults,
IgA2* PCs exceeded IgAl* PCs in the large bowel, whereas IgA1*
PCs and IgA2* PCs were equally represented in the distal ileum
(Fig. 1, C and D).

Next, we compared the phenotype of gut IgA1* and IgA2* PCs
by flow cytometry. Compared to naive B cells, both IgAl* and
IgA2* PCs expressed more BLIMP-1, CD27, CD43, and CD319, also
termed SLAMF?7, but less CD20 and CXCR4 (Fig. S1 A). These
phenotypic changes are specific to human gut PCs (Magri et al.,
2017) and were largely comparable in I[gA1* and IgA2* subsets. In
agreement with the preferential enrichment of IgA2* PCs in the
colon, IgA2* PCs expressed less CCR9, a CCL25 receptor that
guides lymphocytes to the small intestinal mucosa (Mora and
von Andrian, 2008), but more G protein-coupled receptor 15
(GPR15), which directs lymphocytes to the colonic mucosa (Kim
et al., 2013), compared with IgAl* PCs (Fig. 1 E). Similarly, a
larger fraction of circulating IgA2* PCs and memory B cells co-
expressed the gut homing receptors f7 and GPRI5 compared
with circulating naive B cells or non-IgA2* memory B cells and
PCs (Fig. 1, F-H and Fig. S1 B). Thus, IgA2* PCs emerge with IgA1*
PCs following postnatal gut colonization by commensals, exceed
IgAl* PCs in the colonic mucosa, and include a circulating
counterpart expressing the 7 and GPR15 gut-homing receptors.

Intestinal PCs with terminally differentiated phenotype are
enriched in IgA2 expression

As shown previously (Landsverk et al, 2017) the human
duodenal-jejunal mucosa includes three phenotypically distinct
PC subsets characterized by different longevity profiles: early
short-lived CD19*CD45* PCs, also known as CD19%, late long-
lived CD19-CD45* PCs, also termed CD19-, and terminal long-
lived CD19-CD45- PCs, also called CD45-. We followed this
phenotypic-functional designation to further characterize IgA*
PCs in the terminal ileum and ascending colon from adult sub-
jects by flow cytometry. We found a comparable frequency of
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Figure 1. Human intestinal IgA2 emerges along with IgAl early in life and in adults predominates in distal gut segments. (A) IFA of IgAl (green), IgA2
(red), and nuclear DNA (blue) in prenatal (fetal) or postnatal (neonatal, infant, and child) human gut tissues. Original magnification, 20x; scale bar, 50 um.
(B) Numbers of IgA1* and IgA2* cells per mm? in gut tissue from fetal (20-36 wk; n = 5), neonatal (1-12 days [d]; n = 5), infant (35-64 days; n = 3), and child
(1-2 years [y], n = 3; 5-10 years; n = 3) samples. Each dot represents the mean of 1-5 fields/sample. m, months. (C) IFA of IgAl (green), IgA2 (red), and IgM
(blue) in the ileum (left) and colon (right) tissues from an adult individual. Original magnification, 20x; scale bar, 50 um. (D) FCA of cell surface CD38, IgA, and
IgA2 (left and middle graphs) and frequency of IgA2* (right graph) cells from the total IgA* PC pool of viable DAPI-Lin-CD38"CD10-IgA* cells from the terminal
ileum or ascending colon of adult individuals. (E) FCA (upper histograms) and mean fluorescence intensity (MFI, lower bar plots) of cell surface GPR15 and CCR9
on naive B cells, IgA1* PCs, and IgA2* PCs from the human terminal ileum. MFI is shown as arbitrary units (AUs) calculated in comparison to the ones of IgA1*
PCs, which were set as 1. (F) FCA of CD38, IgA, IgM, IgD, and IgA2 on CD19* B cells from human peripheral blood. (G and H) Frequencies of B7*GPR15* cells
within IgM*, IgA1*, IgA2*, or IgG/E* PC subsets (G) as well as naive or class-switched memory IgA1*, IgA2*, and IgG/E* B cell subsets (H) from human peripheral
blood as defined in F. Data show one of at least three experiments yielding similar results (A, C, and F) or summarize results from three to five (B), seven (D),
three (E, lower left graph and G) or five (E, lower right graph and H) donors. Results are presented as mean + SEM; Wilcoxon matched paired test (D) and one-

way ANOVA with Tukey’s post-hoc test (E, G, and H). *P < 0.05, **P < 0.01, ***P < 0.001. See also Fig. S1.

CD19*, CD197, and CD45" subsets in the IgA* PC pool from both
terminal ileum and ascending colon (Fig. 2 A). Compared with
naive B cells, CD19*IgA*, CD197IgA*, and CD457IgA* PCs ex-
pressed more BLIMP-1, CD27, and CD319 but less CD20 and HLA-
DR (Fig. S1 C), all of which are hallmarks of mature PCs.

When compared with the early CD19*IgA* PC subset, the late
CD19-IgA* PC subset and terminal long-lived CD45-IgA* PC subset
expressed more CD138 (Fig. 2 B), which is a hallmark of terminally
differentiated PCs. In addition, a larger fraction of late CD19-IgA*
PCs and terminal CD45-IgA* PCs expressed CD56 (Fig. 2 B), an
adhesion molecule potentially involved in PC tissue retention (Mei
etal.,, 2015). In contrast, early CD19*IgA* PCs expressed more CD71
and CD43 (Fig. 2 C), which are proliferation and activation mole-
cules, respectively, expressed by actively cycling B cells (Ellebedy
et al., 2016; Inui et al., 2015). Accordingly, IFA and flow cytometry
showed that the gut lamina propria (LP) included a small popu-
lation of IgA*CD138-Ki-67* PBs (Fig. 2 D), which mostly belonged
to the CD19* PC subset (Fig. 2, E and F).

Next, we dissected IgA2 expression in distinct PC and B cell
subsets. We found more IgA2* cells in late CD19-IgA* and ter-
minal CD45-IgA* PCs compared with early CD19*IgA* PCs from
the ascending colon (Fig. 2 G). In the terminal ileum, IgA2* cells
accounted for about 30% of IgA* GC B cells, 50% of IgA* memory
B cells, 60% of early CD19*IgA* PCs, 70% of late CD19-IgA* PCs,
and >80% of terminal CD45-IgA* PCs (Fig. 2 H). Thus, IgAl and
IgA2 expression differs in distinct gut PC subsets, with IgA2
being enriched compared with IgAl in late CD19-IgA* and ter-
minal CD457IgA* PC subsets.

Intestinal IgA1* and IgA2* cells are somatically mutated and
largely clonally related

To gain new insights into the ontogeny of IgAl* and IgA2* PCs
and the clonal architecture of intestinal B cells in homeostasis,
we performed high-throughput Ig repertoire analysis of naive
B cells, unswitched and switched memory B cells, and PCs sorted
from the terminal ileum or ascending colon of four adult in-
dividuals (Table S5). IgAl and IgA2 transcripts were amplified
from memory and plasma cell pools through the use of an an-
tisense pan-IgA primer and IgA subclass resolution was achieved
by computational analysis of Ig heavy chain variable (IGHV)
gene sequences. In total, 10,182,511 IGHV gene sequences from
four donors were obtained through high-throughput sequencing
(HTS). To minimize the inclusion of PCR and sequencing errors,
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¢DNA molecules were labeled with unique molecular identifier
(UMI) barcodes during library preparation.

We first analyzed the repertoire diversity of experienced
B cells per donor and found comparable diversity profiles (Fig.
S2 A). Pearson’s correlation coefficient analysis of IGHV gene
segment usage indicated that memory IgAl* and IgA2* B cells as
well as IgAl* and IgA2* PCs segregated away from naive,
memory IgM* B cells, and IgM* PCs, but hierarchically clustered
together (Fig. 3 A). Unlike naive IgM* B cells, IgAl* and IgA2*
memory B cells and PCs expressed mutated IGHV sequences
(Fig. 3 B). Mutation frequencies and the percentages of un-
mutated IGHV genes were similar in IgAl* and IgA2* memory
B cells or PCs, independent of their tissue or cell origin (Fig. 3 B).

To explore clonal relationships, we searched for clones
unique to each subclass or shared by different subclasses. IgA1*
and IgA2* cells shared more clones compared with IgAl* and
IgM* cells or IgA2* and IgM* cells (Fig. 3 C). We then visualized
and quantified the ontogenetic affiliations of IgA2* PCs with
other memory B cells and PC subsets from the same or different
gut segments by means of Circos plots and bar plots after clonal
grouping (Fig. 3, D-F). Aside from their expected clonal relat-
edness to IgA2* memory B cells, IgA2* PCs showed the highest
degree of connectivity with IgA1* PCs and IgA1* memory B cells
and, to a lesser extent, antigen-experienced IgM* B cells
(Fig. 3 D). Besides being clonally related to ileal IgA1* PCs, ileal
IgA2* PCs showed also some clonal relatedness with colonic PCs
(Fig. 3 E). The analysis of the isotype and population composition
of clones containing IgA2 sequences from ileal PCs indicated that
>50% of them also contained IgAl sequences, including a large
proportion of clones comprising sequences from memory and
PCs from identical or more distal gut tissues (Fig. 3 F).

The clonal relationship between IgAl* and IgA2* cells was
further confirmed in one additional histologically normal ileal
tissue sample by single cell V(D)] RNA sequencing, as visualized
by the honeycomb plot (Fig. 3 G) and a representative lineage
tree (Fig. 3 H). Thus, gut IgAl* and IgA2* memory B cells and PCs
express a post-GC mutational profile and are extensively clon-
ally related in homeostasis.

Some intestinal IgA2* cells may emerge from IgAl* precursors
without accumulating supplemental SHM

To further clarify the ontogenetic link between IgA2*+ and IgAl*
cells from the terminal ileum or ascending colon, we
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Figure 2. Human intestinal long-lived CD19- PCs are enriched in IgA2 expression. (A) FCA of CD45 and CD19 on total CD10-CD38"IgA* PCs from the
terminal ileum or ascending colon of a representative adult individual (upper panel) or summaries of the frequencies of ileal or colonic CD19*CD45* (or CD19*),
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CD19-CD45* (or CD19-), and CD19-CD45- (or CD457) PC subsets (bottom panel) within total IgA* PCs from adult donors under study. (B and C) FCA of CD138
and CD56 (B) or CD71and CD43 (C) on control naive B cells (gray) as well as CD19* (pink), CD19- (red), and CD45- (brown) PC subsets from total ileal or colonic
Lin-CD10-CD38MIgA* PCs of adult individuals. Upper panels: overlaid histogram profiles of CD138, CD56, CD71, or CD43 on PC subsets from a representative
donor; lower panels: summaries of MFI values of CD138, CD56, CD71, and CD43 on PC subsets. (D) IFA of IgA (green), CD138 (red), Ki-67 (blue), and DAPI
(white) in human colonic LP. Arrows point to actively proliferating IgA*Ki-67+CD138~ PBs. Original magnification, 20x (left) and 60x (right); scale bar, 50 um.
(E) FCA of the frequency of Ki67* cells within IgA class-switched (CD10~ CD38* IgA*) CD19*, CD19-, and CD45~ PC subsets from the human intestine. (F) FCA of
the frequency of CD138" cells within CD19*IgA*Ki67* PBs or CD19*IgA* Ki67- PCs. (G) FCA of IgA and IgA2 expression and frequency of IgA2* cells within each
IgA class-switched CD19*, CD19-, and CD45~ PC subsets from human ascending colon. Numbers in flow plots show % of 1gA2* cells within each subset.
(H) Frequencies of IgA2* cells within CD19*CD10*CD27+CD38™IgA* GC B cells, CD19*CD10-CD38*IgA* memory (ME) B cells, and IgA class-switched CD19*,
CD19-, and CD45- PC subsets from the human terminal ileum. Data show one of at least three experiments yielding similar results (D) or summarize results
from 10 (A, left panel), 8 (A, right panel) 20 (B, left panel) 5 (B, right panel; C), 3 (E and F), 12 (G), or 16 (H) donors. Results are presented as mean + SEM; One-

way ANOVA with Tukey’s post-hoc test (B, C, E, G, and H) and paired Student’s t test (F). *P < 0.05, **P < 0.01, ***P < 0.001. See also Fig. S1.

reconstructed their phylogenetic relationships by combining Ig
gene repertoire with lineage tree analysis. The resulting lineage
trees were further examined through the in-house PopTree
program (Neuman et al., 2022). As typically seen in normal Ig
repertoires, lineage trees varied greatly in size (i.e., number of
nodes), degree of branching (i.e., number of leaves, root out-
going degree), and branch lengths (i.e., minimum path length)
over two to four orders of magnitude (Fig. S2 B). Additionally,
as expected, a substantial proportion of lineage trees contained
sequences of mixed isotypes (Fig. S2, C and D).

First, we quantified transitions from one antibody class or
subclass to another, which could reflect CSR. Intestinal IgM*
cells comparably transitioned to IgA2* or IgAl* cells, whereas
IgAl1* cells transitioned to IgA2* cells more than IgM* cells did
(Fig. 4, A and B). Of note, in addition to CSR, lineage tree re-
construction permits to quantify SHM (Barak et al., 2008) more
accurately than other methods (Neuman et al., 2022). While CSR
can occur inside or outside mucosal GCs (Bunker et al., 2015; He
et al., 2007; Reboldi et al., 2016; Roco et al., 2019; Wang et al.,
2017), SHM mostly occurs in mucosal GCs in response to TD
signals (Chen et al., 2020; Kawamoto et al., 2012, 2014; Nowosad
et al., 2020; Seikrit and Pabst, 2021). Moreover, SHM can occur
in pre-existing memory IgM* or IgA* B cells re-entering mucosal
GCs in adults with a stable MB (Lindner et al., 2015; Magri et al.,
2017).

Consistent with this possibility, we could detect some tran-
sitions from IgAl* GC B cells into IgA2* GC and memory B cells
(Fig. 4 C) as well as transitions from IgAl* ME B cells to IgA2*
PCs, with or without the accumulation of new mutations
(Fig. 4 D and Fig. S3 A), which presumably took place inside or
outside mucosal GCs, respectively. The GC origin of some se-
quential IgAl-to-IgA2 switching events was further visualized
by Circos plot analysis (Fig. S3 B). As expected, IgA1* GC B cells
were found clonally linked to IgA2* GC, as well as IgA1* PCs or
IgA2* PCs (Fig. S3 B, left). Remarkably, IgM* GC B cells were
largely clonally linked to IgM* PCs (Fig. S3 B, right), which
suggests a less prominent direct IgM-to-IgA switching in
intestinal GCs.

Lineage tree analysis further allows the enumeration of
mutation frequencies on a per-tree basis (Neuman et al., 2022).
In (sub)class-specific clones, IgAl* and IgA2* cells had compa-
rable average numbers of mutations, which were higher than
the average numbers of mutations observed in IgM* B cells
(Fig. 4 E). In clones shared by IgAl, IgA2, and/or IgM, the
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average number of mutations was not significantly different
from that found in IgAl-only clones (Fig. S3 C). In contrast, the
average mutation numbers in clones shared by all three isotypes,
i.e., IgA2*, IgAl*, and IgM* clones, were significantly larger than
the average mutation number in IgA2-only clones (Fig. 4 F).

Next, we quantified the proportions of transitions with
<2 mutations, presumably GC-independent, and transitions with
>2 mutations, likely GC-dependent (Berkowska et al., 2011).
Transitions from IgM to IgAl or from IgM to IgA2 as well as
transitions from IgAl to IgA2 mostly occurred independently of
SHM (Fig. 4 G). Moreover, transitions from IgAl to IgA2 were
less frequently associated with >2 mutations compared to
transitions from IgM to IgAl or from IgM to IgA2 (Fig. 4 G). Of
note, memory B cell-to-memory B cell transitions from IgAl to
IgA2 were more frequently associated with >2 mutations com-
pared to memory B cell-to-PC transitions from IgAl to IgA2
(Fig. 4 H). This difference was not observed in transitions from
IgM to IgAl or from IgM to IgA2 (Fig. S3 D).

Lastly, we evaluated IgA2 induction by human splenic non-
switched B cells or human intestinal IgA1* B cells following ex-
posure in vitro to TD (i.e., CD40L, IL-21) or TI (i.e., CpG-DNA)
signals supplemented with IgA-inducing signals (TGF-B, IL-10,
B cell activating factor [BAFF]|, APRIL) (Cerutti, 2008; Magri
et al., 2017). Splenic non-switched B cells differentiated more
extensively into PCs in response to TD stimuli, but TI stimuli
induced more IgA2* PCs compared to TD stimuli (Fig. 4 I). Fi-
nally, intestinal IgA1* B cells exposed to TD or TI stimuli com-
parably differentiated into IgA2* PCs (Fig. 4]). Thus, while some
gut IgA2* B cells originate from IgAl* B cells through a GC re-
action involving the induction of additional SHM compared with
the starting SHM observed in precursor IgAl* clones, some other
IgA2* ME B cells and PCs seem to originate from IgAl* precursor
clones without accumulating supplemental SHM.

Intestinal SIgAl and SIgA2 show shared as well as unique
reactivity to mucus-embedded bacteria

Next, we wondered whether SIgAl and SIgA2 dually targeted the
gut MB. Thus, we devised a flow cytometric strategy that
quantifies microbial coating by both SIgA2 and SIgAl with
subclass-specific fluorochrome-conjugated antibodies. First, we
determined SIgA and SIgM binding to the fecal MB from healthy
controls (HCs) and control patients with selective IgA deficiency
(SIgAD). As reported previously (Fadlallah et al., 2018), SIgAD
patients had little or no SIgA-only coated MB but significantly
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Figure 3. Human intestinal IgA2* B cells express a post-GC mutational profile and are extensively clonally related to IgAl1* B cells. (A) Pearson’s
correlation coefficient matrix of IGHV gene segment usage by naive B cells and paired IgM*, IgA1*, and IgA2* memory (ME) B cells and PCs from human terminal
ileum (IL) and ascending colon (CO) grouped according to their correlation patterns by hierarchical clustering, based on the Ward.D2 method. (B) Mean
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numbers (#) of IGHV gene mutations per sequence (upper panel) and proportions of unmutated IGHV gene sequences (lower panel) in naive B cells and IgA1* or
IgA2* B cell subsets as in A. Each color represents a different donor (D); D#1, blue, D#2 red, D#3 green, and D#4, purple. (C) Venn diagrams showing the
numbers of IGHV clones unique to each isotype as well as the numbers of IGHV clones shared by two or three isotypes in each donor. (D and E) Circos plots
from D#3 depicting clonal relationships between PCs and ME B cells (D) or between PCs from different tissues (E) expressing different isotypes. The reference
cell subset is shown in bold. (F) Bar plots depicting the isotype and population composition of clones containing IgA2 sequences from D#1, D#2, and D#3.
(G) Honeycomb plot generated from single-cell V(D) RNA sequencing data obtained from a histologically normal ileal sample. Single cells are represented as
dots and each clonotype is represented as a hexagonal cluster of cells. Cells were colored according to their isotype. (H) Representative lineage tree from
sequencing data as in G built using the maximum likelihood method. Each tree represents a B cell clone, and each dot, a leaf node. The size of each dot reflects
the number of B cells (sharing the same sequence) that the node represents. Data show one donor (G and H), one representative result from four biological
replicates (D and E), or summarize results from three (F) or four different donors (A-C). Error bars, SEM; and one-way ANOVA with Tukey’s post-hoc test (B).

***P < 0.001. See also Fig. S2.

more SIgM-only coated MB compared to HCs (Fig. 5 A). Next, we
measured SIgAl and SIgA2 binding to fecal MB using our flow
cytometry strategy. While HCs consistently showed readily de-
tectable fractions of fecal MB coated by SIgA2 alone or both
SIgA2 and SIgAl as well as a very small fraction of MB coated by
SIgAl alone, patients with SIgAD almost completely lacked MB
coated by SIgA2 but in some individuals included a few microbes
coated by SIgAl only isotype (Fig. 5 B). These results revealed a
unique pattern of MB coating in SIgAD patients and confirmed
the accuracy of our subclass-specific microbiome profiling.

Given that SIgA may form a concentration gradient from the
mucosal epithelium to the center of the gut lumen and from
proximal to distal gut segments (Macpherson et al., 2018; Pabst
and Izcue, 2022), SIgA binding to fecal bacteria may not reflect
that of commensals positioned next to the gut epithelium. Thus,
we also analyzed the SIgA coating profiles of mucus-embedded
bacteria from paired human samples of terminal ileum and as-
cending colon. When mucus-embedded bacteria were analyzed,
we found that most IgA-coated bacteria were dually coated by
SIgAl and SIgA2 in both the terminal ileum and ascending colon
(Fig. 5 C). Of note, mucus-embedded bacteria coated only by
SIgAl were consistently more frequent in the terminal ileum
compared with the ascending colon, whereas mucus-embedded
bacteria coated only by SIgA2 were consistently more frequent
in the ascending colon (Fig. 5 D).

Then, we sought to analyze the reactivity of free SIgAl and
SIgA2 from the terminal ileum and ascending colon by bacterial
flow cytometry using a few representative gut bacterial strains.
First, we assessed the relative abundance of free SIgAl and SIgA2
by enzyme-linked immunosorbent assay (ELISA). MB-free SIgAl
was more abundant in mucus samples from the terminal ileum
compared with the ascending colon, whereas MB-free SIgA2 was
comparably abundant in the terminal ileum and ascending colon
(Fig. 5 E). We then comparatively analyzed the reactivity of
bacterial-free SIgAl and SIgA2 from the terminal ileum and
ascending colon to a few representative gut bacterial strains,
i.e., Bacteroides fragilis, Ruthenibacterium lactatiformans, A. muci-
niphila, and Bifidobacterium longum. This analysis revealed the
presence of interindividual as well as species-specific variability
in the binding profiles with consistently less reactivity of SIgAl
and SIgA2 from the terminal ileum compared with the ascending
colon (Fig. 5 F). In particular, when the reactivity of free SIgAl
and SIgA2 from the ascending colon was analyzed (Fig. 5, G and
H), no consistent binding of either free SIgAl or free SIgA2 to B.
fragilis was found in the large majority of samples. In contrast, in
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most of the samples analyzed, we detected the binding of free
SIgA2 but not free SIgAl to R. lactatiformans, a beneficial Rumi-
nococcaceae family member associated with gut homeostasis
(Magri et al., 2017) (Fig. 5, G and H). Finally, SIgAl and SIgA2
from the majority of colonic mucus samples analyzed compa-
rably coated A. muciniphila and B. longum (Fig. 5, G and H), two
beneficial commensals often depleted in IBD (Ansaldo et al.,
2019; Manichanh et al., 2012; Guarner and Malagelada, 2003).
Thus, while most SIgA2 coats mucus-embedded bacteria dually
targeted by SIgAl, some SIgA2 shows a unique reactivity to some
microbes, including beneficial gut commensals.

Gut inflammation is associated with the expansion of IgA1*
PBs and depletion of IgA2* PCs

To gain new insights into the biology of IgAl and IgA2 sub-
classes, we examined whether gut IgAl and IgA2 responses
showed any alteration in IBD. These gastrointestinal inflam-
matory disorders encompass Crohn’s disease (CD) and ulcerative
colitis (UC) and feature dysregulated antibody responses to the
intestinal MB (Caruso et al., 2020; De Souza and Fiocchi, 2015;
Palm et al., 2014; Shapiro et al., 2021). First, we compared the
frequencies of IgA*, IgM*, and IgG* (defined as IgA- and IgM")
PCs and memory B cells from gut biopsies obtained from HCs
and clinically active IBD patients (Table S1). In agreement with
studies published previously (Uzzan et al., 2022; Martin et al.,
2019), flow cytometry showed comparable frequencies of IgM*
PCs but lower and higher frequencies of IgA* and IgG* PCs, re-
spectively, in IBD patients compared with HCs (Fig. 6, A and B).

We then analyzed the frequencies and absolute numbers of
IgAl* or IgA2* cells from intestinal PC and memory B cell
compartments by flow cytometry and IFA. Compared with HCs,
IBD patients showed higher frequencies of IgAl* PCs but lower
frequencies of IgA2* PCs (Fig. 6 C). Aside from exhibiting lower
absolute numbers of gut IgA2* PCs and increased absolute
numbers of IgA1* PCs, IBD patients exhibited lower frequencies
of IgA2* memory B cells in both intestine and circulation (Fig. 6,
D and E; and Fig. S4 A).

This shift from dominant gut IgA2 responses in HCs to
dominant gut IgAl responses in IBD patients was associated with
massively higher frequencies of early short-lived CD19*IgA* PCs
and a proportional depletion of long-lived late and terminal
CD197IgA* and CD45 IgA* PCs, respectively (Fig. 6 F and Fig. S4
B). Such a remodeling of the mucosal PC repertoire occurred
only in inflamed gut segments from clinically active IBD pa-
tients, whereas non-inflamed gut segments remained mostly
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Figure 4. A fraction of human intestinal IgA2* B cells may originate from mutated IgA1* clones via sequential IgAl-to-IgA2 CSR uncoupled from SHM.
(A and B) Frequencies of transitions into IgA1 or IgA2 out of all transitions from IgM to IgA (A) and from IgM or IgA1 out of all transitions into IgA2 (B) quantified
by lineage tree analysis. Donor (D)#1, blue; D#2, red; D#3, green; D#4, purple. (C and D) Lineage trees from two distinct donors. Color codes are shown above
or below each tree. Trees were colored using a custom script and drawn with a local version of Graphviz. Numbers indicate mutations; edges with no attached
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number indicate one mutation. ME, memory. (E) Average numbers of IGVH mutations per clone in IgM*, IgA1*, and IgA2* clones (excluding clones with more
than one Ig class or subclass), counted on lineage trees along each path from the root (germline sequence) to each leaf sequence, then averaged for each tree,
and again for each donor. D#1, blue; D#2, red; D#3, green; D#4, purple. (F) Average numbers of mutations in IgA2 sequences belonging to clones sharing other
Ig classes and/or subclasses, counted as in E. D#1, blue; D#2, red; D#3, green; D#4, purple. (G) Relative proportions of transitions with up to two mutations
and transition with >2 mutations. The numbers of mutations were calculated by measuring the number of edges separating distinct isotypes in each lineage
tree. (H) Frequencies of IgA1 to IgA2 transitions with >2 mutations within or between different cell populations. (1) FCA of IgAl and IgA2 on in vitro induced IgA*
PCs and frequencies of in vitro induced total CD27*CD38* PCs, IgA* cells (shown as % of total PCs), and IgA2* PCs (shown as % of IgA* PCs) after culturing
splenic IgD* B cells with TD (CD40L + IL-21) or TI (CpG-DNA) stimuli supplemented with IgA-inducing signals (TGF-B, IL-10, BAFF, APRIL) for 6 days. Ctrl
(control), medium alone. (J) Frequency of in vitro induced IgA2* PCs (shown as % of IgA* PCs) gated as in ] after culturing ileal IgA1* B cells with TD (CD4OL + IL-
21) or TI (CpG-DNA) stimuli supplemented with IgA-inducing signals (TGF-B, IL-10, BAFF, and APRIL) for 6 days. Ctrl (control), medium alone. Data show two
representative results out of four biological replicates (C and D) or summarize results from four different donors (A, B, and E-H) or from eight (1) or five (J)
independent experiments. Error bars, SEM; two-tailed paired Student’s t test (A and B), one-way ANOVA with Tukey’s post-hoc test (E-H and |, left panel),

two-tailed Mann-Whitney U test (I, middle and right panels) and Kruskal-Wallis test (J). *P < 0.05, **P < 0.01, ***P < 0.001. See also Fig. S3.

unaffected (Fig. 6 G and Fig. S4 C). Consistent with the extensive
increase of intestinal early short-lived CD19*IgA* PCs, IFA re-
vealed an expansion of IgA1*Ki-67* PBs in the gut LP from pa-
tients with IBD (Fig. 6, H-]).

This finding was associated with the presence of a larger
circulating fraction of CD71*IgD!°% B cells in IBD patients (Fig.
S4 D). These B cells, which correspond to recently antigen-
activated B cells (Ellebedy et al., 2016), mostly belonged to
memory IgAl* B cells (Fig. S4 E). Thus, disruption of gut ho-
meostasis by IBD shifts distal intestinal IgA responses from an
IgA2-dominated PC profile to an IgAl-dominated PC profile that
stems from the depletion of long-lived IgA2* PCs combined with
the expansion of short-lived IgAl* PBs.

Inflammation alters both coating and selection of gut mucus-
embedded bacteria by SIgAl and SigA2

Given that SIgA may shape the composition of the human gut
MB (Fadlallah et al., 2018; Kubinak and Round, 2016), we elu-
cidated the relative impact of SIgAl and SIgA2 binding to in-
testinal microbes by profiling fecal bacteria from six HCs
through a combination of IgAl- and/or IgA2-based bacterial
sorting and 16S ribosomal RNA (16S rRNA) sequencing (Fig. 7 A).
In a given donor sample, the composition of enriched fractions
of fecal bacteria coated by SIgAl alone (SIgA1*SIgA2-), both
SIgAl and SIgA2 (SIgA1*SIgA2*), SIgA2 alone (SIgA1-SIgA2°), or
uncoated (SIgA1-SIgA2-) varied at both phylum and genus levels
(Fig. 7 B).

We then applied a log-based enrichment index (EI), to
identify bacterial species enriched in each of the above bacteria
fractions. Aside from an enrichment of the beneficial Verruco-
microbia A. muciniphila in SIgA1*SIgA2* fraction, an enrichment
of potentially pathogenic Gammaproteobacteria was detected
together with a depletion of Clostridia in single-coated SIgA1*SIgA2-
enriched bacterial subset (Fig. 7, C-E).

Next, we quantified the binding of SIgAl and SIgA2 to fecal
commensals in HCs and patients with UC or acute enteritis
(Table S2). As reported by an earlier study (Palm et al., 2014),
bacteria coated by SIgA were increased in UC patients compared
with HCs (Fig. 7 F). This increase was mostly due to the higher
frequency of dually coated SIgA1*SIgA2* gut microbes (Fig. 7 F),
which were also increased in patients with acute enteritis
(Fig. 7 G).

Considering that heightened IgAl production likely drives the
expansion of SIgA1*SIgA2* gut microbes in UC, we subsequently
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compared the composition of fecal bacteria from HCs and UC
patients by combining SIgAl-based bacteria sorting with 16S
rRNA gene sequencing (Fig. 7 H). At the beginning of this ex-
perimental approach, we sorted total viable fecal bacteria (in-
put) to analyze their global composition. As reported previously
(Pascal et al., 2017), total fecal bacteria from both HCs and UC
patients showed comparable global community profiles as well
as Faith’s phylogenetic richness and Shannon index (Fig. S5,
A-C), which measure a diversity.

Along the same lines, principal component analysis (PCA)
performed on measurements of Bray Curtis B diversity failed to
clearly segregate fecal bacteria in UC patients and HCs (Fig.
S5 D). Yet, in agreement with a study published previously
(Shapiro et al., 2021), the Verrucomicrobia member A. mucini-
phila was depleted in UC patients compared with HCs (Fig. 7 I).
We subsequently applied a log-based EI to identify bacterial
species enriched in SIgAl* fractions compared with input and
found an enrichment of Verrucomicrobia in the SIgAl*-coated
fraction, whereas Bacteroidetes were enriched in the IgAl~
fraction (Fig. S5 E). Next, we used the same IgAl* EI to identify
differences in the immune coating profile of fecal bacteria from
UC patients and HCs. At the phylum level, no significant dif-
ferences between UC patients and HCs were observed (Fig. S5 F).
However, at the family level, the SIgAl-coated bacteria fraction
from UC patients was enriched in the Erysipelotrichaceae fam-
ily, which is potentially pathogenic (Kaakoush, 2015) (Fig. 7 J).
This enrichment was further validated using the probability
index proposed by Jackson et al. (2021) (Fig. 7 K).

We then analyzed gut bacteria from the mucus layer topping
the intestinal mucosa of CD patients and found an increased
frequency of mucus-embedded and SIgAl-coated bacteria in
inflamed compared with non-inflamed segments of gut speci-
mens from CD patients or non-IBD controls (Fig. 8 A). This in-
crease was largely due to microbes dually coated by SIgAl and
SIgA2 (Fig. 8 B), which echoed our earlier findings from fecal
samples of UC patients. Knowing that E. coli is a major player in
CD immunopathogenesis (Manichanh et al., 2012; Pascal et al.,
2017), we also analyzed the reactivity of intraluminal SIgAl and
SIgA2 to this pathobiont. Compared with mucus from non-IBD
controls, mucus samples from inflamed gut segments of CD
patients contained more abundant free SIgA (Fig. 8 C). This
encompassed both SIgAl and SIgA2, both of which strongly
bound to E. coli (Fig. 8 D). By contrast, free SIgAl and SIgA2 from
non-IBD controls showed little or no binding to E. coli (Fig. 8 D).
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Figure 5. Human intestinal SIgA2 mostly targets mucus-embedded bacteria dually coated by SIgAl. (A and B) Representative FCA (left) and frequency
of SlgM*SIgA-, SlgM*SIgA*, and SlgM-SigA* (A) or SIgAl*SIgA2-, SIgAl*SIgA2*, and SIgAl-SIgA2* (B) SytoBC* fecal MB of HCs and SIgAD patients.
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(C) Representative FCA (left) and summary pie charts (right) of mucus-embedded SIgA1*SIgA2- (red), SIgA1*SIgA2* (blue), and SIgAl-SIgA2* (green) gut MB
from histologically normal ileal or colonic gut segments. (D) Frequencies of mucus-embedded SlgA1*SIgA2- (red), SIlgA1*SIgA2* (blue), and SlgA1-SlgA2*
(green) gut MB in ileal versus colonic gut segments. (E) Abundances of free SigAl (left) or free SigA2 (right) in ileal versus colonic gut mucus secretions,
measured by ELISA. (F) Heatmap visualization of the reactivity of free SlgAl and free SIgA2 from terminal ileum or ascending colon for B. fragilis, R. lacta-
tiformans, A. muciniphila, and B. longum. (G) Representative flow cytometric analysis of the reactivity of free SigAl and free SIgA2 for B. fragilis, R. lactatiformans,
A. muciniphila, and B. longum. Red contour plots, viable SSC*SytoBC* bacteria bound by free gut SIgAl and/or SIgA2 from mucus supernatant and incubated
with fluorochrome-labeled antibodies. Gray contour plots, control SSC*SytoBC* bacteria incubated only with fluorochrome-labeled antibodies. (H) Bar plot
showing the frequency of colonic mucus samples (n = 14) with the different binding profiles of free SigAl and free SIgA2. Positivity was defined as a 25%
increase in MFI compared to negative controls, i.e., bacterial isolates incubated only with fluorochrome-labeled antibodies. Data summarize results from 9 (A)
or 8 (B) HCs and 5 SIgAD patients (A and B), 8 (C and D), 18 or 17 (E, IgAl and IgA2, respectively) or 9 (F) or 14 (H) samples. Error bars, SEM; two-tailed

Mann-Whitney U test (A and B) and Wilcoxon matched paired test (D and E). *P < 0.05, **P < 0.01, ***P < 0.001.

Thus, gut homeostasis is characterized by a MB dually coated
by SIgAl and SIgA2, which is enriched in highly beneficial
commensals such as A. muciniphila. Despite showing depletion of
A. muciniphila, IBD features expansion of microbial communities
dually coated by SIgAl and SIgA2, with increased SIgAl binding
to potentially pathogenic commensals such as E. coli as well as
members of the Erysipelotrichaceae family. These data suggest
that gut inflammation alters the selection of gut microbes by
SIgAl and SIgA2 (Fig. 8 E).

Discussion

We have shown that gut IgA1* and IgA2* PCs display significant
clonal relatedness and are enriched within short-lived CD19* PCs
and long-lived CD19- PCs, respectively. These PCs release SIgAl
and SIgA2, which jointly coat a large fraction of mucus-
embedded commensals. Disruption of homeostasis by IBD is
associated with the expansion of actively proliferating IgA1* PBs,
the decrease of long-lived IgA2* PCs, and the increase of
SIgAl1*SIgA2* gut bacteria. Such changes are further associated
with heightened SIgAl targeting of potentially pathogenic bac-
teria like E. coli and members of the Erysipelotrichaceae family
combined with a depletion of the dually coated beneficial com-
mensal A. muciniphila. Altogether, our findings indicate that gut
IgAl and IgA2 predominantly emerge from clonally related PCs
and undergo distinct changes in both frequency and reactivity
during IBD.

IgA responses to gut microbes are viewed as a flexible
adaptive immune strategy to establish a mutualistic relationship
with the commensal MB (Macpherson et al., 2018; Chen et al.,
2020; Seikrit and Pabst, 2021). While intestinal bacteria are key
to gut IgA induction after birth (Hapfelmeier et al.,, 2010;
Lindner et al., 2015; Planer et al., 2016), IgA-bacteria interac-
tions shape the composition, topography, and immunometabolic
functions of the gut MB (Chen et al., 2020; Macpherson et al.,
2018; Nakajima et al., 2018; Kawamoto et al., 2012, 2014;
Rollenske et al., 2021; Pabst and Slack, 2020; Sterlin et al., 2019,
2020). Despite recent advances (Sterlin et al., 2020; Kabbert
et al,, 2020; Uzzan et al., 2022), the ontogeny and reactivity of
human IgAl versus IgA2 in intestinal homeostasis and inflam-
mation remain elusive.

We found that gut IgAl* and IgA2* PCs were absent during
fetal life, but co-emerged as early as 6 wk after birth and pro-
gressively increased over the following 5 years. Notably, IgA2*
PCs were more abundant than IgAl* PCs in distal gut segments.

Tejedor Vaquero et al.
New insights into human gut IgAl and IgA2

These results agree with earlier findings (Hapfelmeier et al.,
2010; Planer et al., 2016) that post-natal human gut coloniza-
tion by commensals leads to the emergence of IgA responses. By
showing the simultaneous appearance of both IgAl* and IgA2*
PCs soon after birth, our data indicate that the early postnatal
intestinal mucosa is competent to generate the microenviron-
mental cues needed for the initiation of SIgA2 in addition to
SIgAl responses.

Gut IgAl* and IgA2* PCs exhibited largely comparable phe-
notypes. Yet, IgA2* PCs expressed more colon-homing GPR15
receptors than IgA1* PCs, which is consistent with the increased
abundance of IgA2* PCs in the colonic mucosa. These data echo
pioneering studies suggesting that protease-resistant IgA2 is
more abundant than protease-sensitive IgAl in the colon due to
the heavier colonization of the colon by commensals compared
to the proximal gut (Kett and Brandtzaeg, 1987). Compared with
IgAl, IgA2 was enriched in intermediate CD19-CD45* and
late CD19-CD45~ PCs subsets, which are distinct from early
CD19*CD45* PCs (Landsverk et al., 2017). Given their ability to
persist in the gut mucosa for decades (Landsverk et al., 2017
Jahnsen et al., 2018; Halliley et al., 2015), CD19~ PCs may be more
fit to establish long-lasting SIgA-MB interactions.

Dual SIgAl-SIgA2 responses targeted beneficial mucus-
embedded commensals such as A. muciniphila, possibly to opti-
mize their immune inclusion within the gut mucosa. This
process would involve close cooperation of SIgA2 with SIgAl
through distinct but complementary structural and biochemical
properties (Seikrit and Pabst, 2021; Chen et al., 2020). While
SIgA2 with its protease-resistant short hinge region may be
better equipped than SIgAl to retain beneficial commensals
within the protease-rich gut mucus layer, SIgAl could optimize
the anchoring of these commensals to mucus due to the unique
glycosylation profile of its long hinge region (Woof and Russell,
2011; Chen et al., 2020).

By demonstrating the extensive clonal relationship of
IgA2* PCs with IgAl memory B and PC cells through both
bulk and single-cell Ig V(D)] gene sequencing, our results
together with additional evidence from earlier studies (Phad
et al., 2022; King et al., 2021; Ellebrecht et al., 2018; Horns
et al.,, 2016; Kitaura et al., 2017) indicate that gut IgAl* and
IgA2* PC clones largely emerge from common gut naive
B cell precursors. Moreover, data from Ig tree analysis and
in vitro experiments suggests that a fraction of IgA2* clones
could emerge from sequential IgAl-to-IgA2 CSR in addition
to direct IgM-to IgA2-CSR.
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Figure 6. Human gut inflammation elicits de novo induction of actively proliferating IgA1* PBs while depleting late-stage IgA2* PCs. (A and B) FCA of
CD38, CD27, IgA, and IgM expression on DAPI-CD10~ B cells from human colonic LP cells (A) and frequency of IgM*, IgA*, and IgG* (defined as IgA-IgM-) PCs
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from total colonic LP CD27*CD38**CD10~ PCs of HCs and IBD patients (B). UC, bright red symbols; CD, open pink symbols. (C) FCA of IgA and IgA2 expression
and frequencies of IgA1* (IgA*IgA2-) and IgA2* cells from colonic LP CD27+CD38*+CD10- PCs from HCs and IBD patients. UC, bright red symbols; CD, open pink
symbols. (D) IgA2* (left panel) and IgA1* (right panel) cells per mm? in colonic LP from HCs or IBD patients were calculated by tissue inspection through IFA. UC,
bright red symbols; CD, open pink symbols. (E) FCA-derived frequencies of IgA2* cells within total colonic LP memory (ME) IgA* B cells from HCs and IBD
patients. UC, bright red symbols; CD, open pink symbols. (F) FCA of CD45 and CD19 expression and frequencies of CD19*, CD19-, and CD45~ PC subsets from
colonic LP DAPI-CD10-CD27+CD38**IgA* PCs of HCs and IBD patients. UC, bright red symbols; CD, open pink symbols. (G) Representative FCA of IgA and IgA2
expression and percentage of IgA2* PCs on colonic LP IgA* PCs from both inflamed and non-inflamed gut segments from UC patients (n = 5). (H) IFA of IgAl
(green), IgA2 (red), Ki-67 (white), and nuclear DNA (blue) in gut LP from HC and IBD donors. Arrows point to actively proliferating IgA1*Ki-67* PBs. Original
magnification, 20x. Scale bars, 50 um. (1) Frequencies of actively proliferating Ki-67* cells from total IgA1* or IgA2* PCs in gut LP from IBD patients. (J) Numbers
of actively proliferating Ki-67*1gA1* cells per microscopic field in gut LP from HCs and IBD patients. UC, bright red symbols; CD, open pink symbols. For each
sample, 2-12 microscopic fields were analyzed. Data show one of more than three experiments yielding similar results (A, C left, F left, G, and I) or summarize
results from at least 12 HCs and at least 14 IBD patients (B, C right graphs, D, E, F right graphs, and H) or from 7 HCs to 18 IBD patients (J). Error bars, SEM;

Wilcoxon matched paired test (G and H) and two-tailed Mann-Whitney U test (B-F and J). *P < 0.05, **P < 0.01, ***P < 0.001. See also Fig. S4.

Sequential IgAl-to-IgA2 CSR likely occurs through inter-
twined follicular and extrafollicular pathways regulated by TD
and/or TI signals. Indeed, IgA1* B cell precursors of IgA2* PCs
expressed mutated IGHV genes, which implies that the initial
transition from IgM to IgAl was triggered by follicular TD sig-
nals. Instead, the transition from IgAl to IgA2 was mostly un-
coupled from de novo accumulation of IGHV gene mutations,
and overall, gut IgA2* B cells did not harbor increased SHM
compared with their IgAl counterpart. Yet, the mutational load
of shared IgA2*, IgAl1*, and IgM* clones was significantly larger
than the average mutational load of IgA2-only clones. This
finding possibly reflects the need for memory IgM* or IgAl*
B cells to undergo numerous transits through gut GCs to gen-
erate clonally affiliated IgA2* cells.

By analyzing overlapping IgAl and IgA2 clones from elegantly
separated GALT and GALT-free-LP material, a recent study
(Fenton et al., 2020) found little evidence of sequential IgAl-to-
IgA2 CSR in the gut LP. Due to our inability to fractionate IgA-
expressing cells inhabiting gut follicles from IgA-expressing
cells inhabiting the gut LP, we refrain from confirming or re-
jecting this conclusion. However, similar to our findings, the
above study (Fenton et al., 2020) does suggest the partial over-
lapping of gut IgAl and IgA2 clones. It must be also noted that the
above study (Fenton et al., 2020) does not exclude the possibility
that sequential IgAl-to IgA2 CSR could occur at gut inductive
sites, including PPs. Clearly, more work is needed to fully ad-
dress the frequency, topography, and modalities of IgA2 CSR
events in the human gut mucosa.

Consistent with recently published data (Sterlin et al., 2020),
SIgAl coated a large fraction of gut commensals together with
SIgA2. This finding suggests that the dual coating of gut com-
mensals by SIgAl and SIgA2 is instrumental to gut health. In
agreement with a recent study (Rollenske et al., 2021), the
shared antigen specificity of parallel SIgAl and SIgA2 responses
could be crucial to shape the fitness of a large fraction of the gut
MB. Yet, our data suggest some SIgA2 may be also produced to
exclusively target beneficial commensals such as R. lactatifor-
mans, a Ruminococcaceae family member associated with gut
homeostasis (Magri et al., 2017). Consistent with this possibility,
a rare case of IgA2 deficiency has been recently associated with
small bowel CD atypically targeting the duodenum (Canales-
Herrerias et al., 2023).

Disruption of gut homeostasis by IBD was accompanied by
the expansion of actively proliferating and short-lived IgAl* PBs

Tejedor Vaquero et al.
New insights into human gut IgAl and IgA2

combined with relative depletion of long-lived IgA2* PCs, par-
ticularly in inflamed gut segments. Similarly, IgG* PBs with
reduced SHM and diversity are increased in the inflamed gut,
together with an expansion of IFN-y-imprinted naive B cells
(Uzzan et al., 2022; Martin et al., 2019; Castro-Dopico et al.,
2019). Together these findings raise the possibility that IBD
skews local humoral responses toward acute PB differentiation
and proinflammatory IgG and IgAl production. The precise
mechanisms underpinning this skewing of the gut antibody
response during IBD remain elusive, but inflammation-induced
changes of microenvironmental signals from cytokines, che-
mokines, and metabolites involved in the regulation of B cell
class switching, PC survival, and PC migration or retention
might play an important role.

In addition to IgG, a type-1 inflammatory microenvironment
could directly or indirectly enhance gut B cell production of IgAl
specific to most commensals while attenuating gut B cell pro-
duction of IgA2 to certain microbes. Accordingly, the increased
IgAl* and decreased IgA2* PC frequencies observed in IBD were
accompanied by increased SIgAl binding to potentially patho-
genic commensals such as E. coli in CD patients. In UC patients,
the above alterations were also associated with an enrichment
of the SIgAl-coated fraction of Erysipelotrichaceae family
members, which appears to contribute to gut inflammation
(Manichanh et al., 2012; Kaakoush, 2015).

Concomitantly, IBD patients showed a depletion of A. muci-
niphila, a beneficial commensal physiologically coated by both
SIgAl and SIgA2. Altogether, our findings suggest that IBD
perturbs bacteria selection by SIgAl and SIgA2, fostering dom-
inant gut SIgAl responses that may promote the mucosal re-
tention of pathogenic commensals as well as the enhancement of
gut dysbiosis. The molecular background underpinning altered
SIgAl and SIgA2 reactivity in IBD remains unclear, but it has
been recently proposed that altered MB binding by IgG from IBD
patients stems from perturbed glycosylation, which in turn
could result from altered IGHV gene somatic hypermutation
(Huus et al., 2021; Simurina et al., 2018). We propose that similar
mechanisms could alter the reactivity of SIgAl and SIgA2.

In summary, we found that gut IgAl* and IgA2* PCs are
clonally related and generate SIgAl and SIgA2 responses that
dually coat a large fraction of mucus-embedded bacteria, in-
cluding beneficial commensals. Disruption of homeostasis by
IBD is associated with the expansion of newly formed IgAl*
PBs along with the depletion of late IgA2* PCs. These PC
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Figure 7. Gut inflammation increases the frequency of intestinal bacteria dually coated by SIgAl and SIgA2 and alters SigA-mediated MB selection.
(A) Strategy adopted to profile the fecal MB from HCs and UC patients by 165 rRNA sequencing following SlgA1/SIgA2-based sorting of single positive SigAl*,
single positive SigA2*, double-positive SigA1*SIgA2* (DP), and double-negative SlgA1-SIgA2- (DN) bacteria. Total input SytoBC* bacteria were also sorted as
control. (B) Relative abundance of phyla (upper panel) and genera (lower panel) in bacterial fractions sorted from the fecal MB of HC as in A. (C-E) El for g_A.
muciniphilia (C), c_Gammaproteobacteria (D), and c_Clostridia (E) in bacterial fractions obtained from the fecal MB of HCs as in A. (F and G) FCA of SigA1 and
SlgA2 and frequencies of total SIgA* (SIgA1*, SIgA1*SIgA2*, and SIgA2*) or dually coated SlgA1*SIgA2* (right panels) from SytoBC* fecal MB of HCs and patients
with UC (F) or transient gastrointestinal infection (G) (see Table S2). (H) Strategy adopted to profile the fecal MB from HCs and UC patients by 165 rRNA
sequencing following SlgAl-based sorting of SIgAl* bacteria, which include SIgA1* single positive and DP SIgA1*SIgA2* bacteria. Total input SytoBC* bacteria
were also sorted as control. (1) Relative abundance of A. muciniphila in the input fraction obtained from the fecal MB of HCs and patients with UC as in H. () and
K) IgA1 El (J) and probability index (K) for f_Erysipelotrichaceae from the fecal MB of HCs and UC patients as in H. Data show one representative donor out of 6
(B), or 28 (H) or summarize the results of 6 HCs (C-E), 10 HC donors or 6 UC donors (F), 4 HC or 20 gut infection donors (G), 14 HC and UC donors (I-K). For
each fecal sample, El values were plotted only when a given bacteria was present in all fractions. Error bars, SEM (F and G); two-tailed Mann-Whitney U test (F,
G, and I-K) and one-way ANOVA with Tukey's post hoc test (C-E); *P < 0.05, **P < 0.01. See also Fig. S5.
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Figure 8. IBD increases dual SigAl and SIgA2 coating of gut MB and augments SlgAl and SIgA2 reactivity to E. coli. (A) Representative flow cytometric
profile (left) and frequencies (right) of SlgAl-bound mucus-embedded ileal MB from CD patients (red) and non-IBD controls (blue). CD samples included MB
from inflamed (dark red) and non-inflamed (light red) segments of the gut mucosa. (B) Representative flow cytometry (left) and frequencies (right) of mucus-
embedded SytoBC* gut bacteria, including SIgA1*SIgA2™ (red), SlgA1*SIgA2* (blue), and SIgA1-SIgA2* (green) bacteria inhabiting non-inflamed versus inflamed
segments of the gut mucosa from CD patients. (C) ELISA of free SIgA from ileal mucus secretions of CD patients and non-IBD controls as in A. (D) Repre-
sentative flow cytometric profiles and MFI of SIgAl (left) and SIgA2 (right) bound to E. coli. SigAl and SIgA2 were obtained from gut mucus secretions of CD
patients or non-IBD controls as in C and all samples were adjusted to a total IgA concentration of 10 pg/ml. (E) Schematic representation of proposed gut MB
selection by SigAl and SIgA2 in homeostasis and IBD. In gut homeostasis, balanced IgA1 and IgA2 responses to the gut MB involve clonally related IgAl* and
IgA2* PCs, including long-lived-enriched IgA2* PCs. These responses induce dual coating of intraluminal mucus-embedded commensal bacteria, including
beneficial A. muciniphila, by SigAl and SIgA2 and preferential coating of R. lactatiformans and Gammaproteobacteria by SIgA2 and SIgAL, respectively. In IBD, the
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expansion of short-lived IgA1* PCs, including IgA1* PBs, combined with the relative reduction of long-lived IgA2* PCs associate with a global decrease of A.
muciniphila, a general increase in dually coated bacteria, with increased SIgAl binding to potentially pathogenic bacteria such as E. coli and members of the
Erysipelotrichaceae family. Data summarize results from 8 non-IBD controls and 9 CD donors (A and B) or 9 non-IBD controls and 10 CD donors (C and D). SEM
(A, C, and D); to compare non-IBD controls to IBD donors, two-tailed Mann-Whitney U test was used (A, C, and D); to compare noninflamed versus inflamed
IBD segments, Wilcoxon matched paired test was used (A-D); *P < 0.05, **P < 0.01.

perturbations occur along with an altered selection of com-
mensals by SIgAl and SIgA2 and could contribute to the aggra-
vation of gut dysbiosis. Based on these findings, we propose that
the identification and functional characterization of microbial
antigens specifically targeted by SIgAl and SIgA2 may help de-
velop novel treatments against IBD.

Materials and methods

Human tissue and blood specimens

Histologically normal tissue samples from the terminal ileum and
ascending colon were obtained from 40 patients who underwent
colonic surgery or right hemicolectomy due to colonic tumors,
unresectable polyps, or angiodysplasia at Hospital del Mar, Bar-
celona (Spain). The age of these patients ranged from 30 to
83 years (mean: 66 years). Intestinal biopsies, formalin-fixed
paraffin-embedded tissue sections, and blood were also obtained
from 21 patients with UC (male/female ratio, 1.3; age from 21 to 69;
mean age: 39.5), 7 CD patients (male/female ratio, 0.2; age from 21
to 67; mean age: 37.7), and 20 age-matched HCs (male/female ratio,
1.8; age ranged from 18.6 to 75; mean age 43.9) recruited from a
cohort of patients followed at the Icahn School of Medicine at
Mount Sinai (New York, NY, USA) and its affiliated hospitals and
clinics. Fresh tissues and formalin-fixed and paraffin-embedded
tissue sections were also collected from the Mar Biobanc (Barce-
lona, Spain), Sant Joan de Déu Hospital and Vall d'Hebron Hospital
(Barcelona, Spain), and tissue repositories at Icahn School of
Medicine at Mount Sinai with patient-signed informed consent
(Table S1). All tissue samples were assigned coded identifiers and
relevant clinical information remained concealed. Human sple-
nocytes from histologically normal spleens were obtained from
deceased organ donors or individuals undergoing posttraumatic
splenectomy at Hospital del Mar, Barcelona. The use of blood and
tissue samples was approved by the Ethical Committee for Clinical
Investigation of the Institut Hospital del Mar d’ Investigacions
Meédiques (CEIC-IMIM 2014/5892/1 and 2018/8265/1), Vall d’'He-
bron Hospital (PR(AG)279/2023), and the Mount Sinai Institu-
tional Review Board (HS#14-00174) with a patient or legal tutor
signed informed consent.

Human fecal and mucus samples

Samples from all human MB donors (Tables S2 and 3) were labeled
with a specific study identification (ID) number. Each of these
samples was processed with no identifiers linked to it other than
its study ID. The use of fecal MB samples was approved by the local
Ethical Committee of the University Hospital Vall d'Hebron (Bar-
celona, Spain) and Istituto Microbiologico Cantonale (Bellinzona,
Switzerland). Fecal samples were collected by the patient at home
and brought to the hospital within 24 h and then stored at -80°C
until processing. Mucus samples were collected from the Mar
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BioBanc at Hospital del Mar and their use was approved by the
local Ethical Committee (CEIC-IMIM 2014/5892/1 and 2018/8265/
1) with patient-signed informed consent.

Processing of tissue samples

Intestinal tissue samples from patients undergoing right hemi-
colectomy were processed as follows. Briefly, gut mucosa and
submucosa were dissected from muscularis externa and cut into
2-3-mm fragments. These tissue fragments were first washed in
calcium and magnesium-free Hanks' balanced salt solution
(HBSS) before incubation at 37°C for 20 min in HBSS supple-
mented with 5 mM dithiothreitol and 1 mM ethylenediamine-
tetraacetic acid (EDTA). Then, tissue fragments were
transferred into a Falcon tube with 30 ml HBSS and shaken
vigorously for 10 s twice. The supernatant, which contained the
intraepithelial lymphocyte fraction, was discarded. The re-
maining fraction was digested by incubation for 40 min at 37°C
with stirring in an HBSS solution supplemented with 1 mg/ml
collagenase IV (Thermo Fisher Scientific), 50 ng/ml DNAse
(New England Biolabs), and 0.5% human serum (Sigma-
Aldrich). LP-derived suspensions were passed through a 70-pm
filter, washed, and resuspended in RPMI 1640 medium
(Thermo Fisher Scientific) with 10% fetal bovine serum (FBS).
LP mononuclear cells were also isolated from gut biopsies ob-
tained during colonoscopy. Some 8-12 biopsies were collected
with forceps directly in an ice-cold RPMI medium. Biopsies
were processed within 2 h of collection. They were transferred
in 10 ml HBSS (Invitrogen) at pH 8 and with no Ca** and Mg**,
but supplemented with 0.5 M EDTA and 1 M 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (Lonza) and incubated
for 20 min at 37°C. After thorough washes with HBSS, biopsies
were placed in an RPMI solution supplemented with 0.5 pug/ml
collagenase IV and DNAse I (Sigma-Aldrich) and digested by
incubating them for 40 min at 37°C in a rotating incubator at
215 rpm. After physically disrupting them by pipetting up and
down 10 times through a 25-gauge needle, tissue fragments from
biopsies were sequentially filtered through 100-pm and 40-pm
cell strainers and washed with RPMI medium twice. Human
splenocytes were obtained from fresh splenic samples by enzy-
matic digestion of the tissue for 40 min at 37°C in HBSS solution
supplemented with 1 mg/ml collagenase IV (Thermo Fisher
Scientific), 50 ng/ml DNAse (New England Biolabs), and 0.5%
human serum (Sigma-Aldrich), followed by separation on Ficoll-
Hypaque gradient (GE Healthcare). Peripheral blood mononu-
clear cells were obtained from heparinized blood samples by
separation on the Ficoll-Hypaque gradient (GE Healthcare).

Flow cytometry
Cells were incubated at 4°C with an FcR-blocking reagent (Miltenyi
Biotec) before adding appropriate “cocktails” of the fluorochrome-
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labeled monoclonal antibodies (mAbs) (Table S4). Dead cells were
excluded through the use of 4'-6'-diamidine-2'-phenylindole
(DAPI; Sigma-Aldrich). To stain intracellular BLIMP-1 and Ki67, the
Cyto-Fast Fix/Perm Buffer Set (Biolegend) was used according to
the manufacturer’s instructions. Labeled cells were acquired with
LSR Fortessa (BD Biosciences) and data were further analyzed with
Flow]Jo V10 software (TreeStar).

Cell sorting

For cell sorting for the IGHV gene repertoire analysis, cell sus-
pension was incubated at 4°C with FcR-blocking reagent (Miltenyi
Biotec) and stained for 30 min with the following mAbs: anti-CD45
AF700 (clone HI30), anti-CD19 PE-Cy?7 (clone HIB19), anti-CD10 PE
(clone HI10a), anti-CD38APC-Cy7 (clone HIT2), anti-CD27 PercP-
Cy5.5 (clone M-T271), anti-IgM BV605 (clone MHM-88), anti-IgD
FITC (catalog number: 2032-02; Southern Biotech), and anti-IgA APC
(clone IS11-8F10). Naive CD45*CD19*CD38%CD10-IgD**IgM*CD27-
B cells, GC-IgM* CD45*CD19*CD38i™CD10*IgM* and GC switched
CD45*CD19*CD38inCD10-IgM~ B cells, unswitched memory
CD45*CD19*CD384ICD10-IgD-IgM*CD27* B cells, memory
class-switched CD45*CD19*CD38%!CD10-IgD-IgM~CD27*(IgA*)
B cells, unswitched CD45*CD19*CD38**CD10-IgD-IgM*CD27* PCs,
and class-switched CD45*CD19*CD38**CD10-IgD-IgM-CD27*(IgA*)
PCs from terminal ileum and ascending colon from four different
donors were sorted with a FACSAria II (BD Biosciences) after ex-
cluding dead cells by DAPI staining (Table S5). The purity of sorted
cells was consistently >95%.

Immunomagnetic cell separation

IgD* and IgAl* B cells were magnetically sorted from human
splenic and intestinal LP mononuclear cells, respectively. Human
mononuclear cells were blocked at 4°C with an FcR-blocking re-
agent (Miltenyi Biotec) and then incubated for 15 min at 4°C with
goat F(ab’)2 anti-human IgD biotin or mouse anti-human IgAl
biotin (clone B3506B4; Southern Biotechnologies) antibodies, fol-
lowed by 15 min incubation at 4°C with streptavidin microbeads
(Miltenyi). Magnetically labeled cells were then purified using
MACS LS columns placed in a MidiMACS Separator (Miltenyi).
The purity of magnetically sorted cells was consistently >95% as
determined by flow cytometry.

Cell cultures

Human IgD* and IgAl* B cells were seeded in 96-well
U-bottomed plates (Thermo Fisher Scientific) and cultured for
6 days in complete RPMI 1640 medium (Biowest) supplemented
with 10% FBS, penicillin (10 U/ml), and streptomycin (10 U/ml)
with or without 100 ng/ml megaCD40L (Enzo Life Science) and
500 ng/ml IL-21 (Peprotech) (TD stimulation) or 1 pg/ml CpG
ODN-2006 (Invivogen) (TI stimulation), supplemented with
50 ng/ml IL-10 (Peprotech), 0.01 ng/ml TGF-B (Peprotech),
500 ng/ml BAFF (Alexis), and 100 ng/ml Mega APRIL (Alexis)
(IgA-inducing stimuli).

IFA

Formalin-fixed paraffin-embedded human tissue sections 3 um
in thickness were treated in xylene, a decreasing alcohol gra-
dient, and distilled water to achieve de-waxing and rehydration
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of the tissue. Heat-induced epitope retrieval was performed for
15 min in citrate buffer (pH 6) or Tris-EDTA buffer (pH 9). After
epitope retrieval, tissue sections were permeabilized with 0.2%
Triton X-100 in PBS, blocked with 5% bovine serum albumin
(BSA), and 5% Fc receptor blocking reagent (Miltenyi Biotec),
and stained with various combinations of primary antibodies.
These combinations included rabbit anti-human IgAl (clone
RM124, 1:500; Abcam), goat anti-human IgM at 1:50 dilution
(cat. number: H15000; Invitrogen), mouse anti-human IgA2 atl:
50 dilution (clone IS11-21E11; Miltenyi), rabbit anti-human IgA at
1:1,000 dilution (cat. number: A0262; DAKO), rat anti-human/
mouse Ki-67 at 1:50 dilution (clone SolA15; Thermo Fisher Sci-
entific), and mouse anti-human CD138 at 1:30 dilution (clone:
MI15; Agilent). Nuclear DNA was visualized with DAPI and
coverslips were applied with FluorSave reagent (Merck Milli-
pore). Images were acquired either with a Leica TCS SP5 Upright
confocal microscope (Leica) or a Nikon Eclipse Ni-E microscope
(Nikon) and processed with Image] software.

Sequencing of Ig gene repertoires

Total cellular RNA from sorted intestinal B cell subsets (Table
S5) was isolated with the RNeasy Micro Kit (Qiagen) by fol-
lowing the manufacturer’s protocol. About 2 ng of RNA was
reverse transcribed into ¢cDNA using TagMan Reverse Tran-
scription Reagents and random hexamers (Thermo Fisher Sci-
entific). Aliquots of cDNA products (4 pl) were mixed in a total
PCR volume of 25 pl with 50 nM primers purified by high-
performance liquid chromatography and specific for the
framework region 1 of VH1, VH2, VH3, VH4, VH5, or VH6, 250
nM primers specific for Ca, Cu, or Cy and encompassing cor-
responding Illumina Nextera sequencing tags along with mo-
lecular barcoding (Table S6), and high-fidelity platinum PCR
supermix (Thermo Fisher Scientific).

Amplification was performed using the following conditions.
An initial step of 95°C for 5 min was followed by 35 cycles in-
cluding 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s, supple-
mented with a final extension step of 72°C for 5 min. PCR
products were purified with miniElute PCR purification Kit
(Qiagen) and Nextera indices were added via PCR with the fol-
lowing conditions: 72°C for 3 min, 98°C for 30 s, five cycles of
98°C for 10 s, 63°C for 30 s, and 72°C for 3 min. Ampure XP beads
(Beckman Coulter Genomics) were used to purify PCR products,
which were subsequently pooled and denatured. Single-strand
products were paired-end sequenced on a MiSeq instrument
(lumina) with the 600 Cycle v2 Kit (2 x 300 bp). In total,
10,182,511 IGHV gene sequences from four donors were obtained
through HTS.

Ig gene repertoire analysis

Data preprocessing

Paired and raw sequencing reads were processed using pRESTO
(Vander Heiden et al., 2014) version 0.5.8, removing reads with
average Phred scores <20; masking (replacing by N’s) V-region
primers, removing C-region primers after both classes and
subclasses were assigned using BLAST (Camacho et al., 2009)
against a subclass database, to avoid false mutation detection
and preserve gene length; using UMI to generate a single
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consensus sequence for each UMI barcode for read 1 and read
2 separately, discarding sequences with UMI mismatch rates
(relative to the UMI consensus) >0.1, sequences that do not share
a common primer annotation with the majority of the UMI
set were discarded, and read groups with ambiguous primer
assignments; assembling paired-end consensus sequences into
full-length Ig sequences; and removing duplicate nucleotide
sequences that shared the same sub-isotype (Table S7).

Annotation, clonal assignment, and repertoire analysis
Sequences were annotated online using IMGT/HighV-QUEST
version 3.4.15 (Brochet et al., 2008) with the IMGT/GENE-DB
(Giudicelli et al., 2005) reference sequences from January 17,
2019. The IgA sub-class was identified using pRESTO’s Mask-
Primers.py script, which looks for an exact match (or a match up
to a defined number or errors) in a user-defined orientation, and
the following two 29-base primers: IGHAL: 5'-AGGCGATGACCA
CGTTCCCATCTGGCTGG-3'; IGHA2: 5'-ATGCGACGACCACGT
TCCCATCTTGGGGG-3'. This identification was tested and found
to be 99.93% accurate. VH gene usage was estimated for each
donor and B cell subset and cells were grouped according to their
correlation patterns by hierarchical clustering based on the
Ward.D2 method. Using Change-O version 0.4.1 (Gupta et al.,
2015), the annotated output was parsed, removing non-
functional sequences from the database, determining the se-
quence similarity threshold for each patient dataset using a
Change-O R script, and assigning the sequences into clones
based on this threshold (Table S8). The clonal assignment was
performed on the complete set of sequences received for each
donor—that is, sequences from all tissue samples and pop-
ulations (naive and memory B cells and PCs). In total, 34,753,
34,694, 136,122, and 138,891 clones were analyzed from donors
1, 2, 3, and 4, respectively. Out of the latter, about a
third—12,461, 12,993, 50,551, and 53,668 in Donors 1, 2, 3 and 4,
respectively—were singletons, that is, clones with only one
experimentally identified sequence, included in the study since
they were verified with UMIs. Sampling depths were assessed
by generating rarefaction curves using a custom R script. Clonal
sharing between different isotypes or the cell subset was
evaluated using in-house Python R scripts and plotted using the
R package VennDiagrams (Chen and Boutros, 2011). Circos plots
and bar plots were designed using R (v4.3.1) with the packages
circlize (v0.4.16) and ggplot2 (v3.5.1). For Circos plot analysis, a
rarefied sample of a maximum of 10,000 sequences per subset
was used to account for possible sample size biases between do-
nors, tissues, and cell types. Repertoire diversity profiling (Greiff
et al,, 2015) was performed using the Immcantation tool alpha-
Diversity (Gupta et al., 2015). We considered a V(D)] clone to be
mutated when harboring more than two mutations since the PCR
step might be responsible for 1-2 mutations per clone (Hendricks
et al., 2019). SHM levels were estimated by averaging the number
of mutations compared to the inferred germline sequence of each
clone belonging to a given B cell subset and donor.

Ig gene lineage-tree-based analysis
Lineage trees were constructed using IgTree, and the resulting
trees were analyzed using an in-house Java program, PopTree,
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written by Sarai Zada, Nir Wolf, and Alina Boruhov under the
guidance of Lena Hazanov, Miri Michaeli, and Prof. Ramit Mehr.
In total, 34,648, 34,514, 114,749, and 90,795 lineage trees were
created from the data of Donors 1, 2, 3, and 4, respectively.
PopTree measures many aspects of B cell population relation-
ships, such as the average level at which a certain population is
located on the trees, the degree of population mixing in trees, the
locations of key mutations, and more. We defined a “transition”
on a clonal lineage tree as a path, down a branch of the tree,
leading from a sequence representing a cell from one subset,
e.g., MBc, to another, e.g., a PC sequence. PopTree counts the
transitions between pairs of populations in the trees, and the
numbers of mutations along these transitions. Further analyses
used IgTreeZ (Neuman et al., 2022), a program that incorporates
PopTree, MTree—a lineage tree topology measurement program
(Shahafet al., 2008), a comprehensive mutation analysis module
(see below), selection analysis based on the focused binomial test
(Hershberg et al., 2008), lineage tree filtering by user-chosen
features, and lineage tree drawing. Overall, 530,051 transitions
were surveyed in the course of our analysis. Mutations in each
experimentally identified sequence were also counted on clonal
lineage trees along the path from the tree root to each sequence
in the same manner as we count mutations over transitions.
Counts were performed on all the lineage trees in each donor’s
repertoire and then averaged for all the sequences in each B cell
population/tissue/isotype sequence group.

Cell isolation, single-cell RNA, and V(D)J-seq library
preparation, sequencing, and analysis

Gut LP cells from one histologically normal ileal gut tissue were
processed as previously described and stained with DAPI. Viable
cells (DAPI-) were sorted with a FACSAria II (BD bioscience) for
5'single-cell RNA and V(D)] sequencing using the Chromium10x
Genomics platform (10x Genomics). Around 16,000 viable cells
were loaded for sequencing analysis. Generation of gel beads in
emulsion (GEMs), barcoding, and GEM-reverse transcription
were performed using the Chromium Single Cell 5' and V(D)J
Reagent Kits (10x Genomics) according to the manufacturer’s
instructions. Sequencing was done on a NovaSeq 6000 S2
platform (Illumina). Sequences were preprocessed using the
CellRanger 7.1.0 software pipeline (10x Genomics) with 98% of
cells with a productive V-] spanning pair. Singularity shell from
the Immcantation Framework (v.4.4.0) (http://immcantation.
org) was used to analyze sequencing data with Change-O
(v.1.3.0) (Gupta et al., 2015). Data preprocessing involved an-
notating filtered_contig.fasta files using reference V(D)J germ-
line sequences in the container and converting them to AIRR
format with IgBlast (Ye et al., 2013). Non-productive sequences,
cells with multiple heavy chains, and cells without heavy chains
were excluded. Cluster thresholds were calculated using the
SHazaM package (v.1.1.2) (Gupta et al., 2015) and clones were
defined using hierarchicalClones (only_heavy = TRUE) from the
scoper package (v.1.2.1) (Nouri and Kleinstein, 2020). Germline
sequences for heavy chains were created using the dowser
package (v.1.1.1) (Hoehn et al., 2021). Somatic hypermutation in
the V gene was calculated with observedMutations function
from ShazaM, and clones were formatted using formatClones
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function from dowser. Lineage trees were constructed using
getTrees function (collapse = TRUE) from dowser. Honeycomb
plots were generated with the enclone tool (v.0.5.219) (10x Ge-
nomics) using the raw json files input data.

Mucus and feces collection and processing

Mucus was obtained by scraping off the epithelial surface of
macroscopically unaffected fresh tissue samples from the ter-
minal ileum and ascending colon of patients undergoing right
hemicolectomy. Aliquots of microbial samples from mucus or
fecal samples were weighed and resuspended at 100 or 50 mg/
ml, respectively, in PBS with protease inhibitors from SIGMA-
FAST protease inhibitor tablets (Sigma-Aldrich). Mucus samples
were homogenized by vigorous vortexing for 5 min and then
centrifuged at 400 g for 5 min to pellet large debris. Homoge-
nized fecal samples were allowed to sediment by gravity for
5-10 min at 4°C, and clarified fecal suspensions were centrifuged
to pellet any remaining debris. The resulting supernatant was
filtered through a sterile 70-pm cell strainer and centrifuged at
8,000 g for 5 min to pellet microbes. At this stage, supernatants
were saved and frozen at -80°C to allow subsequent measure-
ments of bacteria-free SIgAl and SIgA2 by ELISA. Microbial
pellets were used to perform bacterial flow cytometry and
sorting.

ELISAs

To measure IgA, IgAl, and IgA2, 96-well ELISA plates (Thermo
Fisher Scientific) were coated overnight at 4°C with goat anti-
human Ig (polyclonal, cat. 2010-01; Southern Biotech), mouse
anti-human-IgAl (clone B3506B4), and anti-IgA2 (clone 14AS)
mAbs (Abcam), respectively at 1 ug/ml in carbonate-bicarbonate
buffer. Plates were blocked with 5% BSA for 2 h at room tem-
perature and serial dilutions of supernatants from processed
intestinal mucus samples were added and incubated for 2 addi-
tional hours. Then, for total IgA, plates were incubated with
horseradish peroxidase-conjugated anti-human IgA secondary
antibody (Southern Biotech) diluted 1:4,000 in PBS-Tween-20
supplemented with 1% BSA for 45 min at room temperature. For
IgAl and IgA2, biotin-labeled mouse mAbs to human IgAl or
human IgA2 (clones B3506B4 and A9604D2; Abcam, respec-
tively) were added at 0.5 pg/ml for 1 h, followed by incubation
with 1 pg/ml peroxidase-conjugated streptavidin (Vector Labo-
ratories) for 45 min. 5,5'-Tetrametil-benzidina (TMB) substrate
reagent set (BD Bioscience) was added until standard saturation
and the reaction was stopped with 1 M H,SO,. OD,5, was mea-
sured and antibody concentrations were calculated after back-
ground subtraction.

Bacterial flow cytometry and sorting

To measure endogenous SIgM, SIgA, SIgAl, and SIgA2 bound to
intestinal bacteria, fecal pellets or mucus samples were re-
suspended in PBS and incubated for 30 min on ice with the
following antibody combinations: anti-human IgM APC (clone
SA-DA4; Southern Biotech) and anti-human IgA PE (Miltenyi
Biotec) or anti-human IgAl AF647 (clone B3506B4; Southern
Biotech) and anti-human IgA2 PE (clone IS11-21E11; Miltenyi).
Finally, bacterial samples were washed and resuspended in PBS
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with SYTO BC (1:4,000; Thermo Fisher Scientific) for 15 min on
ice to perform bacterial flow cytometry. Contamination was
minimized by passing all buffers and media through sterile 0.22-
pm filters before use and working under a sterile hood. Bacterial
flow cytometry was performed using a FORTESSA Cytometer
(BD Bioscience) or with the Cytek Aurora Cytometer (Cytek
Bioscience) with low forward scatter (FSC) and side scatter
(SSC) thresholds to allow bacterial detection. FSC and SSC were
set to a log scale and samples were gated FSC*SSC*SYTO BC*
PercP cy5.5-/°% and then assessed for SIgA and SIgM or SIgAl
and SIgA2 staining. Microbial samples from human feces were
sorted using a FACSAria II (BD Biosciences) instrument with an
85-pm nozzle to minimize contamination (Jackson et al., 2021).
Threshold settings were set to the minimal allowable voltage
for SSC and 50,000 events were collected from the input
and bacterial SIgA1-SIgA2-, SIgAl*SIgA2-, SIgAl*SIgA2*, and
SIgA1-SIgA2* fractions or bacterial SIgAl* and SIgAl- fractions
were established according to a specific gating strategy (Fig. 7, A
and H, respectively). Each enriched fraction (typically 50 pl)
was sorted (purity >80%) and stored at -80°C before performing
PCR and sequencing of bacterial 16S rDNA. Multiple precautions
were taken to minimize potential contamination of sorted bac-
terial fractions, including collecting samples from the flow cy-
tometer droplet stream (sheath fluid) immediately before and
after each sorting to allow assessment of any potential con-
taminants in fluid lines.

In all experiments involving bacterial flow cytometry and
bacterial FACSorting, mucus or fecal samples were also stained
with isotype controls (anti-human CD3 AF647 [clone UCHTI;
Southern] and anti-human CD117 PE [A3C6E2; Miltenyi]) to
guide the specific gating strategies. The isotype controls were
fluorescently labeled, came from the same species, and were at
the same concentration as the anti-Ig antibodies used for the
analysis.

Bacterial 16S rRNA gene analysis

16S rRNA amplicons from sorted bacteria were generated by
adding 2.5 pl of each bacterial fraction directly into the Platinum
PCR SuperMix High Fidelity (Thermo Fisher Scientific) solution,
which contains PCR primers that target bacterial 16S V3 and
V4 regions (Table S6) in triplicate 20-ul reactions. 16S rRNA
analysis was also performed with samples collected from the
flow cytometer droplet stream before every sort (sheath fluid),
which permitted the identification of contaminant sequences
that did not originate from the sorted sample. The following PCR
conditions were used: an initial denaturation step at 95°C for
10 min was followed by 35 cycles that included 95°C for 30 s,
55°C for 30 s, and 72°C for 30 s, with an ending step of 72°C for
5 min. Triplicate reactions were pooled and subjected to 1% ag-
arose gel electrophoresis to identify correct PCR products. These
gels also included lanes with aliquots from negative control re-
actions. Pooled amplicons were purified with AMPure XP
magnetic beads (Agencourt) and subjected to multiplexed se-
quencing on a MiSeq instrument (Illumina) with the 500 Cycle
V2 Kit (2 x 250 bp). QIIME2 (v2019.1, [Bolyen et al., 2019]) was
used to execute the whole 16S analysis. Paired-end 250 nucleo-
tide reads were filtered using dada2 (Callahan et al., 2016), and
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the sequences obtained were grouped into a phylogenetic tree.
Those sequences were identified using the Greengenes database
(version 13_8, 97%_otus). Similar to sorted fractions, sheath
fluid samples were sequenced and processed to identify putative
contaminant operational taxonomic units (OTUs). A comparison
against “high-biomass” samples (fecal samples) was performed
to identify the most frequent contaminant OTU detected in the
sheath fluid but not high-biomass samples. The more abundant
OTU sequences in the sheath fluid (>1,000 counts) were ex-
cluded from all the samples. Rarefied a diversity plots for
Shannon Index and Phylogenetic Diversity (PD_whole_tree)
were generated using default QIIME2 scripts, randomly sub-
sampling each sample to 64,800 counts. An EI was calculated for
each OTU (OTUs present in three or more input samples): EI =
Log 10 ([0TU% in SIgN]/OTU % in input). As confirmation, we
also measured the probability index (Jackson et al., 2021) using
the provided pipeline (https://cran.r-project.org/web/packages/
IgAScores/vignettes/IgAScores.html).

Bacterial reactivity of secreted Igs from mucus

To measure the reactivity of free SIgAl and SIgA2 from ileal and
colonic mucus samples, supernatants from the bacterial pellet
(obtained from mucus as previously described) were centrifuged
at 16,000 g for 30 min at 4°C and were then filtered through
0.22-ym filters. The reactivity was measured against 105-10°
heat-inactivated bacterial isolates (65C for 20 min) of the fol-
lowing species: E. coli (25992; ATCC), Bacteroidetes fragilis (25285;
ATCC), B. longum (15707; ATCC), Ruthenibacterium lactatiformans
(100348; ATCC), and Akkermansia municiphila (MBDOO0OS;
Sigma-Aldrich). Free Igs and bacteria were incubated for 30 min
at RT. After washing, bacterial pellets were incubated for 15 min
at RT with the secondary antibodies anti-human IgAl AF647
(clone B3506B4; Southern Biotech) and anti-human IgA2 PE
(clone IS11-21E11; Miltenyi). Finally, bacterial samples were
washed and resuspended in PBS with SYTO BC (1:60,000;
Thermo Fisher Scientific) to perform bacterial flow cytometry.
Contamination was minimized by passing all buffers and media
through sterile 0.22-pm filters before use. For each bacterial
isolate analyzed, a control tube without SIg-containing super-
natants was included to define non-specific binding of secondary
antibodies. Bacterial flow cytometry was performed using a
Cytek Aurora Cytometer (Cytek Bioscience) with low FSC and
SSC thresholds to allow bacterial detection. FSC, SSC, and SYTO
BC were set to a log scale and samples were gated SSC*SYTO BC*
and then assessed for SIgAl and SIgA2 staining.

Quantification and statistical analysis

Differences between means from independent groups were as-
sessed using Prism 5.03 software (GraphPad) and R studio.
Samples were tested for normality, and parametric or non-
parametric statistical tests were applied according to their dis-
tribution. For comparisons between two groups, P values were
determined by unpaired or paired two-tailed Student’s t test
(parametric), two-tailed Mann-Whitney U test, or Wilcoxon
matched paired test (non-parametric) as indicated. For com-
parisons between more than two groups, significance was
calculated by one-way ANOVA with Tukey’s post-hoc test
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(parametric) or with the Kruskal-Wallis test (non-parametric)
as indicated. P values <0.05 were considered significant (*P <
0.05, **P < 0.01, **P < 0.001).

Online supplemental material

Fig. S1 shows the phenotypic analysis of intestinal and circu-
lating B cells and PCs by high-dimensional flow cytometry. Fig.
S2 depicts the repertoire and lineage tree features. Fig. S3 re-
ports Ig repertoire analysis of intestinal B cells after clonal
grouping. Fig. S4 shows the phenotypic analysis of circulating
and intestinal B cells from HCs and UC patients by high-
dimensional flow cytometry. Fig. S5 shows the composition of
fecal bacteria from HCs and UC patients as determined by 16S
rRNA sequencing. Table S1 lists the tissue and blood samples
studied through flow cytometry or immunofluorescence mi-
croscopy, including some key parameters of their donors. Table
S2 lists the stool specimens analyzed by 16S rRNA sequencing,
including some key parameters of their donors. Table S3 lists the
intestinal mucus samples analyzed by FCA. Table S4 lists the
antibodies used to perform flow cytometry, immunofluores-
cence microscopy, and ELISA. Table S5 lists the populations and
numbers of cells sorted to perform high-throughput Ig gene
repertoire analysis. Table Sé lists the primers used to perform
high-throughput next-generation sequencing. Table S7 shows
the number of IGHV sequences that have passed each stage of the
preprocessing. Table S8 shows the numbers of IGHV sequences
that have passed IMGT and filtering for functional sequences as
well as the number of clones and threshold for their assignment.

Data availability

Ig gene and 16s RNA sequencing data are publicly avail-
able at NCBI's Sequence Read Archive, accession codes
PRJNA596067 and PRJNA902959, respectively. Raw and
processed sequencing reads of scRNA and V(D)J-seq are
available in Gene Expression Omnibus under accession
number GSE268929. Mehr lab scripts mentioned in the
section on lineage tree-based analysis are available from
Hadas Neuman (hadas.doron@gmail.com) or Ramit Mehr
(Ramit.Mehr@BIU.ac.il) upon request. All other data sup-
porting the findings of this study are available within the
article and its supplementary information files. Materials
and correspondence: Further information and requests for
resources and reagents should be directed to and will be
fulfilled by the lead contacts, Andrea Cerutti (acerutti@
researchmar.net) and Giuliana Magri (gmagri@ub.edu).
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Figure S1. Human Intestinal IgAl* and IgA2* PCs express a comparable phenotype and canonical PC properties. (A) FCA and MFI of intracellular
BLIMP-1 or surface CD27, CD43, CD319, CD20, and CXCR4 in intestinal naive B cells, IgAl* PCs and IgA2* PCs of a representative adult donor (top panels) or at
least three donors (bottom panels). (B) FCA of IgM, IgD, IgA, IgA1, and IgA2 was performed on circulating viable DAPI-CD19* B cells to validate the specificity of
the staining to IgA2 subclass. IgA1* cells were defined as IgA* IgA2~, whereas IgA2* cells were defined as IgA* IgA2*. (C) FCA of intracellular BLIMP-1 and
surface CD27, CD319, CD20, or HLA-DR in control naive B cells (gray) as well as CD19*CD45* (or CD19*), CD19-CD45* (or CD19-), and CD19-CD45~ (or CD457)
subsets of total viable DAPI- CD10-CD38" IgA* PCs from the terminal ileum or ascending colon of a representative adult donor (top panels) or at least three
donors (bottom panels). Data show one of at least three experiments yielding similar results (B) or summarize results from three or more donors (A and C).
Results are presented as mean + SEM; one-way ANOVA with Tukey’s post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure S2. Repertoire and lineage tree features. (A) Diversity profiles showing the calculated repertoire diversity measure 9D in each donor versus the
diversity order g. For g = 1, 9D is the “species richness,” i.e., the number of species—or clones—observed in the repertoire. For q = 2, 9D is Shannon’s in-
formation, which also accounts for species abundance (clone sizes here). Higher orders give more weight to the larger clones by using higher powers of clone
sizes. 34,000 clones were sampled from each repertoire, after excluding naive B cells to avoid biases due to repertoire size. (B) Tree topological features for
D#1 (red), D#2 (orange), D3 (green), and D#4 (blue). All lengths/distances are measured in the number of tree nodes. Minima, maxima, and averages are
calculated per tree, then averaged per donor. Features shown are the following. Leaves, total number of leaves in the tree; Nodes, total number of nodes in the
tree; Od-avg, the average outgoing degree of all nodes; Rootd, root outgoing degree (the number of branches going out of the root node); Trunk, trunk length;
Pl-min, the minimum path length from the root to a leaf, including the trunk; Dasn-min, the minimum distance between adjacent split nodes (“forks”), i.e., an
inverse measure of tree branching; Drsn-min, the minimum distance from the root to any split node; Dlfsn-avg, the average distance from a leaf node (branch
end) back to the first split node. (C and D) Pie chart and numbers of lineage trees containing sequences of the indicated isotypes (C) or only of IgA isotype (D) in
all four donors.
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Figure S3. Some human intestinal IgA2 may derive from both GC and extra-GC IgA1* B cells. (A) Lineage trees from a representative donor. Color codes
correspond to specific B cell and PC subsets. Trees were colored using a custom script and drawn using a local version of Graphviz. ME, memory; IL, ileum.
Numbers indicate mutations; edges with no attached number indicate one mutation. (B) Circos plots from donor D#3 depicting clonal relationships between
GC B cells and PCs and expressing IgAl (left) or IgM (right) as isotype of reference (shown in bold). (C) Average numbers of mutations of IgAl sequences in
clones sharing other antibody classes or subclasses as indicated. D#1, blue; D2, red; D#3, green; D#4, purple. (D) Frequencies of transitions from IgM to IgAl
(left) or from IgM to IgA2 (right) with >2 mutations generated during ME B cell-to-ME B cell, ME B cell-to-PC or PC-to-PC maturation events. Results are
presented as mean + SEM.
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Figure S4. Human gut inflammation induces expansion of mucosal IgA1* PB along with depletion of mucosal and circulating IgA2* memory B cells
and PCs. (A) FCA of IgA and IgA2 expression on total circulating switched memory (SM) B cells and frequencies of IgA2* memory (ME) B cells from total
circulating CD19* B cells of HCs and UC patients. (B) Pearson’s correlations between the frequency of intestinal IgA1* or IgA2* PCs and the frequency of CD19*,
CD19-, and CD45™ IgA* PCs. (C) Representative FCA (left plots) and frequency of CD19*, CD19~, and CD45 PCs (right graphs) on colonic LP IgA* PCs from both
inflamed and non-inflamed gut segments from UC patients (n = 5). (D) FCA of IgD and CD71 expression on total circulating CD19* B cells and frequencies of
recently activated IgD'*“CD71* B cells out of total circulating CD19* B cells in HCs and UC patients. (E) Representative FCA of CD71 expression in circulating
IgA* memory B cells and frequencies of recently activated CD71* B cells out of total IgA1* memory B cells from HCs and UC patients. Data show one of more
than three experiments yielding similar results (A left, C left, and D left) or summarize results from 17 HCs to 13 UC patients (A right, B, D, and E) or 5 UC
patients (C). Error bars, SEM; Mann-Whitney U test (A, D, and E), Wilcoxon matched paired test (C). *P < 0.05, **P < 0.01.
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Figure S5. The fecal bacterial MB from HCs and UC patients does not show major compositional differences. (A and B) Frequencies of phyla (A) and
genera (B) in fecal bacterial inputs obtained from fecal MB of HCs and UC patients as in Fig. 7 H (left plot). (C) Phylogenetic richness (left), shown as Faith_PD
index, and species diversity (right), shown as Shannon index, of fecal MB input samples obtained as depicted in Fig. 7 H (left plot) from HCs and UC patients.
(D) PCA shows the B diversity of fecal MB input samples from HCs and UC patients. (E) EI for Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, and
Verrucomicrobia in bacterial IgA1* and IgAl- fractions obtained from the fecal MB of HCs and UC patients as in Fig. 7 H (left plot). (F) IgA1 El in Firmicutes,
Actinobacteria, Bacteroidetes, and Proteobacteria in bacterial fractions obtained from the fecal MB of HCs and UC patients as in Fig. 7 H (left plot). Data
summarize the results of 14 HC and 14 UC. Error bars, SEM (C); two-tailed Mann-Whitney U test (C, E, and F); *P < 0.05.
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Provided online are Table S1, Table S2, Table S3, Table S4, Table S5, Table S6, Table S7, and Table S8. Tables S1 shows tissue and
blood samples analyzed by flow cytometry (FC) or immunofluorescence (IF) microscopy. Table S2 shows fecal samples. Table S3
shows intestinal mucus samples. Table S4 shows antibodies used for flow cytometry, immunofluorescence microscopy, and ELISA.
Table S5 shows populations and number of cells sorted for Ig gene repertoire analysis. Table S6 shows primers used for
next-generation sequencing. Table S7 shows the number of IGHV sequences that have passed each stage of preprocessing. Table S8
shows the number of IGHV sequences that have passed IMGT and filtering for functional sequences as well as the number of clones
and threshold for their assignment.
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