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Gut-associated lymphoid tissue (GALT), such as Peyer’s patches (PPs), are key inductive sites that generate IgA™ B cells, mainly
through germinal center (GC) responses. The generation of IgA™ B cells is promoted by the presence of gut microbiota and dietary
antigens. However, the function of GALT in the large intestine, such as cecal patches (CePs) and colonic patches (CoPs), and their
regulatory mechanisms remain largely unknown. In this study, we demonstrate that the CePs possess more IgG2b* B cells and
have fewer IgA" B cells than those in PPs from BALB/c mice with normal gut microbiota. Gene expression analysis of
postswitched transcripts supported the differential expression of dominant antibody isotypes in B cells in GALT. Germ-free
(GF) mice showed diminished GC B cells and had few IgA* or IgG2b" switched B cells in both the small and large intestinal
GALT. In contrast, myeloid differentiation factor 88- (MyD88-) deficient mice exhibited decreased GC B cells and presented
with reduced numbers of IgG2b* B cells in CePs but not in PPs. Using ex vivo cell culture, we showed that CePs have a
greater capacity to produce total and microbiota-reactive IgG2b, in addition to microbiota-reactive IgA, than the PPs. In line
with the frequency of GC B cells and IgG2b* B cells in CePs, there was a decrease in the levels of microbiota-reactive IgG2b
and IgA in the serum of GF and MyD88-deficient mice. These data suggest that CePs have a different antibody production
profile compared to PPs. Furthermore, the innate immune signals derived from gut microbiota are crucial for generating the
IgG2b antibodies in CePs.

1. Introduction phoid tissue (GALT) is a key inductive site for initiating

antigen-specific immune responses against such luminal

The immune system of the gut contributes to the mainte-
nance of intestinal homeostasis in the face of continual expo-
sure to large amounts of food-derived antigens, commensal
microbiota, and invading pathogens. The gut-associated lym-

antigens. GALT is composed of Peyer’s patches (PPs), which
are located in the small intestine, and their counterparts in
the cecum (cecal patches (CePs)) and colon (colonic patches
(CoPs)) and solitary intestinal lymphoid tissue, such as the
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cryptopatches and isolated lymphoid follicles that are present
throughout the intestine [1-3]. The primary role of the
GALT is the generation of immunoglobulin A- (IgA-) pro-
ducing B cells [4]. The B cell follicles in PPs contain chronic
germinal centers (GCs), a microenvironment where activated
B cells expressing activation-induced cytidine deaminase
(AID) not only induce class-switch recombination from
IgM into IgA but also drive somatic hypermutation to gener-
ate antibody diversity [5]. In addition, subepithelial dome
(SED) of PPs is reported to be the sites of localization of acti-
vated B cells at the pre-GC stage which express AID and
undergo class-switch recombination to IgA [6, 7]. IgA™ B
cells generated in PPs then enter circulation and systemically
travel through blood and lymphatics into the intestinal lam-
ina propria. After reaching the lamina propria, the IgA™ B
cells terminally differentiate into plasma cells to secrete
dimeric IgA. In addition, follicular helper T (Tth) cells and
follicular dendritic cells (FDCs) directly interact with B cells
in the GCs of PPs to promote these reactions and mediate
the selection of B cells expressing high-affinity antibodies
[8]. Dysregulation of selection of IgA-producing B cells in
GCs of PPs results in alterations in the composition of gut
microbiota [9]. However, the function of GALT in the large
intestine has not been well described. It is likely that the
GALTs in the large intestine, namely, CePs and CoPs, are
responsible for the induction of IgA* B cells with different
migratory properties. Adoptive transfer experiments have
shown that IgA™ B cells derived from CePs migrate to both
the large and small intestines, whereas B cells from the PPs
are preferentially recruited to the small intestine [1]. It has
been suggested that CoPs are the main sites for the induction
of antigen-specific IgA-producing cells, which migrate into
the large intestine in response to intrarectal immunization
and/or following systemic priming [10]. However, it is
unknown whether there are differences in the ability of the
GALTSs in the small and large intestines to generate IgA™ B
cells, switch to other antibody isotypes, or produce antibodies
with different affinities.

In addition, the environmental factors in the gut largely
influence the development of GCs in PPs. In mice main-
tained under normal breeding conditions, it has been
observed that unlike systemic lymphoid organs, the GCs in
the PPs are continuously induced due to constant stimula-
tion by the gut microbiota and food-derived antigens [4,
11, 12]. Moreover, germ-free (GF) mice or mice treated with
antibiotics (to reduce and/or eliminate gut microbiota) have
fewer GCs in their PPs [13, 14]. In particular, it has been
reported that defects in signaling via myeloid differentiation
factor 88 (MyD88), which is an adaptor protein for most
toll-like receptors (TLRs), plays a key role in microbiota-
dependent signaling, leading to poor GC responses and
development of IgA™ B cells in the PPs [15]. In addition, it
has been reported that the mice fed on an antigen-free diet,
which is a chemically defined elemental diet, show decreased
GC formation in PPs, compared to the mice on a normal
diet under either specific-pathogen free (SPF) or GF condi-
tion [11, 12]. Although it is known that the abundance and
diversity of the commensal bacteria and food-derived anti-
gens in the lumen vary along the different sections of the
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gastrointestinal tract, it remains to be elucidated whether
GC formation and generation of class-switched antibody
isotypes are differentially regulated in the GALTs of the
small and large intestines.

In this study, we demonstrated that the GALTs in the
cecum, i.e., CePs, have more IgG2b" B cells and fewer IgA™
B cells than those in the PPs. Furthermore, compared to the
PPs, CePs produced increased levels of microbiota-reactive
IgG2b and IgA. Although intestinal microbiota is essential
for inducing GC responses that generate the IgA and IgG2b
antibody isotypes in the GALT's of both the small and large
intestines, gut microbiota-dependent innate immune signal-
ing is crucial for these responses in CePs. These signaling
pathways also contribute to the supply of microbiota-
reactive IgA and IgG2b in systemic circulation in correlation
with the abundance of GC responses in CePs. These data pro-
vide a novel role for CePs in antibody production.

2. Materials and Methods

2.1. Mice. Wild-type (WT) BALB/c mice were purchased
from CLEA Japan (Tokyo, Japan) and maintained under
either conventional (CV) or SPF conditions. MyD88” " mice
on a BALB/c background were purchased from Oriental Bio-
Service (Kyoto, Japan) and kept under SPF conditions. GF
BALB/c mice were maintained in sterile vinyl isolators at
an animal facility. GF conditions of the isolators were veri-
fied every month based on the aerobic and anaerobic cul-
tures and gram staining of fresh feces from the mice. Mice
were maintained at 23-25°C and 40-60% humidity and
under a 12:12h light-dark cycle. Eight- to fourteen-week-
old mice were used for this study.

2.2. Preparation of Serum and Fecal Samples. Serum samples
were prepared by centrifuging (3000 rpm for 10 min at 4°C)
whole blood samples that were collected via cardiac puncture.
To prepare fecal extracts, freshly collected feces were sus-
pended and homogenized in PBS containing 50 mM ethylene-
diaminetetraacetic acid (EDTA) and 0.1mg/ml trypsin
inhibitor (Sigma-Aldrich, St. Louis, MO, USA). These extracts
were adjusted to a concentration of 25mg/ml of feces. The
supernatants were collected after stepwise centrifugation with
increasing force (3000 rpm for 10 min, 10000 rpm for 10 min,
and 15000 rpm for 10 min at 4°C) of the homogenates.

2.3. Cell Preparation. Single cells were prepared from the
GALTs from small and large intestines using the method
described previously [16]. Briefly, PPs, CePs, and CoPs were
washed with RPMI 1640 medium (Nissui, Tokyo, Japan)
supplemented with 50 U/ml penicillin, 50 yg/ml streptomy-
cin, 2mM L-glutamine, and 50uM 2-mercaptoethanol,
minced into small pieces, and then incubated in RPMI 1640
medium containing 10% FCS (Biowest, Nuaillé, France),
1 mg/ml collagenase D (Roche Diagnostics, Mannheim, Ger-
many) (Roche Diagnostics, Indianapolis, IN, USA), and
20 ug/ml DNase I (Roche Diagnostics) for 50 min. The cell
suspensions were filtered through a 70 um cell strainer,
washed, and resuspended in RPMI 1640 medium containing
10% FCS.
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2.4. Cell Culture. Single-cell preparations (between 1 x 10°
cellsand 5 x 10° cells) from the small or large intestinal GALT
were cultured in 96-well flat-bottom plates in the presence of
lipopolysaccharide (LPS, extracted from Escherichia coli
055:B5, Sigma-Aldrich), Pam3CSK4 (InvivoGen, San Diego,
CA, USA), or CpG DNA (ODN 1826, InvivoGen) for 7 days.
The supernatants of the cell cultures were collected and used
for the enzyme-linked immunosorbent assay (ELISA).

2.5. Flow Cytometry. Freshly isolated cells were washed in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-
Aldrich) supplemented with 1% bovine serum albumin
(Sigma-Aldrich), 10mM HEPES, 2mM sodium pyruvate,
10 mM EDTA, and 0.01% NaN,. Nonspecific binding to
Fc receptors was blocked with anti-CD16/CD32 (93; BioLe-
gend, San Diego, CA, USA) for 15min. Cells were treated
with biotin-conjugated antibodies and then incubated for
20min on ice. The cells were washed twice with supple-
mented DMEM. Fluorescence-conjugated antibodies or
streptavidin was added to the cells and incubated for
20min on ice. The cells were washed and resuspended in
supplemented DMEM. Flow cytometry was performed using
FACSCanto (BD Biosciences, Franklin Lakes, NJ, USA), and
data analysis was performed using FlowJo software v10.3
(Tree Star, Ashland, OR, USA).

The following biotin or fluorescence-labeled antibodies
were used: biotin anti-IgM (II/41; eBioscience, San Diego,
CA, USA), biotin anti-IgA (11-44-2; eBioscience), biotin
anti-IgG1 (A85-1; BD Biosciences), biotin anti-IgG2b (R12-
3; BD Biosciences), biotin anti-IgG3 (R40-82; BD Biosciences),
biotin anti-CXCR5 (SPRCLS5; eBioscience), biotin rat I1gG1
isotype control (eBRG1; eBioscience), biotin rat IgG2a isotype
control (eBR2a; eBioscience), fluorescein isothiocyanate
(FITC) anti-CD4 (RM4-5), PerCPCyanin5.5 anti-mouse
CD3e (145-2Cl11, BioLegend), APC (allophycocyanin) anti-
programmed cell death protein 1 (PD-1) (RMP1-30; BioLe-
gend), FITC anti-B220 (RA3-6B2; BioLegend), PE anti-GL7
(GL-7; BD Biosciences), Alexa Fluor647 anti-CD95 (Jo2; BD
Biosciences), PerCPCyanin5.5 anti-mouse CD38 (90; BioLe-
gend), PerCPCyanin5.5 anti-mouse CD196 (CCR6, 29-2L17;
BioLegend), PerCPCyanin5.5 rat IgG2a isotype control (R35-
95; BD Biosciences), PerCPCyanin5.5 Armenian hamster
IgG isotype control (HTK888; BioLegend), and streptavidin-
PE and streptavidin-PECyanin7 (eBioscience).

2.6. ELISA. Concentrations of total IgA, IgG2b, and IgM in
culture supernatants, serum, and fecal extracts were deter-
mined by sandwich ELISA, with minor modifications to
protocol described previously [17]. Goat anti-mouse IgG
F(ab')2 fragment antibody (Sigma-Aldrich) was used as a
capture antibody to measure all antibody isotypes. Alkaline
phosphatase-conjugated goat anti-mouse IgA, IgG2b, and
IgM (Southern Biotech, Birmingham, AL, USA) were used
to detect the antibodies in the collected samples. Color
development was performed by adding p-nitrophenyl phos-
phate (Fujifilm Wako Pure Chemical Corporation, Osaka,
Japan) as the substrate. Optical density was measured at
405nm using a Multiskan GO microplate spectrophotome-
ter (Thermo Fisher Scientific, Waltham, MA, USA).

The amount of microbiota-reactive IgA and IgG2b was
measured using the bacteria isolated from fecal samples of
CV BALB/c mice (instead of capture antibodies) and as
per the procedure described previously [18]. Briefly, fecal
bacteria were prepared from 0.2g of freshly isolated feces
homogenized in sterile PBS, and the pellet containing debris
and mouse cells was removed after centrifugation at
1000 rpm for 5min, followed by filtration through a 40 ym
cell strainer. The isolated bacteria were washed twice with
PBS, heat-killed at 85°C for 1h, and then resuspended in
10ml of 0.05M carbonate-bicarbonate buffer (pH 9.6). Fecal
bacterial preparations (100 yl) were added to the wells of an
ELISA plate. Subsequently, the above-mentioned procedures
were repeated to measure total IgA and IgG2b levels.

2.7. Quantitative Reverse Transcription Polymerase Chain
Reaction (RT-PCR). Total RNA was isolated from single cells
of small and large intestinal GALT using a High Pure RNA
Isolation Kit (Roche Diagnostics, Mannheim, Germany)
and reverse transcribed into cDNA using SuperScript™ III
Reverse Transcriptase (Invitrogen, Carlsbad, CA). Quantita-
tive PCR was performed using the LightCycler® 96 system
(Roche Diagnostics, Mannheim, Germany) and the KAPA
SYBR Fast qPCR kit (Kapa Biosystems Inc., Wilmington,
MA, USA). Thermal cycling conditions were as follows:
95°C for 3min for preincubation, 45 cycles at 95°C for 10s,
63°C for 20s, and 72°C for 1s. Data were analyzed using
the LightCycler 96 software version 1.1 (Roche Diagnostics).
mRNA expression of target genes was normalized to the
expression of hypoxanthine phosphoribosyltransferase (Hprt)
as an internal control, and the relative gene expression was
calculated using the 2744t method.

Primers used for Hprt, Aicda, and post-class-switched
transcript (PST) for IgA and IgG2b antibodies are as follows:
Hprt—forward: 5 -GCCCCAAAATGGTTAAGGTT-3' and
reverse: 5 '-TTGCGCTCATCTTAGGCTTT-3'; Aicda—for-
ward: 5'-AAATTCTGTCCGGCTAACCA-3" and reverse: 5'
-CATTCCAGGAGGTTGCTTTC-3'; PSTa—forward: 5'-
ACCTGGGAATGTATGGTTGTGGCTT-3' and reverse: 5'-
GAGCTGGTGGGAGTGTCAGTG-3'; and PSTy2b—for-

ward: 5'-ACCTGGGAATGTATGGTTGTGGCTT-3' and
reverse: 5' -CGGAGGAACCAGTTGTATC-3.

2.8. Statistical Analysis. Statistical significance was calculated
using the SPSS software (IBM SPSS Statistics 20, Interna-
tional Business Machines Corp., Armonk, NY, USA). Data
were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey’s HSD test or Dunnett’s T3 test. The
unpaired two-tailed Student’s t-test was used for analyzing
the serum and fecal antibody concentrations. Differences
were considered statistically significant at p < 0.05.

3. Results

3.1. Effect of Commensal Microbiota on GC Formation and
Cell Surface Antibody Expression on B Cells in the GALTs
of the Small and Large Intestines. To determine the differ-
ence in the formation of GCs in GALT of the small and large
intestines, we analyzed the cellularity of GC B cells and Tth
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F1GURE 1: The role of gut microbiota in GC formation and antibody expression on B cells in the GALT of the small and large intestines. Flow
cytometric analysis of mononuclear cells of GALT in CV and GF mice was performed. (a) Left panel: flow cytometric dot plot of CD95 and
GL7 expression in B220" cells. Right panel: percentage and absolute numbers of CD95*GL7B220" GC B cells and CD95"GL7"™'B220" pre-
GC B cells. (b) Left panel: flow cytometric dot plot of CXCR5 and PD-1 expression in CD4"CD3" cells. Right panel: percentage and absolute
numbers of CXCR5"PD-17CD4"CD3" Tth cells. (c) The percentage of B220" total B cells, CD95"GL7"B220" GC B cells, and CD95*GL7”’
inB220" pre-GC B cells expressing IgA or IgG2b. Data are shown as the mean + SD and are representative of flow cytometric dot plots from
six to eight independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.

cells in CV BALB/c mice. The frequency of CD95"GL7"B220"
GC B cells and CXCR5"PD-1"CD4"CD3" Tth cells in PPs and
CePs was higher than that in CoPs (Figures 1(a) and 1(b),
Figure Sla). The absolute numbers of these cells were
highest in PPs, intermediate in CePs, and lowest in CoPs
and might be dependent on the total cellularity of each tissue
(Figures 1(a) and 1(b)). Furthermore, a similar trend was
found in the frequency and absolute number of the
CD95"GL7"™B220" B cell subpopulation in each GALT
(Figure 1(a)). Then, we tried to characterize this B cell
faction and found that these B cells included chemokine
receptor 6 (CCR6)" and CD38" populations (Figure S2),
representing the pre-GC stage [6, 19, 20]. Next, we analyzed
the expression of antibody isotypes on each B cell
subpopulation in GALT. The expression of IgA on total B
cells was higher in PPs than in the GALT from the large
intestine (Figure 1(c) and Figure S1b). We then investigated
the levels of the other isotypes that are highly expressed by B
cells in the GALT of the large intestine and found that the
expression of IgG2b on total B cells was highest in CePs
(Figure 1(c) and Figures Slc and S3). These differential
expression patterns of antibody isotypes were more
prominent in not only GC but also pre-GC B cells. While

the B cell populations from PPs preferentially expressed
IgA, those from CePs predominantly expressed IgG2b
(Figure 1(c), Figure S1b and c).

Thereafter, we investigated the impact of the commensal
microbiota on GC formation and cell surface antibody
expression in B cells from the GALT in the small and large
intestines of GF mice compared to CV mice. The proportion
and absolute numbers of GC B cells, pre-GC B cells, and Tth
cells in each tissue were significantly reduced in GF mice
(Figures 1(a) and 1(b)). We detected fewer GC B cells and
Tth cells within CePs and CoPs than in the PPs of GF mice.
Furthermore, the expression of both IgA and IgG2b on total,
pre-GC, and GC B cells in each tissue was dramatically
reduced in GF mice compared to CV mice (Figure 1(c)).

Taken together, these data suggest that compared to the
B cells in PPs, which are IgA™ B cells generated in a com-
mensal microbiota-dependent manner, those in CePs are
IgG2b" B cells.

3.2. Differential Class-Switch Recombination in GALT from
the Small and Large Intestines. To further characterize the
differential expression of the dominant antibody isotype on
B cells from the GALT in small and large intestines, we
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FIGURE 2: Analysis of gene expression to evaluate class-switch recombination in the GALT from small and large intestines. Total RNA was
isolated from mononuclear cells from the GALT in CV and GF mice. The gene expression of Aicda and postswitched transcripts for IgA and
IgG2b was measured by real-time PCR. Data are shown as the mean + SD for three to five independent experiments. *p < 0.05, **p < 0.01,

and ***p < 0.001.

examined the process of class-switch recombination. After
evaluating the relative proportion of B220" B cells in each
tissue (data not shown), we analyzed the expression of the
transcripts for AID (Aicda), which is an indispensable
enzyme for class-switch recombination and that of the
post-class-switched transcripts for IgA and IgG2b in mono-
nuclear cells from CV and GF mice. We observed that the
expression of Aicda was higher in PPs and CePs than in
the CoPs of CV mice (Figure 2(a)). These expression pat-
terns are consistent with the frequency of GC B cells in each
tissue. The expression of Iu-Ca, a rearranged transcript for
IgA, was highest in PPs than in the GALTSs in the large intes-
tine (Figure 2(b)). In contrast, we observed the highest
expression of Iu-Cy2b, a postswitched transcript for IgG2b,
in CePs compared to other GALTs (Figure 2(c)). The
expression of Aicda and that of the postswitched transcripts
for both IgA and IgG2b were markedly lower in GF mice
than in CV mice. These data suggest that B cells from the
GALT in the small and large intestines show differential
class-switch recombination.

3.3. Function of MyD88 Signaling on GC Formation and Cell
Surface Antibody Expression in B Cells from the GALT of the
Small and Large Intestines. MyD88 is a key adaptor molecule
in the TLR signaling cascade, which is triggered in response
to the gut microbiota. To examine the role of MyD88 in the
development of GCs and the expression of antibody isotypes
on B cells from the GALT of the small and large intestines,
we used the MyD88”" mice and compared them with WT
BALB/c mice kept under SPF condition. We found that the
proportion and absolute numbers of GC B cells and Tth cells
were significantly reduced in CePs of MyD88”' mice
(Figures 3(a) and 3(b)). Although the proportion and abso-
lute numbers of GC B cells and Tth cells in the PPs and CoPs
of MyD88”" mice were slightly lower than those of WT
mice, the difference was not statistically significant. IgA
expression on total B cells in each tissue was comparable
between MyD88”" and WT mice (Figure 3(c)). However,
IgG2b expression in total, pre-GC, and GC B cells in CePs
was significantly reduced in MyD88”" mice (Figure 3(c)).

IgG2b expression in pre-GC B cells from CoPs was also sig-
nificantly reduced in MyDSS'/ " mice (Figure 3(c)). However,
compared to WT mice, there was no decrease in IgA expres-
sion in GC and pre-GC B cells from PPs of MyD88"~ mice
(Figure 3(c)). We noticed that IgA expression in GC B cells
from CoPs was significantly reduced and that in the GC B
cells of CePs from MyD88”" mice had a decrease tendency
compared to that of WT mice (Figure 3(c)). These data sug-
gest that MyD88 signaling is essential for GC formation and
IgG2b expression on B cells within CePs and contributes to
the induction of IgA expression in GC B cells in the GALT of
the large intestine.

3.4. B Cells in CePs Produce High Levels of Commensal
Bacteria-Reactive IgG2b in Response to TLR Ligands. Next,
we examined the ability of GALTs in the large intestine to
produce class-switched isotypes of antibodies and evaluated
the antigen specificity of these antibodies. We isolated single
cells from the GALT in CV BALB/c mice and stimulated the
isolated cells with several ligands for TLRs, such as LPS,
Pam3CSK4, and CpG DNA, which can not only stimulate
B cells to induce class-switch recombination and antibody
production but also activate dendritic cells and T cells to
help the antibody production by B cells [21]. The production
of total IgA in response to TLR ligands was comparable
between PPs and CePs and lower in CoPs (Figure 4(a)). In
contrast, we found that the production of total IgG2b was
highest in the CePs (Figure 4(b)).

Since PPs are important sites for generating IgA against
gut microbiota, we next examined the levels of antibodies
that were capable of binding fecal bacteria. Mononuclear
cells from the GALT in the large intestine were able to pro-
duce higher levels of commensal microbiota-reactive IgA
than the cells from PPs (Figure 4(c)). Therefore, this indi-
cates that compared to the GALT from the large intestine,
PPs have a higher population of IgA-producing cells with a
specificity other than that for commensal microbiota. Addi-
tionally, we found that the production of commensal
bacteria-reactive IgG2b was highest for the mononuclear
cells from CePs (Figure 4(d)). Collectively, these findings
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FiGure 3: The role of MyD88 signaling in GC formation and antibody expression on B cells in GALT from the small and large intestines.
Flow cytometric analysis of the mononuclear cells of each GALT from SPF WT and MyD88”" mice was performed. (a) Left panel: flow
cytometric dot plot of CD95 and GL7 expression in B220" cells. Right panel: percentage and absolute numbers of CD95'GL7"B220" GC
B cells and CD95"GL7"™B220" pre-GC B cells. (b) Left panel: flow cytometric dot plot of CXCR5 and PD-1 expression in CD4*CD3*
cells. Right panel: percentage and absolute numbers of CXCR5"PD-1"CD4"CD3" Tth cells. (c) The percentage of B220" total B cells,
CD95"GL7'B220" GC B cells, and CD95"GL7"™B220" pre-GC B cells expressing IgA or IgG2b. Data are shown as mean + SD and are
representative of the flow cytometric dot plot from seven to eight independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.

suggest that CePs could be important for generating com-
mensal bacteria-reactive IgG2b antibodies and that com-
pared to PPs, the GALT from the large intestine generates
increased levels of commensal bacteria-reactive IgA in
response to TLR ligands.

3.5. Commensal Microbiota-Dependent MyD88 Signaling Is
Crucial for the Production of Commensal Microbiota-
Reactive Antibodies in Systemic Circulation. Next, we aimed
to determine whether the pool of secreted antibodies in the
intestinal mucosa and systemic circulation reflected the dif-
ferential expression patterns of antibody isotypes on B cells
from the GALT. Therefore, we examined the levels of total
and commensal bacteria-reactive antibodies in the feces
and serum of mice maintained under the different experi-
mental conditions. Consistent with previous reports [22],
the concentrations of total IgA in the feces (Figure 5(a))
and those of the total IgA and IgG2b in serum were lower
in GF mice than in CV mice (Figure 5(b)). In addition, com-
mensal bacteria-reactive IgA and IgG2b levels were also
decreased in the serum of GF mice (Figure 5(e)). Unlike
GF mice, the concentration of total IgA in fecal extracts
(Figure 5(c)) and serum (Figure 5(d)) from SPF MyD88-
deficient mice was higher and comparable, respectively, than

that from SPF WT mice. However, there was a decrease in
commensal-reactive IgA in the serum of MyD88-deficient
mice compared to that of SPF WT mice (Figure 5(f)). In
contrast, we found that the amount of total and commensal
microbiota-reactive serum IgG2b was significantly decreased
in MyD88-deficient mice compared to SPF WT mice
(Figure 5(f)). These data suggest that the commensal micro-
biota, via the MyD88 signaling pathway, induces commensal
bacteria-reactive IgA and IgG2b in serum; however, it is
likely that IgA with specificity for antigens other than the
commensal microbiota could be generated in a MyD88
signaling-independent manner.

4. Discussion

Ideally, the GALT is known to produce antigen-specific
IgA"™ B cells. However, the role of GALT in generating B
cells expressing other isotypes remains unclear. In the pres-
ent study, we characterized the differential features of GC B
cells and those of B cells bearing class-switched isotype of
antibodies from the GALT in the large intestine, particu-
larly, in CePs. Specifically, we demonstrated that CePs pos-
sess a large population of IgG2b™ B cells and compared
them to the cells from PPs; those derived from CePs produce
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total IgA and IgG2b in the culture supernatants were measured by ELISA. Data are shown as mean + SD. (c, d) The levels of fecal bacteria-
reactive IgA and IgG2b in the culture supernatants were measured by ELISA. Antibody titers of fecal bacteria-reactive antibodies are shown
as net OD405 units (sample OD405 — mean OD405 of blanks). The mean OD405 value of blanks was 0.21 for IgA and 0.07 for IgG2b. The
results are representative of at least three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001.
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F1GURE 5: Levels of total and commensal microbiota-reactive antibodies in the feces and serum of the mice maintained under the different
experimental conditions. The levels of total or commensal microbiota-reactive antibodies were measured by ELISA. (a) Total IgA in the
fecal extract from CV and GF WT mice. (b) Total IgA, IgG2b, and IgM in serum from CV and GF WT mice. (c) Levels of total IgA in
the fecal extract from SPF WT and MyD88"" mice. (d) Total IgA, IgG2b, and IgM in serum from SPF WT and MyD88"" mice. (e)
Commensal microbiota-reactive IgA and IgG2b from CV and GF WT mice. (f) Commensal microbiota-reactive IgA and IgG2b from
SPF WT and MyD88”" mice. (e, f) Antibody titers of commensal microbiota-reactive antibodies are shown as net OD405 units
(sample OD405 — mean OD405 of blanks). The mean OD405 value of blanks was 0.13 for IgA and 0.06 for IgG2b. Data are shown as the
mean + SD of six to ten mice and are representative of at least three independent experiments. *p < 0.05, **p <0.01, and ***p < 0.001.

higher levels of total and microbiota-reactive IgG2b. Gut
microbiota-dependent MyD88 signaling led to the formation
of GCs and generation of IgG2b" B cells in CePs.

Previous studies suggested that the gut microbiota con-
tributes to GC formation and the development of Tth cells
in PPs [13, 14]. However, our data suggest that the gut

microbiota was largely responsible for mediating these
events in the GALT of the large intestine. In addition,
MyD88 signaling facilitated the development of GC in CePs
but not in PPs. These differences between the GALT in the
small and large intestines may be explained in part by the
effect of dietary antigens [11, 12], which can also stimulate
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GC reactions in PPs. Therefore, our data suggests that dif-
ferent quantities and qualities of environmental factors
between the small and large intestines regulate the func-
tional development and homeostasis of their own GALT.

Our data revealed that CePs are more abundant in
IgG2b" B cells and have fewer IgA™ B cells than the PPs
in CV and SPF BALB/c mice. The levels of postswitched
transcripts for each isotype in the different GALT further
support the isotype class switching patterns in B cells. Class
switching in B cells is dependent on the several cytokines
produced by T cells and dendritic cells [23]. It is well estab-
lished that transforming growth factor- (TGF-) 1 can
induce class-switch recombination to both IgA and IgG2b
[24]. However, thus far, host-derived or environmental fac-
tors that mediate class switching to IgG2b alone have not
been identified. Moreover, TGF-f1 in combination with
IL-5, IL-21, and retinoic acid (RA), which is a vitamin A
metabolite, selectively promotes class-switch recombination
to IgA but inhibits IgG2b [25-27]. Thus, we speculate that
there may be differences in the abundance of these factors
between the GALT in the small and large intestine, result-
ing in the differential expression of preferential class-
switched antibody isotypes on B cells. In line with this idea,
it has been reported that the concentrations of RA follow a
gradient from the proximal to distal intestine, with higher
concentrations being found in the proximal small intestine
and lower concentrations in the large intestine [28].
Administering a vitamin A-deficient diet induced a decrease
in IgA™ B cells and GC B cells in PPs [15]. Future studies
must identify the specific factors and determine the under-
lying mechanisms that regulate the IgA/IgG2b balance in
each GALT.

GCs in secondary lymphoid tissues are well considered
to be key sites where B cells undergo class-switch recombi-
nation. On the other hand, the previous report has suggested
that IgA class switching was observed within PPs in the
absence of GC. In fact, PP B cells represented the pre-GC
stage with GL7™ phenotype-expressed AID and the markers
for IgA class switching [29]. In addition, recent papers have
reported that IgA class-switch recombination may occur in
pre-GC B cells which express CCR6 to access into SED
and interact with dendritic cells and/or M cells before enter-
ing the GC [6, 7]. In this context, our data showed that the
cell surface expression of IgG2b in addition to IgA was
detected in the pre-GC B cell subpopulation which expresses
CCRG6 in each GALT. These data indicate the possibility that
class-switch recombination into IgG2b may occur at pre-GC
B cells in SED of CePs in a similar mechanism to IgA class
switching in PPs.

Previous studies have reported a decrease in the fre-
quency of GC B cells and IgA™ B cells in PPs and the amount
of IgA secreted in the intestinal contents of MyD88”" mice
with a C57BL/6 background [15, 30]. Among the different
cellular mechanisms in the GC responses of PPs, MyD88
signaling is important for regulating the development and
function of Tth cells and FDCs. Indeed, the expression of
B cell activating factor and chemokine C-X-C motif ligand
13 by the FDCs in PP was reduced in MyD88'/ " mice [15].
In adoptive transfer experiments, stromal cell compartments
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containing FDCs from MyD88”" recipient mice were
impaired in inducing GC B cells and IgA™ B cells in PPs.
In addition, the lack of MyD88 signaling in CD4" T cells
was shown to decrease the induction of Tth cells and GC
responses in PPs, leading to a poor supply of IgA-
producing cells in the lamina propria [14]. In contrast to
these studies, we did not observe a remarkable reduction in
GC B cells and IgA™ B cells in PPs or in the levels of IgA
in the feces of MyD88/~ mice on a BALB/c background. This
contradiction might have resulted from the differences in
mouse strains and/or in the intestinal microbiota across
the facilities. Unlike IgA responses, our data indicate that
the frequency of GC B cells and IgG2b™ B cells was
decreased in the CePs of MyD88”~ mice. Therefore, it is pos-
sible that the absence of MyD88 signaling leads to impaired
function and/or decreased numbers of Tth cells and FDCs,
which may result in poor GC formation and class switching
in B cells of CePs. In addition, we speculate that these
immune and nonimmune cells in CePs and PPs may have
different functions in the class switching of B cells. In future,
it will be important to investigate the function of Tth cells
and FDCs in CePs, as opposed to that in the PPs. On the
other hand, we could not rule out the possibility that some
of differences observed between WT and MyD88”" mice
might be due to the differences in the gut microbiota,
because the mice used in the present study were not litter-
mates or in cohousing conditions. Therefore, future studies
will be needed to evaluate either condition.

PPs have important roles in generating high-affinity IgA
against commensal bacteria in a T cell-dependent manner,
wherein Tth cells particularly play an important role. It has
been reported that the excessive proliferation and dysfunc-
tion of Tth cells due to the lack of the inhibitory receptor
PD-1 induce changes in the affinity of IgA for the commen-
sal bacteria and result in alterations in the composition of
gut microbiota [9]. However, the binding capacity of the
IgA generated by GALT in the large intestine has not been
well investigated. In the present study, we showed that the
GALT in the large intestine has a greater ability to produce
microbiota-reactive IgA than the PPs, despite having fewer
IgA™ B cells and producing lower amounts of total IgA in
the cell culture. It is still unknown if in comparison to the
PPs, CePs and CoPs have the ability to produce IgA with
high affinity for commensal bacteria or conversely generate
high levels of IgA with intermediate/low affinity for the com-
mensal bacteria. Our data showed that the cells in PPs pro-
duced IgA that had lower capacity to bind commensal
bacteria, a plausible explanation for which may be the pres-
ence of IgA that is specific for dietary antigens in addition to
the commensal-specific IgA. Moreover, the previous study
showed using PP-deficient mice that PPs were required for
IgA which reacts to diet extracts [31].

Recently, it has been reported that IgG antibodies, par-
ticularly IgG2b and IgG3, bind to the commensal bacteria
in the serum of healthy adult mice [18, 32]. These IgG anti-
bodies have roles in protecting the host from systemic infec-
tions caused by bacteria, such as Salmonella enterica serovar
Typhimurium [18] as well as in preventing the activation of
mucosal helper T cells by limiting the translocation of
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commensal bacteria into mesenteric lymph nodes (MLN)
[32]. Although it has been reported that IgG2b* or IgG3"
B cells are more frequent in PPs and MLNs than in other
lymphoid tissues [32], the primary site for the generation
of these IgG isotype antibodies remains to be determined.
Our data showed that IgG2b" B cells are more abundant in
CePs, and mononuclear cells from CePs produce high levels
of total and microbiota-reactive IgG2b. Notably, the amount
of microbiota-reactive IgG2b was lower in the serum of GF
WT mice and SPF MyD88-deficient mice than in WT
BALB/c mice with normal gut microbiota. Furthermore, this
pattern was consistent with the levels of GC B cells and
IgG2b" B cells in CePs. Therefore, we anticipate that CePs
may be an important source of the microbiota-reactive
IgG2b in systemic circulation.

5. Conclusions

Taken together, our results provide evidence that CePs and
PPs have different functions in the generation of class-
switched antibody isotypes. Specifically, CePs produce a
larger population of IgG2b" B cells in a commensal
microbiota-dependent manner. The IgG2b isotype anti-
bodies produced by the mononuclear cells from CePs exhib-
ited strong binding to commensal microbiota and were
indicative of a potential source of microbiota-reactive IgG2b
in systemic circulation. Thus, our data suggest that manipu-
lating the mechanisms that mediate class switching via
maintaining a well-balanced gut microbiota in the large
intestine may contribute to the prevention of intestinal and
systemic inflammation and infection. Hence, the contribu-
tion of the environmental factors and cellular mechanisms
involved in antibody production in the large intestine needs
to be further investigated.

Data Availability

All data analyzed during this study are included in this man-
uscript and supplementary materials.

Ethical Approval

All animal protocols were approved by the Nihon Univer-
sity Animal Care and Use Committee (permit numbers
AP17BRS0047, AP17B060, AP17B085, AP18BRS099-1,
AP19BRS086-1, and AP21BRS016-1) and carried out in
accordance with their guidelines.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This study was supported by grants from the Japan Society
for the Promotion of Science (KAKENHI 15K07443 to
A.H. and 17K15277 and 20K05914 to M.T.). We would like
to thank Editage (http://www.editage.com/) for English lan-
guage editing.

Journal of Immunology Research

Supplementary Materials

Figure S1: gating strategy of B cell subpopulations in GALT
and their expression of IgA and IgG2b. Figure S2: the
expression of CD38 and CCR6 on the B cell subpopulations
separated by the expression of CD95 and GL7 in GALT from
the small and large intestines in CV mice. Figure S3: the
expression of IgM, IgG1, and IgG3 on B cells in GALT from
the small and large intestines in CV and GF mice.
(Supplementary Materials)

References

[1] K. Masahata, E. Umemoto, H. Kayama et al., “Generation of
colonic IgA-secreting cells in the caecal patch,” Nature Com-
munications, vol. 5, no. 1, p. 3704, 2014.

[2] M. Buettner and M. Lochner, “Development and function of
secondary and tertiary lymphoid organs in the small intestine
and the colon,” Frontiers in Immunology, vol. 7, p. 342, 2016.

[3] M.]J. H. Girard-Madoux, M. Gomez de Aguero, S. C. Ganal-
Vonarburg et al., “The immunological functions of the appen-
dix: an example of redundancy?,” Seminars in Immunology,
vol. 36, pp. 31-44, 2018.

[4] K. Suzuki and S. Fagarasan, “Diverse regulatory pathways for
IgA synthesis in the gut,” Mucosal Immunology, vol. 2, no. 6,
pp. 468-471, 2009.

[5] S. Fagarasan and T. Honjo, “Intestinal IgA synthesis: regula-
tion of front-line body defences,” Nature Reviews. Immunol-
ogy, vol. 3, no. 1, pp. 63-72, 2003.

[6] A.Reboldi, T.I. Arnon, L. B. Rodda, A. Atakilit, D. Sheppard,
and J. G. Cyster, “IgA production requires B cell interaction
with subepithelial dendritic cells in Peyer's patches,” Science,
vol. 352, no. 6287, 2016.

[7] R.J.Komban, A. Stromberg, A. Biram et al., “Activated Peyer’s
patch B cells sample antigen directly from M cells in the sube-
pithelial dome,” Nature Communications, vol. 10, no. 1,
p. 2423, 2019.

[8] L. M. Kato, S. Kawamoto, M. Maruya, and S. Fagarasan, “Gut
TFH and IgA: key players for regulation of bacterial communi-
ties and immune homeostasis,” Immunology and Cell Biology,
vol. 92, no. 1, pp. 49-56, 2014.

[9] S. Kawamoto, T. H. Tran, M. Maruya et al., “The inhibitory
receptor PD-1 regulates IgA selection and bacterial compo-
sition in the gut,” Science, vol. 336, no. 6080, pp. 485-489,
2012.

[10] S. Y. Chang, H. R. Cha, S. Uematsu et al., “Colonic patches
direct the cross-talk between systemic compartments and large
intestine independently of innate immunity,” Journal of
Immunology, vol. 180, no. 3, pp. 1609-1618, 2008.

[11] A.Visekruna, S. Hartmann, Y. R. Sillke et al., “Intestinal devel-
opment and homeostasis require activation and apoptosis of
diet-reactive T cells,” The Journal of Clinical Investigation,
vol. 129, no. 5, pp. 1972-1983, 2019.

[12] S.Hara, T. Sasaki, N. Satoh-Takayama et al., “Dietary antigens
induce germinal center responses in Peyer's patches and
antigen-specific IgA production,” Frontiers in Immunology,
vol. 10, p. 2432, 2019.

[13] S. Fagarasan, M. Muramatsu, K. Suzuki, H. Nagaoka, H. Hiai,
and T. Honjo, “Critical roles of activation-induced cytidine
deaminase in the homeostasis of gut flora,” Science, vol. 298,
no. 5597, pp. 1424-1427, 2002.


http://www.editage.com/
https://downloads.hindawi.com/journals/jir/2022/3974141.f1.pdf

Journal of Immunology Research

(14]

(15]

(16]

(17]

(18]

(19]

(21]

[22]

(23]

[24]

[25]

(26]

(27]

J. L. Kubinak, C. Petersen, W. Z. Stephens et al., “MyD88 sig-
naling in T cells directs IgA-mediated control of the microbi-
ota to promote health,” Cell Host & Microbe, vol. 17, no. 2,
pp. 153-163, 2015.

K. Suzuki, M. Maruya, S. Kawamoto et al., “The sensing of
environmental stimuli by follicular dendritic cells promotes
immunoglobulin A generation in the gut,” Immunity, vol. 33,
no. 1, pp. 71-83, 2010.

M. Tsuda, H. Arakawa, N. Ishii et al., “Dietary fructo-
oligosaccharides attenuate early activation of CD4+ T cells
which produce both Thl and Th2 cytokines in the intestinal
lymphoid tissues of a murine food allergy model,” Interna-
tional Archives of Allergy and Immunology, vol. 174, no. 3-4,
pp. 121-132, 2017.

T. Yanagibashi, A. Hosono, A. Oyama et al., “Bacteroides
induce higher IgA production than Lactobacillus by increasing
activation-induced cytidine deaminase expression in B cells in
murine Peyer's patches,” Bioscience, Biotechnology, and Bio-
chemistry, vol. 73, no. 2, pp. 372-377, 2009.

M. Y. Zeng, D. Cisalpino, S. Varadarajan et al, “Gut
microbiota-induced immunoglobulin G controls systemic
infection by symbiotic bacteria and pathogens,” Immunity,
vol. 44, no. 3, pp. 647-658, 2016.

D. Reimer, A. Y. Lee, ]. Bannan et al.,, “Early CCR6 expression
on B cells modulates germinal centre kinetics and efficient
antibody responses,” Immunology and Cell Biology, vol. 95,
no. 1, pp. 33-41, 2017.

M. J. Robinson, Z. Ding, C. Pitt et al., “The amount of BCL6 in
B cells shortly after antigen engagement determines their rep-
resentation in subsequent germinal centers,” Cell Reports,
vol. 30, no. 5, article e1534, pp. 1530-1541, 2020.

E.J.Pone, H. Zan, J. Zhang, A. al-Qahtani, Z. Xu, and P. Casali,
“Toll-like receptors and B-cell receptors synergize to induce
immunoglobulin class-switch DNA recombination: relevance
to microbial antibody responses,” Critical Reviews in Immu-
nology, vol. 30, no. 1, pp. 1-29, 2010.

J. Cahenzli, Y. Koller, M. Wyss, M. B. Geuking, and K. D.
McCoy, “Intestinal microbial diversity during early-life coloni-
zation shapes long-term IgE levels,” Cell Host & Microbe,
vol. 14, no. 5, pp- 559-570, 2013.

J. Stavnezer, J. E. Guikema, and C. E. Schrader, “Mechanism
and regulation of class switch recombination,” Annual Review
of Immunology, vol. 26, no. 1, pp. 261-292, 2008.

T. M. Mclntyre, D. R. Klinman, P. Rothman et al., “Trans-
forming growth factor beta 1 selectivity stimulates immuno-
globulin G2b secretion by lipopolysaccharide-activated
murine B cells,” The Journal of Experimental Medicine,
vol. 177, no. 4, pp. 1031-1037, 1993.

G.Y. Seo, Y. S.Jang, H. A. Kim et al., “Retinoic acid, acting as a
highly specific IgA isotype switch factor, cooperates with TGF-
B1 to enhance the overall IgA response,” Journal of Leukocyte
Biology, vol. 94, no. 2, pp. 325-335, 2013.

G. Y. Seo, J. Youn, and P. H. Kim, “IL-21 ensures TGF-f1-
induced IgA isotype expression in mouse Peyer's patches,”
Journal of Leukocyte Biology, vol. 85, no. 5, pp. 744-750, 2009.

E. Sonoda, Y. Hitoshi, N. Yamaguchi et al., “Differential regu-
lation of IgA production by TGF-f and IL-5: TGF-f induces
surface IgA-positive cells bearing IL-5 receptor, whereas IL-5
promotes their survival and maturation into IgA-secreting
cells,” Cellular Immunology, vol. 140, no. 1, pp. 158-172, 1992.

(28]

(29]

(30]

(31]

(32]

13

E.]J. Villablanca, S. Wang, J. de Calisto et al., “MyD88 and reti-
noic acid signaling pathways interact to modulate gastrointes-
tinal activities of dendritic cells,” Gastroenterology, vol. 141,
no. 1, pp. 176-185, 2011.

P. Bergqvist, A. Stensson, N. Y. Lycke, and M. Bemark, “T cell-
independent IgA class switch recombination is restricted to the
GALT and occurs prior to manifest germinal center forma-
tion,” Journal of Immunology, vol. 184, no. 7, pp. 3545-3553,
2010.

H. Tezuka, Y. Abe, M. Iwata et al., “Regulation of IgA produc-
tion by naturally occurring TNF/iNOS-producing dendritic
cells,” Nature, vol. 448, no. 7156, pp. 929-933, 2007.

M. Hashiguchi, Y. Kashiwakura, H. Kojima, Y. Kanno, and
T. Kobata, “Peyer's patches contain abundant isotype-
switched B cells with activated phenotypes and are inductive
sites for T-independent anti-DNA IgA,” Immunology Letters,
vol. 211, pp. 53-59, 2019.

M. A. Koch, G. L. Reiner, K. A. Lugo et al., “Maternal IgG and
IgA antibodies dampen mucosal T helper cell responses in
early life,” Cell, vol. 165, no. 4, pp. 827-841, 2016.



	Cecal Patches Generate Abundant IgG2b-Bearing B Cells That Are Reactive to Commensal Microbiota
	1. Introduction
	2. Materials and Methods
	2.1. Mice
	2.2. Preparation of Serum and Fecal Samples
	2.3. Cell Preparation
	2.4. Cell Culture
	2.5. Flow Cytometry
	2.6. ELISA
	2.7. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-PCR)
	2.8. Statistical Analysis

	3. Results
	3.1. Effect of Commensal Microbiota on GC Formation and Cell Surface Antibody Expression on B Cells in the GALTs of the Small and Large Intestines
	3.2. Differential Class-Switch Recombination in GALT from the Small and Large Intestines
	3.3. Function of MyD88 Signaling on GC Formation and Cell Surface Antibody Expression in B Cells from the GALT of the Small and Large Intestines
	3.4. B Cells in CePs Produce High Levels of Commensal Bacteria-Reactive IgG2b in Response to TLR Ligands
	3.5. Commensal Microbiota-Dependent MyD88 Signaling Is Crucial for the Production of Commensal Microbiota-Reactive Antibodies in Systemic Circulation

	4. Discussion
	5. Conclusions
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

