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Peyer’s patches contain abundant isotype-switched B cells with activated
phenotypes and are inductive sites for T-independent anti-DNA IgA
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A B S T R A C T

Peyer’s patches (PPs) are inductive sites for IgA production; however, the induction mechanism of IgA remains
largely unknown. We found that the activated phenotypes of isotype-switched PP B cells were more abundant
than those of splenic B cells. Immunoglobulins (Igs) from PP B cells reacted to several substances, including DNA
and diet extract. Hybridomas established from PP B cells of untreated mice revealed that IgA mainly react with
DNA. PP-deficient mice revealed that PPs were dispensable for a total intestinal IgA amount but were required
for intestinal anti-diet extract and anti-DNA IgA. Antibiotic-treated mice and CD4+ T cell-depleted mice de-
monstrated that the intestinal anti-DNA IgA was induced by microbiota in a T-independent manner.
Interestingly, the oral administration of IgA led to the expansion of intestinal bacteria in a reactivity-independent
manner. Our findings suggest that PPs are unique and efficient inductive sites for IgA, particularly against T-
independent antigens.

1. Introduction

The intestinal tract is the frontline for pathogenic organisms and
commensal bacteria. IgA is a major immunoglobulin (Ig) produced in
mucosal tissues including the intestine [1–4]. Intestinal IgA is induced
by T-dependent (TD) or T-independent (TI) pathway. Many reports
demonstrate that an orally administered protein antigen elicits antigen-
specific IgA, which is TD [5–7]. Some parts of intestinal IgA are natural
polyreactive antibodies [8,9]. Other parts binds to microbiota [10].
These IgAs are T-independently induced. Germ-free animals contain
few IgA [10,11], which leads to that microbiota intensively induces IgA
production. Although IgA has been thought to act mainly for protection
against pathogens, recent work has revealed that IgA contributes to
immune homeostasis. IgA-deficient mice and human study have shown
that IgA plays an important role in controlling the bacterial community
[12,13].

Isotype-switching from IgM to IgA is mediated by several factors.
TGF-β1 is the most well studied cytokine involved in isotype-switching
to IgA; mice deficient for TGF-βRII, a catalytic subunit of TGF-βR, show
impaired IgA production [14,15]. In combination with TGF-β1, IL-21
largely enhances the IgA isotype switch [16,17]. Moreover, B-cell

activating factor of the tumor necrosis factor family (BAFF), TNFSF13b,
and a proliferation-inducing ligand (APRIL), TNFSF13, are known to
enhance IgA production in response to TI antigens [1,18,19]. In addi-
tion to cytokines, retinoic acid also induces IgA production in combi-
nation with TGF-β [20,21]. These are abundantly expressed in the in-
testine, which may account for the high levels of IgA in the intestine.

Peyer’s patches (PPs) are, at least in part, inductive sites for IgA
production [22]. PPs are unique lymphoid tissues scatteredly located in
the small intestine (SI). PPs are organized from three major regions: B
cell follicle, follicle-associated epithelium (FAE) and subepithelial dome
(SED). PPs contain immunocytes, including antigen-presenting cells
such as dendritic cells (DCs), T cells and B cells, required for mounting
immune reactions. Moreover, M cells, specialized epithelial cells for the
uptake of bacteria and viruses from the lumen, are located between FAE
[23,24]. Indeed, the germinal center (GC) is constitutively formed in
PPs even at the quiescent stage. Consistently, most PP lymphocytes
have been previously found to be activated [25,26] and the responses of
PP cells are distinct from those of systemic cells. Our previous report
demonstrated that naïve CD4+ T cells in PPs secrete a higher amount of
IL-6 in response to antigens [27]. PP innate lymphoid cells (ILCs)
constrain commensal bacteria in PPs [28]. PPs contain more GC B cells

https://doi.org/10.1016/j.imlet.2019.05.015
Received 7 May 2019; Received in revised form 21 May 2019; Accepted 26 May 2019

Abbreviations: BSA, bovine serum albumin; DC, dendritic cell; ds, double stranded; ELISA, enzyme-linked immunosortbent assay; GC, germinal center; HAT,
hypoxanthine-aminoprerin-thymidine; HRP, horse radish peroxidase; Ig, Immunoglobulin; ILC, innate lymphoid cell; ILF, isolated lymphoid follicle; MLN, mesenteric
lymph node; LP, lamina propria; LPS, lipopolysaccharide; OVA, ovalbumin; PP, Peyer’s patch; SI, small intestine; TD, T-dependent; Tfh, follicular helper T cell; TI, T-
independent; TNP, trinitrophenyl

⁎ Corresponding author at: Department of Immunology, Dokkyo Medical University School of Medicine, 880 Kitakobayashi, Mibu, Tochigi, 321-0293, Japan
E-mail address: mhashi@dokkyomed.ac.jp (M. Hashiguchi).

Immunology Letters 211 (2019) 53–59

Available online 27 May 2019
0165-2478/ © 2019 European Federation of Immunological Societies. Published by Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01652478
https://www.elsevier.com/locate/immlet
https://doi.org/10.1016/j.imlet.2019.05.015
https://doi.org/10.1016/j.imlet.2019.05.015
mailto:mhashi@dokkyomed.ac.jp
https://doi.org/10.1016/j.imlet.2019.05.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.imlet.2019.05.015&domain=pdf


and PP B cells show more activated phenotypes compared to splenic B
cells [26]. Moreover, BAFF and APRIL treatment in vivo downregulates
PP B GC formation and class-switching [26]. Thus, PPs play distinct
roles in immunological reactions.

In this study, we sought to further characterize PP B cells and their
produced IgA. We analyzed the expressions levels of surface molecules
and transcription factors and found that isotype-switched PP B cells as
well as un-class-switched IgM+ B cells were more abundantly activated.
We also examined the reactivities of IgA produced by PP B cells by in
vitro culture and establishing hybridomas and found that anti-DNA is a
major target of intestinal IgA. We utilized PP-deficient mice induced by
an in utero anti-IL-7R mAb injection to investigate the roles of PPs in the
production of IgA. The anti-DNA IgA was induced by microbiota in a T-
independent manner. Furthermore, the administration of IgA mAb up-
regulated bacterial numbers in the intestine in an antigen-independent
manner. Thus, our findings demonstrate that PPs are inductive sites for
TI anti-DNA IgA.

2. Materials and methods

2.1. Mice

C57BL/6 (B6) mice were purchased from CLEA Japan (Tokyo,
Japan) and B6.Cg-Rag2tmFwa (Rag2-deficient) mice were obtained from
the Central Institute for Experimental Animals (Kawasaki, Japan). All
mice were maintained in the Research Animal Center of Dokkyo
Medical University under specific pathogen-free conditions. Both male
and female mice between the ages of 8 and 16 weeks at the start of
experiments were used. All research involving animals was performed
in accordance with the guidelines of the Committee for the Care and
Use of Laboratory Animals, Dokkyo Medial University (#0950).

2.2. Cell preparation and cell culture

PPs and spleens were minced with scissors, stirred in 1mg/ml col-
lagenase IV and 10 μg/ml DNaseI at 37 °C for 30min, and passed
through a 70-μm filter to obtain a single-cell suspension. Splenocytes
were depleted of erythrocytes using a 0.15M ammonium chloride so-
lution. PP cells and splenocytes for the analysis of surface molecule
expression and MLN cells were mechanically prepared by grinding
using microslides. LP cells from the SI were prepared as previously
described [29]. Cells were cultured for 7 days and culture supernatants
were used for ELISA.

2.3. Preparation of intestinal contents

SI and colon contents were collected, weighed and dissolved in PBS
at 10 μl/mg of content. Mixtures were centrifugated at 12,000xg for
5min. The resulting supernatants were saved for further analysis.

2.4. Enzyme-linked immunosorbent assay (ELISA)

The amounts of Igs in culture supernatants were determined by
isotype-specific ELISA, then 1 μg/ml was used to examine antigen
specificity. Antigen (10 μg/ml of antigen [BSA, insulin, LPS, human (h)
IgG, and double stranded (ds) DNA from Sigma; E. coli, lysed in 1%
Triton-X100 and diluted for 10-fold with water], except for 100 μg/ml
of diet extract)-coated or goat anti-mouse Ig (BioLegend)-coated 96-
well plates (Iwaki, Tokyo, Japan) were treated with 1% bovine serum
albumin to block non-specific binding and incubated with the standards
and appropriately diluted samples, followed by horse radish peroxidase
(HRP)-conjugated isotype-specific Abs. The antibodies used are listed in
Supplementary Table S1. Binding was assessed by 3,3’,5,5’-tetra-
methylbenzidine or o-phenylenediamine dihydrochloride coloring.

2.5. qRT-PCR and qPCR

Total RNA was isolated using TRIzol (Invitrogen). cDNA was syn-
thesized from total RNA using Superscript III or IV reverse transcriptase
(Invitrogen), and qPCR was performed using Thunderbird SYBR qPCR
mix (Toyobo, Japan, Tokyo) and an CFX Connect Real-Time PCR
Detection System (Bio-Rad). Data were normalized to Actb gene ex-
pression levels. The specific primers used are listed in Supplementary
Table S2.

For 16 s qPCR analysis, DNA was prepared form intestinal bacteria
and qPCR analyses were performed as described above.

2.6. Flow cytometry

The culture supernatant from the 2.4G2 (anti-CD16/CD32) hy-
bridoma was used to block nonspecific binding. Fluorochrome-con-
jugated mAbs and streptavidin conjugates were purchased from
BioLegend or eBioscience. The mAbs used for flow cytometry are listed
in Supplementary Table S3. Isotype and fluorochrome-matched mAbs
were used for control staining. Flow cytometry experiments were per-
formed using a FACSCalibur flow cytometer, and data analyses were
performed using FlowJo (TreeStar, Ashland, OR) software.

2.7. Generation of hybridomas

PP, LP, and MLN cells were fused with P3U1 myeloma cells ac-
cording to standard protocols. These were then selected using the hy-
poxanthine-aminopterin-thymidine (HAT) medium. Specificity was
confirmed by Ag-binding by ELISA. Positive cells were cloned using a
limiting dilution method. The anti-trinitrophenyl group (TNP) IgA
(MTIgA-1) was established from the MLNs of TNP-ovalbumin (OVA)-
immunized B6 mice. TNP-specific control rat IgG2b (RTIgG2b-f) was
established by fusing rat popliteal and inguinal LN cells from a TNP-
OVA immunized SD rat with P3U1. mAbs were purified from the ascites
of Rag2-deficient mice administered intraperitoneally with the hy-
bridoma using caprylic acid. Purities were confirmed by SDS-PAGE
followed by CBB staining.

2.8. In vivo treatment

To kill intestinal bacteria, a cocktail of antibiotics (1 mg/ml ampi-
cillin, 1 mg/ml neomycin, 0.5mg/ml vancomycin, and 1mg/ml me-
tronidazole) was continuously administered via drinking water for 2
weeks. The clearance of bacteria in feces were confirmed by the absence
of colony on LB plate culture.

To obtain PP-deficient mice, pregnant female B6 mice (E14.5) were
injected with 1mg anti-IL-7R mAb (A7R34 [30]) intravenously. The
deficiency in the offspring was confirmed by the absence of PPs upon
macroscopic observation.

To deplete the CD4+ cells in mice, 0.5 mg of anti-CD4 mAb (GK1.5,
ATCC; prepared from the ascites using caprylic acid) was administered
ip 4 times (once every 3 days). For the control, rat IgG2b, κ (RTIgG2b-f)
was used.

2.9. Statistical analysis

The significance of the results was determined using two-tailed
Mann–Whitney U-tests or unpaired two-tailed Student’s t-tests with
Prism software (GraphPad software). Values of p < 0.05 were con-
sidered significant.

3. Results

3.1. Isotype-switched B cells with activated phenotypes are abundant in PPs

Our previous study demonstrated that the activated phenotypes of
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PP B cells are abundant and that PPs contain more GC B cells than
splenic B cells [26]. This suggests that more follicular helper T (Tfh)
cells are present in PPs. As expected, CD4+ cells with PD-1hi CXCR5hi,
which represent Tfh, were more abundant in PPs than splenic cells
(Fig. 1A). This abundancy may help in the activation of isotype
switching and Ab production. Prior to analyzing the phenotypes of PP B
cells, each Ig frequency was examined. The frequencies of IgM+ cells in
both PP and spleen were high (Supplementary Fig. 1). In PP B cells,
after IgM, IgA was the second highest, and followed by IgG2b and IgG1.
In splenic B cells, after IgM, IgG2b was the second highest. The fre-
quency of IgA+ cells in splenic cells was around one-tenth that of PP B
cells. B220– plasma cells were observed clearly only on IgA. The
amount of Ig produced in vitro corelated with the frequencies of each Ig
on both PP and splenic B cells (Supplementary Fig. 2). Next, we ex-
amined the phenotypes of isotype-switched B cells in PPs and spleens
(Fig. 1B). Almost all B220+ splenic B cells and all IgMHi and half of the
IgG1+ or IgG2b+ PP B cells expressed CD23, a marker for follicular B
cells, whereas only some fraction of PP IgA+ cells were positive for
CD23. Around half of each isotype from splenic B cells were found to
express CD62L, an activation negative marker. PP B cells, however, did
not express this marker. Consistent with CD62L expression, CD69, an
activation positive marker, was reversely expressed on PP B cells. Si-
milarly, GL7, a germinal center marker, was expressed on more isotype-
switched PP B cells. These findings demonstrate that isotype-switched

PP B cells show a greater frequency of activated phenotypes than
splenic B cells, which suggests that enhanced GC formation upregulates
isotype-switching. B220– IgA+ and B220+ IgA+ cells from lamina
propria (LP) showed similar phenotypes for CD62L, CD69, and GL7 to
those of PPs (Supplementary Fig. 2), which implies that PP B cells
migrate to LP.

3.2. Isotype-switched PP B cells express higher levels of transcription factors

We assumed that the activated phenotypes of PP B cells are brought
about by higher expression levels of the relevant transcription factors.
Each isotype was cell-sorted from PPs or spleens and the mRNA levels of
the transcription factors related to plasma cell differentiation and iso-
type switching were quantified by qRT-PCR (Fig. 2). We confirmed that
B220– IgA+ plasma cells from both PPs and spleens expressed higher
levels of mRNA for Prdm1, a transcript for BLIMP-1, a critical molecule
for plasma cell differentiation. The respective isotypes of PPs expressed
relatively higher levels of Prdm1 than those of spleens. Interestingly,
IgG2b+ PP B cells expressed higher levels of Prdm1 than the other
isotypes in PPs. Although the statistically significant differences were
not observed, these profiles showed similar tendencies on the expres-
sion levels of Xbp1, a molecule required for plasma cell differentiation.
All isotype-switched PP B220+ cells expressed higher levels of Aicda, a
transcript for AID, than those of spleen. Notably, the level of

Fig. 1. Isotype-switched PP B cells show more activated phe-
notypes. (A) PPs contain more Tfh. PP and splenic cells were
examined for PD-1 and CXCR5 expression on CD3+CD4+

cells. The numbers represent the mean ± SD of triplicates.
Data are representative of three independent experiments. (B)
PP and splenic B cells were gated on B220– IgA+, B220+

IgA+, B220+ IgG1+, B220+ IgG2b+, or B220+ IgMHi cells,
and analyzed for CD23, CD62L, CD69 and GL7 expression.
Shaded histograms denote isotype control staining. Data are
representative of two to three independent experiments.

Fig. 2. Isotype-switched B cells in PPs express altered levels of
transcription factors. B220– IgA+, B220+ IgA+, B220+

IgG1+, B220+ IgG2b+, and B220+ IgMHi cells were sorted
from PP or spleen and examined for expression of Prdm1,
Xbp1, Aicda or Bcl6 by qRT-PCR. The data were normalized
with Actb levels and expressed as the mean+ SD of three to
seven independent preparations. Statistical significance was
determined by unpaired two-tailed Student’s t-test.
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B220+IgA+ cells from PPs was much higher than those from spleen.
Similarly, Bcl6, a marker of the GC, was expressed at higher levels in
isotype-switched PP B220+ cells. IgA+ B220+ PP cells showed parti-
cularly higher expression levels of Bcl6 than those of spleens. Taken
together, these results suggest that PP B cells are transcriptionally dis-
tinct from splenic B cells, which may be induced by a larger number of
Tfh in PPs.

3.3. Reactivities of PP B cells

The study of the reactivities of IgA produced in the intestine is
gradually increasing. As a results, part of IgA in the SI is known to react
to bacteria [10]. However, the specificity and differences between
isotypes remain unknown. To examine the reactivities of PP B cells,
culture supernatants of PP cells were subjected to ELISA analysis for
binding to bovine serum albumin (BSA), insulin, lipopolysaccharide
(LPS), hIgG, diet extract, E. coli lysate, or dsDNA. PP IgA strongly re-
acted to hIgG, diet extract, and dsDNA and only weakly reacted to LPS
and E. coli lysate (Fig. 3A). The three antigens with the greatest re-
activity were selected and assayed. PP Ig showed weak binding to hIgG
with IgA and IgG2b, and IgM binding to a lesser extent (Fig. 3B). PP
IgA, IgM, and, to a lesser extent, IgG2b bound to diet extract. dsDNA
was detected with IgA and IgM. Splenic Ig showed relatively similar
profiles compared to PP, with the exceptions of higher IgM titers
(Supplementary Fig. 4). On the other hand, IgA from SI strongly reacted
to dsDNA and weakly reacted to hIgG and diet extract (Supplementary
Fig. 5A). This profile was quite similar to that of IgA from LP (Sup-
plementary Fig. 5B). This accounts for the fact that LP is a direct ef-
fective site for intestinal IgA production. IgA from mesenteric lymph
node (MLN) showed less reactivity but its level of activity was com-
parable to the antigens tested (Supplementary Fig. Fig. 5B).

B cell hybridoma is established generally by immunized B cells. It is
conventionally known but minimally reported [31] that the fusion ef-
ficiency is dependent on activation status. PP contains activated B cells
in a homeostatic state. Hybridoma can be established from the PP B
cells of unprimed mice [32]. Therefore, to further evaluate the

reactivities of PP B cells, the establishing hybridoma method was ap-
plied. For this, 25 IgA-producing, 11 IgG1-producing, and 17 IgG2b-
producing hybridomas were established from the PP cells of untreated
B6 mice. We failed to establish any hybridoma from the splenocytes of
untreated mice. This suggested that PP B cells are more activated than
splenic B cells. First, culture supernatants were isotypically pooled and
their reactivities were examined by ELISA. The pooled samples of IgA
showed binding to hIgG, diet extract, and dsDNA but not to either BSA,
insulin, LPS, or E. coli lysate (data not shown). Then, individual culture
supernatants were subjected to ELISA for their binding to selected
materials. Several IgA from the hybridomas showed strong binding to
hIgG (Fig. 3C). Certain IgAs reacted to diet extract, however, statisti-
cally, larger numbers of IgG2b-producing hybridomas reacted to diet
extract in comparison. Surprisingly, dsDNA was strongly bound to by
many IgA and weakly by some IgG2b from the hybridomas. They also
bound to single stranded DNA (data not shown). Only one IgG1 from
the hybridomas showed reactivity to diet extract. The levels reactivities
are summarized in Supplementary Fig. 6.

We established 20 IgA-producing hybridomas and 1 IgM-producing
hybridoma from LP cells, and 2 IgA-producing and 1 IgG2a-producing
hybridomas from MLN and compared their reactivities with PP hy-
bridomas. The IgA reactivities of LP hybridomas were comparable to
that of IgA from PP hybridomas, and some LP hybridoma IgA showed
higher reactivities than PP hybridoma IgA to DNA (Supplementary
Fig. 7). We failed to determine the reactivities of the IgM LP hybridoma
and all MLN hybridomas.

3.4. PPs and microbiota but not CD4+ cells are required for anti-DNA IgA

Next, we investigated what is required for the induction of intestinal
IgA. In order to determine whether PPs are required for anti-DNA IgA
generation, PP-deficient offsprings were generated by injecting preg-
nant mice with anti-IL-7R mAb at E14.5 [33]. PP deficiency did not
impair the amount of intestinal IgA (Fig. 4A). However, the IgA titers of
anti-diet extract and anti-DNA decreased significantly (Fig. 4B). These
reductions were not correlated with the amount of anti-bacterial IgA

Fig. 3. Reactivities of PP Igs. (A-C) Culture supernatants of PP
cells (A and B) or hybridomas established from PP cells of
untreated B6 mice (1 μg/ml of IgA [n=25], IgG1 [n=11],
and IgG2b [n=17]) (C) were subjected to ELISA. Statistical
significance was determined by unpaired Student's t-test (A) or
two-tailed Mann-Whitney U-test (B). ND; not done.

Fig. 4. PPs are required for production of IgA against dietary
antigen and DNA in the intestine. (A-C) Mice deficient for PP
were induced by the maternal injection of anti-IL-7R mAb at
E14.5. The amount of IgA (A) or specific IgA (B) in the con-
tents of SI were determined by ELISA, and IgA-coating levels
of small intestine bacteria were examined with anti-IgA-PE on
flow cytometry (C). Data are representative of three in-
dependent experiments with six to seven mice per group.
Statistical significance was determined by two-tailed Mann-
Whitney U-test.
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(Fig. 4C). These results suggest that microbiota induce IgA against their
DNA in PPs, and that they evoke bacterial surface molecule-reactive IgA
not in PP but possibly in isolated lymphoid follicles (ILFs) or LP.

DNA was the major target of IgA, which suggests that the DNA
comes from the microbiota. B6 mice were treated with a cocktail of
antibiotics (ampicillin, neomycin, vancomycin and metronidazole) in
drinking water for 2 weeks. The contents of the SI were investigated for
the amount and the specificities of IgA by ELISA. As expected, antibiotic
treatment largely lowered the amount of IgA (Fig. 5A). Equal amounts
of IgA indicated that antibiotic treatment did not alter the levels of anti-
diet extract or anti-hIgG IgA (Fig. 5B). However, the antibiotic treat-
ment lowered the levels of anti-DNA IgA. These results suggest that
microbiota induces anti-DNA IgA in the intestine.

To confirm that anti-DNA antibodies are TI, CD4+ cells were de-
pleted via the administration of specific mAb. Depletion was confirmed
by flow cytometry; the percentages of CD4+ cells of control and anti-
CD4 mAb-injected mice were 18.6 ± 0.15 and 2.22 ± 0.88 in sple-
nocytes and 13.17 ± 1.50 and 3.66 ± 0.63 in PP cells, respectively. In
the mice, the amount of SI IgA and the IgA titers to diet extract, human
immunoglobulin, and DNA were comparable between the control and
the CD4+-depleted mice (Fig. 6). These results demonstrate, as ex-
pected, that anti-DNA IgA does not require CD4+ T cells.

3.5. IgA regulates intestinal bacteria

Next, we examined the role of anti-DNA IgA in the intestine. Several
types of IgA, including control anti-TNP IgA, were purified from the
established hybridomas and administered via drinking water to Rag2-
deficient mice (lacking Igs) for 2 weeks. Intestinal bacteria numbers
were assessed by their 16 s levels by qPCR. Surprisingly, IgA adminis-
tration, including control, substantially increased the number of bac-
teria (Fig. 7A). The composition taxa of the bacteria appeared to be

unchanged, since the ratio of Bacteroidetes and Firmicutes was com-
parable by qPCR (data not shown). These mAbs weakly but sub-
stantially bound to LI bacteria in an unidentified manner, although the
binding strength was different for each mAb (Fig. 7B). A recent article
demonstrated that certain Bacteroides preferentially bind to IgA to co-
lonize in the intestine [34,35]. These results imply that bacteria upre-
gulate anti-DNA IgA to stabilize their localization.

4. Discussion

Isotype-switched PP B cells clearly show activated phenotypes with
activation markers and transcription factors. PPs constantly uptake not
only diet but also bacteria and viruses from the lumen [23,24]. Most
protein antigens are TD; diet-derived proteins and proteins from mi-
croorganisms presented by antigen-presenting cells, such as DCs, to T
cells may induce GCs. Given that both antibiotic treatment and a germ-
free environment results in a drastically reduced size of PPs, micro-
organism protein should induce GCs in PPs. Although we did not
evaluate the contribution of TD Igs to SI Igs, microorganisms, at least in
part, should play a boosting role in B cell activation. In contrast, GC
formation does not seem to affect TI Ig production. The microorganisms
possess huge amounts of TLR ligands, which activate the immune
system. Therefore, microorganism-derived substances are likely to be
largely involved in TI Ig production. These findings suggest that PPs are
appropriate sites for the induction of immune responses to both TD and
TI antigens. Although PP B cells are the more activated phenotype, not
all isotype-switched B cells were activated; some still look like splenic B
cells. On the other hand, LP IgA+ cells showed highly activated phe-
notypes. These findings suggest that highly activated B cells may exit
from PPs and migrate into LP.

It has been reported that mice lacking PPs shows an unaltered in-
testinal total IgA amount but an impaired protein antigen-specific IgA
level [6,36]. Thus, TD antibody production occurs in PPs. On the other
hand, the production of TI antibody induced in PPs remain largely
unknown. A limited number of studies have been published on this
topic. Mice deficient for Cd40, which is required for T-B cognate in-
teraction, were found to only show partly attenuated IgA levels [37].
Anti-DNA IgA, believed to be produced T-independently, is produced by
PP B cells [32]. This suggests that TI IgA occurs in PPs. However, due to
the small number of reports regarding TI IgA generation in PPs, the
current consensus is that TI IgA is largely induced in the ILF or LP. TI
antibody is believed to be produced by B-1 cells [38]. In particular, B-

Fig. 5. Microbiota is required for anti-DNA IgA induction in the intestine. (A, B)
B6 mice were treated with antibiotics (Abx; ampicillin, neomycin, vancomycin
and metronidazole) for two weeks, and IgA in SI contents were analyzed to
determine the amount of IgA (A) and the reactivities to diet extract, hIgG, and
dsDNA (B). Equal amounts (5 μg/ml) of IgA were used for the determination of
the reactivities. Data are representative of two independent experiments with
six to seven mice per group. Statistical significance was determined by two-
tailed Mann-Whitney U-test.

Fig. 6. Anti-DNA IgA is independent of CD4+ cells. (A, B) B6 mice were in-
jected ip with isotype control (rat IgG2b) or anti-CD4 mAb (GK1.5) every 3 day
for 5 times, and IgA in the contents of SI were analyzed for the amount of IgA
produced (A) and the reactivities to diet extract, hIgG, and dsDNA (B). Equal
amounts (5 μg/ml) of IgA were used for the determination of the reactivities.
Data are representative of two independent experiments with seven to eight
mice per group. Statistical significance was determined by two-tailed Mann-
Whitney U-test.

Fig. 7. Intestinal IgA modulates bacteria. (A) Rag2–/– mice were either un-
treated or orally administered IgA (MTIgA-1, P1A-31 or P1A-44; 25 μg/ml) for
two weeks. The 16 s levels of the large intestinal bacteria were examined by
qPCR (n=6 to 7 per group). (B) Bacteria from 10mg large intestine content
were incubated either with 1 μg IgA (MTIgA-1, P1A-31, or P1A-44) or alone,
followed by anti-IgA-PE, then analyzed on flow cytometry. The values indicate
the relative mean fluorescent intensities to background (ΔMFI) + SD of
quadruplicate samples. Data are representative of two independent experi-
ments. Statistical significance was determined by two-tailed Mann-Whitney U-
test.
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1b cells, which exhibit a phenotype of CD5– CD11b+, account for IgA
production [39]. However, this subset of cells is mainly found in the
murine peritoneal cavity. B-2-deficient L2 transgenic mice demon-
strated that the contribution of B-1 cells to IgA in PPs and LP is negli-
gible [40]. As such, the relevance of B-1 cells remains be fully eluci-
dated. As per our preliminary results, we failed to detect typical B220Lo

CD5– CD11b+ IgA+ B-1b cells but found a small population of B220Hi

CD5+ CD11b– IgA+ unclassified B cells in the PPs. Although we have
not been able to examine the function of the subset, these cells might
account for TI IgA.

Anti-DNA Igs were the majority in the SI. The gastrointestinal en-
vironment preserves tremendous numbers of commensal bacteria and
considerable numbers of dietary compounds. PPs constantly uptakes
components and even whole bacteria and viruses via M cells [23].
These organisms are composed of nucleotides. Therefore, a number of
nucleotide fragments are present in PPs. Bacterial DNA contains a CpG
motif that acts as an adjuvant via ligation to TLR9 [41]. Thus, the anti-
DNA antibody is induced by bacterial DNA as a “complete antigen”,
containing an adjuvant. PP follicular dendritic cells abundantly express
TGF-β1 and BAFF to induce TI IgA [42]. Therefore, the location and
cytokine milieu facilitate TI IgA isotype switching in PPs.

Nucleic acid has different characteristics from the proteins tested in
the specificities of Igs. This leads to a thought that although ELISA re-
sults showed comparable reactivities, the molar density of epitopes of
DNA may be much higher than the others. This raises the possibility of
the lower avidities to DNA. This accordingly casted doubt on the spe-
cificity. PP B cells are more activated, and activation or inflammatory
condition alter the glycosylation [43]. Therefore, IgA from PP B cells
may be more glycosylated than IgG. These might reflect carbohydrate-
medicated DNA binding. However, a recent paper showed that re-
combinant Ig with human Fc and a variable region of PP IgA still bind
to DNA [9]. Therefore, we conclude that PP IgA antigen specifically
reacts DNA.

PP IgA plasma cells show completely activated phenotypes, whereas
the splenic equivalent is weakly expressed. Among the isotypes in
B220+ cells, IgA+ cells are the most prominent, followed by IgG2b+-
cells. PPs contain more Tfh-like cells, and T cells and B cells with ac-
tivated phenotypes than other systemic organ, such as the spleen. This
suggests that larger amounts of cytokines are present PPs which acti-
vate isotype-switched B cells. In terms of transcription factors, IgG2b+

PP B cells show higher levels of Prdm1 and Xbp1, key factors for plasma
cell differentiation. We were able to distinguish between the plasma
cells/plasmablasts and the pre-plasmablasts/memory cells in IgA on the
basis of B220 expression. In contrast, plasma cells/plasmablasts and
pre-plasmablasts/memory cells may be more difficult to distinguish on
IgG2b+ cells; IgG2b-secreting plasma cells may still express B220.

The main function of IgA in the intestine was believed to be the
provision of protection against pathogen invasion [4]. However, the
physiological roles of IgA have recently started to be defined. IgA
controls intestinal bacteria [12]. However, certain bacteria are able to
utilize IgA for their colonization of the intestine. Commensal Bacteroides
fragilis requires IgA for stable colonization [34]. The IgA coating is
regulated through commensal colonization factors and polysaccharide
C. Commensal B. thetaiotaomicron is coated with IgA in an antigen
specificity-independent manner [35]. The binding of IgA to bacteria
was, at least in part, carried out by the carbohydrates on the bacteria
[34,35,44]. Our results demonstrate that microbiota induces anti-DNA
IgA. Anti-DNA IgA is supposed not to act live but to damaged and dead
bacteria. Thus, commensal bacteria induce possibly unharmful but
functional IgA for their coating and colonization. Although we failed to
identify a clear effect on the bacterial taxonomic ratio, we observed a
tendency for Bacteroides to increase and Firmicutes to decrease after
the oral administration of IgA mAb (data not shown). As such, certain
taxa may efficiently utilize IgA to compete with one another.

In summary, here we demonstrated that PP B cells are distinct from
splenic B cells, and that PPs possess an efficient Ig induction

mechanism. These findings could be used further elucidate the me-
chanisms of these cells in order to develop vaccines against certain
pathogens.
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