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Summary

Regulatory T (Treg) cells play an essential role in the maintenance of

intestinal homeostasis. In Peyer’s patches (PPs), which comprise the most

important IgA induction site in the gut-associated lymphoid tissue, Treg

cells promote IgA isotype switching. However, the mechanisms underlying

their entry into PPs and isotype switching facilitation in activated B cells

remain unknown. This study, based on the dextran sulphate sodium

(DSS)-induced colitis model, revealed that Treg cells are significantly

increased in PPs, along with CD11b+ B-cell induction. Immunofluores-

cence staining showed that infiltrated Treg cells were located around

CD11b+ B cells and produced transforming growth factor-b, thereby

inducing IgA+ B cells. Furthermore, in vivo and in vitro studies revealed

that CD11b+ B cells in PPs had the capacity to recruit Treg cells into PPs

rather than promoting their proliferation. Finally, we found that Treg cell

recruitment was mediated by the chemokine CXCL9 derived from

CD11b+ B cells in PPs. These findings demonstrate that CD11b+ B cells

induced in PPs during colitis actively recruit Treg cells to accomplish IgA

isotype switch in a CXCL9-dependent manner.
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Introduction

B cells have been widely reported to exert regulatory

functions that maintain immune homeostasis.1,2 Regula-

tory B cells inhibit excessive inflammatory responses via

multiple mechanisms, including antigen presentation,

cytokine production and cellular interactions.3 We have

previously demonstrated that B cells attenuate the severity

of acute dextran sulphate sodium (DSS) -induced colitis

and maintain gut homeostasis through an increase in reg-

ulatory T (Treg) cells.4 Moreover, Treg cells are consid-

ered important facilitators of the induction and

maintenance of intestinal IgA+ B-cell responses.5 Cong

and colleagues showed that Treg cells can regulate intesti-

nal IgA expression of B cells via transforming growth fac-

tor b (TGF-b).6 Therefore, the interaction between Treg

and B cells may play a role in the maintenance of intesti-

nal immune homeostasis. However, how Treg cells enter

Abbreviations: APC, allophycocyanin; CCL, CC chemokine ligand; CCR, CC chemokine receptor; DSS, dextran sulphate sodium;
FBS, fetal bovine serum; MLN, mesentery lymph nodes; PBS, phosphate-buffered saline; PE, phycoerythrin; PP, Peyer’s patch;
TGF-b, transforming growth factor-b; Th17, T helper type 17; Treg, regulatory T; WT, wild-type
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the B zone, in particular Peyer’s patches (PPs), to interact

with B cells, remains unknown.

CD11b, also known as macrophage-1 antigen (Mac-1),

is widely expressed on various immune cells, including B

cells, and multiple studies indicate that it exerts a sup-

pressive function. For example, CD11b expressed in anti-

gen-presenting cells negatively regulates immune

responses via Toll-like receptor pathways.7,8 Moreover,

CD11b expression can inhibit T-cell activation and T

helper type 17 (Th17) cell differentiation,9,10 and can

maintain autoreactive B-cell tolerance through negative

regulation of B-cell receptor signalling.11 The suppressive

function of CD11b has also been reported in autoimmune

diseases, including DSS-induced colitis.12 In our previous

study, CD11b-expressed B cells acted as regulatory cells in

experimental autoimmune hepatitis induced by self-liver

antigens.13 However, little is known about the role of

induced CD11b+ B cells in colitis.

Highly organized follicular structures termed PPs con-

stitute the most important IgA-inducing sites in the gut-

associated lymphoid tissue.14,15 The development of IgA+

B cells in PPs depends on the antigenic stimulation and

generation of germinal centres.16,17 The PPs are equipped

with a follicle-associated epithelium that contains micro-

fold cells (M cells), able to recognize and capture invaded

antigens.18 Following antigen-specific stimulation, PPs

form germinal centres while B cells undergo proliferation,

class switch recombination and somatic hypermutation to

induce high-affinity IgA.19,20 Induction of protective IgA+

B cells depends on the cognate interaction between B cells

and CD4+ T cells. Distinguishable from other effector

helper T cells, CXCR5+ PD-1+ Bcl-6+ T follicular helper

cells are considered essential for B-cell survival and acti-

vation in PPs.21 Moreover, Th17 was reported to mediate

gut-IgA induction for specific members of the commensal

microbiota, such as segmented filamentous bacteria colo-

nization.22–24 Recent studies have shown that Treg cells

also play a critical role in the differentiation of IgA+ B

cells in PPs.5 Our previous study revealed that B cells

increase Treg cells in the lamina propria.4 Whether this

also occurs in PPs remains unclear.

Using a DSS-induced colitis mouse model, we found

that the CD11b+ B cells were inductively up-regulated in

PPs, and that their adoptive transfer could increase Treg

cells in PPs. Moreover, we found that the induced

CD11b+ B cells in PPs actively secrete CXCL9 to recruit

Treg cells into PPs and help them differentiate into IgA+

cells.

Materials and methods

Mice

Wild-type (WT) C57BL/6 mice were purchased from the

Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai,

China). CD11b�/� mice and lMT mice on a C57BL/6

background were obtained from the Institute Pasteur of

the Chinese Academy of Science (Shanghai, China). All

mice were 6–12 weeks of age and were housed in the ani-

mal facility of Fudan University (Shanghai, China) under

specific pathogen-free barrier conditions. Animal care and

use were in compliance with the guidelines outlined in

the Guide for the Care and Use of Laboratory Animals.

DSS-induced colitis

According to a previously established protocol, experi-

mental colitis was established by administering 2�5% DSS

(w/v; MP Biomedicals, Santa Ana, CA) in the mice’s

drinking water for 7 days.4,25

Immunofluorescence analysis

The PPs were removed and fixed in 4% paraformalde-

hyde for 24 h, washed with phosphate-buffered saline

(PBS) and sequentially treated with 20% sucrose for

12 hr at 4°. The tissues were embedded in OCT com-

pound (Sakura Finetechnical, Tokyo, Japan). Cryostat

sections (6 lm) were pre-blocked with 5% (w/v) fetal

bovine serum (FBS) for 15 min at room temperature,

stained with purified antibodies for mCD19 and

mCD11b (Abcam, Cambridge, MA) for 15 hr at 4° and

then stained with Alexa Fluor� 647 anti-rat IgG mono-

clonal antibody (Cell Signaling Technology, Danvers,

MA) and DyLight 405 anti-rabbit IgG monoclonal anti-

body (Jackson ImmunoResearch, West Grove, PA) and

fluorescein isothiocyanate Foxp3 monoclonal antibody

(BD Biosciences, San Diego, CA) for 1 hr at room tem-

perature. The specimens were analysed using fluores-

cence microscopy.

Flow cytometry

Mononuclear cells were first incubated with anti-CD16/32

antibody (BD Biosciences) and then reacted with the fol-

lowing anti-mouse antibodies: allophycocyanin (APC) -

Cy7-CD11b (M1/70); fluorescein isothiocyanate-CD19

(1D3); phycoerythrin (PE) -CD25 (PC61.5); PE-IgA (Ma-

6E1) (all from eBioscience, San Diego, CA) and PE-Cy7-

CD45 (30-F11); Pacific blue-CD4 (RM4-5) (from BD

Biosciences). To stain intracellular (CXCL9, TGF-b) and

intranuclear (Foxp3, Ki67) markers, cells were fixed and

permeabilized using a Staining Buffer set (eBioscience)

and stained with PE-Ki67 (SolA15; eBioscience); APC-

Foxp3 (MF23; BD Biosciences); APC-CXCL9 (MIG-2F5.5;

BioLegend, San Diego, CA); and Pacific blue-TGF-b
(TW7-16B4; BD Biosciences).

Concentration-matched isotype antibodies were used as

negative controls. Flow-cytometric analysis was performed

with CyAn ADP Analyzer (Beckman Coulter, Carlsbad,
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CA), and data were analysed using the FLOWJO software

(Tree Star, Ashland, OR). Absolute numbers of multiple

cell populations were calculated by flow cytometry,

according to their respective percentage.

Cell isolation and adoptive transfer assays

CD19+ cells from CD11b�/� mice and CD11b+ B cells

from PPs in WT mice were sorted with a MoFlo flow

cytometer (Beckman Coulter). CD19+ CD11b+/CD11b� B

cells from PPs in mice with colitis were similarly purified

by flow cytometry. The purity of both cell populations

was at least 90%. The role of CD11b+ B cells in colitis

was determined through adoptive transfer of approxi-

mately 5 9 106 purified single-cell suspensions into lMT

mice through the inferior ophthalmic vein, followed by

DSS administration 48 hr later. The purified CD19+

CD11b+/CD11b� B cells (5 9 106 cells, from DSS-induced

mice) were adoptively transferred into healthy WT mice,

respectively. Control groups received PBS instead.

Enzyme-linked immunosorbent assay

To evaluate CXCL9-producing CD11b+ B cells in PPs, cells

were purified from DSS-treated mice on days 0, 4, 7 and

10 and cultured with RPMI-1640 medium in 96-well plates

(2 9 105 cells/well) for 24 hr. The supernatants were col-

lected and coated into the plates (100 ll/well) overnight,

at 4°, after which they were blocked with 250 ll PBS con-

taining 5% (w/v) fat-free milk at 37° for 2 hr. After wash-

ing the plates twice with PBS containing 0�05% Tween-20,

anti-CXCL9 antibodies (AF-492-NA; R&D Systems, Min-

neapolis, MN) were diluted as 1 lg/ml and added for

incubation at 37° for 1�5 hr. Horseradish peroxidase-con-

jugated donkey anti-goat antibodies (Santa Cruz Biotech-

nology, Heidelberg, Germany) were added, after which the

plates were incubated at 37° for 1 hr. After the final wash-

ing, the colour reaction was developed with 4,40-Bi-2,6-
xylidine (eBioscience) at room temperature for 15 min

and terminated with 2 M H2SO4. The optical density value

was measured at a 450 nm wavelength (OD450).

Real-time polymerase chain reaction analysis

Total RNA of CD11b+ B cells was prepared with an

RNeasy kit (Qiagen, Crawley, UK) followed by DNase I

treatment and reverse transcribed into cDNA. Real-time

polymerase chain reaction (PCR) was performed in SYBR

Green Master Mix (TaKaRa Biotechnology Co., Ltd,

Dalian, China) plus optimal volumes of cDNA and pri-

mers on the ABI 7500 Thermocycler (Applied Biosystems,

Foster City, CA). The amplification parameter was used

for 40 cycles of PCR, and all PCRs were set up at least in

triplicate. The relative gene expression compared with

b-actin was calculated by the ΔΔCt method. The

chemokine-expression profile was made by HEMI soft-

ware. The sense CXCL9 primer was 50-GGCATCATCT
TCCTGGAGCAGTGTGGAGTT-30 and the antisence

CXCL9 primer was 50-TTGTAGTGGATCGTGCCTCGGC
TGGTG-30. The sense b-actin primer was 50-CCAGCCTT
CCTTCTTGGGTATG-30, and the antisense primer was

50-TGTGTTGGCATAGAGGTCTTTACG-30.

Treg cell migration and proliferation assays

To investigate the effect of CD11b+ and CD11b� B cells

on Treg cell migration, we sorted B cells from PPs on

days 4, 7 and 10 following DSS treatment and cultured

them into RPMI-1640 medium (without FBS) in 48-well

plates (3 9 105 cells/well) for 24 hr. Either 600 ll cell

supernatant containing recombinant mouse CXCL9

(rmCXCL9, 50 ng/ml; Peprotech Inc.) or anti-CXCL9

antibody (1 lg/ml) was placed in the lower chamber of

6�5-mm diameter, 5�0-lm pore-size polycarbonate mem-

brane filter Transwell plates (Costar Corning, Cambridge,

MA). Total lymphocyte suspension (1 9 107 cells/ml)

from PPs (on days 4, 7 and 10) was added to the upper

filters (200 ll/well) and incubated for 4 hr. Migrated cells

in the lower chamber were collected and stained with PE-

CD4 (GK1.5; eBioscience) and APC-Foxp3 (MF23; BD

Bioscience) followed by flow cytometry analysis.

CD4+ CD25+ Treg cells were purified from WT mice

with MicroBead (Miltenyi Biotec, Bergisch-Gladbach, Ger-

many). The combinations of fluorescence-activated cell

sorted (FACS) CD11b+ B cells (4 9 105 cells/well) and

CD4+ CD25+ Treg cells (2 9 105 cells/well) were co-cul-

tured in 48-well plates for 72 hr in complete RPMI-1640

containing 10% FBS, 2 mM L-glutamine, 0�05 mM 2-mer-

captoethanol and 100 U/ml penicillin/streptomycin. The

control group was given the same dose of CD4+ CD25+

Treg cells alone. Proliferation of Treg cells was measured

with PE-Ki67 expression by flow cytometry.

Statistical analysis

Multiple group comparisons were performed using one-

way analysis of variance, followed by either Bonferroni cor-

rection or Mann–Whitney U-test to compare two individ-

ual groups. Statistical analysis was performed using

GRAPHPAD PRISM (GraphPad Software, San Diego, CA). The

P-value of < 0�05 was considered statistically significant.

Results

Treg cells increased following CD11b+ B-cell
induction in PPs during colitis

Our previous study showed that Treg cells were indis-

pensable helper cells to induce and maintain IgA in

gut-associated lymphoid tissue during DSS-induced
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colitis.4 As IgA isotype switch was reported to occur in

PPs,26 we first determined the distribution of Treg cells in

PPs during DSS-induced colitis. Cytometric analysis of

Treg cells on days 4, 7 and 10 after DSS induction

showed that 10% of CD4+ T cells in control mice-derived

PPs are Foxp3+ Treg cells (Fig. 1a). No significant change

was observed on day 4 regarding the frequency of Treg

cells, whereas on days 7 and 10, they increased to ~15%
of CD4+ T cells. The absolute number consistently

increased from 1 9 105 up to nearly 3 9 105 cells in PPs,

with up-regulated production of TGF-b and IgA (Fig. 1a;

see Supplementary material, Figs S1 and S2). We have

shown that CD11b+ B cells are up-regulated and play an

important suppressive role in experimental autoimmune

hepatitis.13 We next determined whether CD11b+ B cells

can also be induced in colitis. The results showed that,

before colitis induction, PPs comprised 1–2% of CD11b+

B cells. From day 4 to day 10, they had a twofold to five-

fold increase in the frequency range and reached the nor-

mal level around day 20 (Fig. 1b; see Supplementary

material, Fig. S3a). Moreover, the absolute number of

CD11b+ B cells also increased on day 4 and thereafter

(Fig. 1b). The increase in CD11b+ B cells in PPs was

much earlier than that of Treg cells (see Supplementary

material, Fig. S3b).

To further confirm the results, we performed an

immunofluorescence assay using frozen sections obtained

from DSS-induced mice. The stained PP sections derived

from untreated mice showed large quantities of CD19+ B

cells, but few CD11b+ B cells (showed CD19+ CD11b+)

or Treg cells (showed Foxp3+) (Figs 1c; see Supplemen-

tary material, Fig. S4). Moreover, few Foxp3+ Treg cells

were observed in B-cell zones where activated B cells dif-

ferentiate to IgA+ B cells. However, CD11b+ B cells

increased in PPs along with the progression of colitis.

Consistent with flow cytometric analysis, the Treg cells,

which were still unobservable on day 4, infiltrated after

the appearance of CD11b+ B cells. On days 7 and 10, the

quantity of Foxp3+ cells observed in the PPs increased.

Moreover, Treg cells entered the B zones along with their

increase, some of which, interestingly, were located

around the CD11b+ B-cell area (Fig. 1c). Taken together,

these results reveal that CD11b+ B cells were induced

before the increase of Treg cells, and that a large propor-

tion of Treg cells was located in B-cell zones.

Increase in Treg cells was promoted by induced
CD11b+ B cells during colitis

Given that CD11b+ B cells expanded into PPs much ear-

lier than Treg cells, we questioned whether CD11b+ B-cell

induction facilitated the increase in Treg cells. Both the B

cells of PPs obtained from WT (CD11b+/+ B cells) and

CD11b-deficient mice (CD11b�/� B cells) were sorted by

FACS. Equal numbers of purified cells were adoptively

transferred into B-lymphocyte-deficient lMT mice, 2 days

before DSS administration, and Treg cells in PPs were

detected 7 days later. The frequency of Treg cells within

both CD4+ and CD45+ T cells increased about threefold

following adoptive CD11b+/+ B-cell transfer, compared

with other groups (Fig. 2a). To further confirm that

CD11b+ B cells play a positive role in in vivo Treg cell

expansion, purified CD19+ CD11b+ B cells or

CD19+ CD11b� B cells in PPs from 7 days DSS-induced

mice were adoptively transferred into WT mice. On post-

transfer day 4, about 10% of transferring B cells were

found in the recipients’ PPs (see Supplementary material,

Fig. S5). As shown in Fig. 2(b), mice that received

CD11b+ B cells showed a significant increase compared

with naive WT mice. These results demonstrate that

induced CD11b+ B cells in PPs promote the expansion of

Treg cells in vivo.

Treg cells are recruited by induced CD11b+ B cells
rather than proliferated in situ during colitis

We have previously found that splenic B cells promote

lamina propria Treg cell proliferation both in vivo and

in vitro.4 Hence, we hypothesized that induced CD11b+ B

cells in PPs contribute to Treg cell expansion by influenc-

ing their proliferation. To investigate this hypothesis,

CD19+ CD11b+ B cells were sorted from PPs on day 7

after colitis induction, and co-cultured with purified Treg

cells at the ratio of 2 : 1 in vitro. Unexpectedly, CD11b+

B cells had no effect on Treg cell proliferation (Fig. 3a).

We tested whether the Treg cell increase was mediated by

the recruitment of CD11b+ B cells using a transwell assay.

We observed that Treg cells migrated towards either

CD11b+ B cells or CD11b� B cells obtained from differ-

ent stages of colitis. However, Treg cells exhibited a sig-

nificantly increased chemotaxis towards CD11b+ B cells

compared with CD11b� B cells at different stages. These

results indicate that induced CD11b+ B cells contribute to

the increase in Treg cells by recruitment.

Treg cell migration into PPs during colitis is
mediated by CD11b+ B-cell-derived CXCL9

We have previously reviewed the function of activated B

cells as chemokine producers.27 Hence, we next investi-

gated whether CD11b+ B cells functioned as chemokine-

producing cells in Treg cell recruitment in PPs. We

obtained CD11b+ B cells from mouse PPs on days 0, 1, 4,

7 and 10 after colitis induction and analysed their expres-

sion of Treg cell recruitment-related chemokines by quan-

titative PCR. We found that CD11b+ B cells from naive

mice had a limited chemokine secretion ability. However,

on day 1 after DSS administration, various chemokines

were up-regulated, including Mig(CXCL9); SLC(CCL21);

MIP-a(CCL20); MIP-3b(CCL19); MCP-5(CCL12); and
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Figure 1. Both regulatory T (Treg) cells and CD11b+ B cells increased in Peyer’s patches (PPs) during dextran sulphate sodium (DSS) -induced

colitis. (a, b) Flow cytometry was used to determine the percentage and absolute number of Treg cells and CD11b+ B cells in PPs of wild-type

(WT) mice on days 0, 4, 7 and 10 after colitis induction. Treg cell expressions (CD4+ Foxp3+) within the CD4-gated population is shown in (a).

CD11b+ B-cell expressions within the CD19-gated population are shown in (b). *P < 0�05; ***P < 0�001. Data shown are the mean � SEM from

one experiment with eight mice, which was repeated at least three times with similar results. (c) Immunofluorescence microscopic analysis was

performed to examine the distribution of cells expressing CD19 (red), CD11b (cyan) (CD19 and CD11b double-positive, yellow) and Foxp3

(green) in the representative PP sections obtained from WT mice on days 0, 4, 7 and 10 after colitis induction. Bars indicate 50 lm.
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SDF-1(CXCL12). On days 1 and 4, CXCL9 was the only

chemokine that remained up-regulated (Fig. 4a).

To confirm the results, the chemokine increase was

analysed by flow cytometry, which revealed that only

CXCL9 increased at protein level (data not shown).

Moreover, the expression of CXCL9 was significantly

higher in induced CD11b+ B cells than in CD11b� B cells

(Fig. 4b). Supernatant of cultured CD11b+ B cells also

had a high CXCL9 concentration (Fig. 4c). Accordingly,

CXCR3, the receptor of CXCL9, was highly expressed on

Treg cells at both day 7 and day 10 in DSS-treated mice

(Fig. 4d). Taken together, these results show that CXCL9+

CD11b+ B cells were significantly up-regulated during

colitis compared with controls. Intriguingly, the expres-

sion of CXCL9 was undetected in CD11b� B cells at any

stage of colitis.

Further, a migration assay was performed using CXCL9

neutralization antibody (anti-CXCL9) and recombinant

mouse CXCL9 (rmCXCL9). We found that anti-CXCL9

blocked the ability of PP CD11b+ B cells to attract Treg

cells (Fig. 4e). The number of Treg cells was significantly

reduced after addition of anti-CXCL9 antibody. In con-

trast, rmCXCL9 addition promoted CD11b+ B-cell

recruitment of Treg cells. Moreover, Treg cells were also

recruited when rmCXCL9 was added alone. To investigate

whether the anti-CXCL9 antibody could block the effect

of CXCL9 and decrease Treg cell accumulation in PPs,

CXCL9 was neutralized with anti-CXCL9 antibody to

DSS-induced mice in vivo. Results revealed that the popu-

lations of Treg cells were significantly reduced on both

day 7 and day 10, after anti-CXCL9 antibody administra-

tion (Fig. 4f). Taken together, these results suggest that

induced CD11b+ B cells recruit Treg cells into PPs in a

process mediated by CXCL9.

Discussion

The present study provides evidence that CD11b+ B cells

are induced in PPs, in a DSS-induced colitis model. On

the course of the disease, induced CD11b+ B cells can

attract Treg cells into PPs. Moreover, we determined that

chemokine CXCL9 mediates the recruitment of Treg cells

into PPs by CD11b+ B cells during disease.

Although our previous study indicated that CD11b+ B

cells play an important suppressive role in experimental

hepatitis,13 the present study, in line with previous ones,
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administered with PP-derived B cells from wild-type (WT) mice and CD11b-deficient mice, respectively, and administered with dextran sulphate

sodium (DSS) 2 days later after adoptive transfer. Treg cell percentages (Foxp3+) in PPs within the CD4- or CD45-gated population were

detected on day 7 after colitis induction. (b) Purified CD19+ CD11b+ B cells and CD19+ CD11b� B cells in PPs were sorted from colitis mice on

day 7 after DSS administration and were adoptively transferred into WT mice. Treg cell percentages (Foxp3+) in PPs within the CD4- or CD45-

gated population were detected 4 days later. The number of transferred cells were at 5 9 106 cells suspended in 200 ll sterile phosphate-buffered

saline (PBS). The control group mice receive PBS instead. *P < 0�05; data are representative of six independent experiments.

ª 2018 John Wiley & Sons Ltd, Immunology, 155, 356–366 361

CD11b+ B cells induced in Peyer’s patches during colitis actively recruit Treg cells



demonstrates that Treg cells also play an essential role in

the maintenance of intestinal homeostasis.4 There is no

evidence for the presence of Th1 and Th17 cells in PPs,

although they play an important role for the induction

and perpetuation of intestinal inflammation.28,29 The pre-

sent study shows that DSS-induced mice are characterized

by few Th1 and Th17 cells in PPs over the course of dis-

ease (data not shown). The present study shows that B

cells promote the recruitment of Treg cells into PPs,

which in turn triggers the IgA isotype switch of B cells.

We found that, although CD11b+ B are induced by day

3, a significant increase in Treg cells in PPs occurs only at

the peak of disease (day 7). Despite the obviously

increased accumulation of induced CD11b+ B cells in PPs

from day 3 after DSS induction, no obvious increase in

Treg cell population was detected until day 6 (see Supple-

mentary material, Fig. S3b). Given that IgA class switch-

ing is dependent on TGF-b and T-cell-derived TGF-b
plays an important role in colitis,30–34 we determined the

Treg-derived TGF-b in our system. Consistently, we

detected that Foxp3+ T cells in PPs produced higher

levels of TGF-b expression during disease, accompanied
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proliferation in vitro. (a) CD11b+ B cells of

Peyer’s patches (PPs) from day 7 in mice with

colitis were sorted with a MoFlo high-speed

cell sorter (Beckman Coulter, Pasadena, CA).

Treg cells (CD4+ CD25+; 2 9 105 cells/well)

were purified from naive wild-type (WT) mice

with MicroBeads (Miltenyi Biotec) and were

cultured alone or with CD11b+ B cells

(4 9 105 cells/well) in 48-well plates for 72 hr

in complete RPMI-1640. The percentage of Ki-

67+ Treg cells was determined by FACS.

CD11b+ B cells and Treg cells were prepared

from four mice. (b) The supernatant samples

were obtained either from purified CD11b+ B

cells or CD11b� B cells (3 9 105 cells/well)
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mice with colitis and then cultured in RPMI-

1640 (without fetal bovine serum) for 24 hr.

Total PP lymphocyte suspensions
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with colitis. Supernatants and cell suspensions

were separated by Transwell in a 24-well plate

for 4 hr. Percentage and absolute number of
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*P < 0�05; **P < 0�01. Results presented as

the means of four independent experiments.
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by significantly increased IgA expression (see Supplemen-

tary material, Figs S1 and S2). Consistent with previous

studies, which demonstrated that T-cell-derived TGF-b
plays an important role in colitis.33,34

In a previous study, we reported that, rather than

recruiting splenic and mesentery lymph node (MLN) Treg

cells, B cells promote their proliferation.4 Hence, we first

investigated the proliferation of Treg cells in PPs during

disease, which, surprisingly, remained unaltered (Fig. 3a),

indicating that increase in PP Treg cells during colitis was

not due to proliferation. In the present study, we found

that CD11b+ B cells increased much earlier than Treg

cells and that transferring CD11b+ B cells induced the

increase in Treg cells (Figs 1 and 2). We hypothesized

that CD11b+ B cells may increase Treg cells via chemotac-

tic attraction. In our previous study, we found that part

of CD11b� B cells could differentiate into CD11b+ B cells

in PPs when they were adoptively transferred into mice a

week later. To obtain purified B cells without induced

CD11b expression, B cells must be sorted from CD11b

knockout mice (CD11b�/� B cells) as control group in

the transfer assay. It is noteworthy that CD11b-deficient

B cells failed to increase additional Treg cells in PPs

(Fig. 2a), indicating that these intestinal B cells play a

positive role in the recruitment of Treg cells in a CD11b-

dependent manner. In addition, the increase in Treg cells

and CD11b+ B cells was not observed in MLN (data not

shown). It remains to be clarified whether this is due to a

deficiency of induced CD11b+ B cells in MLN or to MLN

not comprising an IgA-producing site.

As we summarized before, B cells can act as chemokine

producers, which is important to understand the addi-

tional functions of B cells apart from their roles via

immunoglobulin secretion or antigen presentation.27 We

found that the transcriptional levels of various chemoki-

nes in CD11b+ B cells were up-regulated during disease,

possibly induced by the pro-inflammatory immune envi-

ronment (Fig. 4a). We detected MIG(CXCL9), MIP-3b
(CCL19) and SLC(CCL21) expression using flow cytome-

try to confirm the results; however, only the increase in

CXCL9 was observed during colitis.

CXCL9 is an interferon-c-inducible CXC chemotactic

factor, known to mediate T-cell migration, particularly

following T-cell activation.35–37 However, mice lacking

CXCL9 showed a significant decrease in the antibodies

against the intracellular bacterium,38 indicating that this

chemokine may serve as a link between B-cell and T-cell

responses. In the present study, we identified that B cells

in PPs could produce CXCL9 to recruit Treg cells during

colitis. Furthermore, CXCL9 is present in induced

CD11b+ B cells but not in CD11b� B cells. These findings

indicate that not all B cells have the ability to produce

CXCL9 during colitis. CXCR3 is the only known receptor

for CXCL9 and is reportedly expressed by various

immune cells, including Treg cells.39–41 We observed that,

on days 7 and 10, Treg cells up-regulated CXCR3, which

is consistent with previous studies. In summary, our find-

ings demonstrate that induced CD11b+ B cells in PPs

actively recruit Treg cells through the expression of

CXCL9, assisting IgA isotype switch during DSS-induced

colitis. Our work may provide new insights into the regu-

latory mechanisms underlying gut-associated lymphoid

tissue and the development of new therapies against

inflammatory bowel disease.
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Figure S1. Expression of transforming growth factor-b
(TGF-b) by regulatory T (Treg) cells from Peyer’s patches

(PPs) in dextran sulphate sodium (DSS) -treated mice.

Figure S2. Expression of IgA on Peyer’s patch (PP) -

derived B cells in mice with colitis.

Figure S3. Regulatory T (Treg) cells and/or CD11b+ B-

cell populations in Peyer’s patches (PPs) from mice with

colitis.

Figure S4. Regulatory T (Treg) cells and CD11b+B cells

co-localize in (PPs) during dextran sulphate sodium

(DSS) -induced colitis.

Figure S5. The transfer efficiency of GFP-tagged

CD11b+ or CD11b� B cells in recipients.
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