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Summary

B cells regulate immune responses by producing antigen-specific antibody1. However, specific B 

cell subsets can also negatively regulate immune responses, validating the existence of regulatory 

B cells2–4. Human and mouse regulatory B cells (B10 cells) with the ability to express the 

inhibitory cytokine IL-10 have been identified2–5. Although rare, B10 cells are potent negative 

regulators of antigen-specific inflammation and T cell-dependent autoimmune diseases in mice5–7. 

How B10 cell IL-10 production and regulation of antigen-specific immune responses are 

controlled in vivo without inducing systemic immunosuppression are unknown. Using a mouse 

model for multiple sclerosis, we show here that B10 cell maturation into functional IL-10-

secreting effector cells that inhibit in vivo autoimmune disease requires IL-21 and CD40-

dependent cognate interactions with T cells. Moreover, the ex vivo provision of CD40 and IL-21 

receptor signals can drive B10 cell development and expansion by four-million-fold and generate 

B10 effector cells producing IL-10 that dramatically inhibit disease symptoms when transferred 

into mice with established autoimmune disease. Thereby, the ex vivo expansion and reinfusion of 

autologous B10 cells may provide a novel and effective in vivo treatment for severe autoimmune 

diseases that are resistant to current therapies.

Keywords

Rodent; B cells; autoimmunity; cell differentiation; tolerance

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

Correspondence should be addressed to T.F.T (thomas.tedder@duke.edu)..
*These authors contributed equally to these studies and share first authorship.

Supplementary Information is linked to the online version of the paper at www.nature.com/nature.

Author Contributions. A.Y., T.M, D.J.D, T.M, M.H., J.C.P., W.J.L. and T.F.T. conceived and designed the studies. A.Y., T.M., 
D.J.D, T.M, M.H., E.I.K., R.S., J.C.P., and W.J.L. carried out or contributed essential reagents and materials for the experiments. All 
authors contributed to data analysis and manuscript preparation.

Reprints and permissions information isavailable at www.nature.com\reprints. T.F.T. is a consultant and shareholder for Angelica 
Therapeutics, Inc. R.S. and W.J.L. are inventors on patents and patent applications related to IL-21. The other authors have no 
financial conflicts of interest.

HHS Public Access
Author manuscript
Nature. Author manuscript; available in PMC 2013 May 08.

Published in final edited form as:
Nature. 2012 November 8; 491(7423): 264–268. doi:10.1038/nature11501.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nature.com/nature
http://www.nature.com\reprints


A subset of regulatory B cells has been functionally defined in humans and mice by their 

ability to express IL-105–7. B cells that are competent to express IL-10 following 5 h of ex 

vivo phorbol ester and ionomycin stimulation are called B10 cells6 to distinguish them from 

other regulatory B cells that modulate immune responses through other mechanisms2,8. B10 

cells are found at low frequencies (1–5%) in naïve mice but expand with autoimmunity9. 

Spleen B10 cells are predominantly found within the minor CD1dhiCD5+ B cell 

subpopulation along with B10 progenitor (B10pro) cells that are induced to become IL-10-

competent during in vitro culture with agonistic CD40 monoclonal antibody (mAb) or 

lipopolysaccharide (LPS)9,10. The capacity of human and mouse B10 cells to produce IL-10 

is central to their ability to negatively regulate inflammation and autoimmune disease, as 

well as innate and antigen-specific adaptive immune responses5–7,9–12, but the physiologic 

signals controlling IL-10 production in vivo are unknown.

B10 cell immunoregulation is antigen-specific, and B cell antigen receptor (BCR) specificity 

dramatically influences B10 cell development6,9. Receptors or pathways that positively or 

negatively regulate BCR signaling can also modulate B10 cell numbers in vivo. For 

example, CD19-deficient (CD19−/−) mice are essentially devoid of regulatory B10 cells, 

which leads to exacerbated inflammation and disease symptoms during contact 

hypersensitivity and in the experimental autoimmune encephalomyelitis (EAE) model of 

multiple sclerosis6,7. IL-10 itself is not required for B10 cell development since B cells with 

the capacity to express IL-10 reporter genes develop normally in IL-10−/− mice13. B10 cell 

numbers are also normal in T cell-deficient nude mice and in mice deficient in expression of 

major histocompatibility complex class II (MHC-II) or CD40 molecules that are important 

for cognate B cell-T cell interactions9. Consequently, appropriate BCR signals are thought 

to select a subset of B cells to become IL-10-competent B10 cells. Innate pathogen-induced 

signals also influence regulatory B10 cell IL-10 production in vivo3,13. Little is otherwise 

known about how B10 cell IL-10 production is regulated, and it remains unclear how such 

rare B cells exert such potent in vivo effects and selectively inhibit antigen-specific T cell 

function during inflammation and autoimmunity.

To identify signals that regulate B10 cells in vivo, purified B cells were cultured with 

cytokines known to influence B cell function. Stimulation with IL-21, but not IL-4, -6, -10, 

-12, -23 or -27, induced 2.7- to 3.2-fold higher B10 cell frequencies and 4.4- to 5.3-fold 

more IL-10 secretion (p<0.01) at 48 and 72 h, respectively, while interferon-γ (IFN-γ) or 

transforming growth factor-β (TGF-β) reduced IL-10+ B cell frequencies by 56% (p<0.05; 

Fig. 1a). In fact, IL-21 induced B10 cells to produce IL-10 without a need for in vitro 

stimulation (Fig. 1b, Supplementary Fig. 1a) and induced IL-10 secretion at levels similar to 

LPS stimulation (Fig. 1a). IL-21 also induced a 3-fold increase in IL-10+ B cells within the 

spleen CD1dhiCD5+ B cell subset that is enriched for B10pro and B10 cells, but it did not 

induce significant numbers of IL-10+ B cells among the CD1dloCD5− subset (Fig. 1b). T 

cell-derived IL-21 plays multiple important roles in B cell effector function14–18, and IL-21 

is a potent inducer of T cell IL-10 production19,20. Both B10 and non-B10 cells expressed 

cell surface IL-21 receptor (IL-21R) at similar levels (Fig. 1c). Despite this, ex vivo B10 and 

B10+B10pro cell and CD1dhiCD5+ B cell numbers were similar in IL-21R-deficient 

(IL-21R−/−), wild type, MHC-II−/− and CD40−/− mice (Supplementary Fig. 1b–d, data not 
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shown). However, IL-21R expression was required for B10 cell expansion in vivo following 

myelin oligodendrocyte glycoprotein peptide (MOG35-55) immunizations to induce EAE 

(Fig. 1d). Thus, IL-21R-generated signals induced B10 cell expansion and IL-10 secretion in 

vivo.

Whether B10 cells require IL-21 to induce their regulatory function in vivo was determined 

by the adoptive transfer of IL-21R−/− B cells into CD19−/− mice before the induction of 

EAE. Because CD19−/− mice are B10 cell-deficient (Fig. 1d), their EAE disease severity is 

worse (Fig. 2a)7,11. The adoptive transfer of wild type CD1dhiCD5+ B cells normalized EAE 

severity in CD19−/− mice. By contrast, the transfer of CD1dhiCD5+ B cells from IL-21R−/− 

or IL-10−/− mice or wild type CD1dloCD5− non-B10 cells did not alter disease. Because 

CD4+ T cells are a major source of IL-21, we determined whether cognate B10-T cell 

interactions also controlled B10 cell-mediated suppression of EAE. The transfer of 

CD1dhiCD5+ B cells from MHC-II−/− or CD40−/− mice into CD19−/− mice before MOG 

immunizations did not reduce EAE disease severity (Fig. 2a, bottom right two panels). 

CD1dloCD5− B cells from IL-21R−/−, CD40−/− or MHC-II−/− mice were also without effect 

(data not shown). EAE is also exacerbated in wild type mice depleted of mature B cells by 

CD20 mAb7,11. However, transfer of CD1dhiCD5+ B cells from CD20−/− mice but not 

MHC-II−/−CD20−/− mice normalized disease severity in this model, and CD1dloCD5− B 

cells from CD20−/− or MHC-II−/−CD20−/− mice were without effect (Fig. 2b, data not 

shown). Similarly, the adoptive transfer of in vitro activated CD1dhiCD5+ B cells from wild 

type mice significantly reduced EAE disease severity in wild type mice, whereas activated 

MHC-II−/− CD1dhiCD5+ or wild type CD1dloCD5− B cells had no effect (Fig. 2c, data not 

shown). Thus, regulatory B10 cell function required IL-10 expression, IL-21R signaling, as 

well as CD40 and MHC-II interactions, thereby potentially explaining antigen-specific B10 

cell effector function6.

To determine whether cognate B10-T cell interactions regulate antigen-specific T cell 

proliferation in vivo, B10 cell function was assessed in MOG35-55-immunized CD19−/− mice 

following the adoptive transfer of dye-labeled CD4+ T cells from transgenic mice expressing 

antigen receptors (TCRMOG) specific for MOG35-55 peptide21. CD1dhiCD5+ B cells from 

naïve wild type mice significantly reduced TCRMOG CD4+ T cell proliferation as measured 

by in vivo dye dilution (Fig. 3a). CD1dhiCD5+ B cells obtained from mice with EAE were 

even more potent inhibitors of T cell proliferation, while CD1dloCD5− B cells from wild 

type mice or CD1dhiCD5+ B cells from IL-10−/−, IL-21R−/−, CD40−/−, or MHC-II−/− mice 

were without effect. CD1dhiCD5+ B cells from naïve or antigen-experienced wild type mice 

also significantly reduced TCRMOG CD4+ T cell IFN-γ and IL-17 production in MOG35-55-

immunized CD19−/− mice, while CD1dhiCD5+ B cells from IL-10−/−, IL-21R−/−, CD40−/− 

or MHC-II−/− mice did not (Fig. 3b). The ability of B10 cells to inhibit T cell IL-17 

production is particularly important since pathogenic TH17 T cells induce EAE and can 

produce IL-2122. The majority of T follicular helper cells isolated from mice with 

MOG35-55-induced EAE also express IL-2123, and CD19−/− mice have T follicular helper 

cells (Supplementary Fig. 2). Thus, B10 and T cells may require intimate interactions during 

reciprocal IL-10 and IL-21 production to optimally regulate antigen-specific disease (Fig. 

3c).
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To verify that T cell-derived IL-21 and CD40 signals drive B10 cell expansion and IL-10 

production, B cells were cultured using optimized conditions that promote mouse B10 cell 

expansion in vivo24 and B cell expansion in vitro25. B cells were cultured on monolayers of 

NIH-3T3 cells expressing the T cell ligand for CD40 (CD154) and BLyS in the presence of 

IL-4 for 4 days to induce B10pro cell maturation into IL-10-competent B10 cells. The B 

cells were then cultured on fresh NIH-3T3-CD154/BLyS cells with exogenous IL-21 for 5 

days, which was essential to optimally expand B10 cells and induce IL-10 production (Fig. 

4a). After the 9 day culture period, B cell and B10 cell numbers were increased by 25,000- 

and 4,000,000-fold, respectively, with 38% of the B cells actively producing IL-10 (Fig. 4b). 

The vast majority of IL-10+ B cells in the cultures expressed CD5 (Fig. 4c), facilitating their 

purification and underscoring the dramatic effect of IL-21 on B10 cell numbers in vitro.

In vitro-expanded CD5+ B10 cells retained their regulatory function. The transfer of CD5+ 

B10 cells dramatically reduced EAE disease severity in wild type mice, even when given 

after the appearance of disease symptoms, while CD5− B cells were without effect (Fig. 4d). 

Although the in vitro expansion of B10 cells required both IL-21R and CD40 signals, MHC-

II expression was not required (Fig. 4e). However, in vitro-expanded MHC-II−/−CD5+ B10 

cells and IL-10−/− CD5+ B cells did not regulate EAE disease severity (Fig. 4f), further 

documenting a requirement for IL-10 and cognate interactions in the regulation of T cell-

mediated disease. B10 cells did not expand during in vitro cultures of B cells from CD19−/− 

mice or MD4 transgenic mice26 that have a fixed BCR specific for egg lysozyme (Fig. 4e), 

further underscoring the importance of BCR specificity and signaling in B10 cell generation. 

Otherwise, in vitro-expanded B10 effector cells were potent regulators of both disease 

initiation and progression.

This study demonstrates that CD40 signals induce B10pro cell acquisition of IL-10 

competence with IL-21 driving B10 cell expansion and effector cell generation. These 

critical checkpoints in B10 cell development may lead to localized IL-10 production that 

blunts antigen-specific T cell responses during cognate interactions (Fig. 3c) without 

untoward immunosuppression. Transient IL-10 production by B10 cells in vivo may further 

restrict the effects of IL-10 secretion13. B10 effector cells may also regulate T cell responses 

to autoantigens in addition to MOG once inflammation and tissue destruction are initiated by 

MOG35-55 immunization. Since human and mouse B10 cells are also potent regulators of 

macrophage and dendritic cell function5,12, T cell induction of B10 effector cells may also 

contribute to EAE resolution by restraining monocyte and dendritic cell activation. These 

collective results may explain in part why EAE is exacerbated in the absence of IL-21 

signaling27. By contrast, TGF-β and IFN-γ may counterbalance B10 cell expansion in vivo 

based on the current in vitro findings (Fig. 1a). Regulatory T cells provide an independent 

layer of regulation during EAE since their expansion, accumulation in the central nervous 

system, and suppressive activity are normal when B10 cells are absent11,28. The in vitro 

recapitulation of these collective signals induced a several million-fold expansion of B10 

cells and their functional maturation into potent B10 effector cells that reversed established 

autoimmune disease (Fig. 4). In addition to BCR specificity, MHC-II expression remained 

an important checkpoint for B10 effector cell regulatory function during EAE (Fig. 4f), as 

first described for regulatory type II monocytes29. Since autoimmunity has multigenic 
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origins and autoantigens vary between patients and disease, in vitro expansion of the rare 

pool of human blood B10pro and B10 effector cells5 may provide a potent future 

immunotherapy for individuals with severe autoimmune disease.

FULL METHODS

Mice

C57BL/6, IL-10−/− (B6.129P2-Il10tmlCgn/J)31, CD40−/− (B6.129P2-CD40tm1Kik/J), and MD4 

(C57BL/6-Tg(TghelMD4)4Ccg/J) mice were from the Jackson Laboratory (Bar Harbor, 

ME). MHC-II−/− (B6.129-H2-Ab1tm1GruB2mtmJaeN17) mice (Taconic Farms, Inc., Hudson, 

NY) were as described32. CD19−/− mice were backcrossed onto the C57BL/6 background 

for 14 generations33,34. IL-21R−/− mice were as described18. TCRMOG transgenic mice21 

(Thy1.2+, provided by Dr. V. K. Kuchroo, Harvard Medical School, Boston, MA) were 

crossed to C57BL/6.Thy1.1 mice to generate Thy1.1-expressing T cells. All mice were bred 

in a specific pathogen-free barrier facility and used at 6–12 wks of age. The Duke University 

Animal Care and Use Committee approved all studies.

Cell preparation

Single-cell suspensions from spleens and peripheral lymph nodes (paired axillary and 

inguinal) were generated by gentle dissection, with the cells passed through 70-mm cell 

strainers (BD Biosciences, San Diego, CA) followed by percoll gradient (70/37%) 

centrifugation. Lymphocytes were collected from the 37:70% interface and washed. MACS 

(Miltenyi Biotech, Auburn, CA) was used to purify lymphocyte populations according to the 

manufacturer's instructions. CD19 mAb-coated microbeads and CD4+ T cell isolation kits 

(Miltenyi Biotech) were used to purify B cells and CD4+ T cells, respectively. When 

necessary, the cells were enriched a second time using a fresh MACS column to obtain 

>95% cell purities.

Immunofluorescence analysis

FITC-, PE-, PE-Cy5-, PE-Cy7-, or APC-conjugated CD1d (1B1), CD4 (H129.19), CD5 

(53–7.3), CD19 (1D3), B220 (RA3-6B2), and Thy1.1 (OX-7) mAbs were from BD 

Biosciences. PE-conjugated IL-21R (4A9) mAb was from BioLegend (San Diego, CA). 

Intracellular staining used mAbs reactive with IL-10 (JES5-16E3), IL-17 (17B7), and IFN-γ 

(XMG1.2) (all from eBioscience) and Cytofix/Cytoperm kits (BD Biosciences). Background 

staining was assessed using non-reactive, isotype-matched control mAbs (Caltag 

Laboratories, San Francisco, CA). For two- to six-color immunofluorescence analysis, 

single cell suspensions (106 cells) were stained at 4°C using predetermined optimal mAb 

concentrations for 20 min as described35. Blood erythrocytes were lysed after staining using 

FACS™ Lysing Solution (Becton Dickinson, San Jose, CA).

B cell intracellular IL-10 expression was visualized by immunofluorescence staining and 

analyzed by flow cytometry as described6,30. Briefly, isolated leukocytes or purified cells 

were resuspended (2 × 106 cells/ml) in complete medium (RPMI 1640 media containing 

10% FCS, 200 μg/ml penicillin, 200 U/ml streptomycin, 4 mM L-Glutamine, and 5 × 10−5 

M 2-mercaptoethanol, all from Gibco, Carlsbad, CA) with LPS (10 μg/ml, Escherichia coli 
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serotype 0111: B4, Sigma), PMA (50 ng/ml; Sigma), ionomycin (500 ng/ml; Sigma) and 

monensin (2 μM; eBioscience) for 5 h in 48-well flat-bottom plates. In some experiments, 

the cells were incubated for 48 h with an agonistic anti-mouse CD40 mAb (1 μg/ml; 

HM40-3 mAb; BD Pharmingen) as described9. For IL-10 detection, Fc receptors were 

blocked with mouse Fc receptor mAb (2.4G2; BD PharMingen), and dead cells were 

detected using a LIVE/DEAD® Fixable Violet Dead Cell Stain Kit (Invitrogen-Molecular 

Probes) before cell surface staining. Stained cells were fixed and permeabilized using a 

Cytofix/Cytoperm kit (BD PharMingen) according to the manufacturer's instructions and 

stained with PE-conjugated mouse anti-IL-10 mAb. Splenocytes from IL-10−/− mice served 

as negative controls to demonstrate specificity and to establish background IL-10 staining 

levels. For T cell intracellular cytokine staining, lymphocytes were stimulated in vitro with 

PMA (50 ng/ml; Sigma, St. Louis, MO) and ionomycin (1 μg/ml; Sigma) in the presence of 

Brefeldin A (BFA, 1 μl/ml; eBioscience) for 5 h before staining. Viable cells with the 

forward and side light scatter properties of lymphocytes were analyzed using a FACScan 

flow cytometer (Becton Dickinson) or BD FACSCanto™ II (BD Biosciences).

In vitro B cell cultures

Purified splenic B cells (1×106/ml) were cultured in RPMI 1640 medium containing 10% 

FBS, 1% HEPES, 1% L-Glutamate, 1% Pen/Strep, and 0.1% 2-mercapthoethanol, and either 

recombinant IFN-γ (10 ng/ml IL-4 (2 ng/ml), IL-6 (10 ng/ml) or IL-21 (100 ng/ml) (from e-

Bioscience); TGF-β (10 ng/ml), IL-10 (10 ng/ml), or IL-12 (10 ng/ml) (from R&D systems, 

Minneapolis, MN); or IL-23 (20 ng/ml) and IL-27 (100 ng/ml) (Biolegend), or LPS (10 

μg/ml) before B10 cell numbers and culture supernatant fluid IL-10 concentrations were 

determined. In separate experiments, purified spleen B cells were cultured with NIH-3T3 

cells expressing CD154 and BLyS as described25,36 with exogenous recombinant IL-4 (2 

ng/ml) or IL-21 (10 ng/ml) added to the cultures. For adoptive transfer experiments, cultured 

CD5+ and CD5− B cells were purified by cell sorting (FACSVantage SE, Becton 

Dickinson), with purities of 95–98%. After purification, 1×106 cells were immediately 

transferred i.v. into each recipient mouse. In some experiments, CD40 mAb (clone HM40-3; 

hamster, no azide/endotoxin-free, BD Pharmingen, San Jose, CA) was added to cultures 

where indicated.

EAE induction

EAE was induced in 6- to 8-week-old female mice by subcutaneous immunization with 100 

μg of MOG35-55 peptide (MEVGWYRSPFSRVVHLYRNGK; NeoMPS, San Diego, CA) 

emulsified in CFA containing 200 μg of heat-killed Mycobacterium tuberculosis H37RA 

(Difco, Detroit, MI) on day 0. Additionally, mice received 200 ng of pertussis toxin (List 

Biological Laboratories, Campbell, CA) i.p. in 0.5 ml of PBS on days 0 and 2. Clinical signs 

of disease were assessed daily with a 0 to 6 point scoring system: 0, normal; 1, flaccid tail; 

2, impaired righting reflex and/or gait; 3, partial hind limb paralysis; 4, total hind limb 

paralysis; 5, hind limb paralysis with partial forelimb paralysis; 6, moribund state, as 

described37. Moribund mice were given disease severity scores of 6 and euthanized.
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Adoptive transfer experiments

B cells from naïve mice or mice with EAE (day 28) were first enriched using CD19 mAb-

coated microbeads, stained for cell surface CD19, CD1d and CD5 expression, with 

CD1dhiCD5+ and CD1dloCD5− B cells purified by cell sorting as described6,30 with purities 

of 95–98%. After purification, the CD1dhiCD5+ or CD1dloCD5− B cells (1×106) were 

immediately transferred i.v. into recipient mice, with B10 cells representing 13–20% and 

<0.1% of the transferred cells6,30. In some experiments, donor Thy1.1 CD4+ T cells were 

isolated from pooled spleens and lymph nodes of TCRMOG transgenic mice, then labeled 

with CFSE Vybrant™ CFDA SE fluorescent dye (5 mM; CFSE; Invitrogen) and transferred 

i.v. (5×106/mouse) into Thy1.2 congenic recipients. Five days after adoptive transfer, the 

TCRMOG CD4+ T cells were assessed by flow cytometry.

Statistical analysis

All data are shown as means (±SEM). The significance of differences between sample 

means was determined using the Student's t test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
IL-21 induces regulatory B10 cell function. a, IL-21 induces B10 cell IL-10 production and 

secretion. purified spleen CD19+ B cells from wild type mice were cultured in medium 

alone or containing the indicated cytokines or LPS. To visualize IL-10-competent B cells, 

LPS, PMA, ionomycin and monensin (L+PIM) were added to the cultures 5 h before the 

cells were stained for cell surface CD19 and cytoplasmic IL-10 expression and analyzed by 

flow cytometry. Representative histograms show IL-10+ cell frequencies within the 

indicated gates, with background staining shown for cells cultured with monensin (Mon.) 

alone. Bar graphs indicate mean (±s.e.m.) I L-10+ B cell frequencies or culture supernatant 

fluid IL-10 concentrations at 48 or 72 h from three independent experiments using 

individual mice. b, IL-21 induces CD1dhiCD5+ B cell IL-10 production. Purified spleen 

CD1dhiCD5+ or CD1dloCD5− B cells from wild type mice were cultured with media alone 

or containing IL-21 for 48 h before IL-10+ B cell frequencies were assessed as in (a). c, B10 

cells express IL-21R. CD19+ splenocytes purified from wild type mice were cultured with L

+PIM for 5 h before cell surface CD19 and IL-21R, and cytoplasmic IL-10 staining to 

identify IL-10-competent B10 cells (dot plot, left panel). Representative IL-21R expression 

by IL-10+ and IL-10− B cells from wild type mice is shown in comparison with control B 

cells from IL-21R−/− mice (gray histograms). Results represent three independent 

experiments using individual mice. d, IL-21R expression is required for B10 cell expansion 

in vivo following MOG immunization. B10 cell numbers were assessed in wild type, 

IL-21R−/− or CD19−/− mice 7 days after saline (PBS) or MOG35-55 immunization. 

Representative flow cytometry histograms are shown. Bar graphs indicate mean (±s.e.m.) 

B10 cell frequencies (≥3 mice per group). a and d, Significant differences between sample 

means are indicated; *, p<0.05; **, p<0.01.
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Figure 2. 
B10 cells require IL-10, IL-21R, CD40, and MHC-II expression to regulate EAE severity. a, 

One day before CD19−/− or wild type (WT) mice were immunized with MOG35-55 on day 0, 

the CD19−/− mice received PBS or purified spleen CD1dhiCD5+ or CD1dloCD5− B cells 

from either wild type, IL-10−/−, IL-21R−/−, CD40−/−, or MHC-II−/− mice. Mice were scored 

daily thereafter for disease severity. The top two graphs show data from the same 

experiment, but were separated to facilitate visualization of the overlapping curves. b, B10 

cells require MHC-II expression to regulate EAE severity in wild type mice treated with 

CD20 or control mAb 7 days before MOG35-55 immunization on day 0. The mice also 

received PBS or purified CD1dhiCD5+ B cells from either CD20−/− or MHC-II−/−CD20−/− 

mice 1 day before MOG35-55 immunization. The two graphs are from the same experiment, 

but were separated to facilitate visualization of the overlapping curves. c, Activated MHC-

II−/− B10 cells do not reduce disease severity in wild type mice. Purified CD1dhiCD5+ B 

cells from wild type or MHC-II−/− mice were cultured with agonistic CD40 mAb for 48 h to 

induce B10pro cell maturation, with LPS added during the final 5 h of culture. Wild type 

mice were given either PBS or CD1dhiCD5+ B cells 1 day before MOG35-55 immunization 

on day 0. a–c, Values represent mean (±s.e.m.) symptom scores from ≥3 mice in each group, 

with similar results obtained in three independent experiments. Significant differences 

between sample means are indicated; *, p<0.05.
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Figure 3. 
B10 cell expansion and regulation of T cell-mediated autoimmunity. a, B10 cells require 

IL-10, IL-21R, CD40 and MHC-II expression to regulate antigen-specific T cell 

proliferation in vivo. CD19−/− recipient mice were given PBS as a control, or purified 

CD1dhiCD5+ or CD1dloCD5− B cells from naïve wild type (WT), IL-10−/−, IL-21R−/−, 

CD40−/− or MHC-II−/− mice, or wild type mice with EAE (day 28) 1 day before MOG35–55 

immunization on day 0. Four days after immunization, dye (CFSE)-labeled TCRMOG 

CD4+Thy1.1+ T cells were transferred into CD19−/− recipient mice. Five days later, 

peripheral lymph node CD4+Thy1.1+ T cells were analyzed for proliferation, with 

representative flow cytometry analysis of CFSE dilution show. Bar graphs indicate mean 

(±s.e.m.) numbers of divided TCRMOG T cells. b, B10 cells require IL-10, IL-21R, CD40 

and MHC-II expression for their regulation of antigen-specific T cell cytokine production. 

Purified CD1dhiCD5+ B cells from the indicated mice were transferred into CD19−/− 

recipient mice 1 day before MOG35–55 immunization on day 0, with TCRMOG 

Thy1.1+CD4+ T cells transferred on day 4. Fourteen days later, lymph node Thy1.1+CD4+ T 

cells were analyzed for IL-17 and IFN-γ production by intracellular cytokine staining, with 

representative flow cytometry results shown. (a–b) Bar graphs indicate mean (±s.e.m.) 

frequencies of divided or cytokine-expressing cells, with three mice in each group. 

Significant differences between sample means are indicated: *, p<0.05; **, p<0.01. c, Model 

for autoantigen (Ag)-specific B10 cell function. B cells capture autoantigens that trigger 

appropriate BCR signals (step 1) and promote IL-10-competent B10pro cell development. 

During immune responses (step 2), B10pro cells present peptides to antigen-specific T cells 

through cognate interactions that induce T cell activation and CD40/CD154 interactions. 

Activated T cells may produce IL-21 locally, which binds to proximal B10 cell IL-21R (step 
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3). IL-21R signals induce B10 cell IL-10 production and effector function (B10eff, step 4), 

which may negatively regulate antigen-specific T cell function (step 5).
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Figure 4. 
IL-21 drives ex vivo regulatory B10 cell expansion. a, B10 cell development in vitro. 

Purified spleen B cells were cultured on NIH-3T3-CD154/BLyS cell monolayers with 

exogenous IL-4 for 4 days, then cultured on fresh NIH-3T3-CD154/BLyS cells with 

exogenous IL-21 for 3 or 5 days as indicated, isolated, cultured with monensin for 5 h and 

stained for cytoplasmic IL-10 expression. Representative IL-10+ B cell frequencies within 

the indicated gates are shown. Similar results were obtained in ≥10 experiments. b, IL-21 

drives B10 cell expansion in vitro. B cells cultured as in (a) were harvested each day. Bar 

values represent mean (±s.e.m.) B cell and B10 cell numbers, or B10 cell frequencies (solid 

line) from three independent experiments. c, IL- 21-induced B10 cells express CD5. B cells 

cultured for 9 days as in (a) were stained for CD5 and CD19 expression. CD5+ or CD5− B 

cells were then purified and cultured with monensin for 5 h before cytoplasmic IL-10 

staining. Results represent three independent experiments. d, B10 effector cells inhibit EAE 

initiation and progression. CD5+CD19+ or CD5−CD19+ cells were isolated as in (c) and 

adoptively transferred into wild type mice on days −1, 7, 14 or 21 (arrows) before/after 

MOG immunization and EAE induction as in figure 2. e, B10 cell expansion in vitro 

requires IL-21R and CD40 expression, and in vivo BCR signaling. Purified spleen B cells 

isolated from wild type, IL-21R−/−, CD40−/−, MHC-II−/−, CD19−/−, or MD4 mice were 

cultured as in (a), with mean (±s.e.m.) cell numbers quantified after culture. Values 

represent means (±s.e.m.) of three independent experiments. IL-10+ B cell frequencies in the 

cultures are shown in parentheses. f, B10 effector cells require IL-10 and MHC-II 

expression to inhibit EAE. B cells from IL-10−/− or MHC-II−/− mice were cultured as in (a), 

separated into CD5+ or CD5− cells as in (c) and adoptively transferred into wild type mice 

before MOG35–55 immunization as in (d). (d, f) Values represent mean (±s.e.m.) symptom 
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scores from ≥3 mice in each group, with similar results obtained in three independent 

experiments. (b, d, e) Significant differences between sample means are indicated: *, 

p<0.05; **, p<0.01.
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