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by B cells.

INTRODUCTION

CD4 T cells differentiate into separate helper, killer, regulatory,
and inflammatory populations under the influence of various
cytokines and cellular interactions that induce expression of spe-
cific transcription factors (Zhu etal., 2010). In particular, recent
work has identified a unique Th17 cell population. These T cells
are induced by TGFp together with IL-6 or IL-21, plus IL-23 (Korn
etal.,2007). Th17 cells produce and secrete one or more members
of the IL-17 family of cytokines along with IL-22, and are charac-
terized by expression of the transcription factors RORyt, RORa,
and STAT3 (Korn etal., 2009). Th17 cells act as intermediaries that
recruit other immune cells and produce inflammation that can be
both advantageous in defense against infection and deleterious in
fomenting autoimmunity (Awasthi and Kuchroo, 2009). Aberrant
activity of Th17 cells plays a significant role in the pathogenesis of
multiple inflammatory and autoimmune disorders, including SLE
(Garrett-Sinha etal., 2008), allergic asthma (Oboki etal., 2008),
inflammatory bowel disease (Fujino etal., 2003), and the murine
model for multiple sclerosis, EAE (Komiyama et al., 2006). Thus,
understanding the induction and regulation of Th17 cells is of
paramount importance both from the standpoint of basic science
and clinical medicine.

CD5" B-1 cells constitute a special B cell population with
distinct ontogenic, phenotypic, and functional characteristics
(Baumgarth, 2011). B-1 cells derive from a unique progenitor and
thus represent a separate lineage (Herzenberg and Tung, 20065
Montecino-Rodriguez etal., 2006). B-1 cells play a key role in
immune system homeostasis by producing natural antibody that
defends against common infectious pathogens and that disposes
of molecular and cellular debris (Baumgarth etal., 2005; Binder

Abbreviations: CTLA, cytotoxic T lymphocyte-associated antigen; HA, hyaluronic
acid; OPN, osteopontin.

B-1 cells constitute a unique B cell population with distinct ontogenic, phenotypic, and
functional characteristics. Naive, unmanipulated B-1 cells induce differentiation of CD4*
T cells to become pro-inflammatoryTh17 cells whereas naive B-2 cells do not. We examined
the role of distinctly expressed surface membrane molecules in providing B-1 cells with
Th17-differentiating function. Neither Mac-1, CD25, PD-L2 nor CD73 appeared to contribute
to B-1 cell induction of Th17 differentiation. In contrast, we found that CD44 and CD86 are
involved on the basis of studies with neutralizing antibodies and knock-out mice. Activation
imparted to naive B-2 cells the ability to induce Th17 differentiation and this was similarly
partially interrupted by interfering with CD44 and CD86. Our findings suggest that CD44-
OPN and B7 family members play important roles in the induction of Th17 cell differentiation
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and Silverman, 2005). Further, B-1 cells are thought to influence
other elements of the immune system, through cytokine produc-
tion and through direct interaction (O’Garra etal., 1992; Ghosn
etal.,, 2008). Some of these activities may segregate with specific
B-1 cell populations defined on the basis of surface antigen expres-
sion for Mac-1, CD25, CD73, and PD-L2, the latter of which has
been shown to correlate with autoantibody production (Hastings
etal., 2006; Zhong et al., 2007b, 2009; Ghosn et al., 2008; Tumang
etal., 2011).

In previous work, we found that naive peritoneal B-1 cells stim-
ulated differentiation of CD4™ T cells to Th17 cells in an allogeneic
co-culture situation (Hastings etal., 2006; Zhong etal., 2007b,
2009; Ghosn etal., 2008; Tumang etal., 2011). In direct contrast,
co-culture of CD4™ T cells with naive splenic B-2 cells did not yield
Th17 cells but instead produced regulatory T (Treg) cells (Zhong
etal., 2007a). This work was carried out under Treg promoting
cytokine conditions. In the present study, we compared induction
of Th17 cell differentiation produced by B-1 and B-2 cells in the
presence of optimal cytokine conditions, and we determined the
role that uniquely expressed B-1 cell surface antigens might play
in this process.

MATERIALS AND METHODS

MICE

BALB/c, C57BL/6, CD44~/~,B7.17/~,and B7.2~/~ double defi-
cient mice (B7.1/2~/~; all knockout mice are on a C57BL/6
background) were obtained from The Jackson Laboratory. All
mice were cared for and handled in accordance with NIH and
institutional guidelines.

ANTIBODIES AND REAGENTS
Fluorescently labeled antibodies (anti-CD4-FITC, anti-GL7-FITC,
anti-CD21-FITC, anti-B220-FITC, anti-CD23-PE, anti-Macl-PE,
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anti-CD80-PE, anti-CD86-PE, anti-CD44-PE, anti-Fas-PE,
and anti-CD5-PE-Cy5) were obtained from BD Bioscience. Anti-
OPN, anti-CD44, anti-CD80, anti-CD86, anti-IFNYy, anti-IL-4
antibodies and cytokines IL-2, IL-6, IL-21, IL-23, IL-27 were
obtained from R&D systems. Anti-IL-17a-APC was obtained
from eBioscience. LPS and PMA were obtained from Sigma-
Aldrich. Ionomycin was obtained from Calbiochem. Brefeldin A
was obtained from Enzo.

CELL PREPARATION

Peritoneal washouts and spleens were obtained from 8—10-week-
old mice, and then stained with fluorescence labeled antibodies.
B cell populations (splenic follicular B cell: CD21%/CD23; peri-
toneal B-1a: B220lo/Mac-11/CD5™) were then purified by FACS
using an Influx sorter (BD Bioscience). Flow cytometric analysis
was performed using a LSR-II instrument (BD Bioscience). Naive
CD4™" T cells were purified from wild-type mice using the CD4*
T cell isolation kit (Miltenyi Biotec).

IN VITRO Th17 CELL INDUCTION AND INTRACELLULAR

CYTOKINE FLOW CYTOMETRY

Bead-enriched naive CD4" T cells were co-cultured at ratio of
2:1 with sort-purified, irradiated allogeneic B cells in 96-well
round-bottom plates for 5 days in the presence of 10 pg/mL anti-
INFy, 10 pg/mL anti-IL-4, 3 ng/mL TGFp, 50 ng/mL IL-6, and
20 ng/mLIL-23. Samples were stimulated with 50 ng/mL PMA and
800 ng/mL ionomycin and 10 pg/mL Brefeldin A for 5 h, before
surface staining with combinations of antibodies against CD4 and
intracellular cytokine staining with antibodies against IL-17A, and
analyzed with a LSR II flow cytometer. All antibodies and stain-
ing buffers were purchased from eBioscience. Cell proliferation
was measured as mean [3H]thymidine incorporation & SD of
duplicate wells.

RESULTS

B-1 CELLS, BUT NOT B-2 CELLS, INDUCE Th17 CELL DIFFERENTIATION
UNDER OPTIMAL CYTOKINE CONDITIONS

Optimal conditions for Th17 cell differentiation include expo-
sure of CD4™ T cells to TGFB, IL-6, and IL-23, and blockade of
IFNYy and IL-4. To more fully determine the differences between
B-1 and B-2 cells in Th17 cell differentiation, we compared
the capacity of irradiated, naive peritoneal B-1 cells and irradi-
ated, naive splenic B-2 cells to induce Th17 cells in co-culture
experiments under optimal conditions. B cells and T cells were
allogeneically mismatched to more closely model what happens
when T cells are activated by antigen presented in the context of
MHC rather than by antibodies that recognize a TCR complex
component. CD4" T cells were examined for IL-17 expression
by intracellular staining after 5 days. We found a marked dif-
ference between B-1 and B-2 cells (Figure 1A). Without added
cytokines, B-1 cells induced a modest level of IL-17-containing T
cells. With added cytokines, over one-fourth of T cells expressed
intracellular IL-17. Notably, IL-17" T cells generally expressed
more CD4 than IL-17- T cells, presumably as a result of acti-
vation and enlargement. In direct contrast, B-2 cells without
added cytokines did not induce Th17 cells and the presence of
cytokines produced only a very small increase in Th17 cells to a

level below that produced by B-1 cells in the absence of cytokines.
Thus, under optimal cytokine conditions B-1 cells potently stim-
ulate Th17 cell differentiation whereas B-2 cells completely fail to
do so.

We examined the influence of additional cytokines on B-1 cell
induction of Th17 cell differentiation (Figure 1B). We found that
IL-2, IL-10, and IL-27 each inhibited Th17 cell differentiation
(Laurence etal., 2007; Neufert et al., 2007). As expected, IL-21 had
little effect in the presence of IL-6 and, also as expected, retinoic
acid strongly blocked Th17 cell induction (Mucida etal., 2007).

We tested the role of several B-1 cell surface markers and the
subpopulations defined by their expression in promoting Th17
cell differentiation. B-1 cells were divided into those that did
or did not express Mac-1 (CD11b), those that did or did not
express PD-L2, those that expressed high or low levels of CD25,
and those that expressed high or low levels of CD73, as we have
reported (Hastings et al., 2006; Zhong et al., 2007b; Tumang et al.,
2011; Manuscript in preparation). Regardless of the subpopula-
tion examined there was no alteration in B-1 cell stimulation of
Th17 cell differentiation (Figure 1C), strongly suggesting that nei-
ther these molecules nor the subpopulations they define produce
more or less induction of Th17 cells.

CD86 CONTRIBUTES TO B-1 CELL-INDUCED

Th17 CELL DIFFERENTIATION

Expression of CD80 and CD86 is elevated on B-1 as compared to
B-2 cells, and blockade of CD86 eliminates B-1 cell-induced allo-
geneic stimulation of T cell proliferation (Zhong etal., 2007a).
To investigate the potential role of CD80/CD86 costimulatory
molecules in B-1 cell-induced Th17 cell differentiation, we added
neutralizing anti-CD80 and anti-CD86 antibodies to B and T cells
cultured as above and stained T cells for intracellular IL-17 5 days
later. We found that anti-CD86 partially inhibited induction of
Th17 cells, whereas anti-CD80 did not. However, blockade of
both produced more inhibition than blockade of CD86 alone,
suggesting a role for CD80 that may be masked by a strong
stimulatory effect of intact CD86. To confirm the role of these
co-stimulatory molecules we obtained B-1 cells from CD80~/~
CD86~/~ double knockout mice and verified inhibition of Th17
cell differentiation attributable to these B7 family members.
(Figure 2A)

CD44 CONTRIBUTES TO B-1 CELL-INDUCED

Th17 CELL DIFFERENTIATION

Expression of CD44 is elevated on B-1 as compared to B-2 cells
(Murphy etal., 1990). To investigate the potential role of CD44
in B-1 cell-induced Th17 cell differentiation, we added poly-
clonal neutralizing anti-CD44 antibody to B and T cells cultured
as above and stained T cells for intracellular IL-17 5 days later.
We found that anti-CD44 inhibited induction of Th17 cells by
about half (Figure 2B). Because CD44 can bind both hyaluronic
acid and osteopontin (Lesley etal., 1993; Naor etal., 1997; Ponta
etal., 2003), we used additional neutralizing antibodies to deter-
mine which activity is involved in Th17 cell generation. We found
that anti-osteopontin interfered with B-1 cell-induced Th17 cell
differentiation, whereas an antibody (KM114) that solely inter-
feres with HA binding to CD44 (Greyner etal., 2010) did not.
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FIGURE 1 | B-1 cells, but not B-2 cells, induce Th17 cell differentiation
under optimal cytokine conditions. Sort-purified BALB/c peritoneal B-1
cells or splenic B-2 cells were co-cultured for 5 days at a 1:2 ratio with
magnetic bead selected CD4™ T cells from C57BL/6 mice in the presence of
medium only or Th17 polarizing cytokines. The percentages of alloactivated
CD41T cells staining positively for intracellular I1=17 are shown. (A)
Expression of intracellular 1L-17 was assessed in CD4T T cells by flow
cytometry after stimulation by B-1 or B-2 cells in medium only or in the
presence of Th17 polarizing cytokines TGFg, 1L-6, Il-23 plus anti-IL4 and
anti-IFNy (Cytokines). Results represent one of 3 comparable experiments.
(B) Expression of intracellular 11-17 was assessed in CD4™ T cells by flow
cytometry after stimulation by B-1 cells in medium only, or with Th17
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polarizing cytokines (TGF, IL-6, 1l-23 plus anti-IL4 and anti-IFNy in the
absence or presence of 10 ng/mL IL-2 (2), 10 ng/mL IL=10 (10), 10 ng/mL IL-21
(21), 10 ng/mL I-27 (27) or 1 wuM/mL retinoic acid (RA), as indicated. Mean
values are shown along with lines indicating SEMs (n = 3). (C) Expression of
intracellular 1117 was assessed in CD41 T cells exposed to Th17 polarizing
cytokines and stimulated by B-1 cells or by sort-purified subpopulations of B-1
cells including CD25high (CD25M) vs CD25low (CD25/°), Mac-1 positive
(Mact) vs Mac-1 negative (Mac~), CD73 high (CD73") vs CD73low
(CD73'°), and, PD-L2 positive (L2T) vs PD-L2 negative (L27). Mean

values are shown along with lines indicating SEMs (n = 3). t-Test was
performed to determine whether differences were significant. **p < 0.01;
*p < 0.05.

Because CD44 can participate in cell-cell interaction (Siegelman
etal.,, 1999), we examined allogeneic stimulation of T cell pro-
liferation by B-1 cells in the presence or absence of these various
antibodies to separate effects on T cell differentiation from general
effects of B:T interaction. We found that none of the antibodies
interfered with the ability of B-1 cells to drive T cell prolifera-
tion and thus did not prevent T cells from interacting with B cells
(Figure 2C).

To confirm the role of CD44 we obtained B-1 cells from
CD44~/~ knockout mice and verified inhibition of Th17 cell
differentiation attributable to B-1 cell expression of this surface
molecule (Figure 2D). At the same time we obtained CD4™ T cells
from CD44~/~ knockout mice and verified inhibition of Th17 cell
differentiation attributable to T cell CD44 expression (Figure 2E).
Thus, CD44 participates specifically in B-1 cell stimulation of Th17
cell differentiation via its osteopontin binding activity, and CD44
on both B-1 cells and T cells is important.

ACTIVATED B-2 CELLS STIMULATE Th17 CELL

DIFFERENTIATION LIKE B-1 CELLS

The expression of CD44, CD86, and CD80 is increased dramati-
cally on B-2 cells by mitogenic stimulation (Murphy etal., 1990;
Hathcock etal., 1994). Inasmuch as CD44, CD86, and CD80 are
responsible, at least in part, for the ability of B-1 cells to induce
Th17 cell differentiation, activated B-2 cells may acquire this abil-
ity as well. To test this possibility, we stimulated sort-purified naive
splenic B-2 cells with 10 pug/mL LPS for 48 h and then co-cultured
activated B-2 cells with MHC-disparate CD4™ T cells in the pres-
ence of medium or optimal Th17 polarizing conditions. After 5
days T cells were stained for intracellular IL-17. We found that
activated B-2 cells strongly induced Th17 cell differentiation, even
exceeding the induction produced by naive B-1 cells (Figure 2F)
and highly expressed CD80, CD86 and CD44 (Figures 3A-C).
To evaluate the role of LPS-stimulated expression of CD44 and
B7 family members in this process, we co-cultured activated B-2
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FIGURE 2 | CD44 and CD86 contribute to B-1 cell-induced Th17 cell after addition of [3H]thymidine during the last 6 h of culture. Mean cpm
differentiation. (A) Sort-purified C57BL/6 peritoneal B-1 cells were values of triplicate cultures in three independent experiments are shown
co-cultured at a 1:2 ratio with magnetic bead selected CD41 T cells from along lines indicating SEMs. (D) Sort-purified peritoneal B-1 cells from
BALB/c mice in the presence of Th17 polarizing conditions with or without C57BL/6 (CTL) or CD44 KO mice were co-cultured at a 1:2 ratio with
neutralizing antibodies directed against CD80 («CD80) or CD86 («CD86) or magnetic bead selected CD4™ T cells from BALB/c mice in Th17 polarizing
both, or with isotype control antibody (IC), as indicated. Sort-purified conditions. After 5 days expression of intracellular Il-17 was assessed by flow
peritoneal B-1 cells from CD80/CD86 double knock-out mice on the C57BL/6 cytometry. Mean values are shown along with lines indicating SEMs (n = 3).
background (DKO) were co-cultured at a 1:2 ratio with magnetic bead (E) Sort-purified peritoneal B-1 cells from BALB/c mice were co-cultured at a
selected CD47 T cells from BALB/c mice. After 5 days expression of 1:2 ratio with magnetic bead selected CD4+ T cells from C57BL/6 (CTL) or
intracellular =17 was assessed by flow cytometry. Mean values are shown CD44 KO mice in Th17 polarizing conditions. After 5 days expression of
along with lines indicating SEMs (n = 3). (B) Sort-purified BALB/c B-1 cells intracellular IL-:17 was assessed by flow cytometry. Mean values are shown
were co-cultured at a 1:2 ratio with magnetic bead selected CD4+ T cells along with lines indicating SEMs (n = 3). (F) Sort-purified peritoneal B-1 cells
from C57BL/6 mice in the presence of Th17 polarizing conditions with either and splenic B-2 cells were cultured for 5 days in medium, and sort-purified
isotype control antibody (IC), polyclonal anti-CD44 antibody («CD44p), KM114 splenic B-2 cells were cultured for 5 days with 10 pwg/mL LPS (B-2-LPS).
monoclonal anti-CD44 antibody (KM114), or anti-OPN antibody («OPN), each Harvested supernatants were assayed for osteopontin (OPN). Mean
at 10 ng/mL. After 5 days expression of intracellular I1L:17 was assessed by values are shown along with lines indicating SEMs (n = 3). t-Test was
flow cytometry. Mean values are shown along with lines indicating SEMs performed to determine whether differences were significant. **p < 0.01;
(n = 3). (C) Comparable cultures as described in B were harvested at 3 days *p < 0.05.
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FIGURE 3 | Activated B-2 cells stimulate Th17 cell differentiation like B-1
cells. (A—C) Peritoneal B-1 cells and splenic B-2 cells were evaluated for
expression of CD80 (A), CD86 (B), and CD44 (C) by immunofluorescent
staining and flow cytometry. Splenic B-2 cells were sort-purified and
stimulated by 10 pg/mL LPS and then similarly evaluated. Mean values are
shown along with lines indicating SEMs (n = 3). (D,E) Sort-purified BALB/c
peritoneal B-1 cells (a,b) and splenic B-2 cells previously stimulated by
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medium alone (a,c) or in the presence of anti-CD44 antibody (d), anti-CD80
plus anti-CD86 antibody (e) or anti-osteopontin antibody (b,f). After 5 days
expression of intracellular I1:17 was assessed by flow cytometry.
Representative results are shown in (D) and mean values (with horizontal
lines indicating SEM) for five independent experiments are shown in (E). In
(A,B,C,E), t-test was performed to determine whether differences were
significant. **p < 0.01; *p < 0.05.

cells with naive T cells in the presence of neutralizing antibodies
directed against CD44, CD80/86, and osteopontin. We found that
each of these antibodies produced an approximately 40% decline
in Th17 cell induction (Figure 3D,E). Thus, naive B-1 cells are
capable of inducing Th17 cell differentiation as are activated (but
not naive) B-2 cells and key surface molecules including CD44
(osteopontin), CD86 and CD80 are involved in the induction of
Th17 cells by B cells whether acquired natively (B-1 cells) or as a
result of activation (B-2 cells).

DISCUSSION

Antigen-presenting cells (APC) are principal architects of the
immune response by orchestrating T cell priming and differen-
tiation. Much effort has been focused on understanding the role
and function of dendritic cells (DC) in these processes. Although

B cells are also considered professional APC, previous work has
focused primarily on their role as terminal effectors of antibody
production dependent on the help of DC-primed T cells, whereas
their role in T cell priming, differentiation, and tolerance has been
controversial.

Recent evidence has highlighted the role of Treg cells in the
induction and maintenance of peripheral tolerance and, con-
versely, the role of Th17 cells as effectors of inflammatory
responses. Besides naturally occurring Treg (nTreg) cells, induced
Treg (iTreg) cells can be converted from naive T cells in the presence
of TGFB. Such conversion also requires APC-derived costimu-
latory signals in addition to TCR engagement. We questioned
whether B cells function as APC in the generation of Th17 cellsand
what surface molecules might be involved. We focused on B-1 cells,
a distinct B cell subset that produces protective natural antibody
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and that differs from B-2 cells in many respects including lin-
eage, location, gene expression, antibody repertoire, proliferative
responses, and immunoglobulin secretion.

In recent years a role for B cells has been delineated in a
number of autoimmune and inflammatory diseases, which has
led to successful application of B cell depletion therapies in
some (Perosa etal., 2010). The results presented here empha-
size the capacity of naive B-1 cells and activated B-2 cells to
induce differentiation of IL-17 expressing pro-inflammatory Th17
cells, raising the possibility that participation in Th17 cell induc-
tion represents a mechanism by which B cells may contribute
to autoimmune and inflammatory disease. Our results further
indicate that osteopontin-binding CD44 plays a major role in
the pathway from B cells to Th17 cells in vitro, which fits well
with recent results indicating a role for CD44/osteopontin in pro-
moting Th17 cell differentiation in vivo (Guan etal., 2011). This
latter work did not determine how T cells were stimulated to
undergo Th17 cell differentiation, which the work presented here
suggests may come about through B cell: T cell interaction. B-1
cells are known to produce IL-10 (O’Garra etal., 1992) and the

influence of CD44/osteopontin may result, in part, from inhi-
bition of immunosuppressive IL-10 secretion (Murugaiyan etal.,
2008) that allows for more robust T cell stimulation. This mech-
anism may also contribute to disease which has been shown in
mouse and human to be associated with osteopontin (lizuka et al.,
1998; Forton et al., 2002; Jansson et al., 2002; Yumoto etal., 2002;
Xu etal., 2005).

In summary, our findings suggest that CD44/osteopontin and
CD86/CD80 costimulatory molecules play a crucial role in the
induction of Th17 cells by B cells. These data show that B-1
cells and activated B-2 cells can direct and regulate the inflam-
matory response through Th17 induction. To the extent that
they do so, B cell depletion therapy may reset the balance
between effector and regulatory populations of T cells as well as
B cells.

ACKNOWLEDGMENT

This work was supported by United State Public Health Service
grant AR056364 awarded to Thomas L. Rothstein by the National
Institutes of Health.

REFERENCES

Awasthi, A., and Kuchroo, V. K. (2009).
Th17 cells: from precursors to players
in inflammation and infection. Int.
Immunol. 21, 489—498.

Baumgarth, N. (2011). The double life
of a B-1 cell: self-reactivity selects
for protective effector functions. Nat.
Rev. Immunol. 11, 34—46.

Baumgarth, N., Tung, J. W, and
Herzenberg, L. A. (2005). Inher-
ent specificities in natural antibodies:
a key to immune defense against
pathogen invasion. Springer Semin.
Immunopathol. 26, 347-362.

Binder, C.J., and Silverman, G.]J. (2005).
Natural antibodies and the autoim-
munity of atherosclerosis. Springer
Semin. Immunopathol. 26, 385—-404.

Forton, A. C., Petri, M. A., Goldman,
D., and Sullivan, K. E. (2002). An
osteopontin (SPP1) polymorphism is
associated with systemic lupus ery-
thematosus. Hum. Mutat. 19, 459.

Fujino, S., Andoh, A., Bamba, S.,
Ogawa, A., Hata, K., Araki, Y,
Bamba, T., and Fujiyama, Y. (2003).
Increased expression of interleukin
17 in inflammatory bowel disease.
Gut 52, 65-70.

Garrett-Sinha, L. A., John, S., and
Gaffen, S. L. (2008). IL-17 and the
Th17 lineage in systemic lupus ery-
thematosus. Curr. Opin. Rheumatol.
20, 519-525.

Ghosn, E. E, Yang, Y., Tung, J., and
Herzenberg, L. A. (2008). CD11b
expression distinguishes sequential
stages of peritoneal B-1 development.
Proc. Natl. Acad. Sci. US.A. 105,
5195-5200.

Greyner, H. J., Wiraszka, T., Zhang, L. S.,
Petroll, W. M., and Mummert, M. E.

(2010). Inducible macropinocytosis
of hyaluronan in B16-F10 melanoma
cells. Matrix Biol. 29, 503-510.

Guan, H., Nagarkatti, P. S, and
Nagarkatti, M. (2011). CD44 Recip-
rocally regulates the differentiation
of encephalitogenic Th1/Th17 and
Th2/regulatory T cells through
epigenetic modulation involving
DNA methylation of cytokine gene
promoters,  thereby controlling
the development of experimental
autoimmune encephalomyelitis. J.
Immunol. 186, 6955-6964.

Hastings, W. D., Gurdak, S. M., Tumang,
J. R.,, and Rothstein, T. L. (2006).
CD5+/Mac-1- peritoneal B cells: a
novel B cell subset that exhibits char-
acteristics of B-1 cells. Immunol. Lett.
105, 90-96.

Hathcock, K. S., Laszlo, G., Pucillo, C.,
Linsley, P., and Hodes, R. J. (1994).
Comparative analysis of B7-1 and
B7-2 costimulatory ligands: expres-
sion and function. J. Exp. Med. 180,
631-640.

Herzenberg, L. A., and Tung, J. W.
(2006). B cell lineages: documented
at last! Nat Immunol. 7,225-226.

lizuka, J., Katagiri, Y., Tada, N,
Murakami, M., Ikeda, T., Sato, M.,
Hirokawa, K., Okada, S., Hatano, M.,
Tokuhisa, T., and Uede, T. (1998).
Introduction of an osteopontin gene
confers the increase in Bl cell pop-
ulation and the production of anti-
DNA autoantibodies. Lab. Invest. 78,
1523-1533.

Jansson, M., Panoutsakopoulou, V.,
Baker, J., Klein, L., and Can-
tor, H. (2002). Cutting edge:
Attenuated experimental autoim-
mune encephalomyelitis in eta-1/

osteopontin-deficient  mice. J.
Immunol. 168, 2096—2099.

Komiyama, Y., Nakae, S., Matsuki, T.,
Nambu, A., Ishigame, H., Kakuta,
S., Sudo, K., and Iwakura, Y.
(2006). IL-17 plays an important role
in the development of experimen-
tal autoimmune encephalomyelitis. J.
Immunol. 177, 566-573.

Korn, T., Bettelli, E., Oukka, M., and
Kuchroo, V. K. (2009). IL-17 and
Th17 Cells. Annu. Rev. Immunol. 27,
485-517.

Korn, T., Oukka, M., Kuchroo, V., and
Bettelli, E. (2007). Th17 cells: effector
T cells with inflammatory properties.
Semin. Immunol. 19, 362-371.

Laurence, A., Tato, C. M., Davidson,
T. S., Kanno, Y., Chen, Z., Yao, Z.,
Blank, R. B., Meylan, E, Siegel, R.,
Hennighausen, L., Shevach, E. M,,
and O’Shea J, J. (2007). Interleukin-
2 signaling via STAT5 constrains T
helper 17 cell generation. Immunity
26, 371-381.

Lesley, J., Hyman, R., and Kincade, P. W.
(1993). CD44 and its interaction with
extracellular matrix. Adv. Immunol.
54,271-335.

Montecino-Rodriguez, E., Leathers, H.,
and Dorshkind, K. (2006). Iden-
tification of a B-1 B cell-specified
progenitor.  Nat.  Immunol. 7,
293-301.

Mucida, D., Park, Y., Kim, G., Tur-
ovskaya, O., Scott, I., Kronenberg, M.,
and Cheroutre, H. (2007). Reciprocal
TH17 and regulatory T cell differ-
entiation mediated by retinoic acid.
Science 317, 256-260.

Murphy, T. P, Kolber, D. L., and Roth-
stein, T. L. (1990). Elevated expres-
sion of Pgp-1 (Ly-24) by murine

peritoneal B lymphocytes. Eur. ].
Immunol. 20, 1137-1142.

Murugaiyan, G., Mittal, A., and Weiner,
H. L. (2008). Increased osteopontin
expression in dendritic cells ampli-
fies IL-17 production by CD4+ T
cells in experimental autoimmune
encephalomyelitis and in multiple
sclerosis. J. Immunol. 181, 7480-
7488.

Naor, D., Sionov, R. V., and Ish-Shalom,
D. (1997). CD44: structure, func-
tion, and association with the malig-
nant process. Adv. Cancer Res. 71,
241-319.

Neufert, C., Becker, C., Wirtz, S., Fan-
tini, M. C., Weigmann, B., Galle, P.R.,
and Neurath, M. E. (2007). IL-27 con-
trols the development of inducible
regulatory T cells and Th17 cells via
differential effects on STAT1. Eur. J.
Immunol. 37, 1809-1816.

Oboki, K., Ohno, T., Saito, H., and
Nakae, S. (2008). Th17 and allergy.
Allergol. Int. 57,121-134.

O’Garra, A., Chang, R, Go, N., Hast-
ings, R., Haughton, G., and Howard,
M. (1992). Ly-1 B (B-1) cells are
the main source of B cell-derived
interleukin 10. Eur. J. Immunol. 22,
711-717.

Perosa, E, Prete, M., Racanelli, V.,
and Dammacco, E (2010). CD20-
depleting therapy in autoimmune

diseases: from basic research to
the clinic. J. Intern. Med. 267,
260-277.

Ponta, H., Sherman, L., and Herrlich,
P. A. (2003). CD44: from adhesion
molecules to signalling regulators.
Nat. Rev. Mol. Cell Biol. 4, 33—45.

Siegelman, M. H., DeGrendele, H. C,,
and Estess, P. (1999). Activation and

Frontiers in Inmunology | B Cell Biology

September 2012 | Volume 3 | Article 281 | 6


http://www.frontiersin.org/B_Cell_Biology/
http://www.frontiersin.org/B_Cell_Biology/archive

Wang and Rothstein

Th17 differentiation by B-1 cells

interaction of CD44 and hyaluronan
in immunological systems. J. Leukoc.
Biol. 66,315-321.

Tumang, J. R., Holodick, N. E., Viz-
conde, T. C., Kaku, H., Frances, R.,
and Rothstein, T. L. (2011). A CD25-
positive population of activated Bl
cells expresses LIFR and responds
to LIE. Front. Immunol. 2:6. doi:
10.3389/fimmu.2011.00006

Xu, G., Nie, H., Li, N., Zheng, W,
Zhang, D., Feng, G., Ni, L., Xu, R,
Hong, J., and Zhang, J. Z. (2005).
Role of osteopontin in amplifica-
tion and perpetuation of rheuma-
toid synovitis. J. Clin. Invest. 115,
1060-1067.

Yumoto, K., Ishijima, M., Rittling, S.
R., Tsuji, K., Tsuchiya, Y., Kon, S.,
Nifuji, A., Uede, T., Denhardt, D.

T., and Noda, M. (2002). Osteopon-
tin deficiency protects joints against
destruction in anti-type II collagen
antibody-induced arthritis in mice.
Proc. Natl. Acad. Sci. U.S.A. 99,
4556-4561.

Zhong, X., Gao, W., Degauque, N.,
Bai, C., Lu, Y., Kenny, J., Oukka,
M., Strom, T. B., and Rothstein,
T. L. (2007a). Reciprocal generation
of Th1/Th17 and T(reg) cells by B1
and B2 B cells. Eur. J. Immunol. 37,
2400-2404.

Zhong, X., Tumang, J. R., Gao, W, Bai,
C., and Rothstein, T. L. (2007b). PD-
L2 expression extends beyond den-
dritic cells/macrophages to Bl cells
enriched for V(H)11/V(H)12 and
phosphatidylcholine binding. Eur. J.
Immunol. 37, 2405-2410.

Zhong, X., Lau, S., Bai, C., Degauque,
N., Holodick, N. E., Steven, S. J.,
Tumang, J. R., Gao, W., and Roth-
stein, T. L. (2009). A novel sub-
population of B1 B cells is enriched
with autoreactivity in normal and
lupus-prone mice. Arthritis Rheum.
60, 3734-3743.

Zhu, J., Yamane, H., and Paul, W.
E. (2010). Differentiation of effector
CD4 T cell populations (*). Annu.
Rev. Immunol. 28, 445-489.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 22 June 2012; accepted: 20
August 2012;  published online: 11
September 2012.

Citation: Wang Y and Rothstein
TL (2012) Induction of Thil7 cell
differentiation by B-1 cells. Front.
Immun. 3:281. doi: 10.3389/fimmu.
2012.00281

This article was submitted to Frontiers in
B Cell Biology, a specialty of Frontiers in
Immunology.

Copyright © 2012 Wang and Roth-
stein. This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License, which
permits use, distribution and reproduc-
tion in other forums, provided the origi-
nal authors and source are credited and
subject to any copyright notices concern-
ing any third-party graphics etc.

www.frontiersin.org

September 2012 | Volume 3 | Article 281 | 7


http://dx.doi.org/10.3389/fimmu.2012.00281
http://dx.doi.org/10.3389/fimmu.2012.00281
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/
http://www.frontiersin.org/B_Cell_Biology/archive

	Induction of Th17 cell differentiation by B-1 cells
	Introduction
	Materials and methods
	Mice
	Antibodies and reagents
	Cell preparation
	In vitro Th17 cell induction and intracellular cytokine flow cytometry

	Results
	B-1 cells, but not B-2 cells, induce Th17 cell differentiation under optimal cytokine conditions
	CD86 contributes to B-1 cell-induced Th17 cell differentiation
	CD44 contributes to B-1 cell-induced Th17 cell differentiation
	Activated B-2 cells stimulate Th17 cell differentiation like B-1 cells

	Discussion
	Acknowledgment
	References


