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Abstract
We recently showed that B cells reduce CNS inflammation in mice with experimental allergic
encephalomyelitis (EAE). Here, we demonstrate that adoptively transferred CD5/CD19+ B cells
protect against EAE severity. Furthermore, we show that glatiramer acetate (GA), a therapeutic for
relapsing multiple sclerosis treatment, amplifies this effect. Transfer of GA-conditioned B cells
leads to increased production of immunoregulatory cytokines and reduced CNS inflammation, as
well as decreased expression of the chemokine receptor, CXCR5, and elevated BDNF expression
in the CNS. Thus B cells can protect against EAE, and GA augments this effect in maintaining
immune homeostasis and controlling EAE disease progression.
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1. Introduction
During the inflammatory process in experimental allergic encephalomyelitis (EAE), the
mouse model for multiple sclerosis (MS), a T helper 1 (Th1) cell bias is believed to occur in
which a variety of cytokines including interferon gamma (IFNγ, interleukin (IL)-12, -23,
IL-17, and tumor necrosis factor alpha (TNFα) (Thakker et al., 2007; Begum-Haque et al.,
2008) are involved in disease progression, while T helper 2 (Th2) polarization reduces
disease activity associated with the secretion of IL-10, IL-4, and transforming growth factor
(TGF)-β (Karpus and Swanborg, 1991; Kennedy et al., 1992; Bettelli et al., 1998; Young et
al., 2000). The role of B cells in mediating the inflammatory process is less well understood.
B cells are not only central to humoral immunity, but also influence immune and
inflammatory responses. They regulate CD4+ T cell responses to foreign and self-antigens
(Bouaziz et al., 2007; Xiu et al., 2008), function as antigen-presenting cells (Constant et al.,
1995; Mann et al., 2007), produce cytokines (Harris et al., 2000; Fillatreau et al., 2002),
provide co-stimulatory signals (Linton et al., 2003), and promote naïve CD4+ T cell
differentiation into Th1 or Th2 subsets (Harris et al., 2000). B cells also exhibit regulatory
activity, as B cell deficient mice develop a severe non-remitting form of EAE (Wolf et al.,
1996; Matsushita et al., 2006). Both Phase I and Phase II clinical trials in MS utilizing a
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chimeric anti-CD20 monoclonal antibody (rituximab) have implicated B cells as a critical
component in MS pathogenesis (Bar-Or, 2008; Hauser et al., 2008). The effects of the
current FDA approved therapies for MS, interferon beta and glatiramer acetate (GA), on the
B cell response are not well understood (Gigli et al., 2007; Wiesemann et al., 2008).
Recently published studies suggest that GA can alter B cell responsiveness in MS (Bar-Or et
al., 2009).

Most immunological studies focusing on GA implicate T cells as the primary therapeutic
target (Arnon and Sela, 2003; Arnon and Aharoni, 2007). GA can amplify Th2 polarization
associated with the secretion of IL-4, IL-5, and IL-10 (Aharoni et al., 1997). Moreover, GA-
sensitized regulatory CD4+ and CD8+ T cells are induced with increased secretion of anti-
inflammatory cytokines (Aharoni et al., 1998). GA can also increase regulatory T cells
(Tregs) in EAE mice (Kasper et al., 2007) and enhance differentiation of Tregs in an
antigen-independent manner (Weber et al., 2007). Recently, we reported that GA treatment
leads to a reduction in IL-17 expression in the CNS and peripheral tissue of mice with EAE
(Begum-Haque et al., 2008), and also biases towards anti-inflammatory cytokines
production by B cells (Begum-Haque et al., 2010). We describe herein the characteristics
associated with B cell regulation in EAE following adoptive transfer of naïve B cells or B
cells that had been sensitized with GA. Our findings indicate that transferred B cells can
alter EAE disease progression via anti-inflammatory cytokines at the expense of pro-
inflammatory cytokines and that GA markedly enhances this effect. Moreover, we show that
adoptively transferred B cells resolve EAE by elevating production of brain derived nerve
factor (BDNF) and down-regulating the expression of chemokine receptors associated with
trafficking of inflammatory cells into the CNS.

2. Materials and methods
2.1. Reagents

GA from batch 28704270 and 147245929 was a generous gift from Teva Pharmaceutical
Industries (Petach Tiqva, Israel). Myelin oligodendrocyte glycoprotein (MOG)35-55 peptide
was purchased from Peptide International (Louisville, Kentucky, USA), Mycobacterium
tuberculosis and Complete Freund’s Adjuvant (CFA) from Sigma-Aldrich (St. Louis, MO,
USA), Pertussis Toxin (PT) from Biological Laboratories, Inc (Campbell, CA, USA), and B
cell sorting kits from Stem Cell Technologies Inc (Vancouver, BC). Lipopolysaccharides
(LPS) were purchased from Sigma-Aldrich, β-actin, primers (STAT6, IL-10, SMAD3,
STAT4, CXCR4, CXCR5 and BDNF), and probes were purchased from Invitrogen Life
Technologies (Carlsbad, CA, USA). For flow cytometry assays, antibodies against CD19,
CD5, CD1d, IL-4, and IL-10 and corresponding isotype controls were obtained from
eBiosciences and BioLegend (San Diego, CA, USA).

2.2. Mice and GA conditioning
Female 5–6 weeks old C57BL/6 (Ly5.2, CD45.2, H-2b, abbreviated B6) and B6.SJL-
PtprcaPep3b/BoyJ (Ly5.1, CD45.1, H-2b) mice were purchased from Jackson Laboratories
(Bar Harbor, Maine), and maintained in pathogen-free conditions. The C57Bl/6 mice had
either a CD45.1 or 45.2 polymorphism at the CD45 locus that could be identified by staining
with CD45.1 and CD45.2 specific antibodies. For production of GA conditioned CD19+
cells, mice received daily GA (150 μg/mouse) by sub-cutaneous (s.c) injections. Seven days
later, spleen and lymph nodes were collected to isolate GA conditioned CD19+ cells. All
animal study procedures were approved by the Dartmouth Institutional Animal Care Review
Committee.
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2.3. Induction of EAE, assessment and GA treatment
EAE was elicited by s.c. immunization (via tail) with 250 μg MOG35-55 emulsified in CFA
supplemented with 4 mg/ml of Mycobacterium tuberculosis and injected intraperitoneally on
days 0 and 2 with 400 ng PT. Clinical disease usually commences between day 10 and day
12 after immunization. GA treated mice received GA daily (150 μg/mouse by s.c injection)
starting at day 0 after MOG injection and continuing until day 23 (experiment’s end). Mice
were monitored and scored daily for disease progression.

2.4. Cell sorting, cell tracking, and adoptive transfers
Splenic CD19+ B cells (B6 mice) were purified with magnetic beads (Stem Cell
Technologies). The enriched CD19+ cells were sorted using a FACSAria Cell-Sorting
System (BD Biosciences) following staining with APC-anti CD19+/FITC-anti CD5 into
CD19+CD5−ve and CD19+CD5 +ve cells (Fig. 9, Supplemental data), and were adoptively
transferred (day 0) intravenously (i.v) into C57BL/6 mice (CD45.2) prior to being
challenged with MOG35-55. Mouse tissues were collected on day 18 to assess expression of
cytokines and chemokines by RT-PCR or FACS. All EAE induced mice were examined
daily and scored as described previously (Begum-Haque et al., 2008).

To assess the recruitment of donor CD19+ B cells to various organs, 10×106 sorted
CD19+CD1d+CD5− cells either from untreated or GA conditioned C57Bl/6 (CD45.2) mice
(n=10) were injected i.v. into non-irradiated C57BL/6 (CD45.1) recipient mice (n=4) on day
0 prior to challenge with MOG or control PBS. Sixty hr after cell transfer, lymphocytes were
isolated from the major immune organs (the peritoneal exudates, cervical lymph nodes,
mesenteric lymph nodes, inguinal lymph nodes, spleen, Peyers patches, and bone marrow)
in addition to brains of recipient mice and analyzed for the presence of CD45.2+ donor cells.

2.5. Flow cytometry and intracellular cytokine staining
Single cell suspensions from lymph nodes and spleens were prepared and cells were stained
with CD5 (clone 53-7.3, FITC) and CD19 (clone 1D3), CD1d antibodies for 40 min at 4 °C.
After washing, cells were fixed in 1% paraformaldehyde. Flow cytometric analysis was
performed on FACS calliber (Becton Dickinson) running CellQuest software (BD
Biosciences). Intracellular staining for IL-4, IL-10 was performed using fluorochrome
labeled anti IL-4 and anti IL-10 antibodies (BD Biosciences). All viable lymphocytes were
gated on, and analyzed by flow cytometry. Data analysis was performed using FlowJo
software (TreeStar, Inc.).

2.6. Collection and processing of brain, spleen and lymph node samples, and RT-PCR
Mice were perfused, tissues collected, and processed for RNA extraction as described
previously (Begum-Haque et al., 2008). Brain tissues, spleen and lymph nodes were
processed for RNA extraction and stored at −80 °C. mRNA levels for STAT6, IL-10,
SMAD3, STAT4, CXCR4, CXCR5 and BDNF were analyzed by real time PCR (RT-PCR)
as described elsewhere (Begum-Haque et al., 2008). Expression was normalized to β-actin
as described previously (Minns et al., 2006), and was expressed using the ΔCT method,
where relative expression=2−(exp−actin) * 1000.

2.7. Histological analysis
Mice were sacrificed 20 days after EAE induction. Spinal cords were removed and fixed in
10% formalin. Paraffin embedded sections (4 μM) were stained with hematoxylin and eosin
(H&E) and Luxol fast blue (LFB). Sections were examined with a BX50 Olympus
microscope and images captured with Spotinsight.
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2.8. Statistical analysis
Disease incidence and severity was analyzed by the Mann-Whitney U test. Analysis of
cytokine production, proliferation assays, and real-time expression between the various
treatments groups were done using a two-tailed Student’s t-test. Probability values of P<0.05
or less were considered significant. Statistical significance; GA treatment or GA conditioned
cell treatment vs EAE or naïve B cell treatment is indicated in Figures by asterisks (*); naïve
cell recipient vs EAE by §.

3. Results
3.1. GA treatment can augment the frequency of both IL-4+ and IL-10+ B cells in EAE mice

Regulatory IL-10-producing CD1dhiCD5+ B10 cells have been implicated in inhibiting
antigen-specific inflammatory reactions (Lund et al., 2005; Yanaba et al., 2008). As we
already reported (Begum-Haque et al., 2010), the effects of GA on B cells from mice with
EAE (EAE mice) and EAE mice that had been treated with GA (EAE/GA mice) was further
determined. Fig. 1A shows the flow (cytometry) distribution of spleen cells expressing CD5
or CD19 or of cells with both markers. Relative to naïve controls, EAE and treatment of
EAE with GA resulted in a decline in the percentage of cells that expressed either CD5,
CD19, or both markers simultaneously (Fig. 1A). IL-4 secreting CD19+ B cells increased 2-
fold in EAE mice (Fig. 1B, middle panel), whereas the expression of IL-4 increased 4-fold
in the CD5+ cells population from EAE mice (Fig. 1D, middle panel) relative to naïve
animals. Following daily treatment with GA, IL-4+ CD19+ cells increased two-fold, and
IL-4+ CD5+ cells increased 2.5 fold (Fig. 1B and D, bottom panels). IL-10 cell frequency
dropped 5-fold (P<0.01) in the CD19+ population of EAE mice relative to naïve controls
(Fig. 1C, middle panel), whereas GA treatment of EAE restored IL-10+ CD19+ cells to
naïve control levels (Fig. 1C, bottom panel). Expression of IL-10 increased 2-fold in CD5
cells from EAE mice relative to naïve controls (Fig. 1E). In response to treatment with GA,
IL-10 expression by CD5 cells increased 3-fold more (Fig. 1E, bottom panel). The number
of IL-4 expressing CD19+ CD5+ cells increased 1.3-fold in response to GA treatment.
These results demonstrate that GA can increase the frequency of both IL-4+ and IL-10+ B
cells in EAE mice.

3.2. Adoptive Transfer of CD19+CD5+ Regulatory B cells exposed to GA interferes with
EAE disease progression

To address whether B cell protection against EAE was transferable between mice, CD19+ B
cells were isolated from either naïve animals or animals that were treated daily with GA and
then adoptively transferred into C57BL/6, CD45.2+ mice prior to EAE induction. These
congenic C57BL/6 mice differ only in the CD45 (leukocyte common antigen) locus,
allowing for the discrimination of donor vs. recipient B cells. The distribution of the
transferred cells in the recipient animals was assessed sixty hours after cell transfer.
Lymphocytes isolated from the major immune organs and brains (Br) were stained for
expression of CD45.1, CD45.2, CD19 and CD1d. The distribution of the donor cells was
determined by FACS. Fig. 2 shows the comparative levels of viable donor cells in spleen
and bone marrow. Regardless of GA treatment, between 25 and 38% of the donor cells were
found in the recipient spleen, and less than 5% in the bone marrow. Donor derived CD45.2
cells were distributed in all the major immune organs, with less than 1% of the cells
reaching the brain (data not shown).

We next examined whether the donor B cells provided protection from EAE clinical
symptoms following adoptive cell transfer. Both CD19+ cells (Fig. 3B and E) and
CD19+CD5+ cells (Fig. 3C and F), whether isolated from naïve animals or from GA
conditioned animals, interfered with EAE disease progression in recipient animals.
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However, B cells from GA sensitized donor animals with EAE caused a statistically
significant (P<0.001) reduction in both the onset and the extent of disease presentation
relative to non-treatment (Fig. 3A and D). Transfer of naïve CD19 cells interfered with
disease progression as manifested by a limp tail at day 12 post-EAE-induction (Fig. 3B).
Adoptive transfer of GA-conditioned CD19 cells delayed presentation of symptoms until
day 18, at which time the clinical symptoms were minor (Fig. 3B). Administration of GA-
conditioned B cells that co-express CD19 and CD5 resulted in limited disease, manifested
by tail limpness at day 14, without further disease progression (P<0.001)(Fig. 3C). In
comparison, naïve CD19+CD5+ cell administration reduced disease symptoms only by 23%
(Fig. 3D–F). CD19+CD5−ve population, isolated from either naive animals or GA
conditioned mice reduced protection. The impact of this was represented by a 57 %
reduction in cumulative disease score between the naïve CD19+CD5−ve and GA treated
CD19+CD5−ve EAE recipient mice (Fig. 3F). Thus, GA enhances the capacity of
CD19+CD5+ B cells to interfere with EAE disease progression upon adoptive transfer. CD5
expressing B cells significantly contribute to the protection, and GA-conditioning of B cells
delay disease presentation further.

3.3. Reduced inflammation and cell damage is evident in spinal cords of animals following
adoptive transfer of B cells

Histological analyses indicated that the number of inflammatory cells in the spinal cords of
EAE mice was substantially reduced regardless of the type of B cell transferred.
Inflammatory cell numbers decreased when either CD19 positive (Fig. 4B and C, top and
bottom panel) or CD5+ CD19 positive (Fig. 4D and E, top and middle panel) cells were
transferred. This observation was independent of the origin of the transferred cell, whether
from naïve (Fig. 4B and D) or GA conditioned animals (Fig. 4C and E), relative to the
untreated EAE animals (Fig. 4A).

Of note, GA conditioned cell transfer led to a substantial reduction in cell infiltration and
tissue damage (Fig. 4C, E, all 3 panels). Indeed, staining with LFB indicates that the overall
integrity of spinal cord myelin was preserved following adoptive cell transfer, despite EAE
induction (Fig. 4B–E, bottom panels) relative to untreated mice with EAE (Fig. 4A bottom).

3.4. Adoptive transfer of B cell favors the production of anti-inflammatory cytokines
Next we assessed whether the adoptively transferred B cells could impact inflammatory
cytokine expression in the recipient EAE mice. The expression of 3 transcription factors
associated with immune regulation was measured in spleens of EAE mice that received
either CD19+ cells (Fig. 5A) or CD19+CD5+ cells (Fig. 5B) using RT-PCR. STAT-6 is
involved in the transduction of Th2 IL-4 and IL-13 intracellular signaling, Smad 3 mediates
TGF beta signaling, whereas STAT-4 is involved in Th1 IL-12 expression (Wurster et al.,
2000; Wahl, 2007). Following transfer of naïve or GA-conditioned CD19+ cells, STAT-6
levels were several-fold higher than in non-treated animals. However, recipient EAE mice
treated with GA conditioned CD5+CD19+ cells had 10-fold higher levels of STAT-6
mRNA, in contrast to animals that received CD5+CD19+ cells from naïve mice that had
STAT-6 levels similar to untreated EAE animals. Also consistent with previous studies
(Bettelli et al., 1998; Cua et al., 1999; Matsushita et al., 2008), levels of IL-10 were
significantly higher following transfer of both CD19 cells and CD19/CD5 positive cells.
CD19 cells produced a 3-fold increase, while GA conditioned CD19+ cells produced a 4.5
fold increase relative to controls. IL-10 expression was approximately 10-fold higher
following transfer of CD19/CD5+ cells from GA conditioned mice, while transfer of naïve
CD19/CD5+ cells had little effect on IL-10 expression in recipient EAE mice. GA
conditioned CD19+CD5+ cells and naïve CD19+ cell transfer led to 45–60% (respectively)
increased expression of Smad3 in recipient EAE mice relative to untreated EAE mice. The
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level of STAT-4 was higher in B cell-recipient EAE mice compared with non-treated mice.
However, the STAT-4 signal was 6 to 26% (P<0.01) lower than levels of the Th2 signal
transducer, STAT-6, suggesting that anti-inflammatory activity is favored in recipient EAE
mice. Given the improved clinical presentation of the EAE animals following transfer of B
cells relative to the normal progression of EAE in untreated animals, the adoptive transfer of
B cells is likely to favor the production of anti-inflammatory cytokines.

We also determined whether levels of the secreted Th2-type cytokines, IL-10 and IL-13,
were affected by adoptive cell transfer. As Fig. 6 shows, IL-10 expression by LPS-
stimulated cervical lymph node (CLN) cells was significantly influenced. Transfer of naïve
CD19/CD5+ cells induced a 3-fold increase in IL-10 levels secreted by CLN cells from EAE
mice, while prior GA exposure led to an 8-fold increase in secreted IL-10 levels relative to
untreated EAE mice. In contrast, IL-10 levels secreted by spleen cells were not particularly
sensitive to adoptive B cell transfer. Likewise, the effects on IL-13 levels secreted by both
spleen and CLN cells were less striking; transferred GA-exposed CD19/CD5+ cells caused a
2 fold increase in IL-13 levels and transferred naïve CD19/CD5+ cells induced a 1.2 fold
increase in IL-13 levels secreted by spleen cells.

3.5. Expression of the chemokine receptor, CXCR5, and brain derived neurotrophic factor
is modulated to provide neuroprotection following transfer of CD19/CD5+ cells

Following adoptive transfer of CD19/CD5+ cells, the CNS perivascular inflammatory foci
characteristic of active EAE are not observed (Fig. 4). Since increased expression of
chemokines/chemokine receptors is associated with autoimmune diseases (Ishikawa et al.,
2001), we hypothesized that the transferred CD19/CD5+ cells might reduce the expression
of chemokine receptors involved in leukocyte homing in recipient animals. The expression
of the CXC chemokine receptor CXCR 4 and CXCR5 mRNA was compared in EAE mice
that received CD19/CD5+ cells either from naïve or GA conditioned mice. In both spleen
and brain, the transferred cells had little effect on CXCR4 expression (Fig. 7). In contrast,
expression of CXCR5 in animals receiving CD19/CD5+ cells was significantly affected. In
the spleen, CXCR5 mRNA levels almost doubled following transfer of CD19/CD5+ cells
from naïve mice. There was a striking 5-fold drop in CXCR5 mRNA levels when CD19/
CD5+ cells were derived from GA conditioned mice relative to naive CD19/CD5+ cells.
The effect of adoptively transferred CD19/CD5+ cells on CXCR5 expression in brain was
assessed. CD19/CD5+ cells from naïve animals induced an approx 15-fold drop in brain
CXCR5 mRNA levels, whereas prior to GA exposure of the transferred CD19/CD5+ cells
derived from GA treated mice resulted in undetectable levels of CXCR5 levels in the CNS.

Brain derived neurotrophic factor (BDNF) has been associated with reduction in the severity
of EAE (Teitelbaum et al., 2004), thus we determined whether BDNF levels were affected
by the adoptively transferred B cells. BDNF levels increased 2.7 and 2.0-fold, respectively,
in brains of EAE animals that received naive CD19/CD5+ cells or cells that had been pre-
sensitized with GA (Fig. 7). Thus, the transferred B cells influenced the expression of
cytokines, chemokines, and nerve growth factors in recipient animals with EAE.

4. Discussion
Our findings demonstrate that a population of immunomodulatory B cells can be identified
that play a protective role against the development of EAE and this population can be
amplified by prior exposure to GA, an approved immune modulatory drug used in the
treatment of human multiple sclerosis. CD19 expressing B cells or B cells that co-express
CD19+ and CD5+ cells conferred significant protection against EAE disease that was
manifested at the clinical, histological, and molecular levels. Whereas CD19+CD5− cell
population negated the transferable protection. B cells modulated the expression of
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regulatory cytokines and chemokine receptors in recipient animals. This study demonstrates
that phenotypically distinct B cell subsets have the capacity to regulate CNS autoimmune
disease progression. Adoptive transfer of IL-10-producing regulatory B cells (CD1dhiCD5+)
has recently been demonstrated to reduce EAE pathogenesis (Matsushita et al., 2008).
Consistent with that report, we observed a moderate increase in the level of CD1d
expression by CD19 positive B cells in response to GA. This raises the possibility that this
population might be sufficient to have an inhibitory effect on the EAE disease process (Fig.
8, supplemental data). However, further studies are needed to explore this probability.

We found that sixty hours after cell transfer a small percentage of the transferred B cells had
crossed the blood-brain barrier, but the majority homed to the spleen and significantly less to
the bone marrow (Fig. 2). Thus, although the bulk of adoptively transferred cells potentially
modulated immune activity within the spleen, the few that penetrated the CNS were
potentially important in modulating the traffic of immune cells into the brain and the
cytokines that they express there. Indeed, adoptive transfer experiments have highlighted
some important aspects of immune cell compartmentalization and interaction. For instance,
Aharoni et al. (2000) previously showed that adoptively transferred labeled GA-specific Th2
cells cross the blood-brain barrier and accumulated in the CNS 7 days after their injection
into the periphery. While Jee et al. (2007) found that adoptive transfer of purified Tregs
from GA-treated EAE mice was more effective in preventing EAE development than Tregs
from untreated EAE controls. When O’Connor et al. (2008) adoptively transferred pure Th1
cells, pure Th17 cells, or a combination of both, they found that Th1 effectors preferentially
infiltrated the non-inflamed CNS to initiate inflammation that modified conditions therein,
making it both attractive and accessible to Th17 cells. While Mills et al. (2008) reported that
adoptive transfer of CD4+ T cells from CD73−/− mice (that lack a 5′-ectonucleotidase that
produces extracellular adenosine) into CD73+/+ T cell-deficient mice revealed that free
adenosine is required for penetration of the blood-brain barrier. Thus, adoptive transfer
experiments facilitate addressing questions that are otherwise relatively inaccessible.

Of note, B cells derived from GA-conditioned animals conferred protection against EAE
disease consistent with that afforded by primary administration of GA to EAE mice. This
suggests that immunomodulatory B cells are important and perhaps critical factor in
controlling both disease induction and progression (Figs. 3 and 4). Increased expression of
the cytokines IL-10 and IL-13, and the Smad3 transcription factor that mediates TGF-β, as
well as STAT-6 (Figs. 5 and 6) was associated with this protective effect (Young et al.,
2000; Ochoa-Reparaz et al., 2008; Sinha et al., 2008). A number of cell compartments
including Th2 polarized CD4+ T cells, Foxp3 expressing CD4+ Tregs and type II
monocytes have been implicated in EAE disease control (Bettelli et al., 1998; Jee et al.,
2007; Weber et al., 2007; Ochoa-Reparaz et al., 2008). In this study, the lower (6%–26%)
amount of STAT-4 expression over STAT-6 expression in the spleens of EAE mice that
received conditioned B cells suggests that Th2 derived activity is favored over Th1 cell
activities following B cell transfer.

The results of our present study indicate that treatment of EAE mice with CD19+ B cells
lead to increased expression of BDNF and decreased expression of CXCR5 (Fig. 7). Foxp3
expressing CD4+ Tregs were found to express BDNF (our unpublished observations)
indicating that there may be significant cross-talk between the adoptively transferred B cells
and the endogenous Tregs in the recipient animals. Indeed, BDNF has been shown to be
associated with regeneration and repair of damaged neural tissue (Hellings et al., 2002;
Riley et al., 2004). Makar et al. (2009) recently showed that when cells were engineered to
generate biologically active BDNF in the brain, inflammation and apoptosis in animals with
EAE was reduced significantly.
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There is some disagreement as to whether B cells can act as APCs to facilitate early
neuroinflammatory disease. Bouaziz et al. (2008) reported that B cell depletion inhibited
antigen-specific CD4 (+) T cell expansion. Also, T cell clonal expansion was reduced and
the differentiation of T cells, particularly Th2 cells, into cytokine-secreting effector cells,
was impaired when the B cell compartment was deficient in MHC class II (Crawford et al.,
2006). In contrast, IL-10 production by B cells has been associated with neuroprotection
(Fillatreau et al., 2002; Mann et al., 2007; Matsushita et al., 2008). Cua et al. (1999) reported
that IL-10 over-expression prevented the development of MOG-induced EAE. Moreover,
IL-10−/− knockout mice could not recover from EAE and displayed increased IFN-alpha
production (Bettelli et al., 1998). Importantly, this effect was seen when the IL-10
deficiency was restricted to the B cell compartment (Fillatreau et al., 2002). B cells were
found to be necessary not only for IL-10 production but also for the timely emergence of
Tregs within the CNS (Mann et al., 2007).

Kala et al. (2010) recently reported that B cells from GA treated mice inhibited expansion of
autoreactive MOG35-55-specific T cells and reduced expression of the co-stimulatory
molecules, CD80 and CD86, on B cells providing further mechanistic insights into how GA
limits neuroinflammatory disease progression In contrast to the results presented here, Kala
et al. (2010) reported that adoptive transfer of B cells had little effect on EAE disease
progression. The B cells used in their study were isolated by depletion of CD43 cells, which
removes non-B lymphoid cells but also includes immature B cells, as well as CD5 positive
mature B cells. The difference in the isolation method of B cells in our study and that of
Kala et al. (2010) perhaps accounts for the observed differences between the two reports.

Our data suggest that regulatory B cells resolve EAE by biasing cytokine expression towards
anti-inflammatory cytokines (Figs. 5 and 6). Transferred B cells also enhance production of
BDNF in the afflicted brain (Fig. 7 and data not shown), and down-regulate the expression
of chemokine receptors that are associated with trafficking of inflammatory cells into the
CNS (Fig. 7). Our findings provide a critical insight into how a subset of B cells impacts
progression of autoimmune CNS disease by inhibiting inflammatory reactivity. This
regulatory effect is amplified by glatiramer acetate, one of the current FDA approved
therapies for MS.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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IL interleukin

H&E hematoxylin and eosin

PT Pertussis toxin

Th1 T helper 1

Th2 T helper 2

Tregs regulatory T cells
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Fig. 1.
Administration of GA to EAE mice increases IL-4 and IL-10 expression by B cells. FACS
of spleen and lymph node cells from C57BL/6 mice double-stained with antibodies against
CD19+ and CD5+ cells and then intracellular cytokines IL-10 or IL-4. Naïve (n=4):
untreated mice; EAE (n=4): EAE induced mice; EAE/GA (n=4): EAE induced mice treated
with GA. (A) CD5+ cells (Y-axis) and CD19+ cells (X-axis) from gated lymphocytes; (B–
G) Histograms showing the number of cells that express IL-4 (B, D and F) or IL-10 (C, E
and G). (B–C) CD19 positive cells that express IL-4 (B) or IL-10 (C). (D–E) CD5 positive
cells that express IL-4 (D) or IL-10 (E). (F–G) CD19+ CD5+ cells that express IL-4 (F) or
IL-10 (G). Results shown are one representative of 4 independent experiments.
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Fig. 2.
Recruitment of donor B cells to spleen and bone marrow of recipient mice in the presence of
EAE. Sixty hours after intravenous injection of 10×106 CD19+ cells, genetically marked
with CD45.2, into non-irradiated CD45.1 C57BL/6 mice, spleen and bone marrow of
recipient mice were analyzed by FACS for the presence of CD45.2+CD19 cells. Data is
presented as the percentage of CD45.2+CD19+ cells. A, representative figure of gating
strategy, B, Ig control; C, CD45.1 expression in recipient mouse (Ly5.1, CD45.1, 90%)
spleen cells; D, Donor cell (Ly5.2, CD45.2) expression in recipient mouse (Ly5.1, CD45.1,
0.1%) spleen cells; E, recipient mouse spleen cells expressing donor CD45.2+CD19+CD1d+
cells; F, recipient mouse bone marrow cells expressing donor CD45.2+CD19+CD1d+ cells;
G, average data (%) from 3 mice/group. Asterisk (*) indicates statistical significance of cell
transfer groups vs non-transfer group.
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Fig. 3.
Adoptive transfer of B cells interferes with disease presentation in EAE mice. Clinical
scores and cumulative clinical scores of: (A) EAE mice (n=12) that received no treatment
(triangles) or were treated with GA (n=12) daily (squares) after MOG immunization; (B)
CD19+ cells from naïve (diamonds, n=8) or from GA conditioned mice (squares, n=8) on
day 0 before immunization; (C) CD19+CD5+ cells from naïve mice (diamonds, n=8),
CD19+CD5− cells from naïve mice (open triangles, n=8); CD19+CD5+ cells from GA
conditioned mice (squares, n=8), or CD19+CD5− cells from GA conditioned mice (square
X, n=8) administered on day 0 before immunization. Mice were scored according to the
following criteria: 0, no disease; 1, decreased tail tone; 2, hind limb weakness or partial
paralysis; 3, complete hind limb paralysis; 4, forelimb and hind limb paralysis; 5, moribund
state. Significant differences between the means of EAE clinical scores are
indicated: *P<0.001 (EAE versus GA treatment); P<0.05 (mice that received CD19+ cells
from GA conditioned mice vs. EAE mice); =P<0.01 (EAE mice and mice that received
CD19+CD5+ cells from GA conditioned mice); P>0.05 (mice that received CD19+ cells
from naive mice vs EAE mice). The lower panels (D–F) depict the cumulative scores of
each experimental group: (D) *P<0.0001, EAE-induced GA treated mice vs. EAE-induced
mice; (E) *P<0.001, mice that received CD19+ cells (GA conditioned cells vs naïve cells).
(F) *P<0.003, mice that received CD19+CD5+ cells (GA conditioned cells vs. naïve cells);
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≠P<0.0001, mice that received CD19+CD5− cells (GA conditioned cells vs. naïve
cells); *τP<0.004, mice that received GA conditioned CD19+CD5+ cells vs. GA conditioned
CD19+CD5− cells; εP<0.0004, mice that received naïve CD19+CD5+ cells vs.
CD19+CD5− cells. Cumulative scores were calculated as the sum of all scores from disease
onset to day 23 post-induction and divided by the number of mice in each group.
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Fig. 4.
Minimal inflammation and tissue damage is evident in spinal cords from EAE mice treated
with B cells. Representative lumbar spinal cord sections harvested 18 days after MOG
immunization and B cell treatment stained with H&E and LFB. Upper panels are 10×
magnifications (scale bar: 0.5 mm). Middle and lower panels are 40× magnifications (scale
bar: 0.01 mm). Lowest panels are sections stained with LFB to indicate myelin, which
appears blue. Spinal cords from: (A) Mouse that developed EAE showing severe infiltration
of inflammatory cells and axonal damage; (B) EAE mouse that received CD19+ cells from
naïve mice; (C) EAE mice that received CD19+ cells from GA conditioned mice; and (D)
EAE mice that received CD19+CD5+ cells from naïve mice. (E) EAE mice that received
CD19+CD5+ cells from GA conditioned mice. Similar results were obtained in at least 3
independent experiments.
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Fig. 5.
Adoptive transfer of B cells increases expression of regulatory molecules in recipient EAE
mice. STAT-6, IL-10, SMAD3, and STAT-4 mRNA expression in spleen tissue measured
by RT-PCR. (A) Relative mRNA levels in EAE mice that received CD19+ cells from naïve
or GA conditioned mice on day 0; (B) Relative mRNA levels in EAE mice that received
CD5+CD19+ cells from naïve or GA conditioned mice on day 0. Treatment groups: EAE
(EAE induced C57BL/6 mice); EAE/NM CD19+ (EAE induced mice that received CD19+
cells from naïve mice); EAE/GA cond CD19+ (EAE induced mice that received CD19+
cells from GA conditioned mice); EAE/NM CD19+CD5+ (EAE induced mice that received
CD19+CD5+ cell from naïve mice); EAE/ GA cond CD19+CD5+; (EAE induced mice that
received CD19+CD5+ cells from GA conditioned mice). Expressions of indicated molecules
are shown relative to levels seen in naïve mice. Data shown is one experiment that
represents results of 3 independent experiments and depict the mean of 6 different mice
±SEM. Statistical significance of cell treatments: * (P<0.001), GA conditioned cell recipient
mice vs. naïve cell recipient mice or EAE mice; §(P<0,001), Naive cell recipient mice vs.
EAE mice.
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Fig. 6.
IL-10 and IL-13 production by mice with EAE that received GA-sensitized CD19/CD5+ B
cells is increased in a tissue-dependent manner. Total spleen and cervical lymph node (CLN)
cells from EAE induced C57BL/6 mice (CD45.2) that were stimulated with LPS (100 ng/
ml). Supernatants were collected after 5 hr of culture and IL-10 and IL-13 levels were
determined by ELISA. Data are shown as pg/ml and depict the mean of three different
experiments±SEM. Asterisks (*P<0.001) indicate statistical significance of GA conditioned
CD19+CD5+ cell treatments vs EAE; § (P<0.01), indicates naive cell recipient mice vs.
EAE mice. IL-10 and IL-13 levels from naïve mice were below the limit of quantitation.
Results are representative of three independent experiments. EAE, EAE induced mice; EAE/
NM CD19+CD5+ cells, EAE induced mice that received CD19+CD5+ cells from naïve
mice; EAE/GA cond CD19+CD5+ cells, EAE induced mice that received CD19+CD5+
cells from GA conditioned mice.
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Fig. 7.
Expression of CXCR5 is down-regulated and BDNF mRNA is up-regulated following
transfer of GA conditioned CD19/CD5+ B cells. CXCR4, CXCR5, and BDNF mRNA
levels from spleen and brain tissues measured by RT-PCR. EAE (EAE induced mice); EAE/
NM CD19+CD5+ (EAE mice that received CD19+CD5+ cells from naïve mice), EAE/GA
CD19+CD5+ (EAE mice that received CD19+CD5+ cells from GA conditioned mice). Data
are presented as relative mRNA expression. Results are representative of four independent
experiments and depict the mean of 6 different mice±SEM. Asterisks (*P<0.001) indicate
statistical significance of cell treatments vs. non-treatment.
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