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Abstract

Women with Multiple sclerosis (MS) often experience clinical improvement during pregnancy,
indicating that sex hormones might have therapeutic effects in MS. Our previous studies have
demonstrated that B cells and PD-L1 are crucial for E2 (17p-estradiol) - mediated protection
against experimental autoimmune encephalomyelitis (EAE). We here demonstrate that transfer of
IL-10" B cells into E2-treated PD-L17~/~ mice after EAE induction could partially restore E2-
mediated protection and decrease the frequency of pro-inflammatory cells in the CNS compared to
E2/saline treated PD-L17/~ mice. Hence, co-administration of IL-10* B cells and E2 might have a
powerful therapeutic potential for treatment of EAE.
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1. Introduction

Multiple sclerosis is a debilitating neurological and inflammatory autoimmune disease of
central nervous system, which is characterized by demyelination and chronic
neurodegeneration (Frohman et al., 2006, Lassmann et al., 2012). Although the incidence of
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MS is higher in women, clinical improvement may occur during pregnancy, which is
followed by temporary post-partum exacerbations (Confavreux et al., 1998, Vukusic et al.,
2004). It is now well accepted that sex hormones have immunoregulatory activity and may
prevent exacerbations in MS during pregnancy. Our previous work demonstrated that
treatment with pregnancy levels of estrogen (E2, 17p-estradiol) reduces CNS lesions in mice
with experimental autoimmune encephalomyelitis (EAE) (Offner and Polanczyk, 2006,
Polanczyk et al., 2003).

B cells were shown to have a dual role in EAE. Effector B cells contribute to the
pathogenesis of EAE though the production of anti-myelin antibodies and as antigen
presenting cells (APC) (Molnarfi et al., 2013, Owens et al., 2009). Conversely, regulatory B
cells (Bregs) have been shown to have a protective role in EAE. Distinct subsets of 1L-10
producing Bregs were identified as having immunosuppressing activity that inhibits the
secretion of pro-inflammatory cytokines and migration of activated cells to the CNS
(Bodhankar et al., 2013a, 2014).

We previously demonstrated that 17p-estradiol (E2) could induce complete protection for
EAE in WT C57BL/6 mice and increase the frequency of CD1d"CD5* Bregs (Bodhankar et
al., 2011). In addition, we demonstrated that this protection is mediated by the interaction of
programmed death receptor 1 (PD-1) with PD-L1 but not PD-L2 on B cells (Bodhankar et
al., 2013b). Recently, we demonstrated that co-administration of E2 and IL-10 secreting
CD1d"CD5* Bregs ameliorates EAE severity in B cell deficient mice (Zhang et al., 2015).
However it was not yet established whether this protective effect of Bregs in combination
with E2 is dependent on PD-L1 expression on Bregs or whether co-adminstration of E2 and
Bregs would be sufficient to treat EAE in PD-L1 deficient mice.

Herein, we demonstrate that I1L-10 producing B cells significantly restored E2-mediated
protection from EAE in PD-L1~/~ mice. Moreover, this treatment decreased the frequencies
of CD11b*CD45M activated microglia/macrophages, dendritic cells and CD4* T cells in the
CNS and reduced the expression levels of pro-inflammatory cytokines in spinal cord
compared to E2/saline treated PD-L1~/~ mice.

2. Materials and methods

2.1 Animals

Female PD-L1~/~ mice were a gift from Dr. Indira Guleria, Ph.D. (Transplantation Research
Center, Brigham and Women’s Hospital and Children’s Hospital Boston, Harvard Medical
School, Boston, MA, USA) (Keir et al., 2006). Female PD-L27/~ mice were a gift from
Arlene Sharpe, Ph.D. (Department of Pathology, Harvard Medical School, Boston, MA,
USA) (Latchman et al., 2004).

IL-10 transcriptional reporter mice were obtained from Dr. Christopher Karp, Division of
Molecular Immunology, University of Cincinnati College of Medicine, Cincinnati, Ohio.
The generation and characterization of these mice has been described (Madan et al., 2009).
Briefly, the IL10-GFP reporter mice have a floxed neomycin-IRES eGFP cassette (Mohrs et
al., 2001) inserted between the endogenous stop site and the poly (A) site of 1110 to allow
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identification of IL-10 producing cells in vivo. The mice (designated as Vert-X) are
homozygous, develop normally and are viable and fertile without any obvious abnormal
phenotype.

All animals were housed in the Animal Resource Facility at the VAPHCS in accordance
with institutional guidelines. This study was conducted in accordance with National
Institutes of Health guidelines for the use of experimental animals and the VAPHCS Animal
Care and Use Committee approved all protocols.

2.2 Isolation of leukocytes from spleen, spinal cord and brain

Spleens were removed from euthanized animals under sterile conditions and single cell
suspensions of leukocytes were prepared by disaggregation of the tissue through a 100um
nylon mesh (BD Falcon, Bedford, MA). Cells were washed once with RPMI 1640
supplemented with 10% heat-inactivated FBS (hiFBS; Thermo Scientific, Waltham, MA),
then incubated with RBC Lysis Buffer (eBioscience, Inc., San Diego, CA) for 1 min to
remove red cells, then washed in RPMI 1640+hiFBS. Cells were enumerated in a 1:1
dilution with 0.2% trypan blue stain (Life Technologies, Grand Island, NY) using a
Cellometer Auto T4 Cell Viability Counter (Nexcelom, Lawrence, MA), washed, and
resuspended at 107 cells/mL in stimulation medium (RPMI 1640 containing 10% FBS
(Thermo Scientific, Waltham, MA), 1% sodium pyruvate (Life Technologies, Grand Island,
NY), 1% L-glutamine [Thermo Scientific, Waltham, MA], and 0.4% 3 ME (Sigma-Aldrich,
St. Louis, MO).

Brains and spinal cords were passed through 100um mesh screens and washed as above.
Cells were resuspended in 80 % Percoll (GE Healthcare, Pittsburgh, PA) then overlaid with
40 % Percoll to establish a density gradient and centrifuged at 1,600 rpm for 30min
following a method previously described (Campanella et al., 2002). Leukocytes were
collected from the resultant interface, counted, and resuspended in stimulation media for
assay.

2.3 Hormone treatment and induction of EAE

Female PD-L17/~ and PD-L2~/~ mice were implanted subcutaneously with 2.5mg/60-day
release 17p-estradiol pellets (Innovative Research of America, Sarasota, FL) or sham-treated
(control) one week prior to EAE induction. EAE was induced by immunization with 200ug
mouse (m) MOG-35-55 peptide (PolyPeptide Laboratories, San Diego, CA) in 200ug
Complete Freund’s adjuvant (Incomplete Freund’s adjuvant (IFA, Sigma-Adrich, St. Louis,
MO) completed with heat-killed Mycobacterium tuberculosis (Mtb, Difco, Detroit, MI).
Mice received pertussis toxin (Ptx, List Biologicals, Campbell, CA) on the day of
immunization (75 ng) and 2 days later (200 ng).

All mice were monitored daily for clinical signs of disease and scored using the following
scale: 0=normal; 1=limp tail or mild hind limb weakness; 2=moderate hind limb weakness
or mild ataxia; 3=moderately severe hind limb weakness; 4=severe hind limb weakness or
mild forelimb weakness or moderate ataxia; 5=paraplegia with no more than moderate
forelimb weakness; and 6=paraplegia with severe forelimb weakness or severe ataxia or
moribund condition. Mice were scored daily and were evaluated for incidence, day of onset,
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day of maximal clinical signs (peak) and total disease score over the course of the
experiment (Cumulative Disease Index, CDI). Mean + SEM were calculated for these
parameters for each experimental group.

2.4 Flow cytometry

Cell isolates were prepared as above, then washed and resuspended in staining medium (1X
PBS, 0.5% BSA, 0.02% sodium azide). Leukocytes were labeled with a combination of the
following antibodies obtained from BD Bioscience (San Jose, CA): PE-Cy7 CD4 (L3T4),
APC CD8 (53-6.7), APC CD19 (1D3), PE CD1d (1B1), PerCP CD5 (53-7.3), PerCP-Cy5.5
CD11b (M1/70), PE CD45 (30-F11). Data were acquired using a BD Accuri C6 (BD
Biosciences) and BD’s proprietary software.

2.5 Cell sorting and adoptive transfer of B cells

Donor B cells were acquired from female IL-10 GFP reporter mice that were age matched to
recipients. Splenic CD19* B cells were purified using paramagnetic bead-conjugated
antibodies (Abs) from the CD19 cell isolation kit and subsequently separated by AutoMACS
(both from Miltenyi Biotec, Auburn, CA). The positive fraction of the cells thus separated
were CD19* B cells with a purity of =95 %. CD19" B cells were suspended in stimulation
medium as described above and cultured in the presence of 1 pg/mL of lipopolysaccharide
(LPS from E. coli serotype 055:B5) (Sigma-Adrich, St. Louis, MO) for 48hrs at 37°C, 5%
CO5 and 95% humidity. After 48hrs of culture, B cells were harvested from culture plates,
washed free of LPS and viable cells were counted. The cells were then resuspended at 5x107
purified IL-10-GFP* B cells/mL in 0.9% sodium chloride irrigation solution (saline, Baxter,
Deerfield, IL) and 100pL of either cell suspension (5x10° cells) or saline were transferred
intravenously (i.v.) via tail vein into PD-L17~ and PD-L2~~ recipient mice.

2.6 RNA Isolation and Reverse transcription-Polymerase Chain Reaction

Total RNA was isolated using the RNeasy Mini Kit according to the manufacturer's
instructions (Qiagen, Valencia, CA). cDNA was synthesized using the SuperScript 1l
Reverse Transcriptase cDNA synthesis kit (Life Technologies, Grand Island, NY).
Quantitative real time PCR was performed using the StepOnePlus Real-Time PCR System
with TagMan Gene Expression probes. Individual samples were analyzed in triplicate for
IL-1B, IL-6, IL-17A, TNF-a and IFN-y (Life Technologies, Grand Island, NY). GAPDH
housekeeping gene was used as an endogenous control. Results were analyzed using
ExpressionSuite Software (Life Technologies, Grand Island, NY).

2.7 Statistical analysis

Data were reported using GraphPad Prism (v5.0, San Diego, CA) and expressed as the mean
+ SEM. Statistical significance for the disease course was calculated using the Mann-
Whitney U test. The Student’s t-test and the Kruskal-Wallis Test (non-parametric analysis
of variance) with Dunn’s multiple comparison of means post-test were used for analysis of
the cumulative disease index. Statistical significance for flow cytometry data was calculated
using One-way ANOVA (one way analysis of variance) and Newman-Kuels Multiple
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Comparison post-test. P-values <0.05 were considered to be significant (* p<0.05; **
p<0.01; *** p<0.001).

3.1 1L-10 producing B cells partially restore E2-mediated protection against EAE in PD-

L1~ mice

We have reported previously that E2 treatment requires B cells to ameliorate clinical signs
of EAE (Bodhankar, Wang, 2011). We further have shown that E2 protection is dependent
on PD-L1 expression on B cells. In order to determine the role of PD-L1 or PD-L2
expression on IL-10 secreting regulatory B cells in E2-mediated protection against EAE,
recipient female PD-L17/~ and PD-L2~/~ mice were either sham treated or implanted with
E2 pellets 7 days prior to immunization with mMOG-35-55 peptide with CFA/Ptx. Three
days post-immunization, IL-10 producing B cells from WT donor 1L-10 GFP* reporter
female mice that were stimulated with LPS for 48 hr (Supplementary Figure 1), were
transferred into recipient female PD-L1~/~ and PD-L2~/~ mice. As shown in Figure 1 and
consistent with our previous report, there were marked differences in the course of EAE in
PD-L17/~ vs. PD-L27/~ mice, with the PD-L1~/~ mice exhibiting significantly earlier onset
and more severe clinical signs (Peak and CDI scores) of EAE than PD-L27/~ mice that were
similar to WT control mice (Bodhankar, Galipeau, 2013b). E2 implants induced complete
protection against EAE in the PD-L2~/~ mice in the absence or presence of the transferred
IL-10 producing B cells, indicating that E2 protection could still be mediated through
resident PD-L1 sufficient B cells. In contrast, E2 implants in PD-L17~ mice in the absence
of transferred B cells did not protect, but did delay EAE onset by ~4 days to that observed in
the PD-L27/~ mice. However, co-administration of E2 with I1L-10 producing PD-L1* B cells
in PD-L1 deficient recipient mice not only reduced the incidence of EAE from 100% to
50%, but also significantly reduced disease severity (both Peak and CDI scores) compared
to all of the other PD-L17/~ mouse treatment groups (p<0.05, Table 1). Interestingly, mice
that were given 1L-10 producing B cells without E2 (Sham/B cells) displayed no difference
in clinical disease course compared to the control group (Sham/Saline). These findings
demonstrate that PD-L2 is not required for E2 mediated protection against EAE, whereas E2
treatment of PD-L17~ mice delayed but not inhibit EAE. We further demonstrate that co-
treatment with 1L-10 producing regulatory B cells could significantly restore E2-mediated
protection against EAE in the PD-L17/~ mice.

3.2 IL-10 producing B cells in combination with E2 treatment inhibit the infiltration of CD4*
T lymphocytes into spinal cords of PD-L17~ mice

In order to assess the combined effect of E2 and 1L-10 producing B cells on T cell migration
into the CNS during EAE, infiltrating leukocytes were isolated from the spinal cords and
brains of treated mice on day 22 post-immunization. Since E2 treated PD-L2 deficient mice
were protected from EAE in the presence or absence of 1L-10 producing regulatory B cells
(Fig. 1), we focused on the contribution of regulatory B cells to the E2 mediated protection
against EAE in PD-L17~ mice. We observed that the frequency of infiltrating CD4* T cells
was significantly lower in spinal cords but not brains of PD-L1~/~ mice that received both
E2 and IL-10 producing B cells compared to other groups that received Sham/Saline,
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Sham/B cells or E2/Saline (p<0.01, p<0.01 and p<0.05, respectively, Figs. 2A and 2B). In
contrast, there were no significant differences in the frequency of CD8* T cells in the spinal
cord or brain of E2/B cell treated PD-L1~/~ mice (Figs. 2C and 2D).

3.3 Treatment of EAE with E2 in combination with IL-10 producing B cells decreases the
frequency of activated microglia/macrophages and DC in spinal cords of PD-L17/~ mice

Monocytes and macrophages play a pathogenic role in multiple sclerosis and EAE, both of
which are characterized by extensive lymphocytic infiltration into the CNS. Several reports
have demonstrated that monocytes are involved in the exacerbation of EAE, with monocyte
depletion resulting in a marked suppression of clinical disease (Ajami et al., 2011, Dijkstra
et al., 2008). In the current study, we found a significant reduction in the frequency of
CD11b*CD45Ni activated microglia/macrophages in the spinal cords of E2/Saline vs. Sham/
Saline treated PD-L1~/~ mice with EAE, with an even greater reduction observed in the
E2/B cell treated group (p<0.05, Fig 3A). Moreover, a nearly identical pattern of reduced
frequencies of infiltrating CD11c*CD45* dendritic cells (DC) was observed (p<0.05, Fig.
3B). In brain, however, no significant differences in the frequencies of CD11b*CD45M
activated microglia/macrophages or CD11c*CD45" dendritic cells were noted among the
different treatment groups, although a similar trend was observed (Figs. 3C and 3D).
Moreover, there were no differences in the frequencies of CD4* T cells or CD11b* cells in
the CNS between E2 treated PD-L2~/~ mice with or without 1L-10 producing B cells vs.
Sham/Saline or Sham/B cell controls (data not shown). Taken together, our results
demonstrate that IL-10 producing regulatory B cells which also express PD-L1 could
enhance the E2 protection effect in PD-L1~/~ mice with EAE by inhibiting the frequencies
of pro-inflammatory cells found in spinal cord.

3.4 Treatment of EAE with E2 in combination with IL-10 producing B cells reduces the
overall pro-inflammatory milieu in the CNS

To evaluate the effects of IL-10 producing B cells on CNS inflammation during EAE in E2
treated PD-L17/~ mice, we performed real-time PCR analysis for expression of pro-
inflammatory cytokines on day 22 post-immunization. As shown in Figure 4, the expression
levels of IL-1B, IL-6, TNF-a, IL-17A and IFN-y were profoundly inhibited in spinal cords
of E2/1L-10 producing B cell vs. E2/Saline treated PD-L1~/~ mice with EAE, although these
differences did not reach significance due to a large variation in the E2/saline group. These
data, in total, suggest that IL-10 producing B cells can reduce CNS inflammation in E2
treated PD-L17/~ mice with EAE.

3.5 Treatment of EAE in PD-L27/~ mice with E2 in combination with resident PD-L1* B cells
induces optimal increases in the peripheral frequency of CD5*CD1d" regulatory B cells

Our previous study demonstrated that E2 treatment induced a significant increase in the
frequency of CD5*CD1d" B cells in the spleens of mice with EAE in a PD-L1, but not a
PD-L2 dependent manner (Bodhankar, Wang, 2011). We thus investigated whether the
increased frequency of CD5*CD1d" B cells was dependent upon the administration of PD-
L1* IL-10 secreting regulatory B cells. As shown in Fig. 5A, CD5*CD1d" splenic B cells
from PD-L1 deficient mice were modestly increased to <2% of total splenocytes after E2
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treatment with or without co-administration of 1L-10 secreting B cells, whereas a more
vigorous and highly significant increase to ~4% CD5*CD1d" splenic B cells occurred in
E2-treated PD-L27/~ mice that retained intact resident PD-L1* B cells, again with or without
co-administered IL-10 secreting B regulatory cells (Fig. 5B). Thus, it would appear that E2
treatment in the presence of resident PD-L1* regulatory B cells was critical for optimal
increases in the regulatory CD5*CD1d" splenic B cell subpopulation, but was not
dependent upon the transfer of PD-L1* IL-10 secreting regulatory B cells in mice
completely protected against EAE (as in Fig. 1B).

4. Discussion

Like many autoimmune diseases, MS predominantly affects females. However, women with
MS often show clinical improvement during pregnancy, followed by temporary post-partum
exacerbations, suggesting immunoregulatory and neuroprotective roles for pregnancy
induced sex hormones, especially estriol and E2 (Bebo et al., 2001, Polanczyk et al., 2006,
Wang et al., 2009). We previously demonstrated that relatively low doses of E2 confer
potent protection against clinical and histological signs of EAE (Polanczyk et al., 2004).
Recently, we demonstrated that E2 mediated protection against EAE is dependent on the
presence of PD-L1 expressing B cells (Bodhankar, Galipeau, 2013b). We further showed
that E2 treatment could increase the frequency of CD5*CD1d" regulatory B cells and
increase the cell surface expression of PD-L1 and IL-10 secretion from these cells
(Bodhankar, Wang, 2011). Herein, we demonstrate that transferred PD-L1* IL-10 producing
B cells could partially restore E2 mediated protection against EAE in PD-L1 deficient mice.

Programmed death-1 (PD-1), a new member of the B7 superfamily of costimulatory
molecules, plays a critical role in regulating autoimmune diseases. There are two known
ligands known that bind PD-1: PD-L1 which was identified through homology searches with
known B7 molecules (Dong et al., 1999, Freeman et al., 2000); and PDL2 which was
identified among a library of genes differentially expressed between DCs and activated
macrophages (Tseng et al., 2001). The engagement of PD-1 with PDL1/L2 plays a critical
role in the maintenance of tolerance by negatively regulating autoreactive pathogenic CD4*
T cells (Dai et al., 2014, Latchman et al., 2001, Latchman, Liang, 2004). Recent studies
indicated that PD17~ and PD-L1~/~ mice develop more severe EAE after immunization with
MOG-35-55 peptide while PD-L27/~ develop EAE similar to wild type control mice.
Consistent with this, PD-17/~ and PD-L17/~ cells produced elevated levels of the pro-
inflammatory cytokines (Carter et al., 2007, Polanczyk et al., 2007). Our previous study also
have demonstrated PD-1 interaction with PD-L1 but not PD-L2 on B cells is crucial for E2-
mediated protection in EAE (Bodhankar, Galipeau, 2013b). When we evaluated and
compared the immune status between PD-L1~/~ mice and PD-L27~ mice in E2-mediated
protection against EAE, we found that PD-L2~/~ mice exhibited decreased infiltating CD4*
and CD8* T cells, a lower frequency of activated microglia/macrophages and a higher
frequency of CD5"CD1d" regulatory B cells compared to PD-L1~/~ mice. In addition, we
found that E2 treatment was able to induce IL-10 producing regulatory B cells, which have a
beneficial role in protection against EAE in WT mice (Bodhankar, Wang, 2011). Moreover,
Dong, et al. demonstrated that PD1/PD-L1 interaction could increase IL-10 production
(Dong, Zhu, 1999). Our current study clearly demonstrates that transfer of IL-10 producing
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B cells, which also express PD-L1 on their cell surface, could partially resotre E2 mediated
protection against EAE, mainly by inhibiting the infiltration of pro-inflammatory cells from
the periphery, which in turn leads to a less inflammatory CNS. This finding is in concert
with our previous report that IL-10 producing regulatory B cells in conjunction with E2
ameliorates EAE severity and decreases CNS inflammation in B cell-deficient mice (Zhang,
Lapato, 2015)

Contradictory roles for B cells in EAE pathogenesis have been reported (Matsushita et al.,
2008, Pollinger et al., 2009). Although not essential for EAE induction or progression,
MOG-specific autoantibodies can enhance demyelination and inflammation (Linington et
al., 1988, Lyons et al., 1999). On the other hand, additional studies demonstrated that B-cell
deficient mice develop a severe non-remitting form of EAE (Fillatreau et al., 2002,
Matsushita et al., 2006, Wolf et al., 1996) and B-cell depletion with anti-CD20 antibody
before EAE induction resulted in exacerbation of disease signs and increased
encephalitogenic T cell influx into the CNS (Matsushita, Yanaba, 2008). These studies led
to the identification of regulatory B-cells, which when depleted resulted in increased clinical
severity. Indeed, phenotypically distinct subsets of I1L-10 producing regulatory B cells have
now been identified, including CD19*CD1d"MCD5*, CD19*CD21NigMNiCD23Ni,
CD19*Tim-1* and B220*CD138*CD44M (Evans et al., 2007, Matsumoto et al., 2014,
Matsushita, Yanaba, 2008, Mauri and Bosma, 2012). It is well known that these Bregs act
mainly, but not exclusively, via the release of IL-10, which can induce the differentiation
and activation of Tregs and inhibit the activation of microglia and production of pro-
inflammatory cytokines.

Our current results demonstrate that 1L-10 producing B cells could significantly restore E2-
mediated protection against EAE induced in PD-L1~/~ mice, with full protection (no clinical
signs) observed in 50% (5/10) of the mice and overall delayed onset of disease and lower
disease peak and CDI scores for the group. The mouse to mouse variation in response to
E2/B cell treatment suggests that in addition to the 1L-10 producing B cells other regulatory
factors may be involved in the E2-mediated protection against EAE. Moreover, we found
that administration of 1L-10 producing B cells without E2 treatment, 3 days post-
immunization, was not sufficient to protect against EAE in either PD-L17~ or PD-L27/~
mice (Fig. 1). It is possible that different conditions for B cell administration (time point or
cell number) might have a more beneficial effect in protecting against EAE in PD-L17/~
mice that are treated with or without E2. Lastly, it is apparent that optimal production of the
regulatory CD5*CD1d" splenic B cell subpopulation occurred in fully protected E2 treated
PD-L27/~ mice that retain resident PD-L1* regulatory B cells. In contrast, only minor
changes were observed in PD-L17/~ mice after transfer of PD-L1* IL-10 secreting
regulatory B cells, suggesting a predominant involvement of the resident PD-L1* B cells as
the source of the regulatory CD5*CD1d" B cells.

It is not clear whether the protective effect of the 1L-10 producing B cells in the E2 treated
PD-L17~ mice is caused by the IL-10 secretion, the expression of PD-L1 on the cell surface
of these cells or an additive effect of both of these factors. In this regard, it is important to
note that when B cells form PD-L1~/~ mice, which were not sorted for IL-10 production,
were transferred into recipient E2 treated pM T~ mice (that lack B cells); the recipient mice

J Neuroimmunol. Author manuscript; available in PMC 2016 August 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 9

had only a slightly lower CDI score compared to the no cell recipient E2 treated pMT ™/~
mice. However, E2 mediated protection was sustained in recipient E2 treated uMT~/~ mice
that were administered B cells form PD-L2~/~ mice (Bodhankar, Galipeau, 2013b). These
experiments underline the importance of PD1/PD-L1 interaction in mediating E2 protection
effects. Future studies using B cells transferred from IL-10 deficient donor mice to E2
treated PD-L17~ mice with EAE could further delineate the effects of IL-10 in this model.

In summary, our present study demonstrates that IL-10 producing B cells partially restore
E2-mediated protection in EAE-induced PD-L1~/~ mice. IL-10 producing B cells decreased
the frequency of CD11b*CD45M activated microglia/macrophages, dendritic cells and
infiltrating CD4 T cells in spinal cords of E2-treated PD-L1~/~ mice compared to E2-treated
PD-L17/~ mice that did not receive these regulatory cells. Our present data also demonstrate
a lower level of pro-inflammatory cytokines in the spinal cord of PDL17~ mice treated with
E2 and IL-10 producing B cells relative to PD-L1~/~ mice treated with E2/saline treatment.
Taken together, these findings suggest optimal protection against EAE using treatment with
E2 in combination with I1L-10 producing B cells.
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Figure 1. IL-10 producing B cells and E2 ameliorate clinical signs of EAE in PD-L1
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Seven-8 week-old PD-L17/~ (KO) (Fig. 1A) and PD-L27/~ (KO)(Fig. 1B) mice were
implanted with E2 pellets one week prior to immunization with mouse (m) MOG-35-55
peptide in CFA/Ptx. IL-10 GFP* B cells were transferred intravenously via tail vein into
recipients on day 3 post MOG-35-55/CFA/Ptx immunization and mice were monitored for
clinical signs of EAE. Figures show the mean daily disease scores from 3 independent
experiments with 3—4 mice/group/experiment. *significant difference (*p<0.05) as
compared to E2/B cell treated mice (Mann-Whitney U test).
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Figure 2. IL-10 producing B cells in combination with E2 treatment inhibit the infiltration of
CD4" T lymphocytes into spinal cords of PD-L17/~ mice

Frequencies of infiltrating CD4* T cells (Fig 2A, 2B) and CD8™" T cells (Fig 2C, 2D) were
determined in individual spinal cords and brains of mice with EAE. Data are presented as
mean + SEM. Statistical analysis was performed with ANOVA followed by Newman-Kuels
post hoc test. Significant differences between sample means are indicated (*p<0.05;
**p<0.01).
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Figure 3. Treatment of EAE with E2 in combination with 1L-10 producing B cells decreases the
frequency of activated microglia/macrophages and DC in spinal cords of PD-L1-/- mice

CD11b*CDA45N activated microglia/macrophages (Fig. 3A, 3C) and CD11c*CD45*
dendritic cells (Fig. 3B, 3D) were determined in individual spinal cords and brains of mice
with EAE. Data are presented as mean = SEM. Statistical analysis was performed with
ANOVA followed by Newman-Kuels post hoc test. Significant differences between sample
means are indicated (*p<0.05; **p<0.01).
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Figure 4. Treatment of EAE with E2 in combination with 1L-10 producing B cells reduces the
overall pro-inflammatory milieu in the CNS

Spinal cords were individually collected from E2/saline and E2/Breg groups of PD-L17/~
mice with EAE. Relative expression of pro-inflammatory cytokines was determined by
Real-Time PCR. Data are presented as mean + SEM. Statistical analysis was performed with
ANOVA followed by Newman-Kuels post hoc test. Significant differences between sample
means are indicated (*p<0.05).
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Figure 5. Treatment of EAE in PD-L27/~ mice with E2 in combination with resident PD-L1* B
cells induces optimal increases in the peripheral frequency of cpstcepidh regulatory B cells

CD5*CD1d" B cells were determined in individual spleens of PD-L1~/~ and PD-L2~/~ mice
with EAE (Figs. 5A and 5B). Data are presented as mean + SEM. Statistical analysis was
performed with ANOVA followed by Newman-Kuels post hoc test. Significant differences
between sample means are indicated (*p<0.05; ***p<0.001).
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Clinical course of EAE in PD-L17/~ and PD-L2~/~ mice.

Table 1

Mice Incidence Onset Peak CDI
PD-L1-/- Sham/Saline 9/9 11.8+05aC | 46+022 | 453+28aC
PD-L1~/- Sham/B cells 9/9 11.3+060d | 47+£020d | 431 +25bd
PD-L1-/- E2/Saline 9/9 16.0+1.2 31+x04 20835
PD-L1-/- E2/B cells 5/10 164+14 | 174052 | gg+33a
PD-L2-/- Sham/Saline 10/10 155+1.2 38+0.3 26.8+45
PD-L2-/- Sham/B cells 11/11 156 +1.0 33+0.3 21.0+3.0
PD-L2-/- E2/Saline 0/12 N/A 0.0+0.0 0.0+0.0
PD-L2-/- E2/B cells 0/12 N/A 0.0+0.0 0.0+0.0

a: significant (P<0.05) as Compared to PD-L1~/~ E2/Saline group

b: significant (P<0.05) as Compared to PD-L1~/~ E2/B cell group

<. significant (P<0.05) as Compared to PD-L2~/~ Sham/Saline group

d: significant (P<0.05) as Compared to PD-L2™/~ Sham/B cell group

*
Statistical evaluation of EAE disease course for Control and E2-implanted recipient PD-L1~/~ and PD-L2™/~ mice with or without B cell
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transfer, including the Cumulative Disease Index (CDI) through day 22 post-immunization for the 3 experiments (n = 3—4 mice/group/experiment).

The Incidence, Day of Onset and Peak Daily Disease scores from pooled data and corresponding CDI data from each of the independent
experiments (mean + SEM) are presented. Additional information for the experiments is shown in Fig. 1.
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