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Abstract

Increased remissions in multiple sclerosis (MS) during late pregnancy may result from high levels of sex
steroids such as estrogen and estriol. Estrogen (E2=173-estradiol) protects against experimental autoimmune
encephalomyelitis (EAE), but the cellular basis for E2-induced protection remains unclear. Treatment with relatively
low doses of E2 can protect against clinical and histological signs of MOG- .. induced EAE through mechanisms
involving the PD-1 coinhibitory pathway and B-cells. The current study evaluated the contribution of PD-1 ligands,
PD-L1 and PD-L2, on B-cells in E2-mediated protection against EAE in WT, PD-L1" and PD-L2" mice. Unlike PD-L2
" mice that were fully protected against EAE after E2 treatment, E2-implanted PD-L17 mice were fully susceptible
to EAE, with increased numbers of proliferating Th1/Th17 cells in the periphery and severe cellular infiltration and
demyelination in the CNS. Moreover, transfer of B-cells from MOG-immunized PD-L1" or PD-L2"- donors into E2-
preconditioned B-cell deficient uMT" recipient mice revealed significantly reduced E2-mediated protection against
EAE in recipients of PD-L17 B-cells, but near-complete protection in recipients of PD-L2" B-cells. We conclude that
PD-1 interaction with PD-L1 but not PD-L2 on B-cells is crucial for E2-mediated protection in EAE and that strategies

that enhance PD-1/PD-L1 interactions might potentiate E2 treatment effects in MS.
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Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease of the
central nervous system (CNS) that mainly affects young adults and
may lead to significant disability over time [1]. MS comprises of a
heterogeneous string of inflammatory, demyelinating and degenerative
events of presumed Th1 origin [2]. The exact pathogenic mechanisms
have not been completely unraveled but peripheral activation of
autoreactive CD4* T cells targeting proteins of the myelin sheath of
neurons has been hypothesized as a key process in the development of
the disease [3]. Although the incidence of MS is higher in women [4], its
relapse rates are decreased during late pregnancy, [5-7] and treatment
with pregnancy levels of estriol reduces central nervous system lesions
[8,9]. Pregnancy is characterized by an array of biological changes
that could mediate both immunomodulatory and neuroprotective
effects and one such effect is a pronounced systemic shift from Th1-
type cellular immunity towards Th2-type humoral immunity [10].
Experimental autoimmune encephalomyelitis (EAE) is an induced
autoimmune disease in mice that mimics MS in disease susceptibility
and histopathology. EAE is specifically mediated by IFN-y and IL-17-
producing T cells while IL-10 is critical in negative regulation [11-14].
Our group has previously demonstrated that relatively low doses of
17pB-estradiol (E2) and estriol confer potent protection against clinical
and histological signs of EAE [15,16]. Studies from our lab have also
demonstrated that though E2 is a potent regulator of autoimmunity,
it does not directly act on autoreactive T cells [17]. However, the
molecular and cellular mechanisms by which estrogens regulate MS
and EAE have not yet been well characterized.

The activation of T cells via the various antigen-presenting cells
(APCs) forms an integral part of the inflammatory process and this
process gains importance especially since the inflammatory cells in
MS include CD4 and CD8 T lymphocytes, microglia and macrophages
[18]. T cell activation is a complex and multistep phenomenon and the

B7 family of costimulatory molecules plays a pivotal role in optimal
activation of T cells [19]. Programmed cell death-1 (PD-1), a member
of the B7-CD28 family, is a co-inhibitory receptor expressed by a
variety of activated immune cells, including CD4* and CD8* T cells,
natural killer T (NKT) cells, B cells, monocytes and some dendritic
cell subsets [20]. PD-L1 and PD-L2 are the 2 known ligands for PD-1
[21] and they have different expression patterns. While PD-L1 is
found constitutively expressed on murine lymphoid cells like T cells,
B cells, macrophages, dendritic cells (DCs), mesenchymal stem cells,
and bone marrow-derived mast cells [22], it is also expressed by non-
hematopoietic cells [21, 23-27]. Expression of PD-L2 on the other
hand is restricted to macrophages, DCs, bone marrow-derived mast
cells, and peritoneal BI cells [21,22,28-30]. Various studies performed
in EAE have underlined the contribution of PD-1 and its ligands to
dampening disease susceptibility or severity [25,31-33].

With respect to the role of the PD-1/PD-L pathway in estrogen
treatment of EAE, our previous studies have demonstrated that E2
treatment of WT mice selectively upregulated the level of PD-1 in the
CD4'FoxP3* Treg compartment in MOG-immunized mice, with the
level of PD-1 in Tregs being linked closely to the reduction in disease
severity induced by E2. Down-regulation of PD-1 expression further
reduced the frequency and suppressive activities of Treg cells, increased
IL-17 production and thus permitted myelin-reactive T cells to launch
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an immune attack [34]. A more recent study demonstrated that E2 did
not inhibit EAE in PD-L17 mice [35], and that PD-L1 expression was
upregulated on B cells in the EAE-protected WT E2-implanted mice.
These findings indicated that PD-1 and PD-LI are critical mediators of
the immunoregulatory effects of E2 and suggested that upregulation of
PD-L1 on B cells is important for E2-mediated protection against EAE.

In lieu of the importance of PD-1 and PD-L1 in E2-mediated
protection against EAE, we sought to extend our findings to the second
ligand of PD-1, PD-L2, and also determine the nature of immune
responses generated in E2-implanted mice in the absence of PD-L1
and PD-L2. Lastly, since we now know that the B cells may act as
regulators [36] in an E2-rich milieu, the current study investigated the
contribution of the PD-L1 and PD-L2 on the B cells. Results from our
present study demonstrate that interactions between PD-1/PD-L1, and
not PD-1/PD-L2, play an important role in attenuating autoimmune
responses in the presence of E2. Furthermore, our results demonstrate
that in the absence of PD-L1, the protective effects of E2 against EAE
are completely lost, resulting in high levels of Th1/Th17 responses and
also high proliferative capacities of T cells in the periphery. EAE disease
severity in the E2-treated PD-L1”- mice was accompanied by a severe
cellular infiltration and active demyelination of the CNS. In contrast,
the absence of PD-L2 was not permissive for development of any of
these inflammatory immune responses. E2-treated PD-L2"- mice were
completely protected from EAE, with minimal damage to the CNS and
the immune responses similar to those demonstrated by the protected
E2-implanted WT mice. Transfer of B cells from MOG-immunized PD-
L17 & PD-L27 donors into E2-preconditioned B cell deficient pM T
recipient mice resulted in partial protection against EAE in recipients
of PD-L17 B cells, whereas full protection against EAE occurred in
recipients of PD-L27 B cells. This study is a first report to define a
central role of PD-L1 but not PD-L2 in E2-mediated protection against
EAE, and as well demonstrated that PD-1 interaction with PD-L1 but
not PD-L2 on B cells is crucial for the protective mechanism. Thus, we
conclude that strategies that enhance PD-1/PD-L1 interactions might
potentiate E2 treatment effects in EAE and possibly MS.

Materials and Methods
Ethics statement

The study was conducted in accordance with National Institutes
of Health guidelines for the use of experimental animals, and the
protocols were approved by the Portland Veteran Affairs Medical
Center’s Institutional Animal Care and Use Committee, protocol
#2415-10, local database ID #2415. Subsequent to onset of EAE, soft
mix was placed in the cages of any animals that are not able to obtain
water and nutrients through the normal route, monitored by weighing
the animals daily after immunization for the induction of EAE. If an
animal lost >20% of its body weight, the animal was treated with 1
ml/day isotonic sterile supplemental nutrients (5% dextrose in water/
normal saline) administered i.p. until the weight returned to normal.
The criteria for euthanasia to alleviate pain and distress were: if the
animal did not respond to the above treatment after 48 hours (assessed
by daily body weight measurement), the animal was euthanized with
CO, for humane reasons. Other than weight loss, loss of sensation
and mobility, mice with EAE typically did not show other signs that
warranted euthanasia. None of the mice used for the present study
reached a condition that required euthanasia.

Animals
Female wild-type (WT) C57BL/6 mice were purchased from Harlan

Laboratories (Livermore, CA). 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). Female PD-L2"" mice were a gift
from Arlene Sharpe, Ph.D. (Department of Pathology, Harvard Medical
School, Boston, MA, USA). uMT”" mice containing no B cells because
of targeted disruption of the membrane exon of the immunoglobulin
mu chain gene, originally obtained from Jackson Laboratories (Bar
Harbor, ME), were bred at the Animal Resource Facility at the Portland
Veteran Affairs Medical Center. All mice (on a C57BL/6 background)
were used at 7-8 weeks of age and were housed in the Animal Resource
Facility at the Portland Veterans Affairs Medical Center in accordance
with institutional guidelines.

Hormone treatment and induction of EAE

Female WT, PD-L17 and PD-L27 mice were implanted with
2.5 mg/60-day release 17(-estradiol pellets (Innovative Research of
America, Sarasota, FL) or sham-treated (control) one week prior to
immunization with 200 ug mouse (m) MOG,, .. peptide (PolyPeptide
Laboratories, San Diego, CA) in 400 pg Complete Freund’s adjuvant
(CFA, H37Ra, 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,
day of maximal clinical signs (peak) and for total disease score over
the course of the experiment (Cumulative Disease Index). Mean + SD
were calculated for these parameters for each of experimental group.

Histopathology

Intact spinal columns removed from mice at the end of the study
(i.e. Day24-26 post-immunization) were fixed in 4% paraformaldehyde.
Dissected spinal cords were embedded in paraffin before sectioning.
Sections were stained with Hematoxylin and Eosin to assess
inflammatory lesions or modified eriochrome cyanine (EC) protocol
to assess the sparing of the white and gray matter (demyelination) [37].
Slides were analyzed by light microscopy.

Cytokine detection by Luminex bead array

Single-cell suspensions of spleen cells obtained from control
and E2-treated WT, PD-L17 and PD-L27" mice on day 24 post-
immunization (p.i.) were cultured in the presence of 25 ug/ml MOG,_ .
peptide for 48 h. Culture supernatants were assessed for cytokine levels
using a Luminex Bio-Plex cytokine assay kit according the instructions
by the manufacturer (Bio-Rad, Richmond, CA).

Proliferation assay

Splenocytes, collected from control and E2-treated WT, PD-L1"
and PD-L27" mice on Day 24 post-immunization, were plated onto 96-
well flat bottom plates (400,000 cells per well). Cells were stimulated
with 10 or 50 ug/ml of MOG,_ . peptide for 72 h and the last 18 h in
the presence of *H-Thymidine. Cells harvested onto filter mats were
read on a Perkin Elmer micro-beta scintillation counter. Stimulation
indices were determined by calculating the ratio of antigen specific
cpm to medium alone cpm.
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Flow cytometry

Spleens and brains from control and E2-treated WT, PD-L17 and
PD-L27 mice were processed for lymphocyte isolation. Briefly, the
single cell suspension was prepared by dissociating tissue through a
100 pum nylon mesh screen. Red blood cells were lysed using 1X red
cell lysis buffer (eBioscience, San Diego, CA). Cells were washed and
resuspended in staining medium (1X PBS, 0.5% BSA, 0.02% sodium
azide) and then stained with a combination of the following antibodies
obtained from BD Bioscience: CD4 (L3T4), CD44 (1M7), CD62L
(MEL-14), CD19 (1D3), CD1d (1B1), CD5 (53-7.3), PD-L1 (MIH5),
PD-L2 (TY25), CD11b (M1/70), CD11c (HL-3), CD45 (30-F11). The
intracellular staining of Foxp3 (MF23) and PD-1 (J43) was completed
following overnight incubation in fixation/permeabilization buffer
(eBiosciences). Dead cells were gated out using propidium iodide
discrimination. Cells were gated on CD19 to determine expression of
the CD1d"¢"CD5*, PD-L1 and PD-L2 populations. Data were collected
using CellQuest (BD Biosciences) and FCS Express (De Novo) software
on a FACSCalibur (BD Biosciences). Absolute numbers were calculated
from live-gated cells.

Adoptive transfer of B cells

Female PD-L1"" and PD-L2" mice that served as donors of B
cells were immunized with 200 ug MOG,, ., peptide (PolyPeptide
Laboratories, San Diego, CA) in 200 ug Complete Freund’s adjuvant
(CFA, H37Ra, Difco). Pertussis toxin was not given to ensure the
retention of MOG-primed cells in the spleens. Spleens from MOG-
immunized PD-L1" and PD-L27 mice were harvested on day 14 p.i.
and processed for B cell isolation. Splenic CD19* B cells were purified
using paramagnetic bead-conjugated antibodies (Abs) from the CD19
cell isolation kit and subsequently separated by AutoMACS (Miltenyi
Biotec, Auburn, CA). The positive fraction of the cells thus separated
were CD19* B cells with a purity of > 95%. Approximately 10x10°
purified splenic B cells from the donor mice were transferred i.v. into
UMT”" mice, on the same day as EAE induction. The B cell-deficient
(UMT"") mice were either sham-treated or implanted with estrogen
pellet 7 days before the B cell transfer and immunization.

Statistical analysis

Data are reported using GraphPad Prism (v 4.0, San Diego, CA) and
expressed as the mean + SEM. Statistical significance for the disease
course between control and E2-treated WT, PD-L17-and PD-L2” mice
and also for the recipient pMT" control and E2-implanted mice was
calculated using the Mann-Whitney U test. The Student’s ¢-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 the Luminex
and flow cytometry data was calculated using One-way ANOVA (one
way analysis of variance and Newman-Keuls Multiple Comparison
post test). The Student’s t-test was used to compare stimulation indices
between control and E2-treated WT, PD-L17- and PD-L2" mice, within
the same strain. P-values < 0.05 were considered to be significant (*p <
0.05; **p < 0.01; ***p < 0.001).

Results

The co-inhibitoryligand, PD-L2, but not PD-L1,is dispensable
in E2-mediated protection against EAE
Our previous work [35] demonstrated that E2-treatment did not

protect PD-L17 mice, which developed EAE disease scores equivalent
to those of control (sham-treated) WT and PD-L17 mice. These

results indicated that PD-L1 is a critical co-inhibitory molecule in E2-
mediated protection against EAE. The current study further explores
whether or not the second ligand of the PD-1/PD-L co-inhibitory
family, PD-L2, is redundant in mediating E2-related protective effects
in EAE. Age-matched female WT, PD-L17- and PD-L2"" mice were
either sham-treated (control) or implanted with E2 pellets 7 days prior
to immunization with mMOG,_ . peptide with CFA/Ptx and the EAE

35-55
disease course was followed for 24 days post-immunization (p.i.).

As reported earlier, mice lacking PD-L1 not only developed more
extensive EAE (higher CDI) than WT control mice, but also were
significantly less protected after E2 treatment (Figure 1A and Table
1), resulting in EAE disease scores equivalent to those of sham-treated
WT mice. In contrast to the PD-L17- mice, control PD-L27 mice
developed EAE similar to the control WT mice and E2-implanted PD-
L2/ mice were completely protected against EAE through day 24 post-
immunization similar to E2-treated WT mice (Table 1). Consistent
with the clinical results, spinal cord sections from E2-implanted PD-
L17 mice demonstrated massive leukocyte infiltration with several
foci of inflammation (Figure 1B) along with severe demyelination
similar to control PD-L1"- mice, whereas spinal cord sections from the
PDL2" E2-treated mice showed no obvious signs of inflammation and
demyelination (Figure 1C). These results demonstrate conclusively that
PD-L2 is redundant and that PDL1 plays the major role in mediating
E2-dependent protection against EAE.

Absence of PD-L1 but not PD-L2 elicits a high pro-
inflammatory environment in spleens

Pathogenic T cells are known to be induced in the periphery
(spleens and draining lymph nodes) after which they migrate to the
CNS to initiate an inflammatory process responsible for clinical
signs of EAE [3]. Therefore, the cytokine milieu was evaluated in the
spleens of the control and E2-implanted PD-L knockout (KO) mice.
MOG-specific responses generated in spleens, 24 days p.i., were
determined for cytokine expression by culturing mononuclear cells
from sham treated and E2-implanted WT, PD-L17 and PD-L2” mice
and collecting supernatants 48 hours later. As reported earlier [35],
sham-treated WT mice produced higher levels of IL-17, TNF-a and
IFN-y as compared to their E2-implanted counterparts (Figure 2A).
The splenocytes of both the sham-treated and E2-implanted PD-L2"
mice produced almost equivalent levels of IL-17, TNF- a and IFN- y as
the WT sham-treated and E2-implanted mice, respectively. However,
splenocytes from not only the sham-treated but also the E2-implanted
PD-L17" mice produced significantly higher levels of proinflammatory
cytokines as compared to both the E2-implanted WT and PD-L2"
mice (Figure 2A). Moreover, proliferation responses of splenic T cells
were inhibited by E2 treatment in control and PD-L27 mice, but no
inhibition was observed in PD-L1”- mice (Figure 2B).

Higher infiltration and loss of E2-mediated reduction of
proinflammatory immune cells in the CNS of PD-L1" vs.
PD-L27 mice

Since PD-L17 mice demonstrated more severe clinical and
histological signs of EAE, we evaluated the immune cell trafficking
into the CNS of these mice compared to sham-treated and E2-
implanted WT and PD-L27 mice. Mononuclear cells isolated from
brains of control and E2-implanted WT, PD-L17 and PD-L2" mice
were stained for several cell surface markers. Brains of control and
E2-implanted PD-L17" mice contained significantly higher numbers
of total mononuclear as compared to E2-implanted WT and PD-
L27 mice (Figure 3A). Upon further characterizing infiltrating
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Figure 1: The co-inhibitory ligand, PD-L2, but not PD-L1, is dispensable in E2 mediated protection against EAE.

Seven to 8 week old WT, PD-L1" and PD-L2"- mice were implanted with E2 pellets one week prior to immunization with mouse (m) MOG,, ,, peptide in CFA/
Ptx. Mice were monitored for signs of clinical EAE. A) mean disease scores from 2 independent experiments with 3-4 mice/group/experiment. *significant
difference (p < 0.05) as compared to the respective E2-implanted mice (Mann-Whitney U test). B and C) Histopathological evaluation of spinal cords from PD-
L1 (control and E2-implanted) and PD-L2" (control and E2-implanted) mice. Spinal cords from each group, collected on day 24 post-immunization, were fixed
in PFA and embedded in paraffin. Ten ym transverse sections from different regions of the spinal cord from each of the groups were stained with Hematoxylin
& Eosin to enumerate infiltrating leukocytes and with Eriochrome cyanine to visualize extent of demyelination. Magnification 50 times and 200 times (inset).

Table 1: Clinical course of EAE in WT, PD-L1" and PD-L2"- mice*.

Mice Incidence Onset Peak CDI Mortality
WT Ctrl 8/8 153+1.3* | 46+01 | 385+5.1° 0
WT E2 1/8 20.0 + 02° 2.0+0% | 0.9+0.8%° 0

PD-L17 Ctrl 6/6 11.1+0.4 4.6+0.1 55.2+2.8 0
PD-L1" E2 5/6 149+0 3.6+0.3* 33354 1
PD-L27 Ctrl 7/8 11.7+0.6 44+04 339+6.7° 0
PD-L2+ E2 0/8 0 +02° 0+ 02° 0+ 02° 0

asignificant (p < 0.05) as compared to respective Ctrl group
bsignificant (p < 0.05) as compared to PD-L1-- Ctrl group
csignificant (p < 0.05) as compared to PD-L1- E2 group

*Statistical evaluation of EAE disease course for WT and PDL1” and PD-L2"
Control and E2-implanted mice, including the Cumulative Disease Index (CDI),
through Day 24 post-immunization for the 2 experiments (n=3-4 mice/group/
experiment). The daily disease scores from pooled data and corresponding CDI
data from each of the three independent experiments (mean + SEM) are presented.
Additional information for the experiments is shown in Figure 1.

mononuclear cells in the brains, it was revealed that brains of E2-
implanted PD-L17" mice had a significant increase in percentages of
the CD11b*CD45"e" cell population represented by resident activated
microglia and/or infiltrating monocytes/macrophages as well as
dendritic cells (CD11c¢*CD45*) (Figure 3B). Both of these populations
have been known to participate in disease pathogenesis through effects
on blood brain barrier permeability, antigen presentation and immune
regulation [17]. The PD-L27 E2-implanted mice on the other hand
demonstrated significantly less infiltration of activated microglia/
monocytes and dendritic cells (Figure 3B). Thus, the inhibitory effects
of E2 on infiltration of inflammatory cells into the CNS were totally

abrogated in the absence of PD-L1 whereas they were retained in the
absence of PD-L2.

Absence of PD-L1 but not PD-L2 leads to a higher number of
activated CD4"* T cells in the CNS of E2-implanted mice

The control and E2-implanted PD-L17" mice also had a significant
increase in percentages of brain-infiltrating CD4* and CD8* T cells
as compared to E2-implanted WT and PD-L27 mice (Figure 4A).
CD44MCD4* T-cells are increased in the spleen and CNS of mice with
EAE [38], and it thus was of interest to further characterize the CD4* T
cells in the brains of WT, PD-L1"" and PD-L2” mice. The percentage of
CD44°CD62L" (naive), CD44*CD62L* (activated) and CD44*CD62L
(memory) were evaluated amongst the CD4* T population. The
percentage of CD4* T cells expressing CD44"CD62L* was significantly
increased in PD-L17 control and E2-implanted mice (Figure 4B),
indicating that the infiltrating CD4* T cells were significantly more
activated than those found in the brains of E2-protected WT and PD-
L2 mice (Figure 4B). The PD-L2” E2-implanted mice on the other
hand demonstrated significantly less infiltration of CD8* T cells and
activated CD4* T cells (Figures 4A and 4B).

Absence of PD-L1 but not PD-L2 leads to a significant
decrease in the percentage of CD1d"CD5* (regulatory) B cells

As demonstrated earlier [35], the E2-protected WT mice exhibited
a significant increase in the percentage of CD1d"CD5* B cells in the
spleens. This regulatory B cell sub-population is a strong candidate for
mediating the protective properties of E2 against the development of
EAE. The complete absence of EAE signs in the E2-implanted PD-L27
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Figure 2: Absence of PD-L1 but not PD-L2 elicits a high pro-inflammatory
environment in spleens.

Splenocytes were isolated from control and E2-implanted WT, PDL1*- and PD-
L27 mice, on Day 24 post-immunization and: A) cultured in the presence of
25 pg/ml mMOG,, ., peptide for 48h. Culture supernatants were assayed for
secreted levels of cytokines by Luminex Bead array. Data are representative
of 2 independent experiments (mean + SEM). B) Plated in a 96-well flat
bottom microtiter plate and cultured with 10 pg/ml of mMMOG,, ., peptide for
72 h, the last 18 h in the presence of *H-thymidine. Stimulation indices (S.I.)
were determined by calculating the ratio of cpm from antigen-induced vs.
unstimulated cultures. Equal number of cells from each mouse in a group
were pooled and detection was done in pooled cells from n=3-4 mice/group
from each of two separate experiments (mean + SEM). Significant differences
between the groups (*p < 0.05) were determined by One-way ANOVA with one
way analysis of variance and Newman-Keuls Multiple Comparison post test.

mice led us to investigate the contribution of the regulatory B cell-subset
in these mice. The CD1d"CD5* Breg cell subpopulation increased
significantly in the spleens of PD-L2” E2-implanted mice not only as
compared to its sham-treated counterparts, but also compared to the
sham-treated and E2-implanted PD-L1” mice (Figure 5A). Moreover,
at day 24, splenocytes from PD-L27" E2-implanted mice demonstrated
a remarkable increase in production of IL-10 comparable to that
produced by the E2-implanted WT mice but in contrast to the minimal
levels of IL-10 produced by splenocytes from control or E2-treated
PD-L17 mice (Figure 5B). Further characterization of the B cells in
the different strains of mice and in the sham-treated and E2-implanted
groups led to demonstration of a similar increase in the PD-L1 on B
cells in the E2-implanted PD-L2"" mice as the E2-implanted WT mice
(Figure 5C). However, the splenocytes of E2-implanted PD-L17" mice
failed to demonstrate any change in the expression of the PD-L2 by
their B cells (Figure 5D). These results indicate that the expression of
PD-L1 and CD1d"CD5* by the B cells endows a protective function to
the B cells in an E2-rich milieu.

Presence of PD-L1 but not PD-L2 on B cells is critical for E2-
mediated protection against EAE

The splenic B cells in the E2-implanted PD-L2”" mice demonstrate
a significant increase in PD-L1 expression and our earlier studies
demonstrated a steady increase in PD-Ll-expressing B cells over
the course of EAE disease in E2-implanted WT mice [35]. Thus, it
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Figure 3: Higher infiltration of proinflammatory immune cells in the CNS
of PD-L17 vs. PD-L2" mice.

On Day 24 post-immunization, mononuclear cells isolated from brains of
control and E2-implanted WT, PD-L17- and PD-L2" mice were analyzed for: A)
Total live cell numbers counted on a hemocytometer; and B) CD11b*CD45"s"
infiltrating monocytes/activated microglia and CD11c*CD45* dendritic cells
(DCs). Frequencies of monocytes/microglia and DCs were determined in
individual brains processed and indicate the percentages of total gated live
leukocytes (n=6-8). Data are representative of 2 independent experiments
(mean + SEM). Significant differences between the groups (*p < 0.05 and
**p < 0.01) were determined using One-way ANOVA with one way analysis of
variance and Newman-Keuls Multiple Comparison post test and are indicated
by brackets.
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Figure 4: Absence of PD-L1 results in higher activated CD4* T cells in
CNS of E2-implanted mice.

Mononuclear cells isolated from brains of control and E2-implanted WT,
PDL1* and PD-L2" mice were analyzed on Day 24 post-immunization. A)
Frequencies of CD4* and CD8"* T cells were determined in individual brains
and indicate the percentages of total gated live leukocytes (n=3-4). Data are
pooled from 2 independent experiments (mean + SEM). B) Flow antibodies
for CD44 and CD62L were used to differentiate between naive, memory and
activated (CD44*CD62L*) CD4* T cells. Cells were gated on live CD4* cells
for the analysis of activated CD4"* T cells. Data are pooled from 2 independent
experiments (mean = SEM). Significant differences between the groups (*p <
0.05 and **p < 0.01) were determined using One-way ANOVA with one way
analysis of variance and Newman-Keuls Multiple Comparison post test and
are indicated by brackets.

was crucial to determine the contribution of these PD-ligands in the
protective function of B cells in E2-dependent protection against EAE.
Also, our recent study [36] demonstrated that B cells from WT donors
are sufficient to restore E2-mediated protection in the uMT” mice
and the E2-implanted B cell-recipients were significantly protected
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Figure 5: Absence of PD-L1 but not PD-L2 leads to a significant decrease in Breg cells.

Splenocytes from control and E2-implanted WT, PD-L1"- and PD-L27- mice were harvested on day 24 post-immunization and assessed for expression of: A)
CD1d"CD5* B cells, C) PD-L1-expressing B cells and D) PD-L2-expressing B cells Data represent CD1dhiCD5*, PD-L1* and PD-L2* expression on gated
CD19" cells of total gated and live cells. Data are representative of 2 independent experiments with spleens processed from 6-8 individual mice (mean + SEM).
B) Splenocytes from control and E2-implanted WT, PD-L17- and PD-L2" mice, harvested on Day 24 post-immunization, were cultured in the presence of 25

pg/ml mMOG

35-55

peptide for 48 h. Cells were pooled from mouse groups (6-8 mice total; 2 individual experiments) (mean + SEM) and cytokines were detected

using the Luminex bead array. Significant differences between the groups (*p < 0.05, **p < 0.01 and ***p < 0.001) were determined using One-way ANOVA
with one way analysis of variance and Newman-Keuls Multiple Comparison post test and are indicated by brackets.

until day 25 p.i./after transfer as compared to the control recipients.
In the current study, we first assessed the role of PD-L1 in B cells as
a contributor in E2-mediated protection upon transfer into recipient
uMT"” mice on the day of EAE induction. B cells were obtained
from MOG-immunized PD-L17 donors, day 14 p.i., transferred into
sham-treated or E2-implanted recipient uyMT"- mice and EAE disease
induced and scores followed through Day 26. puMT"-control and E2-
treated mice receiving no cells were included as experimental controls.
Upon transferring B cells from MOG-immunized PD-L1" donors,
as expected the control recipient pMT”" mice had an early onset (day
10-11 p..) similar to that observed in control mice receiving no B
cells. However, both the PD-L17- B cell and the no cell E2-implanted
recipient groups had an onset of disease around day 17 p.i. (Figure 6A),
with slightly lower CDI in the E2-implanted PD-L1" B cell recipient
group (Table 2). The E2-implanted recipients of PD-L17* B cells lost
protection from day 20 p.i. as compared to the sham-treated recipients,
thus indicating a partial protection for the E2-implanted PD-L17 B
cell recipients. Spinal cord sections from E2-implanted PD-L17 B cell
recipient uMT”" mice also demonstrated leukocyte infiltration with
several foci of inflammation (Figure 6B) along with somewhat less
apparent demyelination than control recipient uyMT"" mice. These data

indicate a crucial role of PD-L1 in B cells for E2-mediated protection in
recipient uMT"" mice.

Similarly, to verify the requirement of PD-L2 on the B cells in E2-
mediated protection, B cells from MOG-immunized PD-L2" donors
were transferred into sham-treated or E2-implanted uMT~" mice on
the day of induction of EAE. The control uMT"" recipients of MOG-
specific B cells from PD-L27 donors demonstrated an onset of EAE
at day 11.8 p.i. similar to the no cell recipients (Figure 6A and Table
2). However, the E2-implanted uMT" recipients of MOG-specific
PD-L27 B cells were significantly protected from EAE through day
26 p.i. (Figure 6A) with eventual loss of protection, there onwards,
as compared to the control PDL2" B cell recipient counterparts (not
shown). As shown in Table 2, the CDI and the peak of the disease of
E2-implanted uMT"" recipients of PD-L27" B cells were also strikingly
and significantly lower than those of control recipients. Spinal cords
sections were assessed for the extent of inflammation (H&E staining)
and demyelination (Eriochrome staining) in CNS of the control and
E2-implanted uMT"" recipient mice. We demonstrated earlier [35]
that spinal cord sections of E2-implanted uMT"" mice (receiving no
B cells) demonstrated massive leukocyte infiltration with several foci
of inflammation along with severe demyelination similar to control
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no Ptx administration. Seven to 8 week old pMT"- mice that served as recipients of B cells were either sham-treated (control) or implanted with E2 pellets one
week prior to B cell transfer and immunization with MOG,, . peptide in CFA/Ptx. Recipient mice were monitored for signs of clinical EAE. A) Mean disease
scores from 2-3 independent experiments with 3-5 mice/group/experiment. *p < 0.05, compared to the respective control mice (i.e. E2-implanted with no cells
vs. controls with no B cells and E2-implanted recipients with B cells from the appropriate donors vs. control recipients with B cells) (Mann-Whitney U test).
Histopathological evaluation of spinal cords from B) PD-L1*, C) PD-L2" B cell-recipient uyMT- (control and E2-implanted) mice (day 26 post-immunization).
Spinal cords from each group, collected on day 26 post-immunization, were fixed in PFA and embedded in paraffin. 10 ym thick transverse sections from
different regions of the spinal cord from each of the groups were stained with Hematoxylin & Eosin to enumerate infiltrating leukocytes and with Eriochrome
cyanine to visualize the extent of demyelination (magnification 50 times and 200 times (inset)). Sections are representative of 2 experiments (n=3-5/group/

experiment).

Table 2: Clinical course of EAE in B-cell-recipient uyMT" mice*.

MMT" recipient mice Incidence Onset Peak CDI Mortality
no cells Ctrl 6/6 12.2+0.2 5.0+0.0 64.8+14 1
no cells E2 77 17.1+0.8° 4504 40.9+4.6° 1
+PD-L1" B cells Ctrl 8/8 9.8+0.3 48+0.2 64.9+1.9 0
+PD-L1" B cells E2 8/8 17.3+0.67 4.2+0.22 32.6+222 0
+PD-L2" B cells Ctrl 10/10 11.8+0.5 5.0+£0.0 63.9+28 0
+PD-L2" B cells E2 6/11 22.8 £ 0.72b¢ 3.6+0.7° 6.8 +2.72b¢ 0

asignificant (p < 0.05) as compared to respective Ctrl group
bsignificant (p < 0.05) as compared to E2-implanted PD-L1" B cell-recipient group

csignificant (p < 0.05) as compared to E2-implanted no cell transfer uMT" recipient group

*Statistical evaluation of EAE disease course for Control and E2-implanted recipient uMT”- mice, including the Cumulative Disease Index (CDI), through day 26 post-
immunization for the 2-3 experiments (n=3-5 mice/group/experiment). The 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 Figure 6.

UMT" mice. Here similarly, the control PD-L27" B cell transferred
UMT" recipient mice demonstrated massive leukocyte infiltration
along with demyelination. In contrast, spinal cord sections from the
E2-implanted PD-L2" B cell transferred pMT"" recipient mice showed
no obvious signs of inflammation and demyelination (day 26 p.i.)
(Figure 6C), mimicking the histological picture in WT E2-treated mice
[15]. Taken together, the above results confirm that the presence of
PD-L1 on B cells is critical for E2-mediated protection against EAE,
whereas the protection imparted is independent of PD-L2.

Discussion

Over the past decade numerous studies using either monoclonal
blocking antibodies or knockout mice on different strains have
demonstrated varying roles for the ligands of the PD-1 co-inhibitory
pathwayin EAE. Initial studies by Salamaetal. [25], wherein neutralizing
antibodies specific for PD-1 (J43) or PD-L2 (TY25) were used, described
PD-1 and PD-L2 to be critical in EAE. The blockade of PD-1 and PD-
L2 led to the expansion of MOG-reactive T cells, increased lymphocytic
infiltration of the CNS, and ultimately, accelerated disease onset and
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severity. However, studies in PD-1 and PD-L-deficient mice on the
129svEv background demonstrated that deficiency of PD-1 and PD-L1
led to exacerbated EAE with increased proliferation of inflammatory
ex vivo recall responses. PD-L2 deficiency, however, led to EAE disease
similar to WT mice and less dramatic ex vivo recall response [33,39].
With the literature pointing to the contradictory roles of PD-L1 and
PD-L2 in EAE, it was essential to discern their role in E2-mediated
protection against EAE, especially since our lab had already implicated
PD-1 in the E2-protective pathway [34,40-42]. Our recent work [35]
demonstrated that E2-implanted PD-L17" mice were not protected
from EAE. However, the immune responses elicited in this strain of
mice, which renders them susceptible to EAE even in the presence
of E2, were not investigated. Also, the effect of E2 on the disease
outcome of the PD-L2”" mice had not been studied earlier. Therefore,
to complete the picture, it was necessary to investigate the nature of
interactions between PD-1 and both PD-Ligands for understanding
the susceptibility, pathogenic mechanisms, and protection afforded
in an E2-rich environment. Moreover, we sought to determine the
contribution of both ligands on B cells transferring E2-mediated
protection to B cell-deficient mice.

As demonstrated earlier, we were able to repeat our results in the
E2-implanted PD-L17 mice, in that E2 treatment of the PD-L1”- mice
delayed but could not inhibit the disease severity, thereby leading to
trafficking of immune cells into the CNS causing inflammatory foci and
demyelination. Lack of PD-L1, as demonstrated by other EAE-related
studies, led to a much more severe disease. Despite E2-treatment, the
PD-L17 mice demonstrated EAE disease scores and CNS damage
comparable to the sham-treated WT mice. On the other hand, even
if the absence of PD-L2 led to a comparable EAE disease outcome
as in sham-treated WT mice, the E2-implanted PD-L27" mice were
completely protected from developing EAE like the E2-implanted WT
mice, with no infiltrating immune cells and demyelination in the CNS.

EAE is known to be predominantly a T cell-mediated autoimmune
disease with IFN-y and IL-17-producing T cell subsets responsible for
promoting EAE [11,12]. Studies have demonstrated that stimulated
T cells from PD-17 and PD-L17" mice with active disease produced
copious amounts of IL-17 and IFN-y as compared to WT mice [33],
suggesting that T cells with deficient PD-1/PD-L signaling may be
preferentially polarized toward effector T-cell differentiation. Our
lab has demonstrated that treatment with E2 is a powerful regulator
of cytokines, decreasing the production of proinflammatory cytokines
such as TNF-a and increasing the production of anti-inflammatory
cytokines, such as IL-4 and IL-10 [16,43]. Hence, ex vivo recall
responses by means of cytokine production by splenocytes of the
control and E2-implanted PD-L1 and PD-L2-deficient mice on day 24
were analyzed. Our results confirmed that, in the absence of PD-LI,
significantly higher MOG-specific Th1/Th17 responses were generated
in the periphery, not only by the sham-treated PD-L17" mice but also
but the E2-implanted PD-L17" mice. However, absence of PD-L2 led
to a proinflammatory milieu similar to the sham-treated WT mice.
The cytokine profile in the EAE-protected and E2-implanted PD-L2"
mice was similar to that in the E2-implanted WT mice, demonstrating
significantly lower expression of the proinflammatory cytokines IFN-
Y, IL17 and TNF- a.

Estrogen is known to reduce Ag-specific T cell proliferative
responses [35], albeit not by direct interaction with the T cells. Several
studies have demonstrated that PD-Ls can inhibit T cell proliferation.
However, there are a few studies which contradict these results
and the reasons for these contradictory results remain unclear and

controversial. Hence T cell proliferative responses were analyzed in
the periphery for the each of the PD-L KO mice, with or without E2
treatment. Akin to the disease pattern in each of the control and E2-
implanted PD-L knockout mice, T cell proliferative responses were
significantly higher in the absence of PD-L1, but E2-implantation failed
to reduce this increase. However, the splenocytes of the E2-implanted
PD-L27 mice had significantly lower T cell proliferation capabilities.

The PD-1/PD-L pathway is recognized to control peripheral T-cell
tolerance in several ways. This pathway can limit the initial phase
of activation and expansion of self-reactive T cells, and restrict self-
reactive T-cell effector function. The PD-1/PD-L interactions also play
a role in inhibiting expansion of naive self-reactive T cells and/or their
differentiation into effector T cells [20]. Thus, PD-L1 and PD-L2 can
signal bidirectionally by engaging PD-1 on T cells and by delivering
signals into PD-L-expressing cells. Similarly, our results demonstrate
that increased severity of disease in the control and E2-implanted PD-
L17 mice was accompanied by increased infiltration of immune cells
into the CNS. Not only were the numbers of infiltrating cells increased
but so were the percentages of activated microglia/monocytes and
infiltrating dendritic cells. This phenomenon was, however, lacking in
E2-treated protected PD-L2”" mice. Loss of PD-L1 also led to a higher
number of CD4* T and CD8" T cells in the brains. Further analysis
of the activation states of the infiltrating CD4* T cells demonstrated
a significantly higher percentage of activated CD4" T cells in the E2-
implanted PD-L17" mice as compared to both the E2-treated WT and
PD-L27 mice, indicating that the CNS-infiltrating CD4" T cells have
a pathogenic rather than a regulatory role. Thus, our results indicate
that the PD-1/PD-L1 pathway in presence of E2 delivers inhibitory
signals that regulate peripheral T-cell tolerance but that the PD-1/PD-
L2 pathway is not redundant for E2-mediated protection against EAE.

Our earlier studies [35] demonstrated that the E2-rich milieu is
able to induce a regulatory B cell subset (CD1d"CD5" B cells; Bregs)
in WT mice which regulate EAE by virtue of their IL-10 production.
The literature demonstrates that the interaction between PD-1 and
PD-L1 results in the up-regulation of IL-10 production [44]. It is also
known that in the presence of anti-CD3 and TGF-f, PD-L1-Ig can
induce a profound increase in the de novo generation of CD4*Foxp3*
Tregs from naive CD4* T cells. PD-L1-Ig also can enhance Foxp3
expression and the suppressive function of established iTregs [45].
Furthermore, a role for the PD-1/PD-L pathway in generation of
Tregs has been supported by a number of studies [46,47]. Thus, the
CD1d"CD5* regulatory B cell subset along with IL-10 production and
percentage of Foxp3* Tregs were evaluated in the E2-implanted PD-
L17 and PD-L27 mice and compared to WT mice in an attempt to
decipher the regulatory/protective properties endowed in the E2-protected
PD-L2" vs. PD-L1” mice. The spleens of E2-implanted PD-L2” mice
could produce a significantly higher percentage of Breg cells and IL-10,
thus confirming the critical role played by IL-10-producing regulatory
B cells in E2-mediated protection against EAE. No difference in Treg
percentages in the spleens of each of the PD-L deficient strains was
observed. However, the absence of the PD-ligands had a trend of
decreased percentage of Tregs even in presence of E2 in the spleens
as compared to the E2-implanted WT mice (data not shown). Thus,
while Tregs are important in controlling EAE-induced inflammatory
responses, they are not solely responsible for E2-mediated protection,
as observed previously [48].

Recent work indicates that PD-1/PD-L interactions can regulate
B cell responses [49], but whether PD-1 or PD-L1 on the T or
B cells or PD-L2 on the B cells is involved, is not yet clear. Also the
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regulatory contributions of B lymphocytes during EAE are linked to
their ability to produce IL-10 [50-53]. Our studies have established
that the upregulation of PD-L1 on B cells in MOG-immunized E2-
implanted WT mice is associated with protection from EAE [35].
Our recent studies also demonstrated [36] that the B cells expressing
estrogen receptor-a and GPR30 are sufficient for mediating E2-related
protection in uMT”" mice via upregualtion of PD-1* Tregs. Hence, it
was important to evaluate the importance of the presence of PD-L1
and PD-L2 on B cells for mediating E2-related protection. The transfer
of B cells from PD-Ligand KO mice provided critical information
regarding the direct effects of E2 on the transferred regulatory B cells.
Restoration of uMT"" mice with B cells lacking PD-L1 partially reduced
EAE severity, unlike the complete protection rendered upon transfer
of B cells lacking PD-L2. Thus, PD-L2 expression on B cells does not
contribute to E2 protection, whereas PD-L1 expression forms a crucial
arm of the regulatory property endowed on B cells. The partial rather
than complete loss of protection upon transfer of PD-L17 B cells may be
attributed to the presence of PD-L1 on other cells of lymphoid or non-
hematopoietic origin in the uMT"" recipients. In fact, determination of
the expression of PD-L1 and PD-L2 in splenocytes from B cell-deficient
mice indicated a reduction in PD-L1 expression from ~17% in WT to
~7% in pMT"" mice. On the other hand, there was no difference in PD-
L2-expressing splenocytes between WT and uMT”" mice (~6% in WT
and ~5% in uMT”" mice; data not shown). Thus, acknowledging the
fact that where the contribution of PD-L1 expressed by cells other than
B cells can be crucial, PD-LI expression on B cells forms an integral
part of the regulatory B cell contribution, whereas PD-L2 expression
on B cells is redundant for this regulatory property.

A recent study demonstrating the increased expression of PD-1 and
PD-L1 and higher IL-10 production, lower proliferation, and increased
apoptosis of MBP-specific cells was shown to be associated with
remission of disease in MS patients, thus, confirming the importance
of the PD-1/PD-L1 coinhibitory pathway also in human pathology
[54]. In summary, our data in this study indicate an important role
for the PD-1/PD-L1 coinhibitory pathway in modulating E2-mediated
protection against EAE. We conclusively demonstrate that unlike PD-
L2 mice that were fully protected against EAE after E2 treatment,
E2-implanted PD-L17 mice were susceptible to EAE, with increased
numbers of proliferating Th1/Th17 cells in the periphery and severe
cellular infiltration and active demyelination in the CNS. Moreover,
transfer of B cells from MOG-immunized PD-L1"" or PD-L2" donors
into E2-preconditioned B-cell deficient uMT"" recipient mice revealed
significantly reduced E2-mediated protection against EAE in recipients
of PD-L17 B cells, but complete protection in recipients of PD-L27 B
cells. Thus, our data indicate that PD-1and PD-L1 play important roles
in determining the E2-mediated EAE susceptibility and in controlling
chronic disease progression. We conclude that PD-1 interaction with
PD-L1 but not PD-L2 on B cells is crucial for E2-mediated protection
in EAE and that strategies that enhance PD-1/PD-LI interactions
might potentiate E2 treatment effects in EAE and MS.
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