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Summary
Disease progression in EAE is regulated by PD-1 and its ligands, B7-H1 (PD-L1) and B7-DC
(PD-L2). B7-H1 and B7-DC, have negative regulatory affects upon binding PD-1 on activated T
cells and B7-H1 deficiency increases severity of both diabetes and EAE. However the role of PD-
L expression on different APC in the CNS in regulating local T cell function during relapsing
EAE (R-EAE) has not been examined. Our data show that the majority of CNS CD4+ T cells
isolated during acute EAE are PD-1+, and T cells specific for relapse-associated epitopes express
PD-1 upon antigen-stimulation in the CNS. B7-H1 and B7-DC are differentially expressed on
discrete APC populations in the inflamed CNS. B7-H1 and PD-1 have mainly inhibitory functions
on CNS T cells. B7-H1 negatively regulates the stimulation of activated PD-1+ TH cells, in co-
cultures with microglia and different CNS-infiltrating APC presenting endogenously processed
peptides. The preponderance of IFN-γ+ versus IL-17+ T cells in the CNS of B7-H1−/− mice
suggests that B7-H1 more selectively suppresses TH-1 than TH-17 responses in vivo. In contrast,
blockade of B7-DC has less pronounced regulatory effects. Overall, the results demonstrate that
B7-H1 expressed by CNS myeloid APC negatively regulates T cell activation during acute R-
EAE.
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Introduction
EAE is a widely employed model of multiple sclerosis (MS) [1]. Multiple lines of evidence
indicate that autoreactive CD4+ TH-1 cells mediate inflammatory damage in the CNS
characterized by demyelination of nerve fibers and manifested clinically by paralysis [2–4].
However, mice lacking critical components of the TH-1–IFN-γ pathway remain highly
susceptible to EAE [5,6] consistent with recent studies show that a distinct subset of IL-17-
producing effector CD4+ T cells (TH-17) are also crucial for EAE progression [7,8].
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Inflammatory cytokine production by T cells infiltrating the CNS requires activation by
myelin peptides presented by resident APC [9,10]. CD11c+ DC have been implicated as
local inducers of CNS autoimmunity [11]. Epitope spreading, the induction of reactivity to
epitopes distinct from the disease-inducing epitope, has been characterized in R-EAE and
recent studies indicate that naïve T cells enter the inflamed CNS and are activated by local
myeloid DC (mDC) presenting endogenous myelin peptides [12,13]. Tolerance experiments
indicate that T cells specific for spread epitopes are the major functional cause of disease
progression [14]. Short-term blockade of the CD28/CD80(B7–1)CD86(B7–2) or CD40/
CD154 costimulatory pathway in animals with established R-EAE prevents disease relapse
by inhibiting epitope spreading [15–17]. CTLA-4, a negative regulatory homologue of
CD28, that binds B7 molecules with higher affinity, down-regulates epitope spreading and is
involved in mediating remission in R-EAE [18].

B7-H1 (also termed PD-L1, CD274) is not found or found at low levels on the cell surface
of resting T cells, B cells, DC, macrophages, bone-marrow derived mast cells and diverse
parenchymal cell types, but can be upregulated to high levels on these cell types [19–27]. In
contrast, expression of B7-DC (also termed PD-L2, CD273) is much more restricted to DC
and a subset of macrophages, as well as bone marrow-derived mast cells [23,28,29]. Both
ligands bind to PD-1 (CD279), found on activated T and B cells, as well as monocytes
[30,31]. The amount of PD-1 expression and the extent of engagement of PD-1 by its
ligands regulate the threshold for T cell activation and quantities of cytokines produced
(reviewed in [32]). Accumulation of PD-1 at the immunological synapse can be induced by
both B7-H1 and B7-DC on DC [33]. Disruption of PD-1 results in autoimmune
cardiomyopathy, lupus-like glomerulonephritis [34,35], progressive arthritis [36], rapid
onset of diabetes in NOD mice [37], and exacerbated EAE [38,39] suggesting that PD-1 is
critical for regulating peripheral T cell tolerance and autoimmunity.

Whether B7-H1 and B7-DC have overlapping or distinct functions is uncertain. Some
studies have suggested that B7-H1 and B7-DC inhibit T cell responses [19,28], whereas
others support a stimulatory role for the PD-Ls under certain conditions of in vitro and in
vivo T cell stimulation [20,29,40,41]. One explanation for these conflicting results is that
positive effects are the result of inhibition of negative signaling [42]. The existence of a
second receptor that binds B7-H1 and B7-DC has been postulated, but not proven
[41,43,44]. However, a recent study shows that B7–1 could inhibit T cell function by
interacting with B7-H1 on T cells [45], supporting an additional receptor for B7-H1. Studies
of mouse models of autoimmunity also emphasize important immunoregulatory functions
for PD-1 ligands. Blocking the PD-1/B7-H1 pathway in NOD mice results in rapid and
exacerbated diabetes with PD-1/B7-H1 interactions within the pancreas critical for limiting
autoreactivity [37,46]. Comparing mice lacking B7-H1 and B7-DC (B7-H1/B7-DC−/− mice)
to mice individually lacking either PD-L, revealed that B7-H1 and B7-DC had overlapping
functions in inhibiting IL-2 and IFN-γ production during T cell activation. Remission in
new-onset NOD mice, induced by insulin-coupled ECDI-fixed APC, and long-term
tolerance are also maintained by the PD-1-B7-H1 pathway [47]. In contrast, studies of
transgenic (Tg) overexpression of B7-H1 in pancreatic β cells have yielded discordant
results, demonstrating increased diabetes incidence and a costimulatory function of B7-H1
[48]. PD-1 and its ligands also regulate EAE [38,39,49,50]. Studies suggest both anti-B7-H1
and anti-B7-DC can exacerbate EAE depending on the genetic background [38,50]. Such
differences between mouse strains did not correlate with altered amounts of B7-H1 or B7-
DC on conventional APC [50]. B7-H1 deficiency converted the 129S4/SvJae strain from an
EAE-resistant to EAE-susceptible strain and transfer of encephalitogenic T cells from wild-
type mice into B7-H1−/− recipients led to exacerbated disease [49]. On the 129svEv
background, PD-1−/− and B7-H1−/− mice developed more severe EAE than wild type and
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B7-DC−/− mice [39]. Based on these studies, it is unclear whether the regulatory effects of
PD-1/PD-L blockade operated in the periphery or in the CNS target organ.

To determine the effects of the PD-1/PD-L on activation of naïve and effector T cells in the
CNS target organ, we compared the expression levels and functional significance of PD-Ls
on CNS cells during the acute phase of R-EAE in SJL/J mice. We focused on the acute
disease phase for several important reasons. First, recent work from our lab established that
epitope spreading to PLP139–151 develops shortly after the peak of acute PLP178–191-induced
R-EAE [12,13] and regulation of epitope spreading spread can prevent disease progression
in this model [14,16]. Secondly, the late acute phase was also of particular interest to study
mechanisms that mediate clinical remission by down-regulation of the primary PLP178–191 T
cell response. Lastly, during the acute disease we were able to recover enough APC and T
cells to accurately assess their phenotype and function. We demonstrate that increased
expression of B7-H1 in the CNS was attributable to its induction on resident microglia and
infiltration of B7-H1+ MHC class IIhigh myeloid APC, whereas B7-DC was mainly found on
infiltrating CD11c+ DC and macrophages. Bone marrow chimera studies indicated that the
majority of CD4+ T cells isolated from the CNS during acute EAE expressed PD-1, and the
majority of T cells specific for relapse-associated epitopes expressed PD-1 upon antigen
stimulation in the CNS. Antibody blocking studies showed that the B7-H1/PD-1 interaction
inhibited the function of T cells in the inflamed CNS. Most interestingly, B7-H1 negatively
regulated the stimulation of IFN-γ-producing TH-1 cells, but not IL-17-producing TH-17
cells, in co-cultures with different CNS-infiltrating APC and microglia presenting
endogenously processed myelin peptides. In contrast, blockade of B7-DC had less
pronounced effects on CNS T cell activation.

Results
Expression of B7-H1 and B7-DC on microglia and different CNS-infiltrating APC subsets in
the inflamed CNS

During EAE, expression of PD-1 ligands in the brain is increased and can largely be found
in inflammatory foci [38,50–52]. B7-H1 and B7-DC expression levels on microglia and
different CNS-infiltrating APC at the peak acute phase of R-EAE were compared on
CD45lowCD11b+ microglia, CD45highCD11c−CD11b+ macrophages,
CD45highCD11c+CD11b+ myeloid DC (mDC), and CD45highCD11c+CD11b− DC (CD11b−
DC) isolated from the CNS (Fig. 1a). Microglia cells were largely negative for CD11c (data
not shown). CD11b− DC contained two subpopulations, the major population are
B220+PDCA-1+CD8α+/− pDC and the minor B220−CD8α+CD8 DC [13] (data not shown).
Flow cytometric analysis demonstrated that B7-H1 was highly expressed on all three
myeloid cells (microglia, macrophages, mDC), whereas the percentage of B7-H1 expressing
CD11b− DC was lower (14.7%; Fig. 1b). The proportion of B7-H1 positive CNS-resident
microglia (89.9%) and infiltrating mDC (85.4%) were similar and approximately 59.0% of
macrophages expressed B7-H1. B7-DC expression was lower and restricted mainly to mDC
(31.9%) and less on CD11b− DC (7.7%) and macrophages (5.9%). Only 3.3% of microglia
cells were positive for B7-DC. All myeloid APC subsets (mDC, 88.5% > macrophages,
57.1% > microglia, 47.2%) expressed MHC class II molecules (I-As), required for antigen-
presentation to CD4+ T cells (Fig. 1c). In contrast, MHC class II expression on pooled
CD11b− DC was low (4.6%). These findings suggest that during the acute phase of EAE,
increased expression of B7-H1 in the CNS is attributable to upregulation on resident
microglia and infiltrating myeloid B7-H1+ MHC class IIhigh APC while B7-DC is mainly
found on a subset of infiltrating mDC and macrophages.
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PD-1 expression on CNS-infiltrating, acute phase- and relapse-associated T cells
We utilized mixed bone marrow chimeras composed of wildtype (WT) CD90.2+ and
139TCR CD90.1+ cells primed with PLP178–191 to assess PD-1 expression on CNS-
infiltrating T cells specific for both the initiating (PLP178–191) and spread (PLP139–151)
epitopes. During the acute phase of active PLP178–191-induced R-EAE in WT SJL mice (day
16–18 post-immunization), PLP178–191-specific T cells constitute the vast majority of T cells
as determined by IFN-γ ELISPOT or [3H]-thymidine incorporation assays [12,16]. Most
acute disease phase-associated CNS CD90.2+ CD4+ T cells expressed PD-1 (72%; Fig. 2a).
The percentage of relapse-associated CD90.1+ 139TCR Tg T cells in the CNS, that showed
positive staining for PD-1, was slightly lower (56.9%; Fig. 2a). Using mixed bone marrow
chimeras and CFSE-labeled CD90.1+ 139TCR Tg T cells, we have recently shown that
activation of naïve PLP139–151-specific Tg T cells in PLP178–191-induced R-EAE occurs
directly in the CNS detectable approximately 15–16 days post-immunization [12].
Accordingly, further analysis revealed, that the majority (83.7%) of relapse-associated
CD90.1+ 139TCR Tg T cells sorted from the acutely inflamed CNS were activated
(CD45RBlow, Fig. 2b) and had up-regulated PD-1 upon antigen-recognition in the CNS
(geometric mean of PD-1 expression 144 versus 252; Fig. 2b). As anticipated, T cell
numbers recovered from the CNS of OVA323–339-primed control mice were low and
therefore we were unable to make reliable conclusions about PD-1 expression (data not
shown).

Inhibition of T cells from the inflamed CNS by B7-H1 and its receptor PD-1
We next investigated the effect of individual blockade of the B7-DC/PD-1 or B7-H1/PD-1
pathways on endogenous antigen presentation (in the absence of added peptide) by pooled
infiltrating CNS APC and microglia to CNS-infiltrating T cells at the acute phase of EAE
using ELISPOT assays. Blocking the inhibitory receptor PD-1 resulted in an 1.8 fold
increase in the frequency of IFN-γ(p = 0.03; by unpaired t-test) and to a lesser extent IL-17
producing cells (1.3 fold; Fig. 3). Moreover, in the presence of blocking anti-B7-H1
antibody, the frequency of both IFN-γ+ (4.1 fold; p = 0.006; by unpaired t-test) and IL-17+

(1.9 fold; p = 0.002; by unpaired t-test) producing cells were significantly increased,
suggesting an inhibitory effect of B7-H1, at least partially via the PD-1 pathway. In contrast,
addition of blocking anti-B7-DC antibody to CNS infiltrates, only moderately enhanced
IFN-γ (1.4 fold) and IL-17 (1.2 fold) responses. Stimulation with PLP178–191 or PLP139–151
peptides confirmed that most of the T cells isolated from the CNS during the early acute
phase (day 14–15) were specific for the priming peptide (data not shown).

Blockade of B7-H1 or B7-DC in co-cultures of microglia and CNS-infiltrating APC subsets
and activated or naïve CD4+ T cells

To test the functional role of the PD-1 ligands, microglia and individual CNS-infilrating
APC subsets were FACS purified from the CNS of mice with EAE and analyzed for their
ability to stimulate myelin-reactive T cells in the presence or absence of B7-H1 or B7-DC
blocking mAbs. Sorted microglia and CNS-infiltrating APC populations were first co-
cultured with a short-term PLP139–151-specific CD4+ T cell line in the absence (to assess
endogenous presentation) of PLP139–151 peptide at an APC:T cell ratio of 1:2 (Fig.4).
Previous data from our laboratory have demonstrated that endogenous activation of naïve
PLP139–151-specific TCR Tg cells induced by CNS DC subpopulations was MHC II-
restricted and CD80/86-dependent [13]. In accordance with recently published studies from
our laboratory [12,13], CNS DC, particularly mDC, were far more efficient than
macrophages and microglia in inducing proliferation (Fig. 4a; isotype controls). The
addition of blocking anti-B7-H1 antibody significantly increased T cell proliferation in
cultures with myeloid CNS APC subsets (1.6-fold), but not CD11b− DC (0.9-fold) (Fig. 4a).
The relative increase in proliferation was higher in cultures with macrophages (13-fold) and
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microglia (2-fold), which have weak stimulatory capacity, compared to mDC. However,
even in the presence of blocking anti-B7-H1 antibody, neither macrophage- nor microglia-
induced T cell proliferation reached levels close to those found in cultures stimulated with
mDC in the presence of isotype control antibody. Upon addition of exogenous PLP139–151
peptide, microglia could induce comparably high proliferation by the T helper cell line (on
average 45.4-fold compared to isotype control cultures without peptide in 2 separate
experiments - data not shown). In contrast, addition of blocking anti-B7-DC antibody did
not change or slightly decreased T cell proliferation (0.7- to 1.0-fold).

As previously reported [12], CNS microglia and macrophages induced only minimal
proliferation of naïve PLP139–151-specific 139TCR cells (Fig. 5a). DC, in particular mDC,
were the most efficient stimulators, and even under B7-H1 blockade, neither microglia nor
macrophages could stimulate T cell proliferation comparable with the level stimulated by
DC in cultures containing isotype control antibodies. Addition of blocking anti-B7-H1
antibody to cultures with mDC significantly enhanced T cell proliferation (1.4-fold, Fig. 5a),
less pronounced than the enhancement observed in co-cultures with the activated T helper
cell line. Blockade of B7-DC did not affect or only modestly increased the proliferation of
the naïve T cells. We confirmed by flow cytometry, that PD-1 was highly expressed on
CD4+ T helper cells which showed an activated phenotype
(CD44highCD45RBlowCD62Llow). In contrast, PD-1 was absent or only expressed at low
levels on CD45RBhigh lymph node T cells from naïve 139 TCR Tg mice (data not shown).
Collectively these results indicate that the different efficiencies of microglia and CNS-
infiltrating APC subsets to induce T cell proliferation do not solely depend on differential
expression profiles of B7-H1 as the poorest (microglia and macrophages) and best
stimulators (mDC) are myeloid cells that highly express B7-H1 (Fig. 1). However, our data
demonstrate that in co-cultures with microglia and CNS-infiltrating APC presenting
endogenously processed peptides, B7-H1 negatively regulates the stimulation of T cells, in
particular activated T helper cells, expressing the inhibitory PD-1 receptor.

We also analyzed the culture supernatants from the activated and naïve T cells for levels of
the pro-inflammatory cytokines IFN-γ and IL-17 (Fig. 4b and 5b). PLP139–151-specific T
helper cells activated with mDC presenting endogenous peptide produced the highest
amounts of IFN-γ (1494 pg/ml) and IL-17 (225 pg/ml; isotype controls in Fig. 4b). Addition
of blocking B7-H1 antibodies, resulted in production of significantly elevated amounts of
IFN-γ (2.2-fold), but interestingly IL-17 was only slightly increased (1.2-fold). mDC were
also the most potent stimulators of IFN-γ (396 pg/ml) and IL-17 (230 pg/ml) production in
cultures with naïve PLP139–151-specific CD4+ 5B6 T cells (isotype controls in Fig. 5b). In
contrast to co-cultures with T helper cells, addition of B7-H1 antibody did not enhance IFN-
γ and IL-17 production by naïve 139TCR Tg T cells (both 0.9-fold) and blockade of B7-DC
inhibited secretion of primarily IL-17 (0.5-fold), and to a lesser extent IFN-γ (0.7-fold).
Microglia and CNS-infiltrating APC and myelin-reactive T cells were FACS-sorted to high
purity, and the levels of IFN-γ and IL-17 were found to be below the level of detection by
LiquiChip assay in supernatants of sorted microglia and CNS-infiltrating APC cultured for 4
days in the absence of peptide suggesting an absence of contaminating cells in the ex vivo
APC assay capable of producing IL-17 and IFN-γ [13]. Thus, B7-H1 has mainly inhibitory
function on IFN-γ secretion of activated PD-1+ TH-1 cells, but interestingly has little
regulatory effect on TH-17 cells, and B7-DC seems to be slightly stimulatory on mDC
driving naïve CD4+ TH-1 and TH-17 activation.

Loss of B7-H1 results in increased numbers of IFN-γ+ T cells in the inflamed CNS
Down-regulation of IFN-γ responses of activated T cells by B7-H1 was the predominant
effect of PD-1/PD-L interaction observed in our in vitro analyses. Therefore, we tested
whether the numbers of IFN-γ+ or IL-17+ effector T cells were different in the CNS of WT
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vs. PD-L−/− C57BL/6 mice with EAE (Fig. 6). Intracellular FACS analysis of CNS-derived
T cells was employed following a short-term (3 h) stimulation with PMA/ionomycin in the
presence of golgi stop to allow estimation of the number of the Th subsets, an accepted
technique that we have previously employed [13]. By virtue of specifically gating on
CD90.2+ T cells, we excluded non-T cells potentially capable of producing IL-17 and IFN-γ,
such as NK cells. There is some evidence that genetic background is important for the
function of the PD-1/PD-L pathway [50], however distribution of PD-Ls on C57BL/6
microglia and CNS-infiltrating APC and blockade in CNS ELISPOTS yielded similar results
compared to the SJL strain (data not shown). We confirmed earlier reports [39,49] that B7-
H1−/− mice developed exacerbated clinical EAE compared to WT controls (Fig. 6a).
Interestingly and supporting the above in vitro analyses, the vast majority of T cells in the
inflamed CNS of PLP178–191 primed B7-H1−/− mice were IFN-γ+ and significantly
outnumbered IL-17+ cells, whereas in WT and B7-DC−/− mice frequencies of TH-1 and
TH-17 cells were comparable (Fig. 6b). These data indicate that in vivo B7-H1 also seems to
predominantly regulate TH-1 as opposed to TH-17 responses in the inflamed CNS of mice
with EAE.

Discussion
The goal of this study was to examine the expression pattern and functional significance of
PD-1/PD-L on CNS inflammatory cells during the acute phase of R-EAE. Previous studies
have documented that PD-1 and its ligands regulate disease progression in EAE
[38,39,49,50,53]. However none of these studies directly addressed the question how PD-Ls
expressed on microglia and different CNS-infiltrating APC, might participate in regulation
of acute phase or relapse-associated T cell function.

During the acute phase of EAE, we found increased expression of B7-H1 in the CNS on
infiltrating myeloid MHC class IIhigh APC and on resident microglia. B7-DC was mainly
found on infiltrating DC and macrophages (Fig. 1). The distribution of PD-Ls in the CNS of
C57BL/6 mice with MOG35–55 induced chronic EAE was similar (data not shown) [50]. Our
quantitative analysis is consistent with recent immunohistochemical studies demonstrating
B7-H1 expression on macrophages, microglial cells, astrocytes and endothelial cells of
vessels close to inflammatory foci in the CNS, and the absence of B7-DC on CNS-resident
cells [38,51,52]. Up-regulation of B7-H1 mRNA on human microglial cells by TH-1-
supernatants in vitro has also been shown [52]. B7-H1 and PD-1 expression in the CNS
parallels that of clinical disease in mice with EAE [38,52]. Our results further demonstrate,
that in PLP178–191-induced R-EAE most activated PLP178–191-specific CD4+ T cells sorted
from the inflamed CNS had up-regulated PD-1 and surprisingly, at the same time point, the
majority of relapse-associated 139TCR Tg T cells were also PD-1 positive (Fig.2). We have
shown that activation of naïve 139TCR Tg T cells in PLP178–191 induced R-EAE in the CNS
already occurs during the late acute phase [12] and T cells are able to express high levels of
surface PD-1 by the time of their first cell division [54].

Recent studies have implicated PD-1 and its ligands in regulating both disease susceptibility
and progression in EAE [38,39,49,50]. In adoptive transfer EAE, injection of MOG35–55-
specific T cells led to exacerbated disease in B7-H1−/− compared to WT recipients [49].
Because MHC class II-restricted antigen-recognition and reactivation of MOG35–55-specific
T cells in the CNS is necessary for clinical EAE induction in this model [9–11], it is likely
suppressed by locally expressed B7-H1. In relapsing EAE in SJL/J mice immunized with
PLP139–151, B7-H1 blockade during clinical remission precipitated EAE relapses [38,50].
However, the potency of blockade of PD-1 ligands in the CNS by systemic administration of
antibodies and therefore, the site where encephalitogenic T cell responses may be inhibited
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at this time point remains unclear. Locally expressed PD-1 ligands in the CNS might
regulate EAE by suppressing either acute phase and/or relapse-associated T cell function.

IL-17 and IFN-γ producing cells can be detected in the inflamed CNS at peak of acute EAE
(Fig. 3) [13]. By using blocking monoclonal antibodies [21,37,38], we observed an increase
in the frequency of both IFN-γ and IL-17 producing cells in pooled isolates from the
inflamed CNS (Fig. 3). As B7-H1 is also expressed on T cells [21,51], it is possible that this
increase is a result of blockade of B7-H1 on microglia and CNS infiltrating APC, T cells, or
both. In this context, recent in vitro studies indicated that loss of B7-H1 on T cells (and not
on B cells) removes an inhibitory signal [45,49]. In contrast, B7-DC has not been observed
on T cells [24,51]. IL-17 expression is generally thought to be restricted to T cells [55,56],
but other cells, e.g. natural killer (NK) cells can produce IFN-γ. NK cells also have been
shown to express B7-H1 in vitro [57] and to infiltrate the CNS in EAE [58] therefore
possibly contributing to increased numbers of IFN-γ positive cells in CNS ELISPOTS.
However, the high frequency of T cells reactive to priming peptide (Fig. 3, pos. control with
added peptide not shown), which mostly express PD-1 (Fig. 2), and the suppressive effect of
PD-1 (Fig. 3) argue for an inhibitory role of B7-H1 on microglia and CNS-infiltrating APC
down-regulating TH-1 (IFN-γ) and TH-17 (IL-17) T cell responses. Participation of B7-DC
in down-regulation of acute-phase associated T cell functions seems to be less critical. A
second receptor for PD-Ls has been postulated, after a number of studies had demonstrated
that B7-H1 and B7-DC can stimulate T cell proliferation and cytokine production under
certain conditions of in vitro stimulation [20,29,41,43]. Although a stimulatory receptor for
PD-Ls has yet to be identified, a recent study revealed B7-1 as binding partner for B7-H1.
B7-1/B7-H1 interactions inhibited T cell proliferation and cytokine production [45]. Our
finding that blockade of B7-H1 had a greater effect on the number of cytokine producing
cells compared to PD-1, supports the notion that B7-H1 might act via a second (inhibitory)
receptor.

The outcome of PD-L/PD-1 interactions on T stimulation might depend on the
microenvironment and the type of APC that interacts with the T cell. Microglia and different
CNS-infiltrating APC subsets are distinct in their ability to present myelin antigens and (re
−) stimulate activated or naïve CD4+ T cells. Consistent with previous works from our
laboratory [12,13], macrophages and microglia were far less efficient than CNS DC,
particularly mDC, in driving activation of myelin-reactive cells (Fig. 4 and 5). It has been
reported that the down-regulatory effect of PD-Ls may be greatest on weakly activated
CD4+ T cells [22,28], and indeed the relative increase in T cell proliferation was slightly
higher when B7-H1 was blocked in cultures with macrophages/microglia. However, our data
indicate that in the inflamed CNS, the reduced ability of CNS macrophages and microglia to
present myelin antigens is primarily not the result of active CD4+ T cell suppression via PD-
Ls/PD-1, but alternatively may rather be due to a relative “lack” of available MHC class
II:peptide complexes on the cell surface. CNS cells (mainly macrophages) have been shown
to be producers of NO, which suppresses T cell proliferation [59]. In a study by Yamazaki et
al. [42], anti-B7-H1 or anti–B7-DC monoclonal antibody increased IFN-γ and IL-2
production by T cells but, paradoxically, inhibited their proliferation when macrophages
were used as APC. This inhibition was caused by the IFN-γ-dependent induction of NO
production. We employed aminoguanidine to block NO production in our in vitro assays,
but cannot exclude contribution of such indirect effects of PD-Ls in the CNS in vivo. Thus,
it is interesting that in diabetes, PD-Ls on pancreatic β cells have been suggested to regulate
autoreactive T cells, although bone marrow chimera/islet transplantation and Tg
overexpression yielded discordant results [46,48].

With regard to CNS mDC that present endogenously processed peptides [13], B7-H1
negatively regulated the stimulation of T cells, in particular activated T helper cells, that
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expressed the inhibitory PD-1 receptor. B7-H1 had mainly inhibitory function on IFN-γ
secretion of T helper cells both in vitro (Fig. 4) and in CNS responses in vivo (Fig. 6).
Increased IFN-γ production after B7-H1 blockade seems to be a common result reported in
various experimental settings [37,38,46,60,61]. In our system, B7-DC seemed to be slightly
stimulatory on mDC driving naïve CD4+ TH-17 and TH-1 activation (Fig. 5). Studies on B7-
DC show conflicting results [28,46], but several observations support a partial costimulatory
function of B7-DC [29,41,62]. Our ex vivo data (Fig. 3, 4, 5) and also results of in vitro
experiments analyzing the effect of PD-Ls on TH-1 or TH-17 driving (data not shown), do
not demonstrate a strongly selective TH-1 or TH-17 skewing by either of the PD-Ls but
rather similar down-regulation. In contrast, the preponderance of IFN-γ+ versus IL-17+ T
cells in the CNS of B7-H1−/− mice (Fig. 6) suggests that B7-H1 more selectively suppresses
TH-1 than TH-17 responses in vivo. Future, complementary experiments e.g. using bone
marrow chimera from WT and B7-H1−/− animals should elucidate if this in vivo observation
is specific to the CNS environment.

In summary our data support the notion that PD-Ls expressed in the CNS during the acute
phase of R-EAE participate in local regulation of CNS inflammation. Overall, a suppressive
effect of B7-H1 expressed by myeloid CNS APC on acute-phase associated T cell function
seems to predominate. Our observations and the finding, that transfer of genetically
modified DC over-expressing MOG peptide/MHC class II and B7-H1 suppressed EAE [63]
support the idea that immunotherapies targeting PD-Ls could be beneficial for the treatment
of EAE, or MS.

Materials and Methods
Mice

Female SJL/J mice were purchased from Harlan Sprague Dawley or Taconic. Female
C57BL/6 mice were obtained from Jackson. SJL Thy1.1+ 5B6 PLP139–151-specific TCR
transgenic (Tg) mice (139TCR) have been described elsewhere [12,64]. B7-H1−/− and B7-
DC −/− mice on the C57BL/6 background have been described previously [41,65]. All mice
were housed and cared for according to Northwestern University ACUC approved protocols.

Mixed Bone Marrow chimeras
Mice were irradiated with 2 doses of 350 rads, 4 hours apart, and reconstituted intravenously
with a 1:1 mix of CD90.2+ SJL and CD90.1+ 139TCR bone marrow as described previously
[12].

Antibodies
Directly conjugated antibodies specific for mouse antigens CD4 (RM4–5), CD11b (M1/70),
CD11c (N418), CD45 (30-F11), CD45RB (C363.16A), CD62L (MEL-14), CD90.1
(HIS51), CD90.2 (53–2.1), B7-H1 (M1H5), B7-DC (TY25), PD-1 (J43) and mouse IFN-γ
and IL-17 were purchased from BD Pharmingen or eBioscience. Biotinylated anti-I-As

(clone MKS4) was detected with anti-biotin:PE (Miltenyi).

Peptides
PLP139–151 (HSLGKWLGHPDKF), OVA323–339 (ISQAVHAAHAEINEAGR), MOG35–55
(MEVGWYRSPFSRVVHLYRNGK) were synthesized by Genemed Synthesis, Inc.
PLP178–191 (NTWTTCQSIAFPSK) was obtained from Peptides International.
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Induction of EAE
Female SJL mice were immunized s.c. with 100 µl of emulsified incomplete Freund’s
adjuvant (Difco) supplemented with 200 µg Mycobacterium tuberculosis H37Ra (Difco) and
100 µg of either PLP178–191, or 50 µg PLP139–151. Female or male C57BL/6 WT or PD-L−/−

mice were immunized s.c. with 200 µg of PLP178–191 or 200 µg of MOG35–55/CFA, and
received i.p. injections of 200 ng pertussis toxin (Sigma) at the time of immunization and 48
h later. Clinical disease was assessed as previously described [66].

Isolation of CNS-infiltrating leukocytes
CNS cells were isolated from perfused mice as described previously [12,13].

Flow cytometric analysis and gating
Cells for analysis were blocked with 10% rat serum, 10% hamster serum and antiCD16/32
for at least 10 minutes on ice before staining with multicolor antibody cocktails. Data was
acquired on an LSR II cytometer (BD), and analyzed using FACS DIVA (BD) or Flow Jo
(Treestar Inc.) software.

CNS ELISPOT
ELISPOT assays were performed as reported previously [9]. CNS cells were isolated from
perfused PLP178–191-primed SJL mice at the peak acute phase of R-EAE (day 14–15) and
pooled (n=5–10). We plated 1×105 cells/well. Medium contained 1 mM aminoguanidine and
20 µM indomethacin to suppress nitric oxide synthetase and prostaglandin production.
Functional grade purified blocking B7-DC, B7-H1, PD-1 or isotype control antibodies (10
µg/ml), but no peptides were added. CNS cells incubated with anti-CD3 were used as
positive control.

CNS antigen presentation assay
Antibody stained CNS leukocytes resuspended in R10 media (RPMI with 10% FBS, 2 mM
L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin, 0.1 mM nonessential amino
acids, 50 µM 2-mercaptoethanol, 1 mM aminoguanidine, and 20 µM indomethacin) were
sorted on a MoFlo (DakoCytomation). Cell populations were gated as described in Fig. 1.
Sorted populations were >95% pure. APC were co-cultured at a fixed 1:2 ratio with CD4+ T
cells from a PLP139–151–specific line or CD62LhighCD4+CD90.1.1+ cells from 5B6 Tg mice
(139TCR) cells for 96 h. T cell lines were generated as described previously [67]. Control
Ig, anti mouse B7-DC or B7-H1 (10 µg/ml) were added to cultures. 16 h incorporation of
[3H]-thymidine (1 µCi/well; ICN) was analyzed with a TopCount-NXT (Packard).
Cytokines in the supernatants after 72 hours were assessed by cytokine bead array for levels
of IL-17 and IFN-γ according to manufacturers instruction (Upstate).

CNS intracellular cytokine staining
In PLP178–191-induced EAE in C57BL/6 WT or PD-L−/− mice (d20/21), mice were
perfused, and the CNS mononuclear cells isolated as described above. Cells were activated
with 5 ng/ml PMA and 500 ng/ml ionomycin in the presence of golgi stop for 3 hours before
staining for CD90.2 and intracellular IL-17 and IFN-γ.

Statistical analysis
Differences between groups were determined using the unpaired t-test.
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Abbreviations

MS multiple sclerosis

PD-1 programmed death receptor 1

PD-L programmed death ligand

PLP proteolipid protein

R-EAE relapsing experimental autoimmune encephalomyelitis
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Figure 1.
Expression of B7-H1 and B7-DC on microglia and different CNS-infiltrating APC subsets
in the inflamed CNS. (a) FACS purification of microglia and CNS-infiltrating APC
populations. Cells were isolated from the pooled CNS of 20 PLP178–191-primed mice at the
peak acute phase of R-EAE (day 14–15 PI) and stained with anti mouse CD45-PECy7,
CD11b-Allophycocyanin and CD11c-FITC. The cells were sorted into the following four
APC populations: CD45low gate (31.9%): CD45lowCD11b+ microglia (96.7%); CD45high

gate (60.5%): CD45highCD11c−CD11b+ macrophages (Mφ; 7.3%),
CD45highCD11c+CD11b− DC (CD11b− DC; 14.7%) and CD45highCD11c+CD11b+ DC
(mDC; 18.9%). (b) B7-H1, B7-DC or (c) I-As molecule expression on CNS APC subsets
during the acute phase of CNS inflammation. Data is plotted as mean percentage ± SEM of
(b) B7-DC+ (black bars), B7-H1+ (shaded bars) or (c) I-As+ cells of gated microglia and
CNS-infiltrating APC from at least 3 independent experiments. Gates were set with
respective to isotype controls.
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Figure 2.
PD-1 expression on CNS-infiltrating, acute phase- and relapse-associated T cells. SJL
chimeras (1:1 mix of CD90.2+ WT SJL and CD90.1+ 139TCR Tg bone marrow; BM) were
primed with PLP178–191. At the peak of acute disease, cells were isolated from the CNS, and
stained for CD90.1, CD4, CD45RB and PD-1. CNS samples of 4–5 mice per experiment
(n=2) were analyzed individually, and (a) PD-1+ expression of CD90.1+CD4+ or
CD90.2+CD4+ gated T cells (numbers in histograms represent mean ± SD of the percentage
of PD-1+ cells (grey line, isotype staining). (b) The activation level of CD90.1+139TCR Tg
cells was determined by CD45RB expression, and the averaged geometric mean ± SD of
PD-1 expression between CD45RBhigh/low was compared.
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Figure 3.
Inhibition of acute phase-associated CNS T cells by B7-H1 and its receptor PD-1. The
frequency of IFN-γ- (a) or IL-17-producing (b) T cells was determined by ELISPOT from
the pooled CNS of PLP178–191-primed SJL mice (n=5–10) at the peak acute phase of R-EAE
(day 14–15 PI). Endogenous presentation (in the absence of exogenously added PLP178–191
peptide) was determined in the presence of blocking anti-mouse B7-DC, B7-H1 (white bars)
or PD-1 (hatched bars). Blocking/stimulatory indices, based on respective isotype controls,
are shown above the bars. CNS cells incubated with anti-CD3 (black bars) were used as
positive control. Data are representative of three (IL-17) or four (IFN-γ) separate
experiments. Mean number of IL-17 or IFN-γ ELISPOTS significantly higher than isotype
controls, **p< 0.01, *p< 0.05.
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Figure 4.
Blockade of B7-H1 or B7-DC in co-cultures of microglia and CNS-infiltrating APC subsets
and activated CD4+ T cells. FACS-purified Mφ, microglia, mDC and CD11b− DC isolated
from the pooled CNS of 20 PLP178–191-primed SJL mice at the peak of acute EAE were co-
cultured with activated PLP139–151-specific CD4+ T cells. Control Ig (open bars), anti-
mouse B7-DC (black bars) or B7-H1 (shaded bars) were added to cultures. Peptide was
omitted to determine endogenous presentation. (a) Proliferation was analyzed by [3H]-
thymidine uptake of duplicate or triplicate wells per group. (b) Supernatants from duplicate
or triplicate wells of each group in (a) were pooled after 72 hrs and IFN-γ and IL-17 levels
determined. Blocking/stimulatory indices, based on respective isotype controls, are shown
above the bars. Data are representative of three separate experiments. *An increase/decrease
of >30% as compared to isotype control levels was considered to be significant.
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Figure 5.
Blocking B7-H1 or B7-DC in co-cultures with microglia and CNS-infiltrating APC subsets
and naïve 139TCR Tg T cells. Experiments were performed as in Fig.4, except that sorted
microglia and CNS-infiltrating APC subsets were co-cultured with naïve CD4+CD62Lhigh

PLP139–151-specific T cells. Results are representative of two separate experiments. *An
increase/decrease of >30% as compared to isotype control levels was considered to be
significant.
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Figure 6.
Production of IFN-γ and IL-17 in the inflamed CNS in the absence of B7-H1 or B7-DC. (a)
Wildtype (WT), B7-DC or B7-H1 KO mice were immunized with PLP178–191/CFA and
monitored for clinical disease. The data are expressed as the mean clinical score versus days
post-immunization (n=10/group). *Mean disease score significantly higher than WT control
mice, p<0.05. Results are representative of three separate experiments. (b) CNS
mononuclear cells were recovered on days 20–21, pooled (WT: n=3; KO: n=7) and stained
for CD90.2 and intracellular IL-17 and IFN-γ Mean numbers of IL-17+ or IFN-γ+CD90.2+ T
cells per mouse ± SEM compiled from 2 separate experiments are shown. *Mean number of
IFN-γ+ cells significantly higher than in WT controls, p< 0.01.
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