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Abstract
Experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis (MS),
is mediated by autoantigen-specific T-helper1 (Th1) cells. IL-12, an inducer of Th1 cell development,
exerts immunomodulatory effects in EAE. Programmed death-1 (PD-1) and PD-1 ligand (PD-L),
new members of the B7 superfamily of costimulatory molecules, play a critical role in regulating
EAE. Whether interaction of IL-12 and the PD-1/PD-L pathway regulates EAE is unclear. We have
previously shown IL-12 suppresses EAE induced by MOG35-55 in C57BL/6 mice, but not in IFN-
γ-deficient mice, suggesting that IFN- γ is required for inhibitory effects of IL-12 on EAE. In the
current study, PD-L1 expression is up-regulated following IL-12 treatment in wild-type mice, but
not in IFN-γ-deficient EAE mice. Similarly, IL-12 induces IFN-γ and PD-L1 expression in cultured
MOG-specific T cells from wild-type mice but not from IFN-γ-deficient mice. Furthermore, PD-L1
expression increased specifically in CD11b+ antigen presenting cells (APCs) after IL-12
administration. These data suggest that one mechanism of IL-12 suppression of EAE is mediated by
PD-1/PD-L signaling downstream of IFN-γ induction in CD11b+ APCs. Regulation of PD-1/PD-L1
may have potential therapeutic effects for EAE and MS.
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1. Introduction
Experimental autoimmune encephalomyelitis (EAE) is a T cell dependent autoimmune disease
in the central nervous system that is used as a model for the human inflammatory demyelination
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mediated neurodegenerative disease, multiple sclerosis (MS) (Wekerle et al., 1994). EAE is
mediated by CD4+ T-helper1 (Th1) cells following immunization with myelin protein
antigens. An important aspect of the pathogenesis of EAE, with potential for therapeutic
intervention, is the role of cytokines in the inflammatory process (Begolka et al., 1998;
Steinman, 1999). Interleukin-12 (IL-12), a heterodimeric cytokine produced by activated
antigen presenting cells (APCs), is a secreted protein with diverse roles in cellular
differentiation and is especially important in regulating immune responses (Trinchieri et al.,
2003). IL-12 is composed of a 40 KDa heavy chain (p40) and a 35 KDa light chain (p35)
(Kobayashi et al., 1989). The major stimulus for its production is the interaction of CD40 ligand
on T cells with CD40 on APCs (Gately et al., 1991). IL-12 regulates the development of naïve
CD4+ T cells to either Th1 or Th2 cells, which is a crucial event for effective acquired
immunity. IL-12 promotes the growth and cytotoxicity of natural killer (NK) cells and the
activation of macrophages by stimulating IFN-γ secretion (Trinchieri and Scott, 1995). Th1
cells produce IFN-γ and promote cell-mediated immunity essential for the response against
intracellular pathogens, viruses and bacteria, and IL-12 is the main cytokine that regulates Th1
differentiation (Mullen et al., 2001).

IL-12 has been considered an important factor in the pathogenesis of MS (Gran et al., 2004).
However, IL-12 is not strictly required for the induction of EAE and the role of IL-12 and its
receptors appears complex (Cua et al., 2003). Our previous work indicated that IL-12p40-
deficient mice were resistant to EAE induction while IL-12p35-deficient mice are susceptible
to EAE (Gran et al., 2002). We also found that IL-12 receptor β1-deficient mice are completely
resistant to induced EAE while IL-12 receptor β2-deficient mice develop very severe EAE
(Zhang et al., 2003; Zhang et al., 2003). IL-12 has diverse effects on cellular differentiation
and is especially important in regulating immune responses. The immunomodulatory role of
IL-12 appears very complex in the pathogenesis of MS and the induction of EAE (Gran et al.,
2004). We have previously shown that IL-12 suppresses EAE through induction of IFN-γ
(Gran et al., 2004). The precise mechanisms involved in the IFN-γ mediated
immunomodulatory role of IL-12 in EAE are still unclear.

Effector T cell function is regulated by a number of nonmutually exclusive mechanisms.
Negative signals delivered to activated T cells by the interaction of the classical costimulatory
molecules CD28/CTLA-4 and their ligands B7-1/B7-2 are essential contributors to these
mechanisms (Greenwald et al., 2001; Sharpe and Freeman, 2002). Recently, programmed
death-1 (PD-1), a novel negative regulatory molecule and a new member in the B7-CD28
superfamily, has been implicated in the regulation of effector T cell function (Agata et al.,
1996). PD-1 is a 50-55 kDa type I transmembrane receptor protein originally identified in a T
cell line undergoing activation-induced cell death, but further studies have shown that its
expression is associated with lymphocyte activation rather than cell death, and it has recently
been recognized as a costimulatory molecule thought to produce an inhibitory signal (Okazaki
et al., 2002). Two ligands, PD-L1 and PD-L2, which belong to the B7 superfamily, have been
identified for binding PD-1. The engagement of PD-1 with PD-L can negatively regulate
autoreactive T and B cells and have critical and nonredundant functions in the maintenance of
tolerance, and is involved in the onset of a variety of autoimmune diseases (Latchman et al.,
2001). Recent studies indicated that blockade of PD-1/PD-L significantly augments EAE.
Furthermore, PD-L1 and PD-L2 are differentially regulated by Th1 and Th2 cells. PD-L1
expression is suggested to be an important marker of “primed” macrophages and is induced
by low doses of IFN-γ in monocytes/macrophages (Liang et al., 2003; Salama et al., 2003;
Loke and Allison, 2003; Brown et al., 2003). PD-L1 therefore plays a general role in down-
regulating activated T cells. PD-1 pathway mediated suppression of EAE occurs early, with
loss of inhibitory effects in later stages of disease (Salama et al., 2003; Zhu et al., 2006).
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In this study, we demonstrated that IL-12 treatment induced up-regulation of the PD-1/PD-L
pathway mediated by IFN-γ signaling during the induction phase of EAE resulted in
suppression of clinical disease severity of EAE in wild type mice. Lack of disease suppression
in IFN-γ-deficient mice indicated a critical role for IFN-γ signaling in up-regulation of the
PD-1/PD-L pathway and the subsequent immunosuppression induced by IL-12. We further
found that IL-12 treatment increased the number of APCs expressing PD-L1, and that PD-L1
expression was upregulated specifically in CD11b+ APCs but not in CD11b- APCs. These
data may aid in designing novel therapeutic strategies for the treatment of multiple sclerosis.

2. Materials and Methods
2.1. Mice and EAE induction

Eight- to ten-week-old homozygous IFN-γ-deficient C57BL/6 mice and their wild-type
controls were purchased from The Jackson Laboratory (Bar Harbor, ME). To induce EAE,
mice were each injected s.c. with 300 μg of myelin oligodendrocyte glycoprotein (MOG)
peptide 35-55 (MEVGWYRSPFSRVVHLYRNGK) (Protein Chemistry Laboratory,
University of Pennsylvania) in CFA containing 4mg/ml Mycobacterium tuberculosis H37Ra
(Difco, Detroit, MI) at two sites in the back. Pertussis toxin (200 ng) (List Biological Laboratory
Inc., Denver, CO) was given i.p. on days 0 and 2 post immunization (p.i.). EAE was scored
according to a 0-5 scale (Benson et al., 2000) as follows: limp tail or waddling gait with tail
tonicity, 1; waddling gait with limp tail (ataxia), 2; ataxia with partial limb paralysis, 2.5; full
paralysis of one limb, 3; full paralysis of one limb with partial paralysis of second limb, 3.5;
full paralysis of two limbs, 4; moribund, 4.5; and death, 5. The animal protocol was approved
by the Institutional Animal Care and Use Committee of Thomas Jefferson University,
Philadelphia, PA.

2.2. MOG-specific T cell culture in vitro
Single cell suspensions of mononuclear cells (MNCs) from inguinal and popliteal lymph nodes
were prepared on day 10 post-immunization (p.i.) as previously described (Gran et al., 2002).
Cells were cultured at a cell density of 5×106 cells/well in completed culture medium DMEM
(Invitrogen, Carlsbad, CA) supplemented with 10% FCS (Invitrogen), 2mM L-glutamine
(Invitrogen), 100 μg/ml penicillin/streptomycin (Invitrogen), and 1 mM 2-ME (Sigma, St.
Louis, MO) in 5 cm2 tissue culture dishes containing MOG35-55 at a final concentration of
25 μg/ml, with or without 20 ng/ml recombinant murine IL-12 (rmIL-12) (R&D Systems Inc.).
Supernatants were collected after 48 h for IFN-γ, TNF-α, IL-2, IL-4, and IL-5 production
assays.

2.3. T cell proliferation assay
Single cell suspensions of MNCs from the spleen were prepared on day 7 post-immunization
(p.i.) as previously described (Gran et al., 2002). Cells were cultured at a cell density of
1×105 cells/well in completed culture medium DMEM in triplicate wells of microtiter 96-well
plates. The cells were stimulated by adding 25 μg/ml MOG35–55 in the culture medium, or
were cultured in the absence of MOG35-55 as control. After 60 hrs of incubation, the cells
were pulsed for 12 hrs with 1 μCi of [3H]methylthymidine. Cells were harvested and counts
read with a beta counter (Microbeta; Applied Biosystems, Foster City, CA). The results are
expressed as counts per minute.

2.4. Measurement of cytokine production
Single cell suspensions of MNCs from the spleen were prepared on day 7 post-immunization
(p.i.) as previously described [11]. Cells were cultured at a cell density of 2×106 cells/ml in
completed culture medium in triplicate wells of microtiter 24-well plates containing MOG35–
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55 at a final concentration of 25μg/ml with/without 20 ng/ml rmIL-12. Supernatants were
collected after 48 h. Quantitative ELISA for IFN-γ, TNF-α, IL-2, IL-4, and IL-5 was performed
using paired mAbs according to the manufacturer's recommendation (BD PharMingen, San
Jose, CA). Where indicated, brefeldin A (Invitrogen) was added to cells cultured with or
without MOG35–55 for 48 h during the last 4 hrs of culture. Production of cytokines was
determined by Flow Cytometry using the Mouse Th1/Th2 Cytokine Cytometric Bead Array
Kit (BD PharMingen) according to the instruction manual.

2.5. Quantification of PD-1, PD-L1, PD-L2 and IFN-γ mRNA expression by real-time RT-PCR
Quantification was performed as described (Livak and Schmittgen, 2001) with modifications.
Total RNA was extracted from spleen tissue and cultured splenocytes using TRIzol Reagent
(Invitrogen) according to the manufacturer's instructions. From sorted cell populations, total
cellular RNA was extracted using the Absolutely RNA Nanoprep Kit (Stratagene, La Jolla,
CA) according to the manufacturer's instruction manual. The purity and integrity of RNA were
determined by absorbance at A260/280 and gel electrophoresis. Contamination by genomic
DNA was excluded by real-time PCR amplification of RNA by β-actin primers. RNA was
dissolved in 20 μl of RNase-free water. RNA (5 μg) was used to generate cDNA using
Superscript II RNase H- Reverse Transcriptase Kit (Invitrogen). Random hexamers were used
to prime RNA samples for reverse transcription. Quantitative real-time PCR (RT-PCR) was
performed in an ABI 7000 sequence detection system using gene-on-demand assay products
(Applied Biosystems). β-actin housekeeping gene was amplified in each sample as endogenous
control. Reaction mixtures for RT-PCR had a final volume of 50 μl consisting of 0.4 μl of
cDNA, 2.5 μl primer pair mix (5 pmol/μl each primer), 25 μl of the master mix and 22.1μl
DEPC H2O. Amplification conditions were: 1 cycle of 2 min at 50 °C, 10 min at 95 °C, 40
cycles of 15 sec at 95 °C, 30 sec at 60 °C and 30 sec at 70 °C, and 1 cycle of 10 min at 70 °C.
The endpoint used in RT-PCR quantification, CT, is defined as the PCR cycle number that
crossed the signal threshold. CT values range from 0 to 40. Quantification of gene expression
was performed using the comparative CT methods (Sequence Detector User Bulletin 2:
Applied Biosystems) and reported as the fold difference relative to the housekeeping gene. To
calculate the fold change (increase or decrease), the CT of the housekeeping gene (β-actin)
was subtracted from the CT of the target gene to yield the ΔCT. Change in expression of the
normalized target gene as a result of an experimental manipulation was expressed as 2-ΔΔCT

where ΔΔCT=ΔCT samples – ΔCT controls. Data were analyzed using GeneScan software
(Applied Biosystems) (Song et al., 2002; Ingham et al., 2001).

2.6. Flow Cytometry assay
Single cell suspensions of mononuclear cells (MNCs) from the spleen of MOG-immunized
mice were washed twice in FACS buffer (PBS containing 1% FCS and 0.1% sodium azide).
After washing and blocking with CD16/CD32 antibodies, cells were incubated with antibodies
to murine CD4, CD8, CD11b, PD-1, PD-L1 (all from BD Pharmingen), or PD-L2 (eBioscience,
San Diego, CA). Data were acquired on a FACSCalibur (Becton-Dickinson, Mountain View,
CA) and analyzed using CellQuest software (Becton-Dickinson) and FlowJo software (FlowJo,
Ashland, OR).

2.7. Sorting of CD11b+ and CD 11b- APC populations by Flow Cytometry
Single cell suspensions of mononuclear cells (MNCs) from the spleen of MOG-immunized
mice were washed twice in FACS buffer (PBS containing 1% FCS and 0.1% sodium azide).
After blocking with CD16/CD32 antibodies, cells were incubated with antibodies to murine
CD11b and PD-L1 (BD Pharmingen). CD11b+ and CD11b- cells were sorted by flow
cytometry to >95% purity using FACSAria (BD Biosciences). A total of 10,000 CD11b+ and
CD11b- cells were sorted into an Eppendorf tube containing Solution L, prepared by mixing
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0.7 μl β-mercaptoethanol (14.2 M) with 100 μl Lysis Buffer from Absolutely RNA Nanoprep
Kit (Stratagene) (Storek et al., 2004). RNA was extracted using the nanoprep RNA purification
method according to the instruction manual in the Absolutely RNA Nanoprep Kit, and cDNA
was synthesized using Superscript II RNase H- Reverse Transcriptase Kit (Invitrogen) and
random hexamers were used to prime RNA samples for reverse transcription. Quantitative RT-
PCR was performed as described above.

2.8. Statistical analysis
Statistical analysis was performed using unpaired two sided Student's t-test or Mann-Whitney
rank sum test for comparisons between two groups. The data are presented as mean ± S.D. We
have calculated significance values from at least three separate experiments. A value of p<0.05
was considered significant.

3. Results
3.1. IL-12 suppresses EAE and decreases the proliferative response of MOG35-55-specific T
cells in C57BL/6 wild type mice, but not in IFN-γ-deficient mice

To investigate the regulatory effect of IL-12 on severity of active EAE, female C57BL/6 wild
type mice were immunized with MOG35-55 peptide in CFA, and were treated with rmIL-12
injected intraperitoneally at 100 ng/200 μl/day from day 0 to day 10 post-immunization (p.i.),
or with PBS as control. Clinical disease severity of EAE was scored daily by double blinded
method according to a 0-5 severity scale (Benson et al., 2000). Compared with the PBS control
group, the severity of EAE in the IL-12 treated group was significantly reduced (Fig. 1 A),
suggesting a suppressive effect of IL-12 on EAE in C57BL/6 wild type mice.

To determine whether the suppression of EAE induced by IL-12 is IFN-γ-dependent, EAE was
induced in IFN-γ-deficient mice (GKO C57BL/6 mice) with MOG35-55 immunization, and
treated with IL-12 i.p. and with PBS as control, as described above. The results showed that
IFN-γ-deficient mice developed severe EAE after immunization with MOG35-55. There is no
significant difference of the clinical disease scores between the IL-12 treated group and the
PBS controls (Fig. 1 B), suggesting that IL-12 treatment did not suppress severity of EAE in
IFN-γ-deficient mice. IFN-γ is therefore required for the suppression of EAE induced by IL-12.

We also observed the T cell response to antigen MOG35-55 in wild type EAE mice treated
with IL-12 or with PBS as control. MOG-specific T cells were isolated from spleen in the
immunized mice on day 7 p.i., and the proliferative response to antigen MOG35-55 was
measured. Compared with the control normal mice without immunization, T cells from the
immunized mice both treated with IL-12 or PBS have a significant proliferative response to
antigen MOG35-55, suggesting that these T cells were antigen MOG35-55 specific. Compared
with the PBS group, the proliferation of MOG-specific T cells to antigen MOG35-55 was
significantly decreased in the IL-12 treated group (** p<0.01) (Fig. 2 A), indicating IL-12
suppresses the T cell response to antigen MOG35-55 in wild type EAE mice. We also isolated
MOG-specific T cells from immunized IFN-γ-deficient mice to compare T cell responses to
antigen MOG35-55 in mice treated with IL-12 or with PBS as control. The proliferation of
MOG-specific T cells to antigen MOG35-55 was not significantly changed in the IL-12 treated
group compared with the PBS group, indicating that IL-12 treatment did not suppress the T
cell response to antigen MOG35-55 in the IFN-γ-deficient EAE mice (Fig. 2 B).

3.2. IL-12 treatment increases IFN-γ and PD-L1 gene expression in spleen of EAE mice in
vivo

IL-12 signaling is important in Th1 cell differentiation and production of IFN-γ from T cells
and NK cells activated by antigens or mitogens. To investigate the effect of IL-12 on IFN-γ
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gene expression in the spleen, we isolated total RNA from spleen in EAE mice treated with
IL-12 and with PBS control on day 7 p.i., synthesized cDNA and performed quantitative RT-
PCR to measure the level of IFN-γ gene expression. Compared with the PBS control group,
IFN-γ gene expression was significantly increased in the EAE mice treated with IL-12 (**
p<0.01) (Fig. 3 A, B), showing that IL-12 treatment induced IFN-γ gene expression in spleen
of EAE mice at the early phase after immunization.

The engagement of the PD-1 receptor with its two ligands PD-L1 and PD-L2, which delivers
an inhibitory signal, negatively regulates autoreactive T cell activation and response. To
examine whether the PD-1/PD-L pathway is involved in the suppression of EAE induced by
IL-12, we observed the effect of IL-12 on the gene expression of PD-1, PD-L1, and PD-L2 in
the spleen of EAE mice. We extracted total RNA from spleen in EAE mice treated with IL-12
or with PBS as controls on day 7 p.i., synthesized cDNA and performed quantitative RT-PCR
to measure the level of PD-1, PD-L1, and PD-L2 gene expression. Compared with the PBS
control group, PD-L1 gene expression was significantly increased in EAE mice treated with
rmIL-12 (** p<0.01), and the level of PD-L2 gene expression in the rmIL-12 treated group is
also higher than controls (* p<0.05). However, the level of PD-1 gene expression has only an
increased tendency in the rmIL-12 treated group, with no significant difference between the
rmIL-12 treated and PBS control groups (p>0.05) (Fig. 3 A, C). This suggests that IL-12
treatment promoted PD-L1 and PD-L2 gene expression, and the PD-1/PD-L pathway is
activated and up-regulated by IL-12 in EAE mice in vivo.

3.3. IL-12 treatment induces IFN-γ and PD-L1 gene expression in MOG-specific T cells in vitro
We found that IL-12 treatment increased the expression of IFN-γ and the PD-1/PD-L pathway
in EAE mice in vivo. We further examined how IL-12 exerts function in autoreactive T cells
in vitro. To answer this question, we investigated the effects of IL-12 treatment on the
expression of IFN-γ and the PD-1/PD-L pathway in MOG-specific T cells in vitro. MOG-
specific T cells isolated from inguinal and popliteal lymph nodes were prepared on day 10 p.i.
from C57BL/6 mice immunized with MOG35-55, and cultured with MOG35-55 stimulation
at a final concentration of 25 μg/ml, and co-cultured with or without 20 ng/ml rmIL-12.
Supernatant was collected for IFN-γ, TNF-α, IL-2, IL-4, and IL-5 production assays. Total
RNA was extracted from the cultured MOG-specific T cells for quantitative RT-PCR to
measure the levels of IFN-γ and PD-1/PD-L gene expression. The results showed that MOG-
specific T cells activated by antigen MOG35-55 stimulation produced a significantly higher
level of cytokines IL-2, TNF-α, and IFN-γ than resting T cells without antigen MOG35-55
stimulation (## p<0.01, # p<0.05), but the level of IL-4 and IL-5 production did not change
significantly (p>0.05) (Fig. 4). Compared with the stimulated MOG-specific T cells without
IL-12 co-culture, the MOG-specific T cells co-cultured with IL-12 produced a higher level of
IFN-γ (** p<0.01). Production of other cytokines, IL-2, IL-4, IL-5 and TNF-α, did not change
significantly (p>0.05) (Fig. 4). Quantitative RT-PCR showed that the levels of IFN-γ and PD-
L1 gene expression were increased in MOG-specific T cells cultured with IL-12, compared
with T cells cultured without IL-12 (** p<0.01, * p<0.05) (Fig. 5 A, B). PD-1 and PD-L2 gene
expression did not change significantly in the two groups (data not shown). This suggested
that IL-12 treatment could induce expression of IFN-γ and PD-L1 genes in MOG-specific T
cells in vitro, consistent with results from EAE mice in vivo.

3.4. IL-12 treatment does not increase PD-L gene expression in spleen of IFN-γ-deficient EAE
mice

We demonstrated that IL-12 suppressed severity of EAE in C57BL6 wild type mice, but not
in IFN-γ-deficient mice, which suggested that the suppression of EAE induced by IL-12 is
IFN-γ dependent. We further found that IFN-γ production and PD-L gene expression were
increased by IL-12 treatment both in vivo and in vitro from C57BL/6 wild type mice. To
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determine whether IL-12-induced increase of PD-L gene expression is mediated by IFN-γ, we
extracted total RNA from spleen in IFN-γ-deficient EAE mice treated with IL-12 or with PBS
as controls, synthesized cDNA and performed quantitative RT-PCR to measure the levels of
PD-1, PD-L1, and PD-L2 gene expression. Compared with PBS controls, the levels of PD-1,
PD-L1 or PD-L2 gene expression were not significantly increased in the IFN-γ-deficient EAE
mice treated with IL-12 (p>0.05) (Fig. 6 A, B), which suggested that IFN-γ was required for
the increase of PD-L gene expression induced by IL-12 treatment in EAE mice in vivo.

3.5. IL-12 treatment does not induce PD-L1 gene expression in MOG-specific T cells from
IFN-γ-deficient mice in vitro

Our findings showed that increase of PD-L gene expression induced by IL-12 treatment in
EAE mice is IFN-γ dependent in vivo. We further determined whether PD-L1 gene expression
induced by IL-12 treatment in MOG-specific T cells in vitro is also mediated by IFN-γ. To
answer this question, we observed the effects of IL-12 on the gene expression of the PD-1/PD-
L pathway in MOG-specific T cells in vitro. IFN-γ-deficient mice were immunized with
MOG35-55 and MOG-specific T cells isolated from inguinal and popliteal lymph nodes were
prepared from these mice on day 10 p.i. These T cells were cultured with antigen MOG35-55
stimulation at a final concentration of 25 μg/ml, and co-cultured with/without rmIL-12 for 72
hours. Total RNA was extracted, cDNA synthesized, and quantitative RT-PCR was performed
to measure levels of PD-1 and PD-L gene expression. Compared with the cultured MOG-
specific T cells without IL-12, PD-1, PD-L1 or PD-L2 gene expression were not increased in
the MOG-specific T cells cultured with IL-12 (p>0.05) (Fig. 7 A, B). The data in vitro were
consistent with the results in vivo, confirming that IL-12 treatment promoted PD-L1 gene
expression in EAE mice through induction of IFN-γ. Up-regulation of the PD-1/PD-L pathway
by IL-12 in suppression of EAE is mediated by IFN-γ.

3.6. IL-12 treatment increases the number of APCs positive for PD-L1 expression in EAE mice
IL-12 treatment induces production of Th1 cytokine IFN-γ, which mediates up-regulation of
PD-L expression, and finally results in suppression of EAE. To determine whether IL-12
treatment increases PD-L1 expression in EAE mice by increasing the number of APCs
expressing PD-L1, we isolated splenocytes from PBS- and IL-12-treated EAE mice. Stained
with fluorescent PD-L1 and CD11b monoclonal antibodies, cells were assayed by flow
cytometry to measure the level of PD-L1 expression and percentage of APCs that were positive
for PD-L1 expression. The cells were also stained with isotype as control. Compared with the
isotype, the percentage of PD-L1+ cells in EAE mice treated both with PBS and with IL-12
were increased significantly, which demonstrated that the cell populations negative for PD-L1
expression were getting activated and PD-L1 was expressed during the inflammation.
Compared with the PBS control group, an increased number of APCs were positive for PD-
L1 expression in the IL-12-treated group (p<0.05) (Fig. 8). This suggested that IL-12 treatment
enhanced not only PD-L1 mRNA expression but protein synthesis as well, indicating that IL-12
treatment upregulates both transcription and translation of PD-L1 expression in the suppression
of EAE.

3.7. Increase of PD-L1 gene expression induced by IL-12 treatment is specifically in CD11b
+ APCs but not in CD11b- APCs

We further investigated in which subset of APCs PD-L1 expression was increased by IL-12
treatment. We hypothesized that the level of PD-L1 expression was increased within specific
APC populations. To test this hypothesis, we sorted CD11b+ and CD11b- APCs to >95% purity
using flow cytometric sorting techniques. The number of CD11b+ and CD11b- APCs collected
was 1 × 104. Using the nanoprep RNA purification method, total RNA was extracted, cDNA
was synthesized, and RT-PCR was performed to quantify levels of PD-L1 gene expression. In
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CD11b+ APC populations, the level of PD-L1 gene expression in IL-12-treated EAE mice was
significantly increased 3 fold compared with PBS controls (** p<0.01) (Fig.9 A, B). In CD11b-
APC populations, the level of PD-L1 gene expression in IL-12-treated EAE mice was not
changed compared with PBS controls (p>0.05) (Fig.9 A, B). This showed that IL-12 treatment
increased the level of PD-L1 gene expression specifically in CD11b+ APCs.

4. Discussion
IL-12, a member of a group of secreted proteins, was originally discovered in 1989 (Kobayashi
et al., 1989). It has diverse roles in cellular differentiation and is especially important in
regulating Th1 responses, acting as a link between innate and adaptive immunity (Ma and
Trinchieri, 2001; Langrish et al., 2004). The role of IL-12 in the pathogenesis of MS and EAE
appears very complex and is not yet well understood. IL-12 is known to regulate Th1
development and production of IFN-γ (Trinchieri et al., 2003; Segal et al., 1998) and our
previous work has shown that IL-12 has immunomodulatory effects in EAE through IFN-γ
signaling (Gran et al., 2004). In the current studies, we determined the immunomodulatory
potential of IL-12 in active EAE and further elucidate the possible molecular mechanisms. Our
data confirmed the suppressive role of IL-12 in active EAE, as IL-12 administration suppressed
clinical severity of EAE in wild type mice, but had no effect on EAE in IFN-γ deficient mice,
similar to our prior studies (Gran et al., 2004). The fact that PD-L1 expression was induced by
IL-12 treatment in EAE spleen in vivo as well as in MOG-specific T cells in vitro in the current
studies suggested that IL-12 suppresses EAE through PD-1/PD-L signaling. This conclusion
was further substantiated by the finding that IL-12 treatment failed to up-regulate PD-L1
expression in IFN-γ-deficient spleen cells. Moreover, our data showed that PD-L1 expression
was increased in CD11b+ APCs but not CD11b- cells. Together, these results indicate that
PD-1/PD-L signaling downstream of IFN-γ in CD11b+ APCs is one mechanism mediating
immunomodulatory effects of IL-12 in EAE.

Numerous studies have provided data suggesting that IFN-γ downregulates EAE (Billiau et
al., 1988; Lublin et al., 1993). Treatment of EAE animals with IFN-γ antibodies resulted in
enhanced disease in both rats and mice while giving exogenous IFN-γ ameliorated disease
(Heremans et al., 1996; Duong et al., 1992; Voorthuis et al., 1990). Evidence from studies
using IFN-γ cytokine knock out mice has shown that IFN-γ is not essential for the generation
or function of anti-MOG35-55 effector cells but that it does play an obligatory role in down-
regulating the disease (Krakowski and Owens, 1996; Ferber et al., 1996). Increased IFN-γ
production has been found to have significant inhibitory effects on autoreactive T cell
proliferative responses (Krakowski and Owens, 1996; Ferber et al., 1996). In addition, high
levels of IFN-γ are associated with terminal effector differentiation and death, reducing the
survival of Th1 cells. Compared with Th1 cells secreting low levels of IFN-γ, Th1 cells
secreting high levels of IFN-γ are short-lived and do not develop into long-term memory Th1
cells efficiently. Therefore, increased IFN-γ production induced by IL-12 may limit their ability
to survive, initiate autoimmune demyelination, and develop into long-term memory cells
(Willenborg et al., 1999; Wu et al., 2002; Loza et al., 2002). Importantly, we found in this
report that the PD-1/PD-L pathway of costimulatory molecules was up-regulated by IL-12-
induced IFN-γ production in EAE mice, suggesting this signaling mechanism can be used to
drive Th1 regulation.

PD-1 and PD-L are newly described members of the B7-CD28 superfamily of costimulatory
molecules, which act as negative regulators of activated T cells (Khoury and Sayegh, 2004).
PD-1 is expressed on thymocytes during and after T cell receptor (TCR) β-selection, at
transition from the CD4-CD8- to CD4+CD8+ stages, and on mature T and B cells following
activation (Yamazaki et al., 2002; Lechner et al., 2001). The ligands for PD-1 are PD-L1 (B7-
H1) and PD-L2 (B7-DC) (Dong et al., 1999). PD-L physically binds to PD-1 and inhibits the
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proliferative response of PD-1+/+ but not PD-1-/- splenic T cells activated by anti-CD3
stimulation, indicating that PD-1—PD-L engagement results in negative signaling (Kohm et
al., 2002; Cai et al., 2004). The current findings show that IL-12 administration increases PD-
L1 gene expression in the spleens of EAE mice in vivo and also in MOG-specific T cells in
vitro, demonstrating that there is more PD-L1 available to bind PD-1, which had stable
expression levels. This suggests that PD-1/PD-L1 engagement may be providing similar
negative signaling to result in inhibition of T cell responses to antigen MOG35-55, which leads
to IL-12-induced suppression of EAE. Recent studies using PD-L1-deficient mice have further
suggested a role for PD-L1 in negatively regulating autoimmune diseases. Increased MOG-
specific CD4+ T cell responses in PD-L1-deficient mice reflect multiple negative regulatory
functions for PD-L1: (1) limiting expansion and/or Th1 differentiation of naïve CD4+ T cells,
(2) negatively regulating reactivation of MOG-specific effector CD4+ T cells in the target
organ, and (3) limiting expansion of antigen-specific T cells through engagement of PD-1 on
Tregs (Latchman et al., 2004).

Consistent with our findings, PD-L1 signaling has been shown to mediate IL-12 effects
downstream of IFN-γ in other cell types (Eppihimer et al., 2002; Schoop et al., 2004), as
evidenced by observations in microvascular endothelial cells (ECs) in vitro and in vivo. Studies
using a dual radiolabeled monoclonal antibody (mAb) technique indicated that PD-L1
expression was significantly increased in ECs and in tissues at 24 hours after IL-12-challenge,
with peak levels of PD-L1 occurring 72 hours after IL-12-challenge, but IL-12 was not effective
at inducing PD-L1 expression in tissues of IFN-γ-deficient mice. These data showed that
elevation of PD-L1 expression was induced by IL-12 through IFN-γ (Eppihimer et al., 2002).
Comparable and similar data were observed on murine renal tubular epithelial cells (TEC).
Expression of PD-L1 and PD-L2 was studied by flow cytometric analysis and reverse
transcription-polymerase chain reaction on TEC and it showed that PD-L1 but not PD-L2 was
weakly expressed on unstimulated TEC but up-regulated PD-L1 expression was observed upon
stimulation with IFN-γ in a dose-dependent manner. Blockade of PD1/PD-L1 pathway with
monoclonal antibodies in antigen presentation assays uncovered an inhibitory role of this ligand
system in T cell activation and response. This evidence suggested PD-L1 up-regulated by IFN-
γ-stimulation effectively provided inhibitory signaling in classical antigen presenting systems
and negatively regulated T cell activation and responses (Schoop et al., 2004). Combined with
our current studies, it therefore can be inferred that induction of IFN-γ and up-regulation of
the PD-1/PD-L1 pathway by IL-12 might be one commonly used signaling pathway that leads
to cell-type specific immune responses.

Although IFN-γ has often been recognized as a proinflammatory mediator (Ferber et al.,
1996), several studies, similar to ours, have suggested that IFN-γ may act to induce
immunosuppression. IFN-γ-deficient mice or mice administered anti-IFN-γ mAbs had
exacerbated disease symptoms in EAE, whereas administration of exogenous IFN-γ reduced
the incidence and severity of EAE (Krakowski et al., 1996; Tanuma et al., 1999). Based on
these results, it is reasonable to suggest that in the IFN-γ-deficient mice, the level of inducible
PD-L1 is reduced and may lead to less inhibition of T cell activation by the PD-L1/PD-1
pathway and therefore, contribute to the severity of the disease. Additional studies of PD-1-
deficient mice showed an autoimmune-like disease characterized by infiltration of
inflammatory cells in various tissues (Nishimura et al., 2001; Khoury and Sayegh, 2004). Thus,
these studies combined with our current results demonstrate that elevation of PD-L1 expression
can be an important negative signal pathway in IL-12-induced suppression of EAE mediated
by IFN-γ.

In previous work, we observed decreased IL-17 mRNA expression in the spleen following
IL-12-induced suppression of EAE (Gran et al., 2004). IL-17, a T cell-derived pro-
inflammatory molecule, has been found in many autoimmune diseases such as multiple
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sclerosis and rheumatoid arthritis (Matusevicius et al., 1999; Ziolkowska et al., 2000).
Additional studies showed that IL-17 is expressed in response to signals distinct from those
associated with the Th1 or Th2 response, and IL-12 has marginal effects on IL-17 production
(Langrish et al., 2005; Aggarwal et al., 2003). Stumhofer found that the development of IL-12-
producing T helper cells during chronic inflammation of the central nervous system was
negatively regulated by IL-27, and IL-27 inhibited production of IL-17 through activation of
the Jak-STAT pathway (Stumhofer et al., 2006). It has been reported that Th1/Th2 cells
differentially up-regulate PD-L1 and PD-L2 expression in inflammatory macrophages,
indicating that PD-L1 and PD-L2 might have different functions under different Th1/Th2
inflammatory situations, although they both bind PD-1 receptor (Loke et al., 2003). Moreover,
PD-L1 up-regulation depends on TLR4 and STAT1/STAT4, whereas PD-L2 expression
depends on NF-κB, IL-4Rα and STAT6 (Liang et al., 2003; Loke et al., 2003). Our findings
demonstrated that PD-L1 was up-regulated, whereas PD-L2 was not, following IL-12
treatment. Understanding the preferential role of PD-L1 in IL-12-induced suppression of EAE
will therefore suggest different downstream signaling pathways and future studies will be done
to evaluate the role of TLR4 and Jak/STAT signaling transduction pathways.

Furthermore, we found that expression of PD-L1 induced by IL-12 treatment was increased
specifically in CD11b+ antigen presenting cells but not in CD11b- cells. Recent studies showed
that CD11b is expressed predominantly on monocytes/macrophages, PMN, and NK cells, and
CD11b+ APCs inhibit anti-CD3-induced human T cell proliferation as well as IL-2 release
(Wu et al., 2004). In splenic CD11b+ APCs, reproducible low levels of p28 and EB13 mRNA
are expressed and IL-27 expression is differentially regulated, which has been shown to be
involved in the disease development and progression of EAE (Li et al., 2005). Studies using
administration of anti-CD11b in vivo indicated that CD11b+ monocyte/macrophages are
capable of inducing a contact sensitivity response and a state of tolerance to antigens
(Hammerberg et al., 1996). CD11b+ infiltrating cells are not only important in tolerance
induction, but play a prominent regulatory role in the induction of autoantigen-specific Th2
cells as well (Schlecht et al., 2004), while Th1/Th2 balance is involved in pathogenesis of EAE.
In our report, one intriguing possibility might be that higher PD-L1 levels in CD11b+
monocyte/macrophages inhibits Th1 cells and stimulates Th2 cells. PD-L1 may signal APCs
that influence the function of dendritic cells, and transduce negative signals to influence the
activation of macrophages upon subsequent interaction with T cells, leading to inhibition of
autoreactive T cell response and subsequent suppression of the disease severity of EAE.

In summary, we demonstrate for the first time that suppressive effects of IL-12 on induced
EAE can be mediated by promoting expression of the PD-1/PD-L pathway of costimulatory
molecules through induction of IFN-γ. These findings indicate that costimulatory molecules
providing negative signals have a crucial role in regulating autoimmune disease by cytokine
signaling, which is important for understanding the precise mechanisms of cell-mediated
autoimmunity. Promotion of the PD-1/PD-L1 pathway in APCs therefore may provide a
rationale for developing new strategies for therapeutic intervention in autoimmune diseases
such as multiple sclerosis.
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Figure 1.
IL-12 suppresses EAE in wild type mice but not in IFN-γ-deficient mice. Female C57BL/6
wild type mice (A) and IFN-γ-deficient mice (B) were immunized with 300 μg MOG35-55
peptide in CFA. The number of mice in each group was 5. rmIL-12 (100 ng/mouse, dissolved
in 200 μl PBS) was injected intraperitoneally (i.p.) every day from day 0 to day 10 post-
immunization. PBS (200 μl/mouse) only was injected i.p. as control. Clinical disease severity
of EAE was scored daily by double blinded method according to a 0-5 severity scale. Data
represent the mean clinical scores ± SEM. There is a significant difference in clinical disease
score of EAE between the rmIL-12-treated group and the PBS control group in C57BL/6 wild
type mice (p<0.01) but there is no significant difference between the two groups in IFN-γ-

Cheng et al. Page 15

J Neuroimmunol. Author manuscript; available in PMC 2009 July 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



deficient mice (p>0.05). Experiments were repeated three times and similar results were
obtained. One representative experiment is shown.
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Figure 2.
IL-12 treatment decreases the proliferative response of MOG35-55-specific T cells from wild-
type EAE mice, but not from IFN-γ-deficient EAE mice. C57BL/6 female mice (A), or IFN-
γ-deficient EAE mice (B), were immunized with 300 μg MOG35-55 peptide in CFA, and were
sacrificed on day 7 p.i. Spleen cells (4 ×105/ well) were isolated from immunized mice treated
with rmIL-12 or PBS, and also from mice without MOG immunization as control, and were
cultured with antigen MOG35-55 at 25 μg/ml or without antigen for 72 hours. Results of
proliferative responses were expressed by [3H] methylthymidine incorporation as counts per
minute (cpm). Data represent mean and SD of triplicate values. There are significant
proliferative responses of T cells to antigen MOG both from PBS and rmIL-12 treated groups.
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(A) Compared with the PBS group, proliferation of T cells to MOG from the rmIL-12 treated
group is significantly decreased (** p<0.01). (B) There is no significant difference between
the PBS and rmIL-12 treated groups from the IFN-γ-deficient EAE mice (p>0.05). One
representative experiment of three is shown.
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Figure 3.
IL-12 treatment increases IFN-γ, PD-L1, and PD-L2 gene expression in spleen of EAE mice.
Total RNA was extracted from spleen in C57BL/6 EAE mice treated with rmIL-12 or PBS (n
= 5 mice/group) on day 7 p.i., and 5 μg RNA was used to generated cDNA. Quantitative RT-
PCR was performed. β-actin was amplified in each sample as endogenous control. Each sample
was run in triplicate. Relative quantization was used to calculate the results of the quantization
assays with the comparative CT methods. Quantization of gene expression was reported as the
fold difference relative to the housekeeping gene. Data were analyzed using GeneScan
software. Electrophoresis of final products of PCR of IFN-γ, PD-1, PD-L1, PD-L2 gene and
β-actin gene as endogenous control in 2.5% agarose-TBE gel is shown (A). There is a
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significant difference of IFN-γ gene expression between the PBS and rmIL-12-treated groups
(** p<0.01) (B). Compared with the PBS group, PD-L1 and PD-L2 gene expression were
increased significantly in the rmIL-12 treated group (** p<0.01, * p<0.05), and there is an
increasing tendency of PD-1 gene expression but no significant difference (p>0.05) (C). One
representative experiment of three is shown.
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Figure 4.
IL-12 treatment induces MOG-specific T cells to produce IFN-γ in vitro. MOG-specific T cells
isolated from inguinal and popliteal lymph nodes were prepared on day 10 p.i. from C57BL/
6 mice immunized with 300 μg MOG35-55 peptide in CFA. MOG-specific T cells were
cultured without any antigen as control (no Ag), or with MOG35-55 stimulation alone at a final
concentration of 25 μg/ml (MOG), or with MOG stimulation and co-cultured with 20 ng/ml
rmIL-12 (MOG + IL-12). Supernatant was harvested after 48 hours for determining the
production of cytokines by Flow Cytometry using the Mouse Th1/Th2 Cytokine Cytometric
Bead Array Kit. Results of cytokine production were expressed as concentration in supernatant.
Data represent mean of triplicate values. Compared with the “no Ag” group, production of
IL-2, TNF-α and IFN-γ in the “MOG” group were significantly increased (## p<0.01, #
p<0.05), but production of IL-4 and IL-5 did not change (p>0.05). Compared with the “MOG”
group, production of IFN-γ in the “MOG + IL-12” group was significantly increased (**
p<0.01), but production of IL-2, IL-4, IL-5 and TNF-α did not change (p>0.05). The figure is
a representative of three experiments.
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Figure 5.
IL-12 treatment induces gene expression of IFN-γ and PD-L1 in MOG-specific T cells in vitro.
MOG-specific T cells isolated from inguinal and popliteal lymph nodes were prepared on day
10 p.i. from C57BL/6 mice immunized with 300 μg MOG35-55 peptide. Total RNA was
extracted from MOG-specific T cells cultured with MOG35-55 stimulation alone at a final
concentration of 25 μg/ml (MOG), or cultured with MOG stimulation and co-cultured with 20
ng/ml rmIL-12 (MOG + IL-12). 5 μg RNA was used to generate cDNA. Quantitative RT-PCR
was performed. β-actin was amplified in each sample as endogenous control. Each sample is
triplicate. Quantization of gene expression was reported as the fold difference relative to the
housekeeping gene. Electrophoresis of final products of PCR of IFN-γ, PD-L1 gene and β-
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actin as endogenous control in 2.5% agarose-TBE gel is shown (A). There is a significant
difference of IFN-γ gene expression between the “MOG” group and the “MOG + IL-12” group
(** p<0.01). Compared with the “MOG” group, PD-L1 gene expression was increased
significantly in the “MOG + IL-12” group (* p<0.05) (B). One representative experiment of
three is shown.
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Figure 6.
IL-12 treatment does not increase PD-L gene expression in spleen of IFN-γ-deficient EAE
mice. Total RNA was extracted from spleen of IFN-γ-deficient EAE mice treated with rmIL-12
or PBS on day 7 p.i., and 5 μg RNA was used to generated cDNA. Quantitative RT-PCR was
performed. β-actin was amplified in each sample as endogenous control. Each sample is
triplicate. Quantization of gene expression was reported as the fold difference relative to the
housekeeping gene. Data were analyzed using GeneScan software. Electrophoresis of final
products of PCR of PD-1, PD-L1, PD-L2 gene and β-actin as endogenous control in 2.5%
agarose-TBE gel is shown (A). There is no significant difference in PD-1, PD-L1 and PD-L2
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gene expression between the PBS and rmIL-12-treated groups (p>0.05) (B). One representative
experiment of three is shown.
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Figure 7.
IL-12 treatment does not induce PD-L1 gene expression in MOG-specific T cells from IFN-
γ-deficient mice in vitro. MOG-specific T cells isolated from inguinal and popliteal lymph
nodes were prepared on day 10 p.i. from IFN-γ-deficient mice immunized with 300 μg
MOG35-55 peptide. Total RNA was extracted from MOG-specific T cells cultured with
MOG35-55 stimulation alone at a final concentration of 25 μg/ml (MOG), or cultured with
MOG stimulation and co-cultured with 20 ng/ml rmIL-12 (MOG + IL-12). 5 μg RNA was used
to generate cDNA. Quantitative RT-PCR was performed. β-actin was amplified in each sample
as endogenous control. Each sample is triplicate. Quantization of gene expression was reported
as the fold difference relative to the housekeeping gene. Electrophoresis of final products of
PCR of PD-1, PD-L1 and PD-L2 gene and β-actin as endogenous control in 2.5% agarose-
TBE gel is shown (A). There is no significant difference in PD-1, PD-L1 and PD-L2 gene
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expression between the “MOG” group and the “MOG + IL-12” group (p>0.05) (B). One
representative experiment of three is shown.
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Figure 8.
IL-12 treatment increases the number of APCs with PD-L1 expression in EAE mice. C57BL/
6 female mice were immunized with 300 μg MOG35-55 peptide, and were sacrificed on day
7 p.i. Spleen cells (1 ×106/tube) were isolated from PBS treated EAE mice or rmIL-12-treated
EAE mice. After being washed with staining buffer and blocked with CD16/32 (FcγIII/II
receptor) monoclonal antibody, these cells were stained with R-PE-Conjugated PD-L1
monoclonal antibody and PerCP-Cy5.5-Conjugated CD11b monoclonal antibody for 30 min.
The cells were also stained with isotype as control. Cells were measured by flow cytometry.
Data were acquired on a FACSCalibur and analyzed using CellQuest software and FlowJo
software. Fluorescence intensity was measured to determine the percentage of CD11b+ cells
that were positive for PD-L1 expression. Compared with the PBS group, the number of PD-
L1+ CD11b+ cells in the rmIL-12 treated group is significantly increased (* p<0.05). The figure
is a representative of three experiments.
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Figure 9.
Expression of PD-L1 is increased in CD11b+ APCs but not CD11b- APCs treated with
rmIL-12. Spleen cells (1 ×106/tube) were isolated from the PBS- and rmIL-12-treated EAE
mice. CD11b+ and CD11b- cells were sorted by Flow cytometry to >95% purity and a total of
10,000 CD11b+ and CD11b- cells were used for RNA extraction. cDNA was synthesized and
quantitative RT-PCR was performed. β-actin was amplified in each sample as endogenous
control. Each sample is triplicate. Quantization of gene expression was reported as the fold
difference relative to the housekeeping gene. Electrophoresis of final products of PCR of PD-
L1 and β-actin as endogenous control in 2.5% agarose-TBE gel is shown (A). In the CD11b+
cell populations, expression of PD-L1 gene is significantly increased in the rmIL-12-treated
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group, compared with the PBS control group (** p<0.01). However, in the CD11b- cell
populations, there is no significant difference between the PBS and rmIL-12 treated groups
(p>0.05) (B). One representative experiment of three is shown.

Cheng et al. Page 30

J Neuroimmunol. Author manuscript; available in PMC 2009 July 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


