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Infection with Theiler’s murine encephalomyelitis virus (TMEV) in the central nervous system (CNS) of susceptible mice results
in an immune-mediated demyelinating disease which is considered a relevant viral model of human multiple sclerosis. We previ-
ously demonstrated that the expression of positive costimulatory molecules (CD40, CD80, and CD86) is higher on the microglia
of TMEV-resistant C57BL/6 (B6) mice than the microglia of TMEV-susceptible SJL/J (SJL) mice. In this study, we analyzed the
expression levels of the negative costimulatory molecules PD-1 and PDL-1 in the CNS of TMEV-infected SJL mice and B6 mice.
Our results indicated that TMEV infection induces the expression of both PD-1 and PDL-1 on microglia and macrophages in the
CNS but not in the periphery. The expression of PD-1 only on CNS-infiltrating macrophages and not on resident microglia was
considerably higher (>4-fold) in TMEV-infected SJL mice than TMEV-infected B6 mice. We further demonstrated that inter-
leukn-6 (IL-6) is necessary to induce the maximal expression of PDL-1 but not PD-1 after TMEV infection using IL-6-deficient
mice and IL-6-transgenic mice in conjunction with recombinant IL-6. In addition, cells from type I interferon (IFN) receptor
knockout mice failed to upregulate PD-1 and PDL-1 expression after TMEV infection in vitro, indicating that type I IFN signal-
ing is associated with the upregulation. However, other IFN signaling may also participate in the upregulation. Taken together,
these results strongly suggest that the expression of PD-1 and PDL-1 in the CNS is primarily upregulated following TMEV infec-
tion via type I IFN signaling and the maximal expression of PDL-1 additionally requires IL-6 signaling.

Theiler’s murine encephalomyelitis virus (TMEV) is a common
enteric pathogen in mice. The virus contains a single-stranded

RNA genome with positive polarity (1). Intracerebral infection
with TMEV in susceptible mice induces a chronic progressive
white matter-demyelinating disease that is clinically and histo-
pathologically similar to human multiple sclerosis (MS) (2, 3).
Susceptibility to the TMEV-induced demyelinating disease
(TMEV-IDD) is genetically associated with the major histocom-
patibility complex (MHC) loci (4). The persistence of the virus in
the central nervous system (CNS) of susceptible SJL/J (SJL) mice
leads to extensive immune-mediated demyelination. Resistant
C57BL/6 (B6) mice rapidly clear the virus and do not develop
TMEV-IDD (5, 6). Thus, the immune responses to TMEV in these
mouse strains have often been compared to delineate the differ-
ences in the immune responses (7–9).

The level and type of both CD4� and CD8� T cell responses to
TMEV affect viral persistence and the susceptibility to TMEV-
IDD (10). For example, TMEV capsid-specific CD4� T cell re-
sponses protect against TMEV-IDD, but non-capsid-reactive
(RNA polymerase-reactive) CD4� T cell responses are pathogenic
in susceptible SJL mice (9, 11). In addition, the level of virus-
specific Th1 cells in the CNS of infected mice is significantly higher
in resistant B6 mice than susceptible SJL mice, suggesting a pro-
tective role for Th1 cells (9). Th17 cells, in contrast to Th1 cells,
promote viral persistence by enhancing the survival of TMEV-
infected cells (12). Moreover, the immunization of SJL mice with
UV-inactivated TMEV prior to viral infection, which promotes
the Th1 response, confers protection, whereas immunization after
viral infection, which promotes the Th17 response, exacerbates
the development of TMEV-IDD (11, 13). These data suggest that
distinct immune responses against TMEV involve the protection

and/or pathogenesis of TMEV-IDD. To understand the underly-
ing mechanisms of the differential immune responses between
resistant B6 and susceptible SJL mice, the levels of the costimula-
tory molecules associated with T cell activation have been com-
pared in these mouse strains after TMEV infection (7). The ex-
pression levels of the positive costimulatory molecules (CD80,
CD86, and CD40) on microglia, the main antigen-presenting cells
in the CNS, were significantly lower in TMEV-infected susceptible
SJL mice than resistant B6 mice. Therefore, the lower level of ex-
pression of positive costimulatory molecules may have contrib-
uted to the insufficient T cell activation in susceptible mice, lead-
ing to a higher viral persistence and the increased pathogenesis of
TMEV-IDD (7). However, the potential contribution of nega-
tively functioning costimulatory molecules, such as programmed
cell death protein 1 (PD-1; CD279) and its ligand PDL-1 (B7-H1;
CD274) in the development of TMEV-IDD is unclear.

The binding of PD-1 with its ligands PDL-1 and PDL-2 (B7-
DC; CD273) delivers inhibitory signals that downregulate T cell
activation and upregulate tolerance (14). The PD-1/PDL-1 path-
way leads to the inhibition of T cell receptor-mediated lympho-
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cyte proliferation and cytokine secretion (15). PD-1/PDL-1 sig-
naling appears to be involved in the maintenance of peripheral
self-tolerance and the prevention of autoimmune disease (16, 17).
In addition, PD-1 signaling inhibits antiviral immunity (18) and
regulates the sensitivity of CD8� T cells to apoptosis (19). Fur-
thermore, an elevated level of PD-1 is expressed on the exhausted
T cells, and inhibition of the PD-1/PDL-1 pathway restores the
function of exhausted CD8� T cells in chronic lymphocytic cho-
riomeningitis virus (LCMV) infection (20). These results indicate
that the PD-1/PDL-1 pathway plays a critical role in regulating
both CD4� and CD8� T cell function, particularly in antiviral
immunity. The expression of PD-1 is inducible in activated T, B,
and myeloid cells (15, 21). In particular, type I interferon (IFN)
promotes the expression of PD-1 on T cells (22). In contrast,
PDL-1 is expressed broadly on hematopoietic and parenchymal
cells (23). In addition, PDL-1 is constitutively expressed on T cells,
B cells, macrophages (MPs), and dendritic cells (DCs). The ex-
pression is further upregulated on T cells, MPs, and DCs after
stimulation with type I IFN, gamma IFN (IFN-�), granulocyte-
macrophage colony-stimulating factor (GM-CSF), or inter-
leukn-4 (IL-4) (24, 25).

The potential inhibitory functions of PD-1 and PDL-1 against
protective T cell responses leading to the development of TMEV-
induced demyelinating disease have been detected when antibod-
ies against either PDL-1 (26) or PD-1 (C.-S. Koh et al., unpub-
lished observation) were administered to susceptible SJL mice. In
this study, we investigated the expression levels of these molecules
(PD-1 and PDL-1) that inhibit T cell stimulation in the CNS of
TMEV-infected susceptible SJL mice and resistant B6 mice, as well
as the viral infection-induced signals associated with the expres-
sion. We compared the expression of PD-1 and PDL-1 on T cells
and potential antigen-presenting cells in the periphery and the
CNS of susceptible SJL mice and resistant B6 mice with and with-
out TMEV infection. Our results indicated that the expression of
PD-1, but not PDL-1, is far greater on macrophages from virus-
infected susceptible SJL mice than on those from resistant B6
mice. In addition, IL-6 was necessary to induce the maximal ex-
pression of PDL-1 after TMEV infection in the experiments using
cells from IL-6-deficient mice and IL-6-transgenic (IL-6-Tg) mice
in conjunction with recombinant IL-6 (rIL-6). Further experi-
ments using cells from type I IFN receptor-deficient (IFN-IR
knockout [KO]) mice indicated that type I IFNs are also involved
in the upregulation of PD-1 and PDL-1. Therefore, IL-6 and type
I IFN signaling appear to be associated with the maximal upregu-
lation of PD-1 and PDL-1 expression following TMEV infection.
Taken together, the innate immune responses following viral in-
fection may play a pivotal role in the expression of inhibitory
costimulatory molecules, contributing to the poor T cell responses
that promote further viral persistence. However, the expression of
PD-1 and PDL-1 in the CNS of TMEV-infected IFN-IR KO, Toll-
like receptor 3 (TLR3) KO, and melanoma differentiation-associ-
ated gene 5 (MDA5) KO mice with high viral loads was much
elevated, suggesting that signaling by other IFNs (e.g., IFN-�) may
also participate in the upregulation in the CNS.

MATERIALS AND METHODS
Mice. SJL/J (SJL) and C57BL/6 (B6) mice were purchased from the
Charles River Laboratories (Charles River, MA) through the National
Cancer Institute (Frederick, MD). IL-6 KO mice were purchased from
The Jackson Laboratory (Bar Harbor, ME). Human IL-6-transgenic (IL-

6-Tg) mice (27) were obtained from Jeff Kansas at the Department of
Microbiology-Immunology, Northwestern University. Type I IFN recep-
tor knockout (IFN-IR KO) mice were kindly provided by Michel Aguet
(University of Zürich, Zürich, Switzerland) via Herbert Virgin (Washing-
ton University, St. Louis, MO). Female 129S2/SVPasCrl (129S2/SP) mice,
a control for IFN-IR KO mice, were purchased from Charles River Labo-
ratories. B6:129S-Tlr3tm1Flv/J mice (TLR3 KO), purchased from The Jack-
son Laboratory, were backcrossed to SJL mice for 6 generations to obtain
TLR3 KO mice in the SJL background. MDA5 KO mice were obtained
from Marco Colonna (Washington University School of Medicine, St.
Louis, MO). Control 129X1/SvJ (129SvJ) mice were purchased from The
Jackson Laboratory. All experimental procedures approved by the Animal
Care and Use Committee of Northwestern University were used in this
study.

Virus. The BeAn strain of TMEV was propagated in BHK-21 cells
grown in Dulbecco modified Eagle medium supplemented with 7.5%
donor calf serum (Mediatech Inc.). The viral titer was determined via
plaque assay on BHK cell monolayers. Approximately 30 �l (1 � 106 PFU)
of TMEV was injected into the right hemisphere of 5- to 7-week-old mice
anesthetized with isoflurane.

Isolation of CNS-infiltrating lymphocytes. Mice were perfused
through the left ventricle with 40 ml of sterile Hanks balanced salt solu-
tion. The excised brains and spinal cords were forced through wire mesh
and incubated at 37°C for 45 min in 250 �g/ml of collagenase type 4
(Worthington Biochemical Corp., Newark, NJ). CNS-infiltrating lym-
phocytes were then enriched at the bottom 1/3 of a continuous 100%
Percoll (GE) gradient after centrifugation for 30 min at 27,000 � g.

Flow cytometry. Fc receptors of isolated CNS cells or splenocytes were
blocked using 50 �l of 2.4 G2 hybridoma (ATCC) supernatant by incu-
bation at 4°C for 30 min. The cells were stained with anti-CD11b (clone
M1/70) and anti-CD45 (clone Ly-5) for residential microglial cells and
infiltrated macrophages. Anti-CD8 (clone 53-6.7), anti-CD4 (clone
GK1.5), anti-CD69 (clone H1.2F3), anti-PD-1 (clone J43), anti-PDL-1
(clone MIH5), and anti-CD11c (clone HL3) antibodies were also used to
stain the cells. All antibodies were purchased from BD Pharmingen. The
cells were analyzed using a Becton, Dickinson LSRII flow cytometer (BD)
and FlowJo software (TreeStar).

Generation of BM DCs. Bone marrow (BM) cells were harvested from
the femurs and tibias of adult mice and cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum and 20 ng/ml murine recom-
binant GM-CSF (PeproTech) as described previously (28).

Reverse transcription-PCR and quantitative PCR. Total RNA was
isolated using the TRIzol reagent (Invitrogen) and reverse transcribed to
cDNA using Moloney murine leukemia virus reverse transcriptase (Invit-
rogen). The cDNAs were amplified with specific primer sets using the
SYBR green Supermix (Bio-Rad) and an iCycler apparatus (Bio-Rad). The
sense and antisense primer sequences used are as follows: for TMEV
(VP1), 5=-TGACTAAGCAGGACTATGCCTTCC-3= and 5=-CAACGAG
CCACATATGCGGATTAC-3=; for IL-17A, 5=-CTCCAGAAGGCCCTCA
GACTAC-3= and 5=-AGCTTTCCCTCCGCATTGACACAG-3=; for
PD-1, 5=-CGGTTTCAAGGCATGGTCATTGTT-3= and 5=-TCCTTCAG
AGTGTCGTCCTTGCTT-3=; for PDL-1, 5=-GTCAACGCCACAGCGAA
TGATGTT-3= and 5=-ACAACAGGATGGATCCCAGAAGCA-3=; for
IL-6, 5=-AGTTGCCTTCTTGGGACTGA-3= and 5=-TCCACGATTTCCC
AGAGAAC-3=; for IFN-�, 5=-ACTGGCAAAAGGATGGTGAC-3= and
5=-TGAGCTCATTGAATGCTT GG-3=; and for GAPDH (glyceralde-
hyde-3-phosphate dehydrogenase), 5=-AACTTTGGCATTGTGGAAGG
GCTC-3= and 5=-TGCCTGCTTCACCACCTTCTTGAT-3=). GAPDH
expression served as an internal reference for normalization. Real-time
PCR was performed in triplicate.

Cytotoxicity assay. Aliquots of splenocytes from naive B6 mice were
pulsed with viral epitope (VP2 residues 121 to 130 [VP2121-130]) or irrel-
evant peptide (ovalbumin residues 323 to 339 [OVA323-339]) for 1 h and
labeled with low (0.5 �M) and high (10 �M) concentrations of carboxy-
fluorescein succinimidyl ester (CFSE), respectively (12). The irrelevant
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peptide was used to generate nonspecific target cells manipulated simi-
larly to the specific epitope-loaded target cells because the manipulated
target cells could be differentially vulnerable to cytolysis. The mixture of
these two populations (1 � 107 total cells per mouse) was intravenously
injected into TMEV-infected B6 mice at 8 days postinfection. After 15 h,
splenocytes were isolated from the recipients and the CFSE-stained pop-
ulations were analyzed using flow cytometry.

Statistical analyses. The statistical significance of the differences be-
tween experimental groups (two-tailed P value) was analyzed with the
unpaired Student’s t test using the InStat program (GraphPad). P values of
�0.05 were considered significant.

RESULTS
Intrinsic expression of PD-1 and PDL-1 on CD11b� cells is
markedly greater in the spleen of susceptible SJL mice than the
spleen of resistant B6 mice. To understand the potential contri-
bution of PD-1 and PDL-1 molecules, we first analyzed the expres-
sion levels in spleens from naive or TMEV-infected SJL and B6
mice (Fig. 1). The proportions of PD-1-expressing (PD-1�)
splenic CD4� and CD8� T cells from naive SJL mice were similar
to those from B6 mice (Fig. 1A and D). Interestingly, the propor-
tions of PD-1� splenic CD4� and CD8� T cells were not signifi-
cantly changed at 8 days after virus infection. Unlike the relatively
low proportions of PD-1� T cells (�30%), the majority (�90%)
of splenic CD4� and CD8� T cells from naive SJL and B6 mice
expressed PDL-1 molecules and the proportion of PDL-1-ex-
pressing (PDL-1�) splenic T cells was not altered after viral infec-
tion (Fig. 1B). These results suggest that the expression levels of
either PD-1 or PDL-1 on CD4� and CD8� T cells in the periphery
are not significantly different between susceptible SJL mice and
resistant B6 mice during TMEV infection.

We further compared the expression levels of PD-1 and PDL-1
on splenic CD45� CD11b� cells in naive or TMEV-infected SJL
and B6 mice because these cells include antigen-presenting mac-
rophages and DCs (Fig. 1C). The proportion of PD-1-expressing
CD45� CD11b� splenic cells in naive SJL mice was significantly
higher than that in naive B6 mice (39.6% � 1.2% versus 15.8% �
3.9%) and remained similarly higher after TMEV infection (Fig.
1C). The difference in the proportion of PD-1� splenic CD11b�

cells was consistent with the mean fluorescence intensity (MFI) of
PD-1� cells from three separate experiments (Fig. 1D). In con-
trast, the proportions of PDL-1� splenic CD11b� cells from naive
SJL and B6 mice were very high (�90%), and the proportions of
these cells were not altered after virus infection (Fig. 1C). How-
ever, the MFI of PDL-1 in CD45� CD11b� splenic cells in naive
SJL mice was higher than the MFI in naive B6 mice, and it re-
mained similarly higher after TMEV infection (Fig. 1D). Taken
together, these data suggest that the intrinsic expression levels of
PD-1 and PDL-1 on splenic CD45� CD11b� cells are markedly
higher in susceptible SJL mice than resistant B6 mice and the ex-
pression is not significantly altered after TMEV infection.

Expression of both PD-1 and PDL-1 on CD11b� CNS cells is
upregulated after TMEV infection. We have previously shown
that the microglia of resistant B6 mice express higher levels of
positive costimulatory molecules (CD40, CD80, and CD86) than
the microglia of susceptible SJL mice (7). To understand the over-
all balance of the positive and negative costimulatory signals, we
analyzed the expression levels of PD-1 and PDL-1 on CNS-infil-
trating mononuclear cells in TMEV-infected SJL and B6 mice at 8
days postinfection (Fig. 2). The proportions of PD-1� CD4� and
CD8� T cells infiltrating the CNS of infected SJL and B6 mice

FIG 1 Expression of PD-1 and PDL-1 molecules on splenocytes of naive or
TMEV-infected susceptible SJL mice and resistant B6 mice. (A) The propor-
tion of PD-1-positive CD4� and CD8� T cells in the spleens of naive or
TMEV-infected SJL mice and B6 mice was determined at 8 days postinfection
using flow cytometry; (B) the proportion of PDL-1-positive CD4� and CD8�

T cells in the spleens of naive or TMEV-infected SJL and B6 mice was deter-
mined at 8 days postinfection using flow cytometry; (C) the proportion of
PD-1- and PDL-1-positive CD45� CD11b� cells in the spleens of naive or
TMEV-infected SJL and B6 mice was determined at 8 days postinfection. The
numbers in the fluorescence-activated cell sorter plots represent the percent-
ages of total CD4� or CD8� T cells or CD45� CD11b� cells in the spleen. Data
are representative of three experiments using three mice per group. The per-
centages of PD-1- and PDL-1-positive cells were determined on the basis of the
staining of the cells with the corresponding isotype control antibodies (data
not shown). (D) The mean fluorescence intensity (MFI) of PD-1 and PDL-1
expression on splenic cells was compared between naive and TMEV-infected
SJL and B6 mice. The values given represent the means � standard deviations
of three independent experimental results. Statistically significant differences
are indicated with asterisks (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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(Fig. 2A) were drastically increased (to �70%) compared with the
proportions (10 to 20%) infiltrating the spleen (Fig. 1). However,
the proportions of PD-1� CNS-infiltrating CD4� and CD8� T
cells were very similar in infected SJL and B6 mice. The proportion
of the PD-1� CNS-infiltrating CD45hi CD11b	 population con-
taining non-macrophage-like lymphocytes, including CD4� and
CD8� T cells and B cells, was consistently higher (P � 0.01) in
susceptible SJL mice than in B6 mice (Fig. 2B). Microglia (CD45int

CD11b�) from naive SJL and B6 did not express PD-1 molecules.
However, after 8 days postinfection, PD-1 expression on micro-
glia in the CNS similarly increased in both SJL and B6 mice. In

contrast, the proportion of PD-1� CNS-infiltrating macrophages
(CD45hi CD11b�) in infected SJL mice was much higher (�4.5-
fold) than that in infected B6 mice (Fig. 2A and B). Similarly, the
MFI of PD-1 on the CNS-infiltrating macrophages from infected
SJL mice was also significantly higher than that of PD-1 on the
CNS-infiltrating macrophages from B6 mice (not shown). These
results suggest that the expression of PD-1 is higher on macro-
phages, as well as CNS-infiltrating non-T lymphocytes, which are
potentially antigen-presenting cells in the CNS, in virus-infected
SJL mice than on macrophages in virus-infected B6 mice.

The proportions of PDL-1� CD4� and CD8� T cells (�90%)

FIG 2 Expression of PD-1 and PDL-1 molecules on CNS cells of naive or TMEV-infected SJL mice and B6 mice. (A) The proportions of PD-1-positive CD4�

and CD8� T cells, overall CD45� CD11b	 cells, microglia (MG; CD45int CD11b�) and macrophages (MPs; CD45hiCD11b�) in the CNS of naive or TMEV-
infected SJL mice and B6 mice were determined using flow cytometry at 8 days postinfection. (C) The proportions of PDL-1-positive CD4� and CD8� T cells and
overall CD45� CD11b	 microglia and MPs in the CNS of TMEV-infected SJL mice and B6 mice were determined using flow cytometry at 8 days postinfection.
The percentages of PD-1- and PDL-1-positive cells were assessed after gating on the basis of negative staining with isotype control antibodies (data not shown).
Data are representative of three separate experiments using three mice per group. (B and D) The mean percentages of PD-1-positive (B) and PDL-1-positive (D)
CD4� and CD8� T cells, overall CD45� CD11b	 cells, microglia, and MPs were compared between naive and TMEV-infected SJL and B6 mice. The values given
represent the means � standard deviations of three independent experimental results. Statistically significant differences are indicated with asterisks (**, P �
0.01). nd, not detected.
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in the CNS of infected SJL and B6 mice were similarly high (Fig.
2C). In addition, no significant differences in the proportions of
PDL-1� CD45� CD11b	 cells were observed between SJL and B6
mice. Similar to the expression of PD-1, low proportions of mi-
croglia (CD45int CD11b�) from naive SJL and B6 mice expressed
PDL-1 molecules (Fig. 2C). However, the proportions of PDL-1�

microglia were markedly increased after 8 days postinfection in
both SJL and B6 mice (Fig. 2C), but the proportion was signifi-
cantly higher in B6 mice (Fig. 2D). The percentages of PDL-1�

CNS-infiltrating macrophages (CD45hi CD11b�) in infected SJL
and B6 mice were similarly very high (�90%) (Fig. 2C). These
results collectively suggest that PD-1 and PDL-1 molecules are not
expressed on microglia in uninfected naive mice but that the ex-
pression is induced after TMEV infection. The expression of PD-1
on macrophages in the CNS of virus-infected SJL mice is much
higher than that in the CNS of B6 mice. However, the expression
of PDL-1 on microglia in infected SJL mice was lower than that in
B6 mice. In contrast, the expression levels of these molecules on
CNS-infiltrating CD4� and CD8� T cells in virus-infected SJL and
B6 mice were similar.

IL-6-Tg mice exhibit upregulated expression of PD-1 and
PDL-1 molecules in the CNS and poor cytolysis of viral epitope-
bearing target cells. We have previously shown that resistant B6
mice treated with lipopolysaccharide (LPS) produce high levels of
IL-6 and become susceptible to TMEV-induced demyelinating
disease via an elevated level of pathogenic Th17 cells (12). Thus,
we have examined the levels of IL-17A production and PD-1 and
PDL-1 expression in B6 mice expressing intrinsically high levels of
IL-6 by using IL-6-Tg B6 mice. As expected, IL-6-Tg B6 mice
infected with TMEV displayed a higher viral load and a higher
level of IL-17A production in the CNS at 8 days postinfection than
the control B6 mice. In addition, the increased expression of PD-1
and PDL-1 was observed with quantitative PCR (Fig. 3A). To fur-
ther determine whether excessive expression of IL-6 in IL-6-Tg
mice affects the levels of PD-1 and PDL-1, we assessed the expres-
sion of these molecules in pooled CNS cells from naive and
TMEV-infected B6 and IL-6-Tg mice (Fig. 3B). Interestingly, CNS
cells from naive IL-6-Tg mice displayed a markedly increased
number of CD45� cells (�3-fold) representing activated cells
compared to naive B6 mice and �2-fold higher proportions of
PD-1� and PDL-1� CD45� cells than naive B6 mice. After TMEV
infection, the proportions of PD-1� and PDL-1� cells were fur-
ther increased in both B6 and IL-6-Tg mice. To further identify
the cell type expressing PD-1 and PDL-1, the levels of PD-1 and
PDL-1 in microglia (CD45int CD11b�), macrophages (CD45hi

CD11b�), lymphocytes (CD45hi CD11b	), and other glial cells
(CD45	 CD11b	) in the CNS of infected mice were measured at 8
days postinfection (Fig. 3C). The proportions of PD-1� and
PDL-1� microglia were higher in infected IL-6-Tg mice than in B6
mice. CNS-infiltrating macrophages presented only negligible in-
creases of these molecules in IL-6-Tg mice. Glial cells (CD45	

CD11b	) other than microglia expressed these molecules at sim-
ilar levels in these mice. Further analysis of the T cell populations
indicated that the proportion of PD-1� CD4� T cells was similar
in IL-6-Tg and B6 mice, but the proportion of PD-1� CD8� T
cells observed in IL-6-Tg mice was lower than that observed in B6
mice (43.7% � 7.0% versus 69.5% � 7.2%; P � 0.05) (Fig. 3D).
Consistent with the CD45� CD11b	 populations in Fig. 3C, the
proportions of PDL-1� CD4� and CD8� T cells were very similar
in B6 and IL-6-Tg mice. These results suggest that a high intrinsic

IL-6 level in mice elevates the expression of PD-1 and PDL-1,
particularly on microglia in naive mice, and further upregulates
the expression following viral infection in the CNS.

To further determine whether the elevated expression of PD-1
and PDL-1 in IL-6-Tg mice is associated with reduced cytolytic
function, we compared the specific target cell lysis by CD8� T cells
in virus-infected B6 and IL-6-Tg mice after administration of
epitope-loaded target cells (Fig. 3E). In B6 mice, the lysis of specific
target cells was nearly complete (96%) compared with that for non-
specific target cells, whereas the lysis occurred partially (70%) in IL-
6-Tg mice. Therefore, these results are consistent with the notion that
excessive IL-6 inhibits target lysis through upregulation of PD-1 and
PDL-1 molecules in the CNS. Because IL-6-Tg mice also display in-
creased levels of IL-17 (Fig. 3A), which inhibits target cell lysis (12),
IL-17 may also participate in the inhibition of cytolysis.

The presence of IL-6 is essential for the upregulation of
PDL-1 in microglia following TMEV infection. The above-pre-
sented results demonstrating the elevated expression of PD-1 and
PDL-1 in IL-6-Tg mice (Fig. 3) suggest that the presence of IL-6
may be involved in the upregulation. To directly assess the in-
volvement of IL-6 in the upregulation of these molecules follow-
ing TMEV infection, the expression levels of PD-1 and PDL-1
were first compared between TMEV-infected control B6 mice and
IL-6 KO mice lacking IL-6 production. The proportions of PD-1�

and PDL-1� CD4� and CD8� T cells in the CNS of virus-infected
IL-6 KO mice were only marginally different from those in the
wild-type B6 mice, which were not deficient in IL-6 production
(Fig. 4A). However, the proportions of PD-1� and PDL-1� mi-
croglia (CD45int CD11b�) in the CNS of virus-infected IL-6 KO
mice were �2-fold lower than those in the CNS of the wild-type
B6 mice (Fig. 4B). The levels of these molecules on other cell types,
including macrophages (CD45hi CD11b�), of IL-6 KO mice were
only slightly lower than those on cells of the control B6 mice.
These results suggest that the presence of IL-6 contributes to the
upregulation of PD-1 and PDL-1 molecules, particularly in mi-
croglia following TMEV infection.

It would be best to use microglial cultures to further investigate
the role of IL-6 in the upregulated expression of PD-1 and PDL-1
molecules in vitro. However, it is not technically possible to main-
tain microglial cultures without external stimulation. Therefore,
to further confirm the potential involvement of IL-6 in the up-
regulation of PD-1 (Fig. 4C) and PDL-1 expression (Fig. 4D) in
conjunction with TMEV infection, we utilized cultures of bone
marrow-derived DCs and peritoneal macrophages derived from
B6 mice and IL-6 KO B6 mice. PD-1 expression was not affected
by the presence or absence of IL-6 in either DC or macrophage
cultures, although TMEV infection upregulated the expression in
both DC and macrophage cultures (Fig. 4C). In contrast, the ex-
pression of PDL-1 was significantly upregulated on DCs and mac-
rophages from B6 mice following TMEV infection (Fig. 4D).
However, the levels of PDL-1 expressed on DCs and macrophages
from IL-6 KO mice were lower than the levels for B6 mice, and this
deficiency in the upregulation was fully restored after addition of
rIL-6. These results indicate that IL-6 induction following TMEV
infection is necessary for maximal upregulation. It is interesting to
note that the addition of rIL-6 in the absence of viral infection did
not affect the level of PDL-1 on DCs but significantly elevated the
expression by macrophages, although the maximal upregulation
appeared to require both IL-6 and TMEV infection. These results
further suggest that the sensitivity to IL-6-dependent upregula-
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tion is different depending on the cell type. The level of rIL-6
required for PDL-1 upregulation in conjunction with TMEV in-
fection was further assessed to exclude the possibility that the ad-
dition of a nonphysiological level of rIL-6 might have resulted in
the upregulation. The level of rIL-6 necessary for the TMEV-in-
fected IL-6 KO DCs appeared to be very low. Only 10 ng of rIL-6,
which is well within the range of physiological production, was
sufficient for maximal PDL-1 upregulation (data not shown).
These data suggest that IL-6 is directly involved in the upregula-
tion of PDL-1, unlike the upregulation of PD-1. Nevertheless,
viral infection may also provide a signal(s) for the upregulation of
PDL-1, in addition to IL-6, and these signals appear to collectively
participate in PDL-1 upregulation.

IL-6 and/or type I IFN mediates the upregulation of PD-1
and PDL-1 expression on DCs and macrophages infected with
TMEV. It was previously shown that type I IFN treatment pro-
motes PD-1 and PDL-1 expression on T cells and monocytes (29,
30). Thus, the upregulated expression of PD-1 and PDL-1 after
TMEV infection could be mediated by infection-induced IL-6
and/or type I IFNs. To further confirm the role of IL-6 and type I
IFN in the upregulation of PD-1 and PDL-1 expression, bone
marrow-derived DCs and peritoneal macrophages derived from
B6 mice were treated with IL-6 and/or type I IFN (Fig. 5A and B).
The expression of PD-1 on both DCs and macrophages was up-
regulated after treatment with IFN-
 without TMEV infection
(Fig. 5A). The level of upregulation of PD-1 by IFN-
 was similar

FIG 3 Elevated levels of PD-1 and PDL-1 expression on CNS-resident microglia of IL-6-Tg B6 mice. (A) The TMEV RNA and IL-17, PD-1, and PDL-1 mRNA
levels in the CNS of TMEV-infected B6 mice and IL-6-Tg B6 mice were assessed at 8 days postinfection using quantitative PCR. The values given represent the
means � standard deviations of triplicates of the fold induction after normalization to GAPDH mRNA levels. Statistically significant differences are indicated
with asterisks (*, P � 0.05; ***, P � 0.001). (B) The proportions of PD-1- and PDL-1-positive CD45� CNS cells of naive and TMEV-infected B6 mice and IL-6-Tg
mice were determined using flow cytometry. (C) The levels of PD-1 and PDL-1 expression on microglia (MG; CD45intCD11b�), macrophages (MPs;
CD45highCD11b�), CD45� CD11b	, and CD45	 CD11b	 cells were assessed using flow cytometry. CNS cells from B6 mice and IL-6-Tg mice were used after
8 days postinfection. (D) The levels of PD-1 and PDL-1 expression on CNS-infiltrating CD4� and CD8� T cells from TMEV-infected B6 mice and IL-6-Tg mice
at 8 days postinfection are shown. (E) In vivo cytolysis of virus-specific versus control target cells was determined using peptide-loaded and CFSE-labeled target
cells. Virus-specific VP2121-130 and control OVA323-339 peptide-loaded target cells were labeled with low and high concentrations of CSFE, respectively. The ratios
between specific (VP2121-130) and nonspecific (OVA323-339) target cells are shown in the histograms. Data are representative of three experiments using three mice
per group.
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to the level obtained after TMEV infection on DCs and exceeded
the level obtained after TMEV infection on macrophages. How-
ever, PD-1 expression was not elevated on DCs and was elevated
very little on macrophages after treatment with IL-6 alone, con-
sistent with the results in Fig. 4C. In contrast, the proportions of
PDL-1� DCs and macrophages were significantly increased after
treatment with IFN-
 or IL-6 (Fig. 5B). However, the proportion
of PDL-1� DCs induced after treatment with IFN-
 or IL-6 was
lower than that induced after TMEV infection. When DCs were
treated with IFN-
 plus IL-6, the proportion of PDL-1� DCs in-
duced became similar to that induced after viral infection. Because

the proportion of PDL-1� DCs induced after treatment with
IFN-
 plus IL-6 was similar to the sum of the proportions of
PDL-1� DCs induced by IFN-
 and IL-6 separately, the effect of
these cytokines on PDL-1 expression is additive. On the other
hand, the proportion of PDL-1� macrophages far exceeded that
induced after TMEV infection (93.3% � 0.9% versus 61.6% �
7.2%; P � 0.01). Similarly, the proportion of PDL-1� macro-
phages induced after treatment with IL-6 alone was also greater
than that induced by TMEV infection (80.9% � 4.2% versus
61.6% � 7.2%; P � 0.05). Thus, the induction of PDL-1 expres-
sion on macrophages appears to be much more sensitive to these

FIG 4 Lack of PDL-1 upregulation in the absence of IL-6 following in vitro TMEV infection. (A) Flow cytometry plots show the proportions of PD-1 and PDL-1
positive CD4� and CD8� cells in the CNS of TMEV-infected control B6 mice and IL-6 KO B6 mice at 8 days postinfection. (B) The proportions of PD-1 and
PDL-1 positive microglia (MG; CD45int CD11b�), macrophages (MPs; CD45hi CD11b�), and CD45� CD11b	 cells in the CNS of virus-infected mice were
compared at 8 days postinfection. Data are representative of three experiments using three mice per group. (C and D) Expression of PD-1 (C) and PDL-1 (D) on
bone marrow-derived DCs and peritoneal MPs from B6 and IL-6 KO mice was assessed using flow cytometry after 24 h with or without TMEV infection
(multiplicity of infection � 10) and with or without addition of 10 ng of rIL-6. The numbers in the histograms represent the percentages of PD-1� or PDL-1�

cells in CD11c� bone marrow cells cultured for 5 days, as described previously (28), or CD11b� peritoneal macrophages. Data are representative of three
experiments using three mice per group. PBS, phosphate-buffered saline.
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cytokines. In addition, either IL-6 or IFN-
 alone is sufficient to
trigger the expression of PDL-1 on most macrophages, unlike the
expression on DCs. These results further confirm that the innate
cytokines IFN-
 and IL-6 are associated with the maximal expres-
sion of PDL-1 and IFN-
 is associated with the expression of PD-1
after TMEV infection. However, the sensitivity of the induction to
the cytokines is cell type dependent.

To confirm the effects of type I IFN signaling on the upregu-
lated expression of PD-1 and PDL-1 following TMEV infection,
peritoneal macrophages (CD45hi CD11b�) from type I IFN recep-
tor-deficient (IFN-IR KO) mice and the control mice (129S2/SP)

were infected with TMEV in vitro. The expression levels of PD-1
and PDL-1 on the peritoneal macrophages from control mice
were elevated 2- to 3-fold after TMEV infection compared with
the levels for uninfected cultures (Fig. 5C and D). In contrast,
TMEV-infected macrophages from IFN-IR KO mice failed to up-
regulate PD-1 and PDL-1 expression from the level of the mock-
infected macrophages. In addition, it was interesting to note that
the intrinsic levels of both PD-1 and PDL-1 expressed on the mac-
rophages from IFN-IR KO mice were 2-fold lower than those ex-
pressed on the macrophages from IFN-IR-sufficient control mice.
Furthermore, IFN-IR KO macrophages infected with TMEV pro-

FIG 5 Expression of PD-1 and PDL-1 molecules on peritoneal macrophages from IFN-IR KO mice after in vitro TMEV infection. (A and B) Expression of PD-1
(A) and PDL-1 (B) on bone-marrow-derived DCs and peritoneal MPs from B6 mice was determined using flow cytometry after 24 h of TMEV infection
(multiplicity of infection � 10) or with addition of 100 U IFN-
 and/or 100 ng of rIL-6. The numbers in the histograms represent the percentages of PD-1� or
PDL-1� cells in CD11c� bone marrow-derived cells cultured for 5 days or CD11b� peritoneal macrophages. (C and D) Expression levels of PD-1 (C) and PDL-1
(D) on peritoneal macrophages from control 129S2/SP mice and IFN-IR KO mice were determined after 24 h of in vitro TMEV infection (multiplicity of
infection � 10) using flow cytometry. The numbers in the fluorescence-activated cell sorter plots represent the percentages of PD-1� or PDL-1� cells among the
total peritoneal macrophages (CD45hi CD11b�). Data are representative of three separate experiments using two mice per group.
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duced a similar level of IL-6 as control macrophages (not shown).
Thus, the lower level of expression of PD-1 and PDL-1 on
IFN-IR KO macrophages is not likely due to a lower level of
IL-6 production. These results suggest that the expression of
PD-1 and PDL-1 on macrophages following TMEV infection is
dependent on the presence of type I IFN signaling. These re-
sults are consistent with previous reports on the upregulated
expression of PD-1 and PDL-1 by type I IFNs (29, 30).

The proportions of PD-1� CNS-infiltrating T cells and
PDL-1� microglia are significantly higher in IFN-IR KO mice
after TMEV infection. To further examine the effects of type I IFN
signaling on the expression of PD-1 and PDL-1 on cells in the CNS
of TMEV-infected mice, we compared the expression levels in
TMEV-infected control and IFN-IR KO mice (Fig. 6). Surpris-
ingly, our results displayed that the expression of PD-1 on both
CD4� and CD8� T cells in the CNS of IFN-IR KO mice at 7 days

FIG 6 Expression of PD-1 and PDL-1 molecules in the CNS of TMEV-infected control and IFN-IR KO mice. (A) The proportions of PD-1- and CD69-positive
CD4� T cells and CD8� T cells in the CNS of TMEV-infected control (129S2/SP) mice and IFN-IR KO mice were compared at 7 days postinfection by flow
cytometry. The numbers in the fluorescence-activated cell sorter plots represent the percentages of total CD4 or CD8 cells in the CNS. (B) The proportions of
PD-1- and PDL-1-positive microglia (MG; CD45int CD11b�), macrophages (MPs; CD45hi CD11b�), and CD45� CD11b	 cells representing infiltrating
lymphocytes in the CNS of TMEV-infected 129S2/SP mice and IFN-IR KO mice were determined at 7 days postinfection using flow cytometry. (C) TMEV and
cytokine mRNA expression levels in the CNS of TMEV-infected control (CON; 129S2/SP) mice and IFN-IR KO (IFNKO) mice at 7 days postinfection were
analyzed by quantitative PCR. Data are expressed as the fold expression after normalization to the GAPDH mRNA levels. The values given are means � standard
deviations of triplicates. Statistically significant differences are indicated with asterisks (**, P � 0.01; ***, P � 0.001). Data are representative of three separate
experiments using three mice per group.
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postinfection was consistently higher than the expression ob-
served on cells from control 129S2/SP mice (Fig. 6A). In contrast,
the expression of CD69, an activation marker, on these T cells was
severalfold lower than that on cells from virus-infected control
(129S2/SP) mice, suggesting a deficiency in T cell activation (Fig.
6A). However, the proportion of PDL-1� T cells was very high
(�90%) in both mouse strains (not shown), as shown in virus-
infected B6 and IL-6-Tg mice (Fig. 3D). These results suggest that
the elevated PD-1 expression is associated with reduced T cell
activation, which is in agreement with previous reports (20).

We also compared the proportions of PD-1- and PDL-1-pos-
itive microglia (CD45int CD11b�) and infiltrating microphages
(MPs; CD45hi CD11b�) in the CNS of IFN-IR KO and control
mice at 7 days postinfection (Fig. 6B). The expression of PD-1 on
these cell types was relatively low. However, the expression of
PD-1 was �2-fold elevated on the microglia, but not on the mac-
rophages, of infected IFN-IR KO mice compared with that on the
cells of control mice. In addition to PD-1, the expression levels of
PDL-1 on microglia, but not infiltrating macrophages, were also
elevated (�2-fold) in TMEV-infected IFN-IR KO mice compared
with the expression levels on the cells of control mice. These re-
sults are similar to the expression pattern observed in IL-6-Tg
mice, which displayed elevated viral loads in the CNS (Fig. 3A).
We further examined the possibility that the elevated expression
of PD-1 and PDL-1 in the CNS of virus-infected IFN-IR KO mice
is mediated via alternate signaling pathways using IL-6 and/or
IFN-� (Fig. 6C). Consistent with this possibility, mRNA levels of
both IL-6 and IFN-� were significantly higher in the CNS of in-
fected IFN-IR KO mice than in the CNS of wild-type control mice.
Therefore, the upregulation of PD-1 expression on T cells and
PDL-1 on microglia in IFN-IR KO mice with high viral loads (Fig.
6C) (31) may be achieved via signaling molecules other than type
I IFNs, such as IL-6 and IFN-�.

Expression of PD-1 and PDL-1 on CD11b� cells is also
higher in the CNS of TMEV-infected mice deficient in TLR3 or
MDA5 signaling. It was previously reported that innate immune
responses to viral infection, such as the TLR response, upregulate
the expression of PD-1 and PDL-1 molecules on various cell types
(32, 33). In addition, TMEV infection induces strong TLR3 and
melanoma differentiation-associated gene 5 (MDA5) responses,
and these innate immune responses play important protective
roles in controlling viral loads in the CNS and the development of
demyelinating disease (34, 35). If a high viral load in the CNS
affects the expression levels of PD-1 and PDL-1, we predicted that
mice lacking these receptors for innate immunity to TMEV would
display an elevated expression of PD-1 and PDL-1 molecules. To
test this hypothesis, we used TMEV-infected TRL3 KO mice and
MDA5 KO mice to assess the levels of PD-1 and PDL-1 in the CNS
(Fig. 7). When we compared the expression of PD-1 on CD4� and
CD8� T cells in the CNS from SJL and TLR3 KO SJL mice at 7 days
postinfection, there was no significant difference (data not
shown). However, the expression of both PD-1 and PDL-1 on
microglia (CD45int CD11b�), but not macrophages (CD45hi

CD11b�), in the CNS of TMEV-infected TLR3 KO SJL mice was
approximately 2-fold higher than that in the CNS of infected SJL
mice (Fig. 7A). The expression levels of PD-1 and PDL-1 mole-
cules on the CNS-infiltrating macrophages reached the maximal
levels in these mice. The CD45� CD11b	 population containing T
cells and B cells also expressed similarly high levels in these mice.
Therefore, high viral loads in the absence of TLR3-mediated sig-

naling (34) appear to result in the differentially elevated expres-
sion of PD-1 and PDL-1 on the CNS-resident microglia but not on
infiltrating cell populations, including similar macrophages, fol-
lowing TMEV infection.

MDA5 binds double-stranded RNA and also induces a variety
of innate responses, including type I IFN responses (36, 37).
MDA5 KO mice display an elevated viral load accompanied by a
highly reduced type I IFN response, leading to the development of
demyelinating disease after TMEV infection (35). To assess the
potential association between MDA5-mediated signaling and the
expression of PD-1 and PDL-1, we analyzed the expression of
these molecules in the CNS of TMEV-infected control (129Sv/J)
and MDA5 KO mice at 7 days postinfection (Fig. 7B). In contrast
to TLR3 KO mice, the expression level of PD-1 on CNS-infiltrat-
ing macrophages, but not microglia, was higher (�3-fold) in
MDA5 KO mice than control mice. The PDL-1 levels on the mi-
croglia and macrophages were similarly high in both control and
MDA5 KO mice. These data indicate that MDA5-mediated signal-
ing is not involved in the regulation of these molecules on micro-
glia, unlike TLR3-mediated signaling. However, it appears that
MDA5-mediated signaling may be involved in the downregula-
tion of PD-1 on CNS-infiltrating macrophages.

DISCUSSION

It is well established that the binding of PD-1 on T cells to PDL-1
on antigen-presenting cells leads to the inhibition of T cell activa-
tion and function at the sites of inflammation (14, 15). For exam-
ple, infection with rabies virus induces PDL-1 expression on in-
fected neurons and PDL-1-deficient mice have demonstrated
resistance to the viral infection, suggesting a counterprotective
function of PDL-1 in the CNS (33). Similarly, infection with a
neurotropic strain of JHMV (the JHM strain of mouse hepatitis
virus) induces the expression of PD-1 on virus-specific CD8� T
cells and PDL-1 on oligodendroglia and microglia in the CNS, and
PDL-1-deficient mice manage more efficient JHMV control in the
CNS (38). In addition, it has been extensively shown that immu-
nologically exhausted hosts with chronic viral infections display
poorly functional CD8� T cells or CD4� T cells associated with
PD-1/PDL-1 signaling (20, 39, 40).

We have previously shown that lower-level expression of co-
stimulatory molecules on the antigen-presenting cells in the CNS
of susceptible mice results in poor antiviral T cell responses, lead-
ing to a higher viral load and the pathogenesis of TMEV-IDD (7).
In addition, blocking of PD-1/PDL-1 signaling in susceptible mice
with antibodies to PDL-1 (26) or PD-1 (C.-S. Koh, unpublished
results) results in the delayed development of the demyelinating
disease. To further understand the mechanisms underlying the
elevated expression of PD-1 and PDL-1 following TMEV infec-
tion, we compared the levels of these molecules expressed on
splenocytes and CNS cells in naive and TMEV-infected suscepti-
ble SJL mice and resistant B6 mice. We also assessed the innate
immune signals associated with the expression levels of these mol-
ecules. Interestingly, our data indicated that the levels of PD-1 and
PDL-1 expressed on T cells (CD4� and CD8� cells) in the periph-
ery are similar between naive and TMEV-infected mice, regardless
of the susceptibility to TMEV (Fig. 1). However, the levels of PD-1
and PDL-1 expressed on macrophages (CD45hi CD11b� cells) in
the periphery of naive susceptible SJL mice were significantly
higher than the levels expressed in naive resistant B6 mice, and the
higher levels in SJL mice were maintained after TMEV infection
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(Fig. 1). Although the cells in the CNS of naive mice expressed
neither PD-1 nor PDL-1, the proportions of PD-1� microglia and
macrophages in the CNS of TMEV-infected mice were elevated,
particularly on the macrophages of susceptible SJL mice (Fig. 2).
However, the proportions of PDL-1� microglia and macrophages
were markedly elevated in the CNS of both susceptible and resis-
tant mice. It was interesting to note that the proportion of PDL-1�

microglia in the CNS of resistant B6 mice was higher than that in
the CNS of susceptible SJL mice (Fig. 2). Thus, it is possible that
the higher expression of PDL-1 on B6 microglia may dampen T
cell-mediated CNS damage and consequent inflammatory re-
sponses. The expression levels of both PD-1 (�70%) and PDL-1

(�80%) on CNS-infiltrating T cells in TMEV-infected mice were
virtually identical in susceptible SJL mice and resistant B6 mice
(Fig. 2). These results strongly suggest that the differential expres-
sion of PD-1, but not PDL-1, on macrophages, the major potential
antigen-presenting cells in the CNS, could exert a higher level of
negative signaling against the development and function of locally
expanding antiviral T cell responses. On the other hand, a higher
level of PDL-1 expression on microglia may protect the integrity
of the CNS in virus-infected resistant B6 mice. This notion is con-
sistent with recent reports indicating that PD-1 expression on an-
tigen-presenting cells negatively affects host protection against
bacterial or viral infections, similar to the findings for PDL-1 ex-

FIG 7 Expression of PD-1 and PDL-1 molecules in the CNS of TMEV-infected TLR3 KO mice and MDA5 KO mice. (A) The proportions of PD-1- and
PDL-1-positive microglia (MG; CD45int CD11b�), macrophages (MPs; CD45hi CD11b�), and CD45� CD11b	 cells representing infiltrating lymphocytes in the
CNS of TMEV-infected control SJL mice and TLR3 KO SJL mice (34) were determined using flow cytometry at 7 days postinfection. The numbers in the
fluorescence-activated cell sorter plots represent the percentages of total microglial, MP, or CD45� CD11b	 cells in the CNS. Data are representative of three
separate experiments using three mice per group. (B) The proportions of PD-1- and PDL-1-positive microglia (CD45int CD11b�), macrophages (CD45hi

CD11b�), and CD45� CD11b	 cells representing infiltrating lymphocytes in the CNS of TMEV-infected control 129Sv/J mice and MDA5 KO mice (35) were
determined at 7 days postinfection. The numbers in the fluorescence-activated cell sorter plots represent the percentages of total microglial, MP, or
CD45�CD11b	 cells in the CNS. Data are representative of three separate experiments using three mice per group.
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pression (40, 41). Therefore, both PD-1/PDL-1 and PDL-1/PD-1
on antigen-presenting cells versus T cells, respectively, may exert
negative signals on T cell responses and function.

The role of the highly expressed PD-1 on CNS-infiltrating T
cells in the development of TMEV-induced demyelinating disease
is unknown. Previously, it was shown that the expression of PD-1
is drastically upregulated on the exhausted T cells and the admin-
istration of anti-PDL-1 antibodies restores the CD8 function dur-
ing chronic lymphocytic choriomeningitis virus (LCMV) infec-
tion (20). However, T cells expressing elevated PD-1 levels in
HIV-1 infection do not appear to be functionally exhausted (42).
Furthermore, we have repeatedly demonstrated that T cells in the
CNS of TMEV-infected resistant B6 mice vigorously function for
cytolysis and IFN-� production (34), yet the majority (�70%) of
the T cells express PD-1, similar to functionally compromised T
cells in the CNS of infected susceptible SJL mice (Fig. 2). These
results strongly suggest that the differential expression of this neg-
ative signaling molecule on antigen-presenting cells plays a critical
role in regulating the T cell responses and functions in the CNS
during virally induced inflammation.

We have previously demonstrated that treatment of resistant
B6 mice with LPS renders the mice susceptible to TMEV-induced
demyelinating disease (5). In addition, we have demonstrated that
administration of LPS induces the production of IL-6, which pro-
motes the development of pathogenic Th17 responses (12). In
addition, it was shown that DCs, microglia, and CNS-infiltrating
macrophages from TMEV-infected SJL mice produce higher lev-
els of IL-6 than such cells from infected B6 mice (7, 28). These
previous results strongly suggested that the IL-6 induced follow-
ing TMEV infection plays an important role in the pathogenesis of
the demyelinating disease. It was reported that expression of
PDL-1 on LPS-treated tolerogenic antigen-presenting cells is reg-
ulated in an IL-6-, IL-10-, and STAT-3-dependent manner (43).
However, the signals that are critical for the upregulation of
PDL-1 following TMEV infection are unknown. In this study, we
observed that IL-6-Tg mice display increased IL-17, PD-1, and
PDL-1 levels and CD8� T cells exhibit compromised activity for
the lysis of specific target cells after TMEV infection (Fig. 3).
Therefore, these data suggest that IL-6 may inhibit specific lysis
through the upregulation of PD-1 and PDL-1 molecules in the
CNS after TMEV infection. Our results indicate that the expres-
sion level of PDL-1 on CD11b� non-T cells in the CNS of TMEV-
infected IL-6 KO mice was significantly lower and the expression
level of PDL-1 in the CNS of TMEV-infected IL-6-Tg mice was
higher than the levels for control B6 mice (Fig. 3 and 4). Moreover,
DCs and macrophages derived from IL-6 KO mice failed to up-
regulate the expression of PDL-1 following TMEV infection.
However, these DCs and macrophages were able to upregulate
PDL-1 expression in the presence of IL-6 following viral infection
(Fig. 4). These results strongly suggest that an IL-6-dependent
signal is involved in PDL-1 expression in the CNS after TMEV
infection. However, the expression of PDL-1 was not fully upregu-
lated in the presence of IL-6 alone without TMEV infection, sug-
gesting that IL-6 alone is not sufficient for the upregulation of
PDL-1 expression, and TMEV infection may provide an addi-
tional signal(s), including type I IFNs, for the upregulation of
PDL-1.

Previous studies indicated that type I IFN is the main inducer of
PD-1 and PDL-1 expression. For example, IFN-� treatment induces
PD-1 expression on T cells in vitro and in vivo (22). In addition,

IFN-
 treatment results in the upregulated expression of PDL-1 on
monocytes and dendritic cells in vitro and in vivo in multiple sclerosis
patients (29). It has also been reported that PDL-1 expression on
neurons is dependent on TLR3-mediated signaling, inducing type I
IFNs after rabies virus infection (33). Infection with TMEV induces
robust upregulation of type I IFN production in vitro and in vivo (7,
28, 44). Therefore, type I IFNs produced after TMEV infection were
reasonable candidates for the signal required for the expression of
PD-1 and PDL-1. To examine this possibility, we assessed the effects
of type I IFNs and IL-6 on the expression of PD-1 and PDL-1 by DCs
and macrophages in vitro in the absence of TMEV infection (Fig. 5).
The expression of PD-1 on DCs and macrophages was mainly de-
rived in the presence of IFN-
 but was poorly derived in the presence
of IL-6, as shown in Fig. 4. In contrast, the expression level of PDL-1
on these cells after treatment with IFN-
 or IL-6 approached or ex-
ceeded the expression level on TMEV-infected cells, depending on
the cell types. These cytokines appear to cooperatively induce PDL-1
expression on DCs but to independently induce PDL-1 expression on
macrophages, with the expression level on macrophages exceeding
the level induced after TMEV infection. Thus, the sensitivity to the
cytokines for the expression of PD-1 and PDL-1 is cell type depen-
dent. As expected, the expression of PD-1 and PDL-1 on macro-
phages from IFN-IR KO mice was impaired following in vitro TMEV
infection compared with that on macrophages from the control mice
(Fig. 5). These results strongly suggest that type I IFNs play a major
role in the upregulation of PD-1 and PDL-1 expression following
TMEV infection and function cooperatively with IL-6 for PDL-1 ex-
pression (Fig. 4). Surprisingly, however, the PD-1 and PDL-1 expres-
sion levels on the microglia of TMEV-infected IFN-IR KO mice were
further elevated compared with those in their counterpart control
mice (Fig. 6B). Because viral loads and the levels of CNS-infiltrating T
cells producing IFN-� are significantly higher in IFN-IR KO mice
(31), alternative signals, such as IFN-�, may provide the upregulation
of PD-1 and PDL-1 expression (45) and/or elevated IL-6 levels may
compensate for the deficiency of upregulation. In fact, we have found
that TMEV-infected IFN-IR KO mice produce higher levels of IL-6
and IFN-� due to an elevated viral load in the CNS (Fig. 6C). In
addition, IFN-IR KO macrophages produced levels of IL-6 similar to
those produced by wild-type B6 macrophages after in vitro TMEV
infection (not shown). These results indicate that type I IFN signaling
is not directly associated with IL-6 production.

TMEV infection induces signals of innate immunity for the pro-
duction of many cytokines, including IL-6 and type I IFNs, mainly via
TLR3 and MDA5 (35, 46). If these cytokines were induced after
TMEV infection via these innate immune receptors, mice lacking
these receptors would fail to upregulate the expression of PD-1 and
PDL-1 molecules. However, the expression level of PD-1 and PDL-1
on CD11b� cells in the CNS of TLR3 KO or MDA5-KO mice after
TMEV infection was even higher than that in receptor-sufficient con-
trol mice (Fig. 7). Moreover, there was no impairment in the expres-
sion of PD-1 and PDL-1 on macrophages from TLR3 KO mice after
in vitro TMEV infection (not shown). Interestingly, type I IFN
(IFN-� and IFN-
) and IL-6 levels are higher in TLR3 KO mice than
in control mice due to the elevated viral load in the CNS (34). Thus,
the elevated levels of type I IFNs caused by high viral loads in TLR3
KO mice may circumvent TLR3-dependent signaling for the induc-
tion of type I IFNs and IL-6 (46, 47). Therefore, it is most likely that
the lack of one innate immune receptor may be compensated for by
other innate immune receptors. Interestingly, the expression of PD-1
and PDL-1 on CNS-resident microglia but not infiltrating macro-

PD-1 and PDL-1 Expression following TMEV Infection

November 2013 Volume 87 Number 21 jvi.asm.org 11549

http://jvi.asm.org


phages is differentially elevated in virus-infected TLR3 KO mice, and
only PD-1 expression on infiltrating macrophages differentially in-
creased in MDA5 KO mice (Fig. 7). In contrast to the elevated levels of
type I IFNs in TMEV-infected TLR3 KO mice, the level of type I IFNs,
particularly the induction of IFN-� during early viral infection (up to
7 to 8 days postinfection), was compromised in TMEV-infected
MDA5 KO mice (35). Therefore, the signals involved in controlling
the expression levels of these molecules are differentially provided by
TLR3 and by MDA5. It has previously been reported that PDL-1 on
microglia was upregulated in the presence of IFN-� (45). Therefore, it
is conceivable that different levels of T cell responses producing
IFN-� in these receptor-deficient mice may affect the expression of
PD-1 and PDL-1 on microglia. The presence of high levels of CNS-
infiltrating T cells producing IFN-� in TLR3 KO and MDA5 KO mice
following TMEV infection is consistent with this possibility (31, 34,
35).

Taken together, the results of this study strongly suggest that the
level of PD-1 expressed on macrophages is potentially important for
presenting antigens to T cells in the CNS of TMEV-infected mice and
corresponds to the susceptibility to demyelinating disease. Therefore,
the elevated expression of PD-1 by the potentially antigen-presenting
cells in the CNS of susceptible mice appears to exert a powerful neg-
ative role in the protection from virus-induced demyelinating disease
by dampening the T cell responses and functions. Our results further
suggest that the IL-6 and type I IFNs generated after TMEV infection
cooperatively upregulate the expression of PD-1 and PDL-1, al-
though IFN-�may also participate in upregulation. Because IL-6 crit-
ically contributes to the pathogenesis of the demyelinating disease
after TMEV infection by elevating the generation of pathogenic Th17
responses (12) and the expression of negative costimulatory mole-
cules PD-1 and PDL-1 on CNS antigen-presenting cells, as shown in
this study, the IL-6 generated upon viral infection appears to play an
important pathogenic role in chronic viral inflammatory responses,
including the possibility that the upregulated expression of PDL-1 on
virus-infected microglia hinders the cytolytic function of CD8� T
cells, permitting viral persistence. Therefore, inhibition of IL-6 pro-
duction or function may be a therapeutic strategy to control the
chronic immune-mediated demyelinating disease resulting from vi-
ral infection.
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