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Microglia are resident central nervous system (CNS) macrophages. Theiler’s murine encephalomyelitis
virus (TMEV) infection of SJL/J mice causes persistent infection of CNS microglia, leading to the development
of a chronic-progressive CD4� T-cell-mediated autoimmune demyelinating disease. We asked if TMEV infec-
tion of microglia activates their innate immune functions and/or activates their ability to serve as antigen-
presenting cells for activation of T-cell responses to virus and endogenous myelin epitopes. The results indicate
that microglia lines can be persistently infected with TMEV and that infection significantly upregulates the
expression of cytokines involved in innate immunity (tumor necrosis factor alpha, interleukin-6 [IL-6], IL-18,
and, most importantly, type I interferons) along with upregulation of major histocompatibility complex class
II, IL-12, and various costimulatory molecules (B7-1, B7-2, CD40, and ICAM-1). Most significantly, TMEV-
infected microglia were able to efficiently process and present both endogenous virus epitopes and exogenous
myelin epitopes to inflammatory CD4� Th1 cells. Thus, TMEV infection of microglia activates these cells to
initiate an innate immune response which may lead to the activation of naive and memory virus- and
myelin-specific adaptive immune responses within the CNS.

Microglia are bone marrow-derived, macrophage-like cells
which populate the central nervous system (CNS). These cells
perform both scavenger (phagocytic) functions and antigen-
presenting cell (APC) functions (18, 32, 36, 51, 59). Microglia
are activated early in response to infection or injury and are
major players in both innate and immune-mediated CNS in-
flammatory responses (32, 58, 59). Multiple sclerosis (MS) is
an immune-mediated inflammatory disease in humans that is
characterized by peripheral T-cell responses to myelin proteins
such as myelin basic protein, proteolipid protein (PLP), and
myelin oligodendrocyte glycoprotein (MOG) (4, 14, 50, 67)
and demyelinating lesions in the brain and spinal cord associ-
ated with the presence of both CD4� T cells and activated
microglia-macrophages (35, 62). Epidemiological evidence
suggests that infection with a neurotropic virus may trigger the
development of MS (33).

Theiler’s murine encephalomyelitis virus (TMEV)-induced
demyelinating disease (TMEV-IDD) serves as a highly rele-
vant virus-induced model for human MS (44). Infection of
SJL/J mice with TMEV results in a life-long persistent infec-
tion of CNS microglia, macrophages, and astrocytes (9, 39, 40).
A chronic progressive autoimmune demyelinating disease is
observed, with onset of clinical signs beginning around 30 to 35
days postinfection (37). Clinical signs of ascending hind limb
paralysis reflect the CNS parenchymal and perivascular mono-
nuclear cell infiltration and demyelination (11, 13, 37). How-
ever, the chronic progressive stage of the disease is mediated
largely by CD4� myelin epitope-specific T cells activated via
epitope spreading (47).

Microglia originate from bone marrow precursors and then

migrate into the CNS during development and are considered
to be a resident macrophage population based on their expres-
sion of F4/80, FcR, and Mac-1 (3, 18, 32, 36, 51, 59). The
antigen-presenting ability of microglia is somewhat controver-
sial. In MS, microglia have been shown to phagocytize myelin
and express major histocompatibility complex (MHC) class II
along with costimulatory molecules, thus indicating their po-
tential to activate autoreactive CD4� Th1 cells (1). In vitro
studies have shown that microglia isolated from newborn ro-
dents and humans are capable of functioning as APCs follow-
ing activation with proinflammatory cytokines such as gamma
interferon (IFN-�) (1). However, microglia tested directly
upon isolation from adult mouse brains exist in a quiescent
state compared to splenic macrophages (6). Collectively, these
studies indicate that activated microglia can perform APC
functions, but the extent of their participation in the initiation
and progression of CNS inflammatory diseases remains to be
determined.

Previous studies addressing the consequences of virus infec-
tion of CNS-resident cells utilized microglial cell lines or whole
brain macrophage populations and examined the expression of
only a limited number of activation markers. Infection of a
human microglial cell line with coronavirus showed increased
nitric oxide (NO) production (17). Infection of a glial cell line
with measles virus led to increased expression of MHC class I
(15). A more recent study demonstrated the activation of a
microglia-macrophage population in the brains of rats infected
with bornavirus (66). Relevant to TMEV-induced demyelinat-
ing disease, previous studies have demonstrated that microglia-
macrophages are the predominant persistently infected cells in
the CNSs of susceptible mice (40) and that mouse brain mac-
rophages can be infected with TMEV in vitro (31, 34). Collec-
tively, these previous studies were unable to differentiate the
effects of virus infection of resident microglia from those of
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CNS-infiltrating macrophages and, more importantly, failed to
address the effects of virus infection on APCs and the effector
function of these cells.

In the current study, we asked if TMEV infection of micro-
glia activates their innate immune functions and/or their ability
to serve as APCs for the activation of T-cell responses to virus
and myelin epitopes. Microglia isolated from the brains of
SJL/J mice could be persistently infected with TMEV in vitro,
resulting in the upregulation of cytokines involved in the innate
immune response (tumor necrosis factor alpha [TNF-�], inter-
leukin-6 [IL-6], IL-12 IL-18, and, most importantly, type I
IFNs) along with a dramatic upregulation of IL-12 mRNA and
surface expression of MHC class II and costimulatory mole-
cules (B7-1, B7-2, and CD40). Microglia activated by TMEV
infection were able to process and present both virus and
myelin antigens to CD4� Th1 lines as efficiently as microglia
treated with IFN-�. Therefore, microglia respond to direct
TMEV infection by upregulating cytokines critical in the in-
nate immune response and are also capable of stimulating
adaptive immune responses to virus and self myelin proteins.
This is the first report demonstrating that virus infection of a
quiescent APC population can directly lead to activation of
APC function.

MATERIALS AND METHODS

Mice. Pregnant (15 to 17 days) SJL/J mice were purchased from Harlan Labs
(Bethesda, Md.). Mice were housed in the Northwestern University animal
facility in accordance with university and National Institutes of Health animal
care guidelines. Neonatal mice 1 to 3 days old were used for the isolation of
microglia.

Antigens. PLP139–151 (HSLGKWLGHPDKF), PLP56–70 (DYEYLINVIHA
FQYV), PLP178–191 (NTWTTCQSIAFPSK), VP270–86 (WTTSQEAFSHIRIP
LPH), and VP324–37 (PIYGKTISTPSDY) were purchased from Peptides Inter-
national (Louisville, Ky). The amino acid composition was verified by mass
spectrometry, and purity was assessed by high-performance liquid chromatogra-
phy. Intact bovine PLP was prepared from chloroform-methanol (2:1) extracts of
bovine white matter as previously described (23).

Media. Mixed glial cultures were maintained in Dulbecco modified Eagle
medium (DMEM)-F12 (Sigma, St. Louis, Mo.) supplemented with 10% fetal calf
serum (FCS; Sigma), 6 g of glucose per liter, 2.4 g of NaHCO3 per liter, 0.37 g
of L-glutamine (Life Technologies, Gaithersburg, Md.) per liter, 100 U of pen-
icillin per ml, and 100 �g of streptomycin (Life Technologies) per ml. Microglial
cells were cultured in DMEM (Sigma) supplemented with 20% FCS, 2 mM
L-glutamine, and 3 ng of recombinant murine granulocyte-macrophage colony-
stimulating factor (R&D Systems, Minneapolis, Minn.) per ml. T cells were
maintained in DMEM supplemented with 10% FCS, 2 mM L-glutamine, 100 U
of penicillin per ml, 100 �g of streptomycin per ml, 50 �M 2-mercaptoethanol,
0.1 mM nonessential amino acids, 1 mM sodium pyruvate (Life Technologies),
minimum essential medium essential vitamins (Life Technologies), 0.1 mM as-
paragine (Life Technologies), 0.1 mg of folic acid (Life Technologies) per ml,
0.8% T-STIM (Collaborative Biomedical Research, Bedford, Mass.), and 0.2 U
of recombinant IL-2 (Roche Molecular Biochemicals, Indianapolis, Ind.) per ml.
TMEV infection was conducted in DMEM with no supplements. Proliferation
assays and T-cell stimulations were conducted in DMEM supplemented with
10% FCS, 5 mM L-glutamine, 0.1 mM nonessential amino acids, 100 U of
penicillin per ml, 100 �g of streptomycin per ml, and 50 �M 2-mercaptoethanol.

Isolation and culture of microglia. Isolation of mixed glial cultures from
neonatal mice was performed as previously described (24, 60, 65). Briefly, tissue
culture flasks were coated for 3 h with 10 �g of poly-D-lysine (Sigma) per ml. The
brains were removed from 1- to 3-day-old neonatal mice, and the meninges were
removed. The left and right hemispheres of the brain were gently dissociated in
a nylon mesh bag. The resulting cell suspension was passed through no. 60 and
100 stainless steel screens (Sigma). The cells were centrifuged, and the cell pellet
was resuspended in DMEM-F12 complete medium. The cells were seeded in the
poly-D-lysine-coated tissue culture flasks and incubated at 37°C. The medium was
replaced at 3-day intervals. Following 10 to 14 days of incubation, microglia were
removed from the astroglial layer by shaking of the flasks on an orbital shaker for

24 h at 300 rpm. The microglia which were shaken off into the medium were
removed from the flasks and centrifuged. The microglia were resuspended in
DMEM complete microglial medium and seeded in 24-well tissue culture plates
coated with poly-D-lysine. The microglia were cloned by limiting dilution in
DMEM complete microglia medium for 4 weeks to obtain pure microglial
cultures. Microglial cultures were maintained for several months in 24-well tissue
culture plates.

Virus infection. The BeAn strain of TMEV was prepared and purified from
confluent BHK-21 cells infected with the BeAn 8386 strain as previously de-
scribed (38). Microglial cultures were infected with strain BeAn at a multiplicity
of infection of 5. The microglia were washed twice with DMEM and then
infected with the virus in DMEM. The infected cultures were incubated at 20°C
for 1 h with intermittent shaking. Additional medium was added, and the mi-
croglia were incubated for 48 h at 34°C.

Cell surface staining. Microglia cultured in 24-well tissue culture plates were
incubated in the presence or absence of recombinant IFN-� (100 U/ml) for 24 h
at 37°C or infected with the BeAn virus for 48 h. The cells were washed twice
with cold fluorescence-activated cell sorter (FACS) buffer (phosphate-buffered
saline [PBS] with 5% normal goat serum). Microglia were incubated with normal
mouse serum and Fc receptor block for 30 min at 4°C. The microglia were then
incubated for 45 min at 4°C with antibodies directly conjugated to biotin for the
antigens Mac-1 (CD11b), CD45, CD40, ICAM-1 (CD54), B7-1 (CD80), B7-2
(CD86), H-2Ks (MHC class I), and I-As (MHC class II) or the appropriate
isotype control antibody controls (PharMingen). Following the antibody binding,
the microglia were washed twice with FACS buffer and then incubated with
streptavidin-fluorescein isothiocyanate for 30 min at 4°C. Microglia were washed
twice before gentle removal of the cells from the surface. The stained cells were
analyzed on a Becton Dickinson FACS Calibur. The flow plots shown represent
all of the cells derived from each of the various culture conditions, with 5 to 8%
of the events consisting of cellular debris based on forward versus side scatter
analysis.

RNA isolation and reverse transcription (RT)-PCR cytokine analysis. Micro-
glia were incubated in the presence or absence of recombinant IFN-�, for 24 h,
or infected with strain BeAn for 48 h for time periods predetermined to be
optimal for gene expression under each condition. The cells were washed twice
with PBS and then gently scraped from the surface of the tissue culture plate.
The microglia were counted and pelleted, and total RNA was isolated from the
cells by using an SV Total RNA Isolation Kit (Promega, Madison, Wis.). First-
strand cDNA was generated from 1 �g of total RNA from the microglia by using
oligo(dT)12–18 primers and an Advantage for RT for PCR Kit (Clontech Labo-
ratories, Palo Alto, Calif.). Following synthesis, each cDNA sample was diluted
in distilled water to a 100-�l volume and 10 �l was used for each PCR. Each PCR
was conducted in a 50-�l volume containing 50 mM KCl, 10 mM Tris-Cl (pH
8.3), 5 mM MgCl2, 2 mM deoxynucleoside triphosphates, 100 pmol of each 5�
and 3� gene-specific primer, 1 U of Taq polymerase (Qiagen, Chatsworth, Calif.),
and 10 �l of diluted cDNA. The primers were synthesized by Life Technologies.
PCR cycle conditions were 30 cycles of 94°C for 40 s, 60°C for 20 s, and 72°C for
40 s, followed by a final extension at 72°C for 5 min. PCR products were
separated on an ethidium bromide-containing 2% agarose gel, illuminated on a
UV light source, and photographed using Polaroid type 667 film. Gel images
were scanned into Adobe Photoshop using an Epson ES 1200-C scanner and
imported as TIFF files into Kodak 1D Digital Science for densitometry. The
sequences of the cytokine primers and the expected product sizes are as follows:
IFN-�, 5� primer 5� GAC TCA TCT GCT GCT TGG AAT GCA ACC CTC C
3� and 3� primer 5� GAC TCA CTC CTT CTC CTC ACT CAG TCT TGC C 3�
(294 bp); IFN-�, 5� primer 5� CAG CTC CAG CTC CAA GAA AGG ACG
AAC ATT CG 3� and 3� primer 5� CCA CCA CTC ATT CTG AGG CAT CAA
CTG ACA GG 3� (509 bp); IL-1�, 5� primer 5� AAG CTC TCC ACC TCA ATG
GAC AG 3� and 3� primer 5� CTC AAA CTC CAC TTT GCT CTT GA 3� (260
bp); IL-6, 5� primer 5� CCT CTG GTC TTC TGG AGT ACC AT 3� and 3�
primer 5� GGC ATA ACG CAC TAG GTT TGC CG 3� (307 bp); IL-10, 5�
primer 5� CCA GTT TTA CCT GGT AGA AGT GAT G 3� and 3� primer 5�
TGT CTA GGT CCT GGA GTC CAG CAG ACT CAA 3� (324 bp); IL-12 p40,
5� primer 5� ATG GCC ATG TGG GAG CTG GAG AAA G 3� and 3� 5� GTG
GAG CAG CAG ATG TGA GTG GCT 3� (451 bp); IL-18, 5� primer 5� CTG
TGT TCG AGG ATA TGA CTG 3� and 3� primer 5� GTG TCC TTC ATA
CAG TGA AG 3� (283 bp); TNF-�, 5� primer 5� GTT CTA TGG CCC AGA
CCC TCA CA 3� and 3� primer 5� TAC CAG GGT TTG AGC TCA GC 3� (364
bp); inducible no synthase (iNOS), 5� primer 5� TGG GAA TGG AGA CTG
TCC CAG 3� and 3� primer 5� GGG ATC TGA ATG TGA TGT TTG 3� (306
bp); MIP-1�, 5� primer 5� ATG AAG GTC TCC ACC ACT GCC CTT G 3� and
3� primer 5� GGC ATT CAG TCC AGG TCA GTG AT 3� (276 bp); IFN-�, 5�
primer 5� CTT GGA TAT CTG GAG GAA CTG GC 3� and 3� primer 5� GCG
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CTG GAC CTG TGG GTT GTT GA 3� (271 bp); hypoxanthine phosphoribo-
syltransferase (HPRT), 5� primer 5� GTT GGA TAC AGG CCA GAC TTT
GTT G 3� and 3� primer 5� GAG GGT AGG CTG GCC TAT AGG CT 3� (352
bp).

T-cell proliferation assays and cytokine assays. CD4� Th1 T-cell lines specific
for TMEV VP270–86 and VP324–37 and for PLP56–70, PLP139–151, and PLP178–191,
were derived from lymph nodes removed from SJL/J mice 10 days after priming
with a complete Freund’s adjuvant emulsion containing 50 �g of the respective
peptide and 200 �g of Mycobacterium tuberculosis H37Ra (Difco Laboratories,
Detroit, Mich.). The T cells were stimulated in vitro every 3 to 4 weeks with 5 �
106 irradiated syngeneic spleen cells and the respective peptide at 25 �M for
every 106 T cells. The T cells were maintained between stimulations in the
appropriate medium and used for the T-cell proliferations 14 to 21 days after
stimulation. For the T-cell proliferation assays, microglia were cultured in 96-
well tissue culture plates (2 � 105 cells per well) and either infected with TMEV
for 48 h or stimulated with IFN-� for 24 h. The microglia were washed twice with
medium, irradiated, and cultured with 5 � 104 T cells and the appropriate
peptide at 10 to 50 �M. The cells were pulsed at 72 h with 1 �Ci of [3H]thymidine
and then harvested and counted at 96 h. Proliferation was determined with
triplicate wells for each condition and then expressed as mean counts per minute
� the standard error of the mean (SEM). Stimulation indices (SI) were deter-
mined by dividing the counts per minute in cultures with added antigen by the
counts per minute in wells containing PBS. For cytokine analysis, a duplicate set
of proliferation wells was used to collect supernatants at 48 and 72 h. The
concentrations of IFN-� and TNF-� were quantitated with indirect enzyme-
linked immunosorbent assays (Endogen Inc., Woburn, Mass.) with detection
limits of 	100 pg/ml for IFN-� and 	50 pg/ml for TNF-�.

RESULTS

Isolation and characterization of microglia from SJL/J
mouse brains. Microglial cells were isolated from the brains of
newborn SJL/J mice. Flow cytometry was used to analyze the
isolated microglia for the expression of cell surface markers
(Fig. 1). These cells failed to express GFAP, B220, or CD11c
markers for astrocytes, B cells, and dendritic cells, respectively,
indicating lack of contamination of the cultures with blood-
derived cells (data not shown). SJL microglia expressed Mac-1
(CD11b) and F4/80 on the cell surface (Fig. 1), similar to
splenic peripheral macrophages, but unlike peripheral APCs,
they failed to express MHC class II (data not shown). The
distinguishing difference between microglia and macrophage
populations is the level of CD45 expression on the cell surface
(19). Macrophages express high levels of CD45, while micro-
glia express low-to-moderate levels of CD45. Similar to previ-
ous reports (6), the isolated microglia population expressed an
intermediate level of CD45 (19). The microglia also expressed
low levels of B7-1 and almost no B7-2 and ICAM-1 and did not
express MHC class I, MHC class II, or CD40. As previous
studies have shown that IFN-� activates microglia (2, 20), we
assessed the effects of IFN-� activation on cell surface antigen

FIG. 1. Expression of APC surface markers on unstimulated and IFN-�-treated SJL microglia. Microglia cultures were unstimulated or
stimulated with IFN-� for 24 h. The microglia were stained with antibodies for Mac-1 (CD11b), CD45, ICAM-1 (CD54), CD40, B7-1 (CD80), B7-2
(CD86), MHC class II (I-AS), and MHC class I (H-2KS). Surface expression was then analyzed by flow cytometry, with the single line in each
histogram representing the isotype antibody control and the solid peak representing the surface marker staining listed on the x axis. The flow plots
shown represent all of the cells derived from each of the various culture conditions. These results are representative of four separate experiments.
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expression. IFN-�-stimulated microglia expressed slightly
higher levels of Mac-1 and CD45 than did unstimulated mi-
croglia (Fig. 1). However, IFN-�-stimulated microglia signifi-
cantly upregulated cell surface expression of the APC-related
B7-1, B7-2, ICAM-1, CD40, MHC class I, and MHC class II
molecules.

Viral infection stimulates microglial APC surface marker
expression. Microglia have previously been suggested to be a
major source of persistent virus in the CNS during TMEV
infection (9, 40). In addition, brain macrophages can be in-
fected in vitro with the DA strain of TMEV and produce
detectable levels of viral RNA and release viral particles (34).
We thus asked if TMEV infection of SJL microglia would
result in a persistent infection and, if so, what effect the infec-
tion would have on the activation state of these cells. SJL
microglia were infected for 48 h and then analyzed by flow
cytometry for the presence of viral proteins using two virus-
specific antibodies. The infected microglia contained a high
level of viral proteins compared to microglia infected with
UV-inactivated BeAn (Fig. 2). In addition, no significant loss
in the number of microglia was detected (data not shown),
suggesting that the virus had no significant cytolytic affect on
the microglia compared to other cell types (e.g., BHK-21)
which are lysed by the virus within 24 h following infection.
Thus, infection of microglia with TMEV resulted in persistent
infection of the cells, which could be maintained in culture for
1 to 2 weeks with similar levels of viral proteins, as determined
by flow cytometric analysis (data not shown). TMEV-infected
microglia were next analyzed to determine the effect of virus
infection on the expression of APC-related molecules (Fig. 3).
TMEV-infected microglia upregulated the cell surface expres-
sion of B7-1, B7-2, ICAM-1, CD40, MHC class I, and MHC
class II compared to microglia incubated with UV-inactivated

TMEV-uninfected microglia. With the exception of that of
CD40, expression levels of the various molecules in virus-in-
fected microglia were similar to the levels induced by stimula-
tion with IFN-� (Fig. 1). Thus, TMEV infection, similar to
activation with IFN-�, leads to microglial activation and ex-
pression of MHC and costimulatory molecules required for
antigen presentation to CD4� T cells.

TMEV-infected microglia express cytokines involved in both
innate and adaptive immune responses. IFN-� and TMEV-
infected microglia were next compared for the ability to ex-
press critical cytokines and chemokines, which may direct the
migration and activation of CNS inflammatory cells. Recent
reports have shown that multiple cytokines are secreted during
the innate immune response to infectious agents, and these
cytokines not only direct the innate immune response but also
determine the nature of the ensuing adaptive immune re-
sponse (42). TMEV is a picornavirus and thus contains a pos-
itive-sense RNA genome. It is well established that double-
stranded RNA can act as a “molecular pattern” recognized by
“pattern recognition molecules” of the innate immune system
(25). Activation of these molecules by double-stranded RNA
results in cytokine expression, most importantly type I IFNs,
IFN-� and IFN-�. Therefore, expression of multiple chemo-
kines, cytokines, and inflammatory effector molecules was an-
alyzed by RT-PCR methods. mRNA was isolated from micro-
glia cultured with no additions, cultured with IFN-�, or
infected with viable or UV-inactivated TMEV (Fig. 4). The
levels of expression were normalized to the expression of the
housekeeping gene for HPRT. Unstimulated microglia ex-
pressed low levels of IL-1�, IL-6, IL-18, TNF-�, iNOS, and
MIP1-� and failed to express IL-10 or IL-12 p40. Microglia
stimulated with IFN-� upregulated the expression of IL-1�,
IL-6, IL-18, TNF-�, iNOS, and MIP1-� mRNAs. IFN-�-stim-
ulated microglia also expressed low levels of IFN-� and IL-10
and a moderate level of IL-12 p40 mRNA. Interestingly, mi-
croglia infected with viable, but not with UV-inactivated,
TMEV also upregulated the expression of high levels of IFN-�,
IFN-�, IL-1�, IL-6, IL-18, TNF-�, iNOS, and MIP1-� mRNAs
and low-to-moderate levels of IL-10 and IL-12 p40. As ex-
pected, neither unstimulated nor stimulated microglia ex-
pressed detectable levels of the IFN-� message. The light
bands in the IFN-� gel lanes (Fig. 4) are nonspecific bands and
do not correspond to the 271-bp size expected for IFN-�.
Therefore, TMEV infection of microglia resulted in upregu-
lated expression of multiple cytokines critical for initiating and
controlling the innate immune response, as well as in triggering
of the adaptive immune response. Persistently infected micro-
glia also expressed a relevant chemokine (MIP-1�) involved in
T-cell trafficking to the CNS and inflammatory effector mole-
cules (IL-1�, IL-6, TNF-�, and iNOS) which are important in
the innate and adaptive immune responses in the CNS.

Virus-infected microglia can process and present myelin
protein epitopes. During acute TMEV infection of SJL mice,
macrophage-microglia-mediated bystander damage to myelin
results in the phagocytosis and processing of myelin debris by
these mononuclear cells (31). Previous reports from our labo-
ratory have shown that CD45� APCs isolated from the CNSs
of TMEV-infected mice present various myelin basic protein,
PLP, and MOG peptides during the ongoing demyelinating
disease (31, 52). As a result, epitope spreading is initiated

FIG. 2. SJL mouse microglia can be persistently infected with via-
ble TMEV. Microglia were infected for 48 h with either viable or
UV-inactivated strain BeAn of TMEV and then stained with an anti-
VP3 monoclonal antibody (mAb) or polyclonal antiserum raised
against TMEV (supplied by Robert Fujinami). The single line in each
histogram represents the isotype antibody control. The solid peak in
each histogram represents anti-TMEV staining.
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wherein CD4� T-cell responses to the immunodominant
PLP139–151 epitope are initiated approximately 3 weeks after
the onset of clinical disease and responses to additional myelin
epitopes (MOG92–106, PLP56–70, and PLP178–191) develop as
the disease progresses (47). Thus, microglia, particularly those
infected with TMEV or activated by IFN-�, may play a critical
role in the processing and presentation of myelin epitopes to
CNS-infiltrating CD4� T cells during chronic autoimmune de-
myelinating diseases. The current results indicate that TMEV-
infected microglia upregulate MHC class II and costimulatory
molecules (B7-1, B7-2, and CD40). We thus compared the
abilities of unstimulated and stimulated microglia to process
and present myelin protein epitopes to specific Th1 cells.

The microglia were analyzed by using T-cell proliferation
assays to determine their ability to present PLP peptides to
specific CD4� T-cell lines. Unstimulated microglia were un-
able to effectively present PLP139–151 (Fig. 5A), PLP178–191

(Fig. 5B), or PLP56–70 (Fig. 5C) to induce proliferation of
specific Th1 lines. However, microglia stimulated with IFN-�
induced significant activation of T-cell lines specific for each of
these epitopes. TMEV-infected microglia also effectively pre-
sented these epitopes in comparison to control cells infected
with UV-inactivated TMEV. It should be stressed that profes-
sional APCs (i.e., splenic macrophages) were more efficient in
presenting PLP peptides than either IFN-�-stimulated or
TMEV-infected microglia with SI two- to threefold higher
than the SI of microglia (data not shown). The microglia were

further analyzed for the ability to process PLP139–151 from
intact PLP and present the peptide to PLP139–151-specific T
cells. IFN-�-stimulated and TMEV-infected microglia were
able to process and present PLP139–151 from intact PLP to
PLP139–151 CD4� T cells, while unstimulated and UV-inacti-
vated TMEV-infected microglia were ineffective (Fig. 5D).
Similar results were obtained when microglia were analyzed
for the ability to process and present PLP178–191 and PLP56–70

peptides from intact PLP (data not shown). Therefore, TMEV
infection of microglia conferred an antigen-presenting func-
tion on these cells, indicating their potential importance in
presenting endogenous myelin peptides during chronic demy-
elinating diseases.

The abilities of the various microglial populations to activate
proinflammatory cytokine (IFN-� and TNF-�) production by
the PLP peptide-specific Th1 lines were also assessed. Inter-
estingly, PLP178–191-pulsed, unstimulated microglia induced
the secretion of moderate levels of both IFN-� (Fig. 6A) and
TNF-� (Fig. 6B) from the PLP178–191-specific T-cell line, de-
spite the fact that the Th1 cells in these cultures failed to
proliferate (Fig. 5B). IFN-� secretion was observed in T cells
cocultured with unstimulated, IFN-�-stimulated, and TMEV-
infected microglia (Fig. 6A), despite the differential abilities of
these microglial populations to induce proliferation, indicating
that IFN-� secretion is independent of T-cell proliferation. In
contrast, although unstimulated microglia also induced the
production of moderate amounts of TNF-�, its production was

FIG. 3. SJL microglia infected with TMEV upregulate expression of APC surface markers. Microglia were infected for 48 h with the BeAn
strain of TMEV and then stained with antibodies for Mac-1, CD45, ICAM-1, CD40, B7-1, B7-2, MHC class II, and MHC class I. The single line
in each histogram represents the isotype antibody control. The solid peak in each histogram represents the specific antibody staining for the surface
markers listed on the x axis. These results are representative of four separate experiments.
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higher when the T-cell lines were activated with IFN-�-stimu-
lated microglia or microglia infected with viable TMEV (Fig.
6B). Similar proinflammatory cytokine expression patterns
were also observed when T-cell lines specific for PLP139–151

and PLP56–70 were used (data not shown). Consistent with
their failure to induce proliferation, unstimulated microglia
and those infected with UV-inactivated TMEV failed to in-
duce IL-2 production from the myelin-specific Th1 lines (data
not shown). Collectively, these results indicate that both naive
and activated microglia can support the production of proin-
flammatory cytokines from myelin-specific Th1 cells.

Microglia infected with strain BeAn can process and
present endogenous viral antigens. Since TMEV establishes a
persistent infection of microglia in the CNS, it was of interest
to determine if microglia persistently infected with TMEV
could process and present viral antigens from the infecting
virus. Thus, microglia were infected with the strain BeAn virus
or the UV-inactivated strain BeAn virus and then cultured
with T cells specific for the immunodominant viral protein
epitopes VP270–86 (21) and VP324–37 (69) in an antigen pre-
sentation assay (Fig. 7). As anticipated, activation of the VP2-
and VP3-specific T cells was significantly enhanced when the

peptide was presented by IFN-�-stimulated microglia rather
than by unstimulated cells. Most interestingly, TMEV-infected
microglia activated the proliferation of both lines in the ab-
sence of added peptide while UV-inactivated TMEV-infected
microglia did not activate the proliferation of these virus-spe-
cific T-cell lines. Therefore, TMEV-infected microglia can pro-
cess and present viral epitopes from the infecting virus to
CD4� T cells, indicating that the virus peptides can access the
MHC class II processing-presentation pathway. This was con-
firmed by showing that proliferation of the VP2- and VP3-
specific T-cell lines could be inhibited by the addition of anti-
I-As monoclonal antibody MK-S4 to the culture (data not
shown).

DISCUSSION

The results reported here show that microglia from SJL/J
mice can be persistently infected in vitro with TMEV and that,
as a result of this infection, these cells are activated to function
as competent APCs with the ability to process and present both
virus and myelin epitopes to memory CD4� Th1 cells. Con-
comitant with the acquisition of this functional antigen presen-

FIG. 4. Induction of cytokine and chemokine mRNA expression by IFN-�-treated and TMEV-infected SJL mouse microglia. RNA were
isolated from unstimulated microglia, from microglia stimulated with IFN-� for 24 h, and from microglia infected with viable or UV inactivated
TMEV 48 h previously for time periods determined in preliminary experiments to be optimal for gene expression. The RNA for each microglia
group was then analyzed by RT-PCR to determine IFN-�, IFN-�, IL-1�, IL-6, IL-10, IL-12, IL-18, TNF-�, iNOS, MIP-1�, IFN-�, and HPRT
mRNA expression levels. The products were separated on a 2% agarose gel and then analyzed for expression of the various cytokines relative to
the HPRT expression levels (A). Similar results were observed in 10 separate experiments. (B) The mRNA levels for the various molecules are
presented as percentages of the expression of HPRT based on densitometric scanning.
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tation capacity, TMEV infection induced the upregulation of
cytokines involved in innate immune responses and of cyto-
kines and costimulatory molecules required for the activation
and differentiation Th1 effector cells. Most significantly, direct
TMEV infection of microglia was nearly as effective as stimu-
lation with high levels of IFN-� in conferring APC function.

TMEV-IDD is a well-characterized CD4� T-cell-mediated
model of MS (44). Life-long persistent viral infection of CNS-
resident microglia, macrophages, and astrocytes (9, 39, 40) is
directly related to the development of the chronic demyelinat-
ing disease (8). Initial myelin damage is mediated by a by-
stander mechanism wherein the primary effector cells are
mononuclear phagocytes (microglia-macrophages) activated
by inflammatory cytokines produced from TMEV-specific Th1
cells responding to viral epitopes that persist in the CNS (29,
45, 46). Early myelin destruction leads to the de novo activa-
tion of myelin-specific T cells. The initial myelin response is
directed toward the immunodominant PLP139–151 epitope (47),
and epitope spreading then leads to an ordered progression of
T-cell responses to multiple myelin autoepitopes which appear
to play a significant role in the chronic phase of the disease by
escalating the demyelinating process (31).

TMEV infection of microglia led to the rapid upregulation

of mRNA for multiple cytokines involved in mediating both
innate and adaptive immune responses (Fig. 3). Cytokines
produced by the innate immune response have a critical role in
shaping the ensuing adaptive immune responses, as well as
other innate immune responses (42). The innate immune re-
sponse recognizes invading pathogens by differentiating self
from non-self by using pattern recognition receptors which
recognize pathogen-expressed molecular arrays or patterns
(43). Much attention has recently focused on the initiation of
innate immune responses to bacterial infections through the
mammalian Toll-like receptors, but it has long been recognized
that type I interferons, IFN-� and IFN-�, are produced in
response to double-stranded RNA (25). Double-stranded
RNA is commonly found in the replication cycles of multiple
viruses, including TMEV, but is not found in mammalian cells
(42). Type I interferons are best known for preventing viral
infection, but IFN-� and IFN-� also elicit the secretion of
IFN-� by natural killer cells and T cells, which promotes Th1
responses (10).

Via the production of cytokines and chemokines, the innate
immune response can signal the development of an inflamma-
tory response, can function in activating various Th subsets
through the upregulation of MHC molecule expression and

FIG. 5. Activated microglia process and present myelin epitopes to initiate proliferation in CD4� Th1 lines. Microglia were unstimulated,
stimulated for 24 h with IFN-�, or infected for 48 h with viable or UV-inactivated TMEV. The cells were cultured with various concentrations of
PLP139–151 (A), PLP178–191 (B), or PLP56–70 (C) and the corresponding specific T-cell lines for 96 h. Alternatively, microglia were cultured with
whole PLP protein and PLP139–151-specific T cells (D). T-cell proliferation was determined by [3H]thymidine incorporation during the last 24 h of
the assay. Proliferation is expressed as mean counts per minute � the SEM, and the SI is listed above each bar. These results are representative
of five separate experiments.
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regulation of costimulatory molecules, and can control the
induction of inflammatory effector functions (42). TMEV-in-
fected microglia induced new expression of IFN-�, IFN-�,
IL-10, and IL-12 and significantly upregulated the basal ex-
pression of IL-1�, IL-6, IL-18, TNF-�, iNOS, and MIP-1�
(Fig. 4). Expression of type 1 interferons, IFN-� and IFN-�,
induced by double-stranded RNA, can regulate the innate
response through transcriptional control of the expression of
several cytokines and APC surface markers. Viral RNA can
induce the expression of cytokines-chemokines such as IL-1�,
TNF-�, IL-6, and MIP1-�, which direct the inflammatory re-

sponse by controlling the migration of T cells to the site of
infection (28, 49, 54, 57, 64).

TMEV infection of microglia also resulted in upregulation
of the expression of TNF-�, IL-12, and IL-18, which contribute
to the activation and differentiation of proinflammatory Th1 T
cells (5, 27). In addition, TMEV-infected microglia upregu-
lated the expression of MHC and costimulatory molecules
necessary for Th1 expansion. The innate response has been
shown to upregulate MHC class I and class II on the surface of
APCs through control of transcriptional regulators (42, 56).
Double-stranded RNA has also been shown to induce the
expression of the B7-1 and B7-2 costimulatory molecules and
of other costimulatory molecules (ICAM-1 and CD40) that
contribute to T-cell activation (22, 25).

TMEV infection of microglia also led to the upregulation of
various genes, e.g., that for TNF-�, whose products have been
implicated in the effector stages of the demyelination process
(55). Expression of iNOS results in the production of NO,
which regulates the production of various cytokines at the
transcriptional and posttranscriptional levels. Activation of mi-
croglia by IFN-� and IFN-�-dependent processes following
intracellular microbial infections and by CD40-CD40 ligand
interactions can upregulate the production of effector inflam-
matory mediators, e.g., NO and matrix metalloproteinases (41,
61), which aggravate inflammatory processes (16, 53, 63). Thus,
microglia-macrophages activated directly by TMEV infection
may also contribute to the effector phase of myelin destruction
(12).

It is of great interest to determine whether the autoreactive
Th1 cells induced via epitope spreading are activated locally in
the CNS and/or in the peripheral lymphoid organs and to
determine which APC populations (CNS resident and/or pe-
ripheral) present endogenous myelin peptides. The CNS con-
tains several cell types which may serve as APCs—microglia,
astrocytes, and cerebrovascular endothelial cells (1, 48, 60, 68).
In support of the possibility that microglia, either activated
directly by TMEV infection or via Th1-derived IFN-�, may

FIG. 6. Both resting and activated microglia induce proinflammatory cytokine secretion from PLP178–191-specific Th1 cells. Culture superna-
tants were collected at 48 h from the PLP178–191-specific T-cell proliferation assay (Fig. 5B). The supernatants were analyzed by enzyme-linked
immunosorbent assays for IFN-� (A) and TNF-� (B). Secretion of each cytokine was determined for the differing peptide concentrations listed
and expressed as nanograms per milliliter. The values above the bars indicate the fold increases in cytokine expression over that of the PBS control
(1.0). These experiments were performed five times, and the results of one representative experiment are shown.

FIG. 7. Virus-infected microglia process and present endogenous
viral antigens to CD4� T cells. Microglia were unstimulated, stimu-
lated for 24 h with IFN-�, or infected for 48 h with viable TMEV or
UV-inactivated TMEV, irradiated, and incubated with T cells specific
for immunodominant TMEV capsid protein epitope VP270–86 or
VP324–37 for 96 h in the presence or absence of the specific VP peptide.
T-cell proliferation was determined by [3H]thymidine incorporation
during the last 24 h of the assay. Viral peptides were not added to the
virus-infected microglia (ND). Proliferation is expressed as the mean
change in counts per minute � the SEM, where the background of
wells containing PBS for each group was subtracted from the experi-
mental wells, and the SI is listed above each bar. These data are
representative of three separate experiments.
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present endogenous myelin epitopes in TMEV-infected mice,
previous studies have determined that microglia-macrophages
in the CNSs of TMEV-infected SJL mice contain infectious
virus (9, 40) and ingested myelin debris (31). We have also
shown that the majority of F4/80� macrophages-microglia iso-
lated from the spinal cords of mice with ongoing TMEV-
induced demyelinating disease coexpress high levels of MHC
class II as well as B7-1 and B7-2, and that these cells endog-
enously present both virus and self myelin epitopes to specific
Th1 lines (30, 31, 52). However, these studies were unable to
differentiate microglia from CNS-infiltrating macrophages to
determine their individual roles in viral and myelin immune
responses. The present results demonstrate that viral infection
of isolated microglial cells can directly induce upregulation of
MHC classes I and II, necessary for T-cell receptor signaling,
as well as a variety of costimulatory molecules (B7-1, B7-2,
CD40, and ICAM-1) (Fig. 3) required for the activation of
both naive and memory Th1 cells (26). Critically, the current
results demonstrate that TMEV-infected microglia were able
to process and present endogenous viral epitopes from the
infecting virus (Fig. 7) and various PLP epitopes (Fig. 5 and 6)
to antigen-specific Th1 cells, indicating that microglia may play
a critical role both in the initiation of myelin destruction via
activation of TMEV-specific T cells and in epitope spreading
via activation of myelin epitope-specific T cells (30, 31). Our
results also confirm an earlier report on microglia isolated
from normal adult brain (7) by showing that unstimulated cells
are unable to activate the proliferation of Th1 clones (Fig. 5)
but are able to induce proinflammatory cytokine production
(Fig. 6) in spite of the minimal endogenous expression of MHC
class II and costimulatory molecules.

In summary, the current in vitro analysis demonstrates that
persistent infection of microglia with TMEV induces potent
activation of the innate immune response. The consequences
of this activation have important implications for the initial
inflammatory response, the ensuing adaptive immune re-
sponse, and the effector mechanisms involved in myelin de-
struction in TMEV-IDD. Early expression of proinflammatory
cytokines and chemokines in the CNSs of infected mice leads
to the initial infiltration of peripherally activated virus-specific
CD4� T cells. Activated microglia which have upregulated
MHC class II and costimulatory molecules can then induce the
further activation of these T cells, triggering the production of
Th1-derived proinflammatory chemokines-cytokines, including
IFN-�, which would lead to the further influx and activation of
peripheral monocytes-macrophages. Activated microglia can
then induce myelin destruction via the secretion of effector
molecules (e.g., TNF-� and NO), resulting in the uptake, pro-
cessing, and presentation of ingested endogenous myelin
epitopes. In turn, this would lead to the local activation of
myelin-specific autoreactive T cells, which play a major role in
chronic disease progression by perpetuating the chronic in-
flammatory process (47). Collectively, our results suggest that
microglia may provide the first response to invading viruses
through an innate immune response and subsequently direct
the development of the adaptive immune response in the CNS
initially to the invading pathogen and subsequently to tissue-
specific autoantigens.
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