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Abstract

Theiler’s murine encephalomyelitis virus (TMEV) causes a demyelinating disease (DD) due to infection of macrophages, stimulation of
macrophage Toll-like receptor (TLR)3 and TLR7 pathways, activation of Mitogen-activated protein kinases (MAPK)s, and production of
macrophages cytokines. Because expression of IL-27, a macrophage cytokine composed of p28 and EBI3 subunits, has been implicated in DD, we
examined IL-27 subunit mRNA expression during TMEV infection of RAW?264.7 cells, a macrophage cell line. TMEV infection of RAW264.7
cells did not affect cell viability, resulted in viral RNA replication, as well as p28 and EBI3 expression. Expression of p28 in TME V-infected
RAW264.7 cells depended on TLR3 and TLR7, as well as JNK but not p38 or ERK MAPKs. Since TMEV causes DD in SJL/J but not B10.S
mice we determined the difference in expression of IL-27 subunit mRNA in SJL/J compared to B10.S macrophages. SJL/J macrophages expressed
significantly more p28 mRNA after TMEV infection and after stimulation with TLR3 and TLR7 agonists compared with B10.S macrophages.
Therefore, macrophages expression of IL-27 p28 mRNA in response to TMEYV is due to activation of TLR3, TLR7, and JINK MAPKSs pathways.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Multiple sclerosis (MS) is an autoimmune demyelinating dis-
ease (DD) in humans (Hafler, 2004) for which some evidence
suggests that certain virus infections may be the cause (Alotaibi
et al., 2004; Antony et al., 2004; Haahr et al., 2004; Lang et
al., 2002; Levin et al., 2005; Sundstrom et al., 2004). Theiler’s
murine encephalomyelitis virus (TMEV), a picornavirus, infects
cells of macrophage lineage and induces an autoimmune DD
that resembles MS in the SJL/J but not the B10.S mouse strain.
Most notably, TMEV infects macrophages, which infiltrate the
brain, and microglial cells, which are resident macrophage-
lineage cells in the brain (Olson et al., 2001). Both of these
cell types are persistently infected with TMEV and produce
nitric oxide which damages myelin (Pahan et al., 2001). How-
ever, subsequent to infection with TMEYV, the antigen-presenting
functions and cytokine expressions of microglial cells are
enhanced (Olson et al., 2001). These TMEV-activated microglial
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cells process TMEV and myelin proteins, present TMEV and
myelin epitopes, and secrete cytokines associated with devel-
opment of CD4 T cell cytokine phenotypes of the adaptive
immune response. Therefore, the cytokines produced during the
innate anti-viral immune response to TMEV are an important
consideration.

The infection of macrophages by viruses initiates an innate
anti-viral immune response through Toll-like receptors (TLRs)
(Steer et al., 2006) and mitogen-activated protein kinases
(MAPKSs) (Alexopoulou et al., 2001) resulting in production of
cytokines (Petro, 2005a; Petro, 2005b). Among these cytokines,
IFN-B, induces an anti-viral state and increases Natural killer
(NK) cell cytotoxicity (Biron et al., 1999), while IL-12 induces
NK cell proliferation (Biron et al., 1999; Nguyen et al., 2002),
NK cell production of IFN-y (Chan et al., 1991) and macrophage
nitric oxide (Pahan et al., 2001), all of which have potent anti-
viral properties. This innate immune response also influences
the acquired anti-viral immune response when viral antigen is
presented to CD4 T cells by macrophages (Hsieh et al., 1993;
Schijns et al., 1995). These CD4 T cells in turn produce cer-
tain sets of cytokines which further contributes to anti-viral
immunity. However, the innate macrophage anti-viral immune
response could also be a factor in development of autoreactive
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CD4 effector T cells that promote DD (Charlton and Lafferty,
1995).

IL-27 is a newly identified member of the IL-12 family of
macrophage cytokines that plays a role in the development of
the CD4 T cell cytokine phenotype (Pflanz et al., 2002). It con-
sists of a p28 subunit coupled to a subunit termed the Epstein
Barr Virus (EBV)-induced gene 3 (EBI3). EBI3, which is related
to IL-12/IL-23 p40 subunit, has been shown to be expressed in
EBV-transformed B cells, tonsils, spleens, and placental tro-
phoblasts (Devergne et al., 1997; Devergne et al., 1996). In
addition, EBI3 can heterodimerize with the p35 subunit of IL-12.
However, the function of EBI3/p35 is unknown. Nevertheless,
the EBI3/p28 dimer, IL-27, promotes development and prolif-
eration of Th1 CD4 T cells from naive, but not memory, CD4 T
cells. In another MS mouse model, EAE, neutralization of IL-
27 p28 leads to decreased DD (Goldberg et al., 2004). However
very recently, mice made deficient in the IL-27 receptor were
more susceptible to development of EAE (Batten et al., 2006).
Because TMEV infects macrophages it may stimulate produc-
tion of IL-27. The exact mechanisms by which IL-27 subunits
are induced from macrophages are unknown. We hypothesize
that TLRs that activate p38, ERK, or INK MAPKs are involved
in TMEV induction of IL-27.

We have utilized the RAW?264.7 cell line and peritoneal
macrophages to examine the cell signaling pathways associ-
ated with expression of IL-12 and IL-23 in response to TMEV
infection (Petro, 2005a; Petro, 2005b). We have shown that
the expression of IL-23 p19 is dependent upon ERK MAPKSs
while expression of IL-23 p40 is dependent upon p38 MAPK.
Thus IL-27 mRNA expression in TMEV-infected, RAW264.7
macrophage cell line, as well as SJL/J and B10.S primary
macrophages was assessed utilizing real-time PCR. To deter-
mine which TLRs and MAPKs determine TMEV-induced IL-27
expression, RAW264.7 cells or peritoneal macrophages were
stimulated with TLR3, 4, or 7 agonists. In addition, RAW264.7
cells were transfected with shRNA vectors specific for TLR3
and TLR7 or were pretreated with p38, ERK, or INK MAPK
inhibitors before TMEV infection. The results indicate that
TMEYV infection induced IL-27 p28 and EBI3 mRNA expres-
sion from RAW264.7 cells and induced significantly more IL-27
p28 in macrophages from SJL/J than B10.S mice. Expression of
IL-27 p28 in RAW264.7 cells was dependent on activation of
JNK-MAPKSs and induced through TLR3 and TLR7 pathways.

2. Materials and methods
2.1. Experimental animals, cells, virus, and reagents

Female B10.S and SJL/J mice were obtained from Jackson
Laboratories (Bar Harbor, Maine). RAW264.7 cells, a mouse
macrophage cell line originally obtained from the American
Type Culture Collection (Rockville, MD), were also grown in
cell culture medium, seeded at 1.0 x 10° per well of a 6-well
plate in cell culture medium and incubated at 37 °C. The DA
strain of TMEV was obtained from Dr. Kristen Drescher,
Department of Medical Microbiology and Immunology,
Creighton University, Omaha, NE. TMEV was grown in

BHK-21 cells to produce stocks with 1 x 10’ PFU/ml. All
experiments using animals were approved by the University
of Nebraska Institutional Animal Care and Use Committee.
Macrophages were obtained from the peritoneal cavity 3 days
after intraperitoneal injection of 2 ml thioglycollate broth into
SJL/J and B10.S mice. Peritoneal macrophages were incubated
at 1 x 100 cells/2 ml of DMEM cell culture medium (Invitrogen,
Carlsbad, CA) containing 10% FBS (Invitrogen), and 50 pg/ml
gentamycin (Invitrogen). After 24 h, non-adherent cells were
removed and 1 ml of cell culture medium added. TLRs stimu-
lants were loxoribine (InVivoGen, San Diego, CA) an agonist
of TLR-7, poly(IC) (InVivoGen) an agonist of TLR-3, or E.
coli LPS 127:B8 (InVivoGen) an agonist of TLR-4.

2.2. Treatment and stimulation

Peritoneal macrophages or RAW?264.7 cells seeded at
1 x 10° were untreated (control) or infected with 0.1, 0.5, 1.0,
or 2.0 x 10° PFU of TMEV. Alternatively cells were untreated
or pretreated for 30 min before infection with 1 wl SP 600125,
an inhibitor of JNK MAPK (10 uM), and, 1 nl SB 203580
(10 M), an inhibitor of p38 MAPK, 2 ul U0126 (20 nM), an
inhibitor of ERK MAPK, or 1 ul DMSO carrier. Still further,
cells were stimulated with 200 wM loxoribine, an agonist of
TLR-7, 50 pg/ml poly(IC), an agonist of TLR-3, or 500 ng/ml
E. coli LPS 127:B8 an agonist of TLR-4. RNA was collected at
3, 6,9 or 24 h for real-time PCR. For western blot, cell extracts
were collected at 30 min.

2.3. RNA interference

RAW?264.7 cells were transfected with vectors which express
shRNA specific for murine TLR3 (si-mTLR3) or TLR7 (si-
mTLR7) (InvivoGen). The sequences of the siRNA that are gen-
erated from these vectors are: (only the sense strands are shown):
si-mTLR3, 5-GAGCATCAATCTAGGACTGAA-3/, and si-
mTLR7, 5-GATCTGCCATCCAGCTTACAT-3'. RAW264.7
cells were transfected using the Cell Line Nucleofector Kit spe-
cific for RAW264.7 cells (Amaxa Biosystems, Gaithersburg,
MD). Transfected cells were seeded at 1 x 10° onto 6-well
plates. Cells were stimulated as described above and after 24 h
cell extracts were obtained for TLR3 and TLR7 real time-PCR.

2.4. Cell viability

RAW264.7 cell viability after TMEV infection was eval-
uated using the Cell Titer 96° Aqueous Non-Radioactive
Cell Proliferation Assay of Promega (Madison, WI). Briefly,
RAW?264.7 cells were distributed to 96-well plates at 5000
cells per 100wl in cell culture medium. PFU of TMEV
ranging from 500 to 50,000 were added to respective
wells and plates were incubated at 37°C for 24h. 20 ul
of (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS)/phenazine methosul-
fate (PMS) solution was added to each well to yield 317 pg/ml
of MTS and 7.3 pg/ml PMS. Plates were incubated for 4h at



L. Hause et al. / Antiviral Research 76 (2007) 159-167 161

37°C in 5% CO;. The number of infected cells at 24 h was
determined by regression analysis of absorbencies at 490 nm of
uninfected RAW264.7 cells ranging from 5 x 103 to 5 x 10 that
were incubated with MTS/PMS.

2.5. Relative mRNA measurement by real time-PCR

RNA was extracted using the RNAeasy kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions.
cDNAs were prepared by mixing 1 g of RNA with 1 pM
olidodeoxy-thymidine, 0.5 mM each of dATP, dGTP, dTTP, and
dCTP, 20U of RNAse inhibitor, and 525U of MMLYV reverse
transcriptase (Invitrogen) in 50 mM Tris—HCI, pH 8.3, 75 mM
KCl, 3mM MgCl,. After an incubation at 42°C for 90 min
followed by 94°C for 5min one fiftieth of the cDNA was
mixed with primer pairs of genes of interest were: p28 sense
primer 5 AGCCTGTTGCTG CTACCCTTGC 3/, antisense
primer 5 GTGGACATAGCCCTGAACCTCA; EBI3 sense
primer 5 TCTTCCTGTCACTTGCCCTCTG 3/, antisense
primer 5 AGTTGGGAGCCTGGAGAGGAGT 3’; TMEV
sense primer 5 CTTCCCATTCTACTGCAATG 3’, antisense
primer 5" GTGTTCCTGGTTTACAGTAG 3’; GAPDH 5'sense
primer 5 TTGTCAGCAATGCATCCTGCAC 3’; antisense
primer 5 5’ ACAGCTTTCCAGAGGGGCCATC 3'. Real-time
PCR reactions were run on an ABI Prism 7000 thermal cycler
at 50°C for 2min, 95°C for 2min, 40 cycles of 95°C for
15s/60°C for 30s. Relative levels of mRNA for each factor
were normalized to GAPDH determined by using the Ct value
and the formula: 2 2ACt.

2.6. PAGE and Western immunoblot

Overnight RAW264.7 cells seeded at 1 x 10° were untreated
or pretreated with SP 600125, SB203580 or U0126 30 min
before infection with 1 x 10° PFU of TMEV. After 30 min, cells
were disrupted with lysis buffer containing 20 mM Tris—HClI,
150 mM NaCl, 1mM Na;EDTA, 1 mM EGTA, 1% Triton,
2.5mM sodium pyrophosphate, 1 mM beta-glycerophosphate,
1 mM Na3zVOy, 1 pg/ml leupeptin, and 1 mM PMSF. 10 g of
protein were run on a 10% SDS, Tris—glycine—polyacrylamide
gel, transferred to a PVDF membrane, which was then treated
with LiCor blocking buffer. Membranes were then incubated
in 1:1000 dilutions of mouse IgG specific for phospho-
p44/42 (ERK), phospho-p38, rabbit IgG for p42/44 (ERK),
mouse antibody to JNK, rabbit antibody to phospho-JINK, or
mouse antibody to JNK (Cell Signaling Technology, Boston,
MA). 1:1000 dilution of IRDye® 800CW goat anti-rabbit
IgG (Rockland Immunochemicals Inc., Gilbertsville, PA) com-
bined with Alexa Fluor® 680 goat anti-mouse IgG (Molecular
Probes/Invitrogen). The membrane was washed three times and
then scanned with a LICOR Odyssey® Infrared Imaging System.

2.7. Statistical analysis
Data were analyzed by the Student #-test to determine the

significance of differences between the mean values. P-values
of less than 0.05 were considered to be significant.

3. Results
3.1. RAW264.7 infection with TMEV

We have utilized TMEYV infection of RAW264.7 cells in order
to gain an understanding of signaling mechanism for IL-12 and
IL-23 expression during viral infection (Petro, 2005b). There-
fore, our aim was to again utilize RAW264.7 cells to gain an
understanding of signaling mechanisms in IL-27 p28 and EBI3
expression. However, we thought it important to first optimize
the conditions for infection of RAW264.7 cells. To establish the
temporal pattern in the TMEV infection of RAW264.7 cells we
measured relative TMEV RNA levels in RAW?264.7 cells by real-
time PCR at 3, 6, 9, and 24 h after infection with an MOI of 1.
TMEV RNA in RAW264.7 cells steadily increased for up to 9 h
after infection after which it decreased at 24 h (Fig. 1A). There-
fore, TMEYV infection of RAW?264.7 cells hits the highest point
at 9 h after infection. We also assessed various MOIs of TMEV
(0.1, 0.5, 1.0, and 2.0) to establish which MOI leads to the high-
est expression of TMEV RNA in RAW?264.7 cells. RAW264.7
cells exhibited a steady increase in TMEV RNA that was propor-
tional to the MOI (Fig. 1B). It is possible that TMEV infection
of macrophages could modulate cytokine production by affect-
ing macrophage viability. To establish the impact that TMEV
infection has on RAW264.7 cell viability we infected 5 x 103
RAW264.7 cells with various doses of TMEV ranging from 0 to
5 x 103 PFU and measured cell viability at 24 h using an MTS
assay, which depends upon the conversion of tetrazolium to a
soluble colorimetric formazan product by viable cells. TMEV
infection of RAW?264.7 cells had no detectable effect upon cell
viability for up to 24 h after infection (Fig. 1C). Therefore, any
effect that TMEV infection has on cytokine expression is not
due to effects upon RAW264.7 cell viability. Overall, these
results show that TMEV infection of RAW264.7 cells reaches
its highest point at 9 h with an MOI of 2.0.

3.2. TMEV induces expression of IL-27 p28 and EBI3
mRNA

To establish that RAW264.7 cells express IL-27 subunits in
response to TMEYV infection and to establish the conditions for
expression, RAW264.7 cells, seeded at 1 x 10°, were incubated
with 1 x 10° TMEV PFU, and relative p28 and EBI3 mRNA
expression was measured by real-time PCR at 3, 6, 9, and
24 h after infection. TMEV-induced significant expression of
p28 mRNA from RAW264.7 cell at 6, 9, and 24 h after infec-
tion with peak expression of mRNA at 6 h (Fig. 2A). Likewise,
TMEV-induced significant EBI3 mRNA at 6 h after infection in
RAW?264.7 cells (Fig. 2B). However, EBI3 mRNA at 3, 9, and
24 h after infection was not significantly different than back-
ground levels of expression. Therefore, TMEV induces both
IL-27 subunits in RAW?264.7 cells at 6 h after infection. To estab-
lish the optimal MOI for simultaneous induction of both p28 and
EBI3 mRNA, RAW264.7 cells were infected for 24 h with var-
ious TMEV MOI (0.1, 0.5, 1.0, and 2.0). Expression of p28
mRNA was proportional to the increase in TMEV MOI with the
highest level of expression of p28 at an MOI of 2.0 (Fig. 2C).
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Fig. 1. TMEV RNA expression in TMEV-infected RAW264.7 cells. TMEV
RNA in (A) 1 x 10° RAW264.7 cells at 3, 6, 12, and 24 h after infection with
1 x 106 TMEV; (B) 1 x 10° RAW264.7 cells at 24 h after infection with 0.1,
0.5, 1.0, or 2.0 TMEV MOI. RNA was reverse transcribed and relative levels of
TMEV cDNA were measured by real-time PCR normalized to GAPDH cDNA.
Viability 5 x 103 RAW264.7 cells (C) at 24 h after infection with various doses
of TMEYV ranging from 0 to 5 x 10* PFU as measured with an MTS assay. Data
are means of four samples each of a representative experiment.

In contrast, significant TMEV-induced EBI3 mRNA was only
achieved at an MOI of 2.0 (Fig. 2D). Therefore, RAW264.7
cells will express both subunits of IL-27 in response to TMEV
at 2.0 MOI. However, at lower MOIs p28 is induced without
significant induction of EBI3.

3.3. TLR3 and TLR7 signaling induces expression of the
IL-27 p28 subunit

RAW264.7 cells express most TLRs including TLR3, which
recognizes viral dsSRNA, and TLR7, which recognizes viral
sSRNA (Applequist et al., 2002). Because TMEV is a picor-

navirus it is expected to stimulate RAW264.7 cells through
TLR7 and TLR3. To establish that these TLR pathways induces
IL-27 p28 and EBI3 mRNA RAW264.7 cells were stimulated for
24 h with a TLR3 agonist (poly(IC)), a TLR7 agonist (loxorib-
ine), or as a positive control, a TLR4 agonist (LPS). Poly(IC)
but not LPS or loxoribine induced p28 mRNA expression in
RAW264.7 cells significantly above background (Fig. 3A). In
contrast, none of the TLR agonists induced significant EBI3
mRNA expression in RAW264.7 cells, although EBI3 expres-
sion tended to be higher in RAW?264.7 cells stimulated with
loxoribine (Fig. 3B).

Short hairpin RNA (shRNA) vectors which produce short
inhibitory (si)RNAs decrease expression of target proteins
(Elbashir et al., 2001; Amarzguioui et al., 2005), including
TLRs (Chen et al., 2006). To determine the significance of
TLR3 and TLR7 to IL-27 p28 expression by RAW264.7 cells,
we transfected RAW?264.7 cells with expression vectors encod-
ing shRNA specific for TLR3 or TLR7 before infection with
2.0 MOI of TMEV. The TLR3 and TLR7 shRNA expres-
sion vectors decreased expression of TLR3 and TLR7 protein,
respectively, in RAW264.7 cells such that TLR3 and TLR7 were
not detectable by Western immunoblot (data not shown). After
TMEYV infection, RAW264.7 cells transfected with TLR3 or
TLR7 expression vectors exhibited a significant reduction in
TMEV-induced p28 mRNA compared with RAW?264.7 cells
transfected with empty plasmid vectors (Fig. 3C). Therefore,
TMEV stimulates expression of IL-27 p28 expression through
TLR3 and TLR7.

3.4. JNK MAPKs are required for expression of IL-27 p28
mRNA

Stimulation through TLR3 and TLR7 pathways leads to
activation of p38, ERK, and JNK MAPKs, which are also
responsible for cytokine expression by macrophages (Jiang et
al., 2003; Jones et al., 2001). To determine which MAPK path-
way(s) are responsible for TMEV-induced IL-27 p28 and EBI3,
RAW264.7 cells were pretreated with inhibitors of p38, ERK,
or JNK MAPK pathways before infection with TMEV as we
have done previously (Petro, 2005a; Petro, 2005b). SB203580
inhibits activation of components downstream of the p38 path-
way such as ATF-2 (Petro, 2005b) while U0126 and SP 600125
inhibit phosphorylation of the ERK and JNK MAPKSs, respec-
tively (Fig. 4A). TMEV-induced p28 mRNA was significantly
reduced by the INK MAPK inhibitor, SP 600125, but was sig-
nificantly increased by the ERK MAPK inhibitor, U0126, and
was not affected by the p38, inhibitor, SB203580 (Fig. 4B). In
contrast, expression of EBI3 mRNA was not affected by any of
the MAPK inhibitors (Fig. 4C). Therefore, TMEV-induced IL-
27 p28 mRNA depends on activation of the JNK MAPKs but
controlled by activation of the ERK MAPKs. It is possible that
the SP600125 could have modulated TMEV-induced p28 mRNA
because it modulated virus replication. Therefore, we were curi-
ous to see if the MAPK inhibitors had any affect on TMEV
RNA levels. Pretreatment of RAW264.7 cells with SB203580
or U0126 had no effect on TMEV RNA levels. Interestingly, pre-
treatment with SP 600125 significantly increased TMEV RNA in
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Fig. 2. IL-27 subunit expression in TMEV-infected RAW264.7 cell. IL-27 p28 (A and C) and EBI3 (B and D) mRNA expression in 1 x 10° RAW264.7 cells at 3, 6,
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representative experiment evaluated by the Student #-test; means which were considered significantly different than means from unstimulated cells are indicated by

.

RAW264.7 cells (Fig. 5). Therefore, INK MAPKs or IL-27 may
control expression of TMEV RNA in infected macrophages.

3.5. IL-27 p28 and EBI3 mRNA expression is greater in
SJL/J macrophages than in B10.S macrophages

TMEYV infects SJL/J macrophages to a greater extent than
B10.S macrophages and induces a differential expression of
IL-12 p25 and p40 subunits (Petro, 2005a). To determine if
TMEYV induces a similar differential expression IL-27 p28 and
EBI3 mRNA, SJL/J and B10.S macrophages were infected with
TMEV for 24h and relative cytokine mRNA expression was
measured by real-time PCR. SJL/J macrophages expressed sig-
nificantly more p28 mRNA in response to TMEYV infection than
B10.S macrophages (Fig. 6A). However, expression of EBI3
mRNA by SJL/J macrophages in response to TMEV, while
tending to be higher, was not significantly different than B10.S
macrophages (Fig. 6B).

The differential expression of IL-12 p35 and p40 by
SJL/J and B10.S macrophages in response to TMEV infec-
tion was reflected in the response of these macrophages to
TLR3 and TLR7 agonists (Petro, 2005a). To determine if
stimulation through TLR3 or TLR7 pathways could also dif-
ferentially induce IL-27 p28 and EBI3 mRNA, SJL/J and
B10.S macrophages were stimulated with poly(IC), loxorib-
ine and LPS. SJL/J macrophages expressed p28 mRNA in

response to poly(IC), loxoribine, and LPS to a significantly
greater extent than B10.S macrophages (Fig. 6A). Simi-
larly, SJL/J macrophages expressed significantly more EBI3
mRNA in response to poly(IC) and LPS compared with B10.S
macrophages. Interestingly, loxoribine did not significantly
stimulate EBI3 mRNA from macrophages of either strain
(Fig. 6B).

4. Discussion

The results of the present investigation clearly show that the
RAW264.7 is an ideal macrophage cell line to examine signal-
ing mechanisms essential for virus-induced expression of IL-27
subunits, p28 and EBI3 from macrophages. The RAW264.7
macrophage cell line has been useful for examining virus-
activated signaling pathways which stimulate expression of
IL-12 family of proteins (Petro, 2005b). Therefore, we utilized
TMEYV infection of RAW264.7 cells in order to gain an under-
standing of signaling mechanisms for TMEV induction of IL-27.
We show herein that RAW264.7 cells simultaneously express
p28 and EBI3 mRNA 6h after infection with TMEV. This is
significant because IL-27 stimulates naive T cells, but not mem-
ory T cells, during the early adaptive immune response (Pflanz
et al., 2002). Therefore, macrophages infected with TMEV will
likely stimulate naive T cells during this short time-frame. How-
ever, p28 and EBI3 mRNAs were not expressed simultaneously
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DMSO carrier, SP 600125 (SP; 10 pM), SB 203580 (SB; 10 uM), or U0126
(U; 20 wM) before infection with 1 x 10° TMEV. IL-27 p28 (B) and EBI3 (C)
mRNA expression in 1 x 10° RAW264.7 cells pretreated with SP, U, or SB
30 min before infection with TMEV. After 6 h of infection, mRNA was reverse
transcribed and relative levels of p28 and EBI3 cDNA were measured by real-
time PCR normalized to GAPDH mRNA. Data are means of four samples each
of a representative experiment evaluated by the Student #-test; means which
were considered significantly different than means from unstimulated cells are
indicated by (*).
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Fig. 5. TMEV RNA expression in TMEV-infected RAW264.7 cells pretreated
with p38, ERK, and JNK MAPK inhibitors. TMEV RNA at 24h in 1 x 100
RAW264.7 cells pretreated with SP 600125 (SP; 10 uM), SB 203580 (SB;
10 M), U0126 (U; 20 uM), or 1 il DMSO carrier before infection with 1 x 100
TMEV. After 6 h, mRNA was reverse transcribed and relative levels of TMEV
cDNA were measured by real-time PCR normalized to levels of GAPDH mRNA.
Data are means of five samples each of a representative experiment.
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Fig. 6. IL-27 subunit mRNA expression in TMEV-infected macrophages from
SJL/J and B10.S mice. IL-27 p28 (A) and EBI3 (B) mRNA expression in
SJL/J and B10.S macrophages 24 h after infection with TMEV or stimulation
with poly(IC), loxoribine (LOX), or LPS. 1 x 10° peritoneal macrophages were
infected with 1 x 10° PFU of TMEV or stimulated with 50 pg/ml poly(IC),
200 uM LOX, or 500 ng/ml LPS for 24 h. mRNA was reverse transcribed and
relative levels of p28 and EBI3 cDNA were measured by real-time PCR normal-
ized to GAPDH cDNA. Data are means of four samples each of a representative
experiment evaluated by the Student 7-test; comparisons which were considered
significantly different are indicated by brackets.

at all times after infection. The p28 mRNA was expressed for up
to 24 h after TMEV infection in RAW?264.7 cells. EBI3 mRNA
was significantly induced only at 6h after TMEV infection.
Therefore, both subunits of IL-27 are not always expressed con-
currently within RAW264.7 cells. Since, p28 is not efficiently
secreted without EBI3 it is not likely that bioactive IL-27 is
secreted beyond 6 h after TMEV infection. This discord could
be due to the fact that p28 has a function by itself or has an alter-
nate molecular partner besides EBI3, as do other IL-12 cytokine
family members. The IL-12 p40 subunit combines with p35 to
form IL-12 and also combines with p19 to form IL-23 (Oppmann
et al., 2000). Likewise, IL-12 p35, which combines with p40,
also combines with EBI3 (Devergne et al., 1997; Devergne et
al., 1996). To date an alternate partner for p28 has not been iden-
tified, but an additional partner for p28 to form another IL-12
cytokine family member is still possible.

These results are significant because TMEV infection of
macrophages has been associated with MS-like DD in mice
(Lipton et al., 2005; Lipton et al., 1995). A previous study
showed that neutralization of IL-27 with antibody to p28 leads
to a reduction in the severity of DD in MS-like EAE (Goldberg
et al., 2004). The prospect that viruses, which induce MS-like
disease in mice, also induce subunits of IL-27 point out that
the signaling pathways by which viruses such as TMEV induce
expression of IL-27 subunits in macrophages needs to be deter-
mined. Therefore, further studies are required to determine if
TMEV-induced IL-27 contributes to the development of MS-like
disease in mice MS in humans.

At the onset of macrophage interactions with viruses, TLR
pathways are critical to induction of cytokine expression. How-
ever, in addition to macrophages, astrocytes and microglial cells
are also infected with TMEV (Lipton et al., 2005; Lipton et al.,
1995) and these cells also express most TLRs (Olson and Miller,
2004) (Bsibsi et al., 2002; So et al., 2006). Therefore, these cells
may also express IL-27. Herein we show that the TLR3 agonist,
poly(IC) induces significant expression of IL-27 p28 mRNA but
not EBI3 mRNA expression from RAW?264.7 cells. While the
TLR?7 agonist, loxoribine, tended to induce p28 expression it was
not significantly higher than background. However, a reduction
in expression of TLR3 or TLR7 with shRNA vectors reduced
TMEV-induced p28 mRNA expression. The discrepancy may
stem from the fact that TMEV infection of RAW264.7 cells
increases expression of TLR3 and TLR7 significantly above that
found on uninfected RAW?264.7 cells (data not shown) and a crit-
ical level of TLR7 expression is not achieved until after TMEV
infection has begun. In any case, TLR3 and TLR7 are essential
for expression of IL-27 p28 in response to TMEV.

Unlike other TLRs, TLR3 and TLR7 are endocytic mem-
brane receptors for dSRNA and ssRNA, respectively (Barton
et al., 2006; Hemmi et al., 2002; Takeuchi et al., 2004). In
addition to IL-27, the TLR3 pathway is also responsible for
induction of IFN-f and other cytokines from cells infected with
TMEV (Kwon et al., 2004; So et al., 2006). Therefore, mecha-
nisms to decrease the activity of the TLR3 or TLR7 pathways
may be useful in treatment of MS-like disease. It should be
noted that TLRS, which has significant homology to TLR7, also
binds to ssSRNA and mice express TLR8 (Heil, 2004). However,



166 L. Hause et al. / Antiviral Research 76 (2007) 159—-167

RAW264.7 cells do not express TLRS (data not shown). Interest-
ingly, initial reports indicated that murine TLR8 is not responsive
to the same agonists as TLR7 but does respond to TLRS8-specific
agonists in the presence of oligodeoxynucleotides (Gorden et al.,
2006). Therefore future studies should consider whether TMEV
stimulates macrophage cytokine production through TLRS.

However, stimulation of the TLR3 (Jiang et al., 2003) and
TLR7 (Heil et al., 2003) pathways activate p38, ERK, or JNK
MAPKSs (Dong et al., 2002). We show in this report utilizing
RAW?264.7 cells that in addition to TLR3 and 7, TMEYV induces
expression of IL-27 p28 through MAPK pathways. Specifically,
expression of p28 required activation of the JNK MAPKs, but
not p38 or ERK MAPKSs. Several reports have shown that acti-
vation of the TLR3 pathway leads to activation of INK MAPKs
(Shimetal., 2005; Steer et al., 2006; Stewart et al., 2006) through
TAKI1 (Shim et al., 2005) and IRF-8 (Zhao et al., 2006). There-
fore, it is now important to determine if macrophages infected
with TMEV exhibit activated TAK1 or IRF-8. In contrast to JNK
MAPKSs, activation of ERK MAPKSs appears to decrease expres-
sion of p28 since addition of the ERK MAPK inhibitor, U0126,
increased expression of p28. Therefore, if IL-27 contributes to
DD then treatment with the JINK MAPK inhibitor, SP 600125,
may be useful. However, it should be noted that, while inhibi-
tion of JNK activation resulted in a decrease in p28 expression
it also resulted in a significant increase in viral RNA replica-
tion in RAW264.7 cells. It could be that IL-27 is involved in
innate anti-viral immunity of macrophages. Alternatively, JNK-
MAPKSs may be involved directly in controlling viral replication.
Other reports have found INK MAPKSs to be involved in virus
replication. Inhibition of JNK-MAPKSs reduces Rotavirus, Her-
pes simplex 1 virus, and cytomegalovirus replication (Holloway
and Coulson, 2006; McLean and Bachenheimer, 1999; Rahaus
et al., 2004). Therefore, the mechanism by which JNK MAPKs
are involved in TMEV replication must be determined.

We previously showed that expression of the p40 subunit
of IL-12/IL-23 is significantly greater in TMEV-infected SJL/J
compared with B10.S macrophages (Dahlberg et al., 2006;
Petro, 2005a). In contrast, our previous report showed that
expression of the p35 subunit of IL-12 by SJL/J macrophages
in response to TMEYV infection is significantly less than B10.S
macrophages(Petro, 2005a). The results of the present investi-
gation similarly show that macrophages from SJL/J mice, which
are more susceptible to TMEV-DD, express significantly greater
levels of the IL-27 subunits p28 and EBI3 than macrophages
from B10.S mice, which are resistant to TMEV-DD (Lipton et
al., 2005; Lipton et al., 1995; Monteyne et al., 1999). Our data
suggest that future studies are required to determine if IL-27
production from TME V-infected SJL/J macrophages contributes
to TMEV-DD. In addition, TLR3 and TLR7 agonists induced
greater expression of p28 in SJL/J macrophages compared with
B10.S macrophages. These results suggest that the TLR3 and
TLR7 pathways are more active in SJL/J macrophages compared
with B10.S macrophages. Indeed we have shown that TLR3 and
TLR7 mRNA expression in SJL/J macrophages is greater than
B10.S macrophages (Petro, 2005a). Interestingly, EBI3 was not
induced in B10.S macrophages by any of the TLR agonists,
while only polyIC induced EBI3 in SJL/J macrophages and

p28 in B10.S macrophages. Therefore, the pathways for EBI3
expression need to be elucidated. In summary our results sug-
gest that the in vivo mechanism by which IL-27 is expressed in
MS-like disease in mouse models is an interesting consideration
for future studies. The results herein point to pathways involved
in IL-27 subunit expression in response to TMEV infection of
macrophages, namely TLR3/TLR7 and JNK-MAPKGs.
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