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Expression of IL-27 p28 by Theiler’s virus-infected macrophages depends
on TLR3 and TLR7 activation of JNK-MAP-kinases
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bstract

Theiler’s murine encephalomyelitis virus (TMEV) causes a demyelinating disease (DD) due to infection of macrophages, stimulation of
acrophage Toll-like receptor (TLR)3 and TLR7 pathways, activation of Mitogen-activated protein kinases (MAPK)s, and production of
acrophages cytokines. Because expression of IL-27, a macrophage cytokine composed of p28 and EBI3 subunits, has been implicated in DD, we

xamined IL-27 subunit mRNA expression during TMEV infection of RAW264.7 cells, a macrophage cell line. TMEV infection of RAW264.7
ells did not affect cell viability, resulted in viral RNA replication, as well as p28 and EBI3 expression. Expression of p28 in TMEV-infected
AW264.7 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

ice we determined the difference in expression of IL-27 subunit mRNA in SJL/J compared to B10.S macrophages. SJL/J macrophages expressed

ignificantly more p28 mRNA after TMEV infection and after stimulation with TLR3 and TLR7 agonists compared with B10.S macrophages.
herefore, macrophages expression of IL-27 p28 mRNA in response to TMEV is due to activation of TLR3, TLR7, and JNK MAPKs pathways.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Multiple sclerosis (MS) is an autoimmune demyelinating dis-
ase (DD) in humans (Hafler, 2004) for which some evidence
uggests that certain virus infections may be the cause (Alotaibi
t al., 2004; Antony et al., 2004; Haahr et al., 2004; Lang et
l., 2002; Levin et al., 2005; Sundstrom et al., 2004). Theiler’s
urine encephalomyelitis virus (TMEV), a picornavirus, infects

ells of macrophage lineage and induces an autoimmune DD
hat resembles MS in the SJL/J but not the B10.S mouse strain.

ost notably, TMEV infects macrophages, which infiltrate the
rain, and microglial cells, which are resident macrophage-
ineage cells in the brain (Olson et al., 2001). Both of these
ell types are persistently infected with TMEV and produce
itric oxide which damages myelin (Pahan et al., 2001). How-

ver, subsequent to infection with TMEV, the antigen-presenting
unctions and cytokine expressions of microglial cells are
nhanced (Olson et al., 2001). These TMEV-activated microglial
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ells process TMEV and myelin proteins, present TMEV and
yelin epitopes, and secrete cytokines associated with devel-

pment of CD4 T cell cytokine phenotypes of the adaptive
mmune response. Therefore, the cytokines produced during the
nnate anti-viral immune response to TMEV are an important
onsideration.

The infection of macrophages by viruses initiates an innate
nti-viral immune response through Toll-like receptors (TLRs)
Steer et al., 2006) and mitogen-activated protein kinases
MAPKs) (Alexopoulou et al., 2001) resulting in production of
ytokines (Petro, 2005a; Petro, 2005b). Among these cytokines,
FN-�, induces an anti-viral state and increases Natural killer
NK) cell cytotoxicity (Biron et al., 1999), while IL-12 induces
K cell proliferation (Biron et al., 1999; Nguyen et al., 2002),
K cell production of IFN-� (Chan et al., 1991) and macrophage
itric oxide (Pahan et al., 2001), all of which have potent anti-
iral properties. This innate immune response also influences
he acquired anti-viral immune response when viral antigen is
resented to CD4 T cells by macrophages (Hsieh et al., 1993;

chijns et al., 1995). These CD4 T cells in turn produce cer-

ain sets of cytokines which further contributes to anti-viral
mmunity. However, the innate macrophage anti-viral immune
esponse could also be a factor in development of autoreactive

mailto:tpetro@unmc.edu
dx.doi.org/10.1016/j.antiviral.2007.06.013
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D4 effector T cells that promote DD (Charlton and Lafferty,
995).

IL-27 is a newly identified member of the IL-12 family of
acrophage cytokines that plays a role in the development of

he CD4 T cell cytokine phenotype (Pflanz et al., 2002). It con-
ists of a p28 subunit coupled to a subunit termed the Epstein
arr Virus (EBV)-induced gene 3 (EBI3). EBI3, which is related

o IL-12/IL-23 p40 subunit, has been shown to be expressed in
BV-transformed B cells, tonsils, spleens, and placental tro-
hoblasts (Devergne et al., 1997; Devergne et al., 1996). In
ddition, EBI3 can heterodimerize with the p35 subunit of IL-12.
owever, the function of EBI3/p35 is unknown. Nevertheless,

he EBI3/p28 dimer, IL-27, promotes development and prolif-
ration of Th1 CD4 T cells from naı̈ve, but not memory, CD4 T
ells. In another MS mouse model, EAE, neutralization of IL-
7 p28 leads to decreased DD (Goldberg et al., 2004). However
ery recently, mice made deficient in the IL-27 receptor were
ore susceptible to development of EAE (Batten et al., 2006).
ecause TMEV infects macrophages it may stimulate produc-

ion of IL-27. The exact mechanisms by which IL-27 subunits
re induced from macrophages are unknown. We hypothesize
hat TLRs that activate p38, ERK, or JNK MAPKs are involved
n TMEV induction of IL-27.

We have utilized the RAW264.7 cell line and peritoneal
acrophages to examine the cell signaling pathways associ-

ted with expression of IL-12 and IL-23 in response to TMEV
nfection (Petro, 2005a; Petro, 2005b). We have shown that
he expression of IL-23 p19 is dependent upon ERK MAPKs
hile expression of IL-23 p40 is dependent upon p38 MAPK.
hus IL-27 mRNA expression in TMEV-infected, RAW264.7
acrophage cell line, as well as SJL/J and B10.S primary
acrophages was assessed utilizing real-time PCR. To deter-
ine which TLRs and MAPKs determine TMEV-induced IL-27

xpression, RAW264.7 cells or peritoneal macrophages were
timulated with TLR3, 4, or 7 agonists. In addition, RAW264.7
ells were transfected with shRNA vectors specific for TLR3
nd TLR7 or were pretreated with p38, ERK, or JNK MAPK
nhibitors before TMEV infection. The results indicate that
MEV infection induced IL-27 p28 and EBI3 mRNA expres-
ion from RAW264.7 cells and induced significantly more IL-27
28 in macrophages from SJL/J than B10.S mice. Expression of
L-27 p28 in RAW264.7 cells was dependent on activation of
NK-MAPKs and induced through TLR3 and TLR7 pathways.

. Materials and methods

.1. Experimental animals, cells, virus, and reagents

Female B10.S and SJL/J mice were obtained from Jackson
aboratories (Bar Harbor, Maine). RAW264.7 cells, a mouse
acrophage cell line originally obtained from the American
ype Culture Collection (Rockville, MD), were also grown in
ell culture medium, seeded at 1.0 × 106 per well of a 6-well

late in cell culture medium and incubated at 37 ◦C. The DA
train of TMEV was obtained from Dr. Kristen Drescher,
epartment of Medical Microbiology and Immunology,
reighton University, Omaha, NE. TMEV was grown in

o
2
f
o

arch 76 (2007) 159–167

HK-21 cells to produce stocks with 1 × 107 PFU/ml. All
xperiments using animals were approved by the University
f Nebraska Institutional Animal Care and Use Committee.
acrophages were obtained from the peritoneal cavity 3 days

fter intraperitoneal injection of 2 ml thioglycollate broth into
JL/J and B10.S mice. Peritoneal macrophages were incubated
t 1 × 106 cells/2 ml of DMEM cell culture medium (Invitrogen,
arlsbad, CA) containing 10% FBS (Invitrogen), and 50 �g/ml
entamycin (Invitrogen). After 24 h, non-adherent cells were
emoved and 1 ml of cell culture medium added. TLRs stimu-
ants were loxoribine (InVivoGen, San Diego, CA) an agonist
f TLR-7, poly(IC) (InVivoGen) an agonist of TLR-3, or E.
oli LPS 127:B8 (InVivoGen) an agonist of TLR-4.

.2. Treatment and stimulation

Peritoneal macrophages or RAW264.7 cells seeded at
× 106 were untreated (control) or infected with 0.1, 0.5, 1.0,
r 2.0 × 106 PFU of TMEV. Alternatively cells were untreated
r pretreated for 30 min before infection with 1 �l SP 600125,
n inhibitor of JNK MAPK (10 �M), and, 1 �l SB 203580
10 �M), an inhibitor of p38 MAPK, 2 �l U0126 (20 �M), an
nhibitor of ERK MAPK, or 1 �l DMSO carrier. Still further,
ells were stimulated with 200 �M loxoribine, an agonist of
LR-7, 50 �g/ml poly(IC), an agonist of TLR-3, or 500 ng/ml
. coli LPS 127:B8 an agonist of TLR-4. RNA was collected at
, 6, 9 or 24 h for real-time PCR. For western blot, cell extracts
ere collected at 30 min.

.3. RNA interference

RAW264.7 cells were transfected with vectors which express
hRNA specific for murine TLR3 (si-mTLR3) or TLR7 (si-
TLR7) (InvivoGen). The sequences of the siRNA that are gen-

rated from these vectors are: (only the sense strands are shown):
i-mTLR3, 5′-GAGCATCAATCTAGGACTGAA-3′, and si-
TLR7, 5′-GATCTGCCATCCAGCTTACAT-3′. RAW264.7

ells were transfected using the Cell Line Nucleofector Kit spe-
ific for RAW264.7 cells (Amaxa Biosystems, Gaithersburg,
D). Transfected cells were seeded at 1 × 106 onto 6-well

lates. Cells were stimulated as described above and after 24 h
ell extracts were obtained for TLR3 and TLR7 real time-PCR.

.4. Cell viability

RAW264.7 cell viability after TMEV infection was eval-
ated using the Cell Titer 96® Aqueous Non-Radioactive
ell Proliferation Assay of Promega (Madison, WI). Briefly,
AW264.7 cells were distributed to 96-well plates at 5000
ells per 100 �l in cell culture medium. PFU of TMEV
anging from 500 to 50,000 were added to respective
ells and plates were incubated at 37 ◦C for 24 h. 20 �l

f (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
-(4-sulfophenyl)-2H-tetrazolium (MTS)/phenazine methosul-
ate (PMS) solution was added to each well to yield 317 �g/ml
f MTS and 7.3 �g/ml PMS. Plates were incubated for 4 h at
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7 ◦C in 5% CO2. The number of infected cells at 24 h was
etermined by regression analysis of absorbencies at 490 nm of
ninfected RAW264.7 cells ranging from 5 × 103 to 5 × 105 that
ere incubated with MTS/PMS.

.5. Relative mRNA measurement by real time-PCR

RNA was extracted using the RNAeasy kit (Qiagen,
alencia, CA) according to the manufacturer’s instructions.
DNAs were prepared by mixing 1 �g of RNA with 1 �M
lidodeoxy-thymidine, 0.5 mM each of dATP, dGTP, dTTP, and
CTP, 20 U of RNAse inhibitor, and 525 U of MMLV reverse
ranscriptase (Invitrogen) in 50 mM Tris–HCl, pH 8.3, 75 mM
Cl, 3 mM MgCl2. After an incubation at 42 ◦C for 90 min

ollowed by 94 ◦C for 5 min one fiftieth of the cDNA was
ixed with primer pairs of genes of interest were: p28 sense

rimer 5′ AGCCTGTTGCTG CTACCCTTGC 3′, antisense
rimer 5′ GTGGACATAGCCCTGAACCTCA; EBI3 sense
rimer 5′ TCTTCCTGTCACTTGCCCTCTG 3′, antisense
rimer 5′ AGTTGGGAGCCTGGAGAGGAGT 3′; TMEV
ense primer 5′ CTTCCCATTCTACTGCAATG 3′, antisense
rimer 5′ GTGTTCCTGGTTTACAGTAG 3′; GAPDH 5′sense
rimer 5′ TTGTCAGCAATGCATCCTGCAC 3′; antisense
rimer 5′ 5′ACAGCTTTCCAGAGGGGCCATC 3′. Real-time
CR reactions were run on an ABI Prism 7000 thermal cycler
t 50 ◦C for 2 min, 95 ◦C for 2 min, 40 cycles of 95 ◦C for
5 s/60 ◦C for 30 s. Relative levels of mRNA for each factor
ere normalized to GAPDH determined by using the Ct value

nd the formula: 2 ��Ct.

.6. PAGE and Western immunoblot

Overnight RAW264.7 cells seeded at 1 × 106 were untreated
r pretreated with SP 600125, SB203580 or U0126 30 min
efore infection with 1 × 106 PFU of TMEV. After 30 min, cells
ere disrupted with lysis buffer containing 20 mM Tris–HCl,
50 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton,
.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate,
mM Na3VO4, 1 �g/ml leupeptin, and 1 mM PMSF. 10 �g of
rotein were run on a 10% SDS, Tris–glycine–polyacrylamide
el, transferred to a PVDF membrane, which was then treated
ith LiCor blocking buffer. Membranes were then incubated

n 1:1000 dilutions of mouse IgG specific for phospho-
44/42 (ERK), phospho-p38, rabbit IgG for p42/44 (ERK),
ouse antibody to JNK, rabbit antibody to phospho-JNK, or
ouse antibody to JNK (Cell Signaling Technology, Boston,
A). 1:1000 dilution of IRDye® 800CW goat anti-rabbit

gG (Rockland Immunochemicals Inc., Gilbertsville, PA) com-
ined with Alexa Fluor® 680 goat anti-mouse IgG (Molecular
robes/Invitrogen). The membrane was washed three times and

hen scanned with a LICOR Odyssey® Infrared Imaging System.

.7. Statistical analysis
Data were analyzed by the Student t-test to determine the
ignificance of differences between the mean values. P-values
f less than 0.05 were considered to be significant.
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. Results

.1. RAW264.7 infection with TMEV

We have utilized TMEV infection of RAW264.7 cells in order
o gain an understanding of signaling mechanism for IL-12 and
L-23 expression during viral infection (Petro, 2005b). There-
ore, our aim was to again utilize RAW264.7 cells to gain an
nderstanding of signaling mechanisms in IL-27 p28 and EBI3
xpression. However, we thought it important to first optimize
he conditions for infection of RAW264.7 cells. To establish the
emporal pattern in the TMEV infection of RAW264.7 cells we

easured relative TMEV RNA levels in RAW264.7 cells by real-
ime PCR at 3, 6, 9, and 24 h after infection with an MOI of 1.
MEV RNA in RAW264.7 cells steadily increased for up to 9 h
fter infection after which it decreased at 24 h (Fig. 1A). There-
ore, TMEV infection of RAW264.7 cells hits the highest point
t 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-
st expression of TMEV RNA in RAW264.7 cells. RAW264.7
ells exhibited a steady increase in TMEV RNA that was propor-
ional to the MOI (Fig. 1B). It is possible that TMEV infection
f macrophages could modulate cytokine production by affect-
ng macrophage viability. To establish the impact that TMEV
nfection has on RAW264.7 cell viability we infected 5 × 103

AW264.7 cells with various doses of TMEV ranging from 0 to
× 103 PFU and measured cell viability at 24 h using an MTS
ssay, which depends upon the conversion of tetrazolium to a
oluble colorimetric formazan product by viable cells. TMEV
nfection of RAW264.7 cells had no detectable effect upon cell
iability for up to 24 h after infection (Fig. 1C). Therefore, any
ffect that TMEV infection has on cytokine expression is not
ue to effects upon RAW264.7 cell viability. Overall, these
esults show that TMEV infection of RAW264.7 cells reaches
ts highest point at 9 h with an MOI of 2.0.

.2. TMEV induces expression of IL-27 p28 and EBI3
RNA

To establish that RAW264.7 cells express IL-27 subunits in
esponse to TMEV infection and to establish the conditions for
xpression, RAW264.7 cells, seeded at 1 × 106, were incubated
ith 1 × 106 TMEV PFU, and relative p28 and EBI3 mRNA

xpression was measured by real-time PCR at 3, 6, 9, and
4 h after infection. TMEV-induced significant expression of
28 mRNA from RAW264.7 cell at 6, 9, and 24 h after infec-
ion with peak expression of mRNA at 6 h (Fig. 2A). Likewise,
MEV-induced significant EBI3 mRNA at 6 h after infection in
AW264.7 cells (Fig. 2B). However, EBI3 mRNA at 3, 9, and
4 h after infection was not significantly different than back-
round levels of expression. Therefore, TMEV induces both
L-27 subunits in RAW264.7 cells at 6 h after infection. To estab-
ish the optimal MOI for simultaneous induction of both p28 and

BI3 mRNA, RAW264.7 cells were infected for 24 h with var-

ous TMEV MOI (0.1, 0.5, 1.0, and 2.0). Expression of p28
RNA was proportional to the increase in TMEV MOI with the

ighest 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 × 106 RAW264.7 cells at 3, 6, 12, and 24 h after infection with
1 × 106 TMEV; (B) 1 × 106 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.
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iability 5 × 103 RAW264.7 cells (C) at 24 h after infection with various doses
f TMEV ranging from 0 to 5 × 104 PFU as measured with an MTS assay. Data
re means of four samples each of a representative experiment.

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

.3. TLR3 and TLR7 signaling induces expression of the
L-27 p28 subunit
RAW264.7 cells express most TLRs including TLR3, which
ecognizes viral dsRNA, and TLR7, which recognizes viral
sRNA (Applequist et al., 2002). Because TMEV is a picor-

o
R
o
t
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avirus it is expected to stimulate RAW264.7 cells through
LR7 and TLR3. To establish that these TLR pathways induces

L-27 p28 and EBI3 mRNA RAW264.7 cells were stimulated for
4 h with a TLR3 agonist (poly(IC)), a TLR7 agonist (loxorib-
ne), or as a positive control, a TLR4 agonist (LPS). Poly(IC)
ut not LPS or loxoribine induced p28 mRNA expression in
AW264.7 cells significantly above background (Fig. 3A). In
ontrast, none of the TLR agonists induced significant EBI3
RNA expression in RAW264.7 cells, although EBI3 expres-

ion tended to be higher in RAW264.7 cells stimulated with
oxoribine (Fig. 3B).

Short hairpin RNA (shRNA) vectors which produce short
nhibitory (si)RNAs decrease expression of target proteins
Elbashir et al., 2001; Amarzguioui et al., 2005), including
LRs (Chen et al., 2006). To determine the significance of
LR3 and TLR7 to IL-27 p28 expression by RAW264.7 cells,
e transfected RAW264.7 cells with expression vectors encod-

ng shRNA specific for TLR3 or TLR7 before infection with
.0 MOI of TMEV. The TLR3 and TLR7 shRNA expres-
ion vectors decreased expression of TLR3 and TLR7 protein,
espectively, in RAW264.7 cells such that TLR3 and TLR7 were
ot detectable by Western immunoblot (data not shown). After
MEV infection, RAW264.7 cells transfected with TLR3 or
LR7 expression vectors exhibited a significant reduction in
MEV-induced p28 mRNA compared with RAW264.7 cells

ransfected with empty plasmid vectors (Fig. 3C). Therefore,
MEV stimulates expression of IL-27 p28 expression through
LR3 and TLR7.

.4. JNK MAPKs are required for expression of IL-27 p28
RNA

Stimulation through TLR3 and TLR7 pathways leads to
ctivation of p38, ERK, and JNK MAPKs, which are also
esponsible for cytokine expression by macrophages (Jiang et
l., 2003; Jones et al., 2001). To determine which MAPK path-
ay(s) are responsible for TMEV-induced IL-27 p28 and EBI3,
AW264.7 cells were pretreated with inhibitors of p38, ERK,
r JNK MAPK pathways before infection with TMEV as we
ave done previously (Petro, 2005a; Petro, 2005b). SB203580
nhibits activation of components downstream of the p38 path-
ay such as ATF-2 (Petro, 2005b) while U0126 and SP 600125

nhibit phosphorylation of the ERK and JNK MAPKs, respec-
ively (Fig. 4A). TMEV-induced p28 mRNA was significantly
educed by the JNK MAPK inhibitor, SP 600125, but was sig-
ificantly increased by the ERK MAPK inhibitor, U0126, and
as not affected by the p38, inhibitor, SB203580 (Fig. 4B). In

ontrast, expression of EBI3 mRNA was not affected by any of
he MAPK inhibitors (Fig. 4C). Therefore, TMEV-induced IL-
7 p28 mRNA depends on activation of the JNK MAPKs but
ontrolled by activation of the ERK MAPKs. It is possible that
he SP600125 could have modulated TMEV-induced p28 mRNA
ecause it modulated virus replication. Therefore, we were curi-

us to see if the MAPK inhibitors had any affect on TMEV
NA levels. Pretreatment of RAW264.7 cells with SB203580
r U0126 had no effect on TMEV RNA levels. Interestingly, pre-
reatment 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 × 106 RAW264.7 cells at 3, 6,
12, and 24 h after infection with 1 × 106 TMEV (A and B) or 24 h after infection with infection with 0.1, 0.5, 1.0, or 2.0 TMEV MOI (C and D). mRNA was reverse
t time P
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ranscribed and relative levels of p28 and EBI3 cDNA were measured by real-
epresentative experiment evaluated by the Student t-test; means which were co
*).

AW264.7 cells (Fig. 5). Therefore, JNK MAPKs or IL-27 may
ontrol expression of TMEV RNA in infected macrophages.

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

TMEV infects SJL/J macrophages to a greater extent than
10.S macrophages and induces a differential expression of

L-12 p25 and p40 subunits (Petro, 2005a). To determine if
MEV induces a similar differential expression IL-27 p28 and
BI3 mRNA, SJL/J and B10.S macrophages were infected with
MEV for 24 h and relative cytokine mRNA expression was
easured by real-time PCR. SJL/J macrophages expressed sig-

ificantly more p28 mRNA in response to TMEV infection than
10.S macrophages (Fig. 6A). However, expression of EBI3
RNA by SJL/J macrophages in response to TMEV, while

ending to be higher, was not significantly different than B10.S
acrophages (Fig. 6B).
The differential expression of IL-12 p35 and p40 by

JL/J and B10.S macrophages in response to TMEV infec-
ion was reflected in the response of these macrophages to
LR3 and TLR7 agonists (Petro, 2005a). To determine if

timulation through TLR3 or TLR7 pathways could also dif-
erentially induce IL-27 p28 and EBI3 mRNA, SJL/J and
10.S macrophages were stimulated with poly(IC), loxorib-

ne and LPS. SJL/J macrophages expressed p28 mRNA in

o
e
l
e

CR normalized to GAPDH cDNA. Data are means of four samples each of a
red significantly different than means from unstimulated cells are indicated by

esponse to poly(IC), loxoribine, and LPS to a significantly
reater extent than B10.S macrophages (Fig. 6A). Simi-
arly, SJL/J macrophages expressed significantly more EBI3

RNA in response to poly(IC) and LPS compared with B10.S
acrophages. Interestingly, loxoribine did not significantly

timulate EBI3 mRNA from macrophages of either strain
Fig. 6B).

. Discussion

The results of the present investigation clearly show that the
AW264.7 is an ideal macrophage cell line to examine signal-

ng mechanisms essential for virus-induced expression of IL-27
ubunits, p28 and EBI3 from macrophages. The RAW264.7
acrophage cell line has been useful for examining virus-

ctivated signaling pathways which stimulate expression of
L-12 family of proteins (Petro, 2005b). Therefore, we utilized
MEV infection of RAW264.7 cells in order to gain an under-
tanding of signaling mechanisms for TMEV induction of IL-27.
e show herein that RAW264.7 cells simultaneously express

28 and EBI3 mRNA 6 h after infection with TMEV. This is
ignificant because IL-27 stimulates naı̈ve T cells, but not mem-

ry T cells, during the early adaptive immune response (Pflanz
t al., 2002). Therefore, macrophages infected with TMEV will
ikely stimulate naı̈ve T cells during this short time-frame. How-
ver, p28 and EBI3 mRNAs were not expressed simultaneously
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Fig. 3. IL-27 subunit expression in RAW264.7 cells stimulated with poly(IC),
LPS, or loxoribine. IL-27 p28 (A) and EBI3 (B) mRNA expression in 1 × 106

RAW264.7 cells 24 h after stimulation with 200 �M loxoribine (LOX), 50 �g/ml
poly(IC), or 500 ng/ml E. coli LPS 127:B8. (C) p28 mRNA expression in 1 × 106

RAW264.7 cells that were transfected with empty vector, shTLR-3, shTLR-7, or
shTLR-3 plus shTLR-7. Following transfection cells were infected with 1 × 106

PFU of TMEV for 24 h. Bar graphs represent means ± S.E. of p28 or EBI3 cDNA
relative to GAPDH cDNA of 2 independent experiments with 5 samples each.
(*) Indicates that the mean is significantly different than controls at α = 0.05
confidence level.

Fig. 4. MAPK Western blots (A) or IL-27 subunit expression (B and C)
in TMEV-infected RAW264.7 cell pretreated with p38, ERK, and JNK
MAPK inhibitors. Representative Western immunoblots (A) of phosphorylated-
ERK(phos-ERK) or total ERK and phosphorylated-JNK (phos-JNK) or total
JNK MAPKs in 10 �g of cell extract from RAW264.7 cells pretreated with 1 �l
DMSO carrier, SP 600125 (SP; 10 �M), SB 203580 (SB; 10 �M), or U0126
(U; 20 �M) before infection with 1 × 106 TMEV. IL-27 p28 (B) and EBI3 (C)
mRNA expression in 1 × 106 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 t-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 24 h in 1 × 106

RAW264.7 cells pretreated with SP 600125 (SP; 10 �M), SB 203580 (SB;
10 �M), U0126 (U; 20 �M), or 1 �l DMSO carrier before infection with 1 × 106

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.

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 × 106 peritoneal macrophages were
infected with 1 × 106 PFU of TMEV or stimulated with 50 �g/ml poly(IC),
200 �M 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 t-test; comparisons which were considered
significantly different are indicated by brackets.
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t all times after infection. The p28 mRNA was expressed for up
o 24 h after TMEV infection in RAW264.7 cells. EBI3 mRNA
as significantly induced only at 6 h after TMEV infection.
herefore, both subunits of IL-27 are not always expressed con-
urrently within RAW264.7 cells. Since, p28 is not efficiently
ecreted without EBI3 it is not likely that bioactive IL-27 is
ecreted beyond 6 h after TMEV infection. This discord could
e due to the fact that p28 has a function by itself or has an alter-
ate molecular partner besides EBI3, as do other IL-12 cytokine
amily members. The IL-12 p40 subunit combines with p35 to
orm IL-12 and also combines with p19 to form IL-23 (Oppmann
t al., 2000). Likewise, IL-12 p35, which combines with p40,
lso combines with EBI3 (Devergne et al., 1997; Devergne et
l., 1996). To date an alternate partner for p28 has not been iden-
ified, but an additional partner for p28 to form another IL-12
ytokine family member is still possible.

These results are significant because TMEV infection of
acrophages has been associated with MS-like DD in mice

Lipton et al., 2005; Lipton et al., 1995). A previous study
howed that neutralization of IL-27 with antibody to p28 leads
o a reduction in the severity of DD in MS-like EAE (Goldberg
t al., 2004). The prospect that viruses, which induce MS-like
isease in mice, also induce subunits of IL-27 point out that
he signaling pathways by which viruses such as TMEV induce
xpression of IL-27 subunits in macrophages needs to be deter-
ined. Therefore, further studies are required to determine if
MEV-induced IL-27 contributes to the development of MS-like
isease in mice MS in humans.

At the onset of macrophage interactions with viruses, TLR
athways are critical to induction of cytokine expression. How-
ver, in addition to macrophages, astrocytes and microglial cells
re also infected with TMEV (Lipton et al., 2005; Lipton et al.,
995) and these cells also express most TLRs (Olson and Miller,
004) (Bsibsi et al., 2002; So et al., 2006). Therefore, these cells
ay also express IL-27. Herein we show that the TLR3 agonist,

oly(IC) induces significant expression of IL-27 p28 mRNA but
ot EBI3 mRNA expression from RAW264.7 cells. While the
LR7 agonist, loxoribine, tended to induce p28 expression it was
ot significantly higher than background. However, a reduction
n expression of TLR3 or TLR7 with shRNA vectors reduced
MEV-induced p28 mRNA expression. The discrepancy may
tem from the fact that TMEV infection of RAW264.7 cells
ncreases expression of TLR3 and TLR7 significantly above that
ound on uninfected RAW264.7 cells (data not shown) and a crit-
cal level of TLR7 expression is not achieved until after TMEV
nfection has begun. In any case, TLR3 and TLR7 are essential
or expression of IL-27 p28 in response to TMEV.

Unlike other TLRs, TLR3 and TLR7 are endocytic mem-
rane receptors for dsRNA and ssRNA, respectively (Barton
t al., 2006; Hemmi et al., 2002; Takeuchi et al., 2004). In
ddition to IL-27, the TLR3 pathway is also responsible for
nduction of IFN-� and other cytokines from cells infected with
MEV (Kwon et al., 2004; So et al., 2006). Therefore, mecha-

isms to decrease the activity of the TLR3 or TLR7 pathways
ay be useful in treatment of MS-like disease. It should be

oted that TLR8, which has significant homology to TLR7, also
inds to ssRNA and mice express TLR8 (Heil, 2004). However,



1 l Rese

R
i
t
a
2
s

T
M
R
e
e
n
v
(
T
f
w
M
s
i
D
m
t
i
t
i
M
O
r
p
a
e
a

o
c
P
e
i
m
g
a
l
f
a
s
p
t
g
B
T
w
T
B
i
w

p
e
g
M
f
i
m

A

N
f
R

R

A

A

A

A

A

B

B

B

B

C

C

C

D

D

66 L. Hause et al. / Antivira

AW264.7 cells do not express TLR8 (data not shown). Interest-
ngly, initial reports indicated that murine TLR8 is not responsive
o the same agonists as TLR7 but does respond to TLR8-specific
gonists in the presence of oligodeoxynucleotides (Gorden et al.,
006). Therefore future studies should consider whether TMEV
timulates macrophage cytokine production through TLR8.

However, stimulation of the TLR3 (Jiang et al., 2003) and
LR7 (Heil et al., 2003) pathways activate p38, ERK, or JNK
APKs (Dong et al., 2002). We show in this report utilizing
AW264.7 cells that in addition to TLR3 and 7, TMEV induces
xpression of IL-27 p28 through MAPK pathways. Specifically,
xpression of p28 required activation of the JNK MAPKs, but
ot p38 or ERK MAPKs. Several reports have shown that acti-
ation of the TLR3 pathway leads to activation of JNK MAPKs
Shim et al., 2005; Steer et al., 2006; Stewart et al., 2006) through
AK1 (Shim et al., 2005) and IRF-8 (Zhao et al., 2006). There-
ore, it is now important to determine if macrophages infected
ith TMEV exhibit activated TAK1 or IRF-8. In contrast to JNK
APKs, activation of ERK MAPKs appears to decrease expres-

ion of p28 since addition of the ERK MAPK inhibitor, U0126,
ncreased expression of p28. Therefore, if IL-27 contributes to
D then treatment with the JNK MAPK inhibitor, SP 600125,
ay be useful. However, it should be noted that, while inhibi-

ion of JNK activation resulted in a decrease in p28 expression
t also resulted in a significant increase in viral RNA replica-
ion in RAW264.7 cells. It could be that IL-27 is involved in
nnate anti-viral immunity of macrophages. Alternatively, JNK-

APKs may be involved directly in controlling viral replication.
ther reports have found JNK MAPKs to be involved in virus

eplication. Inhibition of JNK-MAPKs reduces Rotavirus, Her-
es simplex 1 virus, and cytomegalovirus replication (Holloway
nd Coulson, 2006; McLean and Bachenheimer, 1999; Rahaus
t al., 2004). Therefore, the mechanism by which JNK MAPKs
re involved in TMEV replication must be determined.

We previously showed that expression of the p40 subunit
f IL-12/IL-23 is significantly greater in TMEV-infected SJL/J
ompared with B10.S macrophages (Dahlberg et al., 2006;
etro, 2005a). In contrast, our previous report showed that
xpression of the p35 subunit of IL-12 by SJL/J macrophages
n response to TMEV infection is significantly less than B10.S

acrophages(Petro, 2005a). The results of the present investi-
ation similarly show that macrophages from SJL/J mice, which
re more susceptible to TMEV-DD, express significantly greater
evels of the IL-27 subunits p28 and EBI3 than macrophages
rom B10.S mice, which are resistant to TMEV-DD (Lipton et
l., 2005; Lipton et al., 1995; Monteyne et al., 1999). Our data
uggest that future studies are required to determine if IL-27
roduction from TMEV-infected SJL/J macrophages contributes
o TMEV-DD. In addition, TLR3 and TLR7 agonists induced
reater expression of p28 in SJL/J macrophages compared with
10.S macrophages. These results suggest that the TLR3 and
LR7 pathways are more active in SJL/J macrophages compared
ith B10.S macrophages. Indeed we have shown that TLR3 and

LR7 mRNA expression in SJL/J macrophages is greater than
10.S macrophages (Petro, 2005a). Interestingly, EBI3 was not

nduced in B10.S macrophages by any of the TLR agonists,
hile only polyIC induced EBI3 in SJL/J macrophages and

D

arch 76 (2007) 159–167

28 in B10.S macrophages. Therefore, the pathways for EBI3
xpression need to be elucidated. In summary our results sug-
est that the in vivo mechanism by which IL-27 is expressed in
S-like disease in mouse models is an interesting consideration

or future studies. The results herein point to pathways involved
n IL-27 subunit expression in response to TMEV infection of

acrophages, namely TLR3/TLR7 and JNK-MAPKs.
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