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Toll-like receptor 3 ligand-induced antiviral
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Abstract. Double-stranded RNA (dsRNA) and its mimic,
polyinosinic acid:polycytidylic acid [poly(I):poly(C)], are
recognized by toll-like receptor 3 (TLR3) that induces the
production of IFN- in many cell types. In the present study,
we investigated the effects of poly(I):poly(C) on mouse
osteoblastic MC3T3-E1 (E1) cells. Poly(I):poly(C) markedly
increased IFN-B mRNA level in a dose-dependent manner.
The increase in the IFN-B mRNA level was apparent as early
as 1 h after adding poly(I):poly(C) to the culture and peaked
at 12 h. Stimulation with poly(I):poly(C) enhanced the
expression of CXCL10 mRNA and TLR3 in E1 cells.
Moreover, poly(I):poly(C) induced tyrosine phosphorylation
of the transcription factor STATI in E1 cells. An anti-IFN-f3
neutralizing antibody partially inhibited poly(I):poly(C)-
induced CXCL10 mRNA, TLR3 mRNA and STATI1
phosphorylation. These results indicate that osteoblasts secrete
IFN-B in response to viral infection and that endogenous
IFN- induces both CXCL10 and TLR3 production via an
IFN-0/B receptor-STAT1 pathway. It is suggested that osteo-
blasts are involved in host defense as well as bone metabolism.

Introduction

Osteoblasts are specialized cells responsible for bone
formation in vertebrates. Bone tissues mainly consist of
hydroxyapatite crystals and various kinds of bone matrix
proteins, including type I collagen, osteocalcin, osteopontin,
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osteonectin and bone sialoprotein. Most of these bone matrix
proteins are secreted and deposited by mature osteoblasts
(1,2). Moreover, osteoblasts play a central role in the
modulation of the differentiation and activity of osteoclasts
(3). Osteoblasts express the receptor activator of NF-«xB ligand
(RANKL), a member of the tumor necrosis factor (TNF)
family that is induced as a membrane-associated protein in
osteoblasts/stromal cells in response to many bone resorbing
factors. The binding of RANKL to its receptor RANK on
precursor cells results in osteoclastogenesis (4.,5).

Toll-like receptors (TLRs) are a family of mammalian
proteins homologous to Drosophila Toll, and there are 10
(TLRs 1-10) and 12 (TLRs 1-9 and 11-13) family members
in humans and mice, respectively (6). Peptidoglycan (PGN),
double-stranded RNA (dsRNA), lipopolysaccharide (LPS),
flagellin, and the CpG motif of unmethylated DNA (CpG
DNA) are ligands of TLR2, TLR3, TLR4, TLRS, and TLR9,
respectively (7-11). Among these ligands, dsSRNA and poly-
inosinic acid:polycytidylic acid [poly(I):poly(C)], a synthetic
dsRNA analogue, are able to induce production of IFN-a/B in
many cell types (12-14).

IFN-B is produced by various types of cells in response to
viral and bacterial infections (15,16) and regulates cellular
immune response to viral and bacterial infections (17,18).
IFN-£ also regulates bone metabolism. Bone metabolism is
regulated by a mechanism that balances bone formation and
resorption, in which bone-forming osteoblasts and bone-
resorbing osteoclasts play central roles (19,20). Recently, it
was demonstrated that RANKL up-regulated the expression
of IFN-B mRNA in bone marrow-derived macrophages as
osteoclast precursor cells and that IFN-f inhibited osteoclast
differentiation by interfering with the RANKL-induced
expression of c-Fos, an essential transcription factor for the
formation of osteoclasts (21). Although osteoclast progenitors
are known to constitutively express IFN-B, it remains unclear
whether osteoblasts produce IFN-. Moreover, the function
of osteoblasts in viral infection is not yet clear.

In the present study, we investigated the effects of
poly(I):poly(C) on the mouse osteoblastic cell line MC3T3-
El (E1) cells. Poly(I):poly(C) increased the expression levels
of IFN-3, CXCL10, a member of the CXC chemokine family,
and TLR3 mRNA in El cells. Moreover, poly(I):poly(C)
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induced tyrosine phosphorylation of the transcription factor
STATI1 in E1 cells. An anti-IFN- neutralizing antibody
partially inhibited poly(I):poly(C)-induced CXCL10 mRNA
and TLR3 mRNA expression and STAT1 activation. These
results indicate that osteoblasts secrete IFN-6 in response to
viral infection and that endogenous IFN-B induces both
CXCL10 and TLR3 production via an IFN-a/ receptor-
STATI pathway. It is suggested here that osteoblasts are
involved in host defense as well as bone metabolism.

Materials and methods

Reagents. Poly(I):poly(C) was obtained from GE Biosciences
(Piscataway, NJ, USA). Recombinant mouse IFN-8 and
rabbit polyclonal antibody against mouse IFN- were
purchased from PBL Biomedical Laboratories (New
Brunswick, NJ). Rabbit anti-TLR3 polyclonal antibody was
obtained from Stressgen (Victoria, Canada). Mouse anti-
STAT1 (N-terminus) antibody and mouse anti-phospho-
STATI antibody (pY701) were from BD Biosciences (San
Diego, CA, USA).

Cell culture. Osteoblastic E1 cells from mouse calvaria were
cultured in a-minimum essential medium (a-MEM)
supplemented with 10% fetal bovine serum (FBS), ascorbic
acid (50 pg/ml), and kanamycin (60 pg/ml; Sigma). Cultures
were maintained at 37°C under a humidified atmosphere with
5% CO, in air. After confluence, E1 cells were treated with
poly(I):poly(C) or IFN-B.

RT-PCR. Total RNA from E1 cells was prepared using
TRIzol solution (Invitrogen, Carlsbad, CA) according to the
manufacturer's protocol. First-strand cDNA was synthesized
from total RNA with ReverTra Ace (Toyobo, Osaka, Japan)
and was subjected to PCR amplification with AmpliTaq Gold
DNA polymerase (Roche Molecular Systems, Braunchburg,
NIJ). Sequences of the primers used for PCR were as follows:
IFN-B, 5'-CTC CAG CTC CAA GAA AGG ACG-3' and 5'-
GAA GTT TCT GGT AAG TCT TCG-3'; CXCL10, 5'-CCT
GCC CAC GTG TTG AGA T-3' and 5'-TGA TGG TCT
TAG ATT CCG GAT TC-3"; TLR3, 5-ATT TAG AGT CCA
ACG GCT TAG ATG-3' and 5'-TTC CAG TAA AAA GAG
ATC CTC CAG-3'; IFN-a/B3 receptor (IFNAR), 5'-CAT GGC
TGG CTA TAT TGT TCC-3' and 5'-ATG GCT TGG GTT
AAA GGT TTA C-3'; and glyceraldehyde-3-phosphate
dehydrogenase (G3PDH), 5'-CGG AGT CAA CGG ATT
TGG TCG TAT-3' and 5'-AGC CTT CTC CAT GGT GGT
GAA GAC-3'. Amplification was conducted for 23-37
cycles. All PCRs were within the exponential amplification
range. The annealing temperatures of IFN-8, TLR3,
CXCLI10, IFNAR and G3PDH were 62, 55, 55, 54 and 60°C,
respectively. After amplification, the synthesized PCR
products were separated by electrophoresis on a 1% agarose
gel and visualized by ethidium bromide staining. The levels
of expression of IFN-f, CXCL10 and TLR3 mRNA were
analyzed with Scion Image (Scion Corp., MD) and normalized
with G3PDH mRNA expression.

Western blot analysis. After various treatments, E1 cells
were washed twice with PBS and then treated with lysis
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Figure 1. Poly(I):poly(C) induced the expression of IFN-3 mRNA, CXCL10
mRNA and TLR3 in MC3T3-El cells. (A) El cells were cultured in e-MEM
with 100 zg/ml poly(I):poly(C) for the indicated periods, and total RNA was
analyzed by RT-PCR with specific primers described in Materials and
methods. G3PDH was used as an internal control. Fold increase at the
bottom of the signals represents the intensity of IFN-8, CXCL10 and TLR3
mRNA expression relative to G3PDH. (B) E1 cells were exposed to various
concentrations of poly(I):poly(C) for 6 h. Levels of IFN-8, CXCL10, TLR3
and G3PDH mRNA were determined as described in A. (C) El cells were
stimulated with 100 g g/ml poly(I):poly(C) for various periods, and whole
cell lysates were extracted and subjected to 10% SDS-PAGE. TLR3 protein
was visualized with anti-TLR3 antibody and an enhanced chemilumin-
escence system. Figures at the bottom of the signals indicate the intensity of
TLR3 protein expression.

buffer [10 mM HEPES-KOH (pH 7.5), 100 mM KCI and
0.1% NP-40]. The protein concentration in the cell lysate was
measured using a BioRad protein assay kit (BIORAD,
Hercules, CA). Each sample containing equal amounts of
protein was separated by 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a poly-
vinylidene difluoride membrane (Millipore, Bedford, MA).
After having been blocked with 5% skim milk in TBST
(Tris-buffered saline containing 0.1% Tween-20), the
membrane was incubated with anti-TLR3, anti-STAT1 and
anti-phospho-STAT1 antibodies and subsequently with HRP-
conjugated anti-mouse or anti-rabbit IgG antibody. Immuno-
reactive proteins were visualized with Western blot chem-
iluminescence reagents (PerkinElmer Life Sciences, Boston,
MA) following the manufacturer's instructions.
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Figure 2. Exogenous IFN- induced the expression of TLR3 and CXCL10 mRNA in E1 cells. (A) PCR products corresponding to IFN-a/B receptor (IFNAR)
were separated by electrophoresis on a 1% agarose gel and visualized by ethidium bromide staining. MW indicates molecular weight marker (¢pX174-HinclI).
(B) E1 cells were cultured in e-MEM with 1000 U/ml recombinant mouse IFN-f, and total RNA was analyzed by RT-PCR with specific primers described in
Materials and methods. (C) E1 cells were cultured with various concentrations of IFN-f for 6 h, and then TLR3, CXCL10 and G3PDH mRNA were analyzed
by RT-PCR. Fold increase at the bottom of the signals represents the intensity of TLR3 and CXCL10 mRNA expression relative to G3PDH. (D) El cells were
cultured with or without various concentrations of neutralizing antibody against IFN- and 100 xg/ml of poly(I):poly(C) for 6 h. CXCL10, TLR3 and G3PDH
mRNA expression was analyzed by RT-PCR using specific primers described in Materials and methods. Figures at the bottom of CXCL10 and TLR3 mRNA

images were normalized against expression of the G3PDH gene.

Results

Poly(1):poly(C) increases IFN-f3, CXCLI0, and TLR3 mRNA
expression levels in osteoblastic El cells. Poly(I):poly(C), a
synthetic double-stranded RNA, acts on various cells to
induce production of IFN-B, which is a key cytokine for anti-
viral responses (12-14). Therefore, we examined the induction
of IFN-B mRNA expression in El cells by poly(I):poly(C).
As shown in Fig. 1A, poly(I):poly(C) markedly increased the
IFN-B mRNA expression level in E1 cells. The increase in
the IFN-B mRNA level was apparent as early as 1 h after
adding poly(I):poly(C) to the culture and peaked at 12 h.
Gasper et al (22) reported that Salmonella-derived LPS, a
ligand of TLR4, could stimulate cultured mouse osteoblasts
to express the mRNA encoding CXCL10 and induce
secretion of this chemokine in a dose-dependent manner. We
therefore examined whether the TLR3 ligand poly(I):poly(C)
induced the expression of CXCL10 mRNA. RT-PCR
analysis of El cells showed that poly(I):poly(C) induced
CXCL10 mRNA expression. The CXCL10 mRNA level was
clearly elevated at 3 h after the addition of poly(I):poly(C)
(Fig. 1A). We also examined the time course of TLR3 mRNA
expression in response to poly(I):poly(C). The TLR3 mRNA
level was slightly elevated as early as 1 h after the addition of
poly(I):poly(C) and peaked at 6 h (Fig. 1A). As shown in
Fig. 1B, the effects of poly(I):poly(C) on IFN-8, CXCL10
and TLR3 mRNA were dose dependent. These effects were
slightly enhanced at 1 pzg/ml poly(I):poly(C), and the maximal
responses were obtained at 100 pg/ml.

TLR3 ligand up-regulates production of TLR3 protein in
osteoblastic EI cells. To determine whether poly(I):poly(C)

induces the production of TLR3 protein by E1 cells, total
cellular protein was isolated at various times after stimulation
with poly(I):poly(C), and the expression of TLR3 protein
was analyzed by Western blotting. Concomitant with the
induction of TLR3 mRNA expression, the results of Western
blot analysis revealed that the expression level of TLR3
protein in E1 cells was markedly increased by poly(I):poly(C)
treatment (Fig. 1C).

IFN-f3 induces expression of TLR3 and CXCLI0 mRNA in
osteoblastic EI cells. Doyle et al (23) revealed that
stimulating primary macrophage cells with IFN-B resulted in
a dose-dependent up-regulation of TLR3 mRNA. Thus, we
investigated whether exogenous IFN- could increase the
level of TLR3 mRNA in osteoblastic cells. IFN- binds to
IFN-a/B receptor (IFNAR). Therefore, we first examined
whether E1 cells express the IFNAR mRNA. IFNAR mRNA
was expressed in E1 cells (Fig. 2A). As shown in Fig. 2B, the
effect of exogenous IFN- on TLR3 mRNA expression was
time dependent. The TLR3 mRNA expression level
increased as early as 1 h after stimulation with IFN-8 and
peaked after 6 h. Moreover, TLR3 mRNA expression was
clearly observed at 10 U/ml and the maximal level was
obtained at 1000 U/ml of IFN-B (Fig. 2C). The CXCL10
mRNA level was clearly elevated as early as 1 h after the
addition of IFN-f (Fig. 2B). As in the case of TLR3 mRNA
expression, the effect of exogenous IFN- on CXCL10
mRNA was dose dependent (Fig. 2C).

Anti-mouse IFN-f3 antibody partially inhibits poly(I):poly(C)-
induced TLR3 mRNA expression in osteoblastic E1 cells.
To determine whether IFN- was responsible for the
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Figure 3. Poly(I):poly(C) induced STAT]I activation through IFN- in an
autocrine fashion. (A) Cells were stimulated with 100 g g/ml poly(I):poly(C)
for the indicated periods. The cell lysates were fractionated by 10% SDS-
PAGE and analyzed by Western blotting using an antibody against STAT1
or phosphor-specific STAT1 (p-STAT1). (B) El cells were cultured in a-
MEM containing various combinations of the indicated reagents for 3 h, and
whole cell lysates were extracted and then subjected to Western blotting
using an antibody against STAT1 or p-STATI.

poly(I):poly(C)-induced TLR3 and CXCL10 mRNA
expression, El cells were incubated with 100 ug/ml of
poly(I):poly(C) for 6 h in the presence or absence of anti-
IFN-B neutralizing antibody. Fig. 2D shows that anti-IFN-
antibody reduced both poly(I):poly(C)-induced TLR3 and
CXCL10 mRNA expression levels, indicating that
poly(I):poly(C)-induced endogenous IFN- was responsible
for this effect.

Poly(I):poly(C) induced STATI activation, which was
blocked by anti-IFN-f3 neutralizing antibody in osteoblastic
E1 cells. We next investigated whether the abundance of the
transcription factor STATI or its tyrosine phosphorylation
was affected by poly(I):poly(C) in E1 cells. E1 cells were
stimulated with 100 g g/ml of poly(I):poly(C) for various
periods. As expected, the abundance of STAT1 was not
changed by stimulation with poly(I):poly(C) for various
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periods. Poly(I):poly(C) induced phosphorylation of STAT1
at tyrosine 701 at 3 h (Fig. 3A), and this effect was blocked
by the addition of anti-IFN-8 neutralizing antibody in a dose-
dependent manner (Fig. 3B).

Discussion

IFN-B plays an important role in the first line of host defense
in mammals and is crucial for limiting the early replication
and spread of viruses (15). Regulation of IFN-8 mRNA tran-
scription is complex, requiring the action of IRF3 in
conjunction with additional transcription factors, such as
NF-«B and AP-1 (ATF2-c-Jun) (24). To our knowledge,
regulation of IFN-B mRNA transcription in osteoblasts has
not yet been elucidated. Recently, IFN- was suggested to be
a critical cytokine for the differentiation of bone marrow-
derived macrophages to osteoclasts (21). Takami et al showed
that poly(I):poly(C) strongly inhibited osteoclast differentiation
(25). In the present study, we found that poly(I):poly(C) is
able to induce IFN-B mRNA in mouse osteoblastic E1 cells.
This finding suggested that poly(I):poly(C) interacts with
osteoblasts and inhibits osteoclastogenic bone resorption
through induction of IFN-B, which is consistent with results
of a previous study (25). These results demonstrate that
osteoblasts have the ability to sense viral pathogens and that
they maintain bone homeostasis by inhibiting osteoclasto-
genesis.

TLR3 recognizes double-stranded RNA and its mimic
poly(I):poly(C) (8). Indeed, we found that TLR3 was
expressed in E1 cells. In support of our findings, it has been
reported that TLR3 mRNA was constitutively expressed in
primary mouse osteoblasts (26). Our study revealed that
poly(I):poly(C) up-regulated TLR3 expression in EI cells.
Doyle et al (23) reported that treatment of murine bone-
derived macrophages with a TLR3 ligand induced TLR3
mRNA expression. They also reported that stimulating
macrophages with IFN-B resulted in a dose-dependent up-
regulation of TLR3 mRNA. In the present study, we
demonstrated that IFN- induced expression of TLR3 mRNA
in E1 cells, which was partially inhibited by an anti-IFN-
neutralizing antibody. These results indicate that the release
of IFN-B from E1 cells by poly(I):poly(C) stimulation caused
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Figure 4. Schematic model of the results of poly(I):poly(C)-provoked mouse osteoblastic cell reaction.
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up-regulation of TLR3 in an autocrine manner. We also
demonstrated that TLR3 mRNA was slightly up-regulated as
early as 1 h after treatment of E1 cells with poly(I):poly(C).
Therefore, another signaling pathway, which is independent of
IFN- may exist for TLR3 up-regulation by poly(I):poly(C)
in E1 cells. Further studies are needed to clarify the
regulation of TLR3 expression by poly(I):poly(C) in E1 cells.

The chemokine CXCL10 is involved in immune responses
against a variety of viral infections. This chemokine is a
ligand for the CXCR3 receptor and specifically attracts both
activated type 1 T lymphocytes and natural killer (NK) cells
(27-29). Gasper et al (22) demonstrated that osteoblasts
secrete the chemokine CXCL10 when stimulated with a
bacterial pathogen or bacterial products such as LPS. In the
present study, we revealed that osteoblastic E1 cells expressed
CXCL10 mRNA after stimulation with poly(I):poly(C),
indicating the potential for osteoblasts to secrete CXCL10 in
response to viral infection. Therefore, these results suggest
that osteoblasts contribute to the initiation of cell-mediated
immune responses through recruitment of Th1 or NK cells to
the site of bone infection.

It is known that IFN- induces both TLR3 and CXCL10
mRNA leading to STAT1 phosphorylation on bone marrow
macrophages (23). In the present study, we revealed that
poly(I):poly(C) induced STAT1 activation on osteoblastic E1
cells and this effect was blocked by the addition of an anti-
IFN-B neutralizing antibody. Therefore, these results suggest
that both poly(I):poly(C)-induced TLR3 and CXCL10
mRNA expression was dependent on STAT1 activation.

In summary, we demonstrated the effect of poly(I):poly(C)
on mouse osteoblastic MC3T3-E1 cells. It is possible that
poly(I):poly(C) first induces IFN-8 mRNA through TLR3
in mouse E1 cells, which causes STAT1 activation via the
IFN-a/ receptor, and then enhances both TLR3 production
and CXCL10 mRNA expression (Fig. 4). Our results indicate
that osteoblasts may play a hitherto unrecognized role beyond
their function in bone metabolism. Results of further studies
will provide more clues to the molecular function of
osteoblasts in viral infection.
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