
release of both MMP-9 and MMP-2 (Supplemental Fig. 1C–E)
as well as MMP-1 (Supplemental Fig. 1F). Silencing of TLR3
significantly suppressed poly(I:C)-augmented iNOS expression
(Supplemental Fig. 1G).
To examine whether poly(I:C) has the same effects in adult lung

fibroblasts, NHLFs were incubated with various concentrations
of poly(I:C) for 48 h. Poly(I:C) significantly augmented release
of the latent and active forms of MMP-9 and MMP-2 (Supplemental
Fig. 2A–C), and release of latent-MMP-1 (Supplemental Fig. 2D)
in a concentration-dependent manner. Poly(I:C) (30 mg/ml)
had no significant effect on the levels of TIMP-1 and TIMP-2
(Supplemental Fig. 2E). iNOS expression (Supplemental Fig. 3A),
NO production (Supplemental Fig. 3B), and nitrotyrosine formation

(Supplemental Fig. 3C) were significantly augmented by treatment
with poly(I:C).

Effect of a selective iNOS inhibitor, 1400W, on
poly(I:C)-augmented MMP release

Poly(I:C) clearly induced iNOS expression in human lung fibro-
blasts, but it was unclear whether endogenously produced NO is
involved in the poly(I:C)-mediated release of MMPs. To clarify this
issue, we examined the effect of 1400W, a highly selective iNOS
inhibitor (33), on poly(I:C)-augmented release of MMPs in HFL-1
cells. 1400W significantly inhibited poly(I:C)-augmented release
of MMP-9 (Fig. 3A, 3B), MMP-2 (Fig. 3A, 3C), and MMP-1
(Fig. 3D) in a concentration-dependent manner.

FIGURE 5. Poly(I:C) augments nuclear translocation of NF-kB p65, and CAPE inhibits poly(I:C)-augmented release of MMPs and iNOS expression.

HFL-1 cells were treated with 30 mg/ml poly(I:C) for 0, 30, 60, 90, and 120 min, and the nuclear fraction was obtained. Nuclear translocation of NF-kB p65

was evaluated by immunoblotting (A) (n = 4) and immunocytochemistry (B). ***p , 0.001 versus controls. Cells were treated with various concentrations

of CAPE in the presence (filled bars) or absence (open bars) of 30 mg/ml poly(I:C) for 48 h. MMP-9 (C and D), -2 (C and E), and -1 (F) in the media

were analyzed by zymography (n = 4). (G) Expression of iNOS was analyzed by immunoblotting (n = 4). *p , 0.05, **p , 0.01, ***p , 0.001 versus

poly(I:C)-untreated controls, †p , 0.05, ††p , 0.01, †††p , 0.001 versus vehicle-pretreated poly(I:C)-treated controls. M, markers of MMPs.

6 TLR3 MEDIATES MMP RELEASE VIA iNOS INDUCTION

 by guest on N
ovem

ber 29, 2021
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 



Effect of a peroxynitrite scavenger, MnTBAP, on
poly(I:C)-augmented MMP release

Peroxynitrite is a powerful oxidant formed from superoxide
and NO and can cause nitrosative stress (34) and induce tissue
remodeling (29, 35). To examine if poly(I:C)-augmented release

of MMPs is mediated through a peroxynitrite-dependent pathway,

we investigated the effect of MnTBAP, a specific peroxynitrite

scavenger (36), on release of MMPs in HFL-1 cells. MnTBAP

significantly inhibited poly(I:C)-augmented nitrotyrosine forma-

tion (Fig. 4A) and completely recovered the poly(I:C)-augmented

FIGURE 6. Poly(I:C) augments nuclear translocation of p–IRF-3, and IRF-3 silencing by siRNA inhibits poly(I:C)-augmented release of MMPs and

iNOS expression. HFL-1 cells were treated with 30 mg/ml poly(I:C) for 0, 30, 60, 90, and 120 min, and the nuclear fraction was obtained. Nuclear

translocation of p-IRF-3 was evaluated by immunoblotting (A) (n = 4) and immunocytochemistry (B). **p , 0.01, ***p , 0.001 versus controls. (C)

Expression of IRF-3 in HFL-1 cells was measured by immunoblotting after silencing with siRNA (n = 4). ***p , 0.001 versus nontargeting siRNA. After

silencing, the cells were incubated with 30 mg/ml poly(I:C) (filled bars) or vehicle (open bars) for 48 h. MMP-9 (D and E), -2 (D and F), and -1 (G) in the

media were analyzed by zymography (n = 4). (H) Expression of iNOS was analyzed by immunoblotting (n = 4). *p , 0.05, **p , 0.01 versus poly(I:C)-

untreated controls, †p , 0.05, ††p , 0.01 versus nontargeting siRNA-pretreated poly(I:C)-treated controls.
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release of MMP-9 (Fig. 4B, 4C), MMP-2 (Fig. 4B, 4D), and the
latent form of MMP-1 (Fig. 4E).

Signal transduction in poly(I:C)-augmented MMP release and
iNOS expression

Because signal transduction of TLR3 activation is mediated
thorough NF-kB and IRF-3, we investigated the roles of NF-kB

and IRF-3 in fibroblast-mediated release of MMPs and iNOS
expression in HFL-1 cells. After cells were treated with poly(I:C)
for the indicated times in Fig. 5A (0–120 min), marked NF-kB
p65 translocation into the nucleus was observed by Western blotting
(Fig. 5A). This translocation was confirmed by immunocytochem-
istry (Fig. 5B). To examine whether NF-kB–related signaling is
involved in the poly(I:C)-mediated responses, the effects of

FIGURE 7. A neutralizing IFN-b Ab inhibits poly(I:C)-enhanced release of MMPs and iNOS expression. (A) HFL-1 cells were incubated with 1 mg/ml

CAPE or vehicle for 30 min, followed by treatment with 30 mg/ml poly(I:C) (filled bars) or vehicle (open bars) for 48 h. (B) Cells were also treated with

nontargeting control or IRF-3 siRNA for 24 h and further incubated with 30 mg/ml poly(I:C) (filled bars) or vehicle (open bars) for 48 h. The media were

assayed for IFN-b by ELISA (A, B) (n = 4). Cells were treated with 30 mg/ml poly(I:C) (filled bars) or vehicle (open bars) for 48 h in the presence of

a neutralizing anti–IFN-b Ab or control IgG. MMP-9 (C and D), -2 (C and E) and -1 (F) in the media were analyzed by zymography (n = 4). (G) Expression

of iNOS was analyzed by immunoblotting (n = 4). *p , 0.05, **p , 0.01, ***p , 0.001 versus poly(I:C)-untreated controls, ††p , 0.01, †††p , 0.001

versus vehicle, nontargeting siRNA, or control IgG-pretreated poly(I:C)-treated controls.
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CAPE, a specific NF-kB inhibitor (37), on release of MMPs and
iNOS expression were evaluated. CAPE significantly abrogated the
poly(I:C)-induced increases in MMP-9 and MMP-2 (Fig. 5C–E)
and MMP-1 (Fig. 5F) in a concentration-dependent manner. CAPE
also significantly abrogated the poly(I:C)-induced increase in iNOS
expression (Fig. 5G).
As expected, translocation of p–IRF-3 into the nucleus after

treatment with poly(I:C) was observed by Western blotting
(Fig. 6A) and confirmed by immunocytochemistry (Fig. 6B). To
investigate whether IRF-3 is involved in the fibroblast-mediated
release of MMPs and iNOS expression, the effects of IRF-3
silencing on the poly(I:C)-augmented responses were evaluated.
siRNA against IRF-3 diminished expression of IRF-3 in the cells

(Fig. 6C). The siRNA significantly abrogated the poly(I:C)-
induced increases in MMP-9 (Fig. 6D, 6E), MMP-2 (Fig.
6D, 6F), and MMP-1 (Fig. 6G). Silencing of the IRF-3 gene
also abrogated the poly(I:C)-induced increase in iNOS expression
(Fig. 6H).
Because NF-kB and IRF-3 regulate IFN-b expression, we ex-

amined whether endogenous IFN-b contributes to the poly(I:C)-
mediated release of MMPs in HFL-1 cells. Poly(I:C) enhanced
IFN-b production and both CAPE and siRNA against IRF-3 sig-
nificantly inhibited the poly(I:C)-enhanced IFN-b release (Fig. 7A,
7B). A neutralizing anti–IFN-b Ab significantly reduced the
poly(I:C)-augmented release of MMP-9 and MMP-2 (Fig. 7C–E),
MMP-1 (Fig. 7F), and iNOS expression (Fig. 7G).

FIGURE 8. A neutralizing anti–IL-6 Ab has no significant effect on poly(I:C)-augmented release of MMPs and iNOS expression. HFL-1 cells were

treated with 30 mg/ml poly(I:C) (filled bars) or vehicle (open bars) for 48 h. Levels of cytokines in the media were assayed by cytokine array (A and B) (n =

4). HFL-1 cells were treated with 30 mg/ml poly(I:C) (filled bars) or vehicle (open bars) for 48 h in the presence of a neutralizing anti–IL-6 Ab or control

IgG. MMP-9 (C and D), -2 (C and E), and -1 (F) in the media were analyzed by zymography (n = 4). (G) Expression of iNOS was analyzed by immu-

noblotting (n = 4). *p , 0.05, **p , 0.01, ***p , 0.001 versus poly(I:C)-untreated controls.

The Journal of Immunology 9

 by guest on N
ovem

ber 29, 2021
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


Poly(I:C) upregulates various proinflammatory cytokines and
these mediators could cause tissue remodeling. Therefore, we further
investigated the poly(I:C)-induced profiles of proinflammatory
cytokines and chemokines in HFL-1 cells using cytokine and che-
mokine arrays. Poly(I:C) significantly augmented the levels of IL-6,
IL-8, and RANTES compared with controls (Fig. 8A, 8B), whereas
TIMP-2 was significantly reduced (Fig. 8A, 8B). Because expres-
sion of IL-6 was the most prominent among these cytokines, we
examined the effects of IL-6 on the poly(I:C)-augmented release
of MMPs and iNOS expression. A neutralizing anti–IL-6 Ab had
no effects on release of MMPs or iNOS expression (Fig. 8C–G).

Enhancement of poly(I:C)-induced responses in asthmatic
human lung fibroblasts (DHLF-As)

To determine whether poly(I:C)-mediated release of MMPs and
nitrosative stress are enhanced in asthmatic airways, we compared
the poly(I:C)-augmented release of MMPs and iNOS expression in
primary lung fibroblasts from healthy subjects (NHLFs) with those
in lung fibroblasts from asthmatic patients (DHLF-As). Poly(I:C)
enhanced release of the latent and active forms of MMP-9 and
MMP-2 (Fig. 9A–C) and of the latent form of MMP-1 (Fig. 9D) in
both types of cells. However, the changes in the release of the
latent and active forms of MMP-9 and active form of MMP-2 were
significantly greater in DHLF-As than in NHLFs after stimulation
with poly(I:C) (Fig. 9B, 9C). Expression of TLR3 in DHLF-As
cells did not differ from that in NHLFs (Fig. 9E). The extent of
iNOS induction was significantly greater in DHLF-As than in
NHLFs (Fig. 9F).

Discussion
Our results show that TLR3 activation augments release of MMPs
in lung fibroblasts through iNOS expression and subsequent RNS
production. Poly(I:C) induced NF-kB and IRF-3 translocation
into the nucleus, and inhibition of NF-kB or silencing of IRF-3
abrogated the poly(I:C)-induced increase in both iNOS expression
and release of MMPs. In addition, poly(I:C) enhanced release of
IFN-b through the NF-kB and IRF-3 pathways and endogenously
produced IFN-b modulated the poly(I:C)-induced responses.
Furthermore, these responses were potentiated in asthmatic lung
fibroblasts compared with normal lung fibroblasts. These findings
suggest that TLR3 signaling modulates production of MMPs
through an IFN-b/RNS-dependent pathway in lung fibroblasts and
that fibroblast-mediated release of MMPs in patients with asthma
may be potentiated by excessive nitrosative stress during viral
infection.
Viral infection, especially by rhinovirus and respiratory syncy-

tial virus, causes exacerbation of asthma and is a major cause of
prolonged worsening of disease (3, 8, 38). Rhinovirus detection in
the lower airway tissue or severe exacerbation has also been as-
sociated with a decline in lung function in patients with asthma
(39, 40). In an OVA-induced asthma rat model, intratracheal ad-
ministration of poly(I:C) enhanced airway remodeling, including
goblet hyperplasia and increased airway smooth muscle mass
(41). These findings suggest that viral infection or TLR3 activa-
tion may promote architectural changes such as airway remodel-
ing in asthmatic airways. The MMP-9/TIMP-1 ratio in the airways
of patients with asthma is increased during exacerbation (42), and

FIGURE 9. Responsiveness of NHLFs and DHLF-As to poly(I:C). NHLFs (normal) (n = 3) and DHLF-As (asthma) (n = 4) were incubated with

30 mg/ml poly(I:C) or vehicle for 48 h. MMP-9 (A and B), -2 (A and C) and -1 (D) were analyzed by zymography. Fold increase was calculated by dividing

the band intensity of MMPs in the poly(I:C)-treated group by that in the vehicle-treated group. The fold increases in the MMPs from NHLFs are compared

with those from DHLF-As (B–D). Expression of TLR3 (E) and iNOS (F) in the cells was analyzed by immunoblotting. *p, 0.05 versus NHLFs. M, markers

of MMPs.
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this is also associated with development of airway remodeling
(43). Viral infection or TLR3 activation increases secretion of
MMPs without elevation of TIMPs in airway epithelial cells (11,
44). Collectively, these findings and the results in the current study
suggest that viral infection and TLR3 activation may cause dis-
ruption of the balance between MMPs and TIMPs and thus may
promote airway remodeling.
Our study showed that RNS released by iNOS contributed to

TLR3-mediated release of MMPs. Peroxynitrite, an RNS, has been
shown to stimulate release of MMPs through the NF-kB–TGF-b
axis in lung fibroblasts (32) and also activate pro-MMPs such as
pro–MMP-8 and pro–MMP-9 by oxidizing cysteine residues in the
active site of the enzymes (31, 45). Peroxynitrite also stimulates
profibrotic responses, including myofibroblast differentiation and
production of ECM proteins (29). These data suggest that TLR3
activation during viral infection may cause tissue remodeling
through RNS production.
TLR3 signaling activates IRF3 and NF-kB via the adapter

molecule Toll/IL-1R homologous domain-containing adapter
protein inducing IFN-b (46). The coordinated nuclear translo-
cation of NF-kB and IRF-3 during activation of TLR3 leads to
upregulation of a set of primary response genes, including IFN-b
(5, 47). In particular, IFN-b transcription begins with delivery
of NF-kB to the IFN-b enhancer, followed by binding of ATF-2/
c-Jun and IRF-3 in a highly cooperative manner upon viral in-
fection (48). In addition to its antiviral effect, IFN-b induces
expression of iNOS (49–51). These data suggest that IFN-b has
the potential to aggravate ECM remodeling by amplifying RNS
production.
In this study, lung fibroblasts from patients with asthma produced

greater amounts of iNOS and MMPs than normal fibroblasts after
poly(I:C) treatment. Airway fibroblasts from patients with asthma
have also been shown to release more MMP-2 after IL-13 stim-
ulation compared with fibroblasts from healthy subjects (52).
Furthermore, rhinovirus infection augmented iNOS expression to
a greater extent in asthmatic bronchial epithelial cells compared
with normal cells (53). These findings are compatible with our
results showing greater susceptibility to TLR3 in asthmatic
fibroblasts. However, the mechanism of the susceptibility to
poly(I:C) is unclear. To explore this mechanism, we examined
the levels of TLR3 in the fibroblasts, but these levels did not
differ between asthmatic and normal fibroblasts. This suggests
that the mechanism of susceptibility may be independent of the
amount of TLR3 expressed.
The limitations of the current study include the lack of in vivo

data and gain-of-function experiments. Thus, the effect of TLR3
activation on iNOS expression and subsequent release of MMPs in
human lungs remains unknown. MMP-9 secretion is increased in
airways of mice infected with influenza virus through TLR3 sig-
naling (54), and expression of MMP-9 in the lungs in an influenza
pneumonia model was accompanied by nitrotyrosine formation
(55). These data suggest that TLR3 activation might have modu-
lated release of MMPs in these animal models. However, we do
not have data showing that TLR3 activation is involved in RNS-
mediated release of MMPs in vivo, and a further study is needed to
confirm our in vitro findings.
In conclusion, this study shows that TLR3 activation causes

nitrosative stress through an IFN-b– and iNOS-dependent path-
way. This leads to excessive release of MMPs in lung fibroblasts,
which may contribute to airway remodeling. We also found that
susceptibility to dsRNA is greater in asthmatic lung fibroblasts
than in normal lung fibroblasts. These findings may provide a
possible mechanism for the pathogenesis of viral infection–induced
airway remodeling.
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