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ABSTRACT Hepatitis B virus (HBV) infection may cause acute hepatitis B, chronic
hepatitis B (CHB), liver cirrhosis, and hepatocellular carcinoma (HCC). However, the
mechanisms by which HBV evades host immunity and maintains chronic infection
are largely unknown. Here, we revealed that matrix metalloproteinase 9 (MMP-9) is
activated in peripheral blood mononuclear cells (PBMCs) of HBV-infected patients,
and HBV stimulates MMP-9 expression in macrophages and PBMCs isolated from
healthy individuals. MMP-9 plays important roles in the breakdown of the extracellu-
lar matrix and in the facilitation of tumor progression, invasion, metastasis, and an-
giogenesis. MMP-9 also regulates respiratory syncytial virus (RSV) replication, but
the mechanism underlying such regulation is unknown. We further demonstrated
that MMP-9 facilitates HBV replication by repressing the interferon (IFN)/Janus ki-
nase (JAK)/signal transducer and activator of transcription (STAT) pathway, IFN
action, STAT1/2 phosphorylation, and IFN-stimulated gene (ISG) expression. More-
over, MMP-9 binds to type I IFN receptor 1 (IFNAR1) and facilitates IFNAR1 phos-
phorylation, ubiquitination, subcellular distribution, and degradation to interfere
with the binding of IFANR1 to IFN-�. Thus, we identified a novel positive-feedback
regulation loop between HBV replication and MMP-9 production. On one hand, HBV
activates MMP-9 in infected patients and leukocytes. On the other hand, MMP-9 fa-
cilitates HBV replication through repressing IFN/JAK/STAT signaling, IFNAR1 function,
and IFN-� action. Therefore, HBV may take the advantage of MMP-9 function to es-
tablish or maintain chronic infection.

IMPORTANCE Hepatitis B virus (HBV) infection may cause chronic hepatitis B (CHB)
and hepatocellular carcinoma (HCC). However, the mechanisms by which HBV main-
tains chronic infection are largely unknown. Matrix metalloproteinase 9 (MMP-9)
plays important roles in the facilitation of tumor progression, invasion, metastasis,
and angiogenesis. However, the effects of MMP-9 on HBV replication and pathogen-
esis are not known. This study reveals that MMP-9 expression is activated in patients
with CHB, and HBV stimulates MMP-9 production in PBMCs and macrophages. More
interestingly, MMP-9 in turn promotes HBV replication through suppressing IFN-�
action. Moreover, MMP-9 interacts with type I interferon receptor 1 (IFNAR1) to dis-
turb the binding of IFN-� to IFNAR1 and facilitate the phosphorylation, ubiquitina-
tion, subcellular distribution, and degradation of IFNAR1. Therefore, these results dis-
cover a novel role of MMP-9 in viral replication and reveal a new mechanism by
which HBV evades host immunity to maintain persistent infection.
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Two billion people have been infected with hepatitis B virus (HBV) worldwide; about
350 million infected patients develop chronic hepatitis B (CHB), and 600,000 die

each year from HBV-related liver cirrhosis or hepatocellular carcinoma (HCC) (1). Adults
infected with HBV can clear the virus by the host immune system in 95% of cases, while
90% of perinatal infections develop into CHB (2). Chronic HBV infection begins when
the immune response fails to clear the virus, and CHB accounts for approximately 50%
of HCC cases (3–5).

Interferons (IFNs) are classified into three types by their unique cell surface recep-
tors. Type I IFNs act through ubiquitously expressed IFN-�/� receptors (type I IFN
receptor 1 [IFNAR1] and IFNAR2), which are associated with tyrosine kinase 2 (TYK2) and
Janus kinase 1 (JAK1), respectively (6). Once IFN binds to IFNAR, TYK2 and JAK1 are
activated by transphosphorylation to phosphorylate IFNAR1/2. Signal transducer and
activator of transcription 1 (STAT1) and STAT2 are recruited to the receptor complex
and phosphorylated to form a new complex with IFN regulatory factor 9 (IRF9) and then
translocate into the nucleus to activate IFN-stimulated genes (ISGs) (7).

Matrix metalloproteinase 9 (MMP-9) is expressed in normal leukocytes and trans-
formed cells (8). Elevated serum levels of MMP-9 were detected in CHB and HCC
patients (9, 10), and HBV upregulates MMP-9 in hepatocytes (11). MMP-9 plays impor-
tant roles in the breakdown of the extracellular matrix and the facilitation of tumor
progression, invasion, metastasis, and angiogenesis. It was reported previously that
MMP-9 mediated respiratory syncytial virus (RSV) replication in vitro and in vivo (12) and
promoted the multiplication of RSV (13). Another report showed that MMP-9 exerted
antiviral activity against RSV by enhancing neutrophil recruitment to the lungs in mice
(14). However, the role of MMP-9 in the replication of HBV is unknown.

Here, we revealed that MMP-9 levels are elevated in peripheral blood mononuclear
cells (PBMCs) of CHB patients and that HBV upregulates MMP-9 in PBMCs and macro-
phages in vitro. Interestingly, MMP-9 in turn facilitates HBV replication in human
hepatoma cells through suppressing IFN-� action. More importantly, MMP-9 interacts
with IFNAR1 to disturb the binding of IFN-� to IFNAR1. Moreover, MMP-9 facilitates the
phosphorylation, ubiquitination, subcellular distribution, and degradation of IFNAR1.
Therefore, we revealed a novel mechanism by which MMP-9 promotes virus replication
through repressing IFN/JAK/STAT signaling and IFNAR1 activity.

RESULTS
HBV activates MMP-9 expression in PBMCs of CHB patients and in macro-

phages differentiated from THP-1 cells. MMP-9 is produced mainly by leukocytes,
and HBV activates MMP-9 in hepatocytes and in the serum of CHB patients (9, 11, 15,
16); meanwhile, HBV is recognized by liver macrophages upon infection of primary liver
cells (17). Here, we determined whether HBV activates MMP-9 in leukocytes or macro-
phages in vivo and in vitro. Analyses of PBMCs isolated from CHB patients (n � 69) and
healthy individuals (n � 40) revealed that MMP-9 mRNA levels were significantly higher
in CHB patients than in healthy individuals (Fig. 1A), suggesting that MMP-9 is activated
in PBMCs of CHB patients.

To further determine the role of HBV in the regulation of MMP-9, PBMCs isolated
from healthy individuals were incubated with the supernatants of HepG2 cells (without
HBV) or HepG2.2.15 cell cultures (with HBV). Quantitative PCR (qPCR), Western blot, and
gelatin zymography assays revealed that MMP-9 mRNA, enzyme activity, and protein
levels were upregulated by HBV in time-dependent fashions (Fig. 1B to D) and dose-
dependent manners (Fig. 1E to G) in PBMCs. In addition, macrophages differentiated
from human acute monocytic leukemia cells (THP-1) were incubated with the super-
natants of HepG2 or HepG2.2.15 cell cultures. Similarly, qPCR, gelatin zymography
assays, and Western blotting revealed that MMP-9 mRNA, enzyme activity, and protein
levels were upregulated by HBV in time-dependent fashions (Fig. 1H to J) and dose-
dependent manners (Fig. 1K to M) in macrophages.

The effect of HBV on the expression of MMP-9 and the mechanism underlying such
regulation were then determined. PBMCs isolated from healthy individuals and
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FIG 1 MMP-9 is upregulated in PBMCs of CHB patients and activated by HBV in PBMCs and macrophages in vitro. (A)
MMP-9 mRNA levels in PBMCs of CHB patients (n � 69) and healthy individuals (n � 40) were measured by qPCR. Points
represent MMP-9 mRNA levels of each sample. (B to G) PBMCs (1 � 106) obtained from healthy individuals were incubated
with supernatants isolated from HepG2 cultures (without HBV) or HepG2.2.15 cultures (containing HBV) at an MOI of 0.5
for different times (B to D) or for 24 h at different MOIs (E to G). The MMP-9 mRNA level was measured by qPCR and
normalized to the GAPDH mRNA level. (B and E) Results are standardized to a value of 1 for HepG2 supernatant-treated
cells. (C and F) MMP-9 proteinase activity in the supernatants was determined by gelatin zymography assays. (D and G)
The MMP-9 protein level in WCLs was determined by Western blotting. (H to M) Macrophages (1 � 106) differentiated from
THP-1 cells were incubated with supernatants isolated from HepG2 cultures or HepG2.2.15 cultures at an MOI of 0.5 for
different times (H to J) or at different MOIs for 48 h (K to M). The MMP-9 mRNA level was measured by qPCR and normalized
to the GAPDH mRNA level. (H and K) Results are standardized to a value of 1 for HepG2 supernatant-treated cells. (I and
L) MMP-9 proteinase activity in the supernatants was determined by gelatin zymography assays. (J and M) The MMP-9
protein level in WCLs was determined by Western blotting. (N) PBMCs (1 � 106) isolated from healthy individuals were
incubated with supernatants of HepG2 cultures, supernatants of HepG2.2.15 cultures, anti-HBsAg antibody-pretreated
supernatants of HepG2.2.15 cultures, or UV-inactivated HepG2.2.15 supernatants. The MMP-9 mRNA level was measured
by qPCR. (O) Macrophages (1 � 106) differentiated from THP-1 cells were incubated with supernatants of HepG2 cultures,
supernatants of HepG2.2.15 cultures, anti-HBsAg antibody-pretreated supernatants of HepG2.2.15 cultures, or UV-
inactivated HepG2.2.15 supernatants. The MMP-9 mRNA level was measured by qPCR. (P) PBMCs (1 � 106) isolated from
healthy individuals were incubated with supernatants of HepG2 cultures, supernatants of cultures of HepG2 cells
transfected with pHBV1.3, supernatants of cultures of HepG2 cells transfected with pCMV-HBS, or supernatants of
HepG2.2.15 cultures. The MMP-9 mRNA level was measured by qPCR. Graphs show means � standard deviations (n � 3).
*, P � 0.05; **, P � 0.01; ***, P � 0.001.
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THP-1-differentiated macrophages were incubated with the supernatants of HepG2
cells, the supernatants of HepG2.2.15 cells, the supernatants of HepG2.2.15 cells
pretreated with neutralizing antibody (Ab) (anti-hepatitis B virus s antigen [anti-
HBsAg]), or the supernatants of HepG2.2.15 cells inactivated with UV light. MMP-9
mRNA was upregulated by HBV, and such activation was attenuated by treatment with
anti-HBsAg antibody but was not affected by treatment with UV light (Fig. 1N and O).
In addition, PBMCs isolated from healthy individuals were incubated with the super-
natants of HepG2 cells, the supernatants of HepG2 cells transfected with pHBV1.3, the
supernatants of HepG2 cells transfected with pCMV-HBS, or the supernatants of
HepG2.2.15 cells. The level of MMP-9 mRNA was upregulated by the supernatants of
HepG2 cells transfected with pHBV1.3 or with pCMV-HBS and activated by the super-
natants of HepG2.2.15 cells (Fig. 1P). These results revealed that HBV activates MMP-9
expression in PBMCs and macrophages and implicated the involvement of the HBs
protein, but not viral replication, in the HBV-mediated activation of MMP-9. Our results
are consistent with data from previous studies that showed that the HBV envelope
protein induces NF-�B in nonparenchymal liver cells (17), and MMP-9 expression is
induced by the activation of NF-�B signaling (11). Taken together, we demonstrated
that HBV activates MMP-9 expression in PBMCs of CHB patients and in macrophages
differentiated from THP-1 cells.

MMP-9 plays a stimulatory role in the activation of HBV replication in hepa-
tocytes. MMP-9 plays important roles in wound healing, arthritis, angiogenesis, and
tumor metastasis (18), but the effect of MMP-9 on HBV replication has not been
reported. Here, we initially determined the role of MMP-9 in the regulation of HBV
replication in HepG2 cells and Huh7 cells cotransfected with pHBV1.3 and pCMV-Tag2B-
MMP-9. Hepatitis B virus e antigen (HBeAg) and HBsAg were upregulated by MMP-9 in
dose-dependent manners in HepG2 cells (Fig. 2A, left) and Huh7 cells (Fig. 2A, right).
In addition, HBV RNAs (3.5-kb, 2.4-kb, and 2.1-kb RNAs) were enhanced by MMP-9 in
HepG2 cells (Fig. 2B, left) and Huh7 cells (Fig. 2B, right). Moreover, HBV core-associated
DNA was facilitated by MMP-9 (Fig. 2C). Finally, secreted HBV core-associated DNA was
stimulated by MMP-9 (Fig. 2D). These results revealed that the overexpression of MMP-9
upregulates HBV replication.

We then determined the effect of the knockdown of MMP-9 on the regulation of
HBV replication in HepG2 cells and Huh7 cells cotransfected with pHBV1.3 and small
interfering RNA (siRNA) specific for MMP-9 (siR-MMP-9). The MMP-9 protein was atten-
uated by siR-MMP-9 in a dose-dependent manner (Fig. 2E), indicating that siR-MMP-9
is effective. HBeAg and HBsAg were downregulated by siR-MMP-9 in dose-dependent
manners in HepG2 cells (Fig. 2F, left) and Huh7 cells (Fig. 2F, right). In addition, HBV
RNAs were attenuated by siR-MMP-9 in HepG2 cells (Fig. 2G, left) and Huh7 cells (Fig.
2G, right). Moreover, HBV core-associated DNA was repressed by siR-MMP-9 (Fig. 2H).
Furthermore, the level of secreted HBV core-associated DNA was reduced by siR-MMP-9
(Fig. 2I). These results suggested that the knockdown of MMP-9 downregulates HBV
replication.

Since MMP-9 is a matrix metalloproteinase, the effect of MMP-9 enzyme activity on
HBV replication was evaluated in HepG2 cells transfected with pCMV-Tag2B-MMP-9. A
gelatin zymography assay showed that MMP-9 enzyme activity was increased in HepG2
cells as the MMP-9 concentration increased (Fig. 2J), confirming that MMP-9 has
metalloproteinase activity. A mutant MMP-9 protein (MMP-9-mut) lacking metallopro-
teinase activity was generated, in which 3 histidines (H) in the catalytic domain of
wild-type MMP-9 (MMP-9-wt) were replaced by lysines (K). HepG2 cells were then
transfected with pCMV-Tag2B, pCMV-Tag2B-MMP-9-wt, and pCMV-Tag2B-MMP-9-mut.
The results confirmed that MMP-9-wt had enzyme activity and that MMP-9-mut lacked
enzyme activity in HepG2 cells (Fig. 2K). Our results indicated that HBeAg, HBsAg, and
HBV RNAs were upregulated by both MMP-9-wt and MMP-9-mut (Fig. 2L to N). These
results indicated that the enzyme activity of MMP-9 is not required for the function of
MMP-9 in the activation of HBV replication. These results demonstrated that MMP-9
plays a stimulatory role in the activation of HBV replication in hepatocytes.
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FIG 2 MMP-9 enhances HBV replication in hepatocytes. (A to D) HepG2 cells (left) and Huh7 cells (right)
were cotransfected with pHBV1.3 and pCMV-Tag2B-MMP-9 at different concentrations for 48 h. (A)
HBeAg and HBsAg in the supernatants of transfected cells were assayed by an ELISA. (B) HBV RNAs
(3.5-kb, 2.4-kb, and 2.1-kb RNAs) were detected by Northern blot analyses, and 18S and 28S rRNAs were
used as loading controls. (C and D) Levels of HBV core-associated DNAs in cell cultures (C) or superna-
tants (D) were measured by qPCR. (E) HepG2 cells were transfected with control siRNA (siR-Ctrl) or
siR-MMP-9 at different concentrations for 48 h. Levels of MMP-9 and �-actin proteins expressed in treated
cells were determined by Western blot analyses using the corresponding antibodies. (F to I) HepG2 cells
(left) and Huh7 cells (right) were cotransfected with pHBV1.3 and siR-MMP-9 at different concentrations

(Continued on next page)
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MMP-9 facilitates HBV replication in the HepG2-NTCP infection system. To
investigate the effect of MMP-9 on the HBV replication cycle, HepG2-NTCP cells were
infected with or without HBV by inoculation with or without the supernatants of
HepaAD38 cells (19, 20). MMP-9 mRNA expression was induced in HBV-infected HepG2-
NTCP cells (Fig. 3A). HepG2-NTCP cells were transfected with pCMV-Tag2B-MMP-9 and
then infected with HBV. The secretion of HBeAg (Fig. 3B) and the expression of HBV
3.5-kb RNA (Fig. 3C) were activated by MMP-9. In addition, HepG2-NTCP cells were
transfected with sh-MMP-9-1 and sh-MMP-9-2 and then infected with HBV. The levels
of MMP-9 were downregulated by sh-MMP-9-1 and sh-MMP-9-2, indicating that these
shRNAs are effective (Fig. 3D). The secretion of HBeAg (Fig. 3E) and the expression of
HBV 3.5-kb RNA (Fig. 3F) were attenuated in the presence of sh-MMP-9-1 and sh-MMP-
9-2. Similarly, intracellular HBcAg levels were reduced in the presence of sh-MMP-9-1
and sh-MMP-9-2 (Fig. 3G). Taken together, we demonstrated that MMP-9 facilitates HBV
replication in the HepG2-NTCP infection system.

Type I IFN signaling is upregulated by HBV infection and downregulated by
MMP-9. The mechanism by which MMP-9 regulates HBV replication was evaluated.
Previous studies showed that during HBV infection, the activation of innate responses
is predominantly weak or transient (21–23). However, other studies reported that HBV
elicits a strong and specific innate antiviral response that results in the noncytopathic
clearance of HBV DNA in HepaRG cells, and IFN-� and ISGs were induced in HepG2 cells
by HBV baculovirus (Bac-HBV) (24). In this study, we determined the effects of HBV
infection and replication on the innate immune response in HepG2-NTCP cells.

Initially, we showed that the gene encoding IFN-� (IFNA) mRNA was facilitated by
HBV in pHBV1.3-transfected HepG2 cells (Fig. 4A). For comparison, IFNA mRNA was
induced significantly by infection with vesicular stomatitis virus (VSV) in HepG2 cells
(Fig. 4B). In addition, IFNB mRNA was enhanced by HBV infection in HepG2-NTCP cells
in a time-dependent manner (Fig. 4C), and this induction was correlated with the
expression of HBV 3.5-kb RNA (Fig. 4D). Moreover, the phosphorylated IRF3 (p-IRF3)
protein (Fig. 4E) and the IFN-� protein (Fig. 4F) were induced by HBV and significantly
activated by VSV in HepG2-NTCP cells. Finally, the expression of an interferon-
stimulated gene (ISG56) was facilitated by HBV (Fig. 4G) and significantly induced by
VSV (Fig. 4H). Taken together, these results suggested that HBV infection and replica-
tion induce a type I IFN response in HepG2-NTCP cells and HepG2 cells.

The effects of IFN stimulation on PBMCs from CHB patients and healthy donors were
then determined. PBMCs freshly isolated from CHB patients and healthy individuals
were treated with IFN-�. IFN-�-induced oligoadenylate synthetase 1 (OAS1) mRNA
levels were significantly higher in PBMCs freshly isolated from healthy individuals than
in PBMCs freshly isolated from CHB patients (Fig. 4I). In addition, the mRNA level of
OAS1 was inverse correlated with the mRNA level of MMP-9 in PBMCs of CHB patients
(Fig. 4J). These results suggested that type I IFN signaling is downregulated in CHB
patients and that MMP-9 may be involved in this regulation. Taken together, our results
indicated that HBV infection initially induces type I IFN signaling, but such activation is
downregulated by MMP-9.

FIG 2 Legend (Continued)
for 48 h. (F) HBeAg and HBsAg levels in the supernatants were assayed by an ELISA. (G) HBV RNAs were
detected by Northern blot analyses, and 18S and 28S rRNAs were used as loading controls. (H and I)
Levels of HBV core-associated DNAs in cell cultures (H) or supernatants (I) were measured by qPCR. (J)
HepG2 cells were transfected with pCMV-Tag2B or pCMV-Tag2B-MMP-9 for 48 h. MMP-9 enzyme activity
in WCLs was determined by a gelatin zymography assay (top), and the MMP-9 protein level was
determined by Western blotting (WB) (bottom). (K) HepG2 cells were transfected with pCMV-Tag2B,
pCMV-Tag2B-MMP-9-wt, or pCMV-Tag2B-MMP-9-mut for 48 h. MMP-9 enzyme activity in WCLs was
determined by a gelatin zymography assay (top), and the MMP-9 protein level was determined by
Western blotting (bottom). (L to N) HepG2 cells were cotransfected with pHBV1.3 and pCMV-Tag2B-
MMP-9 or pCMV-Tag2B-MMP-9-mut. (L and M) HBeAg (L) and HBsAg (M) in the supernatants were
assayed by an ELISA. (N) HBV RNAs were detected by Northern blot analyses. A total of 5 � 105 cells were
used to determine HBeAg/HBsAg expression levels, and 2 � 106 cells were used for analyses of HBV
DNA/RNA levels. Results show means � standard deviations (n � 3). *, P � 0.05; **, P � 0.01.
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MMP-9 facilitates HBV replication through attenuating IFNAR1 function and
IFN/JAK/STAT signaling. The mechanism by which MMP-9 activates HBV replication
was evaluated. Since IFN/JAK/STAT signaling accomplishes antiviral activities by acti-
vating ISG production (25), we determined whether MMP-9 activates HBV replication
through regulating the IFN/JAK/STAT pathway. It was suggested previously that HBV
may evade the innate immune response (23), and HBV is detected by immune cells and
hepatocytes to activate the innate immune response (17, 24). Initially, we evaluated the
effect of HBV on the production of IFN-� in HepG2 cells. Type I IFN is facilitated by HBV
in HepG2 and HepG2-NTCP cells (Fig. 4A and C), suggesting that HBV enhances type I
IFN in HepG2 cells. Thus, we further clarified whether MMP-9 activates HBV replication
through regulating IFN action. HepG2 cells were cotransfected with pHBV1.3 and

FIG 3 MMP-9 facilitates HBV replication in a HepG2-NTCP infection system. (A) HepG2-NTCP cells were
mock infected or infected with HBV at 1,000 GEq for the indicated times. MMP-9 mRNA levels were
measured by qPCR. (B and C) HepG2-NTCP cells were transfected with the vector or pCMV-Tag2B-MMP-9.
Twenty-four hours later, cells were infected with HBV at 1,000 GEq. (B) HBeAg levels in the supernatants
of infected cells at the indicated times were determined by an ELISA. OD, optical density. (C) The levels
of HBV 3.5-kb RNA at 6 days postinfection (dpi) were measured by qPCR. (D to G) HepG2-NTCP cells were
transfected with sh-Ctrl, sh-MMP-9-1, or sh-MMP-9-2. Twenty-four hours later, cells were infected with
HBV at 1,000 GEq. (E) HBeAg levels in the supernatants of infected cells at the indicated times were
determined by an ELISA. (D and F) The mRNA levels of MMP-9 (D) and HBV 3.5-kb RNA (F) at 6 days
postinfection were measured by qPCR. (G) The expression of HBcAg in cells was analyzed by immuno-
staining at 8 days postinfection. Graphs show means � standard deviations (n � 3). *, P � 0.05; **, P �
0.01; ***, P � 0.001.
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pCMV-Tag2B-MMP-9 and treated with recombinant human IFN-� (rhIFN-�). HBeAg,
HBsAg, and HBV RNAs were activated by MMP-9 and repressed by rhIFN-�, whereas
rhIFN-�-mediated repression was attenuated by MMP-9 (Fig. 5A). In addition, HBV RNAs
were also enhanced by MMP-9 and repressed by rhIFN-�, whereas rhIFN-�-mediated
repression was reduced by MMP-9 (Fig. 5B). These results demonstrated that MMP-9
downregulates IFN-� action in the repression of HBV replication.

IFN-� acts through IFN-�/� receptors (IFNAR1 and -2), which are associated with
TYK2 and JAK1, respectively (6). The effect of MMP-9 on IFN action was further
determined by using JAK inhibitor I, which blocks IFN/JAK/STAT signaling. HepG2 cells
were cotransfected with pHBV1.3 and pCMV-Tag2B-MMP-9 and then treated with JAK
inhibitor I. The results revealed that HBeAg and HBsAg were facilitated in the presence
of MMP-9, JAK inhibitor I, and MMP-9 plus JAK inhibitor I (Fig. 5C), and HBV RNAs were
upregulated by MMP-9, JAK inhibitor I, and MMP-9/JAK inhibitor I (Fig. 5D), indicating
that MMP-9 facilitates HBV replication in a manner similar to that of JAK inhibitor I and
suggesting that MMP-9 mediates HBV replication through repressing JAK1 function.

Moreover, the role of IFNAR1 in the MMP-9-regulated activation of HBV replication
was determined in HepG2 cells cotransfected with pHBV1.3, pCMV-Tag2B-MMP-9, and
pCAGGS-IFNAR1. The results showed that HBeAg and HBsAg were upregulated by
MMP-9, but MMP-9-mediated activation was downregulated by IFNAR1 (Fig. 5E), and
HBV RNAs were enhanced by MMP-9, but MMP-9-mediated activation was reduced by
IFNAR1 (Fig. 5F), indicating that IFNAR1 overcomes MMP-9 function in the activation of

FIG 4 HBV infection activates type I IFN signaling in HepG2-NTCP cells. (A) HepG2 cells were transfected with pBlue or pHBV1.3
for the indicated times, and the mRNA levels of IFNA were determined by qPCR. (B) HepG2 cells were infected with VSV (MOI �
1) for the indicated times, and the mRNA levels of IFNA were determined by qPCR. (C and D) HepG2-NTCP cells were mock
infected or infected with HBV at 1,000 GEq per cell. IFNB mRNA levels (C) and HBV 3.5-kb RNA levels (D) were analyzed by qPCR
at the indicated times postinfection. hpi, hours postinfection. (E and F) HepG2-NTCP cells were mock infected or infected with
HBV at 1,000 GEq for 6 days or infected with or without VSV at an MOI of 1 for 24 h. (E) Protein levels of p-IRF3, IRF3, and �-actin
were determined by Western blotting. (F) Protein levels of IFN-� in the culture supernatants were determined by an ELISA.
(G and H) HepG2-NTCP cells were infected with HBV (1,000 GEq) or VSV (MOI � 1) for the indicated times, and ISG56 mRNA
levels were measured by qPCR. (I) PBMCs freshly isolated from CHB patients (n � 16) and healthy individuals (n � 15) were
stimulated with or without IFN-� (300 U/ml) for 12 h. OAS1 mRNA levels were measured by qPCR. Points represent the fold
induction of OAS1 mRNA for each sample. (J) MMP-9 and OAS1 mRNA levels in PBMCs of CHB patients (n � 69) were measured
by qPCR, and the correlation of mRNA levels of OAS1 and MMP-9 was analyzed by using SPSS software. Graphs show means �
standard deviations (n � 3). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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FIG 5 MMP-9 facilitates HBV replication by repressing IFN-� action. (A and B) HepG2 cells were cotransfected with pHBV1.3 and
pCMV-Tag2B-MMP-9 for 12 h and then treated with rhIFN-� for 36 h. (A) HBeAg and HBsAg in the supernatants were assayed by an
ELISA. (B) HBV RNAs were detected by Northern blotting, and 18S and 28S rRNAs were used as loading controls. (C and D) HepG2 cells
were cotransfected with pHBV1.3 and pCMV-Tag2B-MMP-9 for 12 h and then treated with JAK inhibitor I for 36 h. (C) HBeAg and
HBsAg in the supernatants were assayed by an ELISA. (D) HBV RNAs were detected by Northern blot analyses. (E and F) HepG2 cells
were cotransfected with pHBV1.3, pCMV-Tag2B-MMP-9, and pCAGGS-IFNAR1 for 48 h. (E) HBeAg and HBsAg in the supernatants were
assayed by an ELISA. (F) HBV RNA levels were determined by Northern blotting. (G) HepG2 cells were transfected with sh-IFNAR1-1,
and the protein level of IFNAR1 was determined by Western blotting. (H and I) HepG2 cells were cotransfected with sh-IFNAR1,
pHBV1.3, and pCMV-Tag2B-MMP-9 for 48 h. (H) HBeAg and HBsAg in the supernatants were assayed by an ELISA. (I) HBV RNAs were
detected by Northern blot analyses. (J to L) HepG2-NTCP cells were transfected with the vector, sh-IFNAR1-1, or sh-IFNAR1-2.
Twenty-four hours later, cells were infected with HBV at 1,000 GEq. At 6 days postinfection, the mRNA level of IFNAR1 (J) was measured
by qPCR, the HBeAg level in the supernatants of infected cells was determined by an ELISA (K), and the mRNA level of HBV 3.5-kb RNA

(Continued on next page)
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HBV replication. Furthermore, the effect of MMP-9 on IFNAR1 in the MMP-9-regulated
activation of HBV replication was determined by using short hairpin RNA (shRNA)
specific for IFNAR1 (sh-IFNAR1-1), which effectively downregulated IFNAR1 protein
expression (Fig. 5G). HepG2 cells were cotransfected with sh-IFNAR1-1, pHBV1.3, and
pCMV-Tag2B-MMP-9. The results revealed that HBeAg and HBsAg were enhanced by
MMP-9, sh-IFNAR1-1, and MMP-9 plus sh-IFNAR1-1 (Fig. 5H), and HBV RNAs were
upregulated by MMP-9, sh-IFNAR1-1, and MMP-9/sh-IFNAR1 (Fig. 5I). In addition,
HepG2-NTCP cells were transfected with sh-IFNAR1-1 or sh-IFNAR1-2, which effectively
downregulated IFNAR1 mRNA expression (Fig. 5J), and then infected with HBV. The
secretion of HBeAg (Fig. 5K) and the expression of HBV 3.5-kb RNA (Fig. 5L) were
upregulated by sh-IFNAR1-1 or sh-IFNAR1-2 in the HepG2-NTCP infection system.
Moreover, HepG2-NTCP cells were cotransfected with sh-IFNAR1-1 and pCMV-Tag2B-
MMP-9 and then infected with HBV. The secretion of HBeAg (Fig. 5M), the expression
of HBV 3.5-kb RNA (Fig. 5N), and the intracellular level of HBcAg (Fig. 5O) were induced
by MMP-9, but MMP-9-mediated induction was attenuated in the presence of sh-
IFNAR1 (Fig. 5O). These results indicated that MMP-9 activates HBV replication in a
manner similar to that of sh-IFNAR1 and suggested that MMP-9 may mediate HBV
replication through repressing IFNAR1. Taken together, we demonstrated that MMP-9
facilitates HBV replication by attenuating IFNAR1 function and IFN/JAK/STAT signaling.

MMP-9 represses the actions of type I IFNs and the productions of antiviral
proteins in response to HBV infection. The mechanism by which MMP-9 regulates
the IFN/JAK/STAT pathway was evaluated. The effect of the overexpression of MMP-9
on IFN/JAK/STAT signaling was evaluated in HepG2 cells transfected with pCMV-Tag2B-
MMP-9 and treated with rhIFN-�. We showed that p-JAK1, p-STAT1, and p-STAT2 were
upregulated by rhIFN-� and downregulated by MMP-9 (Fig. 6A); p-STAT2 was enhanced
by rhIFN-� in a time-dependent manner, but such activation was attenuated by MMP-9
(Fig. 6B), and p-STAT2 was activated by rhIFN-�, but such activation was downregulated
by MMP-9 in a dose-dependent manner (Fig. 6C). In addition, the effect of recombinant
human MMP-9 (rhMMP-9) on the regulation of IFN/JAK/STAT was evaluated in HepG2
cells treated with rhIFN-� and rhMMP-9. The results showed that p-STAT1 was activated
by rhIFN-� and repressed by rhMMP-9 (Fig. 6D). It was reported previously that MMP-9
cleaves the IFN-� protein to abolish its activity (26). We evaluated the effect of MMP-9
on the activity of IFN-� in HepG2 cells transfected with pCMV-Tag2B-MMP-9-wt or
pCMV-Tag2B-MMP-9-mut and treated with rhIFN-�. p-STAT2 was activated by rhIFN-�,
but such activation was repressed by both MMP-9-wt and MMP-9-mut (Fig. 6E),
indicating that MMP-9 attenuates IFN-� activity and that metalloproteinase activity is
not required for MMP-9 in the repression of IFN-�.

Moreover, the effect of the knockdown of MMP-9 on the regulation of IFN/JAK/STAT
was evaluated in HepG2 cells transfected with siR-MMP-9 and treated with rhIFN-�. The
results revealed that p-STAT2 was induced by IFN-� and further enhanced by siR-
MMP-9 (Fig. 6F). It was reported previously that HBV suppresses IFN activity in vivo and
in vitro and activates MMP-9 in hepatocytes and hepatoma cells (9, 11, 27). In this study,
we demonstrated that MMP-9 is upregulated in PBMCs of CHB patients and activated
by HBV in PBMCs, macrophages, and HepG2-NTCP cells in vitro. Thus, we further
determined whether MMP-9 plays a role in the HBV-mediated regulation of IFN in
HepG2 cells transfected with pHBV1.3 and siR-MMP-9 and treated with IFN-�. The
results showed that p-STAT2 was induced by IFN-� and repressed by HBV, but the
HBV-mediated reduction of p-STAT2 levels was blocked by siR-MMP-9 (Fig. 6G), indi-

FIG 5 Legend (Continued)
was measured by qPCR (L). (M and N) HepG2-NTCP cells were transfected with the vector or pCMV-Tag2B-MMP-9 and sh-Ctrl or
sh-IFNAR1-1. Twenty-four hours later, cells were infected with HBV at 1,000 GEq. At 6 days postinfection, HBeAg levels in the
supernatants of infected cells were determined by an ELISA (M), and the levels of HBV 3.5-kb RNA were measured by qPCR (N). (O)
HepG2-NTCP cells were transfected with the vector or pCMV-Tag2B-MMP-9 and sh-Ctrl, sh-IFNAR1-1, or sh-IFNAR1-2. Twenty-four
hours later, cells were infected with HBV at 1,000 GEq. The expression of HBcAg in the cells was analyzed by immunostaining at 8 days
postinfection. Results show means � standard deviations (n � 3). *, P � 0.05.
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FIG 6 MMP-9 inhibits IFN-�/� downstream effectors. (A) HepG2 cells (2 � 106) were transfected with pCMV-Tag2B-MMP-9 for 48 h and treated with rhIFN-�
(300 IU/ml) for 30 min. (B) HepG2 cells (2 � 106) were transfected with pCMV-Tag2B-MMP-9 for 48 h and treated with rhIFN-� (300 IU/ml) for different times.
(C) HepG2 cells (2 � 106) were transfected with pCMV-Tag2B-MMP-9 at different concentrations for 48 h and treated with rhIFN-� for 30 min. (D) HepG2 cells
(2 � 106) were treated with rhMMP-9 (50 ng/ml) for 3 h and treated with rhIFN-� for 30 min. (E) HepG2 cells (2 � 106) were transfected with
pCMV-Tag2B-MMP-9-wt or pCMV-Tag2B-MMP-9-mut for 48 h and treated with rhIFN-� (10 ng/ml) for 30 min. (F) HepG2 cells (2 � 106) were transfected with
siR-MMP-9 (100 nM) for 48 h and treated with rhIFN-� for 30 min. (G) HepG2 cells (2 � 106) were transfected with pHBV1.3 (1 �g) and siR-MMP-9 (100 nM)
for 48 h and treated with rhIFN-� for 30 min. For panels A to G, levels of proteins expressed in treated cells were determined by Western blot analyses using
the corresponding antibodies, as indicated. (H to J) HepG2 cells (2 � 106) were transfected with pCMV-Tag2B-MMP-9 for 36 h and treated with rhIFN-� (300
IU/ml), rhIFN-� (10 ng/ml), rhIFN-� (50 ng/ml), and rhIFN-�1 (100 ng/ml) for 12 h. PKR mRNA (H), OAS1 mRNA (I), and Mx1 mRNA (J) levels were measured
by qPCR. (K) HepG2 cells (2 � 106) were transfected with pCMV-Tag2B-MMP-9 for 36 h and treated with rhIFN-� for 12 h. (L) HepG2 cells (2 � 106) were
treated with rhMMP-9 (50 ng/ml) for 3 h and treated with rhIFN-� for 12 h. (M) HepG2 cells (2 � 106) were transfected with siR-MMP-9 (100 nM) for 36 h
and treated with rhIFN-� for 12 h. (N) HepG2 cells (2 � 106) were cotransfected with pHBV1.3 (1 �g) and siR-MMP-9 (100 nM) for 36 h and treated with rhIFN-�
for 12 h. In panels K to N, levels of proteins expressed in treated cells were determined by Western blot analyses using the corresponding antibodies, as
indicated. Results show means � standard deviations (n � 3). ns, nonsignificant; *, P � 0.05.
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cating that MMP-9 plays an inhibitory role in the HBV-mediated activity of IFN-�.
Therefore, we demonstrated that the overexpression of MMP-9 downregulates IFN/
JAK/STAT signaling, whereas the knockdown of MMP-9 upregulates IFN/JAK/STAT
signaling, and thus, we revealed that MMP-9 plays an inhibitory role in the HBV-
mediated activation of IFN/JAK/STAT signaling.

Since IFN activates the JAK/STAT pathway to induce ISGs (28), we investigated the
effect of MMP-9 on the productions of ISGs, double-stranded RNA-activated protein
kinase (PKR), OAS1, and interferon-induced GTP-binding protein 1 (Mx1). HepG2 cells
were transfected with pCMV-Tag2B-MMP-9 and treated with rhIFN-� (type I IFN),
rhIFN-� (type I IFN), rhIFN-� (type II IFN), and rhIFN-�1 (type III IFN). The results revealed
that PKR mRNA (Fig. 6H), OAS1 mRNA (Fig. 6I), and Mx1 mRNA (Fig. 6J) were acti-
vated by rhIFN-�, rhIFN-�, rhIFN-�, and rhIFN-�1, but the activations mediated by
rhIFN-� and rhIFN-� were attenuated by MMP-9, whereas the activations induced by
IFN-� and IFN-�1 were not affected by MMP-9 (Fig. 6H to J). These results suggested
that MMP-9 attenuates the activities of type I IFNs but not the actions of type II and III
IFNs. The effect of MMP-9 on the regulation of type I IFN was further determined in
HepG2 cells transfected with pCMV-Tag2B-MMP-9 or incubated with rhMMP-9 and
treated with rhIFN-�. The results showed that the PKR, OAS1, and Mx1 proteins were
induced by rhIFN-�, but such activations were repressed by MMP-9 (Fig. 6K) and
rhMMP-9 (Fig. 6L). In addition, we determined the role of siR-MMP-9 in the regulation
of type I IFN in HepG2 cells transfected with siR-MMP-9 and treated with rhIFN-�. The
results showed that Mx1 was induced by rhIFN-� and further enhanced by siR-MMP-9
(Fig. 6M). Finally, HepG2 cells were cotransfected with pHBV1.3 and siR-MMP-9 and
treated with rhIFN-�. The results revealed that the Mx1 protein was stimulated by
rhIFN-� and repressed by HBV, but HBV-mediated repression was attenuated by
siR-MMP-9 (Fig. 6N). Taken together, our results demonstrated that MMP-9 attenuates
the activity of IFN-�/� and represses the production of antiviral proteins in response to
HBV stimulation.

The hemopexin-like domain of MMP-9 interacts with the extracellular domain
of IFNAR1 to block binding with IFN-�. The expression of type I IFN receptors

(IFNAR1/2) is modulated under physiological and pathological conditions (29–31), and
IFN activates JAK/STAT signaling by binding to IFNAR1/2 (6). Since MMP-9 interacts with
the membrane form of Ku80 (32), we determined whether MMP-9 can interact with
IFNAR1. Coimmunoprecipitation (co-IP) results showed that MMP-9, but not MMP-2,
was coimmunoprecipitated with IFNAR1 in differentiated THP-1 cells (Fig. 7A). In
addition, membrane extracts (Mbs), cytosolic extracts (CEs), and whole-cell lysates
(WCLs) of differentiated THP-1 cells were separated and prepared, and the membrane
extracts were immunoprecipitated with anti-IFNAR1. The results showed that IFNAR1
was detected in the immunoprecipitates, Mbs, and WCLs but not in CEs, and MMP-9
was detected in the immunoprecipitates, Mbs, WCLs, and CEs, whereas p65 was
detected in WCLs and CEs but not in immunoprecipitates or Mbs, as expected (Fig. 7B),
suggesting that IFNAR1 interacts with MMP-9 in the membrane fractions of differenti-
ated THP-1 cells.

The domains of MMP-9 that interact with IFNAR1 were analyzed by generating five
plasmids expressing truncated MMP-9 (MMP-9-D1 to -D5), in which MMP-9 was fused
to a Flag tag (Fig. 7C). HEK293T cells were then cotransfected with pCAGGS-IFNAR1
expressing hemagglutinin (HA)-tagged IFNAR1 along with plasmid p3�FLAG-CMV-14-
MMP-9 expressing Flag-tagged MMP-9 (full length [FL]) or plasmids (p3�FLAG-CMV-
14-MMP-9-D1 to -D5) expressing Flag-tagged MMP-9-D1 to -D5, respectively. Coimmu-
noprecipitation revealed that MMP-9, MMP-9-D1, MMP-9-D2, and MMP-9-D3 were
precipitated with IFNAR1 in HEK293T cells, but MMP-9-D4 and MMP-9-D5 failed to do
so (Fig. 7D), suggesting that the hemopexin-like domain is required for the binding of
MMP-9 to IFNAR1. A maltose-binding protein (MBP) pulldown assay with lysates from
IFNAR1-HA-expressing HEK293T cells and MBP–MMP-9-D3 purified from Escherichia coli
further revealed that MBP–MMP-9-D3 interacted with IFNAR1-HA in HEK293T cell
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FIG 7 MMP-9 interacts with IFNAR1 at the cell surface. (A) Differentiated THP-1 cells (5 � 106) were lysed, and cell
lysates were immunoprecipitated with anti-IFNAR1 or IgG. The immunoprecipitates and WCLs were analyzed by
Western blotting with anti-MMP-9, anti-MMP-2, and anti-IFNAR1. (B) Mbs of differentiated THP-1 cells (5 � 106)
were immunoprecipitated with anti-IFNAR1 or IgG. The immunoprecipitates, Mbs, CEs, and WCLs were analyzed by
Western blotting with anti-p65, anti-MMP-9, and anti-IFNAR1. (C) Schematic diagram of wild-type MMP-9 (MMP-9)
and truncated mutants (MMP-9-D1 to -D5). (D) HEK293T cells were cotransfected with plasmid pCAGGS-IFNAR1
expressing HA-tagged IFNAR1 and plasmid p3�FLAG-CMV-14-MMP-9 expressing Flag-tagged MMP-9 (FL) or
plasmids p3�FLAG-CMV-14-MMP-9-D1 to -D5 expressing Flag-tagged MMP-9-D1 to -D5. Cell lysates were immu-
noprecipitated with anti-Flag. The immunoprecipitates and WCLs were analyzed by Western blotting with the
indicated antibodies. IB, immunoblotting. (E) MBP pulldown assay with lysates from IFNAR1-HA-expressing
HEK293T cells and MBP or MBP-MMP-9-D3 purified from E. coli cells. After pulldown, the precipitates were analyzed
by Western blotting with anti-HA and anti-MBP. (F) Schematic diagram of wild-type IFNAR1 (IFNAR1) and truncated
mutants (IFNAR1-T1 to -T7). (G) HEK293T cells were cotransfected with plasmid p3�FLAG-CMV-14-MMP-9 and
plasmid pCAGGS-IFNAR1 expressing full-length HA-tagged IFNAR1 or plasmids pCAGGS-IFNAR1-T1 to -T7 express-
ing HA-tagged truncated IFNAR1 (IFNAR1-T1 to -T7). Cells were lysed, and cell lysates were immunoprecipitated
with anti-HA antibody. The immunoprecipitates and WCLs were analyzed by Western blotting with anti-Flag and
anti-HA. (H) HepG2 cells were treated with MBP or MBP–MMP-9-D3 for 3 h and treated with rhIFN-� for 30 min.
p-STAT2, STAT2, and �-actin levels were determined by Western blotting. (I) HepG2 cells were treated with MBP
or MBP–MMP-9-D3 for 12 h and treated with CHX (50 �g/ml) for 4 h. IFNAR1 and �-actin levels were determined
by Western blotting.
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lysates (Fig. 7E), confirming that the hemopexin-like domain of MMP-9 interacts with
IFNAR1.

The domains of IFNAR1 that interact with MMP-9 were determined by generating
seven plasmids expressing truncated IFNAR1 (IFNAR1-T1 to -T7), in which the truncated
IFNAR1 proteins were fused to an HA tag (Fig. 7F). HEK293T cells were then cotrans-
fected with plasmid p3�FLAG-CMV-14-MMP-9 and plasmid pCAGGS-IFNAR1 express-
ing full-length HA-tagged IFNAR1 or plasmids pCAGGS-IFNAR1-T1 to -T7 expressing
HA-tagged truncated IFNAR1 (IFNAR1-T1 to -T7). Co-IP revealed that IFNAR1 and
IFNAR1-T2 to -T5 were precipitated with MMP-9, but IFNAR1-T1, IFNAR1-T6, and
IFNAR1-T7 failed to interact (Fig. 7G), suggesting that the extracellular domain is
required for the binding of IFNAR1 to MMP-9.

The MMP-9 hemopexin domain determines substrate specificity and interacts with
cell surface receptors and Ku (33). IFNAR1 N-terminal domains (subdomain 1 [SD1], SD2,
and SD3) are required for IFN-� recognition, and the membrane-proximal domain (SD4)
is critical for the formation of a functional signaling complex. Since we showed that
IFNAR1 SD2 was required for the interaction with MMP-9, and SD2 to SD4 retained full
binding affinity, we speculated that MMP-9 may interfere with the binding of IFN-� to
IFANR1. To confirm this speculation, HepG2 cells were incubated with MBP–MMP-9-D3
and treated with IFN-�. p-STAT2 was upregulated by rhIFN-� and downregulated by
MBP–MMP-9-D3 (Fig. 7H), suggesting that MMP-9-D3 attenuates the action of IFN-�.
Moreover, HepG2 cells were incubated with MBP–MMP-9-D3 and treated with an
inhibitor of protein biosynthesis (cycloheximide [CHX]). The results showed that the
IFNAR1 protein was not affected by MBP–MMP-9-D3 even in the presence of CHX (Fig.
7I), indicating that MMP-9-D3 has no effect on the production of the IFNAR1 protein,
and thus, MMP-9 may inhibit IFNAR1 activity in binding to IFN-�. Taken together, we
revealed that the hemopexin-like domain of MMP-9 interacts with the extracellular
domain of IFNAR1 to repress the activity IFNAR1 in binding to IFN-�.

MMP-9 facilitates the phosphorylation, ubiquitination, subcellular distribu-
tion, and degradation of IFNAR1. IFNAR1 mRNA was not affected by MMP-9 in HepG2
cells (Fig. 8A), but the IFNAR1 protein was downregulated by MMP-9 and rhMMP-9 in
HepG2 cells (Fig. 8B and C), suggesting that MMP-9 may regulate IFNAR1 at the
posttranslational level. We then determined whether MMP-9 plays a role in the regu-
lation of IFNAR1 stability. A CHX chase assay showed that endogenous IFNAR1 was
downregulated in the presence of CHX, and such a reduction was further facilitated by
rhMMP-9 (Fig. 8D); similarly, exogenously expressed IFNAR1 was attenuated by CHX,
and such a reduction was further enhanced by MMP-9 (Fig. 8E), suggesting that MMP-9
promotes IFNAR1 degradation.

IFNAR1 is hydrolyzed through the lysosomal pathway, and the ubiquitination of
IFNAR1 is required for endocytosis (29). Here, the pathways involved in the MMP-9-
mediated degradation of IFNAR1 were validated in HepG2 cells treated with protea-
some inhibitors (MG132 and lactacystin) and a lysosome inhibitor (bafilomycin A1).
IFNAR1 degradation was promoted by MMP-9 but attenuated by MG132, lactacystin,
and bafilomycin A1 (Fig. 8F), indicating that proteasome and lysosome pathways
were involved in the MMP-9-mediated degradation of IFNAR1. In addition, IFNAR1
degradation was facilitated by MMP-9 in the presence of CHX, whereas MG132
protected IFNAR1 from MMP-9-mediated degradation (Fig. 8G), confirming that
MMP-9 promotes IFNAR1 degradation depending on ubiquitination. Moreover,
HEK293T cells were cotransfected with pCDNA3.1-HA-Ub (ubiquitin), pCDNA3.1-
3�Flag-IFNAR1, or pcDNA3.1-Myc-MMP-9 and treated with MG132. Co-IP results
showed that MMP-9 enhanced both the ubiquitination and phosphorylation of IFNAR1
(Fig. 8H). The N terminus of TYK2 sustains the level of IFNAR1 by inhibiting its
endocytosis and degradation (34). We showed that TYK2 production was not affected
by MMP-9 (Fig. 8I), suggesting that TYK2 is not involved in the MMP-9-mediated
regulation of IFNAR1. The effect of MMP-9 enzyme activity on the degradation of
IFNAR1 was also evaluated. Like MMP-9-wt, MMP-9-mut facilitated IFNAR1 degradation
(Fig. 8J), indicating that the enzyme activity of MMP-9 is not required for IFNAR1
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FIG 8 MMP-9 promotes the phosphorylation, ubiquitination, degradation, and subcellular distribution of IFNAR1. (A and B) HepG2 cells were
transfected with pCMV-Tag2B-MMP-9 for 48 h. Cells were harvested. IFNAR1 mRNAs were analyzed by qPCR (A), and IFNAR1 and �-actin proteins
were detected by Western blotting (B). (C) HepG2 cells were treated with rhMMP-9 (50 ng/ml) for different times. Cells were harvested, and IFNAR1
and �-actin were detected by Western blotting. (D) HepG2 cells were treated with rhMMP-9 (50 ng/ml) for 12 h and treated with CHX (50 �g/ml)
for the indicated times. Cells were harvested, and IFNAR1 and �-actin were detected by Western blotting. (E) HEK293T cells were cotransfected
with pCAGGS-IFNAR1 and pCMV-Tag2B-MMP-9 for 48 h and treated with CHX (50 �g/ml) for the indicated times. The proteins were analyzed by
Western blotting using the corresponding antibodies. (F) HepG2 cells were transfected with pCMV-Tag2B-MMP-9 for 42 h and treated with
proteasome inhibitors (MG132 and lactacystin) and a lysosome inhibitor (bafilomycin A1) for 6 h. Cells were harvested, and IFNAR1, MMP-9, and
�-actin were detected by Western blot analyses. (G) HepG2 cells were transfected with pCMV-Tag2B-MMP-9 for 42 h and treated with MG132 (20
�M) for 2 h and with CHX (50 �g/ml) for 4 h. Cells were harvested, and IFNAR1 and �-actin were detected by Western blot analyses. (H) HEK293T
cells were cotransfected with pCDNA3.1-HA-Ub, pCDNA3.1-3�Flag-IFNAR1, and pcDNA3.1-Myc or pcDNA3.1-Myc-MMP-9 and treated with MG132
(20 �M) for 9 h. Cell lysates were denatured and subjected to IP with anti-Flag. The immunoprecipitates and WCLs were analyzed by Western
blotting with the indicated antibodies. (I) HepG2 cells were transfected with pCMV-Tag2B or pCMV-Tag2B-MMP-9 for 48 h. TYK2 and �-actin
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degradation. Taken together, we revealed that MMP-9 facilitates the phosphorylation,
ubiquitination, and degradation of IFNAR1.

The ligand-dependent and ligand-independent pathways are involved in the regu-
lation of IFNAR1 degradation (31). In the ligand-dependent pathway, IFN-�/�� induces
IFNAR1 phosphorylation on a specific Ser residue (Ser535), which leads to the recruit-
ment of E3 ubiquitin ligase followed by IFNAR1 ubiquitination and lysosomal degra-
dation (29, 30). In the ligand-independent pathway, the unfolded-protein response
(UPR) activates p38 kinase, which subsequently phosphorylates IFNAR1 at Ser532
(35–38). We previously reported that extracellular signal-regulated kinase (ERK) is
involved in the degradation of IFNAR1 (39, 40). Here, the signaling pathways that
participated in the MMP-9-mediated degradation of IFNAR1 were evaluated in HepG2
cells transfected with pCMV-Tag2B-MMP-9 and treated with the signaling component
inhibitors SB203580 (p38 mitogen-activated protein kinase [MAPK] inhibitor), U0126
(ERK1/2 inhibitor), and PD98059 (MEK inhibitor). The results showed that IFNAR1
degradation was facilitated by MMP-9 in the presence of SB203580, U0126, and
PD98059 (Fig. 8K), suggesting that p38 and ERK are not required for the degradation of
IFNAR1 mediated by MMP-9. The effect of Ser532 phosphorylation on the MMP-9-
mediated degradation of IFNAR1 was also evaluated. HEK293T cells were cotransfected
with pCMV-Tag2B-MMP-9 and pCAGGS-IFNAR1 or pCAGGS-IFNAR1-S532A (expressing
the IFNAR1-S532A mutant) and treated with CHX. The cells were further treated with
IFN-� to induce the ligand-dependent and Ser532-independent degradation of IFNAR1
or treated with an inducer of the UPR (thapsigargin [TG]) to stimulate the ligand-
independent and Ser532-dependent degradation of IFNAR1. The results showed that
IFNAR1 degradation was facilitated by MMP-9, IFN-�, and TG (Fig. 8L), whereas IFNAR1-
S532A degradation was promoted by MMP-9 and IFN-� but not by TG (Fig. 8M). These
results demonstrated that MMP-9 facilitates IFNAR1 degradation in a p38-, ERK-, and
Ser532 phosphorylation-independent manner.

Upon phosphorylation and ubiquitination, IFNAR1 was redistributed from the cell
surface to the perinuclear compartments. Flow cytometry analyses revealed that the
level of IFNAR1 (Fig. 8N), but not IFNAR2 (Fig. 8O), on the cell surface was reduced by
MMP-9. Confocal microscopy showed that IFNAR1 was partially distributed on the cell
surface in the absence of MMP-9 (Fig. 8Pa to d), whereas most of the IFNAR1 protein
was internalized in the presence of MMP-9 (Fig. 8Pe to h). These results suggested that
MMP-9 regulates the subcellular distribution of IFNAR1. Taken together, our results
demonstrated that MMP-9 promotes the phosphorylation, ubiquitination, subcellular
distribution, and degradation of IFNAR1 and revealed that MMP-9 facilitates IFNAR1
degradation in a p38-, ERK-, S532 phosphorylation-, TYK2-, and enzyme activity-
independent manner.

MMP-9 enhances VSV replication by attenuating IFN antiviral action. Since
MMP-9 enhances HBV replication by attenuating IFN antiviral action, MMP-9 may play
a broad role in the regulation of other viruses. To prove this hypothesis, we investigated
the role of MMP-9 in the replication of VSV by using an recombinant enhanced green
fluorescent protein (EGFP)-expressing vesicular stomatitis virus strain (VSV-GFP) as
described previously (41). HepG2 cells were transfected with pCMV-Tag2B-MMP-9,
treated with rhIFN-�, and infected with VSV-GFP. The production of the VSV protein (as

FIG 8 Legend (Continued)
protein levels expressed in the treated cells were determined by Western blot analyses using the corresponding antibodies. (J) HepG2 cells were
transfected with pCMV-Tag2B-MMP-9-wt or pCMV-Tag2B-MMP-9-mut for 42 h and treated with MG132 (20 �M) for 6 h. Cells were harvested, and
IFNAR1 and �-actin were detected by Western blot analyses. (K) HepG2 cells were transfected with pCMV-Tag2B-MMP-9 for 42 h and treated with
the signaling component inhibitors SB203580 (p38 MAPK inhibitor), U0126 (ERK1/2 inhibitor), and PD98059 (MEK inhibitor) for 6 h. Cells were
harvested, and levels of IFNAR1, MMP-9, and �-actin proteins were detected by Western blot analyses. (L and M) HEK293T cells were cotransfected
with pCAGGS-IFNAR1 (L) or pCAGGS-IFNAR1-S532A (M) and pCMV-Tag2B-MMP-9 for 33 h and treated with rhIFN-� or TG (1 �M) for 1 h and with
CHX (50 �g/ml) for the indicated times. Levels of IFNAR1-HA, IFNAR1-S532A–HA, GFP, and �-actin proteins were determined by Western blotting.
(N and O) HepG2 cells were transfected with pCMV-Tag2B-MMP-9 for 48 h and then harvested. IFNAR1 protein (N) and IFNAR2 protein (O) levels
were analyzed by flow cytometry. APC, allophycocyanin; PE, phycoerythrin. (P) HepG2 cells were cotransfected with pCAGGS-IFNAR1 and
pcDNA3.1-Myc-MMP-9 for 24 h. Cells were immunostained with anti-Myc and anti-HA antibodies, and the nucleus was stained by DAPI and
analyzed by confocal microscopy. Results show means � standard deviations. ns, nonsignificant.
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indicated by GFP) was upregulated by MMP-9 and downregulated by rhIFN-�, but
IFN-�-mediated repression was recovered by MMP-9 (Fig. 9A). Similarly, fluorescence
microscopy images showed that VSV replication (as indicated by intensity) was stim-
ulated by MMP-9 and repressed by rhIFN-�, but IFN-�-mediated repression was sup-
pressed by MMP-9 (Fig. 9B and C). Moreover, the numbers of GFP-positive cells were
enhanced by MMP-9 and reduced by rhIFN-�, whereas the IFN-�-mediated reduction
was attenuated by MMP-9 (Fig. 9C). Taken together, our results demonstrated that
MMP-9 facilitates the replication of VSV by attenuating the antiviral action of IFN.

DISCUSSION

Chronic HBV infection is a major cause of CHB, liver cirrhosis, and HCC, but the
mechanism underlying the development of chronic infection is largely unknown.
Previous studies showed that the MMP-9 level is elevated in hepatocytes and in the sera
of patients with CHB and HCC (10, 42). This study revealed that MMP-9 is activated in
PBMCs of CHB patients and in leukocytes. MMP-9 has multiple functions involved in
development, angiogenesis, apoptosis, inflammation, and cancer growth. MMP-9 is
regulated by HBV (9), human immunodeficiency virus type 1 (HIV-1) (43), and hepatitis
C virus (HCV) (44, 45). The effect of MMP-9 on the replication of RSV was controversial.
Different reports showed that MMP-9 exerts proviral activity (12, 13) or antiviral activity
(14) on RSV, but the mechanism by which MMP-9 modulates HBV replication is
unknown. Here, we demonstrated that MMP-9 facilitates the replications of HBV and
VSV by suppressing IFN activity and revealed a novel mechanism by which HBV
represses host immunity to maintain replication through the activation of MMP-9.

HBV is known as a “stealth virus,” as the activation of innate responses is predom-
inantly weak or absent during HBV infection (21–23). A stealth virus is not detected by
pattern recognition receptors (PRRs) or is able to inhibit nascent innate responses. A
chimpanzee study showed that HBV infection does not induce a strong modulation of
gene expression in the liver compared to that induced by HCV infection (23). A weak
and transient innate response is observed upon HBV infection in human liver progen-
itor HepaRG cells and primary human hepatocytes (46). However, HBV elicits a strong
and specific innate antiviral response resulting in the noncytopathic clearance of HBV
DNA in HepaRG cells, and IFN-� and ISGs are induced in HepG2 cells based on a
baculovirus vector transduction system (Bac-HBV) (24). In addition, acute infection with
woodchuck hepatitis virus (WHV) induces immune genes immediately after infection

FIG 9 MMP-9 facilitates the replication of VSV by attenuating IFN-� action. HepG2 cells were transfected
with pCMV-Tag2B-MMP-9 for 24 h and infected with VSV-GFP (MOI � 0.01) for 24 h. GFP levels were
measured by Western blotting (A) and fluorescence microscopy (B), and relative levels of GFP-positive
cells are shown in graph (C). Results show means � standard deviations (n � 3). *, P � 0.05; **, P � 0.01;
ns, nonsignificant.
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(47). A transient but slight activation of the IFN-� gene was also detected in human
hepatocytes infected by HBV in chimeric mice (48). In this study, we demonstrated that
HBV infection initially induces an innate immune response, but such activation is
subsequently repressed by MMP-9. Thus, we suggest that MMP-9 plays an important
role in the suppression of IFN signaling in response to HBV infection.

Initially, HBV stimulates MMP-9 expression in leukocytes and hepatocytes. Subse-
quently, MMP-9 counteracts host innate immunity to facilitate HBV replication through
attenuating type I IFN action, IFN/JAK/STAT signaling, and ISG production. Host innate
immunity is the first line of defense against invading pathogens (49). The activation of
innate immunity by Toll-like receptor (TLR) agonists results in the suppression of HBV
in mice and chimpanzees (50, 51). However, the innate immune response is repressed
by HBV with various mechanisms. It was reported previously that HBV inhibits STAT1
nuclear translocation (52) and activates phosphatase 2A (PP2A) expression to inhibit
IFN-� signaling in hepatocytes (53). We demonstrated previously that collagen triple-
helix repeat-containing 1 (CTHRC1) facilitates HBV replication by suppressing IFN action
and disturbing the JAK/STAT cascade (39). Here, we discovered a new role of MMP-9 in
the regulation of viral replication through a novel mechanism. Interestingly, we dem-
onstrated that MMP-9 also represses IFNAR1 activity through promoting the phosphor-
ylation, ubiquitination, subcellular distribution, and degradation of the IFNAR1 protein.
It was reported previously that a lower level of IFNAR1 is associated with a higher risk
of liver diseases (54), and polymorphisms of the IFNAR1 promoter are associated with
CHB and HCC susceptibility (55, 56). IFNAR1 is downregulated by HBx in hepatocytes
and in woodchucks infected with WHV (57, 58), indicating that HBV/WHV may establish
chronic infection by repressing IFNAR1. Our results demonstrated that HBV attenuates
IFNAR1 through the activation of MMP-9, which provides a new explanation as to how
HBV establishes chronic infection.

Ligand binding or cellular signaling induces IFNAR1 phosphorylation and
ubiquitination-dependent degradation. Ser532 phosphorylation and p38 kinase activ-
ity are required for IFNAR1 degradation in a ligand-independent fashion (31). Here, we
revealed that MMP-9 promotes IFNAR1 degradation through lysosome pathways,
whereas Ser532 phosphorylation and p38 activity are not required for the MMP-9-
mediated degradation of IFNAR1 in response to HBV stimulation and demonstrated
that MMP-9 facilitates IFNAR1 degradation in an ERK- and TYK2-independent manner.
Therefore, we provided a new mechanism underlying the regulation of IFNAR1 degra-
dation mediated by MMP-9. As a multidomain protein, MMP-9 not only cleaves the
extracellular matrix, cell surface substrates, and intracellular substrates (59, 60) but also
exerts noncatalytic signaling effects. The MMP-9 hemopexin domain induces intracel-
lular signaling to prevent B cell apoptosis independent of the catalytic function (61) and
interacts with the cell surface protein Ku to regulate cellular invasion (32). Here, we
showed that the MMP-9 hemopexin-like domain interacts with the IFNAR1 extracellular
domain on the cell surface, and such an interaction blocks the IFN-induced phosphor-
ylation of STAT2, suggesting that MMP-9 may promote IFNAR1 degradation by inter-
action. However, the metalloproteinase activity is dispensable for MMP-9 function in
the regulation of HBV replication and IFNAR1 degradation. Since the hemopexin-like
domain of MMP-9 (MMP-9-D3) has no effect on IFNAR1 expression, it is possible that
MMP-9 interacts with IFNAR1 by the hemopexin-like domain and modulates the
stability of IFNAR1 by another domain(s). Matrix metalloproteinases are regulators of
the tumor microenvironment (62). We discovered new roles of MMP-9 in the regulation
of host innate immunity and viral replication. The excess expression of MMP-9 induced
by HBV in the liver of patients with CHB may serve as a regulator of the liver
microenvironment to facilitate chronic and persistent infection that may lead to the
development of liver cirrhosis and HCC.

In conclusion, we identified a novel positive-feedback regulation loop between HBV
replication and MMP-9 production (Fig. 10). On one hand, HBV activates MMP-9 in
HBV-infected patients, HBV-stimulated leukocytes, and HBV-infected HepG2-NTCP cells.
On the other hand, MMP-9 facilitates HBV replication through repressing IFN/JAK/STAT
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signaling, interacting with IFNAR1 to block its binding with IFN-�, and promoting the
phosphorylation, ubiquitination, subcellular distribution, and degradation of IFNAR1.
Therefore, HBV may take advantage of MMP-9 function to establish or maintain chronic
infection by repressing innate immunity.

MATERIALS AND METHODS
Clinical samples. Blood samples were obtained from 85 patients with HBV infection admitted to

RenMin Hospital of Wuhan University, China. All patients were confirmed to be HBV positive but negative
for hepatitis A, C, D, and E viruses and HIV. PBMCs from 55 healthy individuals with no history of liver
disease were randomly selected from the Wuhan blood donation center.

Written informed consent was obtained from each patient. This study was conducted according to
the principles of the Declaration of Helsinki and approved by the Institutional Review Board of the
College of Life Sciences, Wuhan University, in accordance with its guidelines for the protection of human
subjects. The Institutional Review Board of the College of Life Sciences, Wuhan University, approved the
collection of blood samples for this research, in accordance with guidelines for the protection of human
subjects. Written informed consent was obtained from each participant.

FIG 10 MMP-9 facilitates HBV replication by repressing IFN/JAK/STAT signaling and IFNAR1 function. We propose a novel
positive-feedback regulation loop between HBV replication and MMP-9 production. Initially, HBV activates MMP-9 in
infected patients and in HBV-stimulated leukocytes. Subsequently, MMP-9 facilitates HBV replication through repressing
IFN/JAK/STAT signaling, interacting with IFNAR1 to block its binding with IFN-�, and promoting the phosphorylation,
ubiquitination, subcellular distribution, and degradation of IFNAR1. ISRE, interferon-stimulated response element.
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PBMC isolation. PBMCs were isolated by density centrifugation of fresh peripheral venous blood
samples diluted 1:1 in pyrogen-free phosphate-buffered saline (PBS) over Histopaque (Haoyang Biotech).
Cells were washed twice in PBS and resuspended in culture medium (RPMI 1640) supplemented with
penicillin (100 U/ml) and streptomycin (100 �g/ml). Freshly isolated PBMCs were cultured at 1 � 106

cells/ml.
Viruses and infection. For the stimulation of PBMCs and macrophages, HBV inoculums were culture

supernatants from HepG2.2.15 cells, the HBV stock titer (genome equivalents [GEq] per milliliter) was
assessed by using qPCR, and the multiplicity of infection (MOI) was defined as the number of GEq per
cell. For the preparation of UV-inactivated HBV, the virus was dispersed in a tissue culture dish, and a
compact UV lamp was placed directly above the dish for 30 min. The recombinant EGFP-expressing
vesicular stomatitis virus strain (VSV-GFP) (41) was amplified in Vero cells, and the titer was determined
on Vero cells by fluorescence microscopy.

For infection of HepG2-NTCP cells (provided by Ying Zhu, Wuhan University, China), HBV inoculums
were concentrated 100-fold from the supernatants of HepaAD38 cells (provided by Ying Zhu of Wuhan
University, China) by ultracentrifugation. For infection, HepG2-NTCP cells were seeded onto collagen
I-coated plates in Dulbecco’s modified Eagle medium (DMEM) for 6 h, and the medium was then changed
to primary hepatocyte maintenance medium (PMM) with 2% fetal bovine serum (FBS). PMM is Williams’
E medium supplemented with insulin-transferrin-selenium solution (catalog no. I3146; Sigma), 2 mM
L-glutamine, 10 ng/ml of human epidermal growth factor (EGF), 18 �g/ml of hydrocortisone, 40 ng/ml
of dexamethasone, 2% dimethyl sulfoxide (DMSO), 100 U/ml of penicillin, and 100 �g/ml of streptomycin
for 12 h. Cells were then infected with 1,000 GEq per cell of HBV in PMM containing 4% (wt/vol)
polyethylene glycol 8000 (PEG 8000) for 16 h. The virus-containing medium was removed, and cells were
washed four times and further incubated in PMM. The medium was changed every other day (19, 20).

Cell culture and transfection. Human hepatocellular HepG2 cells, HepG2.2.15 cells, and Vero cells,
obtained from the American Type Culture Collection (ATCC); human hepatocarcinoma Huh7 cells and
human embryonic kidney HEK293T cells, obtained from the China Center for Type Culture Collection
(CCTCC) (Wuhan, China); HepaAD38 cells; and HepG2-NTCP cells were grown in DMEM supplemented
with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, and 100 �g/ml streptomycin sulfate at
37°C in 5% CO2. Human monocytic leukemia THP-1 cells, obtained from the CCTCC, were grown in RPMI
1640 supplemented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, and 100 �g/ml
streptomycin sulfate at 37°C in 5% CO2. For differentiation, THP-1 cells were incubated with phorbol-
12-myristate-13-acetate (PMA) (100 nM), the supernatants were removed 12 h later, and cells were grown
in normal medium without PMA for another 24 h. HepG2, HepG2-NTCP, Huh7, and HEK293T cells were
transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

Plasmids, small interfering RNAs, and reagents. The coding regions of MMP-9 (GenBank accession
number NM_004994) and IFNAR1 (NM_000629) were generated by PCR amplification. For MMP-9, the
PCR product was inserted into the EcoRI and XhoI sites of pCMV-Tag2B. For the full-length and truncated
forms of MMP-9, the PCR products were inserted into the EcoRI and XbaI sites of p3�Flag-CMV-14. In
addition, the PCR product of full-length MMP-9 was inserted into the XhoI and EcoRI sites of pcDNA3.1/
Myc-His(�)B. For the full-length and truncated forms of IFNAR1, the PCR products were inserted into the
EcoRI and XhoI sites of pCAGGS, followed by an HA tag at its carboxy terminus. In addition, the PCR
product of full-length IFNAR1 was inserted into the EcoRI and XhoI sites of pcDNA3.1, proceeded by a
3�Flag tag. To generate mutational MMP-9, three histidines (H) (indicated by underlining) contained in
the sequence 401HEFGHALGLDH411 were replaced by lysines (K). HBV-1.3 was generated from
HepG2.2.15 cells (genotype D, subtype ayw; GenBank accession no. U95551), digested with EcoRI and
SalI, and inserted into pBluescript II (Invitrogen).

Specific siRNAs were purchased from Guangzhou RiboBio, and the sequence of the siRNA against
MMP-9 was reported previously (63). Oligonucleotides targeting MMP-9 and IFNAR1 were cloned into
pLKO.1. Antibodies against p-JAK1 (catalog no. sc-101716), OAS1 (catalog no. sc-98424), PKR (catalog no.
sc-100378), STAT2 (catalog no. sc-476), MMP-2 (catalog no. sc-13594), and p65 (catalog no. sc-109) were
purchased from Santa Cruz Technology Company. Antibodies against MMP-9 (catalog no. 3852), p-STAT1
(catalog no. 9167), and STAT1 (catalog no. 9172) were purchased from Cell Signaling Technology.
Anti-p-STAT2 (catalog no. 07-224) was purchased from Millipore. Anti-IFNAR1 (catalog no. ab45172) was
purchased from Abcam. Anti-p-IFNAR1 (catalog no. P4623-1V), anti-Flag (catalog no. F1804), and anti-HA
(catalog no. H6908) were purchased from Sigma-Aldrich. Anti-HBcAg (catalog no. B0586) was purchased
from Dako. Antibodies against �-actin (catalog no. 60008-1-Ig), GFP (catalog no. 66002-1-Ig), Mx1
(catalog no. 13750-1-AP), and MBP (catalog no. 66003-1) were purchased from Proteintech Group. Flow
cytometry Abs specific for IFNAR1 and IFNAR2 were purchased from R&D Systems. Human hepatitis B Ig
served as an HBV-neutralizing Ab and was purchased from Hualan Bio (Hualan Biological Engineering,
Xinxiang, China). rhMMP-9 was purchased from Calbiochem.

The inhibitors LY-294002, SP600125, PD98059, and SB203580 were purchased from Tocris Bioscience.
U0126, MG132, and PMA were purchased from Sigma-Aldrich. Bafilomycin A1, lactacystin, and CHX were
purchased from Cayman Chemical Company. JAK inhibitor I was purchased from Merck.

Quantitative RT-PCR analysis. Quantitative reverse transcription-PCR (RT-PCR) analysis was per-
formed to determine the relative mRNA levels. Total RNA was extracted with TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Total RNA was reverse transcribed with oligo(dT). Real-time
PCR was performed with a Light Cycler 480 instrument (Roche), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal control. The following primers were used: MMP-9
forward primer 5=-CCTCTGGAGGTTCGACGTG-3=, MMP-9 reverse primer 5=-AACTCACGCGCCAGTAGAAG-
3=, IFNAR1 forward primer 5=-GCGCGAACATGTAACTGGTG-3=, IFNAR1 reverse primer 5=-ATTCCCGACAG
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ACTCATCGC-3=, IFNA forward primer 5=-TTTCTCCTGCCTGAAGGACAG-3=, IFNA reverse primer 5=-GCTCA
TGATTTCTGCTCTGACA-3=, IFNB forward primer 5=-GCCGCATTGACCATGTATGAGA-3=, IFNB reverse primer
5=-GAGATCTTCAGTTTCGGAGGTAAC-3=, ISG56 forward primer 5=-AGCCAGCTGTCCTCACAGAC-3=, ISG56
reverse primer 5=-CTTCTACCACTGTTTCATGC-3=, PKR forward primer 5=-AAAGCGAACAAGGAGTAAG-3=,
PKR reverse primer 5=-GATGATGCCATCCCGTAG-3=, OAS1 forward primer 5=-TTCCGTCCATAGGAGCCAC-
3=, OAS1 reverse primer 5=-AAGCCCTACGAAGAATGTC-3=, Mx1 forward primer 5=-TTCAGCACCTGATGGC
CTATC-3=, Mx1 reverse primer 5=-TGGATGATCAAAGGGATGTGG-3=, HBV 3.5-kb RNA forward primer
5=-GAGTGTGGATTCGCACTCC, HBV 3.5-kb RNA reverse primer 5=-GAGGCGAGGGAGTTCTTCT, GAPDH
forward primer 5=-GGAAGGTGAAGGTCGGAGTCAACGG-3=, and GAPDH reverse primer 5=-CTCGCTCCTG
GAAGATGGTGATGGG-3=. Data were normalized to the GAPDH expression level in each sample.

Western blot analysis and coimmunoprecipitation. For Western blot analysis, cells were lysed in
PBS (pH 7.4) that contained 1% Triton X-100, 1 mM EDTA, and a protease inhibitor mixture (Roche). Cell
lysates (50 �g) were separated by 12% SDS-PAGE and then transferred onto a nitrocellulose membrane
(Millipore). The membranes were blocked in 5% nonfat dried milk before incubation with specific
antibodies. Blots were detected with the Clarity Western ECL substrate (Bio-Rad). The separation of
cytosolic and membrane extracts was performed as described previously (32). For coimmunoprecipita-
tion, cells were lysed in IP lysis buffer (0.025 M Tris-HCl, 0.15 M NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol
[pH 7.4]). Cell lysates were mixed with specific antibodies or IgG and protein G-agarose beads (GE
Healthcare) and rocked overnight at 4°C. Beads were washed five times with lysis buffer, denatured
with SDS-PAGE loading buffer, and separated by SDS-PAGE, with subsequent immunoblot analysis.
The gray density of Western blots was measured by using ImageJ software (National Institutes of
Health, Bethesda, MD).

Zymography assay. MMP-9 proteinase activity was detected by a gelatin zymography assay as
described previously (44). The cell lysates or supernatants were separated in SDS-PAGE gels containing
1 mg/ml gelatin (Sigma-Aldrich). After electrophoresis, the gel was washed twice (45 min each wash) with
2.5% Triton X-100 (Sigma-Aldrich), followed by a 30-min wash with 50 mM Tris-HCl (pH 7.6) containing
5 mM CaCl2, 1 �M ZnCl2, and 0.02% sodium azide. The gel was then incubated overnight at 37°C in the
same buffer, after which it was stained with 0.25% Coomassie brilliant blue R-250 (Sigma-Aldrich) for 2 h
and then destained.

Enzyme-linked immunosorbent assay. Cell culture supernatants were collected to detect the levels
of HBeAg and HBsAg with an enzyme-linked immunosorbent assay (ELISA) kit (Ke Hua Bio Engineering,
Shanghai, China) according to the manufacturer’s instructions. Cell culture supernatants were collected
to detect IFN-� levels with an ELISA kit (Elabscience, Wuhan, China) according to the manufacturer’s
instructions.

Northern blot analysis and HBV DNA analysis. Total cellular RNA was extracted with TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. Ten micrograms of total RNA was separated in
a 1% agarose gel containing 2.2 M formaldehyde and transferred onto a nylon membrane (GE Health-
care). To detect HBV RNAs, the membrane was probed with a digoxigenin (DIG)-labeled RNA probe and
immunoblotted with the DIG Northern Starter kit (Roche). The 28S and 18S rRNAs were used as loading
controls.

At 96 h posttransfection, the cells were lysed in lysis buffer (50 mM Tris-HCl [pH 7.0], 0.5% NP-40) on
ice. Nuclei were pelleted by centrifugation for 1 min at 10,000 � g. The supernatant was adjusted with
10 mM MgCl2 and treated with DNase I for 1 h at 37°C. The enzymes were inactivated by incubation at
75°C for 15 min in the presence of 10 mM EDTA. Protein was digested with proteinase K in the presence
of 1% SDS. Nucleic acids were purified by phenol-chloroform extraction and ethanol precipitation.
Extracellular encapsidated HBV DNA was extracted as described previously, with modifications (64). Ten
microliters of the cell culture supernatant was treated with DNase I for 1 h at 37°C, and the enzymes were
then inactivated by incubation at 75°C for 15 min in the presence of 10 mM EDTA. After this, the mixture
was added to 100 �l lysis buffer (20 mM Tris-HCl, 20 mM EDTA, 50 mM NaCl, and 0.5% SDS) containing
proteinase K. After incubation at 50°C overnight, viral DNA was isolated by phenol-chloroform extraction
and ethanol precipitation. HBV DNA was subjected to TaqMan real-time PCR in a Light Cycler instrument
(Roche) by using PCR primers (5=-AGAAACAACACATAGCGCCTCAT-3= and 5=-TGCCCCATGCTGTAGATC
TTG-3=) and probe (5=-TGTGGGTCACCATATTCTTGGG-3=).

Flow cytometry. HepG2 cells were Fc blocked with human IgG for 15 min at 4°C prior to staining.
Cells in cold PBS (containing 2% bovine serum albumin [BSA]) were incubated with specific Abs for 1 h
at 4°C. Cells were washed with cold PBS (containing 2% BSA) twice and then analyzed by using a
FACSCalibur instrument (Beckman Coulter).

Denatured immunoprecipitation and ubiquitination assays. A ubiquitination assay was per-
formed as described previously (65). The cells were lysed in IP lysis buffer containing 1% SDS and heated
for 5 min. The samples were diluted 1:9 with IP lysis buffer and centrifuged at 12,000 � g for 10 min at
4°C. The supernatants were subjected to immunoprecipitation with anti-Flag, and the immunoprecipi-
tates and WCLs were analyzed by 8% SDS-PAGE and immunoblotting.

MBP pulldown assay. MBP and MBP–MMP-9-D3 were expressed by E. coli BL21 cells and purified.
The cell extracts were prepared by ultrasonication and incubated with amylose resins (New England
BioLabs). The MBP and MBP–MMP-9-D3 immobilized resins were washed 5 times with cold PBS. The
resulting immobilized amylose resins were incubated with HEK293T lysates, which overexpressed
IFNAR1-HA. The resins were washed 5 times with cold PBS, denatured with SDS-PAGE loading buffer, and
analyzed by SDS-PAGE and immunoblotting.

Immunofluorescence. HepG2 cells were grown in glass-bottom dishes. Twenty-four hours after
transfection, cells were fixed with 4% paraformaldehyde for 15 min, washed three times with PBS,
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permeabilized with PBS containing 0.2% Triton X-100 for 5 min, washed three times with PBS, and
blocked with PBS containing 5% bovine serum albumin for 30 min at room temperature. The cells were
then incubated with anti-HA and anti-Myc overnight at 4°C, followed by incubation with fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit IgG and cy3-conjugated goat anti-mouse IgG for 45
min and staining with 4=,6-diamidino-2-phenylindole (DAPI). The cells were viewed by confocal laser
microscopy (FluoView FV1000; Olympus).

Statistical analysis. The results are presented as means � standard deviations. Student’s t test for
paired samples was used to determine statistical significance. Differences were considered statistically
significant at a P value of �0.05.
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