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The replication of hepatitis B virus (HBV) in hepatocytes is strongly
inhibited in response to IFN-��� and IFN-�. Although it has been
previously demonstrated that IFN-��� eliminates HBV RNA-con-
taining capsids from the cell in a proteasome-dependent manner,
the precise cellular pathway that mediates this antiviral effect has
not been identified. Because IFN-induced signal transduction in-
volves kinase-mediated activation of gene expression, we used an
immortalized hepatocyte cell line that replicates HBV in an IFN-
sensitive manner to investigate the role of cellular kinase activity
and the cellular transcription and translation machinery in the
antiviral effect. Our results indicate that Janus kinase activity is
required for the antiviral effect of IFN against HBV, but that
phosphatidylinositol 3-kinase, cyclin-dependent kinase, mitogen-
activated protein kinase, and NF-�B activity are not. Additionally,
we found that inhibitors of cellular transcription and translation
completely abolish the antiviral effect, which also appears to
require cellular kinase activity downstream of signal transduction
and gene expression. Collectively, these results identify IFN-regu-
lated pathways that interrupt the HBV replication cycle by elimi-
nating viral RNA-containing capsids from the cell, and they provide
direction for discovery of the terminal effector molecules that
ultimately mediate this antiviral effect.

Hepatitis B virus (HBV) replication is noncytopathically
inhibited by IFN-��� and IFN-� (1). Studies using trans-

genic mouse models of HBV gene expression and replication
have demonstrated that multiple mechanisms mediate this pro-
cess (2, 3). First, viral DNA replicative intermediates are cleared
from the liver with no change in the level of viral mRNA (3).
Subsequently, HBV mRNA levels are reduced by both transcrip-
tional and posttranscriptional mechanisms (4, 5). Viral replica-
tion is inhibited by a variety of stimuli that induce intrahepatic
IFN-��� (such as infection with adenovirus or murine cytomeg-
alovirus, injection with polyinosinic-polycytidylic acid) and�or
IFN-� (adoptive transfer of HBsAg-specific cytotoxic T lympho-
cytes, injection of IL-12 or �-CD40 mAb; refs. 3 and 6–9).
Whereas it has been shown that replication is inhibited by a
reduction in the assembly or stability of viral pregenomic
RNA-containing capsids (10), the IFN-induced molecular mech-
anism that mediates this inhibition is not yet defined. Notably,
type I IFN-inducible genes with known antiviral activity (RNA-
dependent protein kinase, RNase L, and myxovirus resistance-1)
do not mediate the antiviral effect of IFN-��� or IFN-� in
HBV-transgenic mice (11). In contrast, inducible nitric oxide
synthase is required for the IFN-�-induced antiviral effect in
these animals (12).

To identify IFN-regulated genes whose induction correlates
with suppressed HBV replication, gene expression profiling was
performed in HBV-transgenic mouse livers and immortalized
transgenic hepatocytes in response to IFN-��� and IFN-� (13).
Multiple IFN-regulated genes, including the proteasome sub-
units LMP2, LMP7, MECL-1, and PA28�, were induced under
conditions that correlated with the antiviral effect of both
IFN-��� and IFN-�. By using this information, we subsequently
demonstrated that proteasome activity was indeed required for
the IFN-���- and IFN-�-induced antiviral effects (14). In ad-
dition to the proteasome subunits, expression of a number of

other genes also correlated with the antiviral effect, including
IFN-regulated GTPases [T cell-specific GTPase (TGTP), IFN-�
induced GTPase] that have known antiviral activity (15, 16), as
well as various genes involved in cell signaling [signal transducer
and activator of transcription (STAT)-1, IP-10]. However, the
role that these factors may play in the inhibition of HBV is not
defined.

Although IFN-induced signal transduction and gene expres-
sion occurs primarily through the activation of Janus kinases
(Jak) and STAT transcription factors, IFN-��� and IFN-� also
activate or modulate the activity of other cellular kinases and
transcriptional regulators, including phosphatidylinositol 3-ki-
nase (PI3-kinase), mitogen-activated protein (MAP) kinase(s),
cyclin-dependent kinase(s) (cdk), and NF-�B (17, 18). Further-
more, in addition to the genes reported previously, the expres-
sion of a number of other cellular kinases (or regulators of kinase
activity) also correlated with IFN-induced HBV inhibition in
either the transgenic mouse livers or immortalized hepatocytes,
including cdk inhibitor 1A, MAP kinase-activated protein kinase
2, and hexokinase (13). Based on these results, we attempted in
the current study to further define the IFN-induced cellular
pathways that inhibit HBV replication, focusing primarily on the
role of cellular transcription, translation, and kinase activity.

Materials and Methods
Cells and Reagents. The HBV-Met cell line (clone 1–1.4) used in
this study is an immortalized hepatocyte cell line derived from
HBV-transgenic mice (19). Cells were maintained in RPMI
medium 1640 containing 10% heat-inactivated FCS, 2 mM
L-glutamine, 100 �g of penicillin per ml, 100 units of strepto-
mycin per ml (Invitrogen), 10 �g of insulin per ml (Sigma), 100
ng of epidermal growth factor per ml (BD Biosciences, Bedford
MA), and 16 ng of insulin-like growth factor 2 per ml (Calbio-
chem) (Met media). All chemical inhibitors used were purchased
from Calbiochem. Recombinant murine IFN-� was provided by
K. Harada (Toray Industries, Chiba, Japan), and murine IFN-�
was provided by S. Kramer (Genentech).

Experimental Procedure. HBV-Met cells were grown in complete
Met media to 100% confluence in collagen-coated Biocoat
60-mm dishes (Becton Dickinson Labware). The cells were
induced to differentiate by culturing in Met media containing
2% DMSO for 10–12 days. On differentiation, the HBV-Met
cells replicate HBV from the integrated transgene in a cytokine-
sensitive manner (19). The chemical inhibitors were prepared as
a 50� stock in DMSO, resulting in a final 2% DMSO concen-
tration when added to the cell culture media. The concentration
used for each inhibitor was based on previously reported effec-
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tive concentrations. For the staurosporine, genistein, and cyclo-
heximide experiments, the inhibitor was added to the cells either
1 h before or 3 h after IFN. All other inhibitors were added 1 h
before IFN, except �-amanitin, which was added 2 h before IFN.
Cells were then incubated with the indicated inhibitors and�or
IFN for the indicated lengths of time before harvesting for total
DNA and RNA preparation. Southern blots were performed to
examine the level of HBV DNA-replicative intermediates,
whereas Northern blots were performed to monitor the expres-
sion of representative IFN-��� [2�5�-oligoadenylate synthetase
(2�5�-OAS)]- or IFN-� (TGTP)-induced genes relative to the
level of GAPDH mRNA.

DNA Preparation and Hybridization. For DNA preparation, cells
were lysed in DNA lysis buffer (50 mM Tris�HCl�20 mM
EDTA�1% SDS). The cellular lysates were incubated �16 h at
37°C with 1 mg of proteinase K per ml. The lysates were then
extracted with Tris-buffered phenol (pH 8.0), phenol�
chloroform (1:1) and chloroform, followed by precipitation of
total DNA with an equal volume of isopropanol. For the
Southern hybridizations, 20 �g of total DNA was digested with
HindIII, electrophoresed in a 1.4% agarose gel, and transferred
to nylon a membrane by using standard protocols (20). Hybrid-
izations were performed with a genome-length HBV probe as
described (21).

RNA Preparation and Hybridization. For RNA preparation, cells
were lysed in GTC solution (4.2 M guanidine isothiocyanate,
0.5% saponin, 25 mM sodium citrate) containing 100 mM
2-mercaptoethanol. The lysates were extracted twice with a 2.5:1
mixture of phenol (pH 4.0):chloroform, and RNA was precipi-
tated with an equal volume of isopropanol. The RNA was then
resuspended in diethyl pyrocarbonate-treated H2O, and was
further extracted with buffered phenol (pH 8.0) and chloroform.
The RNA was once again precipitated with an equal volume of
isopropanol, washed in 80% ethanol, and resuspended in diethyl
pyrocarbonate-H2O. For the Northern hybridizations, equiva-
lent amounts (10–20 �g) of total RNA were electrophoresed
through a 1% agarose�formaldehyde gel, followed by transfer to
a nylon membrane by using standard protocols (22). Hybridiza-
tions were performed as described (21).

Results
Nonspecific Kinase Inhibitors Block the Antiviral Effect of IFN. Stau-
rosporine inhibits the activity of a broad spectrum of serine�
threonine and tyrosine kinases (23). Furthermore, staurosporine
inhibits IFN-induced signal transduction by both inhibition of
Jak activation and by down-regulation of Jak expression (24).
When added 1 h before treatment with 500 units�ml IFN-�,
staurosporine (5 �M) efficiently inhibited the expression of the
representative type I IFN-inducible gene 2�5�-OAS, and com-
pletely blocked the antiviral effect (Fig. 1A). However, stauro-
sporine did not block the antiviral effect when added 3 h after
IFN, even though it was able to partially inhibit IFN-induced
gene expression when added to the cells at this time (Fig. 1 A).
Thus, this result indicates that kinase activity is necessary for the
antiviral effect of IFN, and that the requisite kinases are induced
within 3 h after IFN treatment. Parenthetically, it is important
to note that in this and all other experiments reported herein, the
levels of the HBV 3.5- and 2.1-kb mRNAs were unchanged by
either the inhibitor or IFN (data not shown), which is consistent
with our previous report that IFN-��� and IFN-� do not alter
HBV gene expression in the HBV Met cells (19).

The broad-spectrum tyrosine kinase inhibitor genistein was
also tested for its ability to block the antiviral effect of IFN in the
HBV-Met cells (25). At a concentration of 300 �M, genistein
inhibited IFN-induced gene expression and the antiviral effect
(data not shown). As shown in Fig. 1B, however, genistein also

blocked the antiviral effect of IFN at a concentration (100 �M)
that does not inhibit IFN-induced expression of 2�5�-OAS (Fig.
1B) or IFN-stimulated gene 15, ubiquitin-specific protease 18,
STAT1, and the proteasome subunit LMP2 (data not shown).
Furthermore, unlike staurosporine, genistein blocked the anti-
viral effect when added either 1 h before or 3 h after IFN
treatment (Fig. 1B). Thus, these results suggest the possibility
that a genistein-sensitive kinase downstream of the IFN-induced
signal transduction cascade is important for the inhibition of
HBV.

The Antiviral Effect of IFN Requires Jak Activity. IFN-mediated signal
transduction occurs through the sequential activation of the Jak

Fig. 1. Staurosporine and genistein inhibit IFN-induced inhibition of HBV.
(A) Differentiated HBV-Met cells either were pretreated for 1 h with 5 �M
staurosporine, followed by the addition of 500 units�ml IFN-� [staurosporine
(stauro) (1)], or were pretreated with 500 units�ml IFN-� for 3 h before the
addition of 5 �M stauro (3). Southern blot (SB) and Northern blot (NB) analyses
of HBV DNA-replicative intermediates and 2�5�-OAS�GAPDH expression were
performed at 12 and 18 h post-IFN-� treatment. Staurosporine blocks the
antiviral effect when added 1 h before IFN-� but not 3 h after IFN-�. (B)
Differentiated HBV-Met cells either were pretreated for 1 h with 100 �M
genistein, followed by the addition of 500 units�ml IFN-� [genistein (1)], or
were pretreated with 500 units�ml IFN-� for 3 h before the addition of 100 �M
genistein [genistein (3)]. SB and NB analyses of HBV DNA-replicative interme-
diates and 2�5�-OAS�GAPDH expression were performed at 12 and 24 h
post-IFN-� treatment. Genistein blocks the antiviral effect when added before
or after IFN without altering 2�5�-OAS expression. Tg, transgene; RC and SS,
relaxed circle and single-stranded DNA-replicative intermediate forms, re-
spectively.
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kinases and STAT transcription factors (26). More specifically,
signaling through the IFN-��� receptor primarily involves the
activation of Tyk2, Jak1, and STAT1�STAT2 heterodimers,
whereas activation of IFN-�-induced genes requires Jak2, Jak1,
and STAT1 homodimers. Therefore, we examined the role of Jak
activity in the inhibition of HBV replication by using the specific
Jak inhibitor AG490 (27). As this compound has primarily been
reported to efficiently inhibit the activity of Jak2, we determined
whether AG490 would block the antiviral effect of IFN-�. A 1-h
pretreatment of HBV-Met cells with 300 �M AG490 abrogated
the inhibition of HBV replication by IFN-� (Fig. 2A). At this
concentration of AG490, expression of the representative IFN-
�-inducible gene TGTP was completely blocked over a wide
range of IFN concentrations (Fig. 2 A). In contrast, treatment of
the cells with a lower concentration of AG490 (100 �M) or an
equivalent concentration of a similar compound that does not
inhibit Jak-2 activity (AG9) failed to block IFN-induced gene
expression or the antiviral effect (Fig. 2 A and B). Thus, the
inhibition of HBV replication by IFN-� requires Jak activity.

Other Specific Kinase Inhibitors Do Not Block the Antiviral Effect of
IFN. It is well established that in addition to induction of the
Jak�STAT pathway, both IFN-��� and IFN-� induce activation
of NF-�B (28, 29). Activation of NF-�B by IFN-� occurs through
the PI3-kinase-mediated activation of the serine/threonine ki-
nase Akt (30). Wortmannin and Ly-294002 are both potent and
specific inhibitors of PI3-kinase, and Ly-294002 was previously
shown to inhibit the IFN-�-induced activation of NF-�B (30, 31).
However, these reagents did not block the antiviral effect of IFN
when used at equal to or greater than previously determined
effective concentrations (Table 1). Furthermore, an inhibitor of
I�B� phosphorylation (Bay 11–7082) did not modulate the
antiviral effect (32) (Table 1). It is noteworthy that these agents
(and others that did not block the antiviral effect) inhibited the
proliferation of nondifferentiated HBV-Met cells, indicating
that effective concentrations of the drugs were achieved in these
experiments (data not shown). We were also unable to detect an
IFN-induced increase in levels of phospho-I�B� or decrease in
total I�B� in the HBV-Met cells on treatment with IFN-� (data
not shown). Similarly, neither TNF-� nor IL-1� inhibits HBV
replication in these cells, even though they are known to activate

NF-�B (ref. 19 and data not shown). Thus, it is unlikely that
PI3-kinase or NF-�B mediates the signal transduction or down-
stream events that inhibit HBV replication in the HBV-Met cells.

In addition to PI3-kinase, IFN also influences the activity of
a number of other regulatory kinases, including cdk and MAP
kinases (33–35). However, as with PI3-kinase, multiple inhibitors
of cdk and MAP kinases also failed to block the ability of IFN
to inhibit HBV replication (Table 1), supporting the notion that
these kinases are also not required for the inhibition of HBV by
IFN in this model system (36–38).

The Antiviral Effect of IFN Requires Cellular Transcription and Trans-
lation. Because IFN-induced Jak�STAT activation ultimately
leads to induced expression of IFN-regulated genes, we deter-
mined whether transcription or translation inhibitors would
block the antiviral effect of IFN in the HBV-Met cells. �-Aman-

Fig. 2. Jak kinase activity is required for IFN-� induced inhibition of HBV. Differentiated HBV-Met cells were pretreated for 1 h with the indicated concentrations
of AG490 (A) or AG9 (B) before the addition of IFN-�. Southern blot (SB) and Northern blot (NB) analyses of HBV DNA-replicative intermediates and TGTP�GAPDH
expression were performed at 12 or 24 h post-IFN-� treatment. AG490 (300 �M) inhibits IFN-�-induced gene expression and the antiviral effect over a wide range
of IFN concentrations. AG490 (100 �M) and AG9 (300 �M) inhibit neither IFN-�-induced gene expression nor the antiviral effect. Tg, transgene; RC and SS, relaxed
circle and single-stranded DNA replicative intermediate forms, respectively.

Table 1. Effect of inhibitors on IFN-mediated inhibition of HBV

Inhibitor Target

Max
concentration

tested

Block of
antiviral
activity

Kinase inhibitor
Staurosporine Ser�Thr, Tyr kinases 5 �M �

Genistein Tyr kinases 300 �M �

AG490 Jak kinases 300 �M �

Wortmannin PI3-kinase 1 �M —
Ly-294002 PI3-kinase 25 �M —
Bay 11–7082 NF-�B 10 �M —
Olomoucine cdk1,2,5 50 �M —
Roscovitine cdk1,2,5 50 �M —
U0126 MAP kinase kinase1�2 50 �M —
PD 98059 MAP kinase kinase 25 �M —
SB 203580 p38 MAP kinase 25 �M —

Gene Expression
�-Amanitin RNA pol II 10 �g�ml �

Cycloheximide Translation 100 �g�ml �

HBV-Met cells were pretreated with the indicated concentration of inhib-
itor for 1 h before the addition of IFN-� or IFN-�. HBV replication was
examined 12–24 h after IFN treatment.
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itin is a potent inhibitor of RNA polymerase II-mediated tran-
scription (39). When pretreated with �-amanitin, IFN-induced
gene expression was blocked, and the antiviral effect was also
abrogated (Fig. 3A). Similarly, treating the cells with an inhibitor
of translation (cycloheximide) also blocked the antiviral effect of
IFN (Fig. 3B). This finding was independent of an effect on
IFN-induced gene expression because cycloheximide blocked
the antiviral effect without blocking the induction of 2�5�-OAS
when it was added 3 h after IFN (Fig. 3B). Therefore, IFN-
induced transcription and translation are both required for the
inhibition of HBV replication.

Discussion
To better define the mechanism whereby IFN inhibits HBV
replication, we studied the impact of kinase and transcription�

translation inhibition on the antiviral effect. When added before
treatment with IFN, staurosporine blocked IFN-induced gene
expression and the antiviral effect (Fig. 1 A). However, when
added 3 h after IFN treatment, the antiviral effect was not
blocked, despite substantially reduced 2�5�-OAS expression.
This result indicates that the IFN-mediated signal transduction
that occurs during the first 3 h of treatment is sufficient to
mediate the inhibition of HBV replication.

Interestingly, unlike staurosporine, genistein blocked the an-
tiviral effect at a concentration (100 �M) that did not inhibit the
expression of five representative IFN-induced genes in the
HBV-Met cells. At a higher concentration of genistein (300 �M),
IFN-induced gene expression was blocked as expected, which
was consistent with the recent report by Guo et al. (40) who
demonstrated that genistein inhibits IFN-induced gene expres-
sion in Huh7 cells. Furthermore, unlike staurosporine, genistein
blocked the antiviral effect when it was added 3 h after IFN
treatment. These results are consistent with the hypothesis that
a genistein-sensitive�staurosporine-insensitive kinase functions
either directly or indirectly in the antiviral effect downstream of
signal transduction. Because phosphorylation of the viral core
protein has been shown to influence hepadnaviral capsid sta-
bility (41, 42), the possibility that IFN-induced changes in HBV
core phosphorylation mediate the antiviral effect warrants fur-
ther study.

Many studies have clearly established that gene expression
induced through the IFN-� and IFN-� receptors occurs primarily
through activation of the Jak�STAT pathway (26). Consistent
with these findings, we observed that a Jak-2 inhibitor blocks the
IFN-�-mediated antiviral effect, and that this inhibitor is ac-
companied by a complete abrogation of IFN-�-induced gene
expression (Fig. 2 A). Furthermore, transcription and translation
inhibitors also blocked the antiviral effect (Fig. 3), indicating that
IFN-induced cellular gene expression is required to inhibit HBV
replication. Interestingly, IFN-induced gene expression is re-
duced when the cells are pretreated with cycloheximide. This
result raises the possibility that translation of an IFN-induced
gene (such as STAT1) might be necessary for maximal induction
of gene expression (13). Importantly, we have already shown that
IFN has no effect on HBV gene expression (5) or translation (10)
under these conditions. Thus, these results indicate that the
antiviral effect of IFN reflects the impact of IFN-induced genes
on events downstream of HBV transcription and translation,
which is consistent with our previous results demonstrating that
IFN reduces the formation or stability of HBV RNA-containing
capsids (10).

In addition to activating the Jak�STAT pathway, it is becom-
ing increasingly clear that both IFN-��� and IFN-� also induce
the activation of other transcription factors, including NF-�B
(28, 29). Furthermore, NF-�B activation has been reported to
inhibit HBV replication when induced to high levels by TNF-�
(43). As NF-�B activation depends on the proteasome-mediated
degradation of the I�B inhibitors, this phenomenon was of
interest to us, because it is possible that the ability of proteasome
inhibitors to block the antiviral effect of IFN that we reported
previously may reflect their ability to block NF-�B activation
(14). The induction of NF-�B by IFN-��� is known to occur
through a step that requires Akt activation, and is thus sensitive
to PI3-kinase inhibition. However, we were unable to block the
antiviral effect with inhibitors of PI3-kinase activity or I�B�
phosphorylation (Table 1). Furthermore, we were unable to
detect an IFN-induced increase in the phosphorylation or deg-
radation of I�B� in the HBV-Met cell line. Finally, treatment of
the HBV-Met cells with TNF-� or IL-1� (both inducers of
NF-�B) failed to inhibit HBV replication. Whereas these results
differ from those reported by Biermer et al. (43) who have
reported that NF-�B activation by TNF-� inhibits HBV repli-
cation in HepG2 cells, these differences are likely explained by

Fig. 3. Antiviral effect requires new transcription and translation. (A) Dif-
ferentiated HBV-Met cells were pretreated for 1 h with 10 �g�ml �-amanitin,
followed by the addition of 500 units�ml IFN-�. Southern blot (SB) and
Northern blot (NB) analyses of HBV DNA-replicative intermediates and 2�5�-
OAS�GAPDH expression were performed at 12 h post-IFN-� treatment.
�-Amanitin blocks both IFN-induced gene expression and the antiviral effect.
(B) Differentiated HBV-Met cells either were pretreated for 1 h with 100 �g�ml
cycloheximide, followed by the addition of 500 units�ml IFN-� [cycloheximide
(CHX) (1)], or were pretreated with 500 units�ml IFN-� for 3 h before the
addition of 100 �g�ml CHX (3). SB and NB analyses of HBV DNA-replicative
intermediates and 2�5�-OAS�GAPDH expression were performed at 12 h post-
IFN-� treatment. When added 1 h before IFN, cycloheximide inhibits the
antiviral effect and reduces IFN-induced gene expression. When added 3 h
after IFN, CHX blocks the antiviral effect without altering IFN-induced gene
expression. Tg, transgene; RC and SS, relaxed circle and single-stranded DNA-
replicative intermediate forms, respectively.
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different sensitivities of the cell lines to the two cytokines or
different mechanisms that are capable of inhibiting HBV rep-
lication. Thus, it appears unlikely that NF-�B is playing a role in
the IFN-induced antiviral effect in our model system.

The replication of HBV may also depend on the activity of
other cellular kinases. The HBV core protein contains phos-
phorylation sites with similarity to consensus cdk phosphoryla-
tion sites. Furthermore, a cdc2 kinase recognition motif regu-
lates capsid stability in the related duck hepatitis B virus (44). In
addition, the c-Raf�MAP kinase kinase pathway has been
reported to be needed for efficient HBV gene expression, and
activated extracellular signal-regulated kinase 1/2 has been
shown to inhibit HBV replication (45, 46). Because IFN signaling
is known to regulate the activity of cdk- and MAP kinases, we
wanted to determine whether these pathways regulate HBV
replication under baseline conditions or whether they mediate
the ability of IFN to inhibit HBV replication. However, we did
not detect an influence of these pathways on HBV replication or
the antiviral effect of IFN in the HBV-Met cells.

Interestingly, it should also be emphasized that, in the short
duration of these experiments (12–24 h), the baseline level of
HBV DNA replicative intermediates in the absence of IFN was
not affected by any of the kinase or gene expression inhibitors,
indicating the relatively stable nature of the HBV DNA-

containing nucleocapsids. This result is consistent with a previ-
ous report by Pasquetto et al. (47) who demonstrated that HBV
DNA-containing capsids are stable for at least 24 h in hepato-
cytes undergoing cytotoxic T lymphocyte-induced apoptosis.
However, Bouchard et al. (48) have reported that prolonged (4
days) treatment with tyrosine kinase inhibitors impairs HBV
replication in HBV genome-transfected HepG2 cells, suggesting
that cellular kinases may influence one or more currently
undefined aspects of the HBV replication cycle.

Determination of the mechanism whereby IFN inhibits HBV
replication could lead to the therapeutic activation of the
effectors of the response in chronically infected patients. Of
course, this approach would require knowledge of the IFN-
induced proteins that actually inhibit viral replication. By iden-
tifying the cellular events that are involved in this process (and
those that are not), the current study represents an important
step in the road to discovery of these effectors.
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