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Hepatitis C virus (HCV) is unique among RNA viruses in its ability to establish chronic infection in the majority of exposed

adults. HCV persists in the liver despite interferon (IFN)-stimulated gene (ISG) induction; robust induction actually predicts

treatment failure and viral persistence. It is unclear which forms of HCV RNA are associated with ISG induction and IFN

resistance during natural infections. To thoroughly delineate HCV RNA populations, we developed conditions that fully sep-

arate the strands of long double-stranded RNA (dsRNA) and allow the released RNAs to be quantified in reverse transcrip-

tion/polymerase chain reaction assays. These methods revealed that dsRNA, a pathogen-associated molecular pattern

(PAMP), comprised 52% (standard deviation, 28%) of the HCV RNA in the livers of patients with chronic infection. HCV

dsRNA was proportionally higher in patients with the unfavorable IL28B TT (rs12979860) genotype. Higher ratios of HCV

double-stranded to single-stranded RNA (ssRNA) correlated positively with ISG induction. In Huh-7.5 cells, IFN treatment

increased the total amount of HCV dsRNA through a process that required de novo viral RNA synthesis and shifted the

ratio of viral dsRNA/ssRNA in favor of dsRNA. This shift was blocked by ribavirin (RBV), an antiviral drug that reduces

relapse in HCV patients. Northern blotting established that HCV dsRNA contained genome-length minus strands. Conclu-

sion: HCV dsRNA is the predominant form in the HCV-infected liver and has features of both a PAMP and a genomic

reservoir. Interferon treatment increased rather than decreased HCV dsRNA. This unexpected finding suggests that HCV

produces dsRNA in response to IFN, potentially to antagonize antiviral defenses. (HEPATOLOGY 2017;66:357-370).

D
espite the introduction of effective therapies,
hepatitis C virus (HCV) remains a global
challenge. The new therapies require adher-

ence to lengthy and expensive regimens,(1) and treat-
ment options remain limited for patients with

decompensated cirrhosis. Human immunodeficiency
virus coinfection or unabated high-risk behaviors can
cause 5-year reinfection rates to reach 10%-15%.(2)

To overcome these challenges, new strategies are
needed.

Abbreviations: bp, base pairs; cDNA, complementary DNA; dsRNA, double-stranded RNA; HCV, hepatitis C virus; IFN, interferon; ISG, interfer-

on-stimulated gene; MOI, multiplicity of infection; mRNA, messenger RNA; PAMP, pathogen-associated molecular pattern; PCR, polymerase chain

reaction; qRT, quantitative reverse transcription; RBV, ribavirin; RF, replicative form; RI, replicative intermediate; RT, reverse transcription; SD,

standard deviation; ssRNA, single-stranded RNA; UTR, untranslated region.
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Future efforts to control HCV may hinge on having
a more complete understanding of interactions
between HCV and antiviral defenses. Although HCV
triggers an interferon (IFN) response,(3) induction of
IFN-stimulated genes (ISGs) fails to contain the virus in
most patients. Data suggest that IFN signaling may actu-
ally promote HCV persistence in some settings.(4-11)

Higher ISG messenger RNA (mRNA) expression in the
liver predisposes to failure of IFN-based therapy.(4-6)

Patients with single nucleotide polymorphisms near the
IFN-k3 (IL28B) gene have higher ISG induction,(7) but
they have impaired clearance of HCV(8,9) and higher
rates of antiviral treatment failure.(10) These findings raise
the possibility that HCV is among the growing list of
viruses that exploit IFN signaling, rather than succumb
to it, as discussed in the “IFN paradox.”(11)

Viral double-stranded RNA (dsRNA) is a plausible
viral product for involvement in both pro- and antiviral
IFN responses because it is a pathogen-associated molecu-
lar pattern (PAMP) and also a potential genomic reservoir.
Several in vitro studies demonstrate that HCV mitigates
PAMP detection and downstream IFN signaling through
cleavage and inactivation of dsRNA sensing (e.g., via
cleavage of mitochondrial antiviral signaling protein(12)

and TIR-domain-containing-adapter-inducing IFN
b(13)). However, extensive ISG induction occurs in HCV-
infected livers.(3) The highest levels are in HCV RNA-
positive cells.(14) Wieland et al.(14) note that in vivo,
“HCV neither prevents the induction of IFN nor signal
transduction through the Jak-STAT pathway. . . another
mechanism is more likely to explain the ability of HCV to
persist in the face of a robust ISGmRNA response.”
Potential mechanisms could involve HCV dsRNA.

The replicative form (RF) of supergroup II viruses, the
group that includes HCV, contains full-length plus (1)
and minus (2) strands.(15) The poliovirus RF is capable
of launching an infection, indicating that the full-length
RNAs within the RF can function as genomic reser-
voirs.(16) Tomato bushy stunt virus uses dsRNA as a
template for progeny plus strand synthesis.(17) Nascent

Kunjin viral RNAs colocalize with dsRNA,(18) sugges-
ting that this virus also uses dsRNA as a template. These
findings establish dsRNA as a key intermediate in the
life cycle of viruses closely related to HCV.
Although HCV dsRNA has not been characterized

extensively, several investigations indicate that HCV
produces dsRNA. Livers of HCV-positive patients
and infected hepatoma cells react with the J2 anti-
body,(19) which binds to dsRNA 40 base pairs (bp) or
longer. HCV-infected fetal hepatocytes harbor RNA
that is resistant to RNase I, an RNase that degrades
single-stranded RNA (ssRNA),(20) suggesting that
these cells contain HCV dsRNA.
To investigate the role of HCV dsRNA in the viral

life cycle, a major technical barrier must be overcome.
Genome-length viral dsRNA is difficult to detect and
quantify because of its extraordinary thermal stability.
Standard reverse transcription (RT) protocols are used
primarily to detect ssRNAs, such as the form of HCV
RNA that is present in blood, and in cellular mRNAs.
These assays typically employ a 658C incubation step
to melt-out secondary structures, which include the
stem-loops in HCV ssRNA, before RT. However,
658C is not hot enough to separate the strands of
genome-length viral dsRNA, which has far greater
thermal stability than dsDNA.(21-23) This is demon-
strated by thermodynamic studies of reovirus dsRNA.
Similar to HCV, reovirus RNA has a G1C content of
approximately 50%. Notably, the melting temperature
of reovirus dsRNA—the temperature at which 50% of
the base pairs are disrupted, but the strands remain
associated with each other—is 808C-1008C.(24,25)

Gomatos and Tamm(25) established that maximal
strand-separation requires heating to temperatures above
1028C in very low ionic strength buffer. Given the high
temperatures and low ionic strength needed for strand-
separation of genome-length viral RNA duplexes, stan-
dard RT/PCR assays cannot be used to quantify HCV
dsRNA because these conditions do not separate the (1)
and (2) strands sufficiently to allow for quantitative
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primer binding and reverse transcription (quantitative
complementary DNA [cDNA] synthesis).
To establish the technical foundation for investigat-

ing HCV dsRNA, we established methods that fully
separate the two strands of RNA duplexes and used
them to measure HCV RNA populations in liver
specimens and cultured cells. We discovered a popula-
tion of thermally stable (i.e., long) viral dsRNA and
examined its association with hepatic ISG induction
and IL28B polymorphisms in HCV patients. Addi-
tionally, we established that in Huh-7.5 cells, treat-
ment with IFN-a2b increased the amount of genome-
length HCV dsRNA. The shift toward dsRNA could
be blocked by inhibition of the viral RNA polymerase
or by treatment with RBV. RBV is an antiviral drug
that reduces relapse in patients treated with IFN-
containing or IFN-free regimens.(26,27) The dsRNA
contained full-length (2) strands. Collectively, our
findings demonstrate that HCV responds to IFN by
producing dsRNA that contains a complete and well-
protected copy of the viral genetic information.

Materials and Methods

HUMAN SUBJECTS

Liver tissue was obtained from patients following liv-
er resection or liver transplantation at The Mount Sinai
Hospital (no tissue was obtained from executed prison-
ers or other institutionalized persons). Informed consent
was obtained from liver transplant recipients before
transplantation. Patients were either infected with HCV
or were without viral infections: control 1 had hepato-
cellular carcinoma and steatohepatitis, control 2 had
hepatocellular carcinoma and alcoholic cirrhosis, control
3 had hepatocellular carcinoma with no known underly-
ing liver disease, and control 4 had cholangiocarcinoma.
In addition, we also obtained deidentified surgical dis-
card tissue anonymously from HCV-positive patients
undergoing liver transplantation or resection (n 5 14);
these specimens could not be evaluated for genomics or
other protected health information. The study protocol
conformed to the ethical guidelines of the 1975 Decla-
ration of Helsinki as reflected in a priori approval by the
appropriate institutional review committee.

SAMPLE PREPARATION AND RNA
PURIFICATION

RNA from liver and cell culture specimens were
extracted in Trizol (Life Technologies) and purified

using RNeasy mini kits (Qiagen); details are provided
in the Supporting Information. To ensure high-quality
RNA, only total liver RNA with RNA integrity num-
ber scores greater than 7 were analyzed.

THERMAL STRAND-SEPARATION
AND qRT/PCR

To strand-separate dsRNA prior to quantitative
reverse transcription and polymerase chain reaction
(qRT/PCR), samples were resuspended in 10 mM
Tris/1 mM EDTA (TE), pH 7.4, drawn into pulled
glass capillary tubes, sealed, heated to 1068C in an oil
bath, and then snap-cooled in ice water to prevent
reannealing. For further details, including cycling con-
ditions, primer sequences, and reaction conditions, see
the Supporting Information.

CELL CULTURE, INFECTION,
INTERFERON TREATMENT,
NORTHERN BLOTTING, AND
FLOW CYTOMETRY

Huh-7.5 cells were maintained and virus stocks
were prepared as described previously.(28) Cultures
were infected for 12 hours at 378C at a multiplicity of
infection (MOI) of 0.01 or 1.0. IFNa-2b (Merck) and
RBV (Sigma-Aldrich) were resuspended in water and
stored at 48C. Northern hybridization was performed
as described previously.(29) Huh-7.5 cells were stained
with J2 anti-dsRNA antibody (English & Scientific
Consulting, Budapest, Hungary) and anti-NS5A anti-
body 9E10 and frozen in 70% ethanol at 2208C. For
further details, including Northern blot probes and
conditions, see the Supporting Information.

Results

MOST HCV RNA IN EXTRACTS OF
HUMAN LIVER IS IN STABLE
dsRNA DUPLEXES

To enhance understanding of HCV-host interac-
tions, we characterized HCV RNA in extracts of liver
using techniques that fully separate the two strands of
RNA duplexes before qRT/PCR. To achieve strand
separation, RNA samples were heated to 1068C in 1
3 TE and snap-cooled in ice water to prevent rean-
nealing. RNAs were then reverse-transcribed under
standard conditions. The resulting cDNAs represent
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the total population of HCV RNA in liver. This
includes both the HCV RNA released from dsRNA as
a result of heating to 1068C as well as the population
of HCV RNA that was already in single-stranded
form (and thus accessible to RT) before heating to
1068C. For comparison, parallel samples were sub-
jected to the standard RT reaction without having

been heated to 1068C. These standard RT conditions
were used to produce cDNA, which represents the
population of free HCV RNA that was in single-
stranded form before heating to 1068C.
Initially, extracts of human liver from HCV patients

were analyzed using qRT/PCR targeting both the
HCV plus (1) and minus (2) strand. Using an assay
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FIG. 1. Analysis of human liver and serum specimens. Quantitation of HCV RNA from (A) HCV patient livers (n 5 14) or (B)
HCV-infected patient serum (n 5 4); RNA was quantified using an assay targeting the 50 UTR with detection of (1) and (2)
strands of the virus. Samples were treated with glycerol (mock, black circles) or RNase III (black triangles). RNA was either quantified
directly by qRT/PCR (standard RT) or preheated to 1068C before qRT/PCR (strand-separated RT) to liberate dsRNA from duplex
structures. Data were normalized to the signal from the same sample without preheating (standard RT) and are expressed as a ratio of
strand-separated RT/standard RT (y axis). **P < 0.01 (paired t test). NS, not significant. (C) Absolute quantitation of RNaseA/T1-
resistant HCV RNA from patient livers (n 5 9) using primers targeting the 50 UTR of the (1) strand and the complimentary region
of the (2) strand; samples were quantified using unheated, standard RT methods (left) or strand-separated RT (right) and were pre-
heated to 1068C before RT (right) *P < 0.05 (paired t test). (D) Percentage of HCV RNA present in double-stranded form (y axis, n
5 14) in HCV-infected patient livers; percent dsRNA was calculated by taking the difference in the signal between samples quantified
using strand-separated RT (preheated to 1068C before qRT/PCR) and standard RT (no preheating), and dividing by the total, strand
separated signal; qRT/PCR was performed using an assay targeting both strands [(1), (2)] of HCV (left) or only the (2) strand
(right).
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that detects the 50 untranslated region (UTR) of the
HCV plus (1) strand and the complementary region
of the minus (2) strand (Fig. 1A, Supporting Table
S1), samples heated to 1068C had a 3.6-fold higher
signal than samples that did not undergo strand sepa-
ration (Fig. 1A, circles, Supporting Table S1). Similar
results were obtained using primers targeting the 30

UTR of the (1) strand and the complementary region
of the (2) strand (Supporting Figs. S1 and S2). Figure
2B summarizes the ability of various assays to detect
free and duplexed forms of HCV RNA.
To determine the percentage of HCV RNA in human

liver that was present in double-stranded form prior to
heating to 1068C, the quantity of free HCV RNA (mea-
sured in the standard RT reaction) was subtracted from
the total HCV RNA (measured in the strand-separated
RT reaction), and this value was divided by the total
RNA and multiplied by 100 (Fig. 1D, Supporting Table
S1). The average was 52% (standard deviation [SD],
28%). These results indicate that dsRNA is the predomi-
nant form of HCV RNA in extracts of human liver. The
percentage of total HCV (1) and (2) RNA present in
double-stranded form varied between patients across a
wide range (6%-93%; Fig. 1D, Supporting Table S1).
Further investigations are needed to determine what

percentage of HCV dsRNA is present in replicative

intermediates (RIs) and what percentage is present in
RFs. The RI, which is composed of a single minus (2)
strand and multiple progeny plus (1) strands, is
included in most depictions of the HCV replication
cycle and is denoted as structure (iii) in Fig. 2A. The
high thermal stability of the dsRNA we detected in
infected liver suggests that HCV may also produce an
RF, denoted as structure (iv) in Fig 2A.
Experiments were performed to confirm that the

molecular species responsible for the heating boost
(seen using strand-separated RT conditions) was,
indeed, dsRNA. RNase III cleaves dsRNA and pro-
vides a reagent that can be used to verify the double-
stranded nature of an RNA molecule. Treatment of
RNA from liver with RNase III eliminated the heating
boost (Fig. 1A, triangles). HCV RNA from blood did
not show a heating boost and was insensitive to RNase
III treatment (Fig. 1 B), as expected. Treatment of
HCV RNA from liver with RNAseA/T1, which
cleaves ssRNA, confirmed the double-stranded nature
of the molecular species giving rise to the heating boost
(Fig. 1C).
An established strand-specific qRT/PCR assay(30)

was used to quantify HCV (2) strands in extracts of
human liver and to determine the percentage of (2)
strand RNA in double-stranded form. This assay has
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FIG. 2. Model of viral RNAs in the HCV life cycle. (A) The top of the diagram shows viral RNAs that are predicted to be detect-
able in standard qRT/PCR assays: (i) HCV ssRNA, the genomic (1) RNA has many stem-loops, but no perfect duplexes more than
12 bp long; (ii) short double-stranded regions form when (2) strands are copied from (1) RNA; (iii) short double-stranded regions
form when (1) strands are copied from (2) strands in the RI. The bottom portion (iv) shows genome-length dsRNA, the RF, which
requires >1008C heat for dsRNA strand separation before subsequent quantitation by means of qRT/PCR. (B) Table delineating the
ability of various assays to detect different forms of HCV RNA: free (1) strand, free (2) strand, replicative intermediate (RI), and
replicative form (RF).
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several features that improve strand specificity, includ-
ing an RT reaction temperature of 708C, use of tagged
RT primers, and post-RT RNase H treatment.(31) The
assay was validated using (1) and (2) ssRNA in vitro
transcripts (Supporting Fig. S3) and was then applied
to liver RNA extracts (Fig. 1D). The percentage of
(2) strands present in double-stranded form averaged
94% (SD, 6.5%), with a range of 78% to nearly 100%.
The high percentage of (2) strand RNA that is
sequestered in double-stranded form is in accordance
with published data showing that intrahepatic HCV
(2) strand RNA is relatively inaccessible to treatment
with short hairpin RNAs(32) and is cleared more slowly
than (1) strand RNA during IFN treatment.(33)

Before characterizing HCV dsRNA further, the
qRT/PCR methods were validated by way of a three-
part series of control studies (Supporting Fig. S4): (1)
Heating a 500 base-pair duplex at 1068C for 30-60
seconds produced a maximum heating boost (Support-
ing Fig. S4A, top), but caused only minimal thermoly-
sis of HCV ssRNA (Supporting Fig. S4A, bottom).
(2) Heating at 1068C increased the signal from
dsRNA, but had minimal impact on the signal from
ssRNA (whose sequence is identical to one strand of
the dsRNA molecule) or from HCV (1) ssRNA
(Supporting Fig. S4B,C). (3) Heating at 958C or 998C
had minimal effect on the signal from dsRNA (Sup-
porting Fig. S4D), which is as expected because these
temperatures are too low to achieve sufficient strand
separation.(24,25) These results were confirmed further
by way of a gel-based assay (Supporting Fig. S4E).
Heating a 500-bp dsRNA molecule at 1068C for 45
seconds before electrophoresis caused the dsRNA
band to be replaced by a slower band that comigrated
with a 500-bp ssRNA. Heating at 658C had no impact
on the mobility of the dsRNA.

HCV dsRNA IS ASSOCIATED WITH
HIGHER ISG INDUCTION AND
THE UNFAVORABLE IL28B
GENOTYPE

The HCV-infected liver is in a state of chronic
innate immune activation as indicated by up-
regulation of ISGs such as IFIT1 and ISG15.(14,34)

Paradoxically, higher levels of ISG induction predis-
pose HCV patients to nonresponse to IFN treat-
ment.(4-6) The presence of HCV dsRNA in patient
livers raised the question of whether this viral PAMP
was associated with the magnitude of ISG induction.
To investigate this, we compared expression of IFIT1

and ISG15 in the livers of HCV-infected patients to
that of control patients (Supporting Fig. S5) and corre-
lated these findings with the ratio of HCV dsRNA/
ssRNA. Our results demonstrate that expression of
IFIT1 and ISG15 mRNA correlated closely with the
ratio of HCV dsRNA/ssRNA (Fig. 3A,C). This cor-
relation is of biological interest because it suggests a
possible connection between HCV dsRNA and higher
intrahepatic ISG induction and because it implies that
HCV dsRNA was present in vivo. If the HCV
dsRNA in extracts of human liver had been created
during the extraction process, it is unlikely that the
proportion of this species would be related to the
expression of cellular ISGs. Consistent with published
data, the titer of intrahepatic HCV ssRNA did not
correlate with IFIT1 or ISG15 expression (Fig.
3B,D).(35)

ISGs such as IFIT1 are up-regulated in patients
with certain IL28B alleles.(7) Patients with the
rs12979860 TT genotype are more likely to progress
to chronic HCV infection(8,9) and to fail IFN-based
therapies.(10) Among the HCV patients in this study
for whom genotypic data were available, those with the
rs12979860 TT genotype had a higher ratio of
dsRNA/ssRNA than those with CC or CT genotypes
(Fig. 3E).

IFN TREATMENT INCREASES
HCV dsRNA

The human liver data suggested an association
between IFN signaling and an increase in the ratio of
HCV dsRNA/ssRNA. Cell culture experiments were
performed to directly investigate the impact of IFN on
HCV RNA populations. In the first set of studies,
Huh-7.5 cells were infected with HCV at an MOI of
1.0 under standard conditions for viral infection.(28) At
24 hours after infection, cultures were either left
untreated (control) or treated with 1000 IU/mL IFN
for 48 hours, as reported previously.(36)

The impact of IFN on HCV dsRNA was first
investigated using the assay quantifying (2) strands.
IFN treatment decreased the titer of single-stranded
minus (2) strands detected using standard RT meth-
ods only slightly (Fig. 4A), but decreased the titer of
total ss HCV RNA [(1) and (2) strands] by about
one log (Supporting Fig. S6B). To calculate the titer of
HCV (2) strand RNA in double-stranded form, the
signal from the standard RT assay [which represents
free (2) strands, Fig. 2B] was subtracted from the sig-
nal from the strand-separated RT assay [which
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represents all (2) RNA in the sample]. The amounts
of dsRNA in IFN-treated and control cultures were
compared with each other using t tests (Fig. 4A,B);
IFN treatment increased HCV dsRNA almost 10-
fold, from 3.8 3 105 per 100 ng of extracted RNA to
26.0 3 105 per 100 ng (P < 0.05). In the absence of
IFN treatment, only 31% (SD 5 11%, Fig. 4A) of (2)

strands were in dsRNA form, which is lower than that
observed in liver (Fig. 1D), likely because IFN signal-
ing is blunted in vitro.(12,13) IFN increased the per-
centage of (2) strands in dsRNA to 81% (SD, 9%;
Fig. 4A).
To discern the role of viral RNA synthesis in the

IFN-induced increase in HCV dsRNA, cells were
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FIG. 3. Association between HCV
dsRNA, ISG induction, and IL28B
genotype. (A) The relationship
between IFIT1 mRNA expression and
the titer of HCV dsRNA (calculated
as the strand-separated RT signal nor-
malized to standard RT) was analyzed
by means of linear regression; the ratio
of HCV dsRNA/ssRNA significantly
correlates with dsRNA titers (n 5 14).
(B) IFIT1 expression did not signifi-
cantly correlate with HCV ssRNA
copy number (measured by standard
RT). NS, not significant. (C) The rela-
tionship between ISG15 mRNA
expression and the titer of HCV
dsRNA (calculated as the strand-
separated RT signal normalized to
standard RT) was analyzed by means
of linear regression; the ratio of HCV
dsRNA/ssRNA significantly correlates
with dsRNA titers (n 5 13). (D)
ISG15 expression did not significantly
correlate with HCV ssRNA copy
number (measured by standard RT;
n 5 13). NS, not significant. (E)
Patients who provided consent for
genotype analysis underwent IL28B
rs12979860 SNP typing; the ratio of
HCV dsRNA/ssRNA was significantly
higher in patients with the unfavorable
IL28B rs12979860 TT minor genotype
(horizontal bar represents the median).
*P < 0.05 (Mann-Whitney U test).
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either maintained as controls, treated with IFN alone,
or in combination with an HCV polymerase inhibitor,
20-C-methy-adenosine. IFN shifted the HCV RNA
population in favor of dsRNA, as determined using
either an assay that detects both (1) and (2) strands
(Fig. 4C) or the (2) strand-specific assay (Fig. 4D).
The addition of 20-C-methy-adenosine reduced this
shift significantly (Fig. 4C,D). Sofosbuvir, a polymer-
ase inhibitor used clinically, had similar effects (Sup-
porting Fig. S6B,C). These experiments demonstrated
that IFN increased the amount of HCV dsRNA pre-
sent in Huh-7.5 cells and established that the shift

toward HCV dsRNA depended on de novo synthesis
of viral RNA.

FULL-LENGTH MINUS (2)
STRANDS IN IFN-TREATED
CELLS

To assess the generalizability of the observation that
IFN treatment increases the ratio of double-stranded/
single-stranded HCV RNA, and to determine the size
of the (2) strands protected in HCV dsRNA, Huh-7.5
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FIG. 4. Impact of IFN and HCV polymerase inhibition on HCV dsRNA in Huh-7.5 cells. Comparison of HCV dsRNA levels in
HCV-infected Huh-7.5 cells. (A) Calculation of the total amount of HCV dsRNA observed using the HCV (2) assay. Total dsRNA
was calculated by taking the total signal, quantified using the strand-separated RT method (heated to 1068C prior to RT/PCR), and sub-
tracting the free RNA signal, quantified using standard RT (no preheating). This is expressed as the difference, which is also the amount
of HCV in dsRNA form, (B) Impact of IFN on the amount of HCV (2) RNA in dsRNA form analyzed using a strand-specific assay
with primers complementary to the 30 UTR of the (2) strand. IFN treatment led to a significant increase in the amount of HCV dsRNA
when compared with untreated cultures (n 5 6). *P < 0.05 (t test). (C) Quantitation of HCV RNA analyzed by means of a qRT/PCR
assay detecting both (1) and (2) strands of HCV. IFN treatment led to a significant increase in the proportion of HCV dsRNA when
compared with untreated cultures (n 5 3-7). ***P < 0.005 (t test). This increase in HCV dsRNA can be blocked by the addition of 20

CMA in a dose-dependent manner. **P < 0.01 (t test). NS, not significant. (D) Impact of IFN on the amount of HCV (2) RNA in
dsRNA form analyzed using a strand-specific assay with primers complementary to the 30 UTR of the (2) strand; IFN treatment led to a
significant increase in the proportion of HCV dsRNA when compared with untreated cultures. *P <0.05 (t test). This increase in HCV
dsRNA can be blocked by the addition of 20 CMA in a dose-dependent manner (n 5 3-6). *P < 0.05 (t test). NS, not significant.
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cells were infected and treated under a second set of cul-
ture conditions. Cells were infected at an MOI of 0.01
for 12 hours, washed, maintained for 7 days to allow the
infection to spread, and then treated with 9 IU/mL of
IFN for 2 days. In keeping with the results in Fig.
4A,B, IFN treatment significantly increased the propor-
tion of HCV (2) strands in dsRNA (Fig. 5A, Support-
ing Table S2) and had no significant effect on the
amount of total (2) strands (Fig. 5B). In the absence of
IFN treatment, the low MOI model had a higher mean
percentage of (2) strands in duplex form than the high

MOI model (Fig. 4A versus Fig. 5A, Supporting Table
S2), perhaps because the longer duration of infection
increased ISG induction, as reported previously.(37) IFN
treatment reduced free (2) strands (Fig. 5C) in the low
MOI model and increased the percentage of (2) strand
RNA in duplex form to 95% (SD, 4%) (Supporting
Table S2), similar to patient livers (Fig. 1D). Thus, in
the low MOI model, virtually all the (2) RNA in IFN-
treated cells was present as dsRNA.
The population of IFN-resistant viral RNA includ-

ed full-length (2) strands, as shown by Northern blot
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FIG. 5. Impact of IFN on HCV (2) strand RNA in Huh-7.5 cells. (A) The relative amount of HCV (2) strand RNA present in
double-stranded form was compared between cells with and without IFN treatment. IFN led to a significant increase in the propor-
tion of HCV dsRNA (horizontal bar represents the median; n 5 5-7). *P < 0.05 (t test). (B) The total copy number of HCV (2)
strands were quantified by heating at 1068C before RT/PCR (strand-separated RT), with and without IFN treatment (n 5 5-7). NS,
not significant. (C) The free HCV (2) strand RNA copy number was analyzed in cells with or without 9.0 IU/mL IFN treatment
using a strand-specific assay (n 5 5-7). **P < 0.01 (t test). (D) Northern blot analysis of HCV RNA from mock and HCV-infected
cells treated with IFN (0.0, 3.0, or 9.0 IU/mL) analyzed using probes complementary to the 50 UTR-E1 region of the (2) strand
(left) or NS4B region of the (1) strand (right). The position of the 9.6 kb full-length genome is indicated by in vitro-transcribed
genomic RNA (control). Methylene blue staining (bottom) performed before hybridization confirmed the integrity, even loading, and
transfer of 18S and 28S rRNA.
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analysis using a probe for the UTR-E1 region of the
(2) strand (Fig. 5D, left). These blots establish that
full-length HCV (2) strands survive IFN treatment. It
is an inescapable conclusion that some of these full-
length (2) strands were present in dsRNA prior to the
denaturation step of the Northern procedure because
>95% of the (2) strands were present in double-
stranded form in the IFN-treated cells (Fig. 5A, Sup-
porting Table S2).

THE IFN-MEDIATED SHIFT
TOWARD dsRNA IS DOSE-
DEPENDENT, INCREASES OVER
TIME, AND CAN BE BLOCKED BY
RBV, AN ANTIVIRAL DRUG THAT
PREVENTS RELAPSE IN
PATIENTS

In additional experiments, Huh-7.5 cells were
infected at an MOI of 0.01 for 12 hours, washed, and
maintained for 7 days and then treated with a range of
IFN concentrations (Supporting Fig. S7) or for vari-
able periods of time (Fig. 6A, Supporting Table S3).
Treatment with 10 IU/mL of IFN for 1, 2, or 3 days
reduced the amount of free HCV [(1) and (2)] RNA
over time (Fig 6A, left), while simultaneously shifting
the population toward dsRNA (Fig. 6A, right, Sup-
porting Table S3). Treatment with 0.0, 3.0, or 9.0 IU
of IFN reduced the amount of free HCV [(1) and
(2)] RNA in a dose-dependent manner (Fig. 6B, left)
while shifting the population toward dsRNA (Fig. 6B,
right, circles, Supporting Table S4, Supporting Fig.
S8), and increasing the percent in double-stranded
form from 43% (SD, 12%) in untreated cultures to
62% (SD, 20%) in cultures treated with 3 IU/mL of
IFN, to 80% (SD, 17%) in cultures treated with 9 IU/
mL of IFN. Treatment with RNase III confirmed that
the shift was due to dsRNA (Fig. 6B, right, triangles,
Supporting Table S4). To complement the RNase III
treatment, samples from IFN-treated and control cells
were digested with a mixture of single-stranded spe-
cific ribonucleases (pancreatic RNase A and RNaseT1)
to cleave free HCV ssRNA, while preserving HCV
dsRNA. After digestion, RNAs were repurified and
then analyzed by way of qRT/PCR. Samples from
control and IFN-treated cells contained similar, very
low amounts of free HCV ssRNA (Fig. 6C). However,
samples from IFN-treated cells had higher amounts of
RNase A/RNase T1-resistant dsRNA than control
cells (Fig. 6D). The signal originating from the

dsRNA was delineated by subtracting the signal from
the standard RT assay (in which the qRT/PCR signal
represents residual ssRNA) from the signal from the
strand-separated RT assay (in which the qRT/PCR
signal represents both residual ssRNA and dsRNA).
Of interest, dual treatment with IFN and RBV, a drug
with a unique ability to prevent relapse in patients,
caused a dose-dependent decrease in the proportion of
HCV RNA in double-stranded form (Fig. 6E, Sup-
porting Table S5).

IFN-TREATMENT INCREASED
THE PERCENTAGE OF CELLS
CONTAINING dsRNA BUT NOT
DETECTABLE VIRAL PROTEIN

Flow cytometry was used to confirm that HCV
dsRNA existed prior to RNA extraction and to inves-
tigate the impact of IFN on HCV RNA using an
independent approach. Experiments were performed
using 9E10, an antibody that detects the HCV NS5A
protein, and J2, an antibody that detects RNA
duplexes of 40 bp or longer.(19) The J2 antibody is
expected to react with both HCV dsRNA in RFs,
which are comprised of full-length duplexes, and RIs,
provided that the duplex regions in the RIs contain at
least 40 bp (see Fig. 2B). Huh-7.5 cells were infected
at an MOI of 0.01, maintained for 7 days to allow
infection to spread throughout the culture, and then
either left untreated or treated with 0, 3, or 9 IU/mL
of IFN for 2 days. Uninfected Huh-7.5 cells were also
assayed in parallel as a control. The gating strategy is
shown in Supporting Fig. S9. The dsRNA antibody
allows duplexes to be detected in situ without nucleic
acid extraction but does not distinguish short and long
duplexes.
Uninfected Huh-7.5 cells did not react with either

antibody (Fig. 7A, top panel). Most cells in highly
infected cultures reacted with both antibodies (Fig.
7A, bottom panel); however, approximately 17.5%
reacted with the dsRNA antibody alone (Fig. 7A, bot-
tom panel, upper left quadrant). IFN treatment caused
a dose-dependent increase in the percentage of dsRNA
single-positive cells (up to 33%) and increased the
mean fluorescence intensity of the J2 signal (Fig.
7B,C). The flow cytometry data suggest that IFN
shifted the cell population from one in which nearly all
cells were actively producing viral proteins (suggested
by NS5A-positivity) to a population in which many
cells contained HCV in a quiescent state where viral
dsRNA was present, but viral protein production was
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FIG. 6. Time course and dose response analysis of IFN-induced synthesis of HCV dsRNA in Huh-7.5 cells after 1 week of HCV
infection. (A) HCV RNA in cultures treated with 10.0 IU/mL of IFN for 1, 2, or 3 days quantified using an assay targeting the 50

UTR of the (1) strand and its (2) strand counterpart. Left: IFN treatment led to a significant decrease in free HCV RNA detected
over time using standard RT methods (n 5 4-8). ****P < 0.001 (t test). Right: The ratio of strand-separated RT/standard RT was
determined (y axis), and a significant increase in the relative amount of HCV dsRNA over time was observed (n 5 3-8). **P < 0.01
(t test). (B) The effect on HCV RNA titer on 48 hours of treatment with 0.0, 3.0, or 9.0 IU/mL IFN was quantified using an assay
targeting the 50 UTR of the (1) strand and its (2) strand counterpart. Left: Samples were analyzed using standard RT methods; an
IFN dose-dependent decrease in free HCV ssRNA was observed (n 5 5-9). *P < 0.05 (t test). Right: Samples were treated with glyc-
erol (black circles) or RNase III (black triangles), and an IFN-induced, dose-dependent increase in HCV dsRNA was observed (n 5
4-6). *P < 0.05 (t test). This HCV dsRNA detection was reduced significantly in samples digested with RNase III before qRT/PCR
when compared with glycerol-treated control (n 5 4-6). **P < 0.01 (t test). (C) HCV dsRNA was quantified in cells treated with 48
hours of 0.0 or 9.0 IU/mL of IFN; all samples were treated with RNase A/T1 to digest ssRNA and were analyzed directly using stan-
dard RT to determine the titer of free HCV ssRNA (n 5 3). NS, not significant. (D) Strand-separated RNA was used to analyze
remaining HCV RNA resistant to treatment with RNaseA/T1. The HCV dsRNA copy number is presented; this number was calcu-
lated as the difference in the signal between samples quantified using strand-separated RT and standard RT. The HCV dsRNA con-
tent of cells treated with 0.0 IU/mL of IFN was compared with that of cells treated with 9.0 IU/mL of IFN (n 5 3). *P < 0.05 (t
test). (E) The impact of IFN/RBV treatment on HCV dsRNA; cultures were untreated or treated with 10 IU/mL IFN, or 10 IU/
mL IFN plus 25 or 100 lM RBV for 2 days (n 5 4). *P < 0.05 (t test).
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below the level of detection. In experiments using the
high MOI model, treatment with the HCV polymer-
ase inhibitor 20-C-methy-adenosine eliminated the
population of dsRNA single-positive cells (Supporting
Fig. S10).

Discussion
HCV dsRNA has been difficult to characterize due

to the technical limitations of conventional qRT/PCR
assays. To overcome these limitations, we added a
strand-separation step to standard methods. We show
that heating to 1068C prior to reverse transcription
increased the total amount of HCV RNA detectable in
human liver specimens by 3.6-fold. Of great interest,
we demonstrated a predominance of HCV dsRNA in
human liver and established that the ratios of HCV
dsRNA/ssRNA were higher in patients with the
IL28B TT (rs12979860) genotype and correlated with
IFIT1 expression, an indicator of IFN signaling and
predictor of IFN-based treatment failure.
Cell culture studies directly demonstrated that IFN

causes a shift in the ratio HCV dsRNA/ssRNA and
led to a nearly 10-fold increase in the amount of HCV
dsRNA in one model of infection. This IFN effect is
dose-dependent and requires de novo viral RNA syn-
thesis. The IFN-resistant viral RNA population
includes full-length (2) strands, which provide a com-
plete copy of the viral genomic information. To our
knowledge, this stimulation of viral dsRNA [including

some dsRNA that harbored full-length (2) strands] is
a newly described effect of IFN.
Of potential clinical significance, the percentage of

HCV RNA in duplex form did not increase in cells
treated with the combination of IFN and RBV, identi-
fying dsRNA formation as a potential target of RBV.
RBV reduces relapse when used in both IFN-contain-
ing(26) and IFN-free(27) regimens. If further investiga-
tions establish that RBV blocks dsRNA formation,
elucidation of the mechanism could lead to new (less
toxic) broad-spectrum antiviral drugs that inhibit pro-
duction of viral RNA duplexes.
We propose that HCV dsRNA and the full-length

(2) strands contained within it merits consideration as
a genomic reservoir contributing to viral persistence.
The ability of HCV to establish chronic infection in the
majority of exposed, immunocompetent individuals is
well established,(38) but the mechanisms of persistence
are not completely understood. In several settings, viral
RNA is temporarily undetectable before chronic infec-
tion becomes established. Patients with newly acquired
HCV often cycle between periods when viral RNA can
and cannot be detected in blood.(39) During times of
maximal viral suppression in chimpanzees, HCV RNA
was not detectable using standard assays in either blood
or liver,(40) although it later reappeared. In the clinic,
HCV RNA levels can be undetectable in patients
receiving antiviral therapy but rebound after the end of
treatment, leading to relapse.(41) Cycles of intermittent
HCV RNA positivity and negativity even occur in
HCV cell culture systems.(42) If HCV dsRNA can serve
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FIG. 7. Flow cytometric analysis of
dsRNA in situ. (A) Uninfected control
cultures (top, n 5 5) compared with
HCV-infected cultures treated with
IFN (9.0 IU/mL; bottom, n 5 3).
Controls and infected cultures were
stained in parallel with anti-NS5A (x
axis) and anti-dsRNA (y axis) anti-
bodies. (B, C) Impact of IFN treat-
ment on the percentage of HCV
dsRNA single-positive cells (B) and
the mean fluorescence intensity (MFI)
of dsRNA single-positive cells (C). *P
< 0.05. **P < 0.01. ***P < 0.005.
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as a template for viral RNA synthesis, the inability of
conventional qRT/PCR assays to detect this form of
viral RNA could account for the ability of HCV to
reappear from an unseen reservoir. The use of viral
dsRNA as a genomic reservoir has many precedents.
Reoviruses go so far as to package dsRNA in their infec-
tious particles.(43)

Now that methods have been developed to identify
HCV dsRNA, it will be of interest to determine wheth-
er HCV dsRNA contains full-length (1) strands, as
well as full-length (2) strands (i.e., to determine wheth-
er the HCV replication cycle includes an RF or only
RIs). It will also be important to learn how additional
direct-acting antiviral drugs impact HCV dsRNA syn-
thesis. Agents that effectively block viral dsRNA forma-
tion might have utility beyond HCV. During hepatitis
A virus infection, the liver harbors viral RNA in the liv-
er for weeks in absence of detectable levels of hepatitis
A virus RNA in blood,(44) suggesting that this virus
might establish an intrahepatic reservoir. Hepatitis E
virus and respiratory syncytial virus, both sensitive to
RBV treatment,(45,46) are top candidates for additional
human viruses that may use dsRNA to resist host clear-
ance mechanisms. HCV is unique among known
human RNA viruses in its ability to persist indefinitely
in a high percentage of immunocompetent individuals,
but viruses that establish transient infections may benefit
from strategies that delay host clearance mechanisms,
even temporarily.
In conclusion, this study established that IFN stim-

ulates the production of HCV dsRNA. This is a newly
discovered activity of IFN. The study also demonstrat-
ed that HCV dsRNA is the predominant form in
human liver and showed that RBV blocks the IFN-
mediated shift in the ratio of single-stranded to
double-stranded HCV RNA.
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