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FIG 1 Functional expression of OATP1B1 or OATP1B3 in HEK293 cells. (A and E} RT-PCR was performed to examine OATP1B1 or OATP1B3 expression in
1BI/HEK or 1B3/HEK cells, respectively. GAPDH mRNA was used as an experimental control. The representative results obtained from three independent
experiments are shown. (B and F) Western blotting was performed to examine OATP1B1 or OATP1B3 protein expression in 1B1/HEK or 1B3/HEK cells,
respectively. (Asterisks indicate presumably nonglycosylated forms of each OATP1B isoform.) Na™ /K™ ATPase was used as a loading control. The representative
results that were obtained from three independent experiments are shown. (C and G) Immunocytochemistry was performed to examine OATP1B1 or OATP1B3
cell surface localization in 1B1/HEK or 1B3/HEK cells, respectively. The representative results that were obtained from three independent experiments are shown.
(D and H) The OATP1B1- or OATP1B3-mediated substrate uptake activity was determined. The substrate and inhibitor for OATP1B1 experiments were E,G
(100 nM) and RIF (10 M), respectively, and those for OATP1B3 experiments were CCK-8 (10 nM) and BSP (100 pM), respectively. Background activity level
was determined by mock/HEK cells. Data represent the means = standard deviations of the values obtained from three separate experiments, each performed in

duplicate.

preincubation inhibition effects on both OATP1Bs but only at 10
wM. In contrast, preincubation with TLV and SFV did not influ-
ence OATPI1B functions at all.

Examination of the long-lasting effect of preincubation inhi-
bition of DAAs on OATP1B functions. It has been shown that
preincubation inhibition effects of CsA on OATP1Bs can be main-
tained for several hours (15). Therefore, the long-lasting proper-
ties of the preincubation inhibition effects of SMV and ASV (1
M) were investigated using CsA as a reference inhibitor (Fig. 4).
The results showed that the residual OATP1B1 functional levels at
1 h after SMV and ASV exposure were found to be 65.1 = 9.2%
and 85.3 % 6.1%, respectively, and that the complete recovery of
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OATP1B1 function was observed as early as 3 h after SMV or ASV
exposure, while CsA imposed significantly prolonged inhibition
on OATP1BI function. On the other hand, SMV continuously
repressed OATP1B3 function for as long as CsA did. The residual
OATPI1B3 activity level was 53.0 = 12.0% at 3 h after SMV expo-
sure. As expected, ASV lacked a preincubation inhibition effect at
this concentration.

Determination of enhancing effect of DAAs’ long-lasting
preincubation inhibition on their overall inhibition potency
against OATP1B functions. An examination was conducted to
determine if the long-lasting preincubation inhibition effects of
SMV and ASV augment their coincubation inhibitory level
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FIG 2 Interaction properties between OATP1B and DAAs determined by coincubation inhibition method. Coincubation inhibition experiments were per-
formed in 1B1/HEK and 1B3/HEK cells using E,G (100 nM) and CCK-8 (10 nM) for OATP1B1 and OATP1B3 substrates, respectively. TLV, SMV, ASV, DCV,
and SFV were used as test inhibitors at concentrations of 0.1 to 100 uM (TLV, DCV, and SFV) and 0f 0.01 to 10 pM (SMV and ASV). The OATP activity level
was calculated by subtracting the value obtained from mock/HEK cells from the value obtained from 1B1/HEK or 1B3/HEK cells. Data represent the means *
standard deviations of relative percentages where OATP activity level in the absence of an inhibitor (DMSO alone) was set to 100%. The values were obtained
from three separate experiments, each performed in duplicate. The IC;, values of TLV, SMV, ASV, DCV, and SFV are summarized in Table 2.

against OATPI1B functions because such effects have been identi-
fied in the case of CsA (14). Our results showed that preincubation
with SMV (0.4 M) significantly strengthened the coincubation
inhibition effect (0.4 uM) on OATP1BI activity (from 46.4 *+
2.4% t0 22.3 * 10.3%; P < 0.05) (Fig. 5). Preincubation with ASV
(0.1 and 0.4 pM) was also found to enhance the coincubation
inhibition effect on OATP1BI1 activity (from 78.0 * 2.3% to
56.1 = 7.5% and from 50.6 * 1.3% to 29.4 * 7.6%, respectively;
P < 0.01). Similar tendencies were observed at other concentra-
tions of SMV and ASV.

Similarly, the coincubation inhibition effects of SMV at 0.1
wM on OATP1B3 function level was strengthened by preincuba-
tion with the same concentration of SMV (from 43.1 * 6.4% to
26.5 = 4.4%). Preincubation with ASV only marginally affected

TABLE 2 Inhibition properties of DAAs to OATP1B1/1B3 and in vitro
evaluation of their DDI potentials through OATP1B inhibition

OATP1B1 OATP1B3
DAAY  ICsq (uM) Cran/1Csy R 1Cqp (1M) Cnax/ICss R
TLV 1.36 £ 0.58 4.04 8.50 9.69*+ 310 057 2.05
SMV  0.30x0.06 195 1.33 022 £0.07 26.6 1.45
ASV 0.79 £ 0.21 0.85 1.08 0.65*0.26 1.03 1.10
DCV  1.50*+0.33 1.55 1.03 327 £057 0.71 1.01
SEV 16.5 = 7.60 0.07 NA® 619316 0.02 NAY

“ Anti-HCV 1b efficacies of each DAA (in vitro 50% effective concentration value) are as
follows: TLV, 354-nM (39); SMV, 8 nM (24); ASV, 1.2 nM (25); DCV, 9 pM (40); and
SFV, 30 nM (41).

Y The R value was not calculated because the C,,,,/ICs, value was below 0.1. NA, not
available.
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its coincubation inhibition effect on the OATP1B3 function,
which was consistent with the results shown in Fig. 3 and 4.

DISCUSSION

Our results show that all of the new DAAs examined in this study
can inhjbit OATP1B functions in a classical manner (coincuba-
tion inhibition) and also that some of them have distinctive long-
lasting preincubation inhibitory effects on OATPIB functions.
These inhibition characteristics should be seen as essential infor-
mation when the clinical significance of DAA-mediated OATP1B
inhibition is considered, as we have discussed herein.

Based on the criteria of R value significance (=1.25), the values
of SMV indicate that SMV creates a mild DDI risk when it is
administered with OATP1B substrates. In contrast, the DDI risk
potential for ASV, DCV, and SFV was found to be from very
modest to negligible. These predictions are roughly consistent
with the lack of literature reporting “detrimental” DDIs in associ-
ation with these new agents.

Nevertheless, it has been shown that SMV administration (150
mg) leads to apparently 2- to 3-fold increases in atorvastatin (40
mg) and rosuvastatin (10 mg) exposure, respectively {Sovriad in-
terview form, Janssen Pharmaceutical K. X., Tokyo, Japan), and
that ASV administration (200 mg) results in a 1.4-fold increase in
rosuvastatin (10 mg) exposure (T. Eley, Y.-H. Han, S.-P. Huang,
B. He, W. Li, W. Bedford, M. Stonier, D. Gardiner, K. Sims, P.
Balimane, D. Rodrigues, and R. J. Bertz, presented at the Seventh
International Workshop on Clinical Pharmacology of Hepatitis
Therapy, Cambridge, MA, 27 to 28 June 2012). (Please note that
the clinically used dosage amounts of SMV, rosuvastatin, and
atorvastatin are 100 to 150 mg once a day [QD], 5 to 40 mg QD,
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FIG 3 Preincubation inhibition effects of DAAs on OATP1B functions. E,G (100 nM) and CCK-8 {10 nM) uptake by OATP1B1 and OATP1B3 were examined,
respectively, under inhibitor-free conditions immediately after a 30-min preincubation with TLV, SMV, ASV, DCV, SEV, or CsA at 0.1, 1.0, and 10 pM
(preincubation method). The OATP activity level was calculated by subtracting the value obtained from mock/HEK cells from the value obtained from 1B1/HEK
or 1B3/HEK cells. Data represent the means * standard deviations of relative percentages where the OATP activity level preincubated with DMSO alone was set

0 100%. The values were obtained from three separate experiments, each performed in duplicate.

and 10 to 80 mg QD, respectively, based on their prescribing in-
formation, and that 200 mg of ASV QD or twice a day [BID] has
been used in clinical trials.) Based on the results of our preincu-
bation inhibition experiments, it can be assumed that SMV or
ASV imposes long-lasting inhibition effects on OATP1B func-
tions, in addition to their coincubation effects, in such DDIs. Pre-
clinical data have shown that SMV and ASV accumulate signifi-
cantly in rat livers (32- to 65-fold for SMV and 315-fold for ASV)
(24, 25), which implies that, to the extent that they sufficiently

exert preincubation inhibitory effects on OATP1B functions, un-
bound liver SMV or ASV concentrations might become greater
than their plasma unbound concentrations. Therefore, it is rea-
sonable to presume that the long-lasting preincubation inhibition
effects of SMV or ASV play a clinically significant role in the re-
duction of OATP1Bs’ functional levels during SMV- or ASV-con-
taining therapy. Despite this likelihood, in order to enhance the
reliability of this concept, an integrated prediction method is
likely to be necessary during further investigations aimed at deter-
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FIG 4 Long-lasting effect of preincubation inhibition of DAAs on OATP1B functions. E,G (100 nM) and CCK-8 (10 nM) uptake by OATP1B1 and OATP1B3
was examined, respectively, under inhibitor-free conditions at 1 h, 3 h, or after just 30 min of preincubation with SMV, ASV, and CsA at 1.0 uM (long-lasting
preincubation inhibition method). The OATP activity level was calculated by subtracting the value obtained from mock/HEK cells from the value obtained from
1B1/HEK or {B3/HEK cells. Data represent the means = standard deviations of relative percentages where the OATP activity level preincubated with DMSO
alone was set to 100%. The values were obtained from three separate experiments, each performed in duplicate.
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FIG5 Enhancingeffect of DAAs’ long-lasting preincubation inhibition on their overall inhibition potency against OATP1B functions. E,G (100 nM) and CCK-8
(10 nM) uptake by OATP1B1 and OATP1B3 were examined, respectively, in the presence of an inhibitor immediately after a 30-min preincubation with SMV
or ASV (pre- and coincubation combination method). The inhibitor concentrations used for pre- and coincubation were equal and set at 0.1, 0.4, and 1.0 pM.
The OATP activity level was calculated by subtracting the value obtained from mock/HEK cells from the value obtained from 1B1/HEK or 1B3/HEK cells. Data
represent the means * standard deviations of relative percentages where OATP activity level pre- and coincubated with DMSQO alone was set to 100%. The values
were obtained from three separate experiments, each performed in duplicate. Significance is indicated as follows: *, P < 0.05; **, P < 0.01.

mining the significance of OATP1B inhibition by drugs that pos-
sess both co- and preinhibition properties. Once established, such
a prediction method can be expected to provide additional quan-
titative explanations as to why SMV and ASV affect systemic ex-
posure of OATP1B substrates including statins.

In addition to the inhibition properties obtained in this study,
it will be necessary to pay attention to the following viewpoints in
order to estimate the DDI potential of DAAs in vivo. First, it is
likely that the C,,,, and the C,, ..., of a DAA are highly variable
among patients. For example, the C,,,, of SMV ranged from 1.8 to
13.5 wM (n = 123, HPC3003 clinical trial in Japan). This range
could be further expanded as the patient population increases,
partially because of the presence of rare variants in the drug-me-
tabolizing and transporter genes (26, 27). Second, although E,G
and CCK-8 have been considered good surrogate probes for use in
QATP1B inhibition studies (9, 23), the R value obtained from
other OATPIB substrates may be different from the values ob-
tained in this study, as exemplified by the report showing that the
1C,, values of rifamycin SV toward OATP1B1-mediated E,G and
rosuvastatin uptake are 0.34 = 0.05 and 0.05 = 0.02 (M), respec-
tively (23). Finally, because various enzymes and transporters,
such as CYP3A4, cooperatively determine a drug pharmacoki-
netic profile together with OATP1Bs, multifactor evaluation of
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clinical DDI likelihood is necessary in order to minimize over- or
underprediction, as depicted in the recent literature (28). There-
fore, DAA R values related to other gene functions should be de-
termined and consolidated with those obtained in this study in
order to create a more advanced evaluation of DDI potential of
DAAs.

Taking these results together, we can suggest that SMV and (to
a lesser degree) ASV have a latent potential to cause DDIs at the
level of OATP1B1/1B3 even though the clinical DDI likelihood of
DAA:s is still open to further investigation. The possibility of this
potential for DCV cannot be ruled out due to its simultaneous
possession of co- and preinhibition properties, while SFV seems to
be harmless to OATP1Bs.

Because chronic hepatitis C patients may often take multiple
medications in addition to anti-HCV drugs, these findings will call
the physician’s attention to the cautions related to the DDIs asso-
ciated with these DAAs (especially SMV and ASV). In addition to
statins, examples of potential victim OATP substrates are repa-
glinide (antidiabetic), fexofenadine (antihistaminic), olmesartan
and telmisartan (antihypertensives), and torsemide (diuretic)
based on the literature.(10, 29). Furthermore, the number of such
examples can be expected to increase as new OATPIB substrate
drugs are developed in the future. Therefore, even though DDIs
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may not be critical factors in drug decision making, an under-
standing of the possible DDI risks for a DAA intended for use is
nevertheless important for appropriate clinical management.

In addition, potential interactions between a DAA and an anti-
human immunodeficiency virus (HIV) agent should be men-
tioned because ~33% of HCV patients are estimated to be coin-
fected with HIV in Western countries (30). According to the
Sovriad interview form (Janssen Pharmaceutical K. K., Tokyo,
Japan), SMV (150 mg QD) does not significantly affect rilpivirine
(25 mg QD), raltegravir (400 mg QD), tenofovir (300 mg QD), or
efavirenz (600 mg QD) exposure. However, although it has not yet
been reported, SMV could affect lopinavir exposure, based on a
report showing that its plasma concentration has been affected by
the OATP1BI1 function level (31, 32). On the other hand, it has
been shown that efavirenz (600 mg QD) significantly reduces
SMYV (150 mg QD) exposure, while ritonavir (100 mg BID) in-
creases SMV (200 mg QD) exposure in preliminary DDI tests
although these are believed to be caused by alteration of SMV
metabolism rate (Sovriad interview form, Janssen Pharmaceutical
K. K., Tokyo, Japan). Due to the distinctive pleiotropic effects of
each anti-HIV drug (or DAA) on drug-metabolizing enzymes and
transporters, the in vivo interaction profile between an anti-HIV
drug and a DAA or between any antiretroviral/DAA and its coad-
ministered drug(s) is considerably complex. Therefore, caution
related to such interactions is advisable prior to the accumulation
of experimental and clinical data. A similar suggestion has been
made in a recent review (33), where additional DDI information
can be obtained. Considering the level of complexity, it is assumed
that if antivirus-specialized clinical pharmacists could be trained,
they would contribute to safer and more effective treatment for
HCV/HIV-coinfected patients.

Another important issue related to the inhibition of the
OATP1B function is hyperbilirubinemia. OATP1Bs play pivotal
roles in development of hyperbilirubinemia because, in addition
to identification of OATP1B1 and OATP1B3 as conjugated and
unconjugated bilirubin transporters (11, 12), it has been shown
that patients who carry biallelic inactivating mutations in both
genes show rotor syndrome, which is characterized by conjugated
hyperbilirubinemia (34). Clinical studies have shown that tran-
sient and benign hyperbilirubinemia without association of con-
comitant elevation of liver enzymes is often observed in SMV-
containing regimens (35) but not in TLV-containing regimens,
despite the fact that either DAA can inhibit OATP1Bs. This obser-
vation may indicate that cooperative coincubation and long-last-
ing preincubation inhibitory effects of SMV on both OATP1B1/
1B3 functions may play a crucial role in the development of
hyperbilirubinemia in SMV-containing regimens. In addition, al-
though not fully characterized, it has been shown that SMV inhib-
its the bilirubin glucuronidation enzyme (UDP-glucuronosyl-
transferase 1A1 [UGT1A1]) and conjugated bilirubin extrusion
pump (multidrug resistance protein 2 [MRP2}), while TLV does
not. Therefore, the involvement of UGT1A1 and/or MRP2 inhi-
bition in the development of SMV-mediated hyperbilirubinemia
should not be ruled out even if the IC, values of SMV for the
bilirubin glucuronidation and MRP2 functions are higher than
those for OATP1Bs (119 M and 6.4 to 19 pM, respectively).
Collectively, it is considered likely that elevation of the blood bil-
irubin level could reflect a functional disturbance of OATP1B1/
1B3 along with UGT1AI and/or MRP2 by SMV. Therefore, it can
be speculated that extensive hyperbilirubinemia could provide a
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warning for SMV-caused DDI with drugs that utilize those path-
ways for their elimination in such patients.

Finally, the differential long-lasting preincubation effects
among our DAAs should be mentioned due to their important
relevant aspects in OATPIB studies. It is intriguing that SMV,
ASV, and (to alesser extent) DCV are newly listed as members of
the long-lasting dual OATP1B1/1B3 inhibitor lineup, in which
only CsA has been identified to date (15). In addition, it was sur-
prising to find that, despite the outstanding similarities of their
physicochemical propertics (data not shown) as well as their 1C4,
values against OATP1Bs, there are significant differences in the
preincubation inhibition profiles of SMV and ASV. Although the
mechanisms behind their long-lasting preincubation inhibition
effects remain unknown, our findings suggest that their long-last-
ing inhibitions against OATP1B1 and OATP1B3 do not share
common cellular mechanisms and that the physicochemical
property of a particular drug is unlikely to play a decisive role in its
inhibition effects. Since these results may provide important in-
sights into the clarification of inhibitory mechanisms, further
mechanistic exploration using SMV and ASV can be expected to
identify a key factor or process underlying long-lasting preincu-
bation effects.

In conclusion, our results not only show that all tested DAAs
are capable of inhibiting OATP1BI and 1B3 functions but also
that SMV, ASV, and DCV are newly identified, distinctive long-
lasting OATP1B inhibitors. Qur results also suggest that the coop-
erative coincubation and Jong-lasting preincubation inhibitory
effects of SMV on OATP1B functions at least partially account for
the increased exposure of statins and transient hyperbiliru-
binemia in SMV-containing regimens. The inhibitory effects of
ASV, but not SFV, on OATP1B functions may also be clinically
important, while the possibility in relation to DCV-remains elu-
sive. We expect that although such DDIs may not be the sole
determinants in treatment decision making, these inhibition pro-
files and estimations for OATP1B-mediated DDI potentials will
provide useful information that will facilitate safer and more ef-
fective anti-HCV therapy. In addition, our results point toward
the need for elucidation of the detailed characteristics underlying
long-lasting preincubation effects of DAAs on OATP1Bs in order
to facilitate the development of an improved quantitative DDI
evaluation method that takes such effects, along with other rele-
vant factors, into consideration.
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ABSTRACT

Ribavirin (RBV) continues to be an important component of interferon-free hepatitis C treatment regimens, as RBV alone does
not inhibit hepatitis C virus (HCV) replication effectively; the reason for this ineffectiveness has not been established. In this
study, we investigated the RBV resistance mechanism using a persistently HCV-infected cell culture system. The antiviral activ-
ity of RBV against HCV was progressively impaired in the persistently infected culture, whereas interferon lambda 1 (IFN-A1),a
type III IEN, showed a strong antiviral response and induced viral clearance. We found that HCV replication in persistently in-
fected cultures induces an autophagy response that impairs RBV uptake by preventing the expression of equilibrative nucleoside
transporter 1 (ENT1). The Huh-7.5 cell line treated with an autophagy inducer, Torin 1, downregulated membrane expression of
ENT1 and terminated RBV uptake. In contrast, the autophagy inhibitors hydroxychloroquine (HCQ), 3-methyladenine (3-MA),
and bafilomycin A1 (BafAl) prevented ENT1 degradation and enhanced RBV antiviral activity. The HCV-induced autophagy
response, as well as treatment with Torin 1, degrades clathrin heavy chain expression in a hepatoma cell line. Reduced expression
of the clathrin heavy chain by HCV prevents ENT1 recycling to the plasma membrane and forces ENT1 to the lysosome for deg-
radation. This study provides a potential mechanism for the impairment of RBV antiviral activity in persistently HCV-infected
cell cultures and suggests that inhibition of the HCV-induced autophagy response could be used as a strategy for improving RBV
antiviral activity against HCV infection.

IMPORTANCE

The results from this work will allow a review of the competing theories of antiviral therapy development in the field of HCV
virology. Ribavirin (RBV) remains an important component of interferon-free hepatitis C treatment regimens. The reason why
RBYV alone does not inhibit HCV replication effectively has not been established. This study provides a potential mechanism for
why RBV antiviral activity is impaired in persistently HCV-infected cell cultures and suggests that inhibition of the HCV-in-
duced autophagy response could be used as a strategy to increase RBV antiviral activity against HCV infection. Therefore, it is
anticipated that this work would generate a great deal of interest, not only among virologists but also among the general public.

patitis C virus (HCV) is estimated to infect >185 million
people worldwide (1). Infection by HCV leads to a high like-

RBV is still used to treat chronic HCV infection in many parts of
the world.

lihood of chronic liver disease, which often progresses to liver
cirrhosis and hepatocellular carcinoma; HCV is therefore a major
public health problem. Interferon alpha (IFN-o) and ribavirin
(RBV) (a guanosine analogue) have been used as standard therapy
for chronic HCV infection for over a decade, with a sustained
virologic response rate of 50% for genotype la virus. In 2011, two
HCV-specific direct-acting antivirals (DAAs) targeting to NS3
protease (telaprevir and boceprevir) received FDA approval for
the treatment of chronic HCV infection, along with IFN-o and
RBV. Chronically HCV-infected patients treated with the triple
therapy have shown significantly better viral clearance than did
patients treated by a combination of JFN-o and RBV alone (2). In
2013, sofosbuvir (Sovaldi), another HCV-specific antiviral tar-
geted to the NS5B polymerase, received FDA approval (3). These
advances have allowed for more effective antiviral treatment of
chronic HCV infection, permitting in some cases the use of drug
combinations that do not include IFN-a. However, the new HCV
DAAs are expensive, and therefore, the combination of IFN-a and
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Treatment by RBV remains an important component of com-
bination antiviral drugs used in the treatment of chronic HCV
infection. Inclusion of RBV along with other HCV antiviral drugs
has been found to have significant benefits in the clearance of
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HCV infection (3). Clinical studies have shown that the inclusion
of RBV in both IFN-containing and IFN-free trials prevents re-
lapses and viral breakthrough and supports a sustained virological
response (SVR) (4). In addition to HCV, RBV has been used in the
treatment of a number of viruses, including respiratory syncytial
virus (RSV) and Lassa virus (LASV) (5-7); RBV also inhibits the
replication of other flaviviruses, such as bovine viral diarrhea vi-
rus, GB virus B, and poliovirus (a picornavirus) (8, 9). Ribavirin
enters hepatocytes through nucleoside transporters, such as
equilibrative nucleoside transporter 1 (ENT1), that are expressed
on the plasma membrane of many cell types (10). RBV is phos-
phorylated by cellular kinases into RBV monophosphate (RMP),
RBV diphosphate (RDP), and RBV triphosphate (RTP). The an-
tiviral mechanism of RBV has been claimed to be at the level of
inhibition of viral and cellular targets (11). Studies by a number of
investigators over the years have led to the identification of a va-
riety of mechanisms by which RBV inhibits HCV replication, in-
cluding inhibition of IMP dehydrogenase (IMPDH); inhibition of
mRNA capping; inhibition of viral polymerase; misincorporation
of RTP by RNA polymerase, leading to chain termination; and
high frequencies of mutation and error in nucleotide incorpora-
tion in the viral gene, leading to lethal mutagenesis. In addition to
the mechanisms mentioned above, we recently showed that RBV
directly inhibits HCV internal ribosome entry site (IRES) RNA
translation at the level of polyribosome formation (12).

The reason why RBV alone does not clear HCV replication
effectively has not been established. It has been reported that RBV
resistance mechanisms in stable HCV replicon cell lines are due to
mutations in viral RNA or to defective expression of nucleoside
transporters in cells (13, 14). Other studies have found that RBV
resistance in HCV-infected cell cultures is due to reduced RBV
uptake and low expression levels of nucleoside transporters (15—
18). The contribution of cellular factors in RBV resistance mech-
anisms has been described in HCV and other virus infection mod-
els (18, 19). Although the role of nucleoside transporters in
antiviral resistance mechanisms has been reproduced in three sep-
arate laboratories, the mechanism(s) by which persistent HCV
infection impairs RBV uptake and its antiviral activity has not
been thoroughly investigated.

Previously, we reported that a combined HCV-induced endo-
plasmic reticulum (ER) stress and autophagy response downregu-
lates the expression of IFN-a receptor 1, which is why HCV rep-
lication in a persistently infected cell culture is not completely
inhibited by IFN-« (20, 21). In this study, we investigated virus
and host cell interactions that impair RBV antiviral activity in a
persistently HCV-infected cell culture system. Our results show
that the sustained antiviral activity of RBV is impaired in a persis-
tently HCV-infected cell culture. We found that HCV induces an
autophagy response that impairs RBV uptake through lysosomal
degradation of the ENT1 transporter. Furthermore, we show here
for the first time that the cellular autophagy response due to per-
sistent HCV replication impairs the expression of the clathrin
heavy chain (CHC) molecule. The impaired expression of CHC is
responsible for the reduced cell surface expression of ENT1, lead-
ing to decreased RBV uptake and impaired antiviral activity. Our
results show that inhibiting the HCV-induced autophagy re-
sponse restores the expression of nucleoside transporters and en-
hances RBV-induced HCV clearance in a persistently infected cell
culture model and may lead to novel approaches to induce viral
clearance.
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MATERIALS AND METHODS

Cell lines, chemicals, and antibodies. The human hepatocellular carci-
noma cell line Huh-7.5 was obtained from the laboratory of Charles M.
Rice (Rockefeller University, New York, NY). Huh-7.5 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies,
Carlsbad, CA) supplemented with nonessential amino acids, sodium
pyruvate, and 10% (vol/vol) fetal bovine serum (FBS). The Renilla lucif-
erase reporter-based pJFH-AV3-Rluc clone used in our experiment was
described previously (22). The following reagents were obtained commer-
cially: 1FN-X1 (interleukin-29 [11-29]) was obtained from PeproTech
(Rocky Hill, NT); Torin 1 was obtained from Selleck Chemicals (Houston,
TX); RBY, hydroxychloroquine (HCQ), bafilomycin Al (BafAl), and
3-methyladenine (3-MA) were obtained from Sigma-Aldrich (St. Louis,
MO); [*H]cytidine and [PHJRBY were obtained from Moravek Biomedi-
cals (Brea, CA); and plasmid pENT1-GEP was a kind gift from Imogen
Coe, York University, Toronto, Canada (23). Antibodies specific for
ENTI, CNT1 (Santa Cruz Biotechnology, Santa Cruz, CA), glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), p62, Beclin 1, clathrin
heavy chain, ATG16L1, p62 (Cell Signaling Technology, Danvers, MA),
HCYV core protein (Thermo Fisher Scientific, Waltham, MA), and HCV
NS3 (Virogen, Watertown, MA) were used.

Interferon and RBV treatment and HCV quantification. To study
the mechanisms of HCV clearance by RBV, we established a stable and
persistently HCV-infected cell culture system with Huh-7.5 cells that re-
leases infectious virus particles and enables quantification of HCV repli-
cation by the measurement of Renilla luciferase, Western blotting, and
immunostaining (20). RBV treatment of HCV-infected cultures was per-
formed in six-well tissue culture plates (Costar; Corning, Tewksbury,
MA) in triplicate, Huh-7.5 cells (2 X 10" cells) were plated into six-well
tissue culture plates, and the next day, they were infected overnight with
cell culture-grown JFH-AV3-Rluc recombinant HCV at a multiplicity of
infection (MOI) of 0.1. The following day, the infected Huh-7.5 cells are
washed twice with phosphate-buffered saline (PBS) and then cultured in
DMEM containing 10% FBS. RBV and IFN-\1 treatment was then per-
formed at 3 days postinfection. For the first plate, the upper three wells
were mock treated, and the bottom three wells were treated with 5 pg/ml
of RBV. For the second plate, the upper three wells were treated with 20
ig/ml of RBV, and the bottom three wells were treated with 25 pg/ml of
IFN-A1. Both untreated and treated cultures were split at 3-day intervals
at a 1:3 ratio. During passaging, one-third of the cells were seeded for a
second round of treatrnent (T2). The remaining two-thirds of cells were
used to measure the level of HCV replication by Renilla luciferase assays,
Western blotting for HCV core protein, and immunocytochemistry for
HCV core protein. The Renilla luciferase activity of the protein lysate was
measured by using a commercially available luciferase assay kit (Promega,
Madison, WI). Twenty micrograms of protein lysates was used to measure
the expression level of HCV core protein by Western blotting using a
standard protocol established in our laboratory (20). Two hundred mi-
croliters of infected Huh-7.5 cells (1 X 10° cells/ml) was immobilized on
glass slides by the cytospin method. Expression of HCV core protein was
measured by immunostaining using a standard protocol established in
our laboratory (20). The number of HCV core-positive cells in 10 differ-
ent high-power fields (magnification, X40) was measured in RBV-treated
and untreated HCV-infected cultures.

RBV cytotoxicity. The cellular toxicity of RBV in uninfected and
HCV-infected Huh-7.5 cell cultures was quantified by 3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assays. In brief,
cells were seeded onto 24=well plates at a density of 2 X 10* cells/well in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum over-
night. The next day, cells were treated with increasing concentrations of
RBV (10 to 60 pg/ml). After 48 h of incubation, the cells were washed
twice with PBS, 100 pl of MTT solution along with 900 i of growth
medium were added to each well, and the cells were incubated at 37°C for
3 h. The cells were then washed twice in PBS and then solubilized with 1 ml
of MTT solubilization buffer (anhydrous isopropanol containing 10%
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Triton X-100-0.1 N HCI) for 5 min. Absorbance was measured with a
spectrophotometer {DU-530; Beckman Coulter, Brea, CA) at a wave-
length of 570 nm. The concentration of RBV that permits the highest cell
‘viability was determined.

RBV uptake. RBV uptake into persistently HCV-infected cells was
measured by using a previously described protocol (20). HCV-infected
Huh-7.5 cells were harvested by trypsin-EDTA treatment and washed
twice with DMEM supplemented with 10% FBS. A total of 1 X 10° in-
fected cells were suspended in 1 ml of growth medium in sterile polysty-
rene, round-bottom tubes with a cap. The RBV uptake assay was carried
out with 100 wl of DMEM containing either 5 wM *H-labeled RBV or
[*H]cytidine (as a control) at 37°C with continuous shaking. After 30 min
of incubation, cells were washed with 1 ml of ice-cold PBS for 5 min to
stop the reaction. After this step, cells were washed twice with 1 ml of
ice-cold PBS. Cell pellets were treated with 100 pl of lysis buffer (10 mmol/
liter Tris-HCI [pH 8.0], 10 mmol/liter NaCl, 1.5 mmol/liter MgCl,, and
0.1% [vol/vol] NP-40). Forty microliters of the soluble protein lysate was
mixed with 1 ml of scintillation fluid, and radioactivity was measured by
using a scintillation analyzer (PerkinElmer, Walton, MA). Uptake values
were expressed as counts per minute. The data were normalized to ac-
count for cell numbers per well.

Measurement of the autophagy response in HCV-infected cells, The
autophagy response in HCV-infected Huh-7.5 cells was determined by
measuring the expression of p62 by immunostaining and Western blot
analysis. Immunostaining and Western blotting for p62 expression were
performed by usinga protocol identical to the one described above (20). A
flow cytometry-based quantitative analysis was employed to determine
whether the loss of p62 expression due to an autophagy response corre-
lates with increased HCV core expression in the infected culture. The
experiment was performed in triplicate. For this purpose, Huh-7.5 cells in
three 10-cm tissue culture dishes were infected with HCV, and the expres-
sion levels of p62 and core protein in the infected culture were measured
at 0, 3, 6, 9, and 12 days. Both uninfected and HCV-infected Huh-7.5 cells
were split at 3-day intervals at a 1:3 ratio. One-third of the cells were
seeded into 10-cm tissue culture dishes for subsequent analysis. The re-
maining two-thirds of cells were utilized to measure the expression levels
of p62 and HCV core after immunofluorescence staining. Briefly, cells
were fixed for 10 min with 2% (wt/vol) paraformaldehyde in PBS and then
permeabilized for 15 min by using ice-cold methanol. After this step, cells
were divided into two parts: one half of the cell suspension was used for
immunofluorescence staining to measure HCV core expression, and the
other half was used to measure p62 expression. For the detection of p62
expression, infected cells were incubated with a rabbit monoclonal anti-
body tagged with Alexa Fluor 488 (1:100 dilution) for 60 min. After this
step, cells were washed in growth medium twice, and the pellet was sus-
pended in 1 ml of PBS and directly analyzed by flow analysis. For the
detection of HCV core, cells were first incubated with a mouse monoclo-
nal antibody (1:200) for 60 min. After two washings with growth medium,
cells were incubated with goat anti-mouse Alexa Fluor 488-conjugated
secondary antibody (1:500) (Life Technologies, Carlsbad, CA) for 1 h at
37°C. Following this step, the cells were washed twice in growth medium
and then suspended in 1 ml of PBS. The presence of HCV core in unin-
fected and HCV-infected Huh-7.5 cells was detected separately by using a
flow cytometer (Beckman Coulter, Pasadena, CA). The percentage of cells
showing positive expression of p62 and HCV core in the infected culture
at 0, 3, 6, 9, and 12 days postinfection was recorded.

The presence of the autophagosomal marker LC3-11 as determined by
Western blotting reflects autophagic activity in mammalian cells. Mea-
surement of the LC3 proteins assessed the induction of the autophagy
response in the HCV-infected culture. Acridine orange staining was used
to visualize the formation of autophagolysosomes in infected Huh-7.5
cells by fluorescence microscopy. Infected Huh-7.5 cells in a six-well tis-
sue culture plate were incubated with 5 pg/ml acridine orange for 15 min.
Cells were washed and examined under a fluorescence microscope. Acri-
dine orange dye present in the acidic environment due to induction of
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autophagy appears orange, whereas dye present in a nonacidic environ-
ment appears green. The color change from green to orange was moni-
tored under an Olympus microscope (magnification, X40). Autophagy is
a lysosomal degradation pathway for cytoplasmic material. Electron mi-
croscopy was utilized to confirm the autophagy response in the HCV-
infected culture by using a standard protocol previously described (20).

Sorting of RBV-sensitive and RBV-resistant HCV-infected cells by
flow cytometry. Huh-7.5 cells cultured in six 10-cm dishes were infected
with HCV atan MOI of 0.1. On day 12, three plates were treated with RBV
at 20 pg/ml, and the remaining three plates were untreated. After two
rounds of RBV (20 pg/ml) treatment, cells were harvested and stained for
intracellular core, and HCV-positive and HCV-negative cells were then
sorted by flow cytometry. Intracellular core staining was performed by
using the following protocol. A total of 1 X 107 HCV-infected cells were
fixed for 10 min with 2% (wt/vol) paraformaldehyde in PBS. After this
step, cells were washed once with DMEM containing 5% (vol/vol) FBS
and then treated with 1 ml of 1X fluorescence-activated cell sorting
(FACS) permeabilizing solution (0.5% [wt/vol] saponin in PBS) at room
temperature. Cells were then incubated with a monoclonal antibody to
HCV core protein (1:200 dilution) for 60 min at room temperature, The
cells were then washed twice with DMEM containing 5% (vol/vol) FBS
and incubated with Alexa Fluor 488-conjugated goat anti-mouse second-
ary antibody (1:500) (Life Technologies, Carlsbad, CA) for 1 h at 37°C.
After this step, the cells were washed twice in PBS and then resuspended in
1 ml of PBS. RBV-sensitive (HCV core-negative) and RBV-resistant
(core-positive) cells were separated by flow sorting with a FACSAria sys-
tem (BD Bioscience, San Jose, CA). Sorted cells were lysed, and expression
levels of ENT1 and clathrin were measured by Western blotting.

Real-time RT-qPCR. Total RNA was isolated from uninfected and
HCV-infected Huh-7.5 cells by using the guanidinium thiocyanate
(GITC) method. HCV quantification was carried out by using a reverse
transcription-quantitative PCR (RT-qPCR) assay described previously
(21). Briefly, 1 pg of total cellular RNA was used to amplify the 5" un-
translated region (UTR) of the HCV genome by using sense primer 5'-T
CTTCACGCAGAAAGCGTCTA-3' (positions 60 to 80) (HCV/S) and an-
tisense primer 5'-CGGTTCCGCAGACCACTATG-3" (positions 157 to
138) (HCV/AS). The probe (5'-56-FAM-TGAGTGTCG-ZEN-TGCAGC
CTCCAGGA-3IBkFQ-3"), labeled at the 5’ ends with a 6-carboxyfluores-
cein (FAM) fluorophore reporter molecule and ZEN-Iowa Black FQ
(IBEQ) double quenchers, was used to reduce the background and in-
crease the signal (Integrated DNA Technologies Inc.). Briefly, the RT re-
action of HCV RNA was carried out by using a standard method estab-
lished in our laboratory. An aliquot of 1 g of total RNA was incubated
with 500 ng of antisense primer and incubated at 65°C for 10 min, fol-
lowed by immediate chilling on ice, This template primer mix was subse-
quently incubated with a solution containing 10 units of avian myeloblas-
tosis virus (AMV) reverse transcriptase (Promega, Madison, WI, USA),
1.5 mM MgCl,, I mM deoxynucleoside triphosphate (ANTP) mix, and 40
units RNaseOut (Invitrogen, Carlsbad, CA, USA) in a 20-pl total reaction
mixture volume for 90 min at 42°C. An identical reaction without the
addition of RT enzyme was used as the control. After the cDNA synthesis
step, a gPCR assay was carried out with a 20-pl solution containing 10 jul
of iQ Supermix (Bio-Rad Laboratories Inc., Hercules, CA), 0.25 pM each
primer and probe, and 4 pl of the cDNA product obtained from the RT
reaction. Each reaction was run in triplicate. Amplification was carried
out by using a standard program, with the first cycle at 48°C for 30 min
and 95°C for 10 min, followed by 45 additional cycles. Each PCR cycle
included a denaturation step at 95°C for 15 s and then an annealing-and-
extension step at 60°C for 1 min. The cDNA standards were used starting
at 1 X 10° copies of virus and decreasing in 10-fold serial dilutions for
HCV copy number determination. Amplification, data acquisition, and
analysis were carried out by using a CFX96 real-time instrument with CFX
Manager software (Bio-Rad Laboratories Inc.).

The mRNA levels of ENT1, CNT1, CHC, and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (as an internal control) were quantified
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by using RT-qPCR. The expression level of cach mRNA was compared
with the GAPDH mRNA level by using the comparative threshold cycle
(AACy) method. The reverse transcription reaction for each mRNA was
carried out by using standard methods as described above except for the
gene-specific antisense primer. The qPCR assay was carried out in a 20-pul
solution containing 10 pl of iQ Supermix (Bio-Rad Laboratories Inc.),
0.25 pM each primer, and 4 pl of cDNA product obtained from the RT
reaction. Each reaction was run in triplicate. Amplification was carried
out by using a standard program, with the first cycle at 50°C for 2 minand
95°C for 8 min, followed by 45 additional cycles. Each PCR cycle included
a denaturation step at 95°C for 20 s and then an annealing-and-extension
step at 60°C for 1 min. The nucleotide sequences of oligonucleotide prim-
ers for ENT1 mRNA (sense primer 5'-CTCTCAGCCCACCAATGAAA
G-3' and antisense primer 5'-CTCAACAGTCACGGCTGGAA-3"),
CNT1 mRNA (sense primer 5’ -CCTCACCTGTGTGGTCCTCA-3" and
antisense primer 5-AGACCCCTCTTAAACCAGAGC-3'), and CHC
mRNA (sense primer 5'-ATGGTGCTCTTTGTTCCTGAATG-3" and an-
tisense primer 5-CTAGTGTGTTGCTCACTTCATGTGTAA-3") were
derived from previous reports (24). Amplification, data acquisition, and
analysis were performed on the CFX96 real-time instrument using CFX
manager software (Bio-Rad, Hercules, CA).

Colocalization of HCV, clathrin, and ENT1 expression as deter-
mined by fluorescence microscopy. The effect of HCV replication on the
expression of clathrin and ENT1 was confirmed by colocalization studies.
Uninfected and HCV-infected Huh-7.5 cells (1 X 10°) were harvested by
trypsin-EDTA treatment and washed twice in DMEM containing 5%
(vel/vol) FBS in 1.5-ml tubes. The cells were fixed for 10 min with 2%
(wt/vol) paraformaldehyde in PBS, washed once with DMEM containing
5% (vol/vol) FBS, and then treated with 1 ml of 1 X FACS permeabilizing
solution in PBS at room temperature. The cells were incubated with a
rabbit polyclonal antibody at a dilution of 1:400 for the detection of the
clathrin heavy chain (Cell Signaling, Danvers, MA) and a mouse mono-
clonal antibody against HCV core (1:200 dilution) (Thermo Scientific,
Waltham, MA) for 1 hwith gentle shaking at room temperature. After this
step, the cells were then washed once with DMEM containing 5% (vol/
vol) FBS and incubated with Alexa Fluor 488 (green)-labeled goat anti-
rabbit (Life Technologies, Carlsbad, CA) secondary antibody specific for
clathrin heavy chain detection and Texas Red (red)-conjugated goat anti-
mouse secondary antibody for the detection of HCV core at a dilution of
1:500 (Life Technologies, Carlsbad, CA), together, at room temperature
with shaking. After 30 min of incubation, cells were washed twice with
DMEM containing 5% (vol/vol) FBS, and an aliquot of the cell suspension
was examined for clathrin heavy chain and HCV core expression by fluo-
rescence microscopy using green and red channels. Individual fluores-
cence images were captured and processed by using a Leica DFC345 FX
fluorescence microscope with a X60 magnification, and composite im-
ages were generated by using Metamorph software. The effect of HCV
infection on ENT1-green fluorescent protein (GFP) expression was ex-
amined by confocal microscopy. Uninfected and HCV-infected Huh-7.5
cells in six-well plates (1 X 10° cells/well) were transfected with 0.5 g of
the ENT1-GFP plasmid by using TurboFect (Thermo Scientific, Wal-
tham, MA). After 48 h, cells were immunostained for HCV core by using
a procedure identical to the one described above. After immunostaining,
an aliquot of the cell suspension was examined for HCV core and ENTI-
GFP expression by confocal microscopy at a X100 magnification (Olym-
pus, Shinjuku, Tokyo, Japan).

siRNA transfection. Small interfering RINA (siRNA) oligonucleotides
specific for CHC and ATG16L1 were obtained from Qiagen (MD, USA).
All-Star siRNA, obtained from Qiagen, was used as a negative control.
Sequences of the siRNAs targeting the indicated proteins are as fol-
lows: 5'-TAATCCAATTCGAAGACCAAT-3' for CHC and 5'-CAGA
ACTTGATTGTAAATAAA-3' for ATGI6L1. Huh-7.5 cells were
seeded into a 6-well plate (1 X 10° cells/well). After 24 h, the cells were
transfected with 25 pmol and 50 pmol siRNA per well by using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufac-
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turer’s instructions. After 48 b, silencing efficacy was determined by
Western blotting using antibodies specific to clathrin and ATG16L1
(Cell Signaling, Danvers, MA).

Statistical analysis. All measurements were made at least in triplicate.
All results were expressed as means =+ standard deviations. Comparison
between two groups was performed with Student’s ¢ test. To compare
means within groups, we performed one-factor analysis of variance
(ANOVA) using Graph Pad Prism software. We assumed that all mea-
surements have normal probability distributions, which is expected for
these types of data. The P value for the ANOVA was significant when the
P value was <<0.05,

RESULTS

Ribavirin antiviral activity is impaired in persistently HCV-in-
fected cells. A persistently HCV-infected cell culture model was
developed with Huh-7.5 cells to study the mechanisms of RBV
resistance. Huh-7.5 cells were infected with JFH1-AV3-Rluc chi-
mera virus at a multiplicity of infection (MOI) of 0.1 for 72 h, and
the infected culture was then passaged every 3 days by splitting at
a ratio of 1:3. Replication of HCV in the infected culture was
confirmed by Renilla luciferase expression (Fig. 1A). Renilla Jucif-
erase readings of infectivity assay results were recorded in tripli-
cate. Western blot analysis was performed to verify that HCV-
infected Huh-7.5 cells expressed high levels of core and NS3
proteins (Fig. 1B). The degree of HCV replication and the spread
of the infected culture at different time intervals were assessed by
performing immunostaining for viral core protein expression
(Fig. 1C). A quantitative assessment of HCV core-positive cells in
the infected culture was performed by counting brown-stained
cells in 10 different fields at a X40 magnification. The results
showed that the number of core-positive cells in the infected cul-
ture increased during the 12-day assessment period (Fig. 1D).
Quantification of HCV core-positive cells by flow cytometry re-
vealed that 60% to 70% of cells were persistently infected with
HCV on day 12 (data not shown). These results indicate persistent
HCV replication in the infected Huh-7.5 cell culture. The HCV-
infected Huh-7.5 cell culture system was therefore utilized to in-
vestigate the RBV antiviral resistance mechanism.

The viabilities of uninfected and HCV-infected cells were
>90% at 24 h when treated with increasing concentrations of
RBV (10 to 60 wg/ml). Huh-7.5 cells were seeded into 6-well
tissue culture plates with HCV at an MOI of 0.1; on day 3, the
cells were treated with two different concentrations of RBV (5
pg/ml and 20 wg/ml) and with IFN-A1 (1L-29) (25 pg/ml) for
over 12 days. Renilla luciferase values of untreated cultures in-
creased gradually from TO to T3 (days 3 to 12), indicating active
HCV replication in the infected culture (Fig. 2A). Infected cells
treated with IFN-\1 showed a sustained and significant decrease
in Renilla luciferase activity after the third treatment. However,
RBYV antiviral activity was found to be impaired in the HCV-in-
fected cell culture.

The relative antiviral potencies of RBV and IFN-\1 were com-
pared based on the percent inhibition of the luciferase reading
over the course of three treatments (Fig. 2B). The antiviral activity
of RBV, applied at a concentration of 20 ug/ml, increased to 40%
by TO (3 days) and to ~50% by T1 (6 days) and then decreased to
20% by the third treatment (T3) (12 days). The Renilla luciferase
results for the RBV and IFN-A1 treatments were confirmed by
measuring HCV core protein expression by immunohistochemi-
cal staining. The number of HCV core-expressing cells in the un-
treated and RBV-treated cultures progressively increased, com-
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FIG 1 Persistent HCV replication in Huh-7.5 cells. Huh-7.5 cells were infected overnight with JFH-AV3-Rluc virus at an MOI of 0.1 and passaged at 3-day
intervals. (A) Renilla luciferase activity of infected cell lysates. RLU, relative light units. (B) HCV core and NS3 protein levels in infected cells measured by Western
blotting. GAPDH served as a loading control. (C) Immunocytochemical staining of uninfected (0 days) and infected (3 to 12 days) Huh-7.5 cells using a
monoclonal antibody specific for HCV core protein. (D) Quantitative assessment of HCV core protein expression in infected cultures made by counting positive

cells in 10 different high-power fields (hpf) at a magnification of X40.

pared with the numbers in the IFN-A1-treated culture (Fig. 2C).
These results are consistent with our previous reports indicating
that IFN-A1 induces HCV clearance (20). The numbers of HCV
core-positive cells in each treatment group were counted, and the
results were compared for statistical significance (Fig. 2D). The
core expression results are in agreement with Renilla luciferase
readings, which indicate impaired RBV antiviral activity in HCV-
infected cells. These results were further confirmed by measuring
HCV RNA levels by RT-qPCR using primer sets targeted to the 5’
UTR (Fig. 2E). To rule out the possibility that the RBV used in our
antiviral assay may have lost its antiviral activity, the same prepa-
ration was used against the replicon cell line R4-GFP (a stable
subgenomic replicon cell line), on which it showed a strong inhib-
itory effect (data not shown). As demonstrated previously by our
group (12), RBV at a concentration of 200 pg/ml does not pro-
duce any statistically significant decrease in cell viability in HCV-
infected cultured cells, indicating that the observed pattern of
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RBV antiviral activity was not due to differential cytotoxicity of
RBV (data not shown).

HCYV infection impairs RBV uptake and expression of RBV
transporters. Nucleoside transporters are involved in the uptake
of RBV by hepatocytes, and decreased RBV uptake has been re-
ported to be a reason for impaired RBV activity against HCV
infection (15). We compared RBV uptake in an untreated HCV-
infected culture at 3-day intervals for up to 12 days in triplicate
experiments. The results of the assays indicate that RBV uptake in
HCV-infected cells decreases in a time-dependent manner, with
the maximum decrease occurring on day 12 (Fig. 3A). Ribavirin is
transported into hepatocytes via nucleoside transporters (ENT1
and CNT1) (10). We assessed whether the mechanism of the re-
duction of uptake RBV by the infected culture could be related to
differences in ENT1 and CNT1 mRNA levels. Total RNA was iso-
lated from HCV -infected cultures on days 0, 3, and 12, and CNT1
and ENT1 mRNA levels were measured by real-time RT-qPCR.
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The results of this assay indicate that HCV infection actually in-
duced the expression of ENT1 and CNT1 mRNAs (Fig. 3B). Next,
we verified whether the impaired uptake of RBV is related to ENT1
and CNT1 protein degradation. The ENT1 and CNT1 expression
levels in HCV-infected cultures with and without RBV treatment
were examined by Western blotting. We found that ENT1 and
CNT1 protein levels decreased in HCV-infected untreated cul-
tures from days 3 to 12, compared with levels in uninfected Huh-
7.5 cultures (Fig. 3C). In this assay, we found that decreased ex-
pression levels of ENT1 and CNT1 correlated with the expression
of HCV NS3 protein in the infected culture. We also noticed that
the decrease in the expression level of ENT1 in the infected culture
was greater than that of CNT1. As ENT1 is the primary nucleoside
transporter relevant to RBV uptake by hepatocytes; these results
provide an explanation for why RBV antiviral activity progres-
sively decreases in HCV-infected cultures (10).
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We next compared ENT1 expression levels in RBV-treated
HCV-infected and uninfected Huh-7.5 cell cultures over the
course of three RBV treatments (T1, T2, and T3). The expression
of ENT1 was very similar to that in the HCV-infected culture,
indicating that RBV treatment has no effect on ENT1 expression
in either HCV-infected or uninfected cultures (Fig. 3D). We
found that the decrease in ENT1 expression was correlated with an
increase in HCV core protein levels in the RBV-treated culture.
This effect appears to be specific to HCV infection, as Western blot
analysis showed that RBV treatment has no effect on the expres-
sion of ENT1 in uninfected Huh-7.5 cells (Fig. 3E). Because
IFN-A1 effectively inhibits HCV in infected cultures, we verified
whether ENT1 expression was restored in these cultures. In-
deed, levels of ENT1 expression were gradually restored in the
IFN-A1-treated (T'1, T2, and T3) cultures (Fig. 3F). The expres-
sion of HCV core protein was reduced due to IFN-\1 treat-
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uninfected and infected Huh-7.5 cells (3 days and 12 days), and the relative levels of ENT1, CNT1, and GAPDH mRNAs were assessed by real-time RT-qPCR (*,
P < 0.05; %, P < 0.001). (C) ENT1 and CNT1 protein levels in untreated HCV-infected Huh-7.5 cells measured by Western blotting. The GAPDH level was
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(F) Western blot analysis of ENT1, HCV core, and GAPDH in HCV-infected cells treated with IEN-A1 (25 ng/ml).

ment, thus confirming that ENT1 expression is regulated by
HCV replication. The GAPDH levels remained at comparable
levels in all experiments, indicating that comparable amounts
of protein were loaded into each well for Western blot analysis.
Taken together, all of these results indicate that HCV infection
selectively degrades ENT1 and CNT1 protein levels without
altering mRNA levels.

The HCV-induced autophagy response degrades ENT1 and
impairs RBV uptake. Autophagy is a key cellular lysosomal deg-
radation process that has been implicated in the establishment of
persistent HCV infection (25), Infection by HCV has been shown
to induce both ER stress and an autophagy response in hepato-
cytes (20). Induction of the cellular autophagy response in HCV-
infected Huh-7.5 cell cultures was confirmed by a number of as-
says. Microtubule-associated protein (LC3) and p62 are the two
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key components in the formation of autophagosomes (26). Dur-
ing autophagy, the cytoplasmic form of LC3 (LC3-I) (18 kDa) is
recruited to the autophagosome, where LC3-11 (16 kDa) is gener-
ated by site-specific proteolysis and lipidation near the C terminus
(27); p62, on the other hand, binds LC3 and recruits proteins to
autophagosomes for degradation. Thus, increased LC3-II and de-
creased p62 levels indicate autophagic activity, whereas p62 accu-
mulation indicates insufficient autophagy.

The basal level of autophagy is inefficient in human hepatocel-
lular carcinoma cells (28). Immunostaining of HCV-infected
Huh-7.5 cells shows a decrease in the expression level of the p62
protein over 0 to 12 days, which is an indication of autophagy
induction (Fig. 4A). Flow analysis shows that the expression level
of p62 in the infected culture decreased over 12 days (Fig. 4B). A
flow cytometry-based quantitative analysis demonstrated that
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inset box shows double-membrane autophagy vacuoles at a higher magnification.

88% of uninfected Huh-7.5 cells were p62 positive at day 0, and
the number of p62-positive cells decreased to 25% on day 12. The
experiment was repeated three times, and the mean percentage of
cells showing p62 and HCV core expression recorded over 12 days
indicated that HCV infection induces an autophagy response. A
significant (P < 0.001 and P < 0.0001) inverse correlation was
found between HCV core positivity and p62 negativity in infected
Huh-7.5 cells (Fig. 4C). The decreased p62 expression level in
HCV-infected Huh-7.5 cells was due to an increase in the au-
tophagy response, as confirmed by Western blotting of Beclin 1
and LC3-11 (Fig. 4D). During autophagy, autophagosomes engulf
cytoplasmic components, including cytosolic proteins and organ-
elles. The cytosolic form of LC3 (LC3-I) is conjugated to phos-
phatidylethanolamine to form an LC3-phosphatidylethano-
lamine conjugate (LC3-II), which is recruited to autophagosomal
membranes. Autophagosomes fuse with lysosomes to form au-
tolysosomes, and intra-autophagosomal components are de-
graded by lysosomal hydrolases. At the same time, LC3-II in the
autolysosomal lumen is degraded. Uninfected Huh-7.5 cells
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treated with the autophagy inducer Torin 1 showed decreased
expression levels of p62 and increased expression levels of LC3-11,
as determined by Western blotting (Fig. 4E). Induction of au-
tophagy and conversion of LC3-I to LC3-II were increased in in-
fected Huh-7.5 cells and in Huh-7.5 cells treated with Torin 1.
Previously, we showed that the induction of the cellular au-
tophagy response increases the number of autophagosomes dur-
ing HCV infection (20). When the autophagosomes fuse with
lysosomes, they form autophagolysosomes, and lysosomal degra-
dation is increased. The presence of induced autophagolysosome
formation in the HCV-infected cell culture was confirmed by acri-
dine orange staining under a fluorescence microscope, which
showed an increase in the number of orange autophagolysosomes
in HCV-infected cells on day 12 (Fig. 4F). The presence of HCV-
induced autophagy vacuoles in Huh-7.5 cells with and without
viral infection was confirmed at day 12 by transmission electron
microscopy (TEM)-based ultrastructural analysis (Fig. 4G). The
presence of double-layered membrane vacuoles containing cyto-
plasmic material (referred to as autophagosomes) was observed in
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HCV-infected cells by electron microscopy. The diameters of pu-
tative autophagic vacuoles were found to be in the range of 100 to
500 nm (Fig. 4G, arrows).

To confirm that RBV uptake is directly affected by the cellular
autophagy response, we performed an RBV uptake assay with un-
infected Huh-7.5 cells in the presence of a known autophagy in-
ducer, Torin 1. These experiments were performed in triplicate.
As shown in Fig. 5A, we verified the impairment of RBV uptake in
an uninfected Huh-7.5 culture by Torin 1 treatment, with the
impairment occurring in a concentration-dependent manner.
These results support our hypothesis that increased cellular au-
tophagy significantly impairs RBV uptake (P < 0.05) but that the
uptake of cytidine is unaffected (Fig. 5A). To verify whether the
progressive impairment of RBV uptake in Torin 1-treated cells is
due to an increased degradation of ENT1 and CNT1 transporters,
cell lysates were prepared from Huh-7.5 cells after 24 h of Torin 1
treatment and examined the expression levels of the ENT1, CNT1,
and GAPDH proteins by Western blotting. Torin 1-treated Huh-
7.5 cells showed impaired expression of ENT1 and CNT1, but
GAPDH protein levels were unaffected (Fig. 5B). These results
support the conclusion that the increased autophagy response due
to HCV infection impairs RBV uptake through the degradation of
the nucleoside transporters ENT1 and CNT1.

Autophagy inhibitors enhance RBV antiviral activity in per-
sistently HCV-infected cell cultures. To determine whether the
HCV-induced autophagy response plays a role in impaired HCV
clearance by RBV, we performed RBV antiviral assays in triplicate
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in the presence and absence of different autophagy inhibitors (29).
Three autophagy inhibitors, 3-MA, bafilomycin Al (BafAl), and
hydroxychloroquine (HCQ), used in our assays have been shown
to block cellular autophagy at multiple steps of autophagolyso-
some maturation. First, we examined RBV uptake in HCV-in-
fected Huh-7.5 cells in the presence and absence of autophagy
inhibitors. As shown in Fig. 6A, the autophagy inhibitors 3-MA
and BafAl significantly improved RBV uptake by HCV-infected
Huh-7.5 cells. Second, we examined the mechanisms of improved
RBV uptake due to restored expression of ENT1 transporters. As
shown in Fig. 6B, the expression level of ENT1 was restored when
HCV-infected Huh-7.5 cells were pretreated with each of the dif-
ferent autophagy inhibitors. Western blot analysis showed that
p62 expression was restored when HCV-infected Huh-7.5 cells
were treated with 3-MA and BafAl, which inhibited autophagy
(Fig. 6B). Third, we examined whether cotreatment of HCV-in-
fected cultures with autophagy inhibitors could enhance RBV an-
tiviral activity. However, short-term treatment of HCV-infected
cell cultures with 3-MA and BafA1 significantly enhanced the RBV
antiviral response (P < 0.01) (Fig. 6C). Fourth, the effect of au-
tophagy inhibitor treatments on RBV uptake was verified by im-
munostaining for HCV core protein in infected cells (Fig. 6D).
Finally, an HCV RNA titer was determined by using RT-qPCR, to
ensure that the additive inhibitory effect of RBV and autophagy
inhibitors was also reflected in viral RNA levels. The results
showed that BafAl alone and in combination with RBV signifi-
cantly decreased HCV RNA levels (P < 0.01) (Fig. 6E).

Long-term treatment by a combination of RBV and HCQ in-
duces HCV clearance. A cause-effect relationship between the
induction of autophagy and blockage of the RBV antiviral re-
sponse was further established by applying a long-term combina-
tion treatment with an autophagy inhibitor (HCQ) and RBV ina
persistently infected Huh-7.5 cell culture. Infected Huh-7.5 cells
were treated with viable doses of HCQ (10 pM), alone and in
combination with RBV. Three consecutive treatments with HCQ
(both alone and in combination with RBV) were performed at
48-h intervals, and HCV clearance was determined by Renilla lu-
ciferase activity. These experiments were performed in triplicate.

As shown in Fig. 7A, HCQ along with RBV significantly inhib-
ited Renilla luciferase activity, compared with cells treated with
either RBV alone or HCQ alone. In our study of HCV-infected
Huh-7.5 cells treated with HCQ alone, Renilla luciferase and HCV
RNA levels were significantly reduced (Fig. 7A and B). Two expla-
nations are possible for the observed inhibition. The HCQ inhib-
itory effect could be due to either the inhibition of viral spread or
the inhibition of autophagy. We cannot rule out the possibility
that some of the HCQ antiviral action resides at the level of inhi-
bition of new viral infection and its spread. However, our data also
support that the inhibitory effect of HCQ is due to inhibition of
autophagy, as Western blot analysis showed that the expressions
of ENT1, p62, and the clathrin heavy chain were restored (Fig. 7C
and D). The clearance of HCV replication in the culture by com-
bined treatment with RBV and HCQ was confirmed by HCV core
immunostaining (Fig. 7E). The expression of HCV core protein
was undetectable after the third treatment. These results provide
evidence that the HCV-induced autophagy response impairs RBV
antiviral activity.

Flow sorting confirms that RBV resistance to HCV-positive
cultured cells shows impaired expression of ENT1 and clathrin.
To verify that the absence of ENT1 expression in HCV-infected

i
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cultures is associated with impaired antiviral activity, we separated
HCV-positive and HCV-negative cells in persistently infected
Hub-7.5 cultures by fluorescence-activated cell sorting (FACS)
after HCV core staining. Infected cells were treated with RBV on
day 13 (T1) and day 16 (T2), and cell sorting was done on day 19
(Fig. 8A). Renilla luciferase activity showed that RBV antiviral
activity was impaired in HCV-infected cultures (Fig. 8B). The
flow-sorting experiments performed on day 19 indicate that RBV
treatment did not decrease the number of HCV core-positive cells
(Fig. 8C). The flow-sorting experiments were repeated three times
on day 19, and the difference between the average mean percent-
ages of HCV core-positive cells with and those without RBV treat-
ment was found not to be significant (Fig. 8D). Protein extracts of
sorted cells (HCV-positive and HCV-negative Huh-7.5 cells) were
examined for the expression of ENT1 and CNT1 by Western blot-
ting. Only HCV-positive cells showed downregulated ENT1 ex-
pression (Fig. 8E). The expression of GAPDH remained at com-
parable levels in HCV-positive and HCV-negative lysates.
Previous studies have verified that the expression of ENT1 on the
plasma membrane is regulated by clathrin-mediated endocytosis
(30). Expression of clathrin heavy chains was examined by West-
ern blotting using flow-sorted HCV-infected Huh-7.5 cells. Inter-
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estingly, the expression of the clathrin heavy chain was impaired
in persistently HCV-infected Huh-7.5 cells (Fig. 8E).

The HCV-induced autophagy response leads to degradation
of the clathrin heavy chain. Equilibrative nucleoside transporters
are expressed on the plasma membrane of hepatocytes, internal-
ized by clathrin-mediated endocytosis, and then recycled back to
the plasma membrane for subsequent use or otherwise subjected
to lysosomal degradation. A recent study showed that the clathrin
molecule is required for both autophagolysosome formation and
autophagic lysosome reformation (30). The role of clathrin in
autophagy is also supported by a number of studies showing that
plasma membranes contribute to the formation of preautophago-
somes, indicating that the expression of plasma membrane pro-
tein could also be regulated by autophagy (31). The N terminus of
the clathrin heavy chain interacts with ATG16L1 and is involved
in the formation of the structure of preautophagolysosomes and
the inhibition of clathrin-mediated internalization. Expression of
the clathrin heavy chain decreases the ATG16L1 protein level (31).
Based on these reports, we verified the expressions of the clath-
rin heavy chain, ATG16L1, and GAPDH by Western blotting
after HCV infection of Huh-7.5 cells over 12 days. Clathrin heavy
chain expression was impaired in HCV-infected cells, whereas
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core protein expression by immunohistochemistry.

ATGI16L1 expression increased (Fig. 9A); HCV expression in in-
fected cultures impaired clathrin heavy chain expression, as deter-
mined by colocalization experiments in which clathrin was de-
tected with a green fluorescence probe and the HCV core was
detected by using a red fluorescence probe (Fig. 9B). A real-time
RT-gPCR assay was used to determine the effects of HCV infec-
tion on clathrin heavy chain mRINA levels; levels were significantly
increased in HCV-infected cultures compared with the levels in
uninfected Huh-7.5 cells (Fig. 9C). Western blot analysis demon-
strated downregulation of clathrin in uninfected Huh-7.5 cells
treated with Torin 1, confirming that the autophagy response di-
minishes clathrin heavy chain expression (Fig. 9D). Uninfected
Huh-7.5 cells treated with Torin 1 showed reduced clathrin heavy
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chain expression, as determined by immunofluorescence micros-
copy (Fig. 9E).

Silencing of the clathrin heavy chain impairs membrane ex-
pression of an ENT1-GFP chimera. A previous study demon-
strated that human ENT1 is trafficked to the plasma membrane in
association with microtubules and is then recycled by clathrin-
mediated endocytosis (23). A chimeric clone of ENT1 and a green
fluorescent protein developed in the laboratory of Imogen Coe
were used to verify how the HCV-induced autophagy response
alters cell surface expression of ENT1 through the clathrin heavy
chain. Huh-7.5 cells transfected with ENT1-GFP plasmids showed
that the protein was predominantly expressed on the plasma
membrane on day 4 (Fig. 10A) and that RBV treatment had no
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effect on membrane expression (Fig. 10B). We then verified that
autophagy induction by Torin 1 treatment or HCV infection abol-
ishes ENT1-GFP membrane expression in Huh-7.5 cells (Fig. 10C
and D). Confocal microscopy showed that membrane expression
of ENT1-GFP in uninfected Huh-7.5 cells remained unaltered,
whereas cells expressing HCV core protein only altered ENT1-
GFP expression (Fig. 10E). Taken together, these results confirm
that autophagy induction abolishes cell surface expression of
ENT1-GFP through lysosomal degradation.

We then verified whether silencing of the clathrin heavy chain
could have a similar effect on ENT1, CNT1, and ATG16L1 expres-
sion in Huh-7.5 cells. Cells were transfected individually with
$iRNAs for clathrin and ATG16L1 and with a scrambled siRNA by
using Lipofectamine 2000. After 72 h, cell lysates were examined
for clathrin, ATG16L1, ENT1, ENT2, and CNT1 expression by
Western blotting. The experiment showed that silencing of the
clathrin heavy chain decreased the expression levels of ATG16L1
and ENTI but not that of ENT2 (Fig. 10F). The decrease in the
ENT1 expression level in clathrin-silenced Huh-7.5 cells indicates
that clathrin is required for the recycling of ENT1 and that ENT1
undergoes forced degradation in the absence of the clathrin heavy
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chain (30). Silencing of the clathrin heavy chain did not affect
CNT1 transporter levels, as determined by Western blotting. Si-
lencing of ATG16L1 did not alter clathrin heavy chain or ENT1
expression levels (Fig. 10F). Silencing of the clathrin heavy chain,
but not of ATG16L1, also abolished cell surface expression of
ENT1-GFP in uninfected Huh-7.5 cells (Fig. 10G). The results of
these experiments indicate that clathrin heavy chain expression is
required for hepatocyte membrane expression of the ENT1-GFP
chimera.

Decreased expression levels of the clathrin heavy chain and
ENT1 in HCV-infected primary hepatocytes and in liver biopsy
samples from chronic HCV patients. The significance of our cell
culture findings was further validated by using HCV-infected pri-
mary human hepatocytes (PHHs) as well as liver biopsy samples
from patients with chronic HCV. We established an HCV replica-
tion model using PHHSs and found that HCV replication in PHHs
can be inhibited by IFN-a. Using this system, we verified HCV
replication accompanying PHH-induced ER stress and the au-
tophagy response but impaired expression of IFNARI, IFNyR1,
and RBV transporters. Expression of the IFN-X receptor was not
affected by ER stress or the autophagy response. In a previous
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study, we verified ER stress- and autophagy-mediated degrada-
tion of both IFNAR! and RBV transporter expression using liver
biopsy samples from patients with chronic HCV infection (32).
We showed that markers of ER stress and autophagy are in-
duced in chronically HCV-infected liver tissues. Primary hepa-
tocytes were infected with the JFH-AV3-Rluc chimera virus at
an MOI of 0.1. The expression levels of clathrin, ENTI, and
CNT1, and HCV core in infected PHHs were measured by
Western blotting. The results indicated that on day 8, expres-
sions of clathrin, ENT1, and CNT1 were undetectable (Fig.
11A). Expression levels of clathrin, ENT1, and CNT1 were neg-
atively correlated with HCV core expression, as determined by
Western blotting. The expression levels of the clathrin heavy
chain, ENT1, and CNT1 were examined by using limited
amounts of tissue extracts from liver biopsy specimens. of pa-
tients with chronic HCV infection and control normal livers
(Fig. 11B). In summary, we were able to verify the significance
of our experimental findings in a study on an in vitro HCV-
infected cell culture system.

Based on the results presented above, we propose a model of
how ENT membrane expression and recycling are affected by an
autophagy response induced by HCV infection through the clath-

_rin heavy chain (Fig. 12). In uninfected cells, the clathrin heavy
chain regulates ENT1 membrane expression. In HCV-infected
cells, membrane proteins are degraded due to autophagy, leading
to defective clathrin-mediated endocytosis. Chronic HCV infec-
tion downregulates the clathrin heavy chain, and in the absence of
the clathrin heavy chain, ENT1 is forced into the lysosomal deg-
radation pathway.
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DISCUSSION

Ribavirin has been used as an antmra] drug in the treatment of a
number of viruses, including HCV, RSV, and LASV. Ribavirin
monotherapy is not very effective (33, 34); however, RBV in com-
bination with IFN-a shows a significant improvement in the HCV
treatment response. The results from recent clinical trials suggest
that RBV may remain an essential component of HCV treatment
in combination with new DAAs to prevent relapse (4). An under-
standing of the mechanisms of RBV antiviral action and resistance
could lead to novel strategies for improving its antiviral efficacy
against HCV as well as against other viruses. In this study, we
showed that RBV antiviral activity is blocked due to an induced
autophagy response in HCV-infected cell cultures. These results
based on cell culture experiments are consistent with clinical find-
ings, where it has been observed that individuals with high viral
titers are more resistant to combination therapy with IFN-o and
RBV (34). The mechanism of impaired RBV antiviral activity in
persistently HCV-infected cells is related to the reduced expres-
sion of ENT1, an RBV transporter, and the reduced uptake of RBV
is in agreement with the results of other research reported previ-
ously (14-17).

Autophagy is a cellular degradation process essential for cell
survival during HCV infection. The cellular autophagy process
plays an important role in persistent viral infection, as it can mod-
ulate innate antiviral immunity as well as antiviral drug resistance.
The autophagy process is maintained in patients with chronic liver
disease due to both viral and nonviral causes (35). The HCV-
induced autophagy response degrades the ENTI protein without
affecting mRNA levels in infected Huh-7.5 cells. The autophagy
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