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Abstract: We and others demonstrated that the contact between NS5A and the host factor CypA is critical for HCV 
replication. CypI, by disrupting NS5A-CypA complexes, block HCV replication both in vitro and in patients. Since NS5A 
also binds to PKR, a central component of the IFN response, we investigated the possibility of a relationship between 
CypA, NS5A and PKR in the IFN response to HCV. HCV-infected cells treated with CypI, DAAs or IFN were analyzed 
for the expression and activation of various components of the innate response. We found that CypI (cyclosporine A, 
alisporivir, NIM811 and sanglifehrins), drastically prevented the activation/phosphorylation, but not the expression of 
IFN-induced PKR in HCV-infected cells. CypI had no effect on the expression or phosphorylation of other components of 
the innate response such as eiF2, NF-kB, IRF3, IRF9, STAT1 and STAT2, suggesting a specific effect on PKR. No 
significant activation of IFN-induced PKR was observed in the absence of HCV. Importantly, we found that several 
classes of DAAs such as NS3/4A protease, NS5B polymerase and NS5A inhibitors also prevented PKR activation. 
Furthermore, we found that PKR activation by the dsRNA mimic poly I:C cannot be prevented by CypI or DAAs. Our 
findings suggest that CypI do not have a unique effect on PKR activation, but rather the suppression of HCV replication 
by any anti-HCV inhibitor, abrogates PKR activation induced by IFN. Moreover, they suggest that the accumulation of 
dsRNA intermediates allows HCV to exploit the activation of PKR to counteract the IFN response. 
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INTRODUCTION 

 Chronic hepatitis C affects approximately 200 million 
people worldwide and is a leading cause of acute and chronic 
liver diseases [1] and 4 million new HCV infections occur 
each year [2, 3]. HCV accounts for two third of liver  
cancer and transplant cases in the developed world [4], and 
12,000-15,000 individuals are projected to die from HCV 
every year in the U.S. [5]. Until 2011, the combination of 
pegylated IFNα and RBV had a success rate of ~80% in 
patients with GT2 and GT3, but only ~50% in patients with 
GT1 and most importantly causes severe side effects [6-10]. 
There is thus an imperative demand for the identification and 
development of supplementary anti-HCV agents with 
diversified mechanisms of action in order to deliver 
interchangeable therapies for patients who are poorly 
responsive or non-responsive to the pegylated IFNα/RBV 
standard of care [1, 2]. A novel class of anti-HCV agents has 
recently emerged: the HTAs cyclophilin inhibitors [11-19]. 
Three cyclophilin inhibitors – alisporivir, NIM811 and SCY-
635  have been tested in early phase I and II studies [20-30]. 
Alisporivir is the most advanced in this class, with the 
largest number of patients exposed and currently is in 
clinical development as IFN-free treatment. 
 We and others obtained evidence that HCV relies on host 
CypA to replicate in human hepatoma cells [31-33] as well  
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as in humanized mice [34]. Since CypA represents the major 
intracellular target for CypI such as cyclosporine A [35], it 
has been proposed that they block HCV replication by 
neutralizing the peptidyl-prolyl isomerase activity of CypA. 
We and others also demonstrated that CypA can interact 
directly with the HCV NS5A protein and that most 
importantly, CypI prevent NS5A-CypA interactions in a 
dose-dependent manner [36-39]. We also showed that the 
interaction between NS5A and CypA is conserved among 
HCV genotypes and that CypI block all these interactions 
[38]. These in vitro data are in accordance with the fact that 
CypI are pangenotypic both in vitro and in patients. There is 
thus a direct correlation between disrupting NS5A-CypA 
complexes and blocking HCV replication. The Lippens and 
the Hanoulle labs elegantly showed that CypA induces cis-
trans isomerization of several proline residues within the 
domains II and III of NS5A [36, 39, 40]. Interestingly, CypA 
and the NS5B polymerase share a common binding site on 
NS5A [41]. However, it remains obscure how CypA, by 
binding to NS5A and/or by isomerizing NS5A, potentiates 
HCV replication. 
 The IFN-inducible PKR plays multiple roles in a cell, in 
response to different stress situations. As a member of the 
ISGs, PKR was recognized as a factor in the antiviral action 
of IFN [42], due to its ability to control translation, through 
phosphorylation, of the α subunit of eIF2a. As such, PKR 
participates in the generation of stress granules or autophagy, 
and a number of viruses have developed strategies to inhibit 
its action. Mutations within the PKR-binding region of 
NS5A, including those within the ISDR, disrupt NS5A-PKR 
interactions [43]. Gale et al. showed that NS5A interacts in 
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vitro with PKR [43]. Previous studies nicely demonstrated 
that NS5A is an RNA binding protein [44, 45], which can 
regulate the binding of PKR to the IRES of the HCV RNA 
[46]. Based on these findings, it has been proposed that the 
NS5A-PKR interaction serves as a target for therapeutic 
strategies against HCV. Since we and others obtained several 
lines of evidence suggesting that the NS5A-CypA interaction 
also represents an attractive target for the development of 
anti-HCV agents such as CypI, we asked in this study 
whether CypA and PKR act in concert to regulate HCV 
replication. 

MATERIAL AND METHODS 

Compounds 

 The HCV NS5A inhibitor daclatasvir (Bristol Myers 
Squibb), the HCV NS5B polymerase inhibitor sofosbuvir 
(Gilead), the HCV NS3 protease inhibitors boceprevir 
(Merck) and telaprevir (Vertex) and the HIV-1 reverse 
transcriptase inhibitor emtricitabine (Gilead) were all 
obtained from MedChemexpress (Princeton, NJ 08540, 
USA). Alisporivir and NIM811 were generously provided by 
Novartis, whereas cyclosporine A, sanglifehrins A and B 
were generously provided by Drs. Wilkinson and Gregory. 
Poly I:C was obtained from InvivoGen (San Diego, CA, 
USA). 

Replicons 

 The GT2a subgenomic JFH-1 replicon was generously 
provided by Drs. T. Wakita and F. Chisari. The GT2a geno-
mic luciferase reporter replicon Luc-Neo-JFH-1 was created 
as follows. The plasmid pFK-Luc-JFH1 was generously 
obtained from Drs. T. Wakita and T. Pietschmann [47, 48] 
and the XbaI site in the firefly luciferase gene, and the NotI 
site in the EMCV IRES were utilized to clone the Luci-
ferase/Ubiquitin-NPT II fusion cassette out of pFK389I Luc-
Neo (wild-type replicon from GT1b) (generous gift from Dr. 
R. Bartenschlager) [48, 49] and placed into the pFK-Luc-
JFH1 plasmid, creating the full-length Luc-Neo-JFH-1 con-
struct. Replicons were stably expressed in Huh7.5.1 cells 
under G418 selection. 

Antibodies 

 Anti-PKR, anti-eiF2, anti-IRF3, anti-IRF9, anti-NF-kB 
and anti-OAS1 antibodies were obtained from Santa Cruz; 
the anti-phospho-PKR antibody was obtained from Abcam; 
anti-phospho-eiF2, anti-STAT1, anti-phospho-STAT1 
antibody were obtained from Cell Signaling Technologies; 
the anti-NS5A antibody (9E10) was generously obtained by 
Dr. C. Rice; and anti-calnexin antibody was obtained from 
Sigma. 

PKR Activation 

 Parental, genomic or subgenomic JFH-1-expressing 
Huh7.5.1 cells plated for 24 h were treated with or without 
CypI or direct-acting antivirals (daclatasvir, sofosbuvir, 
boceprevir, telaprevir and emtricitabine). Cells were then 
treated for 24 h with IFNα (300 U/mL) and lysed. Lysates 
were standardized for protein content and analyzed by 
Western blotting for their content in various host and viral 
proteins. 
 

RESULTS 

Alisporivir Prevents PKR Activation 

 We chose the potent non-immunosuppressive CypI 
alisporivir to determine the effect of CypA neutralization on 
PKR activation. We also chose to employ the JFH-1 cell 
culture system for productive HCV infection [47, 50, 51] 
since it allows more direct measurements of the effects of the 
IFN response during the life cycle of the virus. To induce 
PKR activation, IFNα or IFNβ were added to HCV-infected 
cells pre-incubated with or without alisporivir. Twenty-four 
and 48 h post-IFN treatment, cells were washed and lysed. 
Lysates were analyzed for their content in various viral and 
host proteins. In accordance with the fact that HCV is 
sensitive to IFN in vitro, NS5A levels in JFH-1-infected cells 
treated with IFNα or IFNβ were significantly decreased 24 
and 48 h post-IFN treatment (Fig. 1A). NS5A levels were 
profoundly reduced in alisporivir-treated cells compared to 
untreated cells (Fig. 1A), further suggesting that the CypI 
alisporivir, by interfering with viral RNA replication, 
suppresses the expression and production of HCV proteins 
such as NS5A. We obtained similar results for the HCV core 
(data not shown). We then looked at the expression of the 
non-phosphorylated form of PKR, also called the inactive 
form of PKR. A significant level of inactive/non-
phosphorylated PKR pre-existed in JFH-1-infected cells and 
both IFNα and IFNβ increased its expression, whereas 
alisporivir alone had no effect (Fig. 1A). This confirms that 
PKR is an IFN-inducible protein and suggests that CypA 
neutralization does not regulate the expression of the 
inactive/non-phosphorylated form of PKR in an established 
infection. Importantly, we found that IFNα and IFNβ greatly 
promoted the levels of phosphorylated PKR, the active form 
of PKR 24 and 48 h post-IFN treatment (Fig. 1A). Remark-
ably, alisporivir prevented the IFN-mediated activation/phos-
phorylation of PKR (Fig. 1A). The IFN induction as well as 
the alisporivir-mediated inhibition of PKR activation appears 
to be specific for components of the innate response such as 
NF-κB, eIF2, its phosphorylated form (phospho-eiF2), IRF3 
and IRF9 as well as STAT2 were not altered by alisporivir 
(Fig. 1A). Altogether these results demonstrate that CypA 
inhibition by alisporivir markedly decreases the IFN-induced 
activation/phosphorylation of PKR. These data provide the 
first link between HCV, CypA and PKR. 
 We then asked whether similar results can be observed 
using a subgenomic JFH-1 replicon. Similarly to the 
infectious genomic HCV replicon, we found that IFN up-
regulates the expression of PKR in cells replicating the 
subgenomic replicon (Fig. 1B). As for the genomic HCV 
replicon, we found that alisporivir prevents the IFN-induced 
activation/phosphorylation of PKR, has no effect of the 
expression of inactive/non-phosphorylated PKR and 
decreases the expression of HCV proteins such as NS5A 
(Fig. 1B). We obtained similar results for subgenomic 
replicons from other genotypes (1b, 3a and 4a) (data not 
shown). These data indicate that HCV structural proteins are 
not necessary for the activation of IFN-induced PKR by IFN. 
 We also examined whether the alisporivir impact on the 
inhibition of PKR activation is IFN concentration-dependent.  
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HCV-infected cells were treated with increasing concentrate-
ions of IFNα (from 100 to 2700 U/mL). We found that a low 
concentration of IFNα (100 U/mL) sufficed to increase the 
expression of inactive/non-phosphorylated PKR, whereas an 
intermediate concentration of IFNα (300 U/mL) gave the 
most profound activation of PKR (data not shown). 
Alisporivir reduced the IFN-mediated activation of PKR 
independently of the IFN dose (data not shown). We 
obtained similar results for IFNβ (type I), IFNγ (type II) and 
IFNλ (type III) (data not shown), suggesting that alisporivir 
prevents the activation of PKR independently of the type of 
IFN used for induction. 

Any CypI Prevents the Activation of IFN-Induced PKR 

 We showed above that the treatment of HCV-infected 
cells with the CypI alisporivir suppresses PKR activation/ 
phosphorylation. We then asked whether this inhibition is 
specific to alisporivir or is mediated by any CypI. There are 
two main classes of CypI - i) cyclosporine A and derivates 
and ii) sanglifehrins and derivates – that both target the iso-
merase pocket of CypA. We chose cyclosporine A, the two 
non-immunosuppressive cyclosporine A analogs – alispori-
vir and NIM-811 – and sangliferins A and B. We employed 
the same experimental design as above except that we used 
IFNα exclusively and lysed HCV-infected cells 24 h post-
IFN treatment. All CypI significantly decreased NS5A 
levels, but did not affect the IFN-induced expression of 
inactive/non-phosphorylated PKR (Fig. 1C). However, each 
CypI efficiently suppressed PKR activation/phospho-rylation  
 

(Fig. 1C). These data suggest that inhibition of CypA 
prohibits the activation of IFN-induced PKR in HCV-
infected cells. 

DAAs Also Block PKR Activation 

 We then asked whether anti-HCV agents other than CypI 
such as DAAs also modulate the activation of PKR. 
Specifically, we tested the effect of the protease inhibitors 
boceprevir and telaprevir as well as the NS5A inhibitor 
daclatasvir. We used as positive control the CypI alisporivir 
and as negative control the HIV-1 reverse transcriptase 
inhibitor emtricitabine. All anti-HCV agents were potent. 
Indeed alisporivir, boceprevir, telaprevir and daclatasvir, but 
not the HIV-1 agent emtricitabine, suppressed the expression 
of HCV proteins such as NS5A (Fig. 2). Examination of 
calnexin levels showed that similar amounts of cell lysates 
were analyzed (Fig. 2). IFN elevates the expression of 
inactive/non-phosphorylated PKR and all inhibitors have no 
effect on it (Fig. 2). Similarly, IFN enhances the 
phosphorylation of STAT1 that is not influenced by the 
inhibitors (Fig. 2). Most importantly, we found that all anti-
HCV agents - alisporivir, boceprevir, telaprevir and daclatas-
vir – but not the HIV-1 inhibitor emtricitabine, prevent PKR 
activation/phosphorylation (Fig. 2). This finding is critical 
because it demonstrates that the inhibition of PKR activation 
is not unique to CypI, but is shared by any anti-HCV agents. 
 The latter finding led us to postulate that there is a direct 
correlation between PKR activation and viral replication. To 
test this hypothesis, we conducted similar experiments in  
 

 
Fig. (1). CypI prevent IFN-induced PKR activation in HCV-infected cells. (A) Schematic diagram of genomic JFH-1 replicon used is 
depicted. JFH-1-infected Huh7.5.1 cells were treated with or without the CypI alisporivir (ALV) or NIM811, and subsequently treated with 
IFNα or β for 24 or 48 h. Cells were then lysed and analyzed for their content in viral and host proteins by Western blotting. (B) Schematic 
diagram of subgenomic JFH-1 replicon used is depicted. Same as (A) except that JFH-1 subgenomic replicon cells were used and treated 
with IFNα for 24 h. (C) Same as (A) except that JFH-1-infected Huh7.5.1 cells were treated with a panel of CypI as well as with or without 
IFNα for 24 h. Results are representative of 3-5 independent experiments. 
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Fig. (2). The PKR activation block is not unique to CypI, DAAs 
also prevent the IFN-induced PKR activation in HCV-infected 
cells. Same as (Fig. 1c) except that JFH-1-infected Huh7.5.1 cells 
were treated with or without CypI (cyclosporine A and alisporivir), 
DAAs (the HCV NS5A inhibitor daclatasvir and the HCV protease 
inhibitor telaprevir) and an HIV-1 inhibitor (reverse transcriptase 
inhibitor emtricitabine). Results are representative of 4 independent 
experiments. 

both non-infected and HCV-infected cells. We chose as anti-
HCV agents – alisporivir, the NS5A inhibitor daclastavir and 
the NS5B polymerase inhibitor sofosbuvir. We first found 
that IFN enhances similarly (~10-fold) the expression of 
inactive/non-phosphorylated PKR in infected and non-
infected cells (Fig. 3A). In the absence of IFN, PKR levels in 
infected cells were slightly superior to those in non-infected 
cells (~2-fold), suggesting that HCV replication in Huh7.5.1 
cells up-regulates PKR expression (Fig. 3A). In contrast to 
HCV-infected cells, we found that IFN fails to trigger PKR 
activation/phosphorylation in non-infected cells (Fig. 3A)  
(~ 12-fold difference), suggesting that the presence of the 
virus is required for optimal PKR activation. As above, we 
found that all anti-HCV agents prevent PKR activation/ 
phosphory-lation in infected cells (5-6-fold decrease) and 
have no effect on the expression of inactive/non-phospho-
rylated PKR (Fig. 3A). The expression of non-phospho-
rylated and phosphorylated STAT1 is similarly up-regulated 
by IFN in infected and non-infected cells (~13-fold increase) 
(Fig. 3A). Moreover, anti-HCV agents have no effect on the 
IFN-induced expression of non-phosphorylated and phos-
phorylated STAT1 (Fig. 3A). As expected alisporivir, dacla-
stavir, sofosbuvir and IFN, by inhibiting JFH-1 replication, 
decrease NS5A expression (Fig. 3A). Together, these findi-
ngs suggest that the IFN-mediated activation occurs only for 
specific components of the IFN response during an esta-
blished infection. 

Suppression of HCV Replication Precludes PKR 
Activation 

 Previous work suggested that the recognition of dsRNA 
by PKR induces its dimerization and activation by 
autophosphorylation [52]. Moreover, Targett-Adams et al. 
nicely showed that the replication of the HCV genome 
involves the generation of dsRNA replicative intermediates 
[53]. Based on these observations, we postulated that PKR  
 

activation/phosphorylation depends on the accumulation of 
HCV dsRNA during viral replication. In this scenario, 
blocking HCV replication by CypI or DAAs should suppress 
viral dsRNA accumulation and therefore PKR activation. To 
test this hypothesis, we took advantage of poly I:C, a 
structurally synthetic analog of dsRNA [54]. Poly I:C 
triggers PKR activation/phosphorylation in non-infected 
cells (Fig. 3B), suggesting that PKR recognizes the dsRNA 
mimic and that this recognition mediates its activation/ 
phosphorylation. The degree of PKR activation by poly I:C 
was less profound than that by HCV, but was nevertheless 
significant (Fig. 3B). In contrast to the HCV-mediated PKR 
activation/phosphorylation, alisporivir did not suppress the 
poly I:C-mediated PKR activation/phosphorylation (Fig. 
3B). This is in agreement with our hypothesis of work that 
inhibiting HCV replication prevents viral dsRNA accumulat-
ion and therefore precludes PKR activation/phosphorylation. 

DISCUSSION 

 In this study, we investigated the possibility that CypI 
specifically modulate the IFN response to HCV. We first 
found that the CypI alisporivir prevents PKR 
activation/phosphorylation in IFNα-treated HCV-infected 
cells. The inhibitory effect was also observed using type II 
and III IFNs as well as subgenomic replicon cells. We found 
that several CypI and various DAAs including protease, 
polymerase and NS5A inhibitors all suppress the IFN-
mediated PKR activation/phosphorylation in HCV-infected 
cells. Moreover, we showed that IFN does not trigger PKR 
activation/phosphorylation in cells lacking HCV. We also 
found that the dsRNA mimic poly I:C can substitute HCV 
for PKR activation/phosphorylation and that anti-HCV 
agents fail to prevent this activation. Based on these 
findings, we propose the following model (Fig. 4). IFN 
enhances the expression of the inactive/non-phosphorylated 
form of PKR. Newly expressed inactive PKR molecules 
recognize and bind to HCV dsRNA intermediates, which 
accumulate in the cytoplasm during viral replication when 
cells are cultured in the absence of anti-HCV agents. The 
binding of PKR to HCV dsRNA at the IRES [46] mediates 
PKR dimerization and autophosphorylation. In the presence 
of anti-HCV agents, viral replication is stopped and HCV 
dsRNA accumulation suppressed. In the absence of HCV 
dsRNA, no PKR activation/phosphorylation can occur. 
 Our model is in accordance with previous work of 
Thomis and Samuel who demonstrated using a mixture of 
wild-type and kinase-deficient PKR (K296R) proteins that 
PKR can be autophosphorylated in an intermolecular manner 
[55]. This model is also in accordance with recent studies 
from the Chisari and the Meurs labs, which elegantly 
demonstrated that early HCV infection not only triggers 
PKR induction and activation, but also attenuates the 
induction of ISG protein expression despite normal induction 
of ISG mRNAs [56, 57]. Moreover, they showed that when 
PKR expression is down-regulated by shRNA in IFN-treated 
infected cells, ISG protein induction is restored to normal 
levels and IFN antiviral effect is enhanced. Our findings, 
which are in accordance with those observations, further 
suggest that HCV exploits PKR activation to counteract the 
IFN response by preferentially suppressing the translation of 
ISGs, at least in the JFH-1 cell culture infection system. 
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 Watashi et al. presented their recent findings both at the 
2013 European Association for the Study of the Liver 
(EASL) Congress (Amsterdam, Netherlands) and the 2013 
20th International Symposium on HCV and Related Viruses 
(Melbourne, Australia), suggesting a novel regulation 
mechanism of IFN signaling by CypA in HCV-infected cells 
[58, 59]. They confirmed published results from the Chisari 
and the Meurs labs showing that ISG protein expression 
induction is attenuated during HCV infection [56, 57]. 
Interestingly, Watashi et al. found that the CypI SCY-635, 
but not the protease inhibitor telaprevir, restores the IFN-
mediated up-regulation of ISG proteins and prevents PKR 
activation/phosphorylation. Since the effect of telaprevir was 
different from that of the CypI SCY-635, they concluded that 

the restoration of ISG protein up-regulation as well as the 
inhibition of PKR activation do not result from the sup-
pression of HCV replication. Based on these findings, they 
proposed that CypI exert two distinct anti-HCV activities: an 
antiviral activity that suppresses viral replication directly, 
i.e., rupture of NS5A-CypA interactions, and another that 
inhibits viral replication indirectly, via the IFN signaling. 
Our present results are apparently conflicting since we 
convincingly demonstrated that any anti-HCV agents - CypI, 
protease (telaprevir and boceprevir), polymerase (sofosbuvir) 
and NS5A (daclatasvir) inhibitors – all prevent PKR acti-
vation and suppress HCV replication. We originally thought 
that this discrepancy originated from the use of different 
Huh7 cell lines since Watashi et al. used Huh7 cells and that 

 
Fig. (3). Suppression of HCV replication and/or dsRNA accumulation correlate with the preclusion of PKR activation. (A) Non-
infected or JFH-1-infected Huh7.5.1 cells were treated with or without the CypI alisporivir, the HCV NS5A inhibitor daclatasvir or the HCV 
NS5B polymerase inhibitor sofosbuvir and subsequently treated with IFNα for 24 h. Cells were then lysed and analyzed for their content in 
viral and host proteins by Western blotting. (B) Non-infected cells were treated with the dsRNA mimic poly I:C (50 µg/mL) at the time of 
the cell plating, treated with or without the CypI alisporivir and IFNα 24 and 48 h post-cell plating, respectively. Cells were lysed 72 h post-
cell plating and analyzed for their content in viral and host proteins by Western blotting. Results are representative of 3 independent 
experiments. 
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the data presented here were generated using Huh7.5.1 cells. 
However, we conducted similar experiments with Huh7.5 
and Huh7 cells and obtained comparable results (data not 
shown to avoid redundancy). The main reason why we 
present only data obtained using Huh7.5.1 cells created by 
the Chisari lab (49) is because this cell line is uniquely 
design to recapitulate all HCV infection and replication 
events that occur in hepatocytes. JFH-1-transfected Huh7.5.1 
cells release up to 105 focus-forming units per mL. This 
number is 50-fold higher as compared to Huh7 cells. The 
difference appears to be due in part to higher permissiveness 
of Huh7.5.1 cells. Several features may explain this high 
permissiveness: i) Huh7.5.1 cells have a defect in the RIG-I 
pathway, making them less responsive to intracellular viral 
dsRNA; ii) they may express more numerous or “adequate” 
cell surface receptors mediating more efficacious HCV 
attachment and entry; or iii) virus assembly and budding is 
more effective in these cells. 
 Our study, which demonstrates that IFN fails to trigger 
PKR activation in non-infected cells and that both CypI and 
DAAs block PKR activation in HCV-infected cells, strongly 
supports the concept that suppression of viral replication 
results in the prohibition of the activation of IFN-mediated 
PKR during an established HCV infection. Our data also 
suggest that CypI in this experimental in vitro HCV 
infectivity design do not exert an action distinct from that of 
DAAs, at least in terms of IFN-induced PKR activation. 
 In conclusion, our study indicates that CypI do not have a 
unique effect on PKR activation, but rather the suppression 

of HCV replication by any anti-HCV agents, abrogates PKR 
activation. It also suggests that HCV exploits its dsRNA 
intermediates to trigger PKR activation that leads to 
suppression of translation of potentially antiviral ISGs that 
would otherwise endanger its survival. This study may also 
suggest that HCV hijacks PKR from the cellular antiviral 
machinery to weaken both the IFN-mediated antiviral 
response and IFN induction itself. Nevertheless, further work 
is required to determine whether PKR activation by HCV 
plays both a proviral and antiviral role during the IFN 
response depending on the phase of the infection (i.e., early 
versus established infection). It is important to re-emphasize 
that in this experimental infection cell culture system, IFN 
inhibits HCV replication despite PKR activation. We thus do 
not know at this stage whether the IFN-induced and HCV-
dependent PKR activation is beneficial or detrimental to the 
virus. It would be extremely interesting to examine the 
degree of hepatic PKR expression and activation in HCV-
infected patients prior to, during and after either an IFN 
treatment or an IFN-free regimen composed of a 
combination of DAAs and CypI. 

ABBREVIATIONS 

CypA = Cyclophilin A 
CypI = Cyclophilin inhibitors 
DAA = Direct-acting antivirals 
dsRNA = Double-stranded RNA 
IFNα = Interferon α 

 
Fig. (4). Model for the effect of CypI and DAAs on the HCV-dependent activation of IFN-induced PKR. (Left) HCV replication in 
hepatoma cells leads to an accumulation of dsRNA intermediates. During this established infection, PKR is slightly expressed and activated. 
In response to IFN, infected cells overexpress the inactive form of PKR, which is subsequently activated/phosphorylated upon the 
recognition of and binding to viral dsRNA. (Right) The addition of anti-HCV agents either CypI or DAAs stops viral dsRNA accumulation 
resulting in the prevention of the activation of IFN-induced PKR. 
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RBV = Ribavirin 
GT = Genotype 
HTA = Host-targeting antivirals 
ISGs = IFN-stimulated genes 
eIF22 = Eukaryotic initiation factor 2 
PKR = Protein kinase R 
ISDR = IFN sensitivity-determining region 
IRES = Internal ribosome entry site 
poly I:C = Polyinosinic:polycytidylic acid 
NPT II = Neomycin phosphotransferase II 
IRF = IFN regulatory factor 
NF-κB = Nuclear factor kappa-light-chain-enhancer of  
   activated B cells 
OAS1 = Oligoadenylate synthetase 1 
STAT = Signal Transducer And Activator Of  
   Transcription 
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