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Cyclosporine A and nonimmunosuppressive cyclophilin
(Cyp) inhibitors such as Debio 025, NIM811, and SCY-635 block
hepatitis C virus (HCV) replication in vitro. This effect was
recently confirmed in HCV-infected patients where Debio 025
treatment dramatically decreased HCV viral load, suggesting
that Cyps inhibitors represent a novel class of anti-HCV agents.
However, it remains unclear how these compounds control
HCYV replication. Recent studies suggest that Cyps are impor-
tant for HCV replication. However, a profound disagreement
currently exists as to the respective roles of Cyp members in
HCYV replication. In this study, we analyzed the respective con-
tribution of Cyp members to HCV replication by specifically
knocking down their expression by both transient and stable
small RNA interference. Only the CypA knockdown drastically
decreased HCV replication. The re-expression of an exogenous
CypA escape protein, which contains escape mutations at the
small RNA interference recognition site, restored HCV replica-
tion, demonstrating the specificity for the CypA requirement.
We then mutated residues that reside in the hydrophobic pocket
of CypA where proline-containing peptide substrates and cyclos-
porine A bind and that are vital for the enzymatic or the hydropho-
bic pocket binding activity of CypA. Remarkably, these CypA
mutants fail to restore HCV replication, suggesting for the first
time that HCV exploits either the isomerase or the chaperone
activity of CypA to replicate in hepatocytes and that CypA is the
principal mediator of the Cyp inhibitor anti-HCV activity. More-
over, we demonstrated that the HCV NS5B polymerase associates
with CypA via its enzymatic pocket. The study of the roles of Cyps
in HCV replication should lead to the identification of new targets
for the development of alternate anti-HCV therapies.

Hepatitis C virus (HCV)? is the main contributing agent of
acute and chronic liver diseases worldwide (1). Primary infec-
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tion is often asymptomatic or associated with mild symptoms.
However, persistently infected individuals develop high risks
for chronic liver diseases such as hepatocellular carcinoma and
liver cirrhosis (1). The combination of IFN« and ribavirin that
serves as current therapy for chronically HCV-infected patients
not only has a low success rate (about 50%) (2) but is often
associated with serious side effects (2). There is thus an urgent
need for the development of novel anti-HCV treatments (2).

The immunosuppressive drug cyclosporine A (CsA) was
reported to be clinically effective against HCV (3). Controlled
trials showed that a combination of CsA with [FN« is more
effective than IFN« alone, especially in patients with a high viral
load (4, 5). Moreover, recent in vitro studies provided evidence
that CsA prevents both HCV RNA replication and HCV pro-
tein production in an IFNa-independent manner (6 -10). CsA
exerts this anti-HCV activity independently of its immunosup-
pressive activity because the nonimmunosuppressive Cyp
inhibitors such as Debio 025, NIM811, and SCY-635 also block
HCV RNA and protein production (9, 11-14). Unlike CsA,
these molecules do not display calcineurin affinity and specifi-
cally inhibit the peptidyl-prolyl cis-trans-isomerase (PPlase)
Cyps. Most importantly, recent clinical data demonstrated that
Debio 025 dramatically decreased HCV viral load (3.6 log
decrease) in patients coinfected with HCV and HIV (15). This
14-day Debio 025 treatment (1200 mg orally administered
twice daily) was effective against the three genotypes (geno-
types 1, 3, and 4) represented in the study. More recently, the
anti HCV effect of Debio 025 in combination with peginter-
feron a 2a (peg-IFNa2a) was investigated in treatment-inexpe-
rienced patients with chronic hepatitis C. Debio 025 (600 mg
administered once daily) in combination with peg-IFNa2a (180
pg/week) for 4 weeks induced a continuous decay in viral load
that reached —4.61 * 1.88 IU/ml in patients with genotypes 1
and 4 and —5.91 = 1.11 IU/ml in patients with genotypes 2 and
3 at week 4 (16). The Debio 025 findings are critical because
they suggest that Cyp inhibitors represent a novel class of anti-
HCV agents. However, it remains unclear how these com-
pounds control HCV replication. The fact that several recent
studies using small RNA interference knockdown approaches
suggest that Cyps are critical for the HCV life cycle (9, 17, 18)
strongly implies that there is a direct or indirect link between
the CsA- and CsA derivative-mediated inhibitory effect on
HCV replication and host Cyps.

The discovery 20 years ago of the first cellular protein show-
ing PPIase activity (19) was entirely unrelated to the discovery
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of CypA as an intracellular protein possessing a high affinity for
CsA (20). It is only a few years later that Fischer et al (21)
demonstrated that the 18-kDa protein with PPlase activity and
CypA represent a single unique protein. All Cyps contain a
common domain of 109 amino acids, called the Cyp-like
domain, which is surrounded by domains specific to each Cyp
members and which dictates their cellular compartmentaliza-
tion and function (22). Bacteria, fungi, insects, plants, and
mammals contain Cyps, which all have PPIase activity and are
structurally conserved (22). To date, 16 Cyp members have
been identified, and 7 of them are found in humans: CypA,
CypB, CypC, CypD, CypE, Cyp40, and CypNK (22).

Although there is a growing body of evidence that Cyps con-
trol HCV replication in human hepatocytes, a major disagree-
ment currently exists on the respective roles of Cyp members in
HCV replication. One study suggests that CypB, but not CypA,
is critical for HCV replication (17), another suggests that CypA,
but not CypB and CypC, is critical for HCV replication (18), and
a third study suggests that three Cyps, CypA, B, and C, are all
required for HCV replication (9). Thus, although it becomes
evident that Cyps serve as HCV co-factors, their respective con-
tributions and roles in the HCV life cycle remain to be deter-
mined. An understanding of the mechanisms that control the
Cyp inhibitor-mediated anti-HCV effect is imperative because
it will provide new alternate anti-HCV therapies and shed light
on the still poorly understood early and late steps of the HCV
life cycle.

EXPERIMENTAL PROCEDURES

Cells and Drugs—Huh7 cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum and antibiotics. CsA (Sigma) was prepared in dimethyl
sulfoxide at 10 mg/ml and diluted in tissue culture medium
for each experiment to 2.5 um. Debio 025 (gift from Debio-
pharm, Lausanne, Switzerland) was prepared in ethanol at 10
mM and diluted further in tissue culture medium to 2 um for
each experiment.

HCV RNA Replication—Ten micrograms of in vitro tran-
scribed genomic Conl RNA was electroporated into Huh-7
cells. At the indicated time points, intracellular HCV RNA was
analyzed via reverse-transcription quantitative polymerase
chain reaction and presented as genome equivalents/micro-
gram total RNA as described previously (23). The primers for
reverse-transcription quantitative polymerase chain reaction
were: HCV, 5'-ATGGCGTTAGTATGAGTGTC-3" (sense)
and 5'-GGCATTGAGCGGGTTGATC-3' (antisense); glycer-
aldehyde 3-phosphate dehydrogenase, 5'-GAAGGTGAAGG-
TCGGAGTC-3’ (sense), and 5'-GAAGATGGTGATGGGAT-
TTC-3' (antisense).

Small RNA Interference Knockdown—Annealed duplex
siRNA oligonucleotides contained a 3'-dTdT overhand (Qia-
gen). siRNA target sequences were: AAGGGTTCCTGCTT-
TCACAGA for CypA; AAGGTGGAGAGAGCACCAAGACA
for CypB; GTGACATCACCACTGGAGATG for CypC; AAC-
CTGCTAAATTGTGCGTTA for CypD; and AATTCTC-
CGAACGTGTCACGT for control. The cells were transfected
with 100 nM siRNA using Lipofectamine 2000 (Invitrogen). For
effect of siRNA Cyp knockdown on HCV RNA replication, the
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cells were transfected with siRNA Cyp and then retransfected
24 h later. An HIV-1-based lentiviral vector was used to express
all Cyp shRNA as described previously (24). The Cyp target
sequences are the same as those indicated just above. Lentiviral
particles production and transduction was conducted as
described previously (24). Generation of stable Cyp knockdown
celllines was obtained after 3 weeks under puromycin (1 pg/ml)
selection. All of the cell lines were tested for mycoplasm con-
tamination, which may nonspecifically interfere with HCV rep-
lication. To restore CypA expression in Huh7 CypA knock-
down cells, a CypA cDNA bearing silent mutations that render
it nontargetable by the CypA shRNA was subcloned into
pcDNA3 with HindIII and NotlI sites to generate pcDNA3-
resistant wild-type CypA, which contains an N-terminal HA
tag. Using pcDNA3-resistant wild-type CypA as template, we
engineered two plasmids carrying either the H126Q
(pcDNA3-resistant H126QQ CypA) or the R55A (pcDNA3-
resistant R55A CypA) mutation in the hydrophobic pocket of
CypA that disallows its isomerase activity (25).

Western Blotting—Parental or subgenomic HCV Conl-con-
taining Huh?7 cells (1 million) treated with or without siRNA or
shRNA targeting Cyps were trypsinized and washed twice with
10 ml of sterile phosphate-buffered saline and lysed for 30 min
on ice in 100 ul of lysis buffer (10 mm NaCl, 10 mm Tris, pH 7.4,
0.5% Nonidet P-40, 1X protease inhibitors). The lysates were
cleared via centrifugation at 14,000 rpm for 10 min in a micro-
centrifuge. Supernatants (70 ul) were collected and protein
concentration of cell lysates measured with a Coomassie-based
Bio-Rad kit. The cell lysates were then subjected to Western
blotting with antibodies to CypA (26), CypB (Zymed Laborato-
ries Inc.), CypC (Protein Tech Group, Inc.), CypD (Calbio-
chem), NS5A (ViroStat), and NS5B (Alexis Biochemicals).
Amido Black staining of the membranes confirmed that the
loading of samples had been properly normalized. The cel-
lular expression of resistant wild-type, H126Q, or R55A
CypA proteins was verified by Western blotting using
anti-HA antibodies (The Scripps Research Institute (TSRI),
Antibody Core Facility).

Virus Infection and Replication—For HIV-1 infection, Cyp
knockdown Huh7 cells lines were infected with HIV-1-GFP
(NL4.3 virus encoding the GFP gene and pseudotyped with the
vesicular stomatitis virus G envelope protein) (generous gift
from C. Aiken and D. Gabuzda). Forty-eight hours post-infec-
tion, intracellular GFP levels were quantified by FACS. For
HSV-1 infection, Cyp knockdown Huh7 cells lines were
infected with HSV-1-GFP (K26GFP virus encoding the GFP
gene) (generous gift from P. Desai). Forty-eight hours post-
infection, intracellular GFP levels were quantified by FACS. For
Dengue infection, Cyp knockdown Huh7 cells lines were
infected with Dengue-2 (Dengue-2 16681) (generous gift from
R. Kinney). Dengue-2 infection was examined using an intra-
cellular FACS staining assay (IFSA). Briefly, IFSA was con-
ducted as described previously (27, 28) with minor modifica-
tions. Three days post-infection, the cells were washed,
trypsinized, resuspended in PBS at 1 X 10°/ml, and fixed with
0.2% paraformaldehyde in PBS for 30 min on ice. The cells were
washed, permeabilized in PBS containing 0.2% Tween for 15
min at 37 °C, washed, and resuspended in FACS buffer (PBS
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FIGURE 1. Respective contribution of Cyp members to HCV replication. A, Huh7 cells containing the sub-
genomic HCV Con1 replicon were transfected with an irrelevant control siRNA or siRNAs that target CypA
(siRNA CypA), CypB (siRNA CypB), CypC (siRNA CypC), or CypD (siRNA CypD). The cells were washed 24 h
post-transfection. Seven days post-transfection, the cells were collected an dialyzed. To ensure that the siRNA
treatments did not nonspecifically influence growth and viability of transfected hepatocytes, the cells were
counted and analyzed for trypan blue uptake at the time of collection. The cell lysates were standardized for
protein content and analyzed for Cyp content by Western blot using antibodies directed against CypA, CypB,
CypC, or CypD. B, same as A except that cell lysates were analyzed for HCV protein expression using antibodies
directed against NS5A and NS5B. C, naive Huh7 cells were electroporated with 10 ug of in vitro transcribed
genomic Con1 RNA. Twenty-four hours post-HCV RNA electroporation, the cells were transfected with siRNA
Cyp and then retransfected 24 h later. At the indicated time points, intracellular HCV RNA was analyzed via
reverse-transcription quantitative polymerase chain reaction and presented as genome equivalents (GE)/ug of

total RNA.

containing 2% fetal bovine serum). For intracellular staining,
the cells (10°) were incubated for 30 min at 4 °C with 10 ug/ml
of isotype controls, mouse monoclonal anti-Dengue capsid 9A7
IgG (TSRI, Antibody Core Facility). Cell permeabilization was
confirmed by staining cells with mouse anti-tubulin IgG (Santa
Cruz Biotechnologies). The cells were washed, incubated with
secondary phycoerythrin-conjugated anti-mouse IgG (10
pg/ml) for 30 min at 4 °C, washed again, resuspended in PBS,
fixed in 2% paraformaldehyde, and stored at 4 °C until FACS
analysis. For HCV replication, Cyp knockdown Huh7 cells lines
were electroporated with 10 ug of in vitro transcribed genomic
Conl RNA. Seven days post-transfection, HCV infection was
quantified by measuring intracellular NS5B levels by IFSA
using anti-NS5B IgG (Alexis Biochemicals).

CypA Binding to HIV-1 Gag in Hepatocytes—CypA-HIV-1
Gag interaction was studied by examining the incorporation of
host CypA into budding HIV-1 particles by Western blot.
Briefly, HIV-1 particles were transiently expressed in Huh?7
cells by GeneJuice (EMD Biosciences) transfection with a mix-
ture of 5 ug of proviral HIV-1 (NL4.3) DNA together with 5 ug
of CypA plasmids (pcDNA3-resistant wild-type, H126Q, and
R55A plasmids). Viral supernatants, harvested 48 h post-trans-
fection, were filtered through a 0.2-um-pore size filter to
remove cellular debris, pelleted through a sucrose cushion,
standardized for HIV-1 capsid content by p24 enzyme-linked
immunosorbent assay (Alliance, PerkinElmer), resuspended in
2X sodium dodecyl sulfate loading buffer, and subjected to
Western blotting with antibodies directed against the HA tag.

Co-immunoprecipitations—Parental Huh7 cells (3 million)
were co-transfected with NS5B-Myc (5 ug of DNA) and wild-
type CypA-HA or H126Q CypA-HA (5 ug of DNA) plasmids in
the presence or absence of Debio 025 (2 um). Three days
post-transfection, the cells were collected and lysed. The cell
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bution of Cyp Members to HCV Rep-
lication by Transient Small RNA
Interference—Previous studies sug-
gested that at least three members
of the Cyp family, CypA, CypB, and
CypC, modulate HCV replication
(9, 17, 18). We thus examined
whether HCV exploits all of these
Cyp members or rather a unique
Cyp member to efficiently replicate
in human hepatocytes. To address
this issue, we knocked down each of
these Cyps by transient siRNA interference and examined the
effect of the Cyp knockdown on HCV replication. Specifically,
Huh7 cells containing the subgenomic HCV Conl replicon
(genotype 1b) were transfected with siRNAs that target either
luciferase (control siRNA), CypA (CypA siRNA), CypB (CypB
siRNA), CypC (CypC siRNA), or CypD (CypD siRNA). To
avoid siRNA toxicity, the cells were washed 24 h post-transfec-
tion. Seven days post-transfection, the cells were collected and
lysed. To ensure that the siRNA treatments did not nonspecifi-
cally influence growth and viability of transfected hepatocytes,
the cells were counted and analyzed for trypan blue uptake 7
days post-transfection. We exclusively analyzed the lysates of
cells, which gave numbers of viable cells comparable with those
of control siRNA-treated cells. The cell lysates were standard-
ized for protein content and analyzed for Cyp content by West-
ern blot using antibodies directed against CypA, CypB, CypC,
or CypD.

The expression of each Cyp was profoundly reduced by
siRNAs Cyp compared with siRNA control (Fig. 14), demon-
strating the efficacy of the siRNA treatments. Moreover, siRNA
Cyp treatments were specific because each siRNA Cyp treat-
ment did not alter the expression of the other Cyps (Fig. 14).
For example, the siRNA, which targeted CypA, did not influ-
ence CypB, CypC, or CypD expression (Fig. 14). Importantly,
transient CypB, CypC, or CypD knockdown did not signifi-
cantly influence HCV protein expression. Indeed, NS5A and
NS5B levels in siRNA CypB-, CypC-, and CypD-treated hepa-
tocytes were similar to those of control siRNA-treated cells
(Fig. 1B), suggesting that these Cyps play no or a minor role in
HCV protein expression. In sharp contrast, NS5A and NS5B
levels were profoundly diminished in hepatocytes treated with
the siRNA CypA (Fig. 1B), demonstrating that CypA, rather
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FIGURE 2. HCV, like HIV-1, requires host CypA to fully replicate in human cells. A, naive Huh7 cells were transduced with an vesicular stomatitis virus
G-pseudotyped HIV-1-based vector containing an irrelevant control shRNA or shRNAs that target CypA, CypB, or CypC. Transduced cells were selected for 7
weeks under puromycin (1 ug/ml). Stable cell lines were analyzed for CypA, CypB, and CypC content by Western blotting. B, stable Cyp-KD cell lines were
electroporated with 10 ug of in vitro transcribed genomic Con1 RNA. At the indicated time points, intracellular HCV RNA was analyzed via reverse-transcription
quantitative polymerase chain reaction and presented as genome equivalents (GE)/ g of total RNA. C, top panels, Cyp-KD cells lines were exposed to cell-free
vesicular stomatitis virus G-HIV-1-GFP (left panel) or HSV-1-GFP (right panel) at a multiplicity of infection of 0.1. Forty-eight hours post-infection, the percentage
of GFP-positive cells was quantified by FACS. Bottom left panel, cells were exposed to cell-free Dengue-2 (multiplicity of infection of 0.1). Three days post-
infection, Dengue-2 infection was quantified by measuring the amounts of intracellular Dengue-2 capsid using an IFSA. Bottom right panel, Cyp-KD cells lines
were electroporated with 10 ug of in vitro transcribed genomic Con1 RNA. Seven days post-transfection, HCV infection was quantified by measuring the
amounts of intracellular HCV NS5B. The data are expressed as percentages of infected cells (GFP-, capsid-, or NS5B-positive cells) by fixing arbitrary infection of
parental cells at 100. The results are representative of three independent experiments.

than CypB, CypC, and CypD, plays a major role in HCV protein
expression.

We then asked whether CypA, but not other Cyp members, is
also critical for HCV RNA replication. To address this issue,
naive Huh7 cells were electroporated with in vitro transcribed
genomic Conl RNA. One day post-electroporation, the cells
were transfected with control or siRNA Cyp as described above.
Viral RNA replication was monitored for 8 days by analyzing
intracellular HCV RNA via reverse-transcription quantitative
polymerase chain reaction as described previously (23). We
verified that the expression of CypA, CypB, CypC, and CypD
was knocked down via the Cyp siRNA treatment 8 days post-
electroporation (data not shown). We found that the HCV RNA
replication in hepatocytes treated with siRNA CypC and CypD
was comparable with that in siRNA control-treated cells,
whereas the viral RNA replication in siRNA CypB was only
slightly diminished (Fig. 1C). In contrast, viral RNA replication
was profoundly attenuated in the siRNA CypA-treated cells
(Fig. 1C). Altogether these data suggest that CypA, but not
CypB, CypC, and CypD, represents an essential host factor for
both HCV RNA replication and HCV protein expression.

Demonstration of the Exclusive Contribution of CypA to HCV
Replication by Stable Small RNA Interference—The introduc-
tion of siRNA into cultured cells provides a fast and efficient
means of knocking down gene expression. However, siRNA has
been shown to be effective for only short term gene inhibition in
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certain mammalian cells. Supporting this notion, we found that
although Cyp expression was dramatically reduced 5-7 days
after siRNA transfection, Cyp expression recovered 9 or 10 days
post-siRNA transfection (data now shown). Even a slight
rebound in Cyp protein expression may interfere with the inter-
pretation of the data. To avoid this issue, we conducted exper-
iments similar to those described above but using shRNA to
stably silence Cyp gene expression. We constructed plasmids
encoding shRNA that target CypA, CypB, or CypC. As above,
we constructed as control a plasmid that encodes an shRNA
that targets luciferase. Plasmids were packaged into HIV-1-
based particles pseudotyped with the vesicular stomatitis virus
G envelope to permit entry into and infection of hepatocytes.
The advantage of using the HIV-1-based vector is that the DNA
encoding the shRNA will be stably integrated into the host
chromosomes of the hepatocytes. Parental Huh7 cells were
exposed to the HIV-1-based particles for 24 h, cultured under
puromycin selection for 3 or 4 weeks, and analyzed for Cyp
content by Western blot. As expected, CypA, CypB, and CypC
levels in shRNA Cyp-transduced cells were severely reduced
compared with control shRNA-treated cells (Fig. 24).

We then tested the Cyp knockdown (KD) cell lines for their
capacities to support HCV RNA replication as described above.
Importantly, the HCV RNA replication was only profoundly
reduced in the stable CypA-KD cell line (Fig. 2B), further sug-
gesting that CypA, but not CypB, CypC, and CypD, is essential
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FIGURE 3. HCV requires the isomerase activity of CypA to replicate in hepatocytes. A, parental or CypA
knockdown Huh?7 cell lines were electroporated with 10 g of in vitro transcribed genomic Con1 RNA. Twenty-
four hours post-HCV RNA electroporation, the cells were transfected with shRNA-resistant wild-type or H126Q
CypA-HA in the presence or absence of the Cyp inhibitors CsA (2.5 um) or Debio 025 (2 um). At the indicated
time points, intracellular HCV RNA was analyzed via reverse-transcription quantitative polymerase chain reac-
tion and presented as genome equivalents (GE)/ug of total RNA. B, the inability of the H126Q CypA mutant to
bind to HIV-1 Gag in hepatocytes was examined by measuring amounts of CypA incorporated into released
particles. Huh7 cells were co-transfected with HIV-1 together with wild-type (WT) or H126 CypA-HA in the
presence or absence of Cyp inhibitors CsA (10 um) or Debio 025 (2 um). Forty-eight post-transfection, both
transfected cells and released virions were analyzed for CypA content by Western blotting using anti-HA
antibodies. The cell lysates were standardized for protein content, whereas virions were standardized for HIV-1

capsid content by p24 enzyme-linked immunosorbent assay.

for HCV replication. It is important to note that we did not
observe differences in growth between the cell lines (data not
shown), suggesting that these particular Cyps do not play a
significant role in Huh7 cell division and multiplication.

To further demonstrate the specificity of the CypA require-
ment for HCV replication, CypA, CypB, and CypC knockdown
and control cell lines were exposed to various viruses including
HIV-1, HSV-1, the flavivirus Dengue and HCV. Infectivity was
scored by measuring the intracellular levels of GFP for both
HIV-1 and HSV-1, levels of capsid for Dengue, and levels of
NS5B for HCV. GFP levels were significantly reduced in HIV-
1-exposed CypA knockdown cells compared with control,
CypB- and CypC-KD cells (Fig. 2C, top left panel). This is in
accordance with previous studies suggesting that HIV-1
requires CypA to optimally infect human cells (29, 30). All of
the cell lines exposed to HSV-1 or Dengue expressed similar
levels of GFP (HSV-1) and capsid (Dengue) (Fig. 2C, top right
and bottom left panels, respectively), suggesting that HSV-1 and
Dengue do no require any of these Cyps to infect human cells.
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Importantly, NS5B levels were dra-
matically reduced in the CypA
knockdown cells compared with
control, CypB and CypC knock-
down cells (Fig. 2C). This further
suggests that HCV, like HIV-1, spe-
cifically exploits CypA to infect and
replicate in human cells, more spe-
cifically in hepatocytes.

HCV  Requires the Isomerase
Activity of CypA to Replicate in
Human Hepatocytes—The peptide
bond generally exists in two rela-
tively stable isomeric forms: cis and
trans (31). The ribosome synthe-
sizes peptide bonds in the lower
energy state trans peptide bond
form, which is sterically favored,
and whose side chains are 180
degrees opposite each other (32).
However, bonds preceding each
proline (peptidyl-prolyl bonds) also
occur in the cis form in both
unfolded and native proteins, with
the side chains adjacent to each
other (32). The isomerization to the
cis form is required for both de novo
protein folding, protein restructur-
ing, and refolding processes follow-
ing cellular membrane traffic. Spon-
taneous cis/trans-isomerization of
peptidyl-prolyl bonds is a slow proc-
ess at room temperature that does
not require free energy. Thus, this
isomerization represents a rate-lim-
iting step in the refolding of chemi-
cally denatured proteins (34).

We thus asked whether CypA
promotes HCV replication via its
isomerase activity. To address this issue, we created a CypA
mutant deprived of its isomerase activity. Specifically, we
replaced the histidine located at position 126 in the hydropho-
bic pocket of CypA by a glutamine, creating the H126Q CypA
mutant. Importantly, this mutation diminishes CypA isomer-
ase activity by more than 99% compared with wild-type CypA
(25). To determine whether HCV requires the isomerase activ-
ity of CypA to replicate, we had to transfect the H126Q CypA
mutant into the CypA-KD cells and asked if HCV replication
can be rescued. To introduce the H126Q CypA mutant into the
CypA-KD cell line, we had to generate the H126Q mutation
into the context of an shRNA escape CypA plasmid. We thus
generated one plasmid encoding the wild-type shRNA escape
CypA and another encoding the H126Q shRNA escape CypA.
CypA-KD cells were transfected with wild-type and H126Q
shRNA escape CypA plasmids and tested for their capacities to
support HCV RNA replication as described above. Importantly,
the introduction of the wild-type shRNA escape CypA into the
CypA-KD cells restored HCV RNA replication at levels similar
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to those observed in parental Huh7 cells (Fig. 34). This rescue
not only demonstrates the specificity of the CypA knockdown,
but it also further demonstrates the importance of CypA in
HCV replication. More importantly, the introduction of the
H126Q shRNA escape CypA into the CypA-KD cells did not
restore viral RNA replication (Fig. 3A). Note that the cellular
levels of H126Q CypA were similar to those of wild-type CypA
(Fig. 3B). Importantly, we obtained similar data for the R55A
CypA mutant (data not shown), which is also deprived of
isomerase activity (25). These findings strongly suggest that the
isomerase activity of CypA is essential for HCV replication in
human hepatocytes.

The hydrophobic pocket of CypA not only contains the res-
idues vital for the isomerase activity of CypA, it also contains
the residues responsible for the binding of CypA to its, to date,
unique known viral ligand, the structural polyprotein HIV-1
Gag. One can thus envision that the H126QQ mutation fails to
rescue HCV activity in hepatocytes because the mutation not
only blocks the enzymatic activity of CypA, but it also precludes
CypA binding to its still unidentified HCV ligand. Therefore,
we asked whether the H126QQ mutation, which abolishes the
enzymatic activity of CypA, also prevents the binding of CypA
to HIV-1 Gag within human hepatocytes. CypA binding to
HIV-1 Gag was never examined in hepatocytes. To address this
issue, we measured amounts of CypA incorporated via Gag into
HIV-1 particles released from human hepatocytes. As controls,
the hepatocytes were treated with CsA or Debio 025, which, by
binding to the hydrophobic pocket of CypA, prevents CypA-
Gag interaction (30, 35). Specifically, Huh7 cells were co-trans-
fected with HIV-1 together with wild-type or H126Q CypA-HA
in the presence or absence of CsA or Debio 025. Forty-eight
post-transfection, both transfected cells and released virions
were analyzed for CypA content by Western blotting using
anti-HA antibodies.

In the absence of any treatment, HIV-1 particles released
from hepatocytes contain significant amounts of wild-type
CypA (Fig. 3B, top panel), demonstrating that CypA-Gag inter-
actions also occur in human hepatocytes. Virions released from
hepatocytes treated with either CsA or Debio 025 contain min-
imal amounts of CypA (Fig. 3B, top panel), suggesting that the
two compounds, by binding to the hydrophobic pocket of
CypA, interfere with CypA-Gag interactions in hepatocytes.
Although the H126Q CypA mutant was efficiently expressed in
transfected hepatocytes (Fig. 3B, bottom panel), it was not
incorporated into released virions (Fig. 3B, top panel), suggest-
ing that the H126QQ CypA mutation in the hydrophobic pocket
of CypA alters both the enzymatic activity of CypA and the
binding capacity of CypA to its viral ligand in hepatocytes.
Thus, the inability of the H126Q CypA mutant to support HCV
replication may arise from either its inability to isomerizes pep-
tidyl-prolyl bonds, its inability to bind to its viral or host ligand,
or both. It is also important to note that the inability of the
overexpressed isomerase-deficient H126QQ CypA mutant to
restore HCV replication argues against the possibility that
CypA plays a more important role in HCV replication than
other Cyp members simply because of its superabundance in a
cell. Overexpression of CypB or CypC in the CypA knockdown
cells did not rescue HCV replication either, further supporting
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FIGURE 4. The HCV NS5B polymerase associates with CypA via its enzy-
matic pocket. Parental Huh7 cells (3 million) were co-transfected with NS5B-
Myc (5 ng of DNA) and wild-type (WT) CypA-HA or H126Q CypA-HA (5 ug of
DNA) in the presence or absence of the Cyp inhibitor Debio 025 (2 um). Three
days post-transfection, the cells were collected and lysed. The cell lysates
were precleared with agarose beads. CypA-NS5B association was assessed by
co-immunoprecipitation using the Pierce HA tag Co-IP kit. Bound material
was eluted and analyzed by Western blotting using anti-HA and anti-Myc
antibodies. The results are representative of three independent transfections.

the notion that the CypA requirement for HCV is specific (data
not shown).

HCV NS5B Polymerase Associates with CypA via Its Enzy-
matic Pocket—A previous study presented data suggesting that
CypA binds to NS5B (18). We thus asked whether the isomer-
ase pocket of CypA is critical for the interaction between host
CypA and the HCV NS5B polymerase. To address this issue,
hepatocytes were co-transfected with Myc-tagged NS5B and
HA-tagged wild-type or H126Q CypA plasmids in the presence
or absence of the Cyp inhibitor Debio 025. Three days post-
transfection, the cells were collected and lysed. The cell lysates
were then used for co-immunoprecipitation experiments. First,
we confirmed that wild-type CypA associates with HCV NS5B
(Fig. 4). Importantly, the Cyp inhibitor prevents NS5B-CypA
association (Fig. 4). Most importantly, we found that the
isomerase-deficient CypA, although well expressed in trans-
fected cells, fails to associate with NS5B (Fig. 4). This demon-
strates for the first time that the enzymatic pocket of CypA is
critical for the contact between host CypA and the viral NS5B
polymerase.

DISCUSSION

It is well established that host proteins highly regulate the
viral life cycles. Because cellular chaperones and enzymes
control the correct folding of host proteins, one could
assume that they also control the correct folding of viral
proteins. This assumption is now apparently proven to be
correct for two prime human pathogens: HIV-1 and HCV. In
1993, Luban et al. (35) using the yeast two-hybrid system
identified for the first time the interaction between CypA
and HIV-1 Gag. One year later, two independent studies
elegantly demonstrated that CypA-Gag interactions are crit-
ical for HIV-1 replication in human cells (29). Specifically,
Thali et al. (30) showed that CsA, by preventing CypA-Gag
interactions, inhibits HIV-1 infection. Moreover, Franke et
al. (29) showed that the introduction of mutations in the
CypA-binding region of Gag also decreases HIV-1 infection
of human cells. Further supporting the notion that HIV-1
requires CypA to replicate in human cells, several studies
demonstrated that CypA knock-out or knockdown human
cells poorly support HIV-1 replication (24, 36, 37). Similarly
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to HIV-1, we present here several lines of evidence that
CypA is also required for HCV replication. We showed that
both transient and stable small RNA interferences, which
specifically target CypA, profoundly hamper HCV RNA rep-
lication as well as HCV protein expression. In contrast to
previous studies (9, 17), we did not observe a significant
contribution to HCV replication of other Cyp members
including CypB, CypC, and CypD. Although we do not have
any clear explanation for these apparent divergent results,
one cannot exclude the possibility that the use of different
cells, HCV strains, or replication systems somehow modu-
lates the respective contribution of Cyp members to HCV
replication. It is critical to emphasize that during the course
of our study, two independent studies from the Tang (18)
and the Bartenschlager (38) laboratories obtained similar
results, which convincingly showed that CypA, but not CypB
and CypC, is an essential factor for HCV infection. Thus, to
date, the findings of three independent studies including
ours, all using a stable shRNA knockdown approach, con-
verge to the same conclusion, which is that CypA serves as a
major host co-factor for HCV replication. A couple of obser-
vations may explain why HCV preferentially exploits CypA
rather than CypB and CypC. One is that CypA is 10- and
100-fold more abundant in a cell than CypB and CypC,
respectively (22, 39). Another is that CypA, which resides in
the cytosol, is more appropriately located to interact with the
HCYV replication complex than CypB and CypC, which reside
in the lumen of the endoplasmic reticulum (22).

Does CypA assist HCV replication as a peptidyl isomerase?
To date, auxiliary and essential biochemical functions can be
attributed to Cyps. The auxiliary function is characterized by
polypeptide sequestration using extended catalytic subsites
of the enzyme, whereas catalysis essentially requires direct
participation of active site residues (40). We demonstrated
here that when we mutate residues that reside in the hydro-
phobic pocket of CypA (histidine in position 126 and argi-
nine in position 55) where the proline-containing peptide
substrates bind, the resulting CypA mutants fail to restore
HCYV replication. The simplest hypothesis for the mecha-
nism of action of CypA in the HCV life cycle is that it cata-
lyzes a trans to cis- or a cis to trans-isomerization of a pep-
tidyl-prolyl bond in a viral or host protein critical for HCV
replication. The observation that Cyp inhibitors (Debio 025,
NIMS811, and SCY-635) that neutralize PPlase activity but
that are not immunosuppressive also block HCV replication
is consistent with this hypothesis. In Drosophila melano-
gaster, the CypA homolog, called NinaA, forms a stable and
specific complex with the Rhl isoform of rhodopsin. The
formation of this complex is essential for the transit of the
visual pigment through the endoplasmic reticulum (41, 42).
Interestingly, an elegant study by Schmid and colleagues (43)
showed that a proline serves as a molecular timer in the
infection of Escherichia coli by the filamentous phage fd. The
phage infection is activated by the disassembly of two
domains of its gene-3-protein, which is located at the phage
tip. A proline (Pro®'®) located in the hinge between the two
gene-3-protein domains serves as a timer for the infective
state. The timer is switched on by cis-to-trans and switched
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off by the unusually slow trans-to-cis-isomerization of the
GIn*'2-Pro*'? peptide bond. Importantly, the switching rate
and the phage infectivity are determined by the local
sequence surrounding Pro®'? and can be tuned by mutagen-
esis (43). Another hypothesis is that the PPlase activity and
the auxiliary polypeptide sequestration function of CypA are
both required for its function in HCV replication. Indeed,
mutagenesis of NinaA failed to identify a mutant, which dis-
tinguishes the isomerase from the polypeptide sequestration
activity of CypA (41). Similarly, we showed here that muta-
tions, which disrupt the isomerase activity of CypA, also dis-
rupt the capacity of CypA to bind HIV-1 Gag in hepatocytes.
This is in accordance with the work of Luban and co-workers
(44), who showed that all mutations that neutralize CypA
enzymatic activity also preclude CypA incorporation into
HIV-1.

The mechanisms of action of CypA in HCV replication
remain to be unraveled. A current hypothesis is that Cyps, by
interacting with the nonstructural protein 5B (NS5B), increase
the affinity of the polymerase to the viral RNA and therefore
enhance HCV replication (45). This hypothesis is supported by
the fact that two studies showed that HCV resistance to CsA
(39, 46) resulted in the emergence of mutations in NS5B. More-
over, Yang et al. (18) presented convincing pulldown data
showing that CypA binds NS5B. These data are in accordance
with our co-immunoprecipitation data, which showed that the
isomerase pocket of CypA serves as a binding site for the NS5B
polymerase. This finding demonstrates for the first time that
there is a direct correlation between NS5B binding to the
isomerase pocket of CypA and HCV replication. These new
findings are important because they suggest that CypA, by cat-
alyzing a trans to cis or a cis to trans isomerization of a peptidyl-
prolyl bond within NS5B, enhances HCV replication. Interest-
ingly, recent resistance mapping studies suggest that Cyp
inhibition may also act on the HCV NS5A protein (46 —48).
Thus, further work is required to determine whether NS5A,
NS5B, both, or another viral protein represent(s) the true
ligand(s) for CypA.

Although both HIV-1 and HCV exploit the abundant cyto-
solic CypA, it is likely that the immunophilin acts at distinct
steps of their viral life cycles. HIV-1 requires CypA post-entry
(early events) (49). It is currently thought that target cell CypA,
by interacting with the HIV-1 core delivered into the cytosol of
infected cells, protects these cores from an antiviral activity
present in human cells (50 —53). The identity of the anti-HIV-1
factor counteracted by CypA remains unknown. In contrast to
HIV-1, HCV requires CypA before budding (late events). CypA
likely does not act on the HCV core, like HIV-1, because HCV
replicon (no core expressed) replication is also CypA-depend-
ent. Nevertheless, further studies are required to determine
whether CypA acts at several steps of the HCV life cycle.
Although CypA apparently acts at distinct steps of the HIV-1
and HCV life cycles, one cannot exclude the possibility that
CypA via its hydrophobic pocket assists these two prime
human pathogens by accomplishing the same task such as pep-
tidyl-prolyl cis-trans-isomerization or another unknown task.
Given that the Cyp inhibitor Debio 025 exhibits a remarkable
anti-HCV activity in patients (15, 16), it is imperative to under-
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stand at a molecular level how this novel class of anti-HCV
agents, Cyp inhibitors, block HCV replication.
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