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The current standard of care for hepatitis C virus (HCV) infection, pegylated alpha interferon in combi-
nation with ribavirin, has a limited response rate and adverse side effects. Drugs targeting viral proteins are
in clinical development, but they suffer from the development of high viral resistance. The inhibition of cellular
proteins that are essential for viral amplification is thought to have a higher barrier to the emergence of
resistance. Three cyclophilin inhibitors, the cyclosporine analogs DEBIO-025, SCY635, and NIMS811, have
shown promising results for the treatment of HCV infection in early clinical trials. In this study, we investi-
gated the frequency and mechanism of resistance to cyclosporine (CsA), NIM811, and a structurally unrelated
cyclophilin inhibitor, SFA-1, in replicon-containing Huh7 cells. Cross-resistance between all clones was ob-
served. NIM811-resistant clones were selected only after obtaining initial resistance to either CsA or SFA-1.
The time required to select resistance against cyclophilin inhibitors was significantly longer than that required
for resistance selection against viral protein inhibitors, and the achievable resistance level was substantially
lower. Resistance to cyclophilin inhibitors was mediated by amino acid substitutions in NS3, NS5A, and NS5B,
with NS5A mutations conferring the majority of resistance. Mutation D320E in NS5A mediated most of the
resistance conferred by NS5A. Taken together, the results indicate that there is a very low frequency and level
of resistance to cyclophilin-binding drugs mediated by amino acid substitutions in three viral proteins. The
interaction of cyclophilin with NS5A seems to be the most critical, since the NSSA mutations have the largest

impact on resistance.

Hepatitis C virus (HCV) poses a serious medical problem,
with more than 170 million people infected worldwide (27).
Chronic HCV infection increases the risk of hepatocellular
carcinoma and results in progressive liver disease and liver
failure in approximately 30% of infected individuals (2, 13).
HCV infection is the leading indication for liver transplanta-
tion in the United States, and HCV reinfection occurs in nearly
all cases of chronically infected HCV patients receiving liver
transplants. The effectiveness of the current standard therapy
(pegylated alpha interferon [PEG-IFN-«] and ribavirin) is ge-
notype dependent. The response rate in genotype 1 patients,
the most prevalent genotype in North America, Europe, and
Japan, is only 48%, whereas in genotype 2 and 3 patients there
is an 88% response rate (4). In view of these limitations to the
current standard of care, the development of alternative, more
effective treatment regimens is urgently needed.

HCV is a positive-, single-stranded RNA virus with a ge-
nome approximately 9.6 kb in length that encodes a single
polyprotein, which subsequently is cleaved into 10 distinct viral
proteins. The NS3-4A serine protease and the NS5B RNA-
dependent RNA polymerase are the major foci of current
anti-HCV drug discovery efforts. Both enzymes are essential to
HCV viral replication and thus are attractive drug targets.
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However, like most RNA viruses, HCV has a high mutation
rate as well as significant population heterogeneity due to the
error-prone nature of the viral RNA-dependent RNA polymer-
ase. This high mutation rate can result in the rapid emergence of
drug-resistant viruses during treatment with compounds that tar-
get viral genes, such as protease and polymerase inhibitors (3).
HCV therapy targeting host proteins rather than viral proteins
are thought to reduce the emergence of drug-resistant viruses (7,
11). Furthermore, inhibitors of viral and cellular proteins could be
used in combination to provide the more effective treatment of
hepatitis C infection. One example of an HCV inhibitor that
targets a cellular protein is cyclosporine (CsA) and its derivatives,
DEBIO-025, SCY635, and NIMS811, all of which exhibit anti-
HCYV effects by binding to the cyclophilin family of host factors (6,
7,9, 12, 14, 15, 19, 22, 23, 28, 29).

We reported previously that the level of resistance and the
resistance frequency to NIMS811 is low compared to those of
drugs inhibiting viral proteins (20). The underlying resistance
mechanism, however, was not known. Here, we report the
selection of two NIMS811-resistant clones and the identification
of viral mutations conferring resistance. NIM811-resistant
clones were obtained after preselection with either cyclospo-
rine A (designated CsA/NIMr) or a chemically distinct cyclo-
philin binder, the sanglifehrin A analog SFA-1 (SFA/NIMr)
(30). CsA/NIMr and SFA/NIMr are cross-resistant, and viral
RNA from both contained numerous mutations. Interestingly,
both resistant clones contained the mutation D320E in NS5A,
which alone conferred the majority of resistance observed for
the resistant clones. Our results indicate that cyclophilins in-
teract with several viral proteins. The binding of NS5A and
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TABLE 1. Primers used for site-directed mutagenesis

Purpose Sequence

Mutation D320E in NS5A.... 5'-CATATGGGCACGCCCGGAGTACAACCCTCCACTGTTAG

5'-CTAACAGTGGAGGGTTGTACTCCGGGCGTGCCCATATG

Mutation R356Q in NSSA 5'-CCTCCGATACCACCTCCACAGAGGAAGAGGACGGTTGTC

5'-GACAACCGTCCTCTTCCTCTGTGGAGGTGGTATCGGAGG

E320D reversal to WT NSSA ..o 5'-CATATGGGCACGCCCGGATTACAACCCTCCACTGTTAG

5'-CTAACAGTGGAGGGTTGTAATCCGGGCGTGCCCATATG
Q356R reversal to WT NSSA 5'-CCTCCGATACCACCTCCACGGAGGAAGAGGCCGGTTGTC
5'-GACAACCGGCCTCTTCCTCCGTGGAGGTGGTATCGGAGG

NSS5B to cyclophilins A and B had been shown in vitro recently
(11). Our data obtained in the cellular environment support
this interaction and suggest an additional interaction with the
NS3 protease.

MATERIALS AND METHODS

Compounds. NIM811, CsA, the sanglifehrin A analog SFA-1, and BILN2061
were prepared or isolated at Novartis (Basel, Switzerland).

Cells. The subgenomic genotype 1b (Conl) HCV replicon cell line, clone A,
was obtained from Charles Rice and Apath LLC (St. Louis, MO) (1). Cured
Huh7 cells (Huh-cure cells) and the subgenomic genotype 1b replicon cell line
with the firefly luciferase reporter, Huh-luc-neo-ET, were obtained from Ralf
Bartenschlager/ReBLikon GmbH. Cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 2 mM L-glutamine, 0.1 mM nonessential
amino acids, and 10% fetal bovine serum (FBS). Replicon cells were cultured
additionally in 1 mg/ml G418.

Generation of resistant replicon cells. Clone A cells were serially passaged for
8 weeks in the presence of 250 pg/ml G418 and increasing concentrations of CsA,
SFA-1, and NIMS811. The starting concentration of the compounds was 1 pM
and increased to 2 puM, and then it was increased to 5 pM at approximately
2-week intervals. Cells did not survive culture in the presence of 1 uM NIM811,
regardless of how gradually the drug level was increased. Attempts at increasing
CsA concentration above 5 uM and SFA-1 above 10 wM resulted in impaired
cell growth. After the selection of CsA-resistant pools of cells in 5 uM CsA, cells
were switched to continuous culture in 5 M NIMS811 for an additional 5 weeks.
The SFA-1-resistant cells in 5 uM SFA-1 first were cultured for 2 weeks in 2 uM
NIMS11 followed by further selection in 5 uM NIM811. Colonies were pooled
and assayed for resistance. To control the effect of the compound solvent, clone
A cells were passaged twice weekly in medium containing 0.2% dimethylsulfox-
ide (DMSO) and 250 p.g/ml G418 for the same length of time as it took to select
resistant cell lines (DMSO-resistant [DMSOr] or DMSO control cell line).

RNA transfection. Huh-cure cells were transfected with replicon RNA by
electroporation. Plasmid DNA was linearized by digestion with Scal, phenol-
chloroform extracted, ethanol precipitated, washed, and dissolved in water. RNA
transcription reactions were carried out using a T7 MEGAscript kit (Ambion)
according to the manufacturer’s protocol. For the electroporation, Huh-cure
cells were harvested by trypsinization, washed in 50 ml phosphate-buffered saline
(PBS), and resuspended in PBS at a concentration of 1 X 107 cells per ml. Four
hundred microliters of the cell suspension was mixed with 100 ng viral RNA and
10 pg calf liver tRNA as a carrier. The cell-RNA mixture was electroporated in
0.4-cm-gap-width cuvettes using a Bio-Rad GenePulser set to 950 pF, 270 V, and
maximum resistance. Cells were resuspended immediately in complete medium
and transferred to an appropriate dish for culture. After 24 h, the medium was
exchanged and G418 was added at a concentration of 250 pg/ml. For total RNA
transfection, the following variation to the protocol described above were made:
RNA was isolated from cell pellets using an RNeasy kit (Qiagen). Ten micro-
grams of total RNA was mixed with 200 pl of the cell suspension and electro-
porated in a 0.2-cm-gap-width cuvette set at 1,000 wF, 200 V, and 75 Q.

qRT-PCR-based HCYV replicon assay. The antiviral activity and cytotoxicity of
compounds were determined with various HCV replicon cell lines in a quanti-
tative RT-PCR (qRT-PCR)-based assay as described previously (19). Briefly,
10,000 replicon cells were seeded in each well of a 96-well tissue culture plate and
allowed to attach in complete culture medium without G418 overnight. The next
day, the culture medium was replaced with medium containing serially diluted

compounds in the presence of 2% FBS and 0.5% DMSO. After the cells were
treated for 48 h, total RNA was extracted using an RNeasy 96 kit (Qiagen,
Valencia, CA). The level of HCV RNA was measured by real-time quantitative
PCR (TaqMan assay; Applied Biosystems, Foster City, CA) using HCV-specific
primers (5'-TCT TCA CGC AGA AAG CGT CTA-3" and 5'-CTG GCA ATT
CCG GTG TAC T-3') and probe (5'-6-carboxyfluorescein [FAM]-TCC TGG
AGG CTG CAC GAC ACT CAT A-6-carboxytetramethylrhodamine [TAMRA]-
3"). The absolute copy numbers of HCV RNA were determined using a standard
curve that was established with known quantities of in vitro-transcribed RNA.
The level of HCV RNA was normalized for each sample against the amount of
total RNA extracted, which was determined using a Quant-iT RNA assay kit
(Molecular Probes, Invitrogen). Each data point represents the average for six
replicates in cell culture in a single experiment. The percentage of inhibition was
calculated as follows: percent inhibition = 1 — (average of compound-treated
cells)/(average of control cells). The ECs is the concentration of compound at
which the HCV RNA level in the replicon cells is reduced by 50%. To monitor
cytotoxicity, the viability of the replicon cells following 48 h of compound treat-
ment was determined using a tetrazolium compound (MTS)-based assay (Cell-
Titer 96 Aqueous One Solution Cell Proliferation Assay; Promega, Madison,
WI). The percentage of cytotoxicity was calculated as follows: percent cytotox-
icity = 1 — (average of compound-treated cells)/(average of control cells). Each
data point represents the average of three replicates in cell culture.

Plasmid construction. Total RNA was isolated from NIM811-resistant clone
A replicon cells using the RNeasy Mini kit (Qiagen). A reverse transcription
reaction was carried out using the Transcriptor Reverse Transcriptase kit
(Roche). The NS3- or NS5A-containing regions of the HCV replicon cDNA
were amplified by PCR using the Expand Long Template PCR System (Roche)
and cloned back into the wild-type pConl plasmid. The NS3-containing region
was cloned into the Dral/Mlul sites, while the NS5A-containing region was
cloned into the Mlul/Mfel sites. The single NS5B C575G mutation was intro-
duced into the pCon1 plasmid using the QuikChange XL site-directed mutagen-
esis kit (Stratagene) according to the manufacturer’s protocol. All constructs
were sequenced to verify the correct manipulation.

Site-directed mutagenesis. Individual NS5A mutations were introduced into
pFKi398LucUbiNeo NS3-3’ (ReBLikon) to take advantage of the luciferase
reporter readout for replication activity. The Mull/Mfel fragments of wild-type
and resistant NS5A were PCR amplified with the primer pair 5'-CCCAAGCT
TCATTCCCCATTAACGCGTACAC (forward) and 5'-TGCTCTAGAGGTG
TCAATTGGTGTCTCAGTG (reverse) and cloned into the pCR2.1-TOPO vec-
tor (Invitrogen). Mutations were introduced using the QuikChange II XL site-
directed mutagenesis kit (Stratagene) and the primers summarized in Table 1.
The identified NS5A resistance mutations, D320E and R356Q, were introduced
into the wild-type replicon, and the wild-type NS5A amino acid residues, E320D
and Q356R, were reintroduced into the resistant replicon. These two NSS5A
constructs then were cloned into pFKi398LucUbiNeo NS3-3" using the Mull/
Bell restriction sites, and all constructs were confirmed by sequencing.

RESULTS

Generation of CsA-, SFA-1-, CsA/NIMS811-, and SFA-1/
NIMS811-resistant replicon cell lines. The replicon clones re-
sistant to CsA (CsAr) and SFA-1 (SFA-1r) were generated by
the serial passage of clone A cells in the presence of increasing
concentrations of drug to a final concentration of 5 uM. At-
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FIG. 1. Susceptibility of wild-type, CsA-resistant, and CsA/NIM-resistant cells to CsA and NIM811. Wild-type (DMSOr), CsAr, and CsA/NIMr
clones were treated for 48 h with CsA (A) or NIM811 (B). Viral RNA was quantified by qRT-PCR and normalized to total cellular RNA. The
susceptibility curves of a representative experiment (A and B) show the level of viral RNA after drug treatment as the percentage of DMSO control
cells. The standard deviation of six replicas is included. The experiment has been repeated several times, and the same trend has been observed.
The ECs, for CsA was 0.66, 3.39, and >10 pM in DMSOr, CsAr, and CsA/NIMr replicon-containing cells, respectively. The ECs, for NIM811 was
0.21, 0.83, and 3.5 pM in DMSOr, CsAr, and CsA/NIMr replicon-containing cells, respectively.

tempts to generate NIM811-resistant replicon cells in the pres-
ence of increasing concentrations of NIM811 (starting concen-
tration, 1 wM) failed. Therefore, CsAr and SFA-Ir clones
subsequently were passaged on increasing concentrations of
NIMSI11 to a final concentration of 5 wM.

The replicon-containing cells that survived culture on 5 uM
CsA or NIMS11 were analyzed for susceptibility to CsA and
NIMS811. The ECs, curves shifted, indicating a gain of resis-
tance to the drugs (Fig. 1A and B). After continuous culture on
CsA, the CsAr clone showed a 4.8-fold increase of the ECs, for
CsA and a 3.9-fold increase for NIMS811. After culture on
increasing concentrations of NIM811, the EC,, for NIM811
increased further to a 15-fold difference relative to that of the
DMSO-only control cells (Fig. 1). A similar trend was observed
for the SFA-1r and SFA/NIMr clones (Fig. 2). After continu-
ous culture on SFA-1, the ECyys of the SFA-1r clone shifted
22.7- and 3.4-fold higher for SFA-1 and NIMS811, respectively.
Subsequent culture on NIMSI11 yielded an SFA/NIMr clone
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with a >40-fold increase in ECs, for SFA-1 and 12.5-fold
increase for NIMS811 (Fig. 2). Both the CsAr and SFA-Ir
clones exhibited some cross resistance to NIM811, a com-
pound they were not selected with.

NIMS11 resistance is not mediated by cellular changes. We
sought to determine whether NIM811 resistance was due to
cellular or a viral mutation(s). To do this, we cured the CsA/
NIMr and DMSO control cells of the HCV replicon by remov-
ing G418 selection and culturing the cells in the presence of 1
wM BILN2061 for 2 weeks and then increasing the compound
concentration to 5 wM BILN2061 for two additional weeks.
After treatment, the cells were assayed for HCV RNA content
by qRT-PCR, which confirmed that the level of HCV RNA
was below the limit of detection (data not shown). Wild-type
replicon (pConl) RNA then was reintroduced into the cured
NIMS811-resistant or DMSO control cells by electroporation
and selected in the presence of 250 pg/ml G418. Colonies were
pooled and assayed for NIMS811 ECs, by qRT-PCR after at
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FIG. 2. Susceptibility of wild-type, SFA-resistant, and SFA/NIM-resistant cells to SFA-1 and NIM811. Wild-type (DMSOr), SFA-1r, and
SFA/NIMTr clones were treated for 48 h with SFA-1 (A) or NIM811 (B). Viral RNA was quantified by qRT-PCR and normalized to total cellular
RNA. The susceptibility curves of a representative experiment (A and B) show the level of viral RNA after drug treatment as the percentage of
DMSO control cells. The standard deviations from six replicas are included. The experiment was repeated several times, and the same trend was
observed. The ECs,, for SFA-1 was 0.25, 4.55, and >10 pM in DMSOr, SFA-1r, and SFA/NIMr replicon-containing cells, respectively. The ECs,
for NIM811 was 0.37, 1.26, and 4.26 pM in DMSOr, SFA-1r, and SFA/NIMr replicon-containing cells, respectively.
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TABLE 2. Resistance to NIM811 is mediated by viral RNA

.. NIMS8I11 BILN2061
Origin of total RNA ECs (RM)* ECs (nM)
RNA transfected into cured
CsA/NIMr cells
WT replicon 0.12
DMSOr 0.17
RNA transfected into Huh-cure cells
CsA/NIMS811r 1.5 (17.9) 1.5
DMSOr 0.084 (1.0) 1.4

“ Values in parentheses are the fold changes.

least 2 weeks of selection. There was no significant difference
in the EC5ys of NIMS811 between the CsA/NIMr and DMSO
control cells observed, suggesting that resistance was not me-
diated by cellular changes (Table 2).

Viral mutations mediate resistance to NIM811. To deter-
mine if viral mutations conferred NIM811 resistance, we ex-
tracted total RNA from the CsA/NIMr or DMSO-only control
clone A replicon cells and transfected this RNA by electropo-
ration into Huh-cure cells. These cells then were selected in
medium with 250 pg/ml G418, and resistant colonies were
pooled for further culture. Cells were assayed for the NIMS811
ECs, by qRT-PCR. Cells transfected with total RNA from the
CsA/NIMr cells had an EC;, for NIM811 of 1.5 uM, which is
approximately 18-fold higher than the ECy, of DMSO control
cells (Table 2). ECsys for BILN2061 were not significantly
different between the two cell types (Table 2). These results
indicate that changes in viral RNA were responsible for con-
ferring resistance to NIMS811.

NIMS811 resistance is conferred mainly by mutations in
NS5A. To identify the mutations in the viral RNA associated
with NIMS811 resistance, we sequenced the entire nonstruc-
tural coding region of HCV replicons (NS3 to NS5B) of the
CsA/NIMr and SFA/NIMr clones and compared them to se-
quences of the control cells treated for the same amount of
time with DMSO. A total of 9 and 12 mutations were identified
in the CsA/NIMr and SFA/NIMr replicons, respectively (Fig.
3). The majority of the mutations mapped to the NS5A region
(Fig. 3).

We sought to identify which mutation(s) conferred resis-
tance in the CsA/NIMTr clone by swapping the NS5A gene from
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FIG. 4. Contribution of NS5A and NS5B mutations to resistance
against NIM811. The NS5A gene of the CsA/NIMr clone was engi-
neered into the wild-type replicon, and the NS5B mutation was added
by site-directed mutagenesis. NIM811 susceptibility curves were estab-
lished. The graph shows the results of two experiments with six replicas
each, with standard deviations indicated by error bars. The EC;, for
NIMS811 was 0.23, 0.94, and 1.14 pM in WT, WT + resistant NS5A,
and WT + resistant NS5A & NS5B replicon-containing cells, respec-
tively.

the resistant replicon into the wild-type replicon. When as-
sayed by qRT-PCR after treatment with NIMS811, the ECs, of
the wild-type replicon with the NIMr NS5A gene increased
from 0.24 to 0.94 wM (Fig. 4). The addition of the C575G point
mutation in NS5B increased the EC5, only modestly, to 1.14
wM (Fig. 4). This result was confirmed by the reverse experi-
ment. Replacing NS5A in the CsA/NIMr clone with the wild-
type NS5A reduced the resistance by >50%. The additional
reversion of the NS5B residue at position 575 to wild type
(G575C) yielded cells with 63% resistance compared to that of
CsA/NIMr cells (NIM811 ECs, [wM]: CsA/NIMr, 8.4; CsA/
NIMr plus WT NS5A, 4; CsA/NIMr plus WT NS5A and NS5B,
5.3). The mutations in NS3 most likely account for the remain-
ing 37% of resistance. We analyzed the effects of the D320E
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FIG. 3. Resistant replicon-containing cell lines contain several mutations. RNA of the resistant cell lines and of control cells grown for the same
time period with DMSO, the solvent of the drugs, was sequenced. Shown are the mutations in the replicon that were detected only in the resistant

cells.
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FIG. 5. Contribution of the NS5A mutations D320E and R356Q to resistance against NIM811. The mutations were introduced separately or
together into the wild-type replicon (A), and the mutations were reversed in the CsA/NIMTr clone (B). Susceptibility to NIM811 was analyzed, and
the ECsys are shown in comparison to those of the wild-type and mutated NS5A gene containing all six mutations. The graphs are the results from

two experiments, with standard deviations indicated by error bars.

and R356Q mutations in NS5A individually and in combina-
tion, since they had been identified in two independent ap-
proaches. D320E was identified in both the CsA/NIMr and the
SFA/NIMr clones, and the R356Q mutation had been reported
previously to confer resistance to CsA (26). For this experi-
ment we chose to use the Huh/Luc-neo-ET replicon, since it
allows monitoring replication via luciferase activity. We intro-
duced both mutations by site-directed mutagenesis into the
wild-type Huh/Luc-neo-ET replicon and reversed the muta-
tions to wild type in the CsA/NIMr clone. After the selection of
stable cell lines, we tested the resulting replicons and found
that the R356Q mutation only marginally increased the ECss,
but the D320E mutation caused resistance almost to the level
of the six NSSA mutations together (Fig. 5A). The reverse
experiment matched this observation. The introduction of the
wild-type amino acid at position 320 in the NS5A protein of the
CsA/NIMr clone made the cells almost as susceptible to
NIMSI11 as the wild-type clone. Changing amino acid 356 alone
had marginal effects. Cross-resistance to SFA-1 remained con-
stant in these experiments, while there was no resistance ob-
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served to BILN2061 (data not shown). These results suggest
that the D320 residue in the NS5A protein is responsible for
conferring a large degree of HCV viral resistance to CsA,
NIMS811, and SFA-1.

To test whether the viral mutations change the fitness of the
virus, we calculated the viral RNA copy number per nanogram
of total RNA in clone A, DMSOr, and CsA/NIMTr cells. There
were no drastic differences observed, especially in comparisons
of clone A to CsA/NIMr cells (Fig. 6A). Also, the introduction
of the wild-type NS5A gene or the reversion of the 320 and/or
356 mutations did not change luciferase reporter gene activity
(Fig. 6B).

DISCUSSION

The rapid development of resistance to drugs targeting viral
proteins prompted us to explore cellular proteins involved in
HCV maintenance as possible drug targets. The cyclophilin
inhibitor NIMS811, as well as two other cyclosporine analogs,
DEBIO-025 and SCY635, are currently in clinical develop-

600.0
500.0 —e—Clone A
400.0 —A—CsA/NIMr
300.0 -a-CsANIMr +
E320D
200.0 —@—CsANIMr +
Q356R
100.0 -
&+ CsA/NIMr +
E320D & Q356R
0.0
24 48 72
hours

FIG. 6. Mutations of the CsA/NIMr replicon do not affect the replication rate. Equal numbers of clone A, DMSOr, and CsA/NIMr cells were
seeded, and the HCV RNA copy number/ng total RNA was analyzed by qRT-PCR after 48 h of growth. The number of experimental repeats and
standard deviations are included for each cell type (A). RNA of the indicated replicons (B) was transfected into Huh-cure cells, and the luciferase
signal was analyzed after 24, 48, and 72 h. The graphs show the percent increase of the luciferase signal relative to the 24-h value. A repeat of this

experiment showed the same trend.
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TABLE 3. Conservation of the mutated NS5A amino acids in HCV
sequences of the European HCV database

No. of sequences
containing a
different amino
acid than clone A

Mutation and
treatment

CsA/NIMr

ment for the treatment of HCV. Targeting the host cell cyclo-
philins established a higher barrier in vitro to the development
of resistance compared to that of viral targets (20). Here, we
report how the virus gained resistance to NIMS811 and other
cyclophilin inhibitors.

The selection of resistant clones required several months,
and it was impossible to raise NIMr clones directly via selec-
tion with NIM811 under the conditions employed in our ex-
periments, which worked well for viral targets. However, start-
ing with CsAr or SFA-1r clones enabled a stepwise increase in
the concentration of NIM811 and selection of resistant clones
with a 10- to 20-fold increase in NIM811 ECs, compared to
that for wild-type replicon cells. This result was surprising for
SFA-1 and NIM811, given that these compounds are distinct
chemical molecules. Cross-resistance was observed for the
CsAr and SFA-1r clones (see the CsAr or SFA-Ir replicon
tested with NIM811 in Fig. 1 and 2), which prompted us to use
these clones for the further selection of NIMS811-resistant
clones. The three compounds bind to the target cyclophilins in
a similar fashion and likely have a similar mechanism of inhi-
bition (16). There was no cross-resistance observed to com-
pounds that have a different target and mode of inhibition,
such as the viral protease inhibitor BILN2061, indicating that
the resistance profile of these cells is specific to cyclophilin
inhibitors (Table 2).

Transfection of the RNA from the CsA/NIMr clone into
Huh-cure cells made these cells as resistant to NIM811 as the
original CsA/NIMr clone, indicating that resistance was ob-
tained by mutations in the viral genome rather than in the
target host factor. This was confirmed by the lack of an EC,,
change when wild-type replicon RNA was transfected into cells
cured of the CsA/NIMr replicon.

Sequencing the CsA/NIMr replicon RNA (NS3 through
NS5B) identified several mutations, with the largest number of
mutations located in the NS5A gene. The identified mutations
are not known adaptive mutations that increase replication,
and only the L183P mutation has been identified previously in
quasispecies naturally occurring in patients (24). We searched
the European HCV database (euHCVdb; http://euhcvdb.ibcp
fr/etHCVdb/) to determine the level of conservation of amino
acids in NS5A that are mutated in clone A cells treated with
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compound (Table 3). The degree of conservation of the amino
acids varies from 51.92% (L183P) to 99.93% (P426R). Position
D320 is quite conserved, as only 17 out of 2,764 sequences
contain a different amino acid at this position. It will be inter-
esting to determine whether these 17 viruses are indeed resis-
tant to cyclophilin inhibitors, since additional amino acid sub-
stitutions might counterbalance a D320 change.

We sought to identify which mutations were responsible for
the increase of resistance, and we used the CsA/NIMr clone for
this analysis. The introduction of the NS5A gene containing all
CsA/NIMr mutations into the wild-type replicon caused a large
EC;,, shift toward resistance. The addition of the NS5B muta-
tion further increased resistance. However, introducing the
NS5B single mutation alone did not change the resistance
(data not shown). The fact that full resistance cannot be
achieved without mutation(s) in NS3 indicates that NS3 also
interacts with cyclophilins. Work is ongoing to identify the
impact of each mutation on resistance.

We next investigated the NS5A mutation more closely. The
D320E mutation in NS5A was identified in both resistant rep-
licons, CsA/NIMr and SFA/NIMr. Another NS5A mutation at
position 356 in the CsA/NIMr clone previously had been re-
ported to confer resistance to CsA (5). Therefore, we chose to
test the impact of these two mutations on resistance. We in-
troduced both single mutations and the combination of them
by site-directed mutagenesis into the wild-type replicon. In
addition, we reverted each mutation in the CsA/NIMr clone,
alone or in combination, to the corresponding wild-type NS5A
amino acid. The level of resistance to NIM811 achieved by the
single D320E mutation was nearly the same as that seen with
the NS5A gene containing all six mutations. Reciprocally,
changing the amino acid in the CsA/NIMr clone back to wild-
type NS5A (E320D) resulted in a replicon that is susceptible to
NIMBS811, which is similar to wild-type replicons. Thus, a single
NS5A mutation mediated a large part of resistance, while
additional mutations in other genes further increased resis-
tance. The resistance obtained by viral mutations is not due to
increased fitness, as we did not observe differences in replica-
tion between WT and CsA/NIMr cells or in replicons contain-
ing all six or individual mutations in the NS5A gene. It should
be noted that the magnitude of resistance (<20-fold) observed
here is significantly smaller than that for inhibitors targeting
viral proteins. Single mutations can generate several-hundred-
fold resistances to polymerase or protease inhibitors (17, 18).
Several attempts to further increase the resistance to NIM811
failed, indicating that resistance to a cellular target is more
difficult to obtain, a characteristic that may make cellular tar-
gets more attractive candidates for anti-HCV therapeutics.

We have shown recently that the three compounds used in
this study can bind and inhibit several cyclophilins and regulate
pathways in which these cyclophilins are involved (30). Re-
cently, it has been demonstrated in vitro that cyclophilin B
interacts with NS5B (29) and cyclophilin A with NS5A (10).
Our data indicate an additional interaction of the viral NS3
protein with cyclophilins. The virus may need to mutate all
three genes and perhaps as-of-yet unidentified cyclophilin-in-
teracting proteins to become resistant to cyclophilin inhibitors.
Also, it is possible that the disruption of the interaction of a
viral protein with one cyclophilin promotes an interaction with
another cyclophilin. Similar to results published previously on
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cyclosporine A resistance mutations (5), we found that changes
in the NS5A protein have the strongest impact on resistance to
CsA, NIMS11, and SFA-1. NS5A is a very versatile protein that
interacts with numerous cellular proteins, thereby fulfilling sev-
eral functions. It contains two proline-rich domains, which
mediate protein-protein interactions. These domains obtain
their mature conformation through the peptidyl-prolyl cis/
trans isomerase function of cyclophilins. We hypothesize that
the change of an amino acid next to a proline (D320, D333,
and R356) or a proline itself (P426) in NS5A influences the
cis/trans isomerization of the peptide bond. In addition to this
transient interaction, cyclophilins act as chaperones, guiding
other molecules through the secretory pathway (25). All viral
proteins need to traffic from their site of translation in the
rough endoplasmic reticulum to the site where replication oc-
curs (lipid raft/membranous web [8, 21]). Additional trafficking
to lipid droplets was observed with a genomic replicon or
infectious virus (26). We previously identified protein traffick-
ing as one of the virus-essential pathways affected by NIM811
(30). Cyclophilins may assist viral proteins in this process. The
fact that several viral proteins depend on cyclophilins and/or
that several cyclophilins are exploited by the virus might ex-
plain the rather low resistance (20-fold, whereas it is 5,000-fold
for a protease inhibitor [20]) and the need for the stepwise
increase of drug concentration during a long time period, en-
abling mutations at different sites in the viral genome. Ongoing
clinical studies will show whether this in vitro observation
transfers to the situation in patients and targeting cyclophilins
indeed raises a higher barrier for the development of resis-
tant HCV.
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