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Debio 025 is a potent inhibitor of hepatitis C virus (HCV) replication (J. Paeshuyse et al., Hepatology
43:761-770, 2006). In phase I clinical studies, monotherapy (a Debio 025 dose of 1,200 mg twice a day) resulted
in a mean maximal decrease in the viral load of 3.6 log,, units (R. Flisiak et al., Hepatology 47:817-826, 2008),
whereas a reduction of 4.6 log,, units was obtained in phase II studies when Debio 025 was combined with
interferon (R. Flisiak et al., J. Hepatol., 48:S62, 2008). We here report on the particular characteristics of the
in vitro anti-HCV activities of Debio 025. The combination of Debio 025 with either ribavirin or specifically
targeted antiviral therapy for HCV (STAT-C) inhibitors (NS3 protease or NS5B [nucleoside and nonnucleo-
side] polymerase inhibitors) resulted in additive antiviral activity in short-term antiviral assays. Debio 025 has
the unique ability to clear hepatoma cells from their HCV replicon when it is used alone or in combination with
interferon and STAT-C inhibitors. Debio 025, when it was used at concentrations that have been observed in
human plasma (0.1 or 0.5 uM), was able to delay or prevent the development of resistance to HCV protease
inhibitors as well as to nucleoside and nonnucleoside polymerase inhibitors. Debio 025 forms an attractive
drug candidate for the treatment of HCV infections in combination with standard interferon-based treatment

and treatments that directly target the HCV polymerase and/or protease.

Hepatitis C virus (HCV) represents a major health burden.
An estimated 170 million to 180 million people worldwide are
chronically infected with this virus and are at increased risk of
developing liver cirrhosis and/or hepatocellular carcinoma
(64). The current standard of care for chronic hepatitis C
consists of pegylated alpha interferon (IFN) in combination
with ribavirin (RBV) (12). This therapy is, however, associated
with serious side effects and results in a sustained virological
response in only 50 to 60% of patients (depending on the
genotype). There is thus an urgent need for more effective and
better-tolerated drugs.

Selective inhibitors of HCV replication that target the NS3
protease and the NS5B RNA-dependent RNA polymerase
(RdRp) in particular have been pursued as potential new ther-
apies (38). BILN 2061 (culprivir), a peptidomimetic inhibitor
of the HCV NS3 protease (the first selective inhibitor of HCV
to be administered to patients), resulted in a rapid and pro-
nounced decline in the level of viral replication in patients
chronically infected with HCV genotype 1. Its clinical devel-
opment was, however, halted because of cardiotoxicity (22, 31).
Currently, four NS3 protease inhibitors are in clinical devel-
opment, i.e., VX-950 (telaprevir), SCH-503034 (boceprevir),
ITMN-191, and TMC435350 (2, 51, 56). Telaprevir and boce-
previr are at the most advanced stages of development and are
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being evaluated in combination with the standard therapy in
phase III and phase II clinical trials, respectively (3, 39, 45, 50).
Several nucleoside polymerase inhibitors (NIs) and nonnucleo-
side polymerase inhibitors (NNIs) are or have been in devel-
opment. Nucleoside analogue inhibitors of HCV replication
basically act as chain terminators of the polymerization process
once they have been phosphorylated to their 5'-triphosphate
metabolite (13). 2'-C-Methylceytidine (2'-C-MeCyt), the active
component of valopicitabine, was the first polymerase inhibitor
to enter clinical trials, but this compound is not being further
pursued because of limited efficacy and side effects (6, 46).
R1626, the prodrug of 4'-azidocytidine (R1479), and R7128,
the prodrug of 2'-C-methyl-2’-fluoro-cytidine, have been
shown to have efficacy against HCV in clinical studies (1, 28,
29, 52, 53). However, the development of R1626 has been put
on hold because of hematological side effects in patients. Also,
treatment with the NNI HCV 796, a benzofuran, resulted in a
marked reduction in the viral load. However, the clinical de-
velopment of this compound has been stopped because of
hepatotoxicity (42). Several other NNIs that target different
allosteric sites of the enzyme have been discovered, such as the
Japan Tobacco (JT) benzimidazole derivatives, which act as
allosteric inhibitors that block the polymerase before elonga-
tion. However, limited data on these drug candidates have
been released (14).

Due to the low fidelity of RdRp and the high rate of turn-
over of the viral RNA, drug resistance is and will continue to
be a major problem in the development of specific HCV in-
hibitors (55). Indeed, drug-resistant variants have readily been
selected in vitro and in clinical studies with several protease
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inhibitors as well as with NIs and NNIs (32-34). Alternatively,
host cell factors essential for viral replication can be envisaged
as antiviral agents. It may be anticipated that drugs that pre-
vent the interaction of host cell factors with the viral replica-
tion machinery may possibly have a higher genetic barrier to
the development of resistance. Cyclosporine (Cs), a widely
used immunosuppressive drug, was shown to exert anti-HCV
activity in vitro (40, 59). In one controlled clinical trial, the use
of Cs was reported to result in a higher sustained virological
response rate when it was combined with IFN in comparison
with the response rate of IFN monotherapy (25). Cs binds to
cyclophilins and inhibits their cis-trans peptidyl-prolyl isomer-
ase activity (18). The compound forms a complex with cyclo-
philin A to inhibit calcineurin and, thus, the activation of T
cells. Tacrolimus (FK506), an immunosuppressive drug that
interacts with calcineurin but not with cyclophilins, exerts no
anti-HCV activity, which indicates that immunosuppressive ac-
tivity is not a prerequisite for potency against HCV (41).

We recently reported on the potent anti-HCV activity of the
cyclophilin inhibitor Debio 025 (previously named UNIL025),
a nonimmunosuppressive Cs analogue (43). The lack of immu-
nosuppressive activity is explained by the inability of the com-
pound to bind to calcineurin. Debio 025 is at least 10-fold more
potent as an anti-HCV agent than Cs (43). In virus-infected
chimeric mice, Debio 025 was better tolerated than Cs, and the
anti-HCV effect of Debio 025 appeared to be synergistic when
it was used in combination with pegylated IFN (26). During a
15-day phase 1b study in which patients coinfected with human
immunodeficiency virus (HIV) and HCV received 1,200 mg of
Debio 025 or placebo twice daily, Debio 025 resulted in a mean
maximal decrease in the viral load of 3.6 log,, units (19). When
Debio 025 was combined with pegylated IFN alpha 2a during
phase Ila studies, a reduction in the viral load of 4.6 log units
was obtained (17). NIM811 (37) and SCY-635 (23), two other
nonimmunosuppressive Cs analogues, have also been shown to
specifically inhibit HCV replication. Akin to Cs and NIMS811,
Debio 025 is also endowed with anti-HIV activity (8, 48, 49).
We here report on the particular characteristics of the anti-
HCV activities of Debio 025 in vitro.

MATERIALS AND METHODS

Compounds. The preparation of Debio 025 was based on the strategy used for
the synthesis of p-methyl-Ala3-ethyl-Xaa*-cyclosporine analogues described pre-
viously (24). Cs was purchased from Fluka Chemie GmbH (Buchs, Switzerland).
The reference compounds used (VX-950 [54], BILN 2061 [16], 2'-C-MeCyt [7,
10, 15], R1479 [15, 29, 52], the benzofuran HCV 796 [20], and the benzimidazole
JT-16 [21]) were synthesized as reported previously. RBV was obtained from
ICN Pharmaceuticals (Costa Mesa, CA).

Replicon-containing cell lines. Huh 7 cells containing subgenomic HCV rep-
licons Isgo/luc-ubi-neo/NS3-3'/5.1 (Huh 5-2 cells), I5,,/NS3-3'/wild type (Huh
9-13 cells), or Isgo/hygro-ubi-NS3-3'/5.1 (Huh mono cells) (5, 35, 36, 58), as well
as human hepatoblastoma cells (HuH6 cells) (60) containing a genotype 1b
subgenomic HCV replicon derived from the Conl isolate, were kindly provided
by Ralf Bartenschlager from the University of Heidelberg. The cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Merelbeke, Bel-
gium) supplemented with 10% heat-inactivated fetal bovine serum (Integro,
Zaandam, The Netherlands), 1X nonessential amino acids (Gibco), 100 TU/ml
penicillin (Gibco), and 100 wg/ml streptomycin (Gibco), as well as with 250 pg/ml
Geneticin (G418; Gibco) for Huh 5-2 cells, 1 mg/ml G418 for Huh 9-13 cells and
HuH6 cells, or 25 pg/ml hygromycin (Gibco) for Huh mono cells.

Antiviral assays. HuH6 cells were seeded at a density of 1.5 X 10* cells and
Huh 9-13 and Huh mono cells were seeded at a density of 5 X 10? cells per well
in 96-well cell culture plates in complete culture medium supplemented with
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G418 or hygromycin. Following incubation for 24 h at 37°C (5% CO,), the cell
culture medium was removed and serial dilutions of the test compounds were
added in culture medium without G418 or hygromycin. After a 3-day incubation
period at 37°C, the culture supernatant was removed, the monolayers were
washed once with phosphate-buffered saline, and the cells were lysed in 100 .l
Cells-to-cDNA lysis buffer (Ambion, Cambridgeshire, United Kingdom), accord-
ing to the manufacturer’s instruction. The lysates were transferred to 48-well
PCR plates, and the plates were incubated for 15 min at 75°C, after which the
plates were placed on ice and samples were diluted with 100 wl water. These
lysates were used to determine the amount of HCV replicon RNA by means of
quantitative real-time PCR (RT-qPCR). The 50% effective concentration (ECs)
was calculated as the concentration of compound that caused a 50% reduction in
HCV RNA levels compared to that of the untreated control. Serial dilutions of
known quantities of a plasmid containing the neomycin gene were used to
generate the standard curve. The amount of viral RNA produced in treated
cultures was expressed as the percentage of that in the untreated control culture.

Anti-HCV assay with Huh 5-2 cells. Huh 5-2 cells were seeded at a density of
5 X 10° per well in a tissue culture-treated white 96-well view plate (Canberra,
Zellik, Belgium) in complete DMEM supplemented with 250 pg/ml G418. Fol-
lowing incubation for 24 h at 37°C (5% CO,), the medium was removed and
threefold serial dilutions of the test compounds in complete DMEM (without
G418) were added in a total volume of 100 pl. After 4 days of incubation at 37°C,
the cell culture medium was removed and the luciferase activity was determined
with a Steady-Glo luciferase assay system (Promega, Leiden, The Netherlands);
the luciferase signal was measured with a Luminoskan Ascent system (Thermo,
Vantaa, Finland). The EC5, was defined as the concentration of compound that
reduced the luciferase signal by 50%.

RT-qPCR. A 25-pul RT-qPCR mixture contained 12.5 pl 2X reaction buffer
(Eurogentec, Seraing, Belgium), 6.3 wl H,O, and 5 ul total cellular RNA extract.
In addition, for the Huh 9-13 and HuH6 cell samples, the reaction mixture
contained 300 nmol/liter neo-forward primer (5'-CCG GCT ACC TGC CCA
TTC-3'), 300 nmol/liter neo-reverse primer (5'-CCA GAT CAT CCT GAT
CGA CAA G-3'), and 300 nmol/liter neo-probe (5'-6-carboxyfluorescein-ACA
TCG CAT CGA GCG AGC ACG TAC-6-carboxytetramethylrhodamine-3").
For the Huh mono samples, the reaction mixture contained 300 nmol/liter
UTR-forward primer (5'-ACG CAG AAA GCG TCT AGC CAT GGC GTT
AGT-3"), 300 nmol/liter UTR-reverse primer (5'-TCC CGG GGC ACT CGC
AAG CAC CCT ATC AGG-3'), and 300 nmol/liter UTR-probe (5'-6-carboxyfl
uorescein-TGG TCT GCG GAA CCG GTG AGT ACA CC-6-carboxytetrame
thylrhodamine-3"). The reverse transcription step was performed at 48°C for 30
min and 15 min at 95°C, and the subsequent PCR amplification consisted of 40
cycles of denaturation at 94°C for 20 s and annealing and extension at 60°C for
1 min in an ABI 7000 sequence detector.

Cytotoxicity assay. To determine the cytotoxic activity of the compounds alone
or in combination, the cells were handled in the same way as described for the
antiviral assays. The cells were allowed to proliferate for 3 days at 37°C, after
which the cell number was determined by means of the 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)/phenazine-
methosulfate method (Promega). The 50% cytotoxic concentration was defined
as the concentration that inhibited the proliferation of exponentially growing
cells by 50%.

Analysis of combined drug efficacy. The effects of drug-drug combinations
were evaluated by the method of Prichard and Shipman (47). In brief, the
theoretical additive effect was calculated from the dose-response curves for the
individual compounds by the equation Z = X + Y(1 - X), where X represents
the inhibition produced by either RBV, 2'-C-MeCyt, VX-950, or JT-16 alone and
Y represents the inhibition by Debio 025 alone. Z represents the effect of either
combination of compounds. The theoretical additive surface is subtracted from
the actual experimental surface, resulting in a horizontal surface that equals the
zero plane when the combination has an additive effect, a surface that lies above
the zero plane when the combination has a synergistic effect, and a surface that
lies below the zero plane when the combination has an antagonistic effect. The
antiviral assay was carried out essentially as described above for HuH6 cells,
except that the compounds were added in a checkerboard format.

HCYV replicon clearance and rebound. Huh 9-13 cells were seeded in a 25-cm?
T-flask at a density of 3 X 10° cells per culture flask in complete DMEM (without
G418) that contained either no antiviral compounds or the compounds alone or
in combination. The cells were grown until they reached 90% confluence (on
average, about 4 days later). Subsequently, the cells were trypsinized and counted
with a Coulter counter, after which 3 X 10° cells were seeded in a new 25 cm?
T-flask containing the same concentration of compound; 1.5 X 10° cells from
each flask were lysed in RLT buffer (RNeasy Minikit; Qiagen, Venlo, The
Netherlands) and were stored at —80°C until further use. In total, the cells were
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FIG. 1. Dose-dependent inhibition of HCV subgenomic replicon
replication in Huh 9-13 cells by Debio 025 (open diamonds), Cs (open
squares), VX-950 (closed diamonds), 2'-C-MeCyt (closed triangles),
and HCV 796 (closed circles). Huh 9-13 cells were treated for 72 h with
various concentrations of the compounds. The levels of HCV RNA
were quantified by RT-qPCR and were expressed as the percentage of
the level of HCV RNA for the untreated control cells. Data are the
mean values of at least three independent experiments.

passaged seven consecutive times in the presence or the absence of compound.
After all samples had been collected, the RNA was extracted according to the
manufacturer’s instructions and the samples were analyzed by RT-qPCR for
their replicon contents.
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Delayed resistance selection. A total of 7.1 X 10* Huh 9-13 cells were plated
in each well of a 12-well plate under G418 selection (1 mg/ml) in the presence of
Debio 025 (0.5 uM or 0.1 nM) alone or in combination with BILN 2061, VX-950,
JT-16, or R1479 at various concentrations or no antiviral compound. The culture
medium, including the antiviral drug, was changed at least once a week. At the
time that the cultures became confluent or a sufficiently large number of colonies
had developed, the cells were further passaged under the same experimental
conditions. At the end of the experiment (on average, after 4 weeks of culture)
the cells were fixed and stained with Giemsa.

Selection of resistant replicon cell lines. Drug-resistant replicons were gener-
ated by passaging HCV subgenomic replicon cells (Huh 9-13 cells) under G418
selection (1 mg/ml G418) in the presence of gradually increasing concentrations
of the protease inhibitors BILN 2061 and VX-950, the NIs 4'-azidocytidine and
2'-C-MeCyt, Debio 025, or Cs.

RESULTS

Comparative in vitro activities of Debio 025 and other se-
lective anti-HCYV inhibitors. We previously reported that Debio
025 is a potent inhibitor of in vitro HCV replication and has
antiviral activity that is on average 10-fold more pronounced
than that of Cs (43). The in vitro anti-HCV activity of Debio
025 was compared to that of a number of reference anti-HCV
molecules (in an HCV genotype 1b subgenomic replicon-con-
taining cell line [Huh 9-13 cells]). Replicon-containing cells
were treated with various concentrations of either Debio 025,
Cs, the protease inhibitor VX-950, or the polymerase inhibi-
tors 2'-C-MeCyt (an NI) or HCV 796 (an NNI). All com-
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FIG. 2. Antiviral effect of the combination of Debio 025 with RBV (A), the protease inhibitor VX-950 (B), the NI 2'-C-MeCyt (C), or the NNI
JT-16 (D) in HuHG6 cells. The zero plane on the z axis represents an additive effect, the volume above the zero plane indicates synergistic activity,
and the volume below the zero plane indicates an antagonistic effect. The different shades represent different ranges of values: black, —20% to
0%; gray, 0% to 20%; dashed line, 20% to 40%. Data for the combinations Debio 025-RBV and Debio 025-2'-C-MeCyt are mean values for three
independent experiments; data for the combinations of Debio 025-VX-950 and Debio 025-JT-16 are mean values for two independent experi-

ments.

0102 ‘6T |Udy uo Aq Bio wse oee wWoly papeojumod


http://aac.asm.org

970 COELMONT ET AL.

pounds inhibited HCV replicon replication in a dose-depen-
dent manner (Fig. 1). The mean ECs, of Debio 025 was 0.04 =
0.03 wM, which is comparable to the antiviral activity of the
benzofuran NNI HCV 796 (ECs, 0.09 = 0.06 uM). Debio 025
proved markedly more potent than the protease inhibitor tela-
previr (VX-950; ECs, 0.58 = 0.10 pM) and the NI 2'-C-
MeCyt, which exhibits antiviral activity (ECs,) of 0.41 = 0.16
pM. These data were confirmed with three other HCV sub-
genomic replicon systems (Huh 5-2, HuH6, and Huh mono
cells); Debio 025 proved equipotent as HCV 796 and 10-fold
more potent than telaprevir and 2'-C-MeCyt (data not shown).

Drug combinations. We previously reported an additive to
slightly synergistic effect when Debio 025 was combined with
IFN (43). In the present study, we also evaluated the effect of
Debio 025 in combination with RBV in a 3-day antiviral assay.
Because (i) RBV is a cytostatic agent and (ii) replicon repli-
cation is dependent on the proliferation of the host cells, in this
analysis we employed HuH6 HCV replicon-containing cells. In
this cell line, replicon replication is independent of ongoing
cell proliferation (60). Thus, (semi)confluent HuH6 cells that
are not (very) sensitive to the cytostatic activity of RBV (unlike
exponentially proliferating Huh 5-2 or Huh 9-13 cells) were
used for these experiments with Debio 025 in combination with
RBV. Compounds were added in a checkerboard format, the
RNA content was measured after 3 days by means of RT-
qPCR, and the data were analyzed by the method of Prichard
and Shipman (47). A slightly synergistic effect was noted at the
highest concentrations of RBV, but overall, the antiviral activ-
ity of this combination appeared to be additive (Fig. 2A). The
combination of Debio 025 with VX-950 (protease inhibitor),
2'-C-MeCyt (an NI), or JT-16 (an NNI) was studied next. Each
combination resulted in an additive antiviral effect (with a
slight tendency toward synergistic activity found at some con-
centrations) (Fig. 2B to D). No cytotoxicity was observed at the
concentrations of the different compounds used, either alone
or in combination (data not shown).

HCYV replicon clearance and rebound. Since anti-HCV ther-
apy, even with combinations of potent HCV inhibitors, will
require or does require weeks or months of treatment, we
studied the impact of prolonged Debio 025 treatment, either
alone or in combination, on the replicon content of replicon-
containing cells. For this purpose, Huh 9-13 subgenomic rep-
licon cells were cultured (without G418 pressure) in the pres-
ence of the indicated concentrations of Debio 025, IFN, RBV,
or VX-950 or were left untreated for seven consecutive pas-
sages (Fig. 3A). One parallel culture was grown in the absence
of antiviral drug but under the selective pressure of G418.
After seven passages, no significant difference in the HCV
replicon content was noted between Huh 9-13 cells grown with
G418 selective pressure and those grown without G418 selec-
tive pressure. After G418 selection was reinitiated, both cul-
tures continued to grow normally, which indicates that the
culturing of Huh 9-13 for seven passages without G418 pres-
sure does not result in a drop in the replicon content. At every
passage, a sample of the cells was taken to extract and quantify
the total HCV RNA by means of RT-qPCR. The amount of
RNA is expressed as a percentage of the amount of RNA from
the control cells (the same passage of the untreated cells with-
out G418 selection).

Following one passage in the presence of either antiviral

ANTIMICROB. AGENTS CHEMOTHER.

8 . ¢

o
A\

O NY .

passage number

HCV replicon RNA (% untreated)

>~

100 q

80
70

60 1

40

30 o

20 o |

HCV replicon RNA (% untreated)
3
=3

11

11 12 21 22 3-1 32 4-1 42 5-1 52 6-1 62

3

100
92
80
70
60

50
40
30
20

HCV replicon RNA
(% untreated)

passage number

FIG. 3. Clearance and rebound experiment with Huh 9-13 cells.
(A) Cells were treated for seven consecutive passages with either 1
pg/ml (0.82 wM) Debio 025 (red), 5 pg/ml (7.06 pM) VX-950 (blue),
30 pg/ml (122.85 uM) RBV (green), or 100 IU/ml IFN (black) in the
absence of selective G418 pressure. The HCV RNA content was quan-
tified at every passage by means of RT-qPCR and is expressed as the
percentage of the HCV RNA content of the untreated (control) sam-
ple at the same passage number. (B) During rebound, the compounds
were omitted from the culture medium but the cells were again cul-
tured under the selective pressure of G418 (1,000 pg/ml). Following
every passage, two rebounds were inserted; on the x axis, the first
number refers to the passage number, while the second number stands
for the rebound number. Again, the HCV RNA content was quantified
and expressed as a percentage of the HCV RNA content of the un-
treated (control) sample at the same passage and rebound number.
(C) Cells were treated for four consecutive passages with 1 pg/ml (0.82
wM) Debio 025, 30 pug/ml (122.85 wM) RBV, and 100 IU/ml IFN in the
absence of selective G418 pressure. During rebound, the compounds
were omitted from the culture medium but the cells were again cul-
tured under the selective pressure of G418 (1,000 pg/ml). Following
every passage, two rebounds were inserted. P, passage; R1, rebound 1;
R2, rebound 2.
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FIG. 4. Clearance experiment with Huh 9-13 cells and various concentrations of Debio 025. Cells were treated for seven consecutive passages,
in the absence of G418 selective pressure, with the following twofold dilutions of Debio 025: 0.50 wg/ml (0.41 uM) (A), 0.25 pg/ml (0.21 wM) (B),
0.125 pg/ml (0.10 uM) (C), 0.063 pg/ml (0.05 uM) (D), 0.031 pwg/ml (0.03 wM) (E), or 0.016 pg/ml (0.01 M) (F). During rebound, the compounds
were omitted from the culture medium but the cells were again cultured under the selective pressure of G418 (1,000 wg/ml). Following every
passage, two rebounds were inserted. P, passage; R1, rebound 1; R2, rebound 2. The levels of the remaining HCV RNA were determined by means
of RT-qPCR at every passage (and the accompanying rebound passages) and are expressed as a percentage of the amount of total HCV RNA in

the untreated (control) cells of the same passage number.

compound, a marked reduction of the replicon content of the
cells was noted. The most pronounced reduction of the HCV
replicon content was obtained with Debio 025 and VX-950 (on
average, 96.50% inhibition). After the second passage and, for
RBYV, after the third passage, there was no marked further
reduction in the replicon contents of the cells. To verify
whether Huh 9-13 cells that had been treated with these com-
pounds were indeed cleared of their replicons (and, if so, at
which passage number), G418 selection (rebound) was initi-
ated for every condition at every passage (Fig. 3B). Only cells
that still carried the HCV replicon would be able to proliferate
under G418 pressure. Only the Debio 025-treated Huh 9-13

cells died in the presence of G418 after three passages, indi-
cating that complete clearance was obtained after three pas-
sages of treatment with Debio 025. All other cultures were still
able to proliferate in the presence of G418 at every passage
number, indicating that the cells were not cleared of their
replicons. No significant cytotoxicity was noted during these
experiments. When we combined Debio 025 with IFN and
RBYV at the same concentrations used in the previous experi-
ment, complete clearance was already obtained after the sec-
ond passage (Fig. 3C).

To determine the lowest possible concentration at which
Debio 025 is still able to completely clear the cells of their
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FIG. 5. Clearance experiment with Huh 9-13 cells and various con-
centrations of Debio 025 in combination with VX-950. Cells were
treated for four consecutive passages with 5 pg/ml (7.06 nM) VX-950
in combination with Debio 025 at either 1 pg/ml (0.82 wM) (open
diamonds), 0.5 pg/ml (0.41 pM) (closed squares), 0.25 pg/ml (0.21
wM) (open circles), or 0.125 pg/ml (0.10 wM) (closed triangles) in the
absence of G418 selective pressure. The quantity of HCV RNA was
measured at every passage by means of RT-qPCR and was normalized
against the amount of total RNA extracted from the untreated (con-

trol) sample at the same passage number.

replicons, clearance-rebound experiments were carried out
with Debio 025 at concentrations ranging from 0.50 to 0.02
pg/ml (0.41 to 0.01 pM). Replicon-containing cells were cul-
tured for seven consecutive passages in the presence of Debio
025. A concentration of 0.25 pg/ml (0.21 uM) was identified as
that which was still able to result in complete clearance after six
passages (Fig. 4). At passage 8, the viral RNA levels were also
below the detection limit and no rebound was possible (data
not shown).

The effect of the combination of Debio 025 with telaprevir
on clearance was studied next. The cells were treated with
various concentrations of Debio 025 (1 to 0.125 pg/ml [0.82 to
0.10 wM]) and a fixed concentration of VX-950 (5 pg/ml [7.06
wM]). The use of the lowest concentration of Debio 025 tested
(ie., 0.125 pg/ml [0.10 wM]) together with 5 pg/ml (7.06 uM)
VX-950 still resulted in complete clearance of the replicon
from the host cells after only two passages (Fig. 5) (the re-
bound of replicon replication was not possible from this cul-
ture [data not shown]), whereas either compound alone was
not able to completely clear the replicon from the host cells at
the indicated concentrations, not even following seven pas-
sages under antiviral pressure.

Delayed resistance selection. To study whether Debio 025 is
able to delay or prevent the emergence of development of
HCV replicon resistance to HCV protease inhibitors (BILN
2061 and VX-950), an HCV NI (R1479), or an NNI (JT-16),
Huh 9-13 cells were cultured in the presence of BILN 2061,
VX-950, R1479, or JT-16 at the indicated concentrations alone
or in combination with either 0.1 pM or 0.5 puM Debio 025
(Fig. 6). After several passages, Huh 9-13 cells that replicated
in the presence of VX-950 at a concentration of 2 uM (~4-fold
the ECs,) or BILN 2061 at a concentration of 1 wM (~50-fold
the ECy,) were selected (six and five passages, respectively).
Following seven and five passages, Huh 9-13 cells that repli-
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cated in the presence of 15 pM R1479 (~8-fold the ECs) or
4 uM JT-16 (~3-fold the EC5,) were selected, respectively. No
colonies of cells were able to grow under the selective pressure
of 0.5 uM Debio 025. Replicon-containing cells continued to
replicate in the presence of 0.1 wM Debio 025. However, under
none of the conditions in which 0.1 uM Debio 025 was com-
bined with BILN 2061, VX-950, R1479, or JT-16 were drug-
resistant replicons selected.

Debio 025 remains active against replicons resistant to var-
ious STAT-C inhibitors. The antiviral activity of Debio 025 was
determined with a panel of Huh 9-13 replicons resistant to
either Debio 025, Cs, 2'-C-MeCyt, R1479, BILN 2061, or VX-
950 (Table 1). Debio 025 and Cs retained wild-type activity
against the various polymerase- and protease-resistant repli-
cons. Likewise, 2'-C-MeCyt, R1479, VX-950, and BILN 2061
proved equipotent against both wild-type as well as Debio
025-resistant (Debio 0257) and Cs-resistant (Cs") replicon cell
lines. No cross-resistance between Debio 025 and the selection
of specifically targeted antiviral therapy for HCV (STAT-C)
inhibitors tested was thus observed.

DISCUSSION

We previously reported that the nonimmunosuppressive Cs
analogue Debio 025 is a potent inhibitor of HCV replication
(43). In the present study, we elaborate on the specific char-
acteristics of the anti-HCV effect of this molecule.

The development of STAT-C inhibitors has so far mainly
focused on the NS3 protease and the NS5B polymerase. As
shown here, Debio 025 proved to be an exquisitely potent
inhibitor of HCV replication in vitro; the drug was roughly
10-fold more potent than telaprevir and 2'-C-MeCyt and
proved to be equipotent as the NNI HCV 796.

It has now become generally accepted that STAT-C inhibi-
tors, in the first years after they become available, will likely
have to be combined with the current standard therapy (30). At
a later stage, two or more potent STAT-C inhibitors with
different resistance profiles may, it is hoped, be combined
without further need for IFN-RBV combination therapy. It is
important to obtain information about the antiviral efficacies
of particular combinations. For this reason, we studied the
antiviral activity of Debio 025 when it was combined with
several other HCV inhibitors. To this end, two different assay
systems were employed. First, the antiviral activities of the
combinations were evaluated in regular antiviral assays, i.e.,
with a readout obtained after 3 days of incubation of the
replicon-containing cells with the antiviral drug(s). We re-
ported earlier on the combined activity of Debio 025 and IFN
(43). In the present study, we combined Debio 025 with RBV,
the protease inhibitor VX-950, the NI 2’-C-MeCyt, and the
NNI JT-16. All the combinations resulted in additive antiviral
activities, and this result was in line with our expectation that
the use of compounds that (most likely) do not interfere with
each others” metabolism or mechanism of action should result
in an additive effect. The use of combinations of compounds
that interfere with each others’ biological activity may result in
either synergistic or antagonistic antiviral activity. For exam-
ple, RBV is able to potentiate the antiherpesvirus and anti-
HBV activities of purine-based deoxynucleoside analogues,
but the combination of RBV and pyrimidine ribonucleoside
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FIG. 6. Colony formation assay. Huh 9-13 cells were treated with Debio 025 alone or in combination with VX-950 (A), BILN 2061 (B), JT-16
(C), or R1479 (D) at the indicated concentrations in the presence of 1,000 pg/ml G418. At the time that the cultures became confluent or a
sufficiently large number of colonies had developed, the cells were further passaged under the same experimental conditions. Following 4 weeks

of culture, on average, the cells were fixed and stained with Giemsa.

analogues results in an antagonistic effect against HIV and
HCV replication (4, 11, 44, 57, 63). The specific interference of
RBV with purine and pyrimidine metabolism could explain
these observations. The mechanism by which RBV exerts its
activity against HCV remains elusive. Several hypotheses have
been proposed, such as (i) the direct inhibition of the HCV
RdRp by the 5’-triphosphate metabolite of RBV, (ii) depletion
of intracellular GTP pools through the inhibition of IMP de-
hydrogenase by the 5’-monophosphate metabolite of RBV,

(iii) mutagenic properties that lead to “error catastrophe,” or
(iv) immunomodulatory properties which alter the T-helper
cytokine balance from a Th2 profile to a more antiviral Thl
profile (9). The previously described antagonistic or synergistic
activities were not noted when Debio 025 was combined with
either RBV or other selective inhibitors of HCV replication.
However, a short antiviral assay may not necessarily predict the
in vivo antiviral effect of the compounds used either alone or in
combination. We therefore conducted clearance-rebound as-

TABLE 1. Antiviral activities of Debio 025, Cs, and STAT-C inhibitors against a set of resistant replicons

ECsq (nM)*
Agent
WT Debio 025" CsA" 2'-C-MeCyt" R1479° BILN 2061" VX-950"
Debio 025 0.04 = 0.03 272 +1.22 0.35 +£0.27 0.11 = 0.05 0.12 = 0.01 0.1 = 0.003 0.09 = 0.01
Cs 0.29 = 0.05 3.01 = 1.88 3.85 x0.71 0.21 £ 0.04 0.26 = 0.05 0.17 = 0.06 ND
2'-C-MeCyt 0.41 = 0.16 0.41 = 0.53 0.40 = 0.40 30.15 3.38 = 1.07 0.29 = 0.18 1.02 = 0.70
R1479 2.95 = 0.88 2.76 = 0.89 1.98 = 0.50 1.16 = 0.43 >15.65 2.16 = 0.27 ND
BILN 2061 0.02 = 0.01 <0.004 0.004 0.04 + 0.025 0.02 = 0.01 1.25 =047 0.79 = 0.08
VX-950 0.58 £ 0.10 0.36 = 0.04 0.49 £ 0.32 1.01 = 0.32 0.69 £ 0.15 0.31 = 0.05 13.97 = 1.43

¢ Data are the mean values of at least three independent experiments. WT, wild type; ND, not determined.
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says. We already reported that Debio 025 alone is able to clear
the replicon from replicon-containing cells (43). We now
mapped in more detail the potential of Debio 025 to clear cells
of their replicons. Even though IFN, RBV, and VX-950 all
produced a drop in the HCV replicon content after the first
passages, only Debio 025 succeeded in completely curing the
replicon-containing cells following only three passages of an-
tiviral pressure. The lowest concentration of Debio 025 at
which clearance (at passage 6) was obtained was 0.25 pg/ml
(0.21 pM). Debio 025 in combination with the other anti-HCV
drugs studied was also particularly efficient in curing replicon-
containing cells of their replicons. Debio 025 at a concentra-
tion as low as 0.125 pg/ml (0.10 wM) was able to clear the cells
when it was combined with VX-950 at a fixed concentration of
5 wg/ml (7.06 uM), whereas these concentrations of each com-
pound used alone were not able to result in a complete clear-
ance. Surprisingly, and despite the fact that no synergistic ac-
tivity was noted in a regular 3-day antiviral assay, this
combination efficiently cleared the cells of their replicons.
Clearance-rebound experiments may possibly have predictive
value for estimating the potential of drugs (or combinations
thereof) to clear liver cells of replicating virus. The use of
combinations of Debio 025 with the standard of care (IFN
and/or RBV) or with the specifically targeting anti-HCV in-
hibitor VX-950 may have the potential to achieve rapid clear-
ance. Our data also indicate that regular short-term (in this
study, 3 days) antiviral combination assays (in replicon-based
systems) may not necessarily predict synergistic antiviral effects
following long-term culture.

In the development of STAT-C inhibitors, drug resistance
forms a major issue. The use of combinations of antiviral
compounds that have different targets can be effective in pre-
venting the emergence of drug-resistant viruses, as has been
very well documented for HIV (62). Our data suggest that
Debio 025 may have a high barrier to the development of
resistance in patients. Resistance does occur in the replicon,
but it is a slow process (our unpublished data). Use of the
combination of Debio 025 with standard therapy or new
STAT-C inhibitors should help to prevent the emergence of
resistance. In vitro, Debio 025 remained active against various
HCV protease- and polymerase (nucleoside and nonnucleo-
side)-resistant replicons. Conversely, these STAT-C inhibitors
retained the activity that they had against wild-type cell lines
against Debio 025-resistant replicon cell lines. No cross-resis-
tance between Debio 025 and the selection of protease and
polymerase inhibitors used in this study was observed. Re-
markably, concentrations of Debio 025 as low as 0.1 pM were
able to delay or prevent the development of resistance to NS3
protease inhibitors (BILN 2061 and VX-950) and polymerase
(nucleoside and nonnucleoside) inhibitors. These data suggest
that Debio 025 may be an excellent drug for use in combina-
tion therapy. The in vitro selection of Debio 025-resistant
replicon cell lines proved to be a lengthy process (our unpub-
lished data), which can likely be explained by the fact that host
cell factors (cyclophilins) may be involved in the mechanism by
which Debio 025 inhibits HCV replication. Evidence that cy-
clophilin A has a crucial role in HCV replication has been
reported (27, 61). Since Debio 025 binds to cyclophilins, in-
cluding cyclophilin A (48), it may be hypothesized that Debio
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025 prevents a crucial interaction between cyclophylin A and
the HCV replication complex.

Our data indicate that Debio 025 is endowed with exquisite
potency against HCV, particularly in terms of its ability to clear
the host cell of its HCV replicon. This curative capacity can be
further exploited by the use of Debio 025 in combination with
other STAT-C inhibitors. Combinations of low concentrations
of Debio 025 with specific STAT-C inhibitors also prevent the
development of STAT-C inhibitor-resistant variants. Further-
more, resistance to Debio 025 appeared to be a slow process
and Debio 025 was not cross-resistant with NS3 protease in-
hibitors or various polymerase inhibitors. These data, together
with the very promising clinical data, prove that Debio 025 is
an attractive candidate for the treatment of HCV infection.
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