Antimicrobial Agents
and Chemotherapy

REFERENCES

CONTENT ALERTS

In Vitro Phenotypic Characterization of
Hepatitis C Virus NS3 Protease Variants
Observed in Clinical Studies of Telaprevir

Min Jiang, Nagraj Mani, Chao Lin, Andrzej Ardzinski,
Michelle Nelson, Dugan Reagan, Doug Bartels, Yi Zhou,
Olivier Nicolas, B. Govinda Rao, Ute Miih, Brian Hanzelka,
Ann Tigges, Rene Rijnbrand and Tara L. Kieffer
Antimicrob. Agents Chemother. 2013, 57(12):6236. DOI:
10.1128/AAC.01578-13.

Published Ahead of Print 7 October 2013.

Updated information and services can be found at:
http://aac.asm.org/content/57/12/6236

These include:
This article cites 49 articles, 18 of which can be accessed free
at: http://aac.asm.org/content/57/12/6236#ref-list-1

Receive: RSS Feeds, eTOCs, free email alerts (when new
articles cite this article), more»

Information about commercial reprint orders: http://journals.asm.org/site/misc/reprints.xhtml
To subscribe to to another ASM Journal go to: http://journals.asm.org/site/subscriptions/

Journals. ASM.org

ONI STVOILNIDVINEVHC X3LH3AA A €T0Z ‘2T JaqwanoN uo /Bio wse-oee//:dpy wo.y papeojumog


http://http://aac.asm.org/content/57/12/6236
http://aac.asm.org/content/57/12/6236#ref-list-1
http://aac.asm.org/cgi/alerts
http://aac.asm.org/cgi/alerts
http://journals.asm.org/site/misc/reprints.xhtml
http://journals.asm.org/site/subscriptions/
http://aac.asm.org/
http://aac.asm.org/
http://aac.asm.org/
http://aac.asm.org/

AAC

Journals.ASM.org

In Vitro Phenotypic Characterization of Hepatitis C Virus NS3
Protease Variants Observed in Clinical Studies of Telaprevir

Min Jiang, Nagraj Mani, Chao Lin, Andrzej Ardzinski, Michelle Nelson,* Dugan Reagan, Doug Bartels, Yi Zhou, Olivier Nicolas,
B. Govinda Rao,* Ute Miih, Brian Hanzelka, Ann Tigges, Rene Rijnbrand, Tara L. Kieffer

Vertex Pharmaceuticals Incorporated, Cambridge, Massachusetts, USA

Telaprevir is a linear, peptidomimetic small molecule that inhibits hepatitis C virus (HCV) replication by specifically inhibiting
the NS3-4A protease. In phase 3 clinical studies, telaprevir in combination with peginterferon and ribavirin (PR) significantly
improved sustained virologic response (SVR) rates in genotype 1 chronic HCV-infected patients compared with PR alone. In
patients who do not achieve SVR after treatment with telaprevir-based regimens, variants with mutations in the NS3-4A protease
region have been observed. Such variants can contribute to drug resistance and limit the efficacy of treatment. To gain a better
understanding of the viral resistance profile, we conducted phenotypic characterization of the variants using HCV replicons car-
rying site-directed mutations. The most frequently observed (significantly enriched) telaprevir-resistant variants, V36A/M,
T54A/S, R155K/T, and A156S, conferred lower-level resistance (3- to 25-fold), whereas A156T and V36M+R155K conferred
higher-level resistance (>25-fold) to telaprevir. Rarely observed (not significantly enriched) variants included V36I/L and 1132V,
which did not confer resistance to telaprevir; V36C/G, R155G/I/M/S, V36A+T54A, V36L+R155K, T54S+R155K, and
R155T+D168N, which conferred lower-level resistance to telaprevir; and A156F/N/V, V36A+R155K/T, V36M+R155T, V36A/
M+A156T, T54A+A156S, T54S+A156S/T, and V36M+T54S+R155K, which conferred higher-level resistance to telaprevir. All
telaprevir-resistant variants remained fully sensitive to alpha interferon, ribavirin, and HCV NS5B nucleoside and nonnucleo-
side polymerase inhibitors. In general, the replication capacity of telaprevir-resistant variants was lower than that of the wild-

type replicon.

ore than 170 million people worldwide experience chronic

hepatitis C virus (HCV) infections, which may lead to severe
liver diseases, including fibrosis, cirrhosis, and hepatocellular car-
cinoma (1-5). Treatment of genotype 1 HCV-infected patients
with peginterferon and ribavirin (PR) has a low (34% to 56%)
success rate and is associated with substantial adverse events, such
as flu-like symptoms, fatigue, depression, and anemia (6, 7), lim-
iting adherence to treatment and impacting treatment outcome in
a significant number of patients. In the last decade, the develop-
ment of new classes of HCV therapy, direct-acting antivirals
(DAAs), has been a major focus of drug discovery efforts. Telapre-
vir, a linear peptidomimetic small molecule, is a specific inhibitor
of the HCV NS3-4A protease that is required for polyprotein pro-
cessing and viral replication (8-10). In phase 3 clinical studies,
telaprevir in combination with PR provided significantly im-
proved sustained virologic response (SVR) rates for both treat-
ment-naive and previously treated patients compared with PR
alone (11, 12).

The HCV genome exhibits significant genetic heterogeneity,
with high sequence diversity both between and within the various
genotypes and subtypes (13, 14). The low fidelity of the HCV
polymerase, high viral replication rate, and strong selective pres-
sure on the virus result in a unique and diverse viral quasispecies
in each patient (15). New HCV populations with every potential
substitution, some of which convey various degrees of resistance
to DAAs, are likely generated many times each day (14, 16, 17).
Thus, it is likely that all patients have DAA-resistant variants prior
to treatment. Along with the availability of replication space, the
prevalence of a resistant variant in a patient’s viral quasispecies is
generally determined by its replicative fitness and selective advan-
tage compared with the rest of the viral population (16). Minor
populations of preexisting, resistant variants are usually present at
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levels below the detection limits of current sequencing techniques,
as they are less fit than wild-type (WT) virus but have a fitness
advantage over WT virus in the presence of a drug and become the
dominant viral species (16, 17). Indeed, viral populations with
drug resistance substitutions have been shown to emerge in vitro
in the presence of DAAs or when patients do not achieve an SVR
with DAA treatment (18, 19). During the clinical development of
telaprevir, HCV variants associated with treatment failure were
identified from extensive viral sequence analyses (11, 12, 20, 21).
Variants enriched in the viral population in patients who did not
achieve an SVR with a telaprevir-based regimen most com-
monly had amino acid changes at residues 36, 54, 155, and 156
of the NS3 protease domain (11, 12, 20). Variants V36M,
R155K, and V36M+R155K emerged frequently in patients with
genotype la (Gla) HCV, and V36A, T54A, and A156S/T emerged
in patients with genotype 1b (G1b) HCV (22).

Drug resistance is a factor that should be considered in DAA
therapies for HCV-infected patients. An understanding of drug
resistance is important in optimizing DAA treatment regimens to
increase SVR rates and minimize the clinical impact of resistance.
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In this study, we analyzed the resistance profile of the variants that
were observed in clinical studies of telaprevir (22, 23). Using HCV
replicons carrying site-directed mutations, we evaluated the in
vitro susceptibility of the clinically observed NS3 protease variants
to telaprevir, as well as the potential cross-resistance of the vari-
ants to other NS3 protease inhibitors, alpha interferon (IFN-a),
ribavirin, and NS5B polymerase inhibitors. We also characterized
the in vitro replication capacity of these variants.

MATERIALS AND METHODS

Cells and compounds. Huh-7.5 cells were obtained from Apath LLC
(Brooklyn, NY) (24). Huh-7-ET-“cured” cells, a Huh-7 subcell line, were
established by curing the Huh-7 cell line containing the subgenomic rep-
licon pFK Ijgeluc-ubi-neo/NS3-3'/5.1 (25).

Cells were maintained in complete Dulbecco’s modified Eagle mini-
mal essential medium (cDMEM) composed of DMEM supplemented
with 10% fetal bovine serum (FBS), 100 IU/ml penicillin, 100 pg/ml
streptomycin, 1X nonessential amino acids (NEAA), and 2 mM glu-
tamine at 37°C in an atmosphere of 5% carbon dioxide and passaged twice
weekly to maintain subconfluence.

Linear ketoamide NS3 protease inhibitors telaprevir (8—10) and boce-
previr (26), macrocyclic NS3 protease inhibitors ciluprevir (27, 28) and
danoprevir (29), nucleoside NS5B polymerase inhibitor NM-107 (30),
and nonnucleoside NS5B polymerase inhibitors VX-222 (31), HCV-796
(32), compound 2 (CMPD 2 [33]), and compound 55 (CMPD 55 [34])
were synthesized at Vertex Pharmaceuticals Incorporated (Cambridge,
MA). Macrocyclic NS3 protease inhibitors simeprevir (35) and vaniprevir
(36) were obtained from Acme Bioscience Inc. (Palo Alto, CA). Nucleo-
side NS5B polymerase inhibitor mericitabine (37) was obtained from SAI
Advantium (Hyderabad, India). All compounds were dissolved in di-
methyl sulfoxide (DMSO) to a final concentration of 10 or 20 mM and
were stored at —20°C. Human recombinant IFN-« (Calbiochem, La Jolla,
CA) and ribavirin (Sigma-Aldrich, St. Louis, MO) were reconstituted in
water and stored at —80°C and —20°C, respectively.

Construction of plasmids. Substitutions of HCV NS3 protease vari-
ants were introduced into 4 sets of replicon plasmids using PCR-based
site-directed mutagenesis or subcloning to generate variant replicons: (i)
in stable cell lines, 50% effective concentration (EC,) values were deter-
mined using pBR322-HCV-Neo-mADE, a replicon plasmid that contains
adaptive mutations causing 3 amino acid substitutions (E1202G, S2204R,
and R2861G) (38) and is derived from the G1b-Conl strain subgenomic
replicon I;goneo/NS3-3"/wt (39); (ii) pBR322-HCV-Luc-mADE (40), a
G1b-Conl strain subgenomic replicon that was used to evaluate replica-
tion capacity in transient transfections; (iii) pFK I5,,PiLuc/NS3-3'/ET, a
G1b-Conl strain subgenomic replicon that was kindly provided by R.
Bartenschlager (adapted from Lohmann et al. [39]) and was used to de-
termine EC;, and replication capacity in transient transfections; and fi-
nally, (iv) la-PiLuci-1a6*, a subgenomic replicon that contains the Gla-
H77 NS3-3" sequence with adaptive mutations causing 6 amino acid
substitutions (Q1067R, P1496L, V16551, K1691R, K2040R, and S2204I)
and a luciferase gene cassette under the translational control of the en-
cephalomyocarditis virus (EMCV) (internal ribosome entry site [IRES])
and the poliovirus IRES, respectively, and was used to determine the EC,,
in transient transfections.

To express the NS3 protease, a cDNA fragment encoding residues 1
(A) to 181 (S) of the NS3 protease domain from a Gla HCV-infected
patient enrolled in a phase 1b study was subcloned into pBEV11, which
contains a C-terminal hexahistidine tag (38). In each expression con-
struct, NS3 residue L13 (codon: CTC) was replaced with K (codon: AAG)
to improve the solubility of the proteins.

Determination of replicon EC,,. The method to determine EC,s in
stable replicon cells using pBR322-HCV-Neo-mADE has been described
previously (38, 41). Briefly, full-length HCV subgenomic replicon RNA
was generated from a Scal-linearized DNA template using a MEGAscript
T7 kit (Life Technologies, Grand Island, NY). The resulting RNA was
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electroporated into Huh-7 cells using a Bio-Rad Gene Pulser I electropo-
rator, and G418 (Geneticin)-resistant HCV replicon cells were selected
with 0.5 mg/ml G418-cDMEM for 2 to 3 weeks. The presence of muta-
tions in the replicons was confirmed by sequencing the reverse transcrip-
tion-PCR (RT-PCR) products amplified from the total cellular RNA. The
EC4ys of compounds were determined in a 48-h assay using stable repli-
con cells. Briefly, 1 X 10* HCV replicon cells/well were plated in a tissue-
culture-treated 96-well plate in DMEM containing 10% FBS, 2 mM r-glu-
tamine, 1 X NEAA, and 0.25 mg/ml G418 and then incubated overnight at
37°C in a humidified incubator with 5% CO,. The next day, the medium
was replaced with DMEM containing 2% FBS, 2 mM L-glutamine, 1X
NEAA, and serially diluted compound in DMSO (0.5% final concentra-
tion). After incubation for 48 h, replicon RNA levels were determined
using a QuantiGene Discover assay kit (Panomics, Inc., Fremont, CA)
with an HCV-specific primer set.

The ECgys of variant replicons generated with pFK I,;PiLuc/NS3-
3'/ET or la-PiLuci-1a6* were determined in a 96-h assay with transient
transfections of Huh-7-ET-cured cells. Briefly, 5 ug of T7 RNA runoff
transcripts generated from Scal-linearized pFK I,,,PiLuc/NS3-3'/ET or
Hpal-linearized la-PiLuci-1a6* replicons were electroporated into 4 X
10° Huh-7-ET-cured cells resuspended in Ingenio (Mirus Bio LLC, Mad-
ison, WI). Electroporated cells were resuspended in cDMEM and plated
in 96-well, tissue-culture-treated plates at 1 X 10* cells in 100 pl. After
incubation at 37°C for 24 h, the cultured cells were mixed with 100 pl of
medium containing the serially diluted compounds and allowed to grow
for 3 days. The cells were lysed with lysis buffer (Promega, Madison, WI),
and luciferase activity was measured using a luciferase assay system (Pro-
mega, Madison, WI).

The ECs,s were calculated from dose-response curves using a 4-pa-
rameter curve-fitting method in the Softmax Pro program (Molecular
Devices Corp., Sunnyvale, CA). Multiple independent assays were conducted
for each viral replicon, and the means and standard deviations (SD) of the
replicon EC;s were calculated. The fold change in sensitivity to HCV inhib-
itors was calculated by dividing the mean ECs, for each variant by the mean
EC;, for the WT replicon. Variants were considered to be resistant to the
inhibitors if the increase in the EC;, compared with the WT was =3-fold
because the variation of the ECs of the assay was <3-fold.

Expression and purification of recombinant NS3 protease. An HCV
NS3 serine protease domain with either a WT sequence or a substitution
was expressed in BL21(DE3) Escherichia coli cells (Stratagene, La Jolla,
CA) and purified as described previously (38), with minor modifications.
Freshly transformed cells were grown at 37°C in a brain heart infusion
(BHI) medium (Difco Laboratories, Kansas City, MO) supplemented
with 100 pg/ml carbenicillin to reach an optical density of 0.75 at 600 nm,
followed by induction with 1 mM isopropyl-1-thio-f-p-galactopyrano-
side at 24°C for 4 h. Cell paste was resuspended in buffer A (50 mM HEPES
[pH 8.0], 300 mM NaCl, 0.1% n-octyl-B-p-glucopyranoside, 5 mM
B-mercaptoethanol, and 10% [vol/vol] glycerol) supplemented with 5
mM imidazole and lysed with BugBuster reagent (Novagen, Madison,
WI), followed by centrifugation at 16,000 X g for 30 min (41). The lysate
was passed over a 2-ml bed of pre-equilibrated Talon affinity resin (Clon-
tech, Palo Alto, CA) at 2 ml/min and washed with 30 column volumes of
buffer A plus 5 mM imidazole. The HCV NS3 proteins were eluted in
buffer A plus 300 mM imidazole. The eluates were then concentrated and
loaded onto a Hi-Load 16/60 Superdex 200 column that had been pre-
equilibrated with buffer A. The appropriate fractions of the purified HCV
proteins were pooled and stored at —80°C.

Determination of enzyme IC5, or IC5(, 1,). In vitro protease activity
was assayed in 96-well microtiter plates (Corning, NY), as described pre-
viously (38). Briefly, the NS3 protease was incubated with 5 wM cofactor
KK4A (KKGSVVIVGRIVLSGK) (42) in 50 mM HEPES (pH 7.8)-100
mM NaCl-20% glycerol-5 mM dithiothreitol at 25°C for 10 min and at
30°C for 10 min. HCV NS3-4A protease inhibitors, serially diluted in
DMSO, were added to the protease mixture. For telaprevir and bocepre-
vir, the mixture was incubated for an additional 60 min at 30°C to derive
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TABLE 1 Replicon EC,, of telaprevir against NS3 protease variants”

TABLE 1 (Continued)
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EC,, = SD Fold EC,, = SD Fold
Variant (uM) change £ SD  Variant (M) change *+ SD
Frequently observed in telaprevir studies RI109K 0.390 = 0.110 0.8 £0.2
G1b replicon (48-h assay) D168A” 0.193 0.4
WT 0.482 * 0.122 1.0 £ 0.3 D168N 0.306 = 0.042 0.6 £0.1
V36A 3.57 £ 1.05 7422 D168V? 0.163 0.3
V3ieM 3.38 £ 0.78 7.0 £ 1.6 V170A 1.25 £ 0.28 2.6 0.6
T54A 3.04 + 0.82 6.3+ 1.7 Gla replicon (96-h assay)
T54S 2.02 £0.19 42 %04 WT 0.961 = 0.132 1.0 £ 0.1
R155K 3.59 £ 0.28 7.4 %= 0.6 D168N 0.910 = 0.004 0.9 = 0.004
RlSSTl 9.60 = 0.87 20x2 “ The mean ECs, and SD were derived from 8 to 15 and 3 to 5 individual experiments
A1568” 4.65 9.6 for the WT and variant replicons, respectively. The mean fold change was determined
A156T¢ >30 >62 by dividing the mean ECs,, of a given variant replicon by that of the WT replicon. The
V36M + R155K ~31 ~64 SD of the fold change was determined by dividing the SD of the ECj, of a given variant
Gla replicon (96-h assay) replicon by the mean ECj, of the WT replicon. “>” denotes that the ECs, or fold
WT 0.961 *+ 0.132 1.0 = 0.1 char?ge was greater t}}e value presented; the actual value could not b? determined since
V36A 7.25 + 0.41 75+ 04 no significant reduction of HCV RNA level was observed at the maximum
concentration of telaprevir used (30 WM for the G1b 48-h assay and 25 pM for the Gla
V36M 6.55 i 0-56 6.8 f 06 or G1b 96-h assays). “~” denotes that the EC, or fold change was estimated from a
R155K 5.66 = 1.86 5919 40% or greater reduction of the HCV RNA level; the actual value could not be
A156S 21.5%£2.7 22%3 determined due to the reduction of HCV RNA not being sufficient.
V36M + R155K >25 >26 b Data published previously (38).
¢ Data published previously (40).
Rarely observed in telaprevir studies
G1b replicon (48-h assay)
+ +
wrT 0482 = 0.122 LO=03 1-h 50% inhibitory concentration [IC,, | values. For ciluprevir or
V36C 3.78 = 0.48 7.8 = 1.0 . . o0 by T . .
V360 5'43 N 0'21 1'1 :0 4 danoprevir, IC;,s were obtained without additional preincubation.
Va6l 1.06 N 0'20 5 2:_ 0 4 The reaction was initiated by the addition of 5 puM RET-S1 {Ac-
e I DED(EDANS)EEaAbuls[ COOJASK(DABCYL)-NH,; Anaspec Inc., San
R155G 3.58 + 0.24 7.4+ 0.5 . . L2
RISSI 1'1 6 N 2'5 2;1 :5 ) Jose, CA}, an internally quenched fluorogenic depsipeptide substrate (38,
R155M 5 6'8 N 0'21 5 6:' o4 43), and incubated at 30°C. Product release was monitored for 20 min (exci-
R155S 1'97 N 0'21 4'1 N 0‘4 tation at 360 nm and emission at 500 nm) in a Tecan SpectraFluorPlus plate
AL36F >‘30 - >62_ : reader (Tecan US, Durham, NC). The enzyme assay was performed in a total
s ~3 —6 volume of 100 pl. The protease concentration was chosen such that 10% to
V36A + T54A 073 + 141 20+ 3 20% of the substrate was turned over during the course of the assay. Prism
V36A + RIS5K '20 - 4; software (GraphPad Software, Inc., La Jolla, CA) was used to fit a sigmoidal
V36A 4 R155T ~30 —6 dose-response curve (4-parameter curve fitting method) to the data, with
V6L + RISSK 103+ 05 o+ IG5 or ICsq; 1) values derived from each fitted curve.
S36M + R155T >50 - >6; Determination of replication capacity. As previously described by
V36A + ALS6T ~3 —6 Zhou and colleagues, the Scal-linearized pBR322-Luc-mADE or pFK
1,4, PiLuc/NS3-3'/ET replicons were used to generate T7 RNA runoff
V36M + A156T >30 >62 e . .
Feas L RIBER 106 + 0.2 9+ 04 transcripts, which were transfected into Huh-7.5 or Huh-7-ET-cured cells
TSAA 4+ A1S6S >50 - >6; ) by electroporation (41). Transfected cells were plated into duplicated 96-
T54S + A156S ~% —62 well plates and cultured for 2.5 to 3 h for the first set of plates and 72 h (for
pBR322-Luc-mADE) to 96 h (for pFK 1,,,PiLuc/NS3-3'/ET) for the sec-
T54S + A156T >30 >62 Jar
RISST + D168N 113+ 03 i1 ond set of plates. The cells were lysed with lysis buffer and kept frozen at
V36M + T54S + R155K >é0 - >6; —80°C until assayed for luciferase activity (Promega kit; Promega, Mad-
G1b reoli 596 b 2> ison, WI). For any given replicon variant, a normalized luciferase signal
Wf;p icon (96-h assay) 0269 + 0,096 L0+ 04 was calculated by dividing the luciferase signal at 72 or 96 h postelectro-
V36l 0.0853_+ 0 0059 0'3 N 0‘02 poration with that from 2.5 or 3 h postelectroporation of the same repli-
VI51A 0'230 +_0 0'46 0'9 i 0'2 con variant. The relative replication capacity of the NS3 protease variant is
ALS6N >'25 - >9; ) expressed as the percentage of the normalized luciferase signal of the vari-
a1 . 96.h ant replicon compared with that of the WT replicon (as 100%) and that of
\?Vr;p icon (96-h assay) 0.961 + 0.132 001 a HCV polymerase null variant (as 0%).
1132V 1.68 = 0.66 8 0.7 RESULTS AND DISCUSSION
Resistant to other HCV protease S.usceptibility of NS3 protease VaFiants. to telaprevirin HCV.rep-
inhibitors licon cells. The ECss of telaprevir against NS3 protease variants
G1b replicon (48-h assay) were determined in G1b 48-h or 96-h replicon assays, and a subset
WT 0.482 + 0.122 1.0+ 0.3 of the variants was also evaluated using a Gla 96-h replicon assay
Q41R 0.720 * 0.090 1.5+02 to assess the consistency of the resistance levels in both genotypes
V55A 1.03 £ 0.11 21%02 (Table 1). The WT G1b replicon had EC,, (£SD) values of 0.482
Q80R 0.250 = 0.020 0.5 = 0.04

(%£0.122) pMand 0.269 (£0.096) uM in the 48-h and 96-h assays,
respectively, whereas the WT Gla replicon had an EC;, (£SD) of
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FIG 1 Comparison of the activities of HCV NS3 protease inhibitors on NS3 variant replicons. Fold change in EC,, was determined in the G1b 48-h assay.

0.961 (£0.132) uM in the 96-h assay. The NS3 protease variants
that were characterized included (i) variants most frequently ob-
served (significantly enriched) in patients who did not achieve
SVR in telaprevir-based regimens, including V36A/M, T54A/S,
R155K/T, A156S/T, and V36M+R155K (22); (ii) variants rarely
observed (not significantly enriched) in patients who did not achieve
SVR in telaprevir-based regimens, including V36C/G/I/L, 1132V,
VI151A, R155G/I/M/S, A156F/N/V, V36A+T54A, V36A+R155K/T,
V36L+R155K, V36M+R155T, V36A/M+A156T, T54A+A156S,
T54S+R155K, T54S+A156S/T, R155T+D168N, and V36M+
T54S+R155K (22); and (iii) variants specifically observed for
other HCV NS3 protease inhibitors, including Q41R, Q80R, and
D168A/N/V, which are resistant to one or more macrocyclic
inhibitors such as vaniprevir (36, 44), ciluprevir (38), danopre-
vir (45), and simeprevir (46), and V55A, R109K, and V170A,
which are resistant to linear NS3 protease inhibitors boceprevir
(47, 48) and SCHS6 (49, 50).

The variants that were observed in clinical studies of telaprevir
conferred different levels of resistance to telaprevir, with increases
in EC5,s ranging from 0.3- to >93-fold relative to the WT (Table
1). An increase in the ECy, of <3-fold relative to the WT was
considered to be within the assay variation and not reflective of
resistance. Variants were categorized as showing either lower-level
(ECs, fold change from 3 to 25) or higher-level (EC5, fold change
> 25) resistance. As nearly all viral breakthroughs that occur during
treatment with telaprevir are associated with variants with higher-
level resistance, telaprevir given in combination with PR appears to be
sufficient to inhibit variants with lower-level resistance (22).

Frequently observed single variants V36A/M, T54A/S, R155K/T,
and A156S showed lower-level resistance to telaprevir, whereas
A156T and the double variant V36M +R155K conferred higher-level
resistance to telaprevir. Single variants V36C/G and R155G/1/
M/S, which were rarely observed, conferred lower-level resistance.
However, the rarely observed A156F/N/V variants conferred a
higher level of resistance. The rarely observed single variants
V361/L,1132V, and V151A did not change the sensitivity to telapre-
vir in the replicon system. Rarely observed double and triple vari-
ants conferred higher-level resistance, except for V36A+T54A,
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V36L+R155K, T545S+R155K, and R155T+D168N, which were as-
sociated with lower-level resistance to telaprevir.

In general, the fold changes in ECss relative to the WT repli-
con were consistent between the G1b 48-h and 96-h replicon as-
says (data not shown). Similarly, the levels of resistance to telapre-
vir associated with the major variants V36A/M, R155K, and
A156S or V36M +R155K obtained from Gla and G1b replicons
were also consistent. The maximum difference in EC,, change
between Gla and G1b was 2.3-fold, which was observed for
A156S (Table 1).

Variants Q41R, V55A, Q80R, R109K, D168A/N/V, and V170A
have been reported to confer resistance to other HCV NS3 pro-
tease inhibitors. D168N was also observed in a small number of
patients who did not achieve an SVR with telaprevir treatment
(22). These variants conferred a less than 3-fold change in the
ECs,s of telaprevir in Gla or G1b replicons. Thus, these variants
are not considered resistant to telaprevir in vitro.

Susceptibility of telaprevir-resistant variants to other HCV
NS3 protease inhibitors in HCV replicon cells. To evaluate
whether variants that confer resistance to telaprevir also confer
resistance to other HCV NS3 protease inhibitors, WT and NS3
variant replicons (G1b) were tested against boceprevir (26), cilu-
previr (27, 28), danoprevir (29), simeprevir (35), and vaniprevir
(36) in a 48-h assay (Fig. 1 and Table 2).

Like telaprevir, boceprevir is a linear ketoamide peptidomi-
metic NS3 protease inhibitor (26). The ECs, (£SD) value of
boceprevir against the WT replicon was 0.487 (£0.130) wM, which
was similar to that of telaprevir determined in the same replicon
assay. Single amino acid changes at residues 36 (V36A/C/G/L/M),
54 (T54A), and 155 (R155G/I/K/M/S/T) conferred no or lower-
level resistance to both boceprevir (ECs, change from 1.3- to 12-
fold) and telaprevir (ECs,, change from 2.2- to 24-fold) (Table 1).
In comparison, A156T/V conferred less resistance to boceprevir
(40- to 46-fold) than to telaprevir (>62-fold) (Table 1). Double
variants V36A/M+R155K/T and V36A+T54A also conferred less
resistance to boceprevir (5.3- to 26-fold) than to telaprevir (20- to
>62-fold in G1b) (Table 1). Furthermore, higher-level resistance
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TABLE 2 Replicon EC of other protease inhibitors against NS3 variants”

Boceprevir Ciluprevir Danoprevir Simeprevir Vaniprevir

Variant ECs4(s) (LM) FC(s) EC5y(s) (LM) FC(s) EC;, (LM) FC ECs, (kM) FC ECs, (kM) FC
WT 0.487 1.0 0.0049 1.0 0.0049 1.0 0.0016 1.0 0.0028 1.0
V36A 1.83 3.8 0.0058 1.2 0.0087 1.8 ND ND ND ND
V36C 0.860 1.8 ND ND 0.0071 14 ND ND ND ND
V36G 1.36 2.8 0.00438 1.0 0.012 2.3 ND ND ND ND
V36L 0.610 1.3 0.0060 1.2 0.0064 1.3 ND ND ND ND
V36M 1.56 3.2 0.0049 1.0 0.0086 1.8 0.0033 2.1 0.0050 1.8
T54A 1.85 3.8 0.0032 0.7 0.0055 1.1 0.0020 1.0 0.0030 1.1
R109K 0.446 0.9 0.0042 0.9 0.0037 0.8 ND ND ND ND
R155G 1.59 3.3 2.8 580 0.091 19 ND ND ND ND
R1551 3.77 7.7 0.13 26 0.0063 1.3 ND ND ND ND
R155K 3.57 7.3 1.2 250 0.40 82 0.030 18 0.32 116
R155M 1.43 2.9 0.15 30 0.0094 1.9 ND ND ND ND
R1558 1.02 2.1 2.0 418 0.039 7.9 ND ND ND ND
R155T 5.86 12 2.2 456 0.050 10 ND ND ND ND
A156S ND ND 0.0070 1.4 ND ND 0.00060 0.4 0.0080 2.9
A156T 22.6 46 1.1 222 0.026 5.3 0.053 33 0.17 60

Al56V 19.3 40 10 2,041 0.030 6.1 ND ND ND ND
D168A ND ND 1.9 380 0.17 34 ND ND ND ND
D168V ND ND 5.1 1,039 0.062 13 ND ND ND ND
V170A 1.89 3.9 0.0070 1.4 0.0040 0.8 ND ND ND ND
V36A + T54A 2.60 5.3 0.0022 0.5 0.0026 0.5 ND ND ND ND
V36A + R155K 4.77 9.8 2.6 535 1.5 312 ND ND ND ND
V36A + R155T 12.5 26 29 590 0.15 30 ND ND ND ND
V36M + R155K 6.48 13 2.7 559 1.3 259 0.097 60 1.0 376
V36M + R155T 12.2 25 4.0 822 0.23 47 ND ND ND ND
V36M + A156T 21.2,>30 44, >62 6.8, >10 1,392, >2,041 0.059 12 ND ND ND ND

“ The ECs,, was the mean of the results of 3 to 5 individual experiments (G1b 48-h assay). FC (fold change) was determined by dividing the mean ECy, of a given variant replicon by
that of the WT replicon. “ND” denotes that data were not determined. “>” denotes that the EC5, or FC was greater than the value presented; the actual value could not be
determined since no significant reduction of HCV RNA level was observed at the maximum concentration of compound used (30 uM for boceprevir and 10 wM for ciluprevir).

to both boceprevir and telaprevir (44- to >62-fold) was observed
for V36M+A156T.

Macrocyclic NS3 protease inhibitors ciluprevir, danoprevir,
simeprevir, and vaniprevir showed comparable levels of potency
for the WT replicon, with EC;,, (=SD) values ranging from 0.0016
(£0.0001) to 0.0049 (*0.0022) wM. Ciluprevir and danoprevir
were fully active against variants with a single amino acid change
at residue 36 (V36A/G/L/M) or 54 (T54A), which conferred no or
lower-level resistance to telaprevir. Similarly, simprevir and vani-
previr were fully active against V36M and T54A. Substitutions at

residue 155 (R155G/1/K/M/S/T), which conferred lower-level re-
sistance to telaprevir, resulted in various levels of resistance to
macrocyclic NS3 protease inhibitors. Substitutions with a hydro-
phobic amino acid (R1551/M) had less impact on the susceptibil-
ity to ciluprevir and danoprevir than substitutions at the same
position with charged, hydrophilic, or small side-chain residues
(R155G/K/S/T). Variant A156S, a variant with lower-level resis-
tance to telaprevir, was sensitive to ciluprevir, simeprevir, and
vaniprevir (<3-fold), which is comparable with what was previ-
ously observed for danoprevir (4-fold change) (45). Substitution

TABLE 3 Enzyme IC;, of telaprevir and other protease inhibitors against NS3 variants”

Telaprevir Boceprevir Ciluprevir Danoprevir

Variant ICso(1 1) (kM) EC ICs(y 1y (M) FC IC.o (uM) FC ICso (kM) FC
WT 0.050 1.0 0.084 1.0 0.0087 1.0 0.0073 1.0
V36L 0.099 2.0 ND ND ND ND ND ND
V3eM 0.27 5.4 0.37 4.4 0.010 1.2 0.0071 1.0
R1551 0.88 18 ND ND 0.14 16 ND ND
R155K 0.51 10 0.87 10 0.60, >0.84 69, >97 0.26 35

R155S 1.2 23 ND ND 0.72, >0.84 83, >97 ND ND
R155T 0.49 9.8 ND ND 0.22 25 ND ND
A156S 2.5 50 3.1 37 0.072 8.3 0.043 6.0
A156T 19 380 26 310 >0.84 >97 0.028 3.8
V36M + R155K 3.4 69 3.3 39 0.69, >0.84 79, >97 0.48 66

“The ICs(; 1,y or IC5, was the mean of the results of 2 to 5 individual experiments. FC (fold change) was determined by dividing the mean ICs, 1, or ICs, of a given variant by
that of WT. “ND” denotes that data were not determined. “>” denotes that the IC5,(; 1,), ICsq, or FC was greater the value presented; the actual value could not be determined since
no significant reduction of HCV RNA level was observed at the maximum concentration of compound used (0.84 uM for ciluprevir).
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FIG 2 Comparison of fold change of replicon ECy, and enzyme ICs, of NS3
protease inhibitors against NS3 variants. The fold change of replicon EC,, was
determined in the G1b 48-h assay. Data for WT (n = 4) and NS3 variants with
actual or estimated values (n = 20) (V36L/M, R155I/K/S/T, A156S, and
V36M+R155K for telaprevir; V36M, R155K, A156T, and V36M+R155K for
boceprevir; V36M, R1551/T, and A156S for ciluprevir; and V36M, R155K,
A156T, and V36M +R155K for danoprevir) were included in the comparison.
A linear regression was performed on a log-transformed scale, with the result-
ing coefficient of determination (R?) of 0.66 having a P value < 0.0001.

of A156 with T or V, which conferred higher-level resistance to
telaprevir, also conferred higher-level resistance to ciluprevir
(222- to 2041-fold), simeprevir (33-fold), and vaniprevir (60-
fold) but lower-level resistance to danoprevir (5- to 6-fold). Dou-
ble variants at residues 36 and 155 (V36A/M+R155K/T), which
were variants with higher-level resistance to telaprevir, conferred
resistance to ciluprevir, danoprevir, simeprevir, and vaniprevir,
with a wide range of decreases in susceptibility (30- to 822-fold). A
variant with higher-level telaprevir resistance, V36M+A156T,
was resistant to ciluprevir (1,392- or >2,041-fold), with much

HCV Protease Variants in Telaprevir Clinical Studies

higher resistance than what was imparted by A156T alone (222-
fold). However, this double variant conferred less resistance to
danoprevir (12-fold); that resistance level was just slightly higher
than the resistance imparted by A156T alone (5.3-fold). Double
substitution V36A+T54A, which conferred a lower level of resis-
tance to telaprevir, did not confer any resistance to ciluprevir or
danoprevir, consistent with the lack of resistance to these macro-
cyclic inhibitors that was observed for the single variants V36A
and T54A.

Substitution R109K did not reduce the susceptibility of the
replicon to telaprevir, boceprevir, ciluprevir, or danoprevir. This
variant conferred resistance only to inhibitors that have an exten-
sion toward the P2’ position, such as SCH6 (49, 50). Amino acid
substitutions at position 168 have been associated with resistance
to the macrocyclic class of inhibitors but not with resistance to the
linear ketoamide class of inhibitors, including telaprevir and
boceprevir (46). As is consistent with this observation, variants
D168A/V showed resistance to ciluprevir (380- to 1,039-fold) and
danoprevir (13- to 34-fold) but not to telaprevir. V170A conferred
a 3.9-fold increase in resistance to boceprevir, consistent with the
findings of a previous in vitro selection study (47), but did notlead
to a change in sensitivity to telaprevir, ciluprevir, or danoprevir.

Susceptibility of NS3 protease variants to telaprevir and
other HCV NS3 protease inhibitors in the enzymatic assay. The
enzyme ICss of telaprevir and the other HCV NS3 protease in-
hibitors boceprevir, ciluprevir, and danoprevir were derived from
the purified NS3 protease of WT and a subset of NS3 variants that
were observed in telaprevir clinical studies (Table 3). In general, a
good correlation (R* = 0.66, P < 0.0001) was observed between
the resistance levels (increases in ICs, or EC5,s over WT) obtained
in the enzymatic and G1b replicon assays (Fig. 2).

Susceptibility of telaprevir-resistant variants to IFN-a, riba-
virin, and other classes of direct-acting antivirals. The suscepti-
bility of telaprevir-resistant variants to IFN-a, ribavirin, nucleo-
side NS5B polymerase inhibitors (mericitabine [37] and NM-107
[30]), and non-nucleoside NS5B polymerase inhibitors (VX-222
[31] binding to the thumb domain, HCV-796 [32] and CMPD 2
[33] binding to the palm domain, and CMPD 55 [34] binding to

TABLE 4 Replicon ECs,, of IFN-a, ribavirin, and NS5B polymerase inhibitors against NS3 variants”

IFN-« Ribavirin Mericitabine NM-107 VX-222 HCV-796 CMPD 2 CMPD 55

ECs, ECso ECs, ECso ECs, ECs, ECs, ECso
Variant (Uml) FC (uM) EC (uM) FC (uM) EC (uM) FC (pM) FC (uM) FC (uM) EC
WT 11.6 1.0 57.8 1.0 2.06 1.0 1.34 1.0 0.0036 1.0 0.0235 1.0 0.347 1.0 0.314 1.0
V36A 10.3 0.9 43.1 0.8 ND ND 2.15 1.6 ND ND ND ND 0.571 1.6 0.369 1.2
V3ieM 11.3 1.0 32.9 0.6 1.83 0.9 1.59 1.2 0.0037 1.0 0.0289 1.2 0.360 1.0 0.228 0.7
T54A 3.87 0.3 21.7 0.4 1.86 0.9 1.98 1.5 0.0040 1.1 0.0274 1.2 0.564 1.6 0.337 1.1
R155K 15.2 1.3 37.2 0.6 1.45 0.7 2.37 1.8 0.0031 0.9 0.0176 0.7 0.450 1.3 0.390 1.2
R155M 4.89 0.4 38.9 0.7 ND ND ND ND ND ND ND ND ND ND ND ND
R155T 4.84 0.4 324 0.6 ND ND ND ND ND ND ND ND ND ND ND ND
A156S ND ND ND ND 0.850 0.4 ND ND 0.0029 0.8 0.0219 0.9 ND ND ND ND
A156T ND ND ND ND 1.07 0.5 1.27 0.9 0.0029 0.8 0.0200 0.8 0.326 0.9 0.306 1.0
Al56V ND ND ND ND ND ND 1.31 1.0 ND ND ND ND 0.264 0.8 0.297 0.9
V36A + R155K 6.83 0.6 35.8 0.6 ND ND ND ND ND ND ND ND ND ND ND ND
V36A + R155T 3.90 0.3 41.7 0.7 ND ND ND ND ND ND ND ND ND ND ND ND
V36M + R155K 10.1 0.9 40.6 0.7 2.25 1.1 2.72 2.0 0.0040 1.1 0.0233 1.0 0.578 1.7 0.419 1.3
V36M + R155T 3.13 0.3 36.4 0.6 ND ND ND ND ND ND ND ND ND ND ND ND

@ The ECs, was the mean of the results of 3 individual experiments (G1b 48-h assay). FC (fold change) was determined by dividing the mean ECs, of a given variant replicon by that

of the WT replicon. “ND” denotes that data were not determined.
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TABLE 5 Relative in vitro replication capacity of NS3 variants

Replication

Telaprevir replicon  Level of resistance  capacity *
Variant ECj, fold change” to telaprevir” SD (%)°
WT 1 None 100 = 7
V36l 0.3 146 * 18
V36A 7.4 Lower 104 = 26
V36C 7.8 98 9
V36G 11 59*+8
V3eM 7.0 77 £ 12
T54A 6.3 65+ 10
T54S 4.2 59*+3
R155G 7.4 10£3
R1551 24 207
R155K 7.4 80 £ 16
R155M 5.6 182
R155S 4.1 45+ 8
R155T 20 397
A156S 9.6 88 =8
V36A + T54A 20 8§£2
A156N >93 Higher 9+4
A156T >62 16 £2
Al56V >62 9x2
V36A + R155K ~41 57 £ 4
V36A + R155T >62 23 £ 11
V36M + R155K  ~64 426
V36M + R155T  >62 36 -8
V36M + A156T  >62 9+5

“ The fold change of the mean ECs, of the variant replicon compared with that of the
WT replicon was determined in G1b 48-h or 96-h assays as presented in Table 1. “>”
and “~7 are as described in Table 1.

b Lower-level resistance, EC, change from 3- to 25-fold; higher-level resistance, ECs,,
change > 25-fold. V36l did not confer resistance to telaprevir (ECs, change < 3-fold).
¢ The mean replication capacity and SD were derived from 31 and 3 to 7 individual
experiments for the WT and variant replicons, respectively. Data for V36I, T54S,
A156N, and A156S were generated with a pFK I, PiLuc/NS3-3'/ET replicon in Huh-7-
ET-cured cells; the rest of the data were generated with a pBR322-Luc-mADE replicon
in Huh-7.5 cells.

the finger-loop domain) was evaluated in the G1b 48-h replicon
assay (Table 4). The EC5,s of IFN-a and ribavirin for replicon cells
containing either single variant V36A/M, T54A, or R155K/M/T or
double variant V36A/M+R155K/T were comparable to that for
WT cells (fold change ranging from 0.3 to 1.3). Similarly, the
ECs,s of nucleoside or non-nucleoside NS5B polymerase inhibi-
tors against replicon cells containing variant V36A/M, T54A,
R155K, A156S/T/V, or V36M+R155K were comparable to that
against WT replicon cells (fold change ranging from 0.4 to 2.0).
Thus, the telaprevir-resistant variants tested remained fully sensi-
tive to IFN-a, ribavirin, and mechanistically distinct NS5B poly-
merase inhibitors.

Replication capacity of telaprevir-resistant variants. The in
vitro replication capacity (fitness) of the HCV replicon containing
substitutions at positions 36, 54, 155, and 156 of the HCV NS3
protease was determined in G1b transient replicon systems (Table
5). All variants, except V36A/C/I, had reduced replication capacity
compared with the WT replicon. In general, variants that con-
ferred higher-level resistance to telaprevir, such as A156N/T/V
and V36M+A156T, tended to have the lowest in vitro replication
capacity (9% to 16%), whereas variants that conferred lower-level
resistance, such as V36A/C/G/M, T54A/S, R155K, and A156S,
tended to be more fit (replication capacity ranging from 59% to
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104%). Variant V36, which was fully susceptible to telaprevir,
had a replication capacity even higher than that of the WT. Over-
all, there appears to be an inverse correlation between the in vitro
replication capacity and the resistance level for these NS3 variants
(Fig. 3). An exception to this observation is the double variant
V36A+T54A, which conferred lower-level resistance but had a
lower fitness of 8% = 2%, much lower than that of either single
variant. It is likely that V36A and T54A are more than additive, or
synergistic, with regard to their negative impact on NS3 protease
structure or activity. This may explain the rare occurrence of this
variant in clinical studies.

Conclusions. HCV NS3 protease variants observed in clinical
studies of telaprevir were characterized phenotypically in both
replicon and enzymatic assays. These variants conferred different
levels of resistance to telaprevir, ranging from a 0.3-fold to a
greater than 93-fold increase in EC;, relative to the WT in replicon
cells, and were categorized as variants with either lower-level (3- to
25-fold increase in EC5, from WT) or higher-level (>25-fold in-
crease in EC,,) resistance. All telaprevir-resistant variants re-
mained fully sensitive to IFN-q, ribavirin, and HCV NS5B nucle-
oside and non-nucleoside polymerase inhibitors. In addition,
there was a general trend of an inverse relationship between the
level of in vitro resistance and replication capacity.

The most frequently observed telaprevir-resistant variants were
V36A/M, T54A/S, R155K/T, and A156S, which conferred lower-level
resistance to telaprevir; and A156T and V36M +R155K, which con-
ferred higher-level resistance to telaprevir. The levels of resistance to
telaprevir conferred by the major variants were consistent both in
Gla and G1b replicon assays and in enzymatic assays. Rarely ob-
served variants included V361/L, 1132V, and V151A, which did
not confer resistance to telaprevir; V36C/G, RI155G/I/M/S,
V36A+T54A, V36L+R155K, T54S+R155K, and R155T+D168N,
which conferred lower-level resistance to telaprevir; and A156F/
N/V, V36A+RI155K/T, V36M-+R155T, V36A/M+A156T,
T54A+A156S, T54S+A156S/T, and V36M+T54S+R155K,
which conferred higher-level resistance to telaprevir. Variants re-
sistant to other HCV protease inhibitors (Q41R, V55A, Q80R,
R109K, D168A/N/V, and V170A) remained fully sensitive to tel-
aprevir.

In general, variants conferring resistance to telaprevir and
boceprevir (covalent, linear, reversible NS3 protease inhibitors)
had similar effects on viral sensitivity to the inhibitors. Sensitivity
to ciluprevir, danoprevir, simeprevir, and vaniprevir (macrocy-
clic, reversible, noncovalent NS3 protease inhibitors) was less af-
fected by amino acid substitutions at positions 36, 54, and 156.
Substitutions at position 155 showed cross-resistance to all NS3
protease inhibitors.

The in vitro replication capacity of all variants was lower than
that of the WT in replicon cells, with the exception of V36A/C/I.
Resistant variants that conferred higher-level resistance to telapre-
vir, such as A156N/T/V and V36M+A156T, generally tended to
have the lowest in vitro replication capacity, whereas variants with
lower-level resistance to telaprevir, such as V36A/C/G/M, T54A/S,
R155K, and A156S, tended to be more fit. These results are con-
sistent with the diminished in vivo fitness estimated from viral
load and variant population data in a previous study (21).

Taken together, these results allow a better understanding of
the resistant variants observed in patients who do not achieve an
SVR with a telaprevir-based regimen. While the variants observed
in patients can confer either higher- or lower-level resistance to
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FIG 3 Telaprevir EC, fold change and in vitro replicative fitness of NS3 variants in G1b replicon cells. The fold change in mean EC;,, and the SD were derived
from Table 1 and plotted in the black bars corresponding to the y axis on the left. The replicative fitness (replication capacity) and the SD were derived from Table
5 and plotted in the gray bars corresponding to the y axis on the right. The upper dashed line represents the maximum change in EC, (i.e., 93-fold) that could
be detected in the 96-h EC, assay. The lower dashed line represents the maximum change in ECs,, (i.e., 62-fold) that could be detected in the 48-h EC,, assay.
The fold changes in EC,, above the maximum detection limits are represented with the “>” sign.

telaprevir, these variants have a reduced fitness compared with
WT virus and are fully sensitive to IFN-q, ribavirin, and other
classes of DAAs.
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