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The in vitro resistance profile of BI 201335 was evaluated through selection and characterization of variants in genotype 1a (GT 1a) and
genotype 1b (GT 1b) replicons. NS3 R155K and D168V were the most frequently observed resistant variants. Phenotypic characteriza-
tion of the mutants revealed shifts in sensitivity specific to BI 201335 that did not alter susceptibility to alpha interferon. In contrast to

macrocyclic and covalent protease inhibitors, changes at V36, T54, F43, and Q80 did not confer resistance to BI 201335.

he hepatitis C virus (HCV)-encoded NS3 protease is essential

for viral replication and has long been considered an attractive
target in drug design efforts (3, 5). NS3 protease inhibitors (PIs)
can induce substantial reductions in HCV RNA plasma levels, and
several candidates have progressed through clinical development
to offer improved treatment options (for a review, see reference
27). Two PIs, boceprevir and telaprevir, were recently approved
for use in combination with pegylated interferon (Peg-IFN) and
ribavirin (1, 6, 7, 19). The selection of drug-resistant variants is
commonly observed in patients experiencing virologic rebound
during treatment with PIs (16, 20-22, 24).

BI 201335 is a potent HCV NS3/4A PI (15, 28) currently in
phase 3 clinical trials in combination with Peg-IFN and ribavirin
as well as phase 2 assessment with other HCV direct acting anti-
virals in IFN-sparing regimens. BI 201335 exhibited a profound
reduction in viral load when administered for 14 days as mono-
therapy in treatment-naive patients or for 28 days in combination
with Peg-IFN and ribavirin in treatment-experienced patients
(16). In these studies, viral breakthrough was observed in most
patients on monotherapy, whereas breakthrough was less fre-
quent in patients undergoing combination treatment. Distinct re-
sistant NS3 variants R155K and D168V predominated for geno-
type laand 1b (GT la and GT 1b), respectively (8, 16).

This study was designed to evaluate the genotypic and pheno-
typic profiles of the resistant variants that emerged during in vitro
selection in the presence of BI 201335 in the replicon system and
to relate these results to clinical observations. Replicons resistant
to BI 201335 were selected in GT 1la H77 and GT 1b CON-1 rep-
licon cell lines in the presence of 2 concentrations (100X and
1,000X drug concentration required to reduce HCV RNA or the
luciferase reporter levels by 50% [EC5,]) of drug for 3 weeks and
G-418 as previously described (9). With the lower concentration
of BI 201335, resistant variants encoding NS3 changes at residues
155, 156, and 168 were selected with the GT 1b replicon, with
D168G as the predominant variant (55%). R155K was the pre-
dominant variant (68%) selected with the GT 1a replicon (Table
1) and is consistent with the predominant variant selected in GT
la HCV-infected patients (16). At the higher concentration of BI
201335, essentially only D168 variants were selected with D168 A
and V as the predominant variants in both genotypes.

In order to confirm that the mutations observed in the selected
resistant replicons were responsible for the phenotypic changes
observed, the single amino acid variants were engineered into the
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TABLE 1 Frequency of amino acid substitutions identified in the NS3
protein-encoding gene of HCV subgenomic replicons of genotype la
and 1b selected in vitro in the presence of BI 201335

Frequency (%) of amino acid substitutions identified
in the NS3 gene of HCV replicons in the presence of
the indicated concn of BI 201335

Genotype 1b Genotype la
Amino acid 0.4 uM 4.0 uM 0.6 uM 6.0 uM
substitution(s)® (n=33)b (n=25) (n=58) (n=161)
R155K 64
L106M, R155K/R 2
148V, R155K 2
R155Q 6
R155W 3
A156V 12
A156V, E176G 8
Al156T 6
D168G 52 2
D168A 9 28 2
D168H 3
D168I 2 3
D168V 3 28 10 50
D168Y 3 4
A150V, D168G 3
T42A, D168A 2
117V, D168A 8
R24Q, D168A 4
D168A, T177A 2
T38N, D168V 8
P86A, D168V 7
P131S, D168V 8
L106 M, D168V 5 32
R109K, D168V 3
T38N, D168I, P194S 2
T72A, Q86R, D168V 12
L106M, R155K/R, D168V 2

@ Amino acid substitutions in boldface type represent those selected in replicon colonies
resistant to BI 201335.

b The concentrations of BI 201335 represent 100X and 1,000X EC, values that were
used to select GT 1b and GT 1a HCV-resistant replicon cell lines. 7 is the number of
resistant cell colonies analyzed for each condition by NS3-NS4A sequencing.
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TABLE 2 In vitro susceptibility of NS3 protease inhibitor-resistant HCV replicon molecular clones to BI 201335 and other HCV inhibitors

Change in susceptibility (ECs, fold change) to?:

Variant® BI201335 MK-7009 TMC435 ITMN-191 Boceprevir Telaprevir IFN-«
WT GT 1aH77
D168V 620 * 180 1,000 * 460 780 = 170 86 = 16 ND ND 0.8 0.2
R155K 360 = 90 260 * 22 43 =8 140 * 41 42 *0.7 29*13 0.8 £0.2
WT GT 1b CON-1
A156V 150 = 10 ND 160 =9 5.7+ 2.1 52*04 >744 1.9 £0.2
R155Q 60 £ 9 84 + 62 1.6° 19 £2.8 1.4¢ 2.5¢ 0.9 *+0.2
R155K 350 = 14 220¢ 30¢ 447¢ 4.0 100 0.6 0.2
A156T 270 + 98 76 * 32 44¢ 4*+12 85/ >30 1.2 *+04
D168G 80 = 30 ND 4.4¢ 8.1¢ 0.4¢ ND 0.8 £ 0.1
D168A 690 * 332 220 = 12 594¢ 30 £3.2 0.7¢ 0.4¢ 1.5+ 0.5
D168V 970 * 256 560 = 120 1,140 £ 570 50 = 10 0.7 £0.1 0.5+ 0.1 0.9 = 0.4
V36M 2.1*0.5 2.0 =07 2.7%£0.5 2.1*04 2.0 *+0.4 7.04 0.8 0.2
T54A 0.9 £0.2 0.6 0.3 0.9 0.5*+0.2 6.0/ 6.34 0.9 £0.2
T54S 3.5%0.7 ND 1.2¢ 1.2%+05 5.0 = 0.07 3.0 0.9 *+0.2
Q80K 22*0.1 29*0.2 14*13 23%03 1.0 £ 0.1 0.9 = 0.04 1.0 = 0.1
Q80L 1.2*+0.2 1.5+ 0.1 1.9 +0.2 1.3+0.2 1.0 = 0.06 1.0 = 0.04 1.0 = 0.1
Q80N 0.6 £ 0.1 0.8 £0.2 0.7 = 0.04 0.7 +0.2 ND 0.5*0.1 0.8 £0.3
Q80R 2.6 0.5 2.6 £0.3 15£0.7 3.1%£0.5 1.0 0.2 0.9 = 0.04 0.9 *+0.2
aWT, wild type.

b ECs, values were determined after 72 h of incubation with serial dilution of the indicated inhibitor and quantified by real-time reverse transcription-PCR (RT-PCR) for R155Q,
A156T, D168A, and D168G variants (10). All other ECs,s were obtained from luciferase reporter replicons in 72-h assays. Fold change was calculated as follows: ECs, for the
variant/EC5, for the WT. For each condition, the fold change represents the mean * standard deviation (SD), which was calculated from at least 3 independent experiments.
Replicon variants in boldface type represent those selected in replicon colonies resistant to BI 201335. Values in italic type are from published results. ND, not determined.

¢ Published value obtained from reference 12.
4 Published value obtained from references 21 and 29.
¢ Published value obtained from reference 13.
fPublished value obtained from reference 25.

GT laand 1b replicon backgrounds by site-directed mutagenesis,
and the EC;, was determined as previously described (10, 28). As
demonstrated in Table 2, the change in BI 201335 susceptibility of
the engineered variants, relative to the wild-type sequence for each
subtype, confirmed that the selected resistant mutations confer
the reduced susceptibility to BI 201335. Similar shifts in BI201335
potency were observed with D168V variants in both GT laand 1b

backgrounds. The R155K mutant had a similar effect on the sus-
ceptibility of the GT la and 1b replicons with 360- and 350-fold
shifts in the ECs,, for BI 201335, respectively (Table 2). The in vitro
selection of R155K mutants in the GT la replicon systems but not
in the GT 1b replicon systems is consistent with the differences in
the resistance profile between genotype 1 subtypes observed in
HCV-infected patients during short-term monotherapy with BI

TABLE 3 Relative affinity of genotype 1 NS3-NS4A variant enzymes to BI 201335

Change in the relative affinity of the enzyme (fold change in K; [app]) to?:

NS3/4A variant® BI 201335 Telaprevir Boceprevir TMC435 ITMN-191
GT 1aH77
R155K 420 = 30 24*6 14*6
D168V >690 0.34 = 0.02 0.37 +0.09
V36M/R155K 530 = 80 264 * 105 126 = 54
GT 1b CON-1
R155K 210 = 52 20+9 6.5+ 1.6 44¢ 31 %2
R155Q 430 =20 13¢ 18 =1
A156T 710¢ >416 540¢ 21¢ 4.0*0.2
Al56V 1100 * 43 >398 >1,041 73038
D168V 830 = 106 0.3 0.1 0.6 +0.1 >52 52+0.2
D168A 236 =27 >68 15+2
V36M/A156T 462 *+ 40 >459 1,080 = 34
V3o M 1¢ 182 6.3+ 0.5 1.6¢
Q41R 22*0.1 1.5+0.2 25%0.7 1.7+0.2
T54A 1.3+03 9.8 29 6.6 =27 0.9 £0.2
F43S 1.3+03 7.2*0.0 4.4 *05 8.0*19
F43V 1.6 = 0.6 6.9 +0.2 85*0.3 >34
Q80K 1.9 £ 0.1 1.0 = 0.0 2804 1.3 0.1
Q80R 1.7 0.1 1.1 +0.1 4.0*0.2 1.3+02

@ Replicon variants in boldface type represent those selected in replicon colonies resistant to BI 201335.

b Kinetic parameters for NS3-NS4A proteins and inhibition by PIs were determined using the depsipeptide fluorogenic substrate derived from the NS5A-NS5B cleavage site:
anthraniloyl-DDIVP-Abu[C(O)-O] AMY(3-NO,)-TW-OH. The assay conditions are similar to those previously described (17, 25). For boceprevir and telaprevir, the compound
was preincubated with enzyme for 60 min prior to the addition of substrate. The calculated percentage of inhibition at each inhibitor concentration was used to determine the
median effective concentration (ICs,) by nonlinear regression routine Symyx Assay Explorer v3.2 SP1 of Symyx Technologies. K; (apparent [app]) values were calculated from the

ICss using the equation IC5, = K; (1 +
mean = SD, which was calculated from at least 3 experiments.
¢n < 3 experiments.
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[S1/K,,) where S is substrate. Fold change = K; of the NS3 mutant/K; for the WT NS3. For most of the data, the fold change value is the
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FIG 1 X-ray crystal structure of the NS3 protease domain in complex with BI
201335. The proximity of major amino acid positions that confer resistance are
visualized with BI 201335 bound in the active site. Substitutions at residues
that confer resistance to BI 201335 are identified by color as follows: Arg155 in
blue, Alal56 in yellow, and Asp168 in red. BI 201335 contains a unique
C-terminal carboxylic acid that binds noncovalently to the active site, and a
bromoquinoline substitution on its proline residue that provides significant
potency. R155K and D168V substitutions disrupt the binding of BI 201335,
which results in a several hundredfold loss in affinity of the protease inhibitor.

201335 (16) and other NS3 PIs (22). Most likely, the R155K mu-
tant did not emerge during in vitro selection in GT 1b replicons in
this study because the codon would require 2 nucleotide changes,
whereas the corresponding codon in GT 1la replicons requires
only 1 nucleotide change (12, 18, 24). As further demonstrated in
Table 2, analysis of the shift in PI sensitivity by the engineered
clones revealed the following. (i) R155 variants resulted in a broad
range of cross-resistance to all PIs (12, 14, 23, 30). (ii) Variants at
position D168 exhibited cross-resistance to BI 201335 and the
macrocyclic class of PIs (10, 12, 13), but not to the covalent inhib-
itors telaprevir and boceprevir (13, 14, 26). Table 2 includes resis-
tant variants reported for other PIs and shows the following. (i)
There was no cross-resistance to BI 201335 for variants at posi-
tions V36 and T54, which have been shown to be important in
resistance to the covalent inhibitors telaprevir and boceprevir (24,
26, 29). (ii) The natural variants at Q80 (2, 4, 12), which confer
resistance to the macrocyclic inhibitor TMC435, remain suscep-
tible to BI 201335. Finally, the potency of mechanistically distinct
inhibitors such as alpha interferon (IFN-«) or a HCV polymerase
inhibitor, is unaffected by the BI 201335 resistance mutations (Ta-
ble 2) (10).

The NS3 protease enzymes containing the variants described in
Table 2 were expressed and purified as previously described (17,
25) in order to assess the relative affinity of BI 201335 to these
variant enzymes. As demonstrated in Table 3, there is a good cor-
relation between the relative affinity of BI 201335 to the different
enzymes and the observed changes in susceptibility of their re-
spective resistant variants to the drug. These results are consistent
with structural studies on the interaction of BI 201335 with the
active site of the enzyme (Fig. 1) (11).

Clinical trials with HCV direct acting antivirals have demon-
strated the potential for the selection of drug-resistant viruses
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FIG 2 Effects of combinations of BI 201335 and IFN-a on the frequency of
resistant colony formation. Replicon cells were exposed to the indicated concen-
trations of BI 201335 and/or IFN-a for 3 weeks in the presence of G418. The top
row depicts the colonies selected with the indicated concentration (1X to 50X,
fold ECs,, [5 nM]) of BI 201335 alone. The leftmost column depicts the colonies
selected with the indicated concentration (1X to 50X, fold ECs, [0.2 IU/ml]) of
IFN-a. The remaining plates depict colonies that were selected with dual combi-
nation of BI 201335 and IFN-« at the indicated concentrations derived from the
matrix. The value indicated in the bottom right-hand corner of each square rep-
resents the number of colonies. If the colony count was too high to be determined
accurately, the results of a qualitative evaluation were expressed as a number of +
symbols, which was proportional to the intensity of the staining. No cytotoxicity
was observed at any of the drug combinations tested (data not shown).

when used as monotherapy, while combinations of HCV PlIs with
interferon and ribavirin have increased response rates. We exam-
ined the combined effect of BI 201335 and IFN-« on the emer-
gence of resistant replicons in a 3-week in vitro selection as previ-
ously described (9). As demonstrated in Fig. 2, BI 201335 alone
moderately suppressed the emergence of resistant colonies,
whereas the combination of BI 201335 and IFN-« was extremely
effective at reducing the emergence of such resistant colonies.
Similar studies of BI 201335 in combination with other HCV di-
rect acting antivirals may provide predictive tools for the design of
interferon-free cotherapy regimens for the treatment of chronic
HCV infection.
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