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ABSTRACT HCV genotype 6 (GT-6) is found predominantly in East and Southeast
Asia. Clinical studies have focused on patients infected with hepatitis C virus (HCV)
GT-6a, where high sustained virologic response (SVR) rates to direct-acting antivirals
(DAAs) have been achieved. However, GT-6 is highly diverse, with 29 reported sub-
types. We explored the diversity of GT-6 polymorphisms at residues associated with
DAA resistance, their impact on DAA in vitro potency when evaluated in a GT-6a
consensus replicon, and their association with specific GT-6 subtypes. GT-6 se-
quences from 25 patient-derived samples and 105 sequences from the U.S. HCV da-
tabase were compared, and substitutions at resistance-associated residue positions
were phenotyped against different DAAs. Preexisting resistance-associated substitu-
tions (RASs) to NS3 protease (A156V and D168E) and NS5B nucleotide (L159F and
S282C) inhibitors were rare (�4%). Preexisting RASs to NS5A inhibitors were com-
mon, especially at L28 (A/F/G/M/T/V) and R30 (E/N/S). In vitro susceptibilities of
NS5A-L28A and -L28T were dramatically reduced against all tested NS5A drugs (90%
effective concentration [EC90] range, 119 to 2,032 nM) compared with susceptibilities
against a GT-6a consensus replicon (EC90 range, 0.1 to 19 nM). These L28 RASs pre-
existed in combination with R30S (EC90 [L28A-R30S] of �720 nM or EC90 [L28T-R30S]
of �128 nM against tested DAAs) or as L28T-L31I (EC90 [tested DAAs] of �5,000 nM)
and were detected in evaluated GT-6b and -6f sequences. NS5A-L28A-R30A, ob-
served in GT-6r, did not replicate. In conclusion, HCV GT-6b, GT-6f, and GT-6r se-
quences harbored highly resistant RASs to all evaluated NS5A drugs. Therefore,
monitoring SVR in patients infected with these GT-6 subtypes treated with NS5A
drug-containing regimens is suggested to confirm any association between noted
NS5A polymorphisms and treatment failure.
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The hepatitis C virus (HCV) is genetically diverse, with seven recognized genotypes
(GTs), most of which have many subtypes (1). Among the seven genotypes of HCV,

GT-6 exhibits the greatest diversity and therefore is thought to represent the oldest
HCV lineage (2, 3). GT-6 has now been classified into 29 subtypes, 6a to 6xf (1). In
addition, a number of lineages that remain unassigned to a subtype have been
identified based on the complete sequence. Furthermore, many novel variants have
been reported by sequencing partial genomic regions (4, 5). Geographically, HCV GT-6
isolates are mainly detected in residents of Southeast Asia, suggesting the ancestral
region of origin (6–10). In Southeast Asia, the prevalence of GT-6 HCV is approximately
31%, whereas it is 0.1% in Europe (11). A wide spectrum of GT-6 isolates have been
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detected in North America (primarily Canada and the United States), accounting for
approximately 1.8% of total HCV infections; almost all GT-6 isolates were sampled from
Asian immigrants (12, 13).

Since the introduction of direct-acting antivirals (DAAs) for treatment of chronic HCV
infection, sustained virologic response (SVR) rates have markedly improved for infected
patients (14). However, most HCV therapy studies have focused on the predominant
genotypes in North America, eastern Asia, and Europe (GT-1 and GT-3). Recently,
several DAA-based regimens have been evaluated in patients with a HCV GT-6 infection
(15, 16). In general, these DAA-based regimens have demonstrated high SVR in patients
with an HCV GT-6 infection.

With HCV GT-1 infection, there is extensive evidence that GT-1 subtype (1a or 1b)
influences the efficacy and barrier to resistance of some DAAs and DAA-based HCV
therapeutic regimens (17–21). However, limited information has been reported regard-
ing GT-6 subtype effects on the efficacy and resistance profile of DAA-based therapeu-
tic regimens.

An NS5A inhibitor is a component of most approved DAA regimens. Daclatasvir
(DCV) was the first (22) and has been evaluated in multiple clinical studies, and it
demonstrated robust antiviral responses and a good safety and tolerability profile in
combination with other DAA agents targeting the HCV NS3 protease (asunaprevir
[ASV], BMS-650032, and simeprevir [SMV]) (23–28) and/or the NS5B polymerase (sofos-
buvir [SOF], beclabuvir [BCV], and BMS-791325) (26–31). DCV-based regimens have
mostly been evaluated in patients infected with HCV GT-1 through -4 and only in a very
limited number of patients with GT-6 HCV (29, 30, 32, 33).

The objective of this study was to explore the resistance profiles of approved drugs
targeting three HCV GT-6 proteins: NS3 protease, NS5A, and NS5B polymerase. We
investigated the distribution of naturally occurring drug resistance-associated substi-
tutions (RASs) in HCV GT-6 sequences, the in vitro effect of these RASs on drug
sensitivity, and their potential significance by GT-6 subtype for treatment recommen-
dations.

(A subset of the NS5A results from this analysis was presented at the Asian Pacific
Digestive Week, 23 to 26 September 2017 [34].)

RESULTS
Subtyping of patient-derived sequences. The GT-6 subtypes of 25 patient-derived

sequences were determined based on segregation of their sequences from those of the
usHCVdb with confirmed GT-6 subtypes (Fig. 1). Most isolates clustered with GT-6a, -6e,
-6f, -6g, -6l, -6o, -6p, -6q, -6r, -6s, or -6u (see Table S3 in the supplemental material).

Baseline polymorphisms at residue positions previously associated with drug
resistance. Baseline polymorphisms at NS5A, NS3, and NS5B residue positions where
substitutions have been previously shown to emerge in patients and confer resistance
to DCV, ASV, and BCV, respectively, against HCV GT-1 (21, 35, 36) were identified by
comparison with a GT-6a consensus sequence (derived from 21 GT-6a sequences;
Table S2).

Of 130 available GT-6 NS5A sequences, many polymorphisms were detected at
residue positions associated with NS5A drug resistance (33, 35, 36). Polymorphisms at
L28, R30, and T58 were common, reference polymorphisms were most frequently
detected at L31, A92, and T93, and P29 and P32 were conserved (Table 1).

Of 104 available GT-6 NS3 sequences, RASs (A156V and D168E) associated with
moderate to high-level resistance in GT-1 (35) were infrequently detected (1/104 and
2/104 sequences, respectively; Table 1), while the K80 RAS, associated with minimal to
low-level resistance in GT-1, was more frequently detected (22/104).

Of the 104 available GT-6 NS5B sequences, polymorphisms associated with BCV
(thumb-1 inhibitor) resistance were common, especially with respect to the low-level
RAS V421 (21) or the V494A RAS (37), while polymorphisms associated with SOF
(nucleoside inhibitor) resistance at L159 (3/104) or S282 (1/104) were rarely observed.
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HCV GT-6 NS5A resistance-associated substitutions by HCV GT-6 subtype. The
frequency and combination of NS5A polymorphisms at residue positions L28, R30, L31,
T58, and T93 are summarized by GT-6 subtype in Table 2. Of the 130 NS5A sequences,
approximately half represented three GT-6 subtypes: GT-6a (n � 36), GT-6e (n � 10),
and GT-6f (n � 16). The majority (24/36) of GT-6a sequences matched the GT-6a-cons
sequence at residue positions associated with NS5A drug resistance, while the remain-
ing sequences harbored either L28F (n � 10), L28V (n � 1), or the dual combination
L28F-T93I. None of the other evaluated GT-6 subtypes had a similar polymorphism
sequence at the five noted residue positions.

Of 10 evaluated HCV GT-6e NS5A sequences, the most frequently detected combi-
nation of polymorphisms included R30S with either L28V (N � 5) or L28M (N � 4). These
dual combinations of polymorphisms were also detected in other GT-6 subtypes
representing g/m/n/p/q/t/u/v (n � 28) (Table 2). In 15 NS5A sequences from GT-6
subtypes m/n/u/v, L28V-R30S was also combined with T93S. There was a single GT-6e

FIG 1 Subtyping of GT-6 patient-derived NS3, NS5A, and NS5B sequences using phylogenetic analyses. Twenty-four NS3, 25 NS5A, and 24 NS5B patient-derived
sequences from patients infected with HCV GT-6 and 30 prototype sequences of assigned subtypes (1) from the Los Alamos HCV Sequence Database (usHCVdb)
(47) were analyzed phylogenetically. Closed circles represent patient-derived sequences. Sequences downloaded from the usHCVdb are labeled with GT-6
subtypes and accession numbers.
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sequence with an L31M polymorphism combined with L28V-R30S. NS5A-L31M was not
detected in any other GT-6 sequences.

Of 16 evaluated GT-6f NS5A sequences, polymorphism L28A (N � 5) or L28T
(N � 11) was detected in combination with R30S (Table 2). NS5A-L28A was also
detected in one GT-6r sequence combined with R30A, while L28T was detected in
combination with L31I-T58S in both evaluated GT-6b sequences (Table 2). Another
NS5A L28 polymorphism of potential interest (L28G) was detected in one GT-6r
sequence in combination with R30S.

In vitro susceptibility of HCV GT-6 NS5A RASs. There were numerous permuta-
tions of GT-6 polymorphism combinations detected at NS5A residue positions previ-
ously shown to be associated with drug resistance (Table 2). We therefore focused on
examining the susceptibilities of single substitutions previously shown to modulate NS5A
inhibitor activity (underlined polymorphisms in Table 1) and compared these potencies to
that of a GT-6a-cons replicon. A summary of the susceptibilities of replicating HCV GT-6a
NS5A replicon variants to inhibition by different drugs is shown in Table 3. Against the
GT-6a-cons replicon, LDV and ombitasvir (OMV) had similar 90% effective concentration
(EC90) values (EC90 [LDV], 14 nM; EC90 [OMV], 19 nM]), while DCV was �20-fold more potent
(EC90, 0.7 nM) and VEL was �100-fold more potent (EC90, 0.1 nM).

The potency of all drugs was modulated by different NS5A-L28 substitutions with a
consistent potency order: VEL � DCV � OMV � LDV (Table 3). NS5A substitutions L28A
and L28T conferred high resistance to all four drugs; EC90 values ranged from 119 to
2,032 nM depending on the drug.

Against NS5A-R30 substitutions, VEL maintained its potency, the R30E substitution
conferred low-level resistance to LDV (9-fold resistance), and R30E/N/S substitutions
conferred low-level resistance to DCV (4- to 25-fold resistance); however, DCV was still
slightly more potent than LDV against all GT-6a NS5A-R30 replicon variants (DCV EC90

range, 0.9 to 9.6 nM; LDV EC90 range, 3.7 to 29 nM) (Table 2). OMV potency was
enhanced dramatically when R30 was changed to any other substitution, making OMV
slightly more potent (EC90, 0.009 to 0.013 nM) than VEL (EC90, 0.024 to 0.040 nM) except
against R30E (OMV EC90, 1.6 nM; VEL EC90, 0.075 nM).

Against NS5A-L31 substitutions, all drugs conferred resistance, although the level of
resistance depended on the substitution: DCV potency was impacted by L31M (EC90,
137 nM) more so than L31I (EC90, 30 nM) and vice versa for OMV (EC90 [L31M], 43 nM;
EC90 [L31I], 365 nM). Irrespective of L31 substitutions, LDV and VEL potencies were in
the high- or low-nanomolar range, respectively.

Fold resistance to NS5A-T93 (T93I or T93S) or -T58 (T58A or T58S) substitutions were
similar for the four drugs compared with EC90 values reported against GT-6a-cons
NS5A. Relative potency order in each case was VEL � DCV � OMV � LDV (Table 3).

TABLE 1 Prevalence of HCV GT NS3, NS5A, and NS5B polymorphisms at clinically relevant residue positions associated with drug
resistance

Polymorphisms (n) ina:

NS3 sequences (n � 104) NS5A sequences (n � 130) NS5B sequencesb (n � 104)

V36 Y56 K80 A156 D168 I170 L28 R30 L31 T58 T93 L159 S282 L392 V421 V494 P495
V (78) Y (93) Q (81) A (103) D (102) V (70) V (52) S (58) L (126) P (65) T (109) L (100) S (102) L (96) V (103) A (77) P (103)
L (20) F (11) K (22) V (1) E (2) I (33) L (36) R (38) I (2) T(46) S (18) F (3) C (1) I (8) A (1) V (25) L (1)
I (6) L (1) A (1) F (14) A (28) M (2) G (5) I (2) ? (1) ? (1) M (2)

T (13) N (4) S (6) ? (1)
A (6) E (1) A (4)
M (6) T (1) ? (1)
? (2) L (2)
G (1) L/Pc (1)

aThe first row depicts the GT-6a consensus sequence (determined from alignment of 24 NS3, 36 NS5A, and 24 NS5B sequences). Underlining indicates polymorphisms
previously shown to be associated with DAA resistance (21, 33, 35–37, 48); ?, undefined polymorphism. Only GT-6a reference polymorphisms were observed at NS3
(T54, V55, and R155), NS5A (P29 and P32), and NS5B (V321 and A499) resistance-associated residue positions. NS5A-A92P was detected in 1/130 NS5A sequences.

bBCV-associated RASs include L392I, A421V, V494A, L495L/S, and A499T; SOF-associated RASs were found at L159F, S282T, and V321I.
cOne patient-derived NS5A sequence had a mixture of polymorphisms detected at T58. Each of these polymorphisms (L58 and P58) represented �15% of the viral
population.
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The susceptibility of tested HCV GT-6a NS5A replicon variants harboring two or three
substitution combinations detected in non-GT-6a subtypes to inhibition by NS5A drugs
is shown in Table 3. A combination of either L28A or L28T with R30S conferred high
resistance to all four drugs (EC90 range, 128 to 3,269 nM), as did NS5A substitutions
L28T and L31I (EC90 values, �5,000 nM).

Not all NS5A-L28 substitution combinations impacted the potency of NS5A drugs;
these included L28V with R30A, R30S, or R30T (Table 3). NS5A-L28M combined with
R30S only produced increased resistance to DCV compared with the single L28M
substitution (EC90 [L28M-R30S], 218 nM; EC90 [L28M], 22 nM). For LDV and VEL,

TABLE 2 Prevalence of HCV GT-6 subtypes by NS5A polymorphisms and country

GT-6
subtype

No. of NS5A
sequences Countrya

No. of NS5A sequences
with noted polymorphism
combinations

NS5A polymorphismsc

L28 R30 L31 T58 T93

6a 36 AU (n � 1), CN (n � 16), HK (n � 15),
VN (n � 1), ND (n � 3)

24

10 F
1 F I
1 V

6b 2 TH 2 T I S
6cb 1 TH 1 V A G
6d 1 VN 1 V T S I
6e 10 AU (n � 2), CN (n � 10), US (n � 2),

VN (n � 2), ND (n � 3)
5 V S P

1 V A M L
4 M S P

6f 16 TH (n � 15), ND (n � 1) 10 T S P
1 T S L S
2 A S P
2 A S S
1 A S L

6g 6 HK (n � 1), ID (n � 1), TW (n � 4) 1 M N P
1 M S P
1 N P
1 N L/P
1 N S
1 S P

6h 1 VN 1 V A P
6i 3 TH 2 V A P

1 ? A A
6j 2 TH 1 V A ?

1 V A P ?
6k 5 CN (n � 4), VN (n � 1) 5 V A P
6l 7 AU (n � 1), US (n � 1), VN (n � 3),

ND (n � 3)
6 V A P

1 V E P
6m 4 TH 4 V S S
6n 6 CN (n � 2), MY (n � 1), TH (n � 3) 6 V S S
6o 4 CA (n � 1), US (n � 1), VN (n � 1),

ND (n � 1)
2 A A

2 A A S
6p 3 CA (n � 1), US (n � 1), VN (n � 1) 2 V S P

1 M S P
6q 2 AU (n � 1), CA (n � 1) 2 V S P
6r 2 AU (n � 1), CA (n � 1) 1 A A P

1 G A P
6s 4 AU (n � 3), CA (n � 1) 4 S P
6t 4 VN 4 V S G
6u 4 CN (n � 3), VN (n � 1) 3 V S P

1 V S P S
6v 4 CN 4 V S P S
6w 3 CN (n � 1), TW (n � 2) 3 F A P
aCountry codes: AU, Australia; CA, Canada; CN, Mainland China; HK, Hong Kong; ID, Indonesia; MY, Malaysia; ND, not determined; TH, Thailand; TW, Taiwan; US, United
States; VN, Vietnam.

bNS5A-A92P was detected in the single HCV GT-6c sequence.
c?, undefined polymorphism.
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potencies against L28M-R30S (EC90 values of 481 nM and 0.65 nM, respectively) were
comparable to those of L28M alone (EC90 values of 620 nM and 1.5 nM, respectively),
and OMV was significantly less resistant (EC90 [L28M-R30S], 0.75 nM; EC90 [L28M], 39
nM). NS5A-R30N appeared to rescue the negative potency effects of L28M on OMV to
a greater extent than R30S (EC90 [L28M-R30N], 0.096 nM; EC90 [L28M�R30S], 0.75 nM),
although OMV potencies against the single substitutions of R30N and R30S were similar
(Table 3).

HCV GT-6a replicons harboring NS5A-T93S combined with L28V-R30S similarly
increased fold resistance to each tested drug compared to the level for L28V-R30S
alone (8- to 17-fold increase depending on drug) (Table 3).

In vitro susceptibility of NS3 RASs and their association with HCV GT-6 subtype.
Assessment of RASs by GT-6 subtype from 104 NS3 sequences indicated that K80
preexisted only in GT-6a sequences, where it was the most frequently detected
polymorphism (22/24; Table S4), while K80Q predominated in other GT-6 subtypes.
NS3-A156V was detected in a single GT-6l sequence, while D168E was detected in 1/24
GT-6a and 1/6 GT-6g sequences; K80 was also detected with D168E in the GT-6a
sequence.

A summary of the susceptibilities of HCV GT-6a replicons harboring noted NS3
polymorphisms to inhibition by different NS3 inhibitors is provided in Table S5. Against
the HCV GT-6a-cons replicon, ASV and SMV had similar potencies (EC90 values of
130 nM and 96 nM, respectively) but were noticeably less potent than the tested
next-generation NS3 inhibitors, such as grazoprevir (GZV) and BMS-986144 (EC90 values
of 8.1 nM and 15 nM, respectively). Against the D168E substitution, the potency
variation between early- and next-generation inhibitors was also large (EC90 values of

TABLE 3 Susceptibility of HCV GT-6 NS5A polymorphisms at residue positions associated with NS5A drug resistance

GT-6a
NS5A rep
bkgda RASb

ECs (�SD)c [nM] for:

DCV LDV OMV VEL

EC50 EC90 EC50 EC90 EC50 EC90 EC50 EC90

Cons Cons 0.30 (0.02) 0.70 (0.04) 4.3 (0.2) 14 (1) 8.1 (0.8) 19 (1) 0.05 (0.01) 0.10 (0.01)
Cons L28A 296 (20) 735 (41) 677 (31) 989 (142) 1,720 (107) 2,032 (131) 100 (8) 331 (24)
Cons L28F 0.65 (0.04) 1.4 (0.1) 38 (2) 91 (6) 13 (1) 34 (3) 0.09 (0.01) 0.20 (0.03)
Cons L28M 9.3 (0.8) 22 (1) 152 (5) 250 (22) 21 (1) 39 (2) 0.60 (0.07) 1.5 (0.2)
Cons L28T 224 (13) 432 (32) 560 (3) 620 (60) 1,483 (49) 1,683 (21) 54 (1) 119 (4)
Cons L28V 1.9 (0.1) 4.5 (0.1) 31 (2) 75 (4) 81 (3) 177 (11) 0.55 (0.02) 1.3 (0.1)
Cons R30A 0.40 (0.02) 0.90 (0.02) 1.5 (0.1) 5.3 (0.2) 0.0020 (0.0001) 0.009 (0.001) 0.0100 (0.0004) 0.040 (0.002)
Cons L31I 6.4 (0.0) 30 (1) 334 (22) 891 (141) 108 (7) 365 (15) 1.0 (0.2) 3.2 (0.3)
Cons T93I 1.2 (0.1) 2.7 (0.1) 21 (2) 45 (1) 29 (3) 55 (12) 0.08 (0.00) 0.25 (0.02)
Cons T93S 1.1 (0.0) 2.7 (0.2) 25 (2) 68 (5) 46 (5) 90 (7) 0.15 (0.01) 0.35 (0.02)
Cons L28M, R30S 47 (4) 218 (22) 188 (17) 481 (33) 0.25 (0.02) 0.75 (0.06) 0.30 (0.02) 0.65 (0.20)
Cons L28T, R30S 735 (72) 1,081 (101) 876 (226) 1,113 (279) 1,746 (16) 2,056 (16) 63 (5) 128 (39)
Cons L28V, R30A 0.55 (0.07) 1.4 (0.2) 1.8 (0.1) 4.7 (0.2) 0.085 (0.01) 0.25 (0.01) 0.05 (0.00) 0.18 (0.01)
Cons L28V, R30S 8.7 (0.7) 20 (2) 62 (1) 76 (2) 9.5 (0.3) 25 (1) 0.25 (0.01) 0.85 (0.01)
Cons L28V, R30T 4.8 (0.3) 14 (1) 38 (3) 115 (3) 2.9 (0.2) 11 (0) 0.09 (0.01) 0.20 (0.02)
Cons L28T, L31I 2349 (128) �5,000 �5,000 �5,000 �5,000 �5,000 42,221 (750) �5,000
Cons L28V, R30S, T93S 91 (13) 254 (48) 296 (31) 618 (75) 174 (27) 418 (26) 3.9 (0.4) 12 (1)
JFH-1 Cons 0.10 (0.01) 0.20 (0.01) 2.7 (0.3) 5.6 (0.1) 5.2 (1.3) 7.0 (0.2) 0.006 (0.004) 0.02 (0.01)
JFH-1 L31M 85 (3) 137 (5) 398 (97) 544 (29) 26 (2) 43 (1) 5.2 (0.5) 8.3 (0.6)
JFH-1 T58A 3.6 (0.3) 6.3 (0.2) 33 (1) 52 (1) 74 (5) 124 (19) 0.023 (0.001) 0.050 (0.003)
JFH-1 T58S 3.5 (0.1) 6.1 (0.1) 41 (13) 56 (5) 44 (8) 70 (1) 0.020 (0.000) 0.05 (0.01)
Con1 Cons 0.088 (0.005) 0.39 (0.07) 0.60 (0.06) 3.2 (0.2) 1.4 (0.1) 9.0 (1.0) 0.014 (0.001) 0.043 (0.005)
Con1 R30E 1.8 (0.0) 9.6 (0.8) 4.2 (0.8) 29 (5) 0.31 (0.05) 1.6 (0.2) 0.018 (0.001) 0.075 (0.012)
Con1 R30N 0.35 (0.02) 1.7 (0.1) 0.53 (0.03) 4.3 (0.2) 0.003 (0.001) 0.013 (0.002) 0.009 (0.001) 0.027 (0.002)
Con1 R30S 0.33 (0.03) 1.6 (0.1) 0.51 (0.04) 3.7 (0.3) 0.003 (0.001) 0.012 (0.001) 0.009 (0.001) 0.024 (0.003)
Con1 L28A R30S 1,139 (155) 3,269 (486) 1,263 (43) 2,648 (265) 1,121 (123) 1,630 (59) 183 (60) 720 (114)
Con1 L28M, R30N 20 (3) 181 (20) 74 (4) 370 (27) 0.024 (0.006) 0.096 (0.016) 0.61 (0.02) 2.7 (0.1)
aGT-6a NS5A consensus (Cons) sequence was introduced into GT-2a (JFH-1) and GT-1b (Con1) replicon constructs in case GT-6a NS5A substitutions did not result in
viable replicons in the GT-6a (NS3-5B) consensus replicon background (rep bkgd).

bCertain GT-6 NS5A replicon constructs harboring various substitutions and combinations of substitutions did not replicate in our replicon system. NS5A-A92P
conferred no change in NS5A drug potencies compared with that of the HCV GT-6a-cons replicon (data not shown).

cEC, effective concentration; SD, standard deviation.
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513 to 1,583 nM versus 21 to 22 nM, respectively). The NS3-K80 polymorphism exerted
a greater effect on SMV potency than the other NS3 inhibitors in comparisons of
GT-6a-cons replicons with K80 versus Q80 (15-fold EC90 difference). A potency differ-
ence was also observed for K80-D168E versus K80Q-D168E (Table S5).

In vitro susceptibility of NS5B RASs and their association with HCV GT-6
subtype. Assessment of RASs by GT-6 subtype from 104 NS5B sequences indicated that
the thumb-1 signature RAS P495L was detected in 1/24 GT-6a sequences (Table S6). The
L392I RAS was detected in 3/6 GT-6g sequences and combined with V494A in 4/10
GT-6e and 1/2 GT-6q sequences. NS5B-V494A preexisted in most GT-6 subtypes except
for GT-6a and GT-6g, where it was detected in 4/24 and 2/6 NS5B sequences, respec-
tively. The SOF-associated RAS L159F was only detected in 3/3 GT-6s sequences, while
S282C was detected in a GT-6w sequence.

A summary of the susceptibilities of HCV GT-6a replicons harboring noted NS5B
polymorphisms to inhibition by different NS5B inhibitors is provided in Table S7.
Significantly reduced potencies were observed against the tested RASs known to
impact thumb-1 inhibitors (L392I, V494A, and P495L), while potencies for SOF and a
palm site inhibitor (BMS-929075) were comparable against GT-6a-cons and different
thumb-1 variant replicons.

DISCUSSION

There is a greater understanding of SVR rates to DAA treatment in patients infected
with HCV genotypes 1 to 3, while clinical data for patients infected with other
genotypes, such as GT-6, is limited (15). Nevertheless, SVR rates after DAA treatment for
the few treated patients infected with GT-6 have been promising (15, 32). Most patients
in these clinical studies were infected with HCV GT-6a or GT-6e. Given the diversity and
very limited number of patients infected with other GT-6 subtypes in these studies, any
requirement for differentiating treatment options by GT-6 subtype is unknown.

Examination of patient-derived and usHCVdb GT-6 NS5A, NS3, and NS5B sequences
for preexisting RASs that could impact drugs targeting these HCV proteins indicated a
high level of NS5A heterogeneity compared with the levels for NS3 and NS5B. Signature
NS3 RASs (A156V and D168E) were detected as the predominant viral species in
approximately 3% of evaluated sequences. The SMV-associated secondary RAS in
GT-1a, Q80K (35), was the predominant polymorphism in GT-6a, although it was not
detected in other GT-6 subtypes. In vitro GT-6a data suggest that HCV GT-6-infected
patients with preexisting D168E with or without K80 may have reduced SVR with cer-
tain ASV- and SMV-containing treatments, while patients treated with next-generation
NS3 inhibitors, such as GZV, would be expected to respond.

Signature NS5B RASs either targeting nucleoside (at S282) or thumb-1 inhibitors (at
P495) were detected as the predominant viral species in only 1% of evaluated se-
quences. NS5B-S282 substitutions are rarely detected by next-generation sequencing at
treatment failure, let alone pretreatment. NS5B-S282C was detected by Sanger se-
quencing in a GT-6w sequence from Taiwan. This substitution has been observed in
GT-2 sequences by next-generation sequencing (38). Evaluation of GT-6a NS5B-S282C
on SOF in vitro potency was not possible using our replicon model. NS5B-L159F, a
secondary SOF RAS, was only detected in GT-6s sequences from Australia. The impli-
cation of this finding is unknown. The thumb-1 RAS NS5B-V494A was the only poly-
morphism detected in all GT-6 subtypes except for GT-6a and GT-6g. This RAS conferred
high resistance to BCV when tested in the GT-6a-cons replicon. NS5B-V494A, however,
is not always associated with high resistance (37). The other RAS shown to confer high
BCV resistance (NS5B-L392I) was detected in half of the GT-6e and GT-6g isolates, a
single GT-6q isolate, and in certain cases in combination with V494A, suggesting that
BCV is not effective against these GT-6 subtypes.

More than 80% of the GT-6 NS5A sequences had polymorphisms at residue posi-
tions associated with drug resistance compared with the GT-6a-cons sequence. Residue
positions L28, R30, and T58 were highly polymorphic, while L31, A92, and T93 were the
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predominant species representing �80% to 99% of sequences. The only conserved
resistance-associated residue positions were P29 and P32.

Of the observed GT-6 NS5A-L28 polymorphisms, HCV GT-6a-cons replicons harbor-
ing L28A or L28T were shown to confer very high resistance to all tested NS5A drugs.
These L28 polymorphisms were detected in 15% of studied GT-6 NS5A sequences, of
which the majority (17/19) also harbored R30A or R30S polymorphisms. This polymor-
phism combination was detected in all tested GT-6f isolates from Thailand and a GT-6r
isolate from Australia. NS5A-L28G was observed in combination with R30A in one GT-6r
sequence from Canada. Susceptibility evaluation of L28G or L28G-R30A in our GT-6a
replicon models was not possible, since these constructs did not replicate. In patients
infected with GT-1a, glycine at residue 28 emerged during treatment failure (21).
Unpublished susceptibility data for GT-1a replicons harboring glycine versus alanine or
threonine at residue position 28 indicated that a glycine variant conferred the highest
level of resistance to DCV, with fold resistance of 54,812 versus 3,181 or 364, respec-
tively, compared with the DCV EC90 value against a GT-1a (H77) reference replicon. It
is therefore possible L28G also confers high resistance in the context of the GT-6
sequence.

A noteworthy observation from our study was the interplay between NS5A substi-
tutions at L28 and R30 on in vitro OMV potency compared with those of the other
tested NS5A drugs. In general, OMV potency was inferior against substitutions at L28
than those of DCV and VEL. OMV EC90 values were �19 nM against GT-6a-cons
replicons harboring L28 (control) or harboring L28F or L28V substitution. Interestingly,
OMV potency was dramatically enhanced to low-picomolar levels against GT-6a NS5A
replicons harboring substitutions at R30 (A/N/S). Enhanced OMV potency was also
maintained in HCV GT-6a NS5A replicons harboring various L28M/V-R30A/N/S substi-
tution combinations compared with its potency against L28 substitutions alone. This is
pertinent given that HCV GT-6 NS5A-R30 polymorphisms preexisted in combination
with L28 polymorphisms in 60% of our evaluated sequences. Nevertheless, R30S could
not rescue the loss of OMV potency conferred by L28A or L28T.

The NS5A-L31I polymorphism was only detected in combination with L28T in two
GT-6b sequences from Thailand. This combination of substitutions was the most
deleterious of tested substitutions in our in vitro HCV GT-6a-cons replicon assay with
the abrogation of NS5A drug activity (EC90 of �5,000 nM).

The frequently observed baseline NS5A RAS, a histidine (H) at position 93, whose
preexistence has led to reduced treatment response rates against HCV GT-1 and GT-3
infection (28, 39), was not detected in evaluated GT-6 NS5A sequences. NS5A-Y93S,
however, was detected in 14% of evaluated sequences. Unlike GT-1a or GT-3 replicons
harboring NS5A-Y93H (35, 40), fold drug resistance conferred by a GT-6a replicon
harboring Y93S was low (approximately 4- to 5-fold against tested drugs). This fre-
quently observed substitution, by itself, would not be expected to impact treatment
response to NS5A drug-containing regimens.

An integration of HCV GT-6 clinical data recently described by Boyd et al. (15)
showed very high SVR rates in 90 patients treated with different DAA regimens,
including LDV/SOF and VEL/SOF. The majority of these patients were infected with HCV
GT-6 subtypes representing -6a or -6e and treated with VEL/SOF. From the lack of
highly resistant NS5A polymorphisms detected in our evaluated GT-6a sequences,
excellent SVR rates would be anticipated. The GT-6 subtypes for HCV-infected patients
treated with VEL/SOF were described by Hezode et al. (41). Four of these patients were
infected with GT-6 subtypes representing -6m, -6n, and -6v, although subtype-specific
NS5A polymorphisms were not described. However, Hezode et al. reported that VEL-
specific GT-6 NS5A RASs L28M/V, T93S, and L28M/V-T93S preexisted in their patient-
derived GT-6 NS5A sequences. In our analyses, all 14 GT-6 NS5A sequences represent-
ing GT-6m, -6n, and -6v harbored the L28V-T93S polymorphism combination with R30S,
a polymorphism that confers no resistance to VEL, and when evaluated in the context
of our GT-6a-cons replicon, it resulted in a VEL EC90 potency in the low-nanomolar
range. This level of VEL potency in our replicon model may therefore correlate with a
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positive clinical outcome. In contrast, we observed significant potency reductions for
VEL and the other tested drugs against various HCV GT-6a NS5A-L28A or -L28T replicon
variants. These RASs were detected in patients infected with HCV GT-6 isolates repre-
senting subtypes -6b, -6f, and -6r and may impact treatment response to NS5A
drug-containing regimens. In the Hezode analysis, none of the VEL/SOF-treated pa-
tients were infected with GT-6b, -6f, or -6r (41).

We tested the susceptibility of GT-6 NS5A substitutions to inhibition by four
approved NS5A drugs but not to elbasvir and pibrentasvir (PIB). Elbasvir is not ap-
proved for the treatment of HCV GT-6 (42). PIB, which has been studied and approved
for patients infected with HCV GT-6 (42), may be a substitute for VEL, although direct
comparisons in the clinical trial setting have not been performed. Pham et al. (43) have
studied VEL and PIB using an in vitro HCV GT-6a replicon model and showed that while
VEL-resistant NS5A-L31V was susceptible to PIB inhibition, both were highly resistant to
the L28S-L31V combination. Since GT-6b harbors NS5A-L28T-L31I, PIB may also confer
resistance to this subtype.

A limitation of our study is that the susceptibilities of noted HCV GT-6 polymor-
phisms were tested by introduction into a HCV GT-6a-cons replicon. For respective NS3
or NS5B drugs targeting various HCV genotype subtypes harboring a RAS, in vitro
susceptibilities and fold resistance changes conferred by the specific RAS have been
fairly comparable irrespective of genotype and/or subtype (35). This is not always the
case for drugs targeting NS5A (35). Establishing viable HCV GT-6 replicons representing
NS5A subtypes other than GT-6a has been a challenge. Nevertheless, our susceptibility
analyses of 1-, 2-, and 3-RAS combinations observed in evaluated HCV GT-6 subtype
sequences still provides insight into how each drug interacts with the NS5A protein and
the relative fold resistance for each drug. Although additional NS5A polymorphisms
observed in certain HCV GT-6 subtype sequences may further influence NS5A drug
susceptibilities, certain combinations of preexisting GT-6 NS5A RASs were shown to
significantly impact drug susceptibility.

For patients infected with HCV GT-6, differentiation of subtype using the most
commonly available commercial HCV genotyping assays, such as the VERSANT HCV
Genotype 2.0 Line probe assay (Siemens Healthcare, Germany), is limited. In addition,
the Abbott RealTime HCV genotype PCR assay (Abbott Molecular, USA) is not recom-
mended for HCV GT-6 identification. The lack of reliable HCV genotyping assays could
be an issue in Asian countries such as China and Thailand, where HCV GT-6 subtypes
are more diverse and prominent. Thus, for GT-6 patients who fail currently approved
DAA treatments, it may be important to confirm the GT-6 subtype and explore whether
there is an association with SVR rates and various regimens. In the absence of a reliable
commercial assay, HCV NS5A sequencing and phylogenetic analysis could be employed
to identify the NS5A RAS and GT-6 subtype and facilitate retreatment options.

In conclusion, in vitro susceptibilities of GT-6a replicons harboring combinations of
NS5A RASs that naturally occur in GT-6 subtypes -6b, -6f, and -6r were substantially
reduced for the evaluated NS5A drugs. Given these findings, we suggest monitoring
SVR rates to NS5A drug-containing regimens in patients infected with these HCV GT-6
subtypes to confirm any association between preexisting NS5A-L28A, -L28T, and pos-
sibly -L28G polymorphism combinations with treatment failure.

MATERIALS AND METHODS
Clinical samples. Twenty-five plasma samples were obtained from patients who were infected with

GT-6 HCV. Six were baseline samples from patients who enrolled in clinical studies assessing the safety
and efficacy of DCV-based regimens, of which one was from ALLY-1 (AI444-215; ClinicalTrials.gov
NCT02032875) (29), one was from UNITY-2 (AI443-113; ClinicalTrials.gov NCT01973049) (30), and four
were from UNITY-4 (AI443-123; ClinicalTrials.gov NCT02170727) (33). Nine samples were obtained from
Monash Health and Monash University (Melbourne, Australia), nine were purchased from Boca Biolistics
(Pompano Beach, FL), and one was purchased from SeraCare Life Sciences (Milford, MA) and previously
reported (44).

Genotypic analysis of clinical samples. Viral RNA purification, cDNA synthesis, and PCR amplifica-
tion were performed as previously described (19). The NS3, NS5A, and NS5B coding regions were
amplified, population-based sequencing (threshold of �15% for reporting polymorphisms at each
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residue position) was performed using the BigDye Terminator v3.1 cycle sequencing kit (Applied
Biosystems, Foster City, CA), and genotype-specific primers were selected from the list in Table S1 in the
supplemental material. A GT-6a consensus sequence was generated for each target gene from each
sample. Resulting sequences were compared to a GT-6a consensus strain (Fig. S1).

HCV GT-6 subtype distribution and prevalence of NS3, NS5A, and NS5B RASs were analyzed using 24
patient-derived NS3 sequences, 25 patient-derived NS5A sequences, and 24 patient-derived NS5B
sequences with either 80 (for NS3 and NS5B) or 105 NS5A sequences from the usHCVdb. Accession
numbers of the 80 NS3, 105 NS5A, and 80 NS5B database sequences are provided in Table S2.

Phenotypic analysis. To evaluate the susceptibility of HCV GT-6 variants to NS3, NS5A, and NS5B
inhibitors, a pGT-6a-cons replicon was constructed (Fig. S1), and substitutions of interest were introduced
into this construct by site-directed mutagenesis and confirmed by sequence analysis. For GT-6 NS5A
variants, if replication was not observed in the GT-6a-cons replicon, substitutions were also introduced
into hybrid GT-6a NS5A constructs in the Con1 or JFH-1 replicon background (44, 45).

The susceptibility of cell lines harboring replicons with HCV GT-6 variants to inhibition by DAAs was
evaluated using an HCV replicon luciferase-based assay as described previously (45). The 50% and 90%
effective concentrations (EC50 and EC90) were calculated as the concentration of inhibitor required for a
50% and 90% reduction in luciferase activity. When testing the susceptibility of HCV GT-6a replicon
variants to DAA inhibition, control assays employing replicons representing HCV GT-1b Con1 (44) or HCV
GT-2a JFH-1 (45) and/or HCV GT-6-cons were performed in parallel.

Phylogenetic analysis. Phylogenetic analyses were performed on NS3, NS5A, and NS5B sequences
by aligning the sequences using MEGA, version 6, software (46) with the ClustalW algorithm. A
maximum-likelihood tree was created based on the alignments and drawn using MEGA, version 6,
software. The NS3, NS5A, and NS5B analyses used 24 patient-derived NS3 sequences (encoding amino
acids 1 to 181), 25 patient-derived NS5A sequences (encoding amino acids 1 to 359), or 24 patient-
derived NS5B sequences (encoding amino acids 72 to 549), respectively, each with HCV GT-6 infection
(Table S3), and 30 prototype GT-6 sequences of assigned subtypes (1) from the Los Alamos HCV
Sequence Database (usHCVdb) (47) (Table S2). Subtyping of patient-drived GT-6 sequences was based on
the phylogenetic grouping of patient-derived sequences using usHCVdb sequences with confirmed GT-6
subtypes.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC

.02205-18.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
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