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FIG 8 Adenoviral overexpression of EROIB in MING cells. (A) Insulin secre-
tion rate of MING cells with human ERO1B overexpression under high-glucose
conditions. MING cells infected with adenovirus as indicated were incubated
with KRB buffer with 2.8 mM glucose for 60 min at 37°C, and then the medium
was changed to KRB buffer with 22.4 mM glucose for a further 30 min of
incubation. The medium was then subjected to insulin concentration mea-
surement (left upper panel). Insulin was extracted from the cells by overnight
incubation with acid ethanol at —20°C for the measurement of insulin content
(right upper panel). Insulin concentrations were measured with an insulin
radioimmunoassay kit. Insulin secretion was determined as the ratio of se-
creted insulin to the insulin content of the cells (lower panel). Representative
results of two independent experiments are shown. n = 4; *, P < 0.05. (B) UPR
gene expression of MING cells with human ERO1B overexpression. MING cells
infected with the adenovirus indicated were incubated for 4 h with or without
0.5 mM DTT. Total mRNA was extracted from the cells and subjected to
RT-PCR analysis of Bip and Derl3. n = 4; *, P < 0.05. (C) Restored insulin
contents via mild DTT treatment under EROIB overexpression. MING cells
infected with adenovirus as indicated were incubated for 12 h with or without
0.1 mM DTT. Insulin was extracted from the cells by overnight incubation
with acid ethanol at —20°C and subjected to insulin measurement. # = 9; *,
P < 0.05. The data shown are means * the standard errors of the means.

LacZ ERO1B8

The exact mechanisms whereby ERO1 overexpression caused
ER stress in 3 cells were uncertain. The ER stress caused by ERO183
overexpression seems to be due to the oxidizing actions of ERO1,
instead of being a nonspecific artifact, as DTT treatments reversed
UPR gene upregulation, as well as reduced insulin contents by
EROI1B overexpression in MING6 B cells. One possible mechanism
is that inappropriately high oxidizing conditions in the ER created
by ERO1B overexpression resulted in aberrant disulfide forma-
tion within client proteins and thus led to the accumulation of
misfolded proteins. Another possibility is that ERO1B overex-
pression caused ER stress by impairing the ERAD system. Given
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FIG 9 Analysis of insulin synthesis in hRERO1BTg islets by pulse-chase exper-
iments. Pancreatic islets were isolated from 12-week-old hERO1BTg (Tg) or
control Wt mice. On the day after isolation, the islets were subjected to pulse-
labeling with [**S]methionine-cysteine for 30 min. (A) Subsequently, the islets
were incubated in radiolabel-free medium for the indicated periods. The ly-
sates were immunoprecipitated with anti-insulin/proinsulin antibody. Immu-
noprecipitated proteins were resolved by Tricine-SDS-PAGE and detected by
autoradiography (top). The same membrane was subjected to immunoblot-
ting for proinsulin with a C-peptide antibody (bottom). (B) The islets were
directly collected. The lysates were immunoprecipitated with anti-insulin/pro-
insulin antibody. (Top) Immunoprecipitated proteins were resolved by Tri-
cine-SDS PAGE and detected by autoradiography. (Bottom) Quantification
(n = 3; %, P < 0.05). The data are means * the standard errors of the means.

that the reduction of protein disulfides is required within mis-
folded proteins before they are dislocated and successfully de-
graded (36, 37), ERO1P overexpression could have hampered the
reduction of misfolded proteins and thereby interfered with the
ERAD system. Although we could not demonstrate delayed insu-
lin maturation or compromised ERAD in the pulse-chase analysis,
these two possibilities are still not excluded as causes of the in-
creased ER stress in our model. Importantly, one of the most up-
regulated UPR genes under ERO1P overexpression was Derl3,
which is essential to the machinery of the ERAD system (39).
Therefore, it is tempting to suspect that ERAD functions were
enhanced in our ERO1 overexpression model as a compensatory
response by which healthy insulin handling was, if impaired by
EROpB overexpression, successfully restored.

ERO1P overexpression led to impaired glucose tolerance due
to impaired insulin secretion. Insulin staining in mice showed that
there was a tendency toward reduction of the insulin-positive ar-
eas of hERO1f3Tg islets only at 36 weeks under HFD feeding,
which did not reach statistical significance because of their large
variations. At earlier time points of HFD feeding, ERO1 overex-
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pression did not lead to changes in the insulin-positive areas,
when impairment of insulin secretion was already observed upon
a glucose challenge, indicating that the mechanism of impaired
insulin secretion could be explained not by the changes in 3 cell
mass but only by the altered functions of 8 cells. A GSIS study with
isolated islets suggested that the functional impairment of ERO1(3
Tg islets was associated with a reduction of islet insulin contents.
We observed no consistent changes in basal insulin secretion un-
der low-glucose status in our experimental settings, including
GTT of mice or GSIS of islets or MING cells. Although the reason
for this is unclear, there might be a specific mechanism whereby
ERO1B overexpression preferentially affected the insulin granules
responsible for phase 1 and 2 insulin release or, more plausibly,
with the relatively small decrease in the insulin contents in any of
our models, it might be due to a mere lack of enough sensitivity to
detect the difference in the basal states. In fact, previous models
with a more pronounced decrease in islet insulin contents do not
consistently show a decrease in basal insulin secretion at low glu-
cose concentrations (40, 41).

There could be more than one mechanism whereby ERO1B
overexpression caused the reduction of islet insulin contents. Ins!
and Ins2, as well as PdxI, gene expression was significantly down-
regulated, while the magnitude of the reduction was relatively
smaller than the magnitude of the insulin content reduction. Con-
sidering that ERO1( overexpression led to ER stress and that one
of the fundamental ER stress responses is to downregulate protein
synthesis (42), it is tempting to speculate that global repression of
protein synthesis is taking place as well. In fact, the pulse-chase
analysis showed a significant decrease in insulin biosynthesis in
ERO1BTg islets, the magnitude of which was greater than the
decrease in Insl and Ins2 mRNA levels and comparable to the
decrease in insulin contents. However, the exact mechanism of
insulin synthesis suppression, as well as the mechanism of de-
creased Ins] and Ins2 mRNA levels, during ERO1B overexpression
is unclear and remains to be further investigated and clarified.

So, how is ERO1B involved in the pathogenesis of diabetes
mellitus? Here we have shown that ERO1f expression gradually
decreases with age in the islets of db/db mice in paralle] with the
progression of glucose intolerance and that ERO1B expression
was also decreased in the islets of Akita mice. The reductions in
ERO1PB expression are in a sharp contrast to the expression of
other UPR genes, which were all upregulated in the islets of these
model mice possibly because of the increased ER stress. These
results indicate that ERO1f has a special place among the UPR
components in the islets of diabetic model mice and that ERO13
regulation during diabetes progression is subject to mechanisms
distinct from those of UPR, which are currently unknown and
need to be clarified by further research. Given that ERO1 sup-
pression leads to decreased insulin content and increased suscep-
tibility to ER stress in B cells (24), we speculate that the reduced
expression of ERO1B, or its paradoxical response to ER stress
during diabetes progression, could be associated with 3 cell dys-
function and the inability to synthesize adequate insulin to com-
pensate for peripheral insulin resistance. However, as we have
reported here, simply upregulating ERO1 in {8 cells would not
benefit B cell homeostasis and, on the contrary, could worsen ER
stress and lead to the suppression of insulin synthesis. Although
there remains the possibility that the overexpressed levels of
ERO1B in our Tg models are beyond the physiological range and
pathologically damaged B cell homeostasis, these results neverthe-
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less clearly illustrate the importance of the fine-tuning of ERO1B
regulation required in the maintenance of ER homeostasis, the
disturbance of which compromises 3 cell function for insulin
synthesis and could contribute to the pathogenesis of diabetes
mellitus.
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Utility of Detection of Telaprevir-Resistant Variants for Prediction of
Efficacy of Treatment of Hepatitis C Virus Genotype 1 Infection

Norio Akuta,” Fumitaka Suzuki,” Taito Fukushima,” Yusuke Kawamura,” Hitomi Sezaki,” Yoshiyuki Suzuki,® Tetsuya Hosaka,®
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The clinical usefulness of detecting telaprevir-resistant variants is unclear. Two hundred fifty-two Japanese patients infected
with hepatitis C virus (HCV) genotype 1b received triple therapy with telaprevir—peginterferon (PEG-IFN)-ribavirin and were
evaluated for telaprevir-resistant variants by direct sequencing at baseline and at the time of reelevation of the viral load. An
analysis of the entire group indicated that 76% achieved a sustained virological response. Multivariate analysis identified a PEG-
IFN dose of <1.3 pg/kg of body weight, an IL28B rs8099917 genotype (genotype non-TT), detection of telaprevir-resistant vari-
ants of amino acid (aa) 54 at baseline, nonresponse to prior treatment, and a leukocyte count of <5,000/mm” as significant pre-
treatment factors for detection of telaprevir-resistant variants at the time of reelevation of the viral load. In 63 patients who
showed nonresponse to prior treatment, a higher proportion of patients with no detected telaprevir-resistant variants at baseline
(54%) achieved a sustained virological response than did patients with detected telaprevir-resistant variants at baseline (0%).
Furthermore, 2 patients who did not have a sustained virological response from the first course of triple therapy with telaprevir
received a second course of triple therapy with telaprevir. These patients achieved a sustained virological response by the second
course despite the persistence of very-high-frequency variants (98.1% for V36C) or a history of the emergence of variants (0.2%
for R155Q and 0.2% for A156T) by ultradeep sequencing. In conclusion, this study indicates that the presence of telaprevir-resis-
tant variants at the time of reelevation of viral load can be predicted by a combination of host, viral, and treatment factors. The
presence of resistant variants at baseline might partly affect treatment efficacy, especially in those with nonresponse to prior

treatment.

w strategies have been introduced recently for the treatment
{ chronic hepatitis C virus (HCV) infection based on the
inhibition of protease in the nonstructural 3 (NS3)/NS4 region of
the HCV polyprotein. Of the new agents currently available, tela-
previr (VX-950) is used for the treatment of chronic HCV infec-
tion (1). Three studies (PROVE1L, PROVE2, and a Japanese study
[2-4]) showed that a 24-week regimen of triple therapy (telapre-
vir, peginterferon [PEG-IFN], and ribavirin) for 12 weeks fol-
lowed by dual therapy (PEG-IFN and ribavirin) for 12 weeks (also
called the T12PR24 regimen) achieved sustained virological re-
sponse (SVR) (negative for HCV RNA for >24 wecks after the
withdrawal of treatment) rates of 61%, 69%, and 73%, respec-
tively, in patients infected with HCV genotype 1 (HCV-1). How-
ever, another study (PROVE3) found lower SVR rates to the
T12PR24 regimen (39%) in nonresponders to previous PEG-
IFN-ribavirin therapy infected with HCV-1 who did not achieve
HCV RNA negativity during or at the end of the initial triple
therapy course (5).

Telaprevir-based therapy is reported to induce resistant vari-
ants of HCV (6, 7). A recent report indicated that resistant variants
are observed in most patients after failure to achieve an SVR by
telaprevir-based treatment and that they tend to be replaced with
wild-type viruses over time, presumably due to the lower fitness of
those variants (8). However, the clinical usefulness of detecting
telaprevir-resistant variants is still unclear. First of all, pretreat-
ment factors associated with the detection of telaprevir-resistant
variants at the time of reelevation of viral load have not been
investigated. Furthermore, it is not clear at this stage whether the
detection of telaprevir-resistant variants at baseline is useful for
predicting the efficacy of telaprevir-based treatment and whether
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a history of the emergence of telaprevir-resistant variants affects
treatment efficacy with the second course of telaprevir-based
treatment.

Based on the above background, there is a need to investigate
the clinical usefulness of detecting telaprevir-resistant variants.
The aim of this study was to determine the pretreatment factors
associated with the subsequent detection of telaprevir-resistant
variants at the time of reelevation of viral load and the importance
of telaprevir-resistant variants for predicting the efficacy of tela-
previr-based treatment in patients infected with HCV-1b.

MATERIALS AND METHODS

Study population. From May 2008 through August 2013, 340 consecutive
patients infected with HCV were selected for triple therapy with telaprevir
(MP-424 or Telavic; Mitsubishi Tanabe Pharma, Osaka, Japan), PEG-
IFN-a2b (Peglntron; MSD, Tokyo, Japan), and ribavirin (Rebetol; MSD,
Tokyo) at the Department of Hepatology, Toranomon Hospital (located
in metropolitan Tokyo, Japan). Subsequently, 252 of these patients re-
ceived the triple therapy based on the following inclusion and exclusion
criteria: (i) diagnosis of chronic hepatitis C, (ii) HCV-1b confirmed by
sequence analysis, (iii) HCV RNA level of 25.0 log IU/ml as determined
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by the Cobas TagMan HCV test (Roche Diagnostics, Tokyo, Japan), (iv)
follow-up duration of =24 weeks after the completion of triple therapy,
(v) no history of treatment with NS3/4A protease inhibitors, (vi) absence
of decompensated liver cirrhosis and hepatocellular carcinoma (HCC),
(vii) negative for hepatitis B surface antigen (HBsAg), (viii) no evidence of
human immunodeficiency virus infection, {ix) negative history of auto-
immune hepatitis, alcohol liver disease, hemochromatosis, and chronic
liver disease other than chronic hepatitis C, (x) negative history of depres-
sion, schizophrenia, or suicide attempts, angina pectoris, cardiac insuffi-
ciency, myocardial infarction, severe arrhythmia, uncontrolled hyperten-
sion, uncontrolled diabetes, chronic renal dysfunction, cerebrovascular
disorders, thyroidal dysfunction uncontrolled by medical treatment,
chronic pulmonary disease, allergy to medication, or anaphylaxis at base-
line, and (xi) pregnant or breastfeeding women or those willing to become
pregnant during the study and men with a pregnant partner were ex-
cluded. The study protocol was in compliance with the guidelines for
good clinical practice and the 1975 Declaration of Helsinki and was ap-
proved by the institutional review board of the Toranomon Hospital.
Each patient received ample information about the goals and potential
side effects of the treatment and their right to withdraw from the study at
any time. Each patient provided a signed consent form before participat-
ing in this trial.

The efficacy of treatment was evaluated by the presence or absence of
an HCV RNA-negative result at 24 weeks after the completion of therapy
(i.e., SVR), as determined by the Cobas TaqgMan HCV test (Roche Diag-
nostics). Furthermore, failure to achieve an SVR was classified as nonre-
sponse (HCV RNA detected during or at the end of treatment) or relapse
(at the time of reelevation of viral load after the end of treatment, even
when HCV RNA result was negative at the end of treatment).

Twenty patients (8%) were assigned to a 12-week regimen of triple
therapy (the T12PR12 group) and were randomly divided into two groups
(10 patients each) treated with either 1,500 mg/day or 2,250 mg/day of
telaprevir to evaluate the treatment efficacy during 12 weeks on treatment.
Sixty patients (24%) were allocated to a 24-week regimen of the same
triple therapy described above followed by dual therapy of PEG-IFN and
ribavirin for another 12 weeks (the TI2PR24 group) to evaluate treatment
efficacy according to the response to prior treatment, and they were
treated with 2,250 mg/day of telaprevir. Another group of 172 patients
(68%) was treated as described above for the T12PR24 group except for
the dosages of telaprevir; this group was divided into two groups treated
with either 1,500 mg/day (111 patients) or 2,250 mg/day (61 patients) of
telaprevir, as selected by the attending physician. Table 1 summarizes the
profiles and laboratory data of the entire group of 252 patients at the
commencement of treatment. They included 155 males and 97 females 21
to 73 years of age (inedian, 58 years). At the start of treatment, telaprevir
was administered at a median dose of 30.8 mg/kg of body weight (range,
14.1 to 59.2 mg/kg) daily. One hundred thirty-one patients (52%) were
treated with 2,250 mg/day of telaprevir, while the other 121 patients
(48%) were treated with 1,500 mg/day of telaprevir. PEG-IFN-a2b was
injected subcutaneously at a median dose of 1.5 pg/kg (range, 0.7 to 1.8
pg/kg) once a week. Ribavirin was administered at a median dose of 10.9
mg/kg (range, 4.3 to 15.8 mg/kg) daily. Each drug was discontinued or its
dose reduced as required per the judgment of the attending physician, in
response to a fall in hemoglobin level, leukocyte count, neutrophil count,
or platelet count, or the appearance of side effects. The triple therapy was
discontinued when the leukocyte count decreased to <1,000/mm?, the
neutrophil count decreased to <500/mm?, the platelet count decreased to
<5.0 X 10*/mm?, or when hemoglobin decreased to <8.5 g/dL

Follow-up. Clinical and laboratory assessments were performed at
least once every month before, during, and after treatment. They were
performed every week in the initial 12 weeks of treatment. Adverse effects
were monitored clinically by carceful interviews and a medical examina-
tion at least once every month. Compliance with treatment was evaluated
by a questionnaire.
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TABLE 1 Profile and laboratory data at commencement of telaprevir,
peginterferon, and ribavirin triple therapy in patients infected with
HCV genotype 1b

Variable

Patient demographics

Patient data

No. of patients 252
Sex (no. of males/no. of females) 155/97
. Median age (yr) (range) 58 (21-73)

Median body mass index (kg/m?) (range) 22.8 (16.0-36.7)

Laboratory data (median {range})

Level of viremia (log IU/ml) 6.7 (5.0-7.8)
Aspartate aminotransferase (1U/liter) 37 (15-624)
Alanine aminotransferase (IU/liter) 42 (11-525)
Albumin (g/dl) 3.9(2.5-4.7)

34 (3-319)

4,700 (2,000-8,400)
14.3 (12.1-17.6)
16.5 (8.5-33.8)

Gamma-glutamyl transpeptidase (1U/liter)
Leukocyte count (/mm?)

Hemoglobin (g/dl)

Platelet count {10*/mm?)

Treatment
Median PEG-IFN-a2b dose (p.g/kg) (range)
Median ribavirin dose (mg/kg) (range)
Median telaprevir dose (ng/kg) (range)

1.5 (0.7-1.8)
10.9 (4.3-15.8)
30.8 (14.1-59.2)

No. of patients with telaprevir dose of 1,500/2,250 121/131
mg/day
No. of patients on TI2PR12/T12PR24 treatment 20/232

regimen

Response to prior treatment
No. of treatment-naive patients/no. of patients with
relapse to prior treatment/no. of patients with
nonresponse to prior treatment (IFN
monotherapy/ribavirin combination
therapy)/unknown

791109/63 (16/47)/1

Amino acid substitutions in HCV genotype 1b

Core aa 70 (arginine/glutamine [histidine]/ND") 162/88/2

Core aa 91 (leucine/methionine/ND) 139/111/2

[SDR of NS5A (wild type/non-wild type/ND) 199/24/29

IRRDR of NS3A (=5/=6/ND) 180/69/3

V3 of NS5A (=2/=3/ND) 64/185/3
IL28B genotype

18099917 genotype (TT/non-TT/ND) 181/69/2
ITPA genotype

1rs112735 genotype (CC/non-CC) 186/65/1
NS3/4A protease inhibitor-resistant variants by direct

sequencing”
V36/T54/Q80/R155/A156/D168/V170 1/7/5511/2/26/0

“4ND, not determined.

" The NS3/4A protease inhibitor-resistant variants detected by direct sequencing
included V36A/C/M/L/G, T54A/S, QSOK/R/H/G/L, R135K/T/I/M/G/LISIQ, A156V/T/
S/IG, DI6SA/V/E/G/N/T/Y/H/T, and V170A (19, 20).

Measurement of HCV RNA. The antiviral effects of the triple therapy
on HCV were assessed by measuring blood plasma HCV RNA levels. In
this study, HCV RNA levels during treatment were evaluated at least once
every month before, during, and after therapy. HCV RNA concentrations
were determined using the Cobas TagMan HCV test {(Roche Diagnostics).
The linear dynamic range of the assay was 1.2 to 7.8 log [U/ml, and unde-
tectable samples were defined as negative.

Journal of Clinical Microbiology



Determination of IL28B and ITPA genotypes. The IL28B 158099917
and ITPA rs112735 genotypes have been reported as predictors of treat-
ment efficacy and side effects to PEG-IFN-ribavirin dual therapy, and
they were genotyped by using the Invader assay, TagMan assay, or direct
sequencing, as described previously (9-13).

Detection of amino acid substitutions in core and NS3A regions of
HCV-1b. With the use of HCV-] (GenBank accession no. D90208) as a
reference type (14), the sequence of amino acids (aa) 1 to 191 in the core
protein of HCV-1b was determined and then compared with the consen-
sus sequence constructed in a previous study to detect substitutions at aa
70 of arginine (Arg70) or glutamine/histidine (GIn70/His70) and at aa 91
of leucine (Leu91) or methionine (Met91) (13). The sequence of aa 2209
to 2248 in the NS5A of HCV-1b (the interferon sensitivity-determining
region [ISDR]) reported by Enomoto and coworkers (16) was deter-
mined, and the number of amino acid substitutions in the ISDR was
defined as wild type (=1) or non-wild type (=2) compared to that of
HCV-J. Furthermore, the sequence of aa 2334 to 2379 in the NS5A region
of HCV-1b (the IFN/ribavirin resistance-determining region [IRRDR])
reported by El-Shamy and coworkers (17), including the sequence of aa
2356 to 2379 referred to as the variable region 3 (V3), was determined and
then compared with the consensus sequence constructed in a previous
study. The numbers of amino acid substitutions in the IRRDR and V3
regions were divided into two groups for analysis (those with =5 and =6
aa substitutions in the IRRDR, and those with =2 and 23 aa substitutions
in the V3). In the present study, the amino acid substitutions of the core
region and the NS5A-ISDR/IRRDR/V3 of HCV-1b were analyzed by di-
rect sequencing.

Assessment of NS3/4A protease inhibitor-resistant variants. The ge-
nome sequence of 609 nucleotides (203 amino acids) in the N terminal of
the NS3 region of HCV isolates from the patients was examined. HCV
RNA was extracted from 100 1l of blood serum sample, and the nucleo-
tide sequences were determined by direct sequencing and deep sequenc-
ing. The primers used to amplify the NS3 region were NS3-F1 (5"-ACA
CCG CGG CGT GTG GGG ACA T-3', nucleotides 3295 to 3316) and
NS83-AS2 (5'-GCT CTT GCC GCT GCC AGT GGG A-3', nucleotides
4040 to 4019) as the first (outer) primer pair and NS3-F3 (5'-CAG GGG
TGG CGG CTC CTT-3', nucleotides 3390 to 3407) and NS3-AS2 as the
second (inner) primer pair (18). Thirty-five cycles of first and second
amplifications were performed as follows: denaturation for 30 s at 95°C,
annealing of primers for 1 min at 63°C, extension for 1 min at 72°C, and
final extension at 72°C for 7 min. The PCR-amplified DNA was purified
after agarose gel electrophoresis and then used for direct sequencing and
ultradeep sequencing.

Patients were examined for NS3/4A protease inhibitor-resistant
variants by direct sequencing at baseline and at the time of reelevation of
viral loads. Furthermore, patients who did not have an SVR with the first
course of triple therapy with telaprevir and received the second course of
the triple therapy with telaprevir were analyzed for telaprevir-resistant
variants by ultradeep sequencing at baseline and at the time of reclevation
of viral loads. NS3/4A protease inhibitor-resistant variants included V36 A/C/
M/L/G, T54A/S, Q8OK/R/H/G/L, RI55K/T/I/M/GILIS/Q, A156V/T/S/T/G,
DIGSA/V/E/GIN/T/Y/H/, and V170A. Telaprevir-resistant variants (at
aa 36,aa 54,aa 155,aa 156, and aa 170) and TMC435-resistant variants (at
aa 80, aa 155, and aa 168) were evaluated (19, 20).

Direct sequencing was analyzed by the Dye Terminator method. Dide-
oxynucleotide termination sequencing was performed with the BigDye
deoxy terminator version 1.1 cycle sequencing kit (Life Technologies,
Carlsbad, CA) (18). The sequence data were deposited in GenBank. Also,
ultradeep sequencing was performed using the Ion Personal Genome Ma-
chine (PGM) sequencer (Life Technologies). An Ion Torrent adapter-
ligated library was prepared using an Ion Xpress Plus fragment library kit
(Life Technologies). Briefly, 100 ng of fragmented genomic DNA was
ligated to the Ion Torrent adapters P1 and A. The adapter-ligated products
were nick translated and PCR amplified for a total of 8 cycles. Subse-
quently, the library was purified using AMPure beads (Beckman Coulter,
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Brea, CA) and the concentration determined using the StepOnePlus real-
time PCR (Life Technologies) and Ion Library quantitation kit, according
to the instructions provided by the manufacturers. Emulsion PCR was
performed using the Ion OneTouch (Life Technologies) in conjunction
with the Ton OneTouch 200 template kit version 2 (Life Technologies).
Enrichment for templated Ton Sphere particles (ISPs) was performed us-
ing the Ton OneTouch enrichment system (Life Technologies) according
to the instructions provided by the manufacturer. Templated 1SPs were
loaded onto an Ton 314 chip and subsequently sequenced using 130 se-
quencing cycles according to the Ton PGM 200 sequencing kit user guide.
The total output read length per run was >10 Mb (0.5 million tags, 200~
base read) (21). The results were analyzed with the CLC Genomics Work-
beneh software (CLC bio, Aarhus, Denmark) (22).

We also included a control experiment to validate the error rates in
ultradeep sequencing of the viral genome. In this study, the amplification
products of the second-round PCR were ligated with a plasmid and trans-
formed in Escherichia coli by using a cloning kit (TA Cloning; Invitrogen,
Carlsbad, CA). A plasmid-derived NS3 sequence was determined as the
template, in a control experiment. The fold coverages evaluated per posi-
tion for aa 36, aa 54, aa 155, aa 156, and aa 170 in the NS3 region were
359,379 X, 473,716X, 106,435<, 105,979, and 49,058X, respectively.
Thus, using the control experiment based on a plasmid carrying the HCV
NS3 sequence, amino acid mutations were defined as amino acid substi-
tutions at a frequency of >0.2% among the total coverage. This frequency
ruled out putative errors caused by the ultradeep sequence platform used
in this study (23).

Statistical analysis. Nonparametric variables were compared between
the groups by the chi-square and Fisher’s exact probability tests. Univar-
iate and multivariate analyses for factors affecting the presence of telapre-
vir-resistant variants by direct sequencing at the reelevation of viral load
were performed by the chi-square test and logistic regression, respectively.
Patients who achieved an SVR were said to have no detection of resistant
variants at the reelevation of viral load. The sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV) were calcu-
lated to determine the reliability of the predictors of the response to
therapy.

Nucleotide sequence accession numbers. The N-terminal sequences
of the NS3 regions of the telaprevir-resistant variant isolates were depos-
ited in GenBank under accession numbers AB709241, AB709263,
AB709264, AB709276, AB709279, AB709283, AB709286, AB709289,
AB709295, AB709296, AB709300, AB709303, AB709307, AB709310,
AB709311, AB709312, AB709317, AB709319, AB709321, AB709322,
AB709345, AB709348, AB709352, AB709353, AB709354, AB709356,
AB709357, AB709358, AB709360, AB709370, AB709377, AB709382,
AB709383, AB709384, AB709388, AB709390, AB709392, AB709396,
AB709398, AB709399, AB709401, AB709405, AB709409, AB709410,
AB709414, AB709418, AB709422, AB709426, AB709437, AB709444,
AB709445, AB709451, AB709456, AB709461, AB709474, AB709476,
AB709481, AB709484, AB709485, AB709486, AB709488, AB709489,
AB709490, AB709491, AB709492, AB709493, AB709502, AB709507,
AB709508, AB709514, AB709515, AB709525, AB709526, AB709527, and
AB826566 to AB826684.

RESULTS

Virological response to therapy. An analysis of the entire group
showed that 76% (192 of 252 patients) achieved an SVR. Accord-
ing to the treatment regimen, an SVR was achieved by 45% (9 of 20
patients) and 79% (183 of 232 patients) of the T12PR12 and
T12PR24 groups, respectively. Taking into consideration the re-
sponse to prior treatment, an SVR was achieved by 86% (68 of 79
patients), 84% (91 of 109 patients), and 35% (32 of 63 patients) of
the treatment-naive patients, patients who showed relapse follow-
ing prior treatment, and nonresponders to prior treatment, re-
spectively. In the 231 patients of the T12PR24 group, an SVR was
achieved by 88% (61 of 69 patients), 85% (89 of 105 patients), and
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TABLE 2 Frequencies of the subjects in whom NS3/4A protease inhibitor-resistant variants were detected by direct sequencing at baseline and at the

time of reelevation of viral loads®

- . % (1) by aa position”:
Time of variant vaap

detection 36 54 80 155 156 168 170
Baseline 0.4 (1) 3(7) 22 (35) 0.4 (1) 0.8 (2) 10 (26) 0(0)
Reelevation of viral load 7 (18) 12 (30) 5(11) 0.4 (1) 4(10) 1.2 (3) 0.4 (1)

# NS3/4A protease inhibitor-resistant variants included V36A/C/M/L/G, T54A/S, Q80K/R/H/G/L, RI35K/T/I/M/G/LIS/Q, A156V/T/S/I/G, D168A/V/E/GIN/T/Y/H/L, and V170A

(19, 20).

" The data represent the percentages (11) of patients in whom NS3/4A protease inhibitor-resistant variants were detected by direct sequencing. Patients who achieved a sustained
virological response were said to have no detection of resistant variants by direct sequencing at the time of reclevation of the viral load.

56% (32 of 57 patients) of the treatment-naive patients, patients
who showed relapse following prior treatment, and nonre-
sponders to prior treatment, respectively. Furthermore, an SVR
was achieved by 86% (12 of 14 patients) and 47% (20 of 43 pa-
tients) of the nonresponders to prior IEN monotherapy and riba-
virin combination therapy, respectively.

NS3/4A protease inhibitor-resistant variants detected by di-
rect sequencing at baseline and at the time of reelevation of viral
loads. All of the 252 patients were evaluated for resistant variants
by direct sequencing at baseline. Sixty patients who did not
achieve an SVR were also analyzed for resistant variants by direct
sequencing at the time of reelevation of viral load. One hundred
ninety-two patients who achieved SVR were said to have no de-
tection of resistant variants as determined by direct sequencing at
the reelevation of viral load.

As a whole, the frequency of the subjects in whom telaprevir-
resistant variants were detected increased from 5% (12 of 252
patients) at baseline to 18% (45 of 252 patients) at the time of
reelevation of viral load. On the other hand, the frequency of the
subjects in whom TMC435-resistant variants were detected de-
creased from 31% (78 of 252 patients) at baseline to 6% (14 0252
patients) at the time of reelevation of viral load. Table 2 shows the
frequencies of subjects in whom resistant variants were detected at
bascline and at the time of reelevation of viral load per position for
aa 36, aa 54, aa 80, aa 155, aa 156, aa 168, and aa 170 in the NS3
region.

Pretreatment factors associated with detection of telaprevir-
resistant variants by direct sequencing at the time of reelevation
of viral load. Univariate analysis of the data of the entire group
identified eight pretreatment factors that were significantly as-
sociated with the detection of telaprevir-resistant variants by
direct sequencing at the time of reelevation of viral load: IL28B
1s8099917 genotype (genotype non-TT) (P < 0.001), nonre-
sponse to prior treatment (P < 0.001), PEG-IFN dose of <1.3
peg/kg (P = 0.001), detection of variants at aa 54 at baseline
(P = 0.002), Gln70/His70 substitution of aa 70 (P = 0.003),
gamma-glutamyl transpeptidase (GGT) level of =50 [U/liter
(P = 0.006), leukocyte count of <5,000/mm?’ (P = 0.026), and
ribavirin dose of <8.0 mg/kg (P = 0.026). Multivariate analysis
that included the above variables identified five pretreatment
factors that were independently associated with the detection
of telaprevir-resistant variants at the time of reelevation of viral
load: PEG-IFN dose of <1.3 pg/kg (odds ratio [OR], 9.71; P <
0.001), IL28B rs8099917 genotype (genotype non-TT) (OR,
8.61; P < 0.001), detection of variants at aa 54 at baseline (OR,
33.4; P = 0.002), nonresponse to prior treatment (OR, 2.66,
P = 0.018), and leukocyte count of <5,000/mm” (OR, 2.46;
P = 0.042) (Table 3).
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Prediction of treatment efficacy by the combination of re-
sponse to prior treatment and presence of telaprevir-resistant
variants by direct sequencingat baseline. The SVR rates based on
the combination of response to prior treatment and the presence
of telaprevir-resistant variants by direct sequencing at baseline are
shownin Fig. 1. In 79 treatment-naive patients, the SVR rates were
not different between those patients in whom there were no de-
tected telaprevir-resistant variants (86% [65 of 76 patients]) and
those in whom variants were detected (67% [2 of 3 patients]). In
109 patients who showed relapse following prior treatment, the
SVR rates were not different between those patients in whom there
were no detected variants (83% [86 of 104 patients]) and those in
whom variants were detected (100% [5 of 5 patients]). In contrast,
in 63 patients who showed nonresponse to prior treatment, a
higher proportion of patients with undetected telaprevir-resistant
variants (54% [32 of 59 patients]) achieved an SVR than did pa-
tients in whom telaprevir-resistant variants were detected (0% [0
of 4 patients]) (P = 0.053). Thus, with the combination of non-
response to prior treatment and detection of telaprevir-resistant
variants, the sensitivity, specificity, PPV, and NPV for those with
non-SVR were 7% (4 of 60 patients), 100% (191 of 191 patients),
100% (4 of 4 patients), and 77% (191 of 247 patients), respec-
tively. These results indicated that the use of the combination of
the above two factors has high specificity and PPV for the predic-
tion of a non-SVR.

TABLE 3 Multivariate analysis of factors associated with detection of
telaprevir-resistant variants by direct sequencing at the reelevation of
viral load, to telaprevir, peginterferon, and ribavirin triple therapy in
patients infected with HCV genotype 1b

Detection Odds ratio
factors Category (95% CI) P"
PEG-IFN-a2b =13 1

dose (pg/kg) <1.3 9.71(3.23~29.4) <0.001
1L28B 158099917 TT genotype 1

genotype Non-TT genotype 8.61 (3.48-21.3) <0.001
Variants of aa 54 No detection 1

at baseline Detection 33.4(3.77-295) 0.002
Response to Naive or relapse 1

treatment Nonresponse 2.66 (1.18-5.96) 0.018
Leukocyte count =5,000 1

(/mm?) <5,000 2.46 (1.03-5.85) 0.042

“ CI, confidence interval.
" Only variables that achieved statistical significance (P < 0.03) on multivariate logistic
regression analysis are shown.
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100%
5/5
100 - 26 (5/5)
S 83%
%) 65/76)
(86/104)
80 + 67%
(2/3)
54%
60 + (32/59)
40
20 A
0%
0 (0/4)
TVR resistance. | TVR resistance, | TVR resistance, | TVR resistance. | TVR resistance. | TVR resistance.
No detection Detection No detection Detection No detection Detection
(n=76) (n=3) (n=104) (n==5) (n=59) (n=4)
Naive Relapse Non response
(n=79) (n=109) (n=63)

FIG1 The rates of sustained virological response by the combination of response to prior treatment and presence of telaprevir (TVR)-resistant variants by direct
sequencing at baseline are shown. Of those who showed nonresponse to prior treatment, a higher proportion of patients with undetected TVR-resistant variants
54%) achieved a sustained virological response than patients with detected TV R-resistant variants (0% = 0,053).
(54%) acl 1 { d logical resp than patients with detected TVR tant ants (0%) (P = 0.053)

Table 4 summarizes the profiles of 4 patients with nonresponse
to prior treatment and in whom telaprevir-resistant variants were
detected by direct sequencing at baseline. All of these 4 patients
did not achieve an SVR with triple therapy. Interestingly, both
T54S as a telaprevir-resistant variant and Q80L as a TMC435-
resistant variant (19) were detected by direct sequencing at base-
line.

Evolution of telaprevir-resistant variants over time as inves-
tigated by ultradeep sequencing in patients who received the
second course of triple therapy. Two of 60 patients who did not
achieve an SVR with the first course of triple therapy with telapre-
vir received the second course of triple therapy with telaprevir.
They were analyzed for telaprevir-resistant variants by ultradeep
sequencing at baseline and at the time of reelevation of viral loads.

Figure 2A shows the clinical course of case 1. In the first course
of triple therapy with telaprevir (T12PR24) in a 57-year-old, V36C
(0% of 32,413 X coverage) was not detected by ultradeep sequenc-
ingat baseline of the first course, but very-high-frequency variants
of V36C (97.2% 0f 36,757 X coverage) were detected at the time of
reelevation of viral loads. In the second course of triple therapy
with telaprevir (T12PR54) when the patient was 59 years old, very-
high-frequency variants of V36C (98.1% of 94,547 X coverage)

persisted at baseline of the second course, despite the passing of 2
years after cessation of the first therapy course. Case 1 achieved
HCV RNA-negative status at 20 weeks after the start of the second
course (late virological response), so PEG-IFN and ribavirin ther-
apy was extended to 54 wecks. In conclusion, case 1 achieved an
SVR after the sccond course of triple therapy with telaprevir, de-
spite the persistence of very-high-frequency variants.

Figure 2B shows the clinical course of case 2. In the first course
of triple therapy with telaprevir (T12PR24) in a 61-year-old pa-
tient, R155Q (0% of 23,751X coverage) and Al156T (0% of
16,040X coverage) were not detected by ultradeep sequencing at
baseline of the first course, but very-low-frequency variants of
R155Q (0.2% of 11,572 X coverage) and A156T (0.2% of 16,040
coverage) were detected at the time of reelevation of viral loads. In
the second course of triple therapy with telaprevir (T12PR20)
when the patient was 64 years old, R155Q (0% of 80,572 X cover-
age) and A156T (0% of 87,686X coverage) were not detected by
ultradeep sequencing at baseline of the second course, which was
2 years after cessation of the first course. In conclusion, case 2
achieved an SVR by the second course of triple therapy with tel-
aprevir, despite the history of the emergence of variants.

TABLE 4 Profiles of 4 patients with nonresponse to prior treatment and detection of telaprevir-resistant variants by direct sequencing at baseline

Amino acid detected at aa position:

Time of HCV
RNA-negative

Case Age Response to prior result during Efficacy of

1no. Sex (yr) treatment” 36 54 80 135 156 168 170 treatment (wks) triple therapy

1 Male 70 Nonresponse to IFN \% S L R A D 1 2 Non-SVR
monotherapy

2 © Male 47 Nonresponse to IFN v S L R A D 1 4 Non-SVR

) monotherapy

3 Male 61 Nonresponse to RBV \Y S L R A D 1 3 Non-SVR
combination therapy

4 Female 60 Nonresponse to RBV Vv S L R A D 1 4 Non-SVR

combination therapy

“ RBV, ribavirin.

January 2014 Volume 52 Number 1

jem.asmorg 197



A Casel

8.0 =

7.0 4

6.0 o

o
o
1

Pl
[=]
x

V36C
(0% of 32,413 X coverage)

3.0 4

HCV RNA (log 1U/ml) %

2.0 4
<12 ]

12Wk

R

V36C
(97.2% of 36,757 X coverage)

Relapse by the first course of triple therapy (T12PR24) at 57 years old

Profile

*Male

<IL28B rs8099917; TG

=Core aa70; Arg70

*Relapse te ribavirin combination

Lower detection limit

Vor

¥ T T

4W 8w

¥ ]

12W  16W  20W  24W  28W  32W  36W  40W  44AW  48W

Sustained virological response by the second course of triple therapy (T12PR54) at 59 years old

V36C
(98.1% 0f 94,547 X coverage)

A

Telaprevir 12W

V36C
(98.8% of 348,040 X coverage)

Lower detection limit

B Case2

8.0 »
<""""7',U"-

R135Q
(0% of 23,751 X coverage)

Vor

T T 4

AW 8W

T T T T T

12w

Lower detection limit

16W 20w 24W  28W  32W  36W  40W  44W  48W  52W  58W  62W  66W  70W 7AW

Relapse by the first course of triple therapy (T12PR24) at 61 years old

Al156T
(0% of 16,040 X coverage)

8.0 3

A LETTEFR A, I

- = 6.0 §*
~ Rt
RIS5Q 298 4
ad
(0% of 80,572 X coverage) £ ,,
+ <
K ; 3.0
4 o
® = 2.0 4

A
o

Vor 4W

Sustained virologica

aw

12w 16W  20W  24W  28W 32W 36W 40W 44W  48W

A156T
(0.2% of 16,040 X coverage)

| response by the second course of triple therapy (T12PR20) at 64 years old

- Telaprevir 12Wk

Profile

*Female

=IL28B rs8099917; GG

*Core 2a70; Arg70

=Non response to ribavirin combination

Lower detection limit

A156T
(0% of 87,686 X coverage)

Vor 4W 8W 12w 16W 20W 24W 28W 32W 36W 40W 44W 48W
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DISCUSSION

Patients who fail to achieve an SVR to triple therapy necd to be
identified to avoid unnecessary side effects, high costs, and the
emergence of telaprevir-resistant variants. Host genetic factors
(e.g., IL28B genotype), and viral factors {e.g., amino acid substi-
tutions in the core/NS5A region) have often been used as pretreat-
ment predictors of poor virological response to PEG-IFN-ribavi-
rin dual therapy (9-11, 15, 17) and telaprevir-PEG-1FN~ribavirin
triple therapy (24-26). However, the pretreatment factors associ-
ated with the detection of telaprevir-resistant variants at the time
of reelevation of viral load are still unknown. The present study
identified that the detection of telaprevir-resistant variants at the
time of reelevation of viral load can be predicted by a combination
of host (IL28B rs8099917 genotype and leukocyte count), viral
(variants of aa 54 at baseline), and treatment factors (PEG-IFN
dose). All of the 4 patients with nonresponse to prior treatment
and in whom telaprevir-resistant variants were detected at base-
line did not achicve an SVR with triple therapy, and the use of the
combination of nonresponse to prior treatment and the detection
of telaprevir-resistant variants at baseline had high specificity and
PPV for the prediction of a non-SVR. This finding suggests that
there is a complex relationship between host susceptibility to IFN
and viral sensitivity to NS3/4A protease inhibitors in determining
treatment efficacy. Interestingly, in all of the 4 patients, both T545
as a telaprevir-resistant variant and Q80L as a TMC435-resistant
variant (19) were detected by direct sequencing at baseline. This
result suggests that patients with the above two factors should be
carefully introduced to NS3/4A protease inhibitors besides tela-
previr because of the high risk of the emergence of resistant vari-
ants. However, the present study was performed with a small
number of patients, so further studies based on a larger number of
patients should be performed.

In the present study employing ultradeep sequencing technol-
ogy, 2 patients who did not achieve an SVR with the first course of
triple therapy with telaprevir received the second course of the
triple therapy with telaprevir. They achieved an SVR with the sec-
ond course, despite the persistence of very-high-frequency vari-
ants (case 1, 98.1% for V36C) or a history of the emergence of
variants (case 2, 0.2% for R155Q and 0.2% for A1567T) as deter-
mined by ultradeep sequencing. This finding may be due to one or
more reasons. One reason is probably related to the high suscep-
tibility of telaprevir-resistant variants to IFN. One previous study
indicated that mice infected with the resistant strain (A156F
[99.9%]) developed only low-level viremia, and the virus was suc-
cessfully eliminated with IFN therapy (27). In the other clinical
report, telaprevir-resistant variants that emerged during 24-week
telaprevir monotherapy were eliminated by the combination ther-
apy of PEG-IFN plus ribavirin (28). Furthermore, this finding
probably suggests that a small number of mutant-type viral RNAs
may be incomplete or defective, since a large proportion of viral
genomes are thought to be defective due to their high replication
and mutation rates (29). Further studies employing ultradeep se-
quencing should be performed to evaluate whether a history of the
emergence of NS3/4A protease inhibitor-resistant variants, be-
sides telaprevir-resistant variants, affects the efficacy of a second
course of NS3/4A protease inhibitor-based treatment.

The results of the present study should be interpreted with
caution, since the study was performed with a small number of
Japanese patients infected with HCV-1b. Any generalization of the
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results should await confirmation by a multicenter randomized
trial based on a larger number of patients, including patients of
other races and those infected with HCV-1a. Furthermore, the
other limitation of the present study is that the loss of telaprevir-
resistant variants was not investigated long after the cessation of
therapy. Further large-scale studies should be performed to inves-
tigate the impacts of telaprevir-resistant variants on the response
to treatment using new drugs, including direct-acting antiviral
agents,

In conclusion, this study based on Japanese patients infected
with HCV-1b indicates that telaprevir-resistant variants at the
time of reelevation of viral load can be predicted by a combination
of host, viral, and treatment factors. In those patients with no
response to prior treatment, the present results suggest that tel-
aprevir-resistant variants at baseline might partly affect the effi-
cacy of triple therapy treatment. This finding indicates the clinical
utility of detecting telaprevir-resistant variants to predict treat-
ment efficacy, and it suggests a complex relationship between host
susceptibility to IFN and viral sensitivity to NS3/4A protease in-
hibitors in determining treatment efficacy. Further large-scale
prospective studies are needed to investigate the clinical useful-
ness of telaprevir-resistant variants and to develop more effective
therapeutic regimens in patients infected with HCV-1.

ACKNOWLEDGMENTS

This study was supported in part by a grant-in-aid from the Ministry of
Health, Labor, and Welfare, Japan.

Norio Akuta received honoraria from MSD K.K. and Mitsubishi
Tanabe Pharma and holds a right for royalty from SRL, Inc. Hiromitsu
Kurnada received honoraria from MSD K.K., Mitsubishi Tanabe Pharma,
Dainippon Sumitomo Pharma, and Bristol-Myers Squibb and holds a
right for royalty from SRL, Inc. The other authors declare no conflicts of
interest.

REFERENCES

1. Lin C, Kwong AD, Perni RB. 2006. Discovery and development of
VX-950, a novel, covalent, and reversible inhibitor of hepatitis C virus
NS3.4A serine protease. Infect. Disord. Drug Targets 6:3-16. http://dx.doi
Lorg/10.2174/187152606776056706.

. McHutchison JG, Everson GT, Gordon SC, Jacobson IM, Sulkowski M,
Kauffman R, McNair L, Alam ], Muir AJ, PROVE1 Study Team. 2009,
Telaprevir with peginterferon and ribavirin for chronic HCV genotype 1
infection. N. Engl. J. Med. 360:1827-1838. http://dx.doi.org/10.1036
/NEJM0a0806104.

3. Hézode C, Forestier N, Dusheiko G, Ferenci P, Pol S, Goeser T,
Bronowicki JP, Bourliere M, Gharakhanian S, Bengtsson L, McNair L,
George S, Kieffer T, Kwong A, Kauffman RS, Alam J, Pawlotsky JM,
Zeuzem S, PROVE2 Study Team. 2009. Telaprevir and peginterferon
with or without ribavirin for chronic HCV infection. N. Engl. J. Med.
360:1839-1850. http://dx.doi.org/10.1056/NEJM0a0807630.

4. Kumada H, Toyota J, Okanoue T, Chayama K, Tsubouchi H, Hayashi
N. 2012. Telaprevir with peginterferon and ribavirin for treatment-naive
patients chronically infected with HCV of genotype 1 in Japan. J. Hepatol,
56:78-84. http://dx.doi.org/10.1016/j.jhep.2011.07.016.

. McHutchison JG, Manns MP, Muir AJ, Terrault NA, Jacobson IM, Afdhal
NH, Heathcote EJ, Zeuzem S, Reesink HW, Garg J, Bsharat M, George S,
Kauffman RS, Adda N, Di Bisceglie AM, PROVE3 Study Team. 2010.
Telaprevir for previously treated chronic HCV infection. N. Engl. J. Med.
362:1292-1303. http://dx.dol.org/10.1056/NE]M0a0908014.

6. Lin C, Gates CA, Rao BG, Brennan DL, Fulghum JR, Luong YP, Frantz
JD, Lin K, Ma S, Wei YY, Perni RB, Kwong AD. 2005. i1 vitro studies of
cross-resistance mutations against two hepatitis C virus serine protease
inhibitors, VX-950 and BILN 2061. J. Biol. Chem. 280:36784~36791. http:
//dx.doi.org/10.1074/jbc.M506462200.

7. Kieffer TL, Sarrazin C, Miller JS, Welker MW, Forestier N, Reesink
HW, Kwong AD, Zeuzem S. 2007. Telaprevir and pegylated interferon-

[

U

jcm.asmoorg 199



Akuta et al.

10.

11.

12.

14,

16.

18.

200

alpha-2a inhibit wild-type and resistant genotype 1 hepatitis C virus rep-
lication in patients. Hepatology 46:631-639. http://dx.doi.org/10.1002
/hep.21781.

. Sullivan JC, De Meyer S, Bartels DJ, Dierynck I, Zhang EZ, Spanks J,

Tigges AM, Ghys A, Dorrian J, Adda N, Martin EC, Beumont M,
Jacobson IM, Sherman KE, Zeuzem S, Picchio G, Kieffer TL. 2013.
Evolution of treatment-emergent resistant variants in telaprevir phase 3
clinical trials. Clin. Infect. Dis. 57:221-229. http://dx.doi.org/10.1093/cid
[cit226.

. Ge D, Pellay J, Thompson AJ, Simon JS, Shianna KV, Urban TJ,

Heinzen EL, Qiu P, Bertelsen AH, Muir AJ, Sulkowski M, McHutchison
JG, Goldstein DB. 2009. Genetic variation in IL28B predicts hepatitis C
treatment-induced viral clearance. Nature 461:399-401. http://dx.doi
.org/10.1038/nature08309.

Suppiah V, Moldovan M, Ahlenstiel G, Berg T, Weltman M, Abate ML,
Bassendine M, Spengler U, Dore GJ, Powell E, Riordan S, Sheridan D,
Smedile A, Fragomeli V, Miiller T, Bahlo M, Stewart GJ, Booth DR,
George J. 2009. IL28B is associated with response to chronic hepatitis C
interferon-alpha and ribavirin therapy. Nat. Genet. 41:1100-1104. http:
/ldx.doi.org/10.1038/ng.447.

Tanaka Y, Nishida N, Sugiyama M, Kurosaki M, Matsuura K, Saka-
moto N, Nakagawa M, Korenaga M, Hino K, Hige S, Ito Y, Mita E,
Tanaka E, Mochida S, Murawaki Y, Honda M, Sakai A, Hiasa Y,
Nishiguchi S, Koike A, Sakaida I, Imamura M, Ito K, Yano K, Masaki
N, Sugauchi F, Izumi N, Tokunaga K, Mizokami M. 2009. Genome-
wide association of IL28B with response to pegylated interferon-alpha and
ribavirin therapy for chronic hepatitis C. Nat. Genet. 41:1105-1109. http:
//dx.doi.org/10.1038/ng.449.

Ohnishi Y, Tanaka T, Ozaki K, Yamada R, Suzuki H, Nakamura Y. 2001.
A high-throughput SNP typing system for genome-wide association studies.
J. Hum. Genet. 46:471-477. http://dx.doi.org/10.1007/s100380170047.

. Suzuki A, Yamada R, Chang X, Tokuhiro S, Sawada T, Suzuki M,

Nagasaki M, Nakayama-Hamada M, Kawaida R, Ono M, Ohtsuki M,
Furukawa H, Yoshino S, Yukioka M, Tohma S, Matsubara T, Wakitani
S, Teshima R, Nishioka Y, Sekine A, Iida A, Takahashi A, Tsunoda T,
Nakamura Y, Yamamoto K. 2003. Functional haplotypes of PADI4, en-
coding citrullinating enzyme peptidylarginine deiminase 4, are associated
with rheumatoid arthritis. Nat. Genet. 34:395-402. http://dx.doi.org/10
.1038/ng1206.

Kato N, Hijikata M, Ootsuyama Y, Nakagawa M, Ohkoshi S, Sugimura
T, Shimotohno K. 1990. Molecular cloning of the human hepatitis C virus
genome from Japanese patients with non-A, non-B hepatitis. Proc. Natl.
Acad. Sci. U. S. A, 87:9524-9528. http://dx.doi.org/10.1073/pnas.87.24
9524,

. Akuta N, Suzuki F, Sezaki H, Suzuki Y, Hosaka T, Someya T, Kobayashi

M, Saitoh S, Watahiki S, Sato J, Matsuda M, Kobayashi M, Arase Y,
Ikeda K, Kumada H. 2005. Association of amino acid substitution pattern
in core protein of hepatitis C virus genotype 1b high viral load and non-
virological response to interferon-ribavirin combination therapy. Intervi-
rology 48:372-380. http://dx.doi.org/10.1159/000086064.

Enomoto N, Sakuma I, Asahina Y, Kurosaki M, Murakami T,
Yamamoto C, Ogura Y, Izumi N, Marumo F, Sato C. 1996. Mutations
in the nonstructural protein 5A gene and response to interferon in patients
with chronic hepatitis C virus 1b infection. N. Engl. J. Med. 334:77-81.
http://dx.doi.org/10.1056/NEJM199601113340203.

. El-Shamy A, Nagano-Fujii M, Sasase N, Imoto S, Kim SR, Hotta H.

2008. Sequence variation in hepatitis C virus nonstructural protein 5A
predicts clinical outcome of pegylated interferon/ribavirin combination
therapy. Hepatology 48:38—47. http://dx.doi.org/10.1002/hep.22339.

Suzuki F, Sezaki H, Akuta N, Suzuki Y, Seko Y, Kawamura Y, Hosaka
T, Kobayashi M, Saito S, Arase Y, Ikeda K, Kobayashi M, Mineta R,
Watahiki S, Miyakawa Y, Kumada H. 2012. Prevalence of hepatitis C

jem.asm.org

19.

o
2

139
w1

virus variants resistant to NS3 protease inhibitors or the NS5A inhibitor
(BMS-790052) in hepatitis patients with genotype 1b. J. Clin. Virol. 54:
352-354. http://dx.doi.org/10.1016/j.jcv.2012.04.024.

Romano KP, Ali A, Royer WE, Schiffer CA. 2010. Drug resistance
against HCV NS3/4A inhibitors is defined by the balance of substrate
recognition versus inhibitor binding. Proc. Natl. Acad. Sci. U. S. A. 107:
20986-20991. http://dx.doi.org/10.1073/pnas.1006370107.

. Barbotte L, Ahmed-Belkacem A, Chevaliez S, Soulier A, Hézode C,

Wajcman H, Bartels DJ, Zhou Y, Ardzinski A, Mani N, Rao BG, George
S, Kwong A, Pawlotsky JM. 2010. Characterization of V36C, a novel
amino acid substitution conferring hepatitis C virus (HCV) resistance to
telaprevir, a potent peptidomimetic inhibitor of HCV protease. Antimi-
crob. Agents Chemother. 54:2681-2683. http://dx.doi.org/10.1128/AAC
.01796-09.

. Elliott AM, Radecki J, Moghis B, Li X, Kammesheidt A. 2012. Rapid

detection of the ACMG/ACOG-recommended 23 CFTR disease-causing
mutations using ion torrent semiconductor sequencing. J. Biomol. Tech.
23:24-30. http://dx.doi.org/10.7171/jbt.12-2301-003.

. Vogel U, Szczepanowski R, Claus H, Jinemann S, Prior K, Harmsen D.

2012. Ion torrent personal genome machine sequencing for genomic typ-
ing of Neisseria meningitidis for rapid determination of multiple layers of
typing information. J. Clin. Microbiol. 50:1889-1894. http://dx.doi.org
/10.1128/JCM.00038-12.

. Akuta N, Suzuki F, Seko Y, Kawamura Y, Sezaki H, Suzuki Y, Hosaka

T, Kobayashi M, Hara T, Kobayashi M, Saitoh S, Arase Y, Ikeda K,
Kumada H. 2013. Emergence of telaprevir-resistant variants detected by
ultradeep sequencing after triple therapy in patients infected with HCV
genotype 1. J. Med. Virol. 85:1028-1036. http://dx.doi.org/10.1002/jmv
.23579.

. Akuta N, Suzuki F, Hirakawa M, Kawamura Y, Yatsuji H, Sezaki H,

Suzuki Y, Hosaka T, Kobayashi M, Kobayashi M, Saitoh S, Arase Y,
Tkeda K, Chayama K, Nakamura Y, Kumada H. 2010. Amino acid
substitution in hepatitis C virus core region and genetic variation near the
interleukin 28B gene predict viral response to telaprevir with peginter-
feron and ribavirin. Hepatology 52:421-429. http://dx.doi.org/10.1002
/hep.23690.

. Chayama K, Hayes CN, Abe H, Miki D, Ochi H, Karino Y, Toyota J,

Nakamura Y, Kamatani N, Sezaki H, Kobayashi M, Akuta N, Suzuki F,
Kumada H. 2011. IL28B but not ITPA polymorphism is predictive of
response to pegylated interferon, ribavirin, and telaprevir triple therapy in
patients with genotype 1 hepatitis C. J. Infect. Dis. 204:84-93. http://dx
.doi.org/10.1093/infdis/jir210.

. Akuta N, Suzuki F, Fukushima T, Kawamura Y, Sezaki H, Suzuki Y,

Hosaka T, Kobayashi M, Hara T, Kobayashi M, Saitoh S, Arase Y, Ikeda
K, Kumada H. 2013. Prediction of treatment efficacy and telaprevir-
resistant variants after triple therapy in patients infected with hepatitis C
virus genotype 1. J. Clin. Microbiol. 51:2862-2868. http://dx.doi.org/10
.1128/JCM.01129-13.

27. Hiraga N, Imamura M, Abe H, Hayes CN, Kono T, Onishi M, Tsuge M,

Takahashi S, Ochi H, Iwao E, Kamiya N, Yamada I, Tateno C, Yo-
shizato K, Matsui H, Kanai A, Inaba T, Tanaka S, Chayama K. 2011.
Rapid emergence of telaprevir resistant hepatitis C virus strain from wild
type clone i1 vivo. Hepatology 54:781-788. http://dx.doi.org/10.1002/hep
.24460.

. Ozeki I, Akaike J, Karino Y, Arakawa T, Kuwata Y, Ohmura T, Sato T,

Kamiya N, Yamada I, Chayama K, Kumada H, Toyota J. 2011. Antiviral
effects of peginterferon alpha-2b and ribavirin following 24-week mono-
therapy of telaprevir in Japanese hepatitis C patients. ]. Gastroenterol.
46:929-937. http://dx.doi.org/10.1007/500535-011-0411-0.

. Bartenschlager R, Lohmann V. 2000. Replication of hepatitis C virus. J.

Gen. Virol. 81:1631-1648.

Journal of Clinical Microbiology



Journal of Medical Virology 86:1314-1322 (2014)

Evolution of Simeprevir-Resistant Variants Over
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Using ultra-deep sequencing technology, the
present study was designed to investigate the
evolution of simeprevir-resistant variants (ami-
no acid substitutions of aa80, aal1b5, aal56,
and aal168 positions in HCV NS3 region) over
time. In Toranomon Hospital, 18 Japanese
patients infected with HCV genotype 1b, re-
ceived triple therapy of simeprevir/PEG-IFN/
ribavirin (DRAGON or CONCERT study). Sus-
tained virological response rate was 67%, and
that was significantly higher in patients with
IL28B rs8099917 TT than in those with non-TT.
Six patients, who did not achieve sustained
virological response, were tested for resistant
variants by ultra-deep sequencing, at the base-
line, at the time of re-elevation of viral loads,
and at 96 weeks after the completion of treat-
ment. Twelve of 18 resistant variants, detected at
re-elevation of viral load, were de novo resistant
variants. Ten of 12 de novo resistant variants
become undetectable over time, and that five of
seven resistant variants, detected at baseline,
persisted over time. In one patient, variants of
Q80R at baseline (0.3%) increased at 96-week
after the cessation of treatment (10.2%), and de
novo resistant variants of D168E (0.3%) also
increased at 96-week after the cessation of
treatment (9.7%). In conclusion, the present
study indicates that the emergence of simepre-
vir-resistant variants after the start of treatment
could not be predicted at baseline, and the
majority of de novo resistant variants become
undetectable over time. Further large-scale pro-
spective studies should be performed to investi-
gate the clinical utility in detecting simeprevir-
resistant variants. J. Med. Virol. 86:1314-
1322, 2014. © 2014 Wiley Periodicals, Inc.

KEY WORDS: HCV; ultra-deep sequence; si-
meprevir; resistant variants

© 2014 WILEY PERIODICALS, INC.

INTRODUCTION

New strategies have been introduced for the treat-
ment of chronic hepatitis C virus (HCV) infection
based on inhibition of protease in the NS3/NS4 of the
HCV polyprotein. Of the first-generation NS3/4A
protease inhibitors, telaprevir had been approved
for the treatment of patients infected with HCV
genotype 1. The inclusion of this agent in HCV
treatment regimens had led to large improvements in
sustained virological rates, though this agent re-
quires dosing three times daily and the use is
associated with increased incidence and, in some
cases, severity of adverse events such as anemia and
rash [Hézode et al., 2009; McHutchison et al., 2009,
2010; Hayashi et al., 2012; Kumada et al., 2012].

Simeprevir (TMC435) is an investigational, once-
daily oral NS3/4A protease inhibitor currently under
clinical development globally. Phase II trials of sime-
previr in combination with peginterferon (PEG-IFN)
and ribavirin for patients infected with HCV genotype
1 demonstrated that simeprevir was generally well
tolerated, had a pharmacokinetic profile that supports
once-daily dosing and resulted in high virologic re-
sponse rates. Treatment-naive patients, who received
simeprevir for 12 or 24 weeks (SMV12 or SMV24) with
PEG-IFN/ribavirin for 24 or 48 weeks (PR24 or PR48)
(according to response-guided therapy), could achieve
sustained virological response rates of 74-86%
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(PILLAR study) [Fried et al., 2013] and 77-92%
(DRAGON study) [Hayashi et al., 2014]. Furthermore,
treatment-experienced patients, who received simepre-
vir for 12, 24, or 24 weeks (SMV12, SMV24, or
SMV24) with PEG-IFN/ribavirin for 48 weeks (PR48),
could achieve sustained virological response rates of
61-80% (ASPIRE study) [Zeuzem et al., 2014].

Along with a high sustained virological response,
NS3/4A protease inhibitor-based therapies are re-
ported to induce resistant variants in patients, who
could not achieve sustained virological response [Hé-
zode et al., 2009; McHutchison et al.,, 2010; Fried
et al, 2013; Hayashi et al, 2014; Zeuzem
et al.,, 2014]. Hence, there is a need to predict at
baseline the appearance of NS3/4A protease inhibi-
tor-resistant variants. Previous reports have de-
scribed the advantages of ultra-deep sequencing
technology, including faster processing and large-
scale sequencing, in addition to providing a better
understanding of the dynamics of variants in HCV
quasispecies [Hiraga et al., 2011; Nasu et al., 2011,
Ninomiya et al., 2012]. Recent study based on
telaprevir-based therapy showed that it was difficult
to predict at baseline the emergence of telaprevir-
resistant variants during triple therapy, even with
the use of ultra-deep sequencing [Akuta et al., 2013].
However, it is not clear at this stage whether such
technology is useful for the prediction of the emer-
gence of simeprevir-resistant variants during or after
the administration of simeprevir-based therapy.

The aim of this study using ultra-deep sequencing
technology was to investigate the evolution of sime-
previr-resistant variants over time after commence-
ment of triple therapy of simeprevir/PEG-IFN/
ribavirin, in adult Japanese patients infected with
HCV genotype 1.

PATIENTS AND METHODS
Study Design

The Dose and duration Ranging study of Antivi-
ral agent TMC435 in Genotype One HCV treat-
ment-Naive patients (DRAGON) was a Phase II
study conducted across Japan to evaluate the effica-
cy, safety, and pharmacokinetics of simeprevir and
PEG-IFN«-2a/ribavirin in treatment-naive patients
infected with HCV genotype 1. Simeprevir dose of
50 or 100 mg once-daily was administered orally for
evaluation in this dose-ranging study. Patients
were randomized to one of five treatment groups
(SMV12/PR24 50mg, SMV24/PR24 50mg, SMV12/
PR24 100mg, SMV24/PR24 100mg, and PR48)
[Hayashi et al., 2014]. Furthermore, Clinical Opti-
mization of New treatment strategy with TMC435
in Combination with pEginterferon plus Ribavirin
for Treatment-naive and treatment-experienced pa-
tients infected with HCV genotype 1 (CONCERT)
was a Phase III study conducted across Japan to
evaluate the efficacy and safety of simeprevir and
PEG-IFNa-2a/ribavirin in treatment-naive patients

1315

(CONCERT-1), simeprevir and PEG-IFNa-2a/ribavi-
rin in treatment-experienced patients (CONCERT-2
for prior non-response, and CONCERT-3 for prior
relapse), and simeprevir and PEG-IFNa-2b/ribavi-
rin in treatment-naive and experienced patients
(CONCERT-4). In CONCERT-1, patients were ran-
domized to one of two treatment groups (SMV12/
PR24 100mg and PR48). In CONCERT-2, patients
were randomized to one of two treatment groups
(SMV12/PR24 100mg and SMV24/PR24 100 mg). In
CONCERT-3, patients were randomized to one
treatment group (SMV12/PR24 100mg). In CON-
CERT-4, treatment-naive and relapse patients
were assigned to one treatment group (SMV12/
PR24 100mg), and patients of prior non-response
were assigned to one treatment group (SMV12/
PR48 100mg) [Drafting Committee for Hepatitis
Management Guidelines, the Japan Society of
Hepatology, 2014]. In DRAGON and CONCERT-
1,2,3, at week 24, patients either stopped or contin-
ued treatment with PEG-IFN/ribavirin up to week
48, according to response-guided therapy criteria.
These studies protocols were in compliance with the
Good Clinical Practice Guidelines and the 1975
Declaration of Helsinki, and were approved by
Toranomon Hospital Ethics Committee. Each pa-
tient gave an informed consent before participation
in these trials.

In DRAGON and CONCERT-1,2,3, PEG-IFNa-2a
(Pegasys®; Chugai, Tokyo, Japan) was administered
as a subcutaneous injection (180 g once weekly)
and ribavirin (Copegus®; Chugai, Tokyo, Japan) as
oral tablets (600-1,000 mg total daily dose, depend-
ing on body weight) in accordance with the manu-
facturer’s prescribing information for both
medication. In CONCERT-4, PEG-IFN«a-2b (Pegln-
tron®; MSD, Tokyo, Japan) was administered as a
subcutaneous injection (1.5 pg/kg once weekly, de-
pending on body weight), and ribavirin (Rebetol®;
MSD, Tokyo, Japan) as oral tablets (600-1,000 mg
total daily dose, depending on body weight) in
accordance with the manufacturer’s prescribing
information for both medication.

The efficacy of treatment was evaluated by HCV-
RNA negativity at 24 weeks after the completion of
therapy (sustained virological response), based on the
COBAS TagMan HCYV test (Roche Diagnosties, Tokyo,
Japan). Failure to achieve sustained virological re-
sponse was classified as non-response (HCV-RNA
detected during or at the end of treatment), viral
breakthrough (re-elevation of viral loads before the
end of treatment, even when HCV-RNA was tempo-
rarily negative during treatment), and relapse (re-
elevation of viral loads after the end of treatment,
even when HCV-RNA was negative at the end of
treatment). Especially, non-response was defined as
null response (a reduction of less than 2 log;g in HCV
RNA at 12 weeks after the start of therapy) or partial
response (a reduction of 2 log;y or more in HCV RNA
at 12 weeks).

J. Med. Virol. DOI 10.1002/jmv
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Study Patients

Between October 2009 and June 2011, 20 patients
infected with HCV met the following inclusion and
exclusion criteria in one of these two studies (DRAG-
ON or CONCERT) at the Department of Hepatology,
Toranomon Hospital: (1) HCV genotype 1 confirmed by
sequence analysis. (2) HCV RNA levels of >5.0]logIU/
ml determined by the COBAS TagMan HCV test
(Roche Diagnostics). (3) Age at study entry of 20-70
years. (4) Absence of liver cirrhosis or hepatic failure,
or other liver disease. (5) No infection/co-infection with
HIV-1, HIV-2, hepatitis B, or HCV non-genotype 1. (6)
No treatment for malignancy within 5 years prior to
study. (7) No history of hepatocellular carcinoma. (8)
No conditions that required caution with PEG-IFN or
ribavirin treatment. (9) No history of any clinically
significant disease. (10) No history of organ transplant.
Absence of defined laboratory abnormalities during
screening. In DRAGON, four treatment-naive patients
were randomized to one of five treatment groups (two
patients of SMV12/PR24 50mg, none of SMV12/PR24
100 mg, one of SMV24/PR24 100 mg, and one of PR48).
In CONCERT-1, six treatment-naive patients were
randomized to one of two treatment groups (five
patients of SMV12/PR24 100 mg, and one of PR48). In
CONCERT-2, four patients of prior non-response were
randomized to one of two treatment groups (three
patients of SMV12/PR24 100mg, and one of SMV24/
PR24 100mg). In CONCERT-4, three patients of prior
relapse were assigned to one treatment group (SMV12/
PR24 100 mg), and three patients of prior non-response
were assigned to one treatment group (SMV12/PR48
100 mg).

The present study based on the 18 patients, who
were assigned to triple therapy of simeprevir and
PEG-IFN/ribavirin, was performed to investigate the
evolution of simeprevir-resistant variants over time.
Especially, patients, who did not achieve sustained
virological response, was investigated whether the
presence of low frequency resistant variants at
baseline could predict the emergence of simeprevir-
resistant variants after the start of triple therapy,
using ultra-deep sequencing.

Measurement of HCV RNA

The antiviral effects of the triple therapy on HCV
were assessed by measuring plasma HCV RNA levels.
In this study, HCV RNA levels during treatment
were evaluated at least once every month before,
during, and after therapy. HCV RNA concentrations
were determined using the COBAS TagMan HCV
test (Roche Diagnostics). The linear dynamic range of
the assay was 1.2-7.8logIU/ml, and the undetectable
samples were defined as negative.

Determination of IL28B Genotype

IL28B rs8099917 were genotyped by the Invader
assay, TagMan assay, or direct sequencing, as
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described previously [Ohnishi et al., 2001; Suzuki
et al., 2003].

Detection of Amino Acid Substitutions in Core
Regions of HCV Genotype 1

With the use of HCV-J (accession no. D90208) as a
reference [Kato et al., 1990], the sequence of 1-191 aa
in the core protein of HCV genotype 1b was determined
and then compared with the consensus sequence
constructed in a previous study to detect substitutions
at aa 70 of arginine (Arg70) or glutamine/histidine
(GIn70/His70) and aa 91 of leucine (Leu91) or methio-
nine Met91) [Akuta et al., 2005, 2007, 2010].

Assessment of Simeprevir-Resistant Variants

The genome sequence of the N-terminal 609 nucleo-
tides (203 amino acids) in the NS3 region of HCV
isolates from the patients was examined. HCV RNA
was extracted from 100 pl of serum, and simeprevir-
resistant variants were determined by ultra-deep
sequencing. The primers used to amplify the NS3
region were NS3-F1 (5-ACA CCG CGG CGT GTG
GGG ACA T-3'; nucleotides 3295-3316) and NS3-AS2
(5’-GCT CTT GCC GCT GCC AGT GGG A-3'; nucleo-
tides 4040-4019) as the first (outer) primer pair and
NS3-F3 (5'-CAG GGG TGG CGG CTC CTT-3'; nucleo-
tides 3390-3407) and NS3-AS2 as the second (inner)
primer pair [Suzuki et al., 2012]. Thirty-five cycles of
first and second amplifications were performed as
follows: denaturation for 30sec at 95°C, annealing of
primers for l1min at 63°C, extension for 1min at
72°C, and final extension was performed at 72°C for
7min. The PCR-amplified DNA was purified after
agarose gel electrophoresis, and then used for ultra-
deep sequencing. Patients, who did not achieve
sustained virological response, were tested for sime-
previr-resistant variants by ultra-deep sequencing, at
the baseline, at the time of re-elevation of viral
loads, and at 96 weeks after the completion of
treatment. simeprevir-resistant variants included
Q80K/R/H/G/L, R155K/T/I/M/G/L/S/Q, A156V/T/S/I/G,
and D168A/V/E/G/N/T/Y/H/I [Romano et al., 2010].

Ultra-deep sequencing was performed using the
Ion Personal Genome Machine™ (PGM™) Sequencer
(Life Technologies, Carlsbad, CA). An Ion Torrent
adapter-ligated library was prepared using an Ion
Xpress Plus Fragment Library Kit (Life Technolo-
gies). Briefly, 100 ng of fragmented genomic DNA was
ligated to the Ion Torrent adapters P1 and A. The
adapter-ligated products were nick-translated and
PCR-amplified for a total of eight cycles. Subsequent-
ly, the library was purified using AMPure beads
(Beckman Coulter, Brea, CA) and the concentration
determined using the StepOne Plus RealTime PCR
(Life Technologies) and Ion Library Quantitation Kit,
according to the instructions provided by the manu-
facturer. Emulsion PCR was performed using lon
OneTouch (Life Technologies) in conjunction with Ion
OneTouch 200 Template Kit v2 (Life Technologies).
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Enrichment for templated Ion spheres particles
(ISPs) was performed using Ion OneTouch Enrich-
ment System (Life Technologies), according to the
instructions provided by the manufacturer. Tem-
plated ISPs was loaded onto an Ion 314 chip, and
subsequently sequenced using 130 sequencing cycles
according to the Ion PGM 200 Sequencing Kit user
guide. Total output read length per run is over
10 Mbase (0.5M-tag, 200 base read) [Elliott et al.,
2012]. The results were analyzed with the CLC
Genomics Workbench software (CLCbio, Aarhus,
Denmark) [Vogel et al., 2012].

A control experiment was also included to validate
the error rates in ultra-deep sequencing of the viral
genome. In this study, amplification products of the
second-round PCR were ligated with plasmid and
transformed in Escherichia coli in a cloning kit (TA
Cloning; Invitrogen, Carlsbad, CA). A plasmid-de-
rived NS3 sequence was determined as the template,
by the control experiment. The fold coverage evaluat-
ed per position for aa 80, aa 155, aa 156, and aa 168
in NS3 region, were 332,062x, 106,435, 105,979,
and 33,725x, respectively. Thus, using the control
experiment based on plasmid encoding HCV NS3
sequence, amino acid mutations were defined as
amino acid substitutions at frequency of more than
0.2% among the total coverage. This frequency ruled
out putative errors caused by ultra-deep sequence
platform used in this study [Akuta et al., 2013].

Statistical Analysis

Non-parametric tests (chi-squared test and Fisher’s
exact probability test) were used to determine those
factors that significantly contributed to sustained
virological response. Statistical analysis was per-
formed using the Statistical Package for Social Scien-
ces (SPSS, Inc., Chicago, IL).

RESULTS
Virological Response to Therapy

Table I summarizes the profiles and laboratory
data of the 18 patients at commencement of triple
therapy, treatment regimen, treatment duration, and
efficacy. They included 6 males and 12 females, aged
38-70 years (median, 60 years). The sustained viro-
logical response rate was 66.7% (12 of 18 patients).
Taking into consideration the response to prior
treatment, sustained virological response was
achieved by 75.0% (6 of 8 patients), 100% (3 of 3
patients), and 42.9% (3 of 7 patients) by treatment-
naive patients, patients who showed relapse to prior
treatment, and non-responders to prior treatment,
respectively. Of the six patients who did not show
sustained virological response, the relapse, break-
through, and non-response rates were 66.7% (Cases
2,3,11,17), 16.7% (Cases 12), and 16.7% (Cases 18),
respectively. Cases 1 stopped simeprevir before the
completion of 12-week treatment, due to the increase
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of total bilirubin levels (48-week PEG-IFN and ribavi-
rin continued), and Case 5 stopped PEG-IFN and
ribavirin before the completion of 24-week treatment,
due to a fall in Hb concentration. Case 18 stopped
the triple therapy at 12 weeks before the completion
of the 48-week regimen, due to null response.

The sustained virological response rate was signifi-
cantly higher in patients with IL28B rs8099917 TT
(100% [8 of 8 patients]) than in those with non-TT
(40% [4 of 10]) (P=0.013). However, the present
study based on the small numbers of patients did not
identify the other factors that significantly contribut-
ed to sustained virological response.

Simeprevir-Resistant Variants Detected by
Ultra-Deep Sequencing at Re-Elevation of Viral
Load

Table II indicates the evolution of simeprevir-
resistant variants over time by ultra-deep sequencing
in patients, who did not achieve sustained virological
response.

In Case 3,11,18, very low frequency variants at
baseline persisted during treatment as very low fre-
quency variants, but de novo resistant variants also
emerged during treatment. In Case 3 (relapse), very
low frequency variants of Q80R (0.2% of 141,326x
coverage) at baseline persisted during treatment as
very low frequency variants of Q80R (0.2% of 174,968 x
coverage), but de novo resistant variants (D168V [0.8%
of 200,756x coverage] and D168G [0.2% of 200,756x
coverage]) also emerged during treatment. In Case 11
(relapse), very low frequency variants of R155Q (0.2%
of 29,454x coverage) at baseline persisted during
treatment as very low frequency variants of R155Q
(0.4% of 34,796x coverage), but de novo resistant
variants (D168V [77.4% of 80,708x coverage]) also
emerged during treatment. In Case 18 (null response),
very low frequency variants of Q80R (0.3% of 143,435x
coverage) at baseline persisted during treatment as
very low frequency variants of Q80R (0.4% of 152,564 x
coverage), but de novo resistant variants (D168V
[99.5% of 131,749x coverage] and D168E [0.3% of
131,749x coverage]) also emerged during treatment.

In Case 2 (relapse), very high frequency variants of
Q80L (99.8% of 213,853x coverage) at baseline per-
sisted during treatment as very high frequency
variants of Q80L (99.9% of 188,910x coverage), but
de novo resistant variants (D168G [61.3% of 137,720 x
coverage] and R155Q [2.4% of 165,980x coverage])
also emerged during treatment.

In Case 12 (breakthrough), very low frequency
variants (Q80L [1.0% of 151,968 coverage] and Q80R
[0.2% of 151,968x coverage]) at baseline increased
during treatment (Q80L [76.0% of 158,451 x coverage]
and Q80R [1.7% of 158,451x coverage]), and de novo
resistant variants (D168V [25.8% of 184,963x cover-
age] and D168E [2.0% of 184,963x coverage]) also
emerged during treatment.
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TABLE 1. Profile at Commencement of Triple Therapy, Treatment Regimen, Treatment Duration, and Efficacy

Treatment regimen Treatment duration

Case Sex HCV IL28B  Core  BMIL = Previous SMV PEG PEG  RBVBW SMV  PEG/RBV

Age genotype 1s8099917 aa70 (kg/m™) response Study (mg) type dose (ng) (mgkg (wk) {wk) Efficacy
1® M 60 1b T Arg70  26.3 Naive DRAGON 50 «Za 180 10.9 3 48 SVR
2 F 46 1b TG Arg70 20.9 Naive DRAGON 50 «2a 180 10.6 12 24 Relapse
3 F 63 1b TG GIn70 20.9 Naive DRAGON 100  «2a 180 11.4 24 24 Relpase
4 M 69 1b T Arg70 23.2 Naive CONCERT1 100 a2a 180 13.2 12 24 SVR
5 F 63 1b T ArgT70 21.4 Naive = CONCERT1 100 «2a 180 11.2 12 22 SVR
6 F 52 1b TT Arg70 21.3 Naive @ CONCERT1 100 «2a 180 11.2 12 24 SVR
7 M 53 1b TT Arg70 24.2 Naive  CONCERT1 100 «2a 180 11.2 12 24 SVR
8 F 55 1b TG Arg70 19.5 Naive CONCERT1 100 w2a 180 12,5 12 24 SVR
9 F 70 1b TG Arg70 19.6 Partial CONCERT2 100 «2a 180 12.9 12 24 SVR
10 F 61 1b TG GIn70 22.5 Partial CONCERT2 100 a2a 180 10.5 24 24 SVR
11 M 45 1b TG GIn70 21.1 Null CONCERT2 100 «2a 180 13.2 12 24 Relapse
12 F 67 1b TG GIn70 23.4 Null CONCERT2 100 «2a 180 10.9 12 24 Breakthrough
13 F 59 1b TT Arg70 21.6 Relapse CONCERT4 100 «2b 80 11.2 12 24 SVR
14 F 43 1b TT Arg70 22.4 Relapse CONCERT4 100 «a2b 80 10.0 12 24 SVR
15 M 38 1b T GIn70 27.5 Relapse CONCERT4 100 «2b 120 11.7 12 24 SVR
16 F 51 1b TG GIn70 22.9 Partial CONCERT4 100 «2b 80 11.3 12 24 SVR
17 F 64 1b TG Arg70 20.1 Partial CONCERT4 100 «2b 60 13.6 12 48 Relapse
18% M 62 1b TG GIn70 26.2 Partial CONCERT4 100 «2b 100 12.2 12 12 Null

8Cases 1 stopped simeprevir before the completion of 12-week treatment, due to the increase of total bilirubin levels (48-week PEG-IFN and ribavirin continued), and Case 5 stopped PEG-
IFN and ribavirin before the completion of 24-week treatment, due to a fall in Hb concentration. Case 18 stopped the triple therapy at 12 weeks before the completion of the 48-week
regimen, due to null response.
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TABLE II. Evolution of Simeprevir-Resistant Variants Over Time by Ultra-Deep Sequencing in Patients, Who Did Not Achieve Sustained Virological Response

At point of baseline At point of re-elevation of viral loads At point of 96Wk after the stop of therapy

— €e¥ —

AwWl/z00T°0T 100 10424 P2

Case Position Frequencies (%) Coverage Viral loads Frequencies (%) Coverage Viralloads Frequencies (%)  Coverage  Viral loads Efficacay
2 aa80 L (99.8%) 213,853 % 6.0 L (99.9%) 188,910 5.3 L (99.8%) 266,418 % 6.1 Relapse
aalbhb — 197,250 x Q 2.4%) 165,980 — 187,727 x
aalb6 — 176,208 x — 159,755 % — 179,884 x
aal68 N (0.2%) 174,675x G (61.3%) 137,720 e 192,342 x
3 aa80 R (0.2%) 141,326 6.8 R (0.2%) 174,968 x 3.8 R (0.2%) 138,981 x 6.7 Relapse
aalbb — 114,101x — 145,934 x — 92,640 x
aalb6 — 129,256 x — 165,294 x — 99,197x
aal68 — 166,778 x V (0.8%)-G (0.2%) 200,756x G (0.2%) 115,136
11 aa80 — 141,147 % 6.8 — 122,613 x 7.3 — 86,092 x 6.8 Relapse
aals5 Q (0.2%) 29,454 % Q (0.4%) 34,796 % Q (0.2%) 20,149x
aalb6 — 46,117x — 47,303 x — 30,053 x
aal68 — 91,622x V (77.4%) 80,708 — 65,050 %
12 aa80 L (1.0%)-R (0.2%) 151,968x 7.3 L (76.0%)-R (1.7%) 158,451x 7.3 R (0.2%) 189,759 % 7.3 Breakthrough
aalbb — 177,405 — 194,176 % e 184,982 x
aalb6 — 189,503 x —_ 202,505 % —_ 194,138 x
aal68 — 176,868 x V (25.8%)-E (2.0%) 184,963x —— 182,671 x
17 aa80 — 175,466 % 7.0 R (0.2%) 156,143x 7.1 — 231,206 x 6.9 Relapse
aalbb — 135,348x Q (2.2%) 161,895x e 149,245 x
aalb6 — 150,908 x — 196,537 x — 178,579
aal68 — 86,237 x V (79.0%) 92,466 x — 96,975 x
18 2a80 R (0.3%) 143,435x 6.4 R (0.4%) 152,564 x 4.0 R (10.2%) 153,700x 6.8 Null
aalbb — 88,537x — 85,458 % Q (0.2%) 89,740 x
aalb6 — 109,437 x — 106,712x — X 114,061
2al68 — 120,870x V (99.5%)-E (0.3%) 131,749 E (9.7%) 116,052x
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In Cases 17 (relapse), resistant variants were not
detected at baseline, but de novo resistant variants
(D168V [79.0% of 92,466 coveragel, R1565Q [2.2% of
161,895x coverage], and Q80R [0.2% of 156,143x
coverage]) were detected at re-elevation of viral load.

Thus, the present study using ultra-deep sequenc-
ing indicates that the majority of resistant variants
detected at re-elevation of viral load was de novo
resistant variants (12 of 18 variants), and that the
emergence of variants after the start of treatment
could not be predicted at baseline.

Simeprevir-Resistant Variants Detected by
Ultra-Deep Sequencing at 96-Week after the
Cessation of Treatment

At 96-week after the cessation of treatment, de
novo resistant variants detected at re-elevation of
viral load, were undetected (R155Q of Case 2,17)
(D168G of Case 2) (D168V of Case 3,11,12,17,18)
(D168E of Case 12) (Q80R of Case 17), or detected as
very low frequency variants of 0.2% (D168G of Case
3). However, very high (>99.0%) or low (0.2%)
frequency variants at baseline persisted as very high
or low frequency variants at 96-week after the
cessation of treatment (Q80L of Case 2) (Q80R of
Case 3,12) (R155Q of Case 11).

In Case 18, variants of Q80R at baseline (0.3% of
143,435x coverage) persisted as very low frequency
variants at re-elevation of viral load (0.4% of
152 564 x coverage), but increased at 96-week after
the cessation of treatment (10.2% of 153,700x cover-
age). Furthermore, de novo resistant variants of
D168E (0.3% of 131,749x coverage) were detected at
re-elevation of viral load, but increased at 96-week
after the cessation of treatment (9.7% of 116,052x
coverage).

Thus, the present study using ultra-deep sequenc-
ing indicates that the majority of de novo resistant
variants become undetectable over time (10 of 12
variants), and that the majority of resistant variants
detected at baseline persisted over time (5 of 7
variants).

DISCUSSION

Previous study based on telaprevir-based therapy
showed that de novo telaprevir-resistant variants
emerged regardless of variants frequencies at base-
line, and that the emergence of variants after the
start of triple therapy could not be predicted at
baseline [Akuta et al., 2013]. The present study also
indicated that the majority of simeprevir-resistant
variants at re-elevation of viral load was de novo
resistant variants, and that the emergence of var-
iants could not be predicted at baseline. Hence,
patients, who failed to achieve sustained virological
response to simeprevir/PEG-IFN/ribavirin triple ther-
apy, need to be identified to avoid the emergence of
simeprevir-resistant variants. IL28B genotype have
been useful as pretreatment predictors of poor viro-
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logical response to telaprevir/PEG-IFN/ribavirin tri-
ple therapy [Akuta et al., 2010]. The present study
based on the small numbers of patients indicated
that sustained virological response rate was signifi-
cantly higher in patients with IL28B rs8099917 TT
than in those with non-TT, but did not identify the
other factors that significantly contributed to sus-
tained virological response. Recently, a polymorphism
(s3469415590) within the gene that encodes a novel
IFN-lambda 4 (IFNL4) protein has been found to be
strongly associated with outcome of PEG-IFN/ribavi-
rin dual therapy or telaprevir/PEG-IFN/ribavirin
triple therapy [Fujino et al, 2013; Kawakami
et al., 2013; Prokunina-Olsson et al., 2013]. In this
study, the effect of IFNL4 genotype could be assessed
in 8 of 18 patients. Interestingly, sustained virologi-
cal response rate for patients with the IFNL4 TT/TT
of the treatment-sensitive genotype was higher than
patients with non-TT/TT of the treatment-resistant
genotype in preliminary study based on the small
numbers of patients (100% and 20%). Furthermore,
one patient with the IFNL4 TT/TT of the treatment-
sensitive genotype, could achieve sustained virologi-
cal response, regardless IL28B rs8099917 TG of the
treatment-resistant genotype. Further studies of larg-
er number of patients should be performed to investi-
gate the pretreatment predictive factors of sustained
virological response to simeprevir-based therapy, in-
cluding host genetic factors (e.g., IL28B and IFNL4
genotype) and viral factors (e.g., amino acid substitu-
tions in the core region) [Ge et al., 2009; Suppiah
et al., 2009; Tanaka et al., 2009; Akuta et al., 2010;
Fujino et al.,, 2013; Kawakami et al., 2013; Proku-
nina-Olsson et al., 2013].

It is not clear at this stage whether the emergence
of NS3/4A protease inhibitors-resistant variants
might affect the second course of NS3/4A protease
inhibitors-based treatment. The present study indi-
cates that the majority of simeprevir-resistant var-
iants become undetectable over time. However, in
Case 18, variants of Q80R at baseline (0.3%)
increased at 96-week after the cessation of treat-
ment (10.2%), and de novo resistant variants of
D168E (0.3%) also increased at 96-week after the
cessation of treatment (9.7%). Recent report based
on telaprevir-based therapy showed that one pa-
tient, who did not achieve sustained virological
response by the first course of telaprevir/PEG-IFN/
ribavirin, could achieve sustained virological re-
sponse by the second course of telaprevir/PEG-IFN/
ribavirin despite the persistence of de novo telapre-
vir-resistant variants (98.1% for V36C) [Akuta
et al.,, 2014]. This finding may be due to one or
more reasons. One reason is probably related to the
high susceptibility of telaprevir-resistant variants to
IFN. One previous study indicated that mice in-
fected with the resistant strain (A156F [99.9%])
developed only low-level viremia and the virus was
successfully eliminated with IFN therapy [Hiraga
et al., 2011]. In the other clinical report, telaprevir-
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resistant variants, which emerged during telaprevir
monotherapy for 24 weeks, could be eliminated by
PEG-IFN/ribavirin [Ozeki et al., 2011]. Further-
more, this finding probably suggests that a small
number of mutant type viral RNA may be incom-
plete or defective, since a large proportion of viral
genomes are thought to be defective due to the high
replication and mutation rates of the virus [Bar-
tenschlager and Lohmann, 2000]. However, recent
report based on simeprevir-based therapy indicated
persistence of simeprevir-resistant variants in pa-
tients infected with HCV genotype 1 at approxi-
mately 1.5 years after the cessation of simeprevir
monotherapy, and which might affect response to
re-treatment with simeprevir/PEG-IFN/ribavirin
[Lenz et al., 2012]. Further studies of larger number
of patients should be performed to evaluate whether
the emergence of NS3/4A protease inhibitors-resis-
tant variants affects treatment efficacy by the
second course of NS3/4A protease inhibitors-based
treatment.

In conclusion, the present study indicates that the
emergence of simeprevir-resistant variants after the
start of treatment could not be predicted at baseline,
and the majority of de novo resistant variants become
undetectable over time. One limitation in the present
Japanese study is that the significance of preexisting
resistant variants, especially HCV genotype la with
variants of Q80K, could not be investigated. Patients
with variants of Q80K at baseline indicated the lower
rates of sustained virological response (46.7%) in
PROMISE phase IIT trial with simeprevir/PEG-IFN/
ribavirin [Forns et al.,, 2013]. Another limitation is
that it could not be investigated at this stage whether
the emergence of simeprevir-resistant variants (espe-
cially, variants of aal68) might affect the interferon-
free regimens, including direct-acting antiviral agents,
in future (e.g., Oral dual therapy of daclatasvir and
asunaprevir, without PEG-IFN/ribavirin [Chayama
et al., 2012; Karino et al., 2013]). Further large-scale
prospective studies should be performed to investigate
the clinical utility in detecting simeprevir-resistant
variants on the response to treatment, and to help in
the design of more effective therapeutic regimens.
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