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ABSTRACT

Because of recent advances in deep sequencing technology, detailed analysis of hepatitis C virus (HCV) quasispecies and their
dynamic changes in response to direct antiviral agents (DAAs) became possible, although the role of quasispecies is not fully un-
derstood. In this study, to clarify the evolution of viral quasispecies and the origin of drug-resistant mutations induced by inter-
feron (IFN)-based protease inhibitor therapy, the nonstructural-3 (NS3) region of genotype 1b HCV in 34 chronic hepatitis pa-
tients treated with telaprevir (TVR)/pegylated interferon (PEG-IFN)/ribavirin (RBV) was subjected to a deep sequencing study
coupled with phylogenetic analysis. Twenty-six patients (76.5%) achieved a sustained viral response (SVR), while 8 patients did
not (non-SVR; 23.5%). When the complexity of the quasispecies was expressed as the mutation frequency or Shannon entropy
value, a significant decrease in the IFNL3 (rs8099917) TT group and a marginal decrease in the SVR group were found soon (12
h) after the introduction of treatment, whereas there was no decrease in the non-SVR group and no significant decrease in muta-
tion frequency in the IFNL3 TG/GG group. In the analysis of viral quasispecies composition in non-SVR patients, major popula-
tions greatly changed, accompanied by the appearance of resistance, and the compositions were unlikely to return to the pre-
treatment composition even after the end of therapy. Clinically TVR-resistant variants were observed in 5 non-SVR patients (5/8,
62.5%), all of which were suspected to have acquired resistance by mutations through phylogenetic analysis. In conclusion, re-
sults of the study have important implications for treatment response and outcome in interferon-based protease inhibitor
therapy.

IMPORTANCE

In the host, hepatitis C virus (HCV) consists of a variety of populations (quasispecies), and it is supposed that dynamic changes
in quasispecies are closely related to pathogenesis, although this is poorly understood. In this study, recently developed deep
sequencing technology was introduced, and changes in quasispecies associated with telaprevir (TVR)/pegylated interferon (PEG-
IFN)/ribavirin (RBV) triple therapy and their clinical significance were investigated extensively by phylogenetic tree analysis.
Through this study, the associations among treatment response, changes in viral quasispecies complexity in the early stage of
treatment, changes in the quasispecies composition, and origin of TVR-resistant variant HCV were elucidated.

Recently, various novel small compounds with potent antiviral cidated. On the other hand, it was recently reported that even
effects called direct antiviral agents (DAAs) have been devel- DAA treatment-naive HCV might naturally have a substantial
oped for the treatment of chronic hepatitis C (1), and their signif-  number of variants resistant to PIs, and this issue has been given
icant antiviral activity is literally changing the world of anti-hep-
atitis C virus (HCV) therapy. Among these, nonstructural 3 (NS3)
and NS4A protease inhibitors (PIs) were first approved for clinical

use, and telaprevir (TVR) and simeprevir (SMV) became available Received 3 December 2014 Accepted 20 March 2015
for HCV infection in several countries, including Japan, in com- Accepted manuscript posted online 25 March 2015
bination with pegylated interferon (PEG-IFN)/ribavirin (RBV) Citation Sato M, Maekawa S, Komatsu N, Tatsumi A, Miura M, Muraoka M, Suzuki Y,
(2) 3)_ In high—titer genotype 1 patients refractory to conventional Amemiya F, Takano S, Fukasawa M, Nakayama Y, Yamaguchi T, Uetake T, Inoue T,

. . . Sato T, Sakamoto M, Yamashita A, Moriishi K, Enomoto N. 2015. Deep sequencing
PEG-IFN/RBV therapy, a markedly higher sustained viral re- ; , : : :

X X . R and phylogenetic analysis of variants resistant to interferon-based protease
sponse (SVR) could be obtained with trlple theraPY bY using these inhibitor therapy in chronic hepatitis induced by genotype 1b hepatitis C virus.
PIs combined with PEG-IFN/RBV (3-5). JVirol 89:6105-6116. doi:10.1128/JV1.03127-14.

One of the virological problems underlying DAA treatment is Editor: M. S. Diamond
the appearance of drug-resistant HCV. In refractory patients, Address correspondence to Shinya Maekawa, maekawa@yamanashi.ac.jp.
HCV variants with drug resistance become dominant populations Supplemental material for this article may be found at http://dx.doi.org/10.1128
in the host, eventually causing non-SVR. To date, V36, T54, R155, /N103127-14.
A156, D168, and V170 (6-8) have been identified as hot spot po- Copyright © 2015, American Society for Microbiology. All Rights Reserved.
sitions for PI resistance mutations, but the process by which HCV doi10.1128/JV1.03127-14

variants with resistance mutations appear has not been fully elu-
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TABLE 1 Patient characteristics according to response to TVR/PEG-
IFN/RBV triple therapy

SVR Non-SVR 14
Characteristic® (n=26) (n=28) value
Age (yrs; mean * SD) 558 7.5 59.4 £ 9.0 0.393
Sex (F/M) 13/13 5/3 0.693
Naive [no. (%)] 16 (61.5) 4 (50) 0.689
Albumin (g/dl; mean * SD) 4.1+04 4.2+ 0.4 0.403
v-GTP (IU/liter; mean * SD) 56.7 =619 353 *17.2 0477
AST (IU/liter; mean * SD) 67.5 535 42.8 *23.7 0.155
ALT (IU/liter; mean * SD) 88.5 £ 753 44.8 =249 0.071
Platelets (10*/ml; mean = SD) 15.2 = 4.9 14.8 £5.2 0.745
AFP (ng/ml; mean = SD) 8.6 94 7.6 £4.1 0.477
Core aa 70Q [no. (%)] 6 (23.1) 3(37.5) 0.649
ISDR = 2 [no. (%)] 7 (26.9) 1(12.5) 0.645
IRRDR = 5 [no. (%)] 11 (42.3) 5(62.5) 0.438
IENL3 TG/GG [no. (%)] 4(15.4) 5 (62.5) 0.017
HCV RNA [log IU/ml; mean (range)] 6.4 (4.7-74) 6.9 (6.2-7.4) 0.080

@ Abbreviations: AST, aspartate transaminase; ALT, alanine aminotransferase; AFP,
a-fetoprotein.

attention (9). However, it was also reported that such naturally
resistant HCV did not always exhibit treatment resistance (10, 11).

HCV is present as a mixed populations of closely related vari-
ant viruses, called quasispecies, in the host (12-14), and the qua-
sispecies is speculated to modify the treatment response to antivi-
ral agents, although detailed analysis of viral quasispecies has been
technically difficult because of the necessity to obtain high-vol-
ume multiple viral sequences. Due to the recent development of
deep sequencing techniques using next-generation sequencers
(15-18), detailed analysis of quasispecies has become possible.
Several deep sequencing studies have been undertaken to disclose
the origin of DAA-resistant variants through analyzing DAA-re-
sistant variant populations over time (10, 11, 16, 19, 20). On the
other hand, previous investigations tended to focus on hot spots
for specific mutations but lacked the phylogenetic analysis that is
needed to determine the origins of certain viral populations.

To clarify the evolution of viral quasispecies and the origin of
drug-resistant mutations induced by PIs combined with PEG-
IFN/RBV, we chose patients who were undergoing TVR/PEG-
IEN/RBV triple therapy and performed a deep sequencing study,

including a phylogenetic analysis. We selected this strategy be-
cause TVR-included therapy was the first regimen that included a
PI, which enabled us to analyze the influence of PIs on the viral
quasispecies over a long period of time.

MATERIALS AND METHODS

Patients. Subjects were 34 HCV genotype 1b patients who consecutively
received TVR/PEG-IFN/RBV combination therapy at Yamanashi Univer-
sity Hospital. The 24-week regimen consisted of TVR/PEG-IFN/RBV tri-
ple therapy for 12 weeks followed by dual therapy with PEG-IFN and
ribavirin for 12 weeks. All patients fulfilled the following criteria: (i) neg-
ative for hepatitis B surface antigen; (ii) no other forms of hepatitis, such
as primary biliary cirrhosis, autoimmune liver disease, or alcoholic liver
disease; (iii) free of coinfection with human immunodeficiency virus.
Signed consent was obtained for participation in the study protocol,
which had been approved by the Human Ethics Review Committee of
Yamanashi University. The clinical backgrounds of the 34 patients are
summarized in Table 1.

Deep sequencing. Deep sequencing of part of the viral NS3 region was
performed for all 34 patients at 2 time points: baseline and 12 h after the
introduction of therapy. For 8 non-SVR patients, deep sequencing was
additionally performed at 2 other time points: at viral reelevation and at
the last observation (Fig. 1). Briefly, RNA was extracted from stored sera
and reverse transcribed to cDNA (21). Then, a 2-step nested PCR was
carried out with primers specific for the NS3 region of the HCV genome.
This PCR procedure amplified 454 viral nucleotides, including nucleo-
tides 81 to 534 of the NS3 region. The primers for the second-round PCR
had bar codes 10 nucleotides in length attached, and these differed for
each sample, so that the PCR products from each sample were identifiable
(see Table S1 in the supplemental material). After band densities of the
PCR products were quantified using a Pico Green double-stranded DNA
assay kit (Invitrogen, Tokyo, Japan), concentrations in the samples were
adjusted to a common value and pooled samples were prepared.

Libraries were then subjected to emulsion PCR, the enriched DNA
beads were loaded onto a picotiter plate, and pyrosequencing was carried
out with a Roche GS Junior/454 sequencing system using titanium chem-
istry (Roche, Branford, CT). The Roche Variant Analyzer version 2.5pl
was used for the analysis.

Genetic analysis. The complexity of the quasispecies population ob-
tained by deep sequencing was analyzed at the nucleotide level by 2 dif-
ferent methods: (i) mutation frequency (Mf) and (ii) normalized Shan-
non entropy (Sn) (22-26). The Mf represents the proportion of mutant
nucleotides in a genome population. Briefly, after determining the con-
sensus nucleotide in each nucleotide position at each time point for each

Baseline Re-elevati .
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FIG 1 Clinical course of the patients and time points for serum sample collection for deep sequencing. NS3 deep sequence analysis at baseline and at 12 h was
performed in all 34 patients, while that at reelevation and at the last observation was additionally performed in 8 non-SVR patients.
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A. Mutation frequency

Deep Sequencing for Protease Inhibitor-Resistant HCV

All patients Qutcome IFNL3
(n=34) SVR (n=26) Non-SVR (n=8) TT (n=25) TGIGG (n=9)
P=0.18 P=0.08 P=0.33 P=0.03 P=0.14
R ® = W = 0 e A
3 3 3 3 3
2 2 2 2 2
1 A1 1 1 1 1
0 0 0 0 0
Baseline 12h Baseline 12h Baseline 12h Baseline 12h Baseline 12h
B. Normalized Shannon entropy
All patients Qutcome IFNL3
(n=34) SVR (n=26) Non-SVR (n=8) T (n=25) TGIGG (n=9)
P<0.01 P<0.01 P=0.40 P<0.01 P=0.02
R ) = 0 ) — R
1 1 1 1 = 1
08 - 08 - 038 - % * 038 - I 038 | %
0.6 0.6 0.6 0.6 0.6
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FIG 2 Changes in the genetic complexity of the NS3 region 12 h after the introduction of TVR/PEG-IFN/RBYV triple therapy are shown for all patients, patients
divided by treatment outcome, and patients divided by IFNL3 SNPs. Changes were analyzed by mutation frequency (A) and by normalized Shannon entropy (B).
Boxes represent the 25th to 75th percentiles, and horizontal lines within the boxes show the median values. Whisker ends show the minimum and maximum

values of all data. P values were obtained using the Wilcoxon signed-rank test.

patient, the total number of nucleotides that differed from the consensus
nucleotide was counted in each genome. Then that number was divided
by the total number of genomes that were sequenced. The normalized Sn
is the proportion of different genomes in a distribution of mutants, cal-
culated as follows:

N
> (Pi X In Pi)
_ =
InN
in which Pi is the frequency of each sequence in the population and N is
the total number of sequences analyzed.

Phylogenetic trees were constructed with BioEdit and MEGA6.05 us-
ing the neighbor-joining method, and bootstrapping was performed with

Sn =

TABLE 2 HCV RNA titers at baseline and 12 h

1,000 replicates (27). To calculate the genetic distance, the top 10 most
frequent isolates at each time point were selected for each patient. By
calculating all the genetic distances between any 2 isolates belonging to 2
different time points, the average genetic distance between 2 different
time points was determined for each patient. Likewise, all of these average
genetic distances were determined in the 8 non-SVR patients, and the
distance data were subjected to statistical analysis.

Detection of amino acid substitutions in core and NS5A regions of
HCV-1b. With the use of HCV-] (GenBank accession number D90208) as
a reference, substitutions at amino acid (aa) 70 of arginine (70R) or glu-
tamine (70Q) in the core of HCV-1b (28) were determined as described
previously (29). Likewise, the sequence of aa 2,209 to 2,248 in the NS5A of

Comparison of HCV RNA titer (range) for SVR vs

. . . non-SVR Comparison of HCV RNA titer (range) for IFNL3 SNP
Time after introduction
of triple therapy SVR (n = 26) Non-SVR (n = 8) P value TT (n = 25) TG/GG (n=9) P value
Baseline 6.4 (4.7-7.4) 6.9 (6.2-7.4) 0.08 6.7 (4.7-7.4) 6.7 (5.5-7.4) 0.74
12h 4.6 (2.6-5.8) 5.2 (4.4-6.4) 0.06 4.6 (2.6-5.8) 5.1 (3.9-6.4) 0.41
A (baseline — 12 h) 1.7 (1.2-3.4) 1.7 (1.0-2.4) 0.54 1.7 (1.2-3.4) 1.7 (1.0-2.0) 0.30
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TABLE 3 Telaprevir-resistant variants responsible for treatment failure in non-SVR patients and their time-dependent changes

Resistant variant

% with variants at:

Patient Previous Last observation

no. QOutcome response IFNL3 V36 T54 R155 A156 Baseline Reelevation (no. of wks after treatment)
1 Discontinuation Relapse T/G

2 Discontinuation Relapse T/T

3 Discontinuation Naive T/IG A 0.36 99.79 0.08 (26)

4 Breakthrough No response T/T F 0 98.19 0 (45)

5 Relapse Naive T/G

6 Relapse No response T/T S 0 99.48 1.27 (47)

7 No response Naive T/IG A 0.28 99.84 0.04 (34)

8 No response Naive T/G C 0 98.11 96.05 (25)

HCV-1b (IFN sensitivity-determining region [ISDR]) (30) was deter-
mined by direct sequencing, and the numbers of amino acid substitutions
in ISDR were counted in comparison with HCV-J (29). Furthermore, the
sequence of aa 2,334 to 2,379 in the NS5A of HCV-1b (IFN-RBV resis-
tance-determining region [IRRDR]) (31) was determined by direct se-
quencing, after which the numbers of amino acid substitutions in IRRDR
were counted in comparison with the consensus sequence constructed in
the previous study (29). From those studies, it was reported that HCV-1b
with the core aa 70Q with ISDR of =1 or IRRDR of =4 was IFN resistant,
while that with core aa 70R and ISDR of =2 or IRRDR of =5 was consid-
ered IFN sensitive.

IFNL3 SNP analysis. Human genomic DNA was extracted from pe-
ripheral blood by using a blood DNA extraction kit (Qiagen, Tokyo, Ja-
pan) according to the manufacturer’s protocol. The allele typing of each
DNA sample was performed by real-time PCR with a model 7500 se-
quencer (ABI, Tokyo, Japan) using a 6-carboxyfluorescein-labeled single
nucleotide polymorphism (SNP) primer for the locus rs8099917 at IFNL3

Patient 1 Discontinuation Patient 2 Discontinuation

@Bascline — ®Re-elevation — @Last observation
@HCV-J

(interferon lambda 3) (ABI). For this analysis, TT was the major variant
while TG and GG were minor variants.

Statistical analysis. Data on the patients’ backgrounds are expressed
as mean or median values with standard deviations. Statistical differences
in the parameters between the 2 groups (SVR and non-SVR) were deter-
mined by the Mann-Whitney U test and Fisher’s exact test. Time-depen-
dent changes in genomic complexity and genetic distance were analyzed
statistically with the Wilcoxon rank sum test. All P values of <0.05 (two-
tailed test) were considered significant.

RESULTS

Clinical characteristics of patients receiving TVR/PEG-IFN/
RBYV triple therapy. Clinical backgrounds of 34 patients who re-
ceived TVR/PEG-IFN/RBV triple therapy are reported separately
for the SVR and non-SVR groups (Table 1). SVR was achieved in
26 patients (76.5%) and was not achieved in 8 (23.5%). The only

Patient 3 Discontinuation

Patient 4 Breakthrough

Patient 8 No response

25W

FIG 3 Phylogenetic trees were constructed using all isolates at baseline, at reelevation, and at the last observation. Numbers at the top right of each phylogenic

tree indicate the number of weeks after the end of treatment.
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FIG 4 Time-dependent changes in the top 10 most populated isolates at baseline, 12 h, reelevation, and last observation in each patient. To characterize viral
sequences specific for each time point, only nucleotide positions with time-dependent nucleotide changes are shown. The most frequent isolate at reelevation was
used as the reference sequence. Nucleotide positions in the figure indicate the nucleotide positions from the start nucleotide in genotype 1b NS3. An isolate closest
to the most frequent isolate found at reelevation is indicated by the double ring for each time point. In patients with the appearance of resistance mutations, time
courses in the changes of hot spot nucleotides and resultant changes in amino acids are demonstrated at the right (C, D, F, G, and H).

factor that differed between the SVR and non-SVR groups was an
IFNL3 SNP. The IFNL3 TG/GG SNP was observed in 15.4% of the
SVR group patients, which was significantly lower than that in the
non-SVR group (62.5%).

Early changes in genetic complexity after introduction of tri-
ple therapy. Deep sequencing of part of the viral NS3 region was
performed for all 34 patients at 2 time points (baseline and 12 h
after the introduction of therapy) to examine early changes in the
genetic complexity of viral quasispecies (Mf and Sn) after intro-
duction of triple therapy (12 h) (Fig. 1). In terms of Mf, there was
no apparent difference in genetic complexity between baseline
and 12 h after introduction of the therapy in the 34 patients as a
whole (P = 0.18) (Fig. 2A). However, when the patients were
categorized into 2 groups according to treatment response, ge-
netic complexity tended to decrease in the SVR group but not in
the non-SVR group (P = 0.08 and P = 0.33, respectively). Fur-
thermore, when the change in genetic complexity was compared
according to the IFNL3 SNP, it was significantly decreased in the
IENL3 TT group but not in the IFNL3 TG/GG group (P = 0.03
and P = 0.14, respectively).

Similarly, changes in genetic complexity 12 h after the intro-
duction of therapy were examined in terms of Sn (Fig. 2B). In this
analysis, genetic complexity was significantly decreased 12 h after
the introduction of therapy in the 34 patients as a whole (P <
0.01). In comparisons of treatment response, genetic complexity

June 2015 Volume 89 Number 11
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was significantly decreased in the SVR group but not in the non-
SVR group (P < 0.01 and P = 0.4, respectively). In addition, with
regard to the IFNL3 SNP, genetic complexity was significantly
decreased in both the IFNL3 TT and TG/GG groups, with the
phenomenon being more remarkable in the TT group than in the
TG/GG group (P < 0.01 and P = 0.02, respectively).

Technically, comparison of viral genomic complexity in differ-
ent samples should be done carefully when a PCR procedure is
used and when viral titers are significantly different: a sample with
a low viral titer with small amounts of PCR template might be
erroneously interpreted as having lower genomic complexity (32).
In this sense, it is possible that the decreased viral titer at 12 h
might have influenced the Sn and Mf values. However, since the
HCV RNA titers at each time point (at baseline and at 12 h) were
not significantly different between SVR and non-SVR or between
IFNL3 TT and TG/GG (Table 2), it is evident that patterns of
changes in viral complexity are different between SVR versus non-
SVR and between IFNL3 TT versus TG/GG.

Clinical courses in non-SVR patients. Next, changes in the
genetic composition of viral populations (quasispecies) as well as
the origin of TVR-resistant mutations of HCV were further ana-
lyzed with a particular focus on the 8 non-SVR patients. The
causes of non-SVR were defined as follows: termination of drugs
due to adverse effects (discontinuation); reappearance of HCV
after it was undetected once and drug administration was com-
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FIG 4 continued

pleted (relapse); failure of elimination of HCV during drug ad-
ministration (no response); reappearance of HCV during drug
administration although HCV was once undetected (break-
through). The distribution of the non-SVR patients according to
cause was as follows: discontinuation, 3; relapse, 2; no response, 2;
breakthrough, 1. Table 3 summarizes the viral profiles and treat-
ment course for the 8 patients. The exact time points for the deep
sequence analysis are shown in Fig. S1 in the supplemental mate-
rial.

A clinically resistant mutation was observed in 5 of the 8 pa-
tients (62.5%) during treatment and during the follow-up after
completion of treatment (V36C, 1; T54A, 2; A156F, 1; A156S, 1).
The same mutation as the clinically resistant mutation was not
observed at baseline in 3 of the 5 patients, even via deep sequenc-
ing, but a resistant HCV variant (T54A) was recognized at baseline
as a minor population in 2 patients (patients 3 and 7). TVR-resis-
tant HCV variants accounted for 98% or more when the viral titer
was again elevated in all 5 patients, but the rate of a resistance
mutation decreased in 4 patients (patients 3, 4, 6, and 7), and the
wild type became the dominant form during the follow-up after
the end of treatment.

Changes in the compositions of viral populations over time
in non-SVR patients. Next, changes in the compositions of

6110 jviasm.org
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HCV populations over time were investigated in all of the non-
SVR patients by constructing phylogenetic trees from all iso-
lates obtained at 3 time points, i.e., baseline, reelevation of the
viral titer, and the last observation. The isolates obtained at the
reelevation of the viral titer had clusters different from those at
baseline (Fig. 3). Moreover, the isolates at the last observation
were distinct from those at baseline but seemed to be close to
the isolates obtained at reelevation except in patient 3 (Fig. 3).
Since it was difficult to demonstrate bootstrap values in these
large trees, small-scale trees using approximately the 10 most
populated isolates at each point in each non-SVR patient were
also constructed to demonstrate the interrelationship among
isolates at different time points; bootstrap values of 50 or more
were determined (see Fig. S2 in the supplemental material). As
shown in these trees, isolates at the same time point tended to
be separated from isolates at different time points by the
branching nodes with high bootstrap values.

To clarify the changes in major viral populations, approxi-
mately 10 dominant populations were determined at 4 points
(baseline, 12 h, reelevation of the viral titer, and the last observa-
tion) in each patient, and such changes were demonstrated. As
shown in Fig. 4A, to H the composition of the dominant popula-
tion at reelevation greatly changed compared with that at baseline

June 2015 Volume 89 Number 11


http://jvi.asm.org

D Patient4 Breakthrough

Nucleotide position

Referenie GTTGTCTCCCCAGGTGGAGGATCCGCTTTACCC

HCVAJ T---CT---T---C---GA--C-----6CG---

Read
count

Rank

A156 A
466 467 468
G CT

D
[CRURCRORCROURCRORORO)
[ERERCRERTRENTRENTRT)
VCVOVVOVVOVVLOVLOLLVLO
i e e
[CRONCRORGRONCRONGRO)
EE L LI R £ L E4
T &
EE R LR L L L L LS
< << < T
e o
DN )
e e e e
(SRR R R RN Re)
e e e e e e e
[SESNC RSN RSN RN RS
LR L E R E XL X LS
2IBITLLIY8"T
FNOTLON®D O

1

o121

!

- BIGIG- - -

ACTCT----AA-A-G-----T---6CG--T

“A--CTC-vvvvec-=2BG----T-A--El6G- - -
SR BT CTw o Tiem A Aiw Glos = vo o o Tho

“A--CTCTT----A-A-6G-----T-

SA-

507
216
173

82

A156 A

CIERE Ry (8
<< AA-A-G-----T---6C6G- - -

T----AC-A-

T

oo

-GCG--T

-
o
o
o

(U]
o
o
-
<
o
<
<
<
-
o
-
o
<

o
o
o
-
o
<
<
<
o
-
[S)
-
o
<

“A--CTCT----AA-A-6G-=-=-----
A= GTOTsa:chAs <= GaameaTe

53
43
42
4

7
8
9
10

!

A156 F

-
o
o
-
o

1
2041 - - - - - -

©534
o1

sscsnmedAEsisEens

48 - - - -

192

2

466 467 468
T

- .
- -
- -

3
4
5
6
7
8
9
10

!

A156 A

3639

1
2
3

©

169 C--------c-ca-----86 ---

398
167

159 C-v-ve-ecmeeaaa---C8--T

Two~©®

35

10

auljeseg

uclk

(Mz1s0d)
uoneAs|e-ay

(Mms¥1sod)
UoNeAISSqO JSET

E Patient5 Relapse

Nucleotide position

Referente GAGGAGTCTTAACTATACTAACCCCTATTGTGGCCACGTGCGTGCTTGGTTGACC

-G-A--CTCCG--CGCC-AGG--T--6G------6----AA----T-----CATT-

HCV-J

s==RGsr-Te-ro-r2:2-00606:7-2C0:rs:rsccvscn-AcfCr-m2:nz-2Ts¢

461

AAAC-
A-AC-

- -AG--T----=--2--CG-----CG-
v AGe=TeseocoweaaCBBs~=-T- G-

««-AG--T--«-------CGG----CG-

154
141
141
115

AA-AC-

ce e AG--Teewoenoanw-CGB----CG-

81

s =AG--Tw--=-==-==CGG-~=-C0-

406

1

<+--AG--TCC----6-CTCG---T--6-CA-

---AG--TCCG--CG

288

CTCG---T--G-C-

165
155
4

1

sis m AGE s Toemmamwiew w06 = w:0iBsm sawmom wawms As ACssmmamman TaT

c e AG--T------c=-TCGG----CGevrvvcenceecA-ACenrcneon-T--

1

5
6

7

e s KBe - Twsw oo wamaCBB~ -« CB= ==
---AG--TCC----6

87
86

CTCG---T--G-CA- -

o
s
5

o1

-

3908

o1

Al sia

S AR BB B S e S e N DS e S R

L I N e

51

o

51

O]

45

10

auljaseg

uclk

(Mz1s0d)
uoneAs|e-ay

(mgzisod)
UOIBAIBS]O JSBT]

FIG 4 continued

jviasm.org 6111

Journal of Virology

June 2015 Volume 89 Number 11


http://jvi.asm.org

Sato et al.

F Patient6 Relapse

Nucleotide position

TGAGCTTTTCACATCATTCCGGCTGCTGGGTCCTAGTTTAAACAT

C--T-C-

Reference

G B s s s Ko Tommm GuoBe - =ni6

C--G

HCV-J

Read
count

Rank

B4 C- -~ TG

33 C-----¢C

1

Choimim = cmmmm e = e T Ko o oo Bl e eie o e

ST C-Te - - T--T-A-A---eeBeouTowo
o N

288 C-----C-----C

A156 A
466 467 468

=
o
<
<
-
-
=

s T
e T N

72 C-----C---GTC

84 C-----¢C

57 Cwsc:uieaTossBepmanues:enToohAhs s ipnains:ssns

o1

7 - T

Clacws 2 cmmumme s s snm Tromafessonme o s wn

Geizoe = Qe
208 C---TCC-=-=-=G-=---TewouATereoAcou--uBeonn-Gn--

211

4

A156 A

CowizssasmmuanesesnTranhs s Cenflsss-ans

69 C-----C-

o
o
o
o
~
©

Uy Coiz:ceCrapsssinEansnsns: inToashes capalar::inms

!

120 C- -« T2 Coswemeeeeee e TaeeeeTaeePAeecueneBeoonBGeon-

1131

10

o1

2

466 467 468

W -----c-
M -6-----

1
17
14
14
14
13

R L AT Ry

493

©-DaNn®
ENBBos
™ < W0 © K~ ®

tepapeasNs cnserane s & san

29

10

auljeseg

(mZ1180d)
uoleAs|s-ay

(ML ¥s0d)
UoIjeAIasqo Jse

G Patient7 No response

Nucleotide position

GAGTAAGTACTCCGGCCCACCAACTGTTCACACTAAAATAAGTACTCTCTCCAGACTGTCACTGCTGGCAGAC

Reference

T Gie

5 GITS

CA -

.C6-

CCA- GGC- -

s G.AG =8

< AT

HCV-J

Read
count

Rank

e )

(S S S S

voooovvo .
e )
voooovo .
<<<<<<< . <
-0
voooovvVOVO .,

voooovvVOVO .,

<<<<<<<<<<,

e e ST ST ST S

HOVVVVVOOVOO

e

R

S Y ST SIS SR

e
[CRCRCRLRCRCRCRCRLRCRE!
e )

voooovVVLO
e
voooooVVOVO
<<<c<ccc<a<
b

-

e e e
voooooLVOVO
e Y T ST Y=y

<<<<<<<<<s<<00 00

T54A
(0.04%)

o
<
FEEEEFEEE L ALLS LRI LR, gestezzego-lg seggess8ang- -~
-eoeworeoggi-anseersogrl-cornorcoggsanToenoog-uoToon oo gy ao
© 9
<
B
SO
aujeseg yzL (Mpe 1s0d)

UONEAISSGO 5B

FIG 4 continued

June 2015 Volume 89 Number 11

Journal of Virology

6112 jviasm.org


http://jvi.asm.org

H Patient8 No response

Deep Sequencing for Protease Inhibitor-Resistant HCV

Nokotieposion 88355 EERBBYEERENEENINEEE858338553808
Reference GAGGTGTGCATCACCCCGTGTACGTCTTTTGCCCT
HCV-J - T-CTe-:B-TBe = == = Cegn:imm s Ci & 20 5 = TC
Rank Read
count
1 27 - - - -GEPAT - - - - - - - - T - - G- -=--C- - -« - - -
2 139 - - - - GTAT cT- T- e e
3 125 - - - - GRI@A T - - - - - - - - T- S T O
® ©4 5 - - - -Gkl - - - - - - - - - T- N I I
£ 5 2B - -- -Gl - - - - .- .- T - - 6- Cvmomme e e V36V
b4 6 23 - - --Ghi@- - - - - - - - - - T- R C- v - -« - |—T—|
A SN SIS ISR S S SR LA
9 %4 - - - -GTAT cCT- - T - G- 2 0= Cew e =w e TC
10 4 - - - - CHEMAT - - - - - - - TTC - G- s G s o e l
1 253 - - - -CHAT - - - - - - - - T - - G- G o we e s e
2 201 - - - - GRGEA T - - - - - - - . T - - G- S C- e e e -
3 180 - - --GTAT G - T- - G- -C--C- - - - -
4 157 - - - - CEIMA T - - - - - - - - Te€s s Gewm 05Cs a6 28¢5
g 5 156 - - - GTAT cT - - T - G- - C- - - - e e e V36V
< 6 1256 - - - - GETMA T - - - - - - T-T- - G- Ce = =w = = s =
o7 M - - - -Ghi@d - ------ - - T- I
8 110 AC- - GREGRA T - - - - - - - - T- - G- o
9 104 - - - - GEIA T - - - - - T T - G- C- - == - - -
10 00 - - - - GTAT - - - = - - - - T - G- C--C- - - - - l
o1 7 T r—
2 7 - - - - el - - - - - - - - - - - - - - Teaenspsonsass
- 3 M AC- -G - - - - - - - - - - - - e s e o e e e V350
S<= 4 R T-
g% 5 e T oo e e e e e e e e e e e —F
E§ s gg ;gT """"" A-m Temmmme e e 106 107 108
& 8 T - e Y EE R E R EE R R RN c TGcC
9 0 :c - AR ;- = 5k S E R B EE R R HEE R SE R
10 0 - - - -l - - - - - - - e e e e To oo oo oo T - l
o1 T R .
2 T2 AC- - [ - - - - - ..ol o el e s e
s 3 29 - - - - [MGR - - - - - - - - L
':§§ 4 109 B -
58 5 108 -DWGE- - - - - - - - - - - e e e e e e e e e e e A -
2% 6 100 Cofl: =« = 2 : 52 26 B 6B S BE DR E N6 E S8 V36 C
o O
Pys 7 98 -mey - - - - - - - - - - - - - e - Tcmae sme s :m
b 8 83 T T I c
9 82 - - - - - - e Co v v o e e e e e e e
10 80 - e - - - - - ... T o o e e e e e e . T -

FIG 4 continued

and at 12 h after introduction of treatment except in patient 3. In
addition, these compositional changes were maintained even at
the last observation. For statistical analysis of the results, 10 dom-
inant isolates determined at each time point were used for the
calculation and comparison of the genetic distance between the
isolates at any 2 time points (baseline, reelevation, and last obser-
vation). As a result, the genetic distance between the isolates at
baseline and reelevation or between the isolates at baseline and the
last observation was significantly larger than that between the iso-
lates at baseline and at the viral titer reelevation (Fig. 5) (P = 0.01),
demonstrating that the changes in population composition in-
duced by triple therapy were unlikely to return to the pretreat-
ment composition.

Origin of HCV isolates showing clinical TVR resistance. To
investigate which population at baseline developed a TVR-re-
sistant mutation, deep sequencing results at 4 time points
(baseline, 12 h after therapy, at reelevation of the viral titer, and
at the last observation) were reanalyzed in 5 patients in whom
clinically resistant mutations appeared (patients 3, 4, 6, 7, and
8) (Table 3). Among them, 3 patients (patients 4, 6, and 8) did
not have any resistant mutant at baseline, while 2 patients (pa-
tients 3 and 7) had T54A mutants (0.36% and 0.28%, respec-
tively) at baseline (Table 3).

June 2015 Volume 89 Number 11
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In patient 3, the isolates with T54A accounted for 0.36% at
baseline but had increased to 99.79% at the time of reelevation of
the viral titer (Fig. 4C). On the other hand, from comparison of
their sequences it was evident that those T54A isolates at baseline
were different from the major T54A isolate at reelevation. The
isolate at baseline closest to the major T54A isolate at reelevation
was the wild-type isolate of rank 1 that existed as a major popula-
tion before treatment, and we speculated that the T54A resistance
mutation was developed by acquisition of a mutation to the T54T
wild type in the 1-ranked isolate. In patient 7, who had a mixture
of T54A variants as a minor population at baseline, similar to
patient 3, the analysis showed that the T54A isolate that had be-
come the dominant population after treatment was considered to
have developed by acquisition of a mutation to the T54T wild type
(Fig. 4G).

DISCUSSION

In this study, with the focus on the HCV NS3 protease region, viral
quasispecies and changes associated with TVR/PEG-IFN/RBV tri-
ple therapy were investigated extensively by deep sequencing
along with phylogenetic analysis, as well as their clinical signifi-
cance. As a result, the associations between treatment response
and changes in the complexity of the viral quasispecies at the early
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FIG 5 Genetic distances in the NS3 region between baseline and reelevation, between reelevation and the last observation, and between the last observation and
baseline were compared in 8 non-SVR patients. The top 10 HCV isolates for each time point were selected to calculate the genetic distance for each patient. After
obtaining these genetic distances for all 8 patients, statistical analysis was performed with the Wilcoxon rank sum test.

stage of treatment, changes in quasispecies composition associ-
ated with treatment in non-SVR patients, and the origin of TVR-
resistant HCV variants were demonstrated.

First, focusing on changes in the complexity of the viral popu-
lation (quasispecies) at the very early stage, that is, 12 h after the
introduction of triple therapy, we observed that these early
changes in viral complexity were correlated with the final treat-
ment outcome or IFNL3 status of the host. Previously, through the
analysis of all HCV genomic fragments or E2-HVR-1 (hypervari-
able region 1), it was also indicated that an early decrease in the
complexity of the quasispecies was associated with an early rapid
viral response as well as an SVR after introduction to PEG-IFN/
RBV dual therapy or IFN monotherapy (15, 33-35). However, it
remained to be elucidated how the quasispecies was related to the
final treatment outcome or an IFNL3 SNP after TVR/PEG-IFN/
RBV triple therapy. Employing Sn and Mf, we elucidated that the
complexity of the quasispecies significantly decreased in Sn and
marginally decreased in Mf as early as 12 h after the introduction
of treatment in SVR patients but not in non-SVR patients and that
changes in the complexity of the quasispecies were dependent on
the host factor of the IFNL3 SNP. Since the IFNL3 SNP is a host
factor regulating the IFN response (27, 36, 37), we speculated that
the IFN response was greatly involved as a factor stipulating the
change in the complexity of quasispecies at the early stage.

Next, dynamic changes in the composition of the viral popu-
lation were examined in the non-SVR patients. First, a phyloge-
netic tree was constructed for all 8 patients with non-SVR using all
determined viral isolates (Fig. 3). It was found that the composi-
tion of the population differed greatly between the time of treat-
ment introduction and reelevation of the viral titer. Interestingly,
the altered composition induced by the triple therapy did not
return to the pretreatment status even after the end of therapy at
the time of the last observation, except in patient 3 (Fig. 3). Suc-
cessively, dominant populations were extracted and compared at
baseline, at 12 h after treatment, at the reelevation of the viral titer,
and at the last observation in all non-SVR patients (Fig. 4).
Though the major population showed no marked change from
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before treatment to 12 h after the introduction of treatment, they
greatly changed at the time of reelevation of the viral titer (time of
appearance of TVR resistance), and a TVR-resistant mutation re-
turned to the wild type after the end of treatment, whereas the
compositional change in the population was maintained and the
composition did not return to the pretreatment status (Fig. 4).
The result was further confirmed statistically since genetic dis-
tances between baseline and reelevation were significantly longer
than between reelevation and the last observation (Fig. 5). The
influence of this compositional change in the viral population
(quasispecies) on the future clinical course is unknown. However,
it is possible that resistance may develop more easily during new
therapies, since these compositions induced by TVR/PEG-IFN/
RBV triple therapy were considered advantageous for viral prolif-
eration in the environment of the triple therapy, although the
TVR-resistant hot spot mutation itself returned to the wild type.
Therefore, although clinical verification is necessary, we should be
careful when introducing new therapies for these non-SVR pa-
tients.

Finally, analyses were performed to determine what pretreat-
ment population gave birth to TVR-resistant HCV variants in the
non-SVR patients. A clinically resistant mutation appeared in 5 of
the 8 non-SVR patients (62.5%), and TVR resistance was consid-
ered to be acquired by a new mutation and not by selection of a
preexisting variant during treatment in all 5 patients. For 3 of
those 5 patients, deep sequencing showed no mixture of TVR-
resistant populations at baseline, but 2 patients (patients 3 and 7)
exhibited the T54A mutation (0.28% and 0.36%, respectively),
which was thought to be the causal mutation for clinical resis-
tance. However, these populations did not directly change into
major populations exhibiting clinical resistance and disappeared
at the reelevation of the viral titer, whereas it was likely that the
population with wild-type T54T at baseline acquired clinical re-
sistance by developing the T54A mutation. Previous reports dem-
onstrated the possibility that a trace mixture of resistant muta-
tions at baseline does not lead to clinical resistance (10, 11). The
phenomenon was further clarified by the present study with the
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use of phylogenetic analysis, and it was considered difficult to
predict TVR resistance at baseline. On the other hand, since the
true depth needed to clarify the complete composition of quasi-
species is unknown, it is still possible that deeper sequencing
might identify a preexisting mutant variant that evolved into ma-
jor clinically resistant populations, and this is one of the limita-
tions of deep sequencing analysis. However, our study at least
showed from phylogenetic analysis that preexisting mutant vari-
ants do not always evolve into clinically resistant populations.

It is unknown why a TVR-resistant hot spot mutation was
undetected in patient 3 with relapse, even with deep sequencing.
Although one possibility is that the TVR-resistant variants re-
sponsible for the development of TVR resistance had already dis-
appeared at the time of analysis of relapse, it is also possible that
some unknown mechanisms might exist that enable HCV to de-
velop drug resistance even without drug-specific mutations, since
the recent large-scale analysis of TVR resistance also detected mu-
tants in only 77% of patients with non-SVR (38). In a recent in
vitro study, it was reported that increased replication fitness
through adaptation of the host’s environment long after infection
might lead to decreased drug sensitivity in HCV, even without
specific mutations (39). Since various DAAs and various DAA
combination regimens are still expected to appear, the mechanism
of drug resistance lacking specific mutations should be clarified
further.

What is the underlying mechanism for the association between
the early change in quasispecies and the appearance of clinical
TVR resistance? As shown in Fig. 2, genetic complexity 12 h after
the introduction of therapy was decreased in the SVR group but
not in the non-SVR group, demonstrating that viral populations
disappeared vastly in the SVR patients but not in the SVR patients.
Considering this result, it is possible that the non-SVR patients
had a greater chance of developing TVR resistance since the larger
number of various populations could function as a reservoir of
drug-resistant HCV, though further study is needed.

In conclusion, focusing on the dynamic changes in quasispe-
cies, this study demonstrated the association between treatment
response and change in quasispecies of the virus at the early stage
after the introduction of treatment, the origin of TVR-resistant
HCV variants, and dynamic changes in virus populations after
treatment by TVR/PEG-IFN/RBV triple therapy. These findings
have important implications for responses to triple therapy and
outcomes.
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