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Abstract

The aim of this study was to determine the efficacy of two hepatitis C virus (HCV) real-time

PCR assays, the COBAS AmpliPrep/COBAS TaqMan HCV test (CAP/CTM) and the Abbott

RealTime HCV test (ART), for predicting the clinical outcomes of patients infected with HCV

who received telaprevir (TVR)-based triple therapy or daclatasvir/asunaprevir (DCV/ASV)

dual therapy. The rapid virological response rates in patients receiving TVR-based triple

therapy were 92% (23/25) and 40% (10/25) for CAP/CTM and ART, respectively. The false

omission rate (FOR) of ART was 93.3% (14/15), indicating that CAP/CTM could accurately

predict clinical outcome in the early phase. In an independent examination of 20 patients

receiving TVR-based triple therapy who developed viral breakthrough or relapse, the times

to HCV disappearance by ART were longer than by CAP/CTM, whereas the times to HCV

reappearance were similar. In an independent experiment of WHO standard HCV RNA seri-

ally diluted in serum containing TVR, the analytical sensitivities of CAP/CTM and ART were

similar. However, cell cultures transfected with HCV and grown in medium containing TVR

demonstrated that ART detected HCV RNA for a longer time than CAP/CTM. Similar results

were found for 42 patients receiving DCV/ASV dual therapy. The FOR of ART was 73.3%

(11/15) at week 8 after initiation of therapy, indicating that ART at week 8 could not accu-

rately predict the clinical outcome. In conclusion, although CAP/CTM and ART detected

HCV RNA with comparable analytical sensitivity, CAP/CTM might be preferable for predict-

ing the clinical outcomes of patients receiving protease inhibitor-based therapy.
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Introduction

Hepatitis C virus (HCV) affects 130–210 million people worldwide, and HCV infection is a

major risk factor for hepatocellular carcinoma [1]. The management of chronic hepatitis C has

dramatically improved over the last 5 years, with the time to eradication of HCV becoming

shorter [2] [3]. In 2011, the nonstructural (NS) 3/4A protease inhibitor telaprevir (TVR) was

approved for clinical use. TVR used with pegylated interferon-α plus ribavirin (Peg-IFN/RBV)

has increased the sustained virological response (SVR) rate to greater than 70% [4] [5] [6] [7].

Single nucleotide polymorphisms (SNPs) near the interleukin 28B gene (IL28B) of HCV

genotype 1 are strongly associated with the null virological response (NVR) of patients receiv-

ing Peg-IFN/RBV [8]. Among patients with genotype 1b chronic hepatitis C receiving TVR

with Peg-IFN α/RBV (TVR-based triple therapy), the SVR rate of patients with the IL28B
rs8099917 TT allele was significantly higher than the SVR rate of patients with the IL28B TG/

GG allele [7]. In 2014, dual therapy with daclatasvir (DCV), a pan-genotypic NS protein 5A

inhibitor, and asunaprevir (ASV), an NS3 protease inhibitor, which achieved a high SVR rate

for HCV genotype 1 infections, was approved in Japan as the first IFN-free regimen [9].

Quantification of HCV RNA is essential for monitoring chronic hepatitis C treatment and

is recommended by the American, European, and Asian-Pacific clinical practice guidelines

[10] [11] [12]. Two commercial real-time PCR assays for HCV are available, the Abbott Real-

Time HCV test (ART; Abbott Diagnostics, Lake Forest, IL, USA) and the COBAS AmpliPrep/

COBAS TaqMan HCV test (CAP/CTM; Roche Molecular Systems, Inc., Pleasanton, CA,

USA). Both ART and CAP/CTM can accurately predict the clinical outcomes of patients

infected with HCV who received Peg-IFN-α2b/RBV [13] [14]. There have also been recent

reports on CAP/CTM and ART for evaluating patients receiving TVR-based triple therapy

[15] [16]. Although ART was better at detecting HCV RNA, in practice, CAP/CTM may be

better at predicting non-SVR [15]. Another study found that ART assays performed at week 4

of treatment showed a higher positive predictive value (PPV) for the achievement of SVR at 24

weeks (SVR24) in patients receiving Peg-IFN α2a/RBV plus the protease inhibitors boceprevir

or TVR than CAP/CTM [16]. Additionally, there has been a report on CAP/CTM and ART

for evaluating patients receiving triple therapy with the protease inhibitors TVR or simeprevir.

The study found that ART can detect lower levels of HCV RNA in the early period than CAP/

CTM, and relapse in the late period [17]. Although DCV/ASV dual therapy has now been used

in Japan for more than 1 year, to the best of our knowledge, there are no reports of studies

comparing CAP/CTM and ART for the evaluation of patients receiving DCV/ASV dual

therapy.

We developed the following 3 hypotheses: 1) ART is more sensitive than CAP/CTM for the

detection of HCV RNA in serum specimens; 2) TVR inhibits amplification of HCV RNA by

CAP/CTM; and 3) small noninfectious HCV RNA fragments remaining in the sera of patients

who have resolved HCV viremia are easily detected by ART. In this study, we compared the

clinical and analytical sensitivity of CAP/CTM and ART and investigated whether they accu-

rately predicted the clinical outcomes of patients with chronic hepatitis C who were receiving

TVR-based triple therapy or DCV/ASV dual therapy.

Materials and Methods

Ethical standards

Written informed consent was obtained from each patient, and the study was approved by the

local ethics committee of Nagoya City University in accordance with the Declaration of Hel-

sinki (acceptance number: 866).
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Patients

First, a total of 25 patients with chronic HCV genotype 1 infections at Nagoya City University

Hospital (Aichi, Japan) were enrolled. All patients started TVR-based triple therapy from

November 2011 to May 2013. Prior to starting therapy, all patients treated with TVR-based tri-

ple therapy were confirmed by a previously published method [8] to have infections with HCV

containing the IL28B rs8099917 TT allele. Therefore, these patients were predicted to obtain

an SVR to therapy [7] [8].

Second, a total of 42 patients with chronic HCV genotype 1 infections at Nagoya City Uni-

versity Hospital were enrolled. All patients started DCV/ASV dual therapy from September

2014 to April 2015. Both treatment-naïve and treatment-experienced patients were included in

this category. Patients were designated treatment naïve if they had never received any anti-

HCV therapy for their infection. Patients who had already received one or more types of anti-

HCV therapy were designated treatment experienced. The numbers of patients in each sub-

group are reported in the Results section.

Finally, to evaluate the clinical sensitivity of the real-time PCR assays ART and CAP/CTM,

a total of 20 patients receiving TVR-based triple therapy for chronic HCV genotype 1 infec-

tion, in whom viral breakthrough (VBT) or relapse was diagnosed, were enrolled. Patients

were recruited at Ogaki Municipal Hospital (Gifu, Japan), Shin-Matsudo Central General Hos-

pital (Chiba, Japan), Kurume University Hospital (Fukuoka, Japan), The Jikei University

Kashiwa Hospital (Chiba, Japan), and Nagoya City University Hospital (Aichi, Japan) and

started TVR-based triple therapy from November 2011 to May 2013. Three of the patients

recruited at Nagoya City University Hospital were also in the previously described group of 25

patients.

Therapeutic protocols

TVR-based triple therapy. After TVR (Telavic; Mitsubishi Tanabe Pharma, Osaka,

Japan), Peg-IFN-α2b (PEG-Intron; MSD, Tokyo, Japan) and RBV (Rebetol; MSD) were admin-

istered for 12 weeks, Peg-IFN-α2b and RBV without TVR were administered for an additional

12 weeks. TVR (750 mg po) was administered every 8 hours after a meal, and dose reduction

was performed if necessary. Peg-IFN-α2b (1.5 μg/kg subcut. injection) was administered once

weekly. RBV (600–1,000 mg po based on body weight [600 mg for patients weighing<60 kg,

800 mg for patients weighing 60–80 kg, and 1,000 mg for patients weighing>80 kg]) was

administered daily.

DCV/ASV dual therapy. DCV (Dacluinza; Bristol-Myers Squibb Company, Tokyo,

Japan; 60 mg po) was administered once daily, and ASV (Sunbepra; Bristol-Myers Squibb

Company; 100 mg po) was administered twice daily for 24 weeks.

Definitions of response

Serum specimens from patients receiving TVR-based triple therapy were assayed at weeks 1, 2,

4, 8, 12, 16, 20, and 24 for HCV by real-time PCR. Serum specimens from patients receiving

DCV/ASV dual therapy were assayed at weeks 2, 4, 8, 12, 16, 20, and 24 for HCV by real-time

PCR. The routine measurements of HCV RNA are described in the following subsection enti-

tled “Detection of HCV RNA in serum specimens”. SVR24 was defined as undetectable HCV

RNA in a serum specimen taken 24 weeks after the end of treatment [18]. Relapse was defined

as undetectable serum HCV RNA at the end of treatment and detectable serum HCV RNA at

the week-24 post-treatment follow up [18]. VBT was defined as a confirmed-on-treatment

increase in an HCV RNA level of 1 log10 higher than the nadir or greater than 100 IU/mL in

patients with briefly undetectable serum HCV RNA by CAP/CTM.
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Detection of HCV RNA in serum specimens

Each serum specimen was frozen at -80˚C within 2 hours after the sample was taken from the

patient [19]. Two real-time PCR assays for HCV were available. Routine measurements of

HCV RNA were performed by the Cobas AmpliPrep/Cobas TaqMan instruments (Roche

Diagnostics K.K., Tokyo, Japan) at each of the participating hospitals. This study used the first

and second generations of the CAP/CTM assays (CAP/CTM v1.0 and CAP/CTM v2.0, respec-

tively). CAP/CTM v1.0 sometimes fails to detect RNA copies of HCV genotypes 2 and 4 in

specimens that are found to have high levels of HCV RNA by other assays [13] [20] [21]. CAP/

CTM v2.0 represents several changes, including the requirement of a lower volume of serum

sample (650 μL vs 850 μL for CAP/CTM v1.0) and additional probes that improve the quantifi-

cation accuracy of HCV genotypes 2 and 4 [22]. Both versions of the CAP/CTM assays are

equally sensitive for detecting HCV genotype 1 [22]. Therefore, for this report on patients

infected with HCV genotype 1, CAP/CTM v1.0 and v2.0 are described as CAP/CTM.

ART was performed at Mitsubishi Chemical Medience Corporation (Tokyo, Japan), instead

of the participating hospitals. The reported lower limits of detection were 1.08 log10 IU/mL for

ART [23] and 1.2 log10 IU/mL for CAP/CTM [22, 24].

Definitions of positive predictive value (PPV) for SVR, negative

predictive value (NPV) for non-SVR, and false omission rate (FOR)

The PPV for SVR was defined as the number of patients who achieved SVR divided by the

number of patients whose samples were negative for HCV RNA by the assay. The NPV for

non-SVR was defined as the number of patients who did not achieve SVR divided by the num-

ber of patients whose samples were positive for HCV RNA by the assay. The FOR was the com-

plement of the NPV (FOR = 1-NPV). The FOR was defined as the number of patients who

achieved SVR divided by the number of patients whose samples were positive for HCV RNA

by the assay.

Comparing the clinical sensitivity of ART and CAP/CTM for assessing

HCV RNA in the sera of patients receiving TVR-based triple therapy with

a diagnosis of VBT or relapse by CAP/CTM

As described previously in the Patient section, this evaluation recruited 20 patients indepen-

dently from the preceding 25 patients who were treated by TVR-based triple therapy. VBT or

relapse was diagnosed in these 20 patients based on the CAP/CTM assay. Sera collected at the

points of disappearance and the points of reappearance of HCV RNA were assayed by CAP/

CTM and ART. The point of disappearance was defined as the first time HCV RNA was not

detected by CAP/CTM in patients receiving TVR-based triple therapy, and the point of reap-

pearance was defined as the time when HCV was again detected by CAP/CTM, which was

considered to be VBT or relapse.

Comparing the analytical sensitivity of CAP/CTM and ART

The WHO International HCV RNA standard (code 06/102) was used to prepare HCV-RNA-

positive specimens. The dilution medium consisted of pooled sera that were HCV RNA nega-

tive by both CAP/CTM and ART assays. Serum was collected from patients receiving TVR-

based triple therapy at week 8 or 12 after the start of treatment, and pooled. Every patient who

provided serum negative for HCV RNA achieved rapid virological response (RVR) in addition

to SVR.
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CAP/CTM and ART assays were tested on dilution panels, and the 95% hit rates of the

assays were compared. The WHO International HCV RNA Standard was serially diluted using

the dilution medium to the following concentrations and numbers of samples: 50 IU/mL (5

samples), 25 IU/mL (10 samples), 12.5 IU/mL (20 samples), 6.25 IU/mL (20 samples), and

3.125 IU/mL (15 samples). The dilution panels were prepared at Nagoya City University Hos-

pital and stored at -80˚C until analysis. Each concentration panel was tested separately in a sin-

gle run. CAP/CTM and ART measurements of HCV RNA were performed at Nagoya City

University Hospital and Mitsubishi Chemical Medience Corporation, respectively.

Comparing the length of amplification products produced by ART and

CAP/CTM

Both assays were performed at Nagoya City University Hospital, following the manufacturers’

protocols [13]; the assays were used to amplify HCV RNA in a serum specimen from a patient

infected with HCV genotype 1. The amplification products obtained from ART and CAP/

CTM, along with a 100-bp DNA ladder (Takara Bio Inc. Shiga, Japan), were electrophoresed

on an agarose gel in 2% TRIS-borate-EDTA buffer at 50 V for 90 min. The gel was stained

with ethidium bromide and viewed over an ultraviolet transilluminator.

Cell transfection assay

Huh7.5.1 cells (provided by Dr. Frank Chisari) were grown in Gibco Dulbecco’s Modified

Eagle’s Medium (DMEM) (Thermo Fisher Scientific Inc., Kanagawa, Japan) supplemented

with 10% fetal bovine serum (FBS; Equitech-Bio, Kerrville, TX, USA), MEM non-essential

amino acids (Invitrogen, Carlsbad, CA, USA), 100 units/mL penicillin (Wako Pure Chemical

Industries, Ltd., Osaka, Japan), and 100 μg/mL streptomycin (Wako Pure Chemical Industries,

Ltd.) at 37˚C in a 5% CO2 incubator. The Huh7.5.1 cells were inoculated with an infectious

JFH1 plasmid [25], as previously described. Briefly, 1×106 Huh7.5.1 cells in 8 mL of the culture

medium were seeded into 10-cm tissue culture dishes 1 day before infection. On the day of

infection, the JFH1 plasmid was added to the cells at a multiplicity of infection of 0.03. The

JFH1-infected cells were used for subsequent experiments.

The medium (2 mL), which contained 8×104 JFH1-infected Huh7.5.1 cells, was added to each

well of 6-well plates, and TVR was immediately added to a final concentration of 10 μM or TVR

plus IFN (IFN-α, MSD, Tokyo, Japan) were added to final concentrations of 10 μM and 100 IU/

mL, respectively. The JFH1-infected cells were passed, and at each passage (day 0, 4, 6, 10, 13, 17

and 19) supernatant was collected, filtered through a 0.45-μm filter, and stored frozen at -70˚C

until analysis. The specimens were thawed and HCV RNA and HCV antigen (HCV Ag) were

assayed. Both CAP/CTM and ART were used for detection of HCV RNA, and HCV Ag was

assessed by the Abbott Architect HCV Ag assay (Abbott Diagnostics, Lake Forest, IL, USA).

Statistical analysis

To assess the clinical sensitivities of ART and CAP/CTM, categorical variables were compared

by the Fisher exact test. The chi-square test was used to assess the analytical sensitivity of CAP/

CTM and ART. P values less than 0.05 were regarded as statistically significant.

Results

HCV RNA levels of patients receiving TVR-based triple therapy at week 4

The discordance between the results of ART and CAP/CTM is remarkable. Of the 25 serum

samples collected from patients receiving TVR-based triple therapy, none of the samples were
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HCV RNA positive by CAP/CTM and HCV RNA negative by ART, and 10 samples were

HCV RNA negative by both CAP/CTM and ART. In contrast, 13 samples were HCV RNA

positive by ART and HCV RNA negative by CAP/CTM, and 2 samples were HCV RNA posi-

tive by both CAP/CTM and ART. Typical cases that were HCV RNA negative by CAP/CTM

and HCV RNA positive by ART are shown as cases 1, 2, and 3 in Fig 1.

The majority of samples (13/25; 52%) were discordant (HCV-RNA negative by CAP/CTM

and HCV-RNA positive by ART), and most of the discordant samples (11/13; 84.6%) were

quantified by ART to be below the limit of detection (1.08 IU/mL). These results indicate that

ART can detect HCV RNA with higher sensitivity than CAP/CTM in patients receiving TVR-

based triple therapy.

The PPV for SVR and NPV for non-SVR as calculated based on the detection of HCV RNA

by ART and CAP/CTM at week 4, are summarized in Table 1. Of 25 patients, 23 achieved

SVR24; 1 was found to have relapse, and 1 was found to have VBT. The PPV was high in both

assays (90% [9/10] and 91.3% [21/23]) for ART and CAP/CTM, respectively). The NPVs of

ART and CAP/CTM were 6.7% (1/15) and 0% (0/2), respectively. In general, NPV was affected

by the treatment outcomes in the study population. The SVR rate at 4 weeks in this study was

too high (23/25; 92%) to use the NPV as an index of evaluation, because of the high SVR rate

Fig 1. Typical cases receiving TVR-based triple therapy with HCV RNA undetectable by CAP/CTM and detectable by ART. These 3 patients were

receiving TVR-based triple therapy and achieved SVR24. (a) Case 1 received TVR-based triple therapy for 12 weeks, and then the patient was treated

without TVR up to week 24. HCV RNA was detected by ART only at week 8. *The CAP/CTM result was obtained at week 3. (b) Case 2 received TVR-based

triple therapy for 5 weeks, and then the patient was treated without TVR up to week 24. HCV RNA was detected by ART only at week 4. (c) Case 3 received

TVR-based triple therapy for 10 weeks, and HCV RNA was detected by ART only at weeks 4 and 8. y.o., year old.—, HCV RNA was undetected. NT, not

tested.

doi:10.1371/journal.pone.0170667.g001
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of patients with the IL28B rs8099917 TT allele who are treated by TVR-based triple therapy

[26]. Notably, the FOR of ART was 93.3% (14/15). The majority of patients (14/15; 93.3%)

who were HCV RNA positive by ART at week 4 were able to achieve SVR, indicating that ART

at week 4 of treatment could not be used to predict outcome for more than half the patients

(14/25; 56%).

Clinical sensitivity of ART and CAP/CTM in patients receiving triple

therapy, who were identified with relapse or VBT

There were 20 patients who were intentionally recruited from several hospitals for this evalua-

tion. Other details about these patients were presented in the Methods. The diagnosis of VBT

or relapse was performed based on the results by CAP/CTM.

The times to disappearance of HCV RNA as determined by CAP/CTM are shown in Fig 2.

ART and CAP/CTM yielded the same results for 11 (VBT 4, relapse 7) of 20 patients (55%).

ART detected HCV RNA in 8 (VBT 3, relapse 5) of 20 patients (40%), whereas CAP/CTM did

not. These results suggest that the times to disappearance of HCV RNA when the ART assay is

used is longer than when the CAP/CTM is used to evaluate patients receiving TVR-based triple

therapy who are identified with VBT or relapse.

The times to reappearance of HCV RNA determined by CAP/CTM are also shown in Fig 2.

ART and CAP/CTM yielded the same results for 13 (VBT 5, relapse, 8) of 19 patients (72%).

ART detected HCV RNA in 3 of 19 (16%) patients, who later received the diagnosis of relapse,

when CAP/CTM did not detect HCV RNA. CAP/CTM detected HCV RNA in 3 other patients

(16%), who were found to have VBT, when ART did not detect HCV. These results indicate

that the times to reappearance of HCV RNA when ART is used are similar to the times of reap-

pearance when CAP/CTM is used for assessing patients receiving TVR-based triple therapy in

whom VBT or relapse is diagnosed. However, ART can detect HCV RNA for a longer time

than CAP/CTM, when the level of HCV RNA is reduced by TVR-based triple therapy.

Analytical sensitivity of ART and CAP/CTM

The dilution medium consisted of a pool of sera from patients receiving TVR-based triple ther-

apy, who were negative for HCV RNA by both CAP/CTM and ART. The results are shown in

Fig 3. Both ART and CAP/CTM detected HCV RNA at concentrations of 50 and 25 IU/mL in

all the tested replicates. At a concentration of 12.5 IU/mL, 18/20 (90%) and 15/20 (75%) of

tested replicates were positive by CAP/CTM and ART, respectively (P = 0.212). At a concen-

tration of 6.25 IU/mL, 12/20 (60%) of tested replicates were positive by both CAP/CTM and

ART. At a concentration of 3.125 IU/ml, 4/15 (27%) and 8/15 (53%) of tested replicates were

positive by CAP/CTM and ART, respectively (P = 0.136) (Fig 3). These results indicate that

CAP/CTM and ART detect HCV RNA with similar sensitivity. In addition, the results suggest

that the analytical sensitivity of CAP/CTM might not be reduced by the presence of TVR in

the serum.

Table 1. PPVs for SVR and NPVs for non-SVR in patients receiving TVR-based triple therapy at week

4, based on the results of CAP/CTM and ART assays for detecting HCV RNA.

CAP/CTM ART

PPV NPV PPV NPV

Week 4 21/23 0/2 9/10 1/15

(91.3) (0) (90) (6.7)

Data are expressed as number (%).

doi:10.1371/journal.pone.0170667.t001
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Length of CAP/CTM and ART amplification products

The amplification products produced by CAP/CTM and ART are shown in Fig 4. The length

of the CAP/CTM v1.0 amplification product was approximately 250 bps. The amplification

product produced by CAP/CTM v1.0 has approximately the same length as the amplification

product produced by CAP/CTM v2.0 (data not shown). The length of the ART amplification

product was shorter than 150 bps. If HCV RNA fragments resulting from a protease inhibitor

persist in serum specimens, they might be detected more efficiently by the ART assay than by

the CAP/CTM assay.

In vitro study of tissue culture cells transfected with an HCV genome in

the presence of TVR or TVR plus IFN

Typical results are shown in Fig 5. In the cell cultures containing TVR at 10 μM, CAP/CTM

detected HCV RNA through day 6 and did not detect HCV RNA at day 10 and later. ART

Fig 2. The points of disappearance and reappearance of HCV RNA by the CAP/CTM and ART assays of serum specimens from patients receiving

TVR-based triple therapy, who were identified with relapse or VBT. Solid lines, CAP/CTM and ART obtained the same results. Dotted lines, CAP/CTM

and ART obtained different results. N. S., not significant by chi-square test.

doi:10.1371/journal.pone.0170667.g002
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detected HCV RNA through day 13 and did not detect HCV RNA at day 17 and later. HCV

Ag was detectable through day 6 and undetectable at day 10 and later (Fig 5A).

In the cell cultures containing 10 μM TVR plus 100 IU/mL IFN, CAP/CTM detected HCV

RNA through day 6 and did not detect HCV RNA at day 10 and later. ART detected HCV

RNA through day 10 in the detection range. At day 13, ART detected HCV RNA below the

limit of detection (<1.08 Log IU/mL), but did not detect HCV RNA at day 17 and later. HCV

Ag was detectable through day 6 and was undetectable at day 10 and later (Fig 5B). These

results suggest that ART can detect HCV RNA more efficiently than CAP/CTM not only in

serum but also in cell culture, implying that there were no substances from the human host in

the sera that affected the sensitivity of CAP/CTM. Furthermore, it is likely that the presence of

IFN in the cell cultures did not lead to decreased sensitivity of ART for HCV RNA. ART might

detect HCV RNA fragments resulting from TVR treatment more efficiently than CAP/CTM,

regardless of the presence of IFN.

HCV RNA levels of patients receiving DCV/ASV dual therapy at weeks 4

and 8

The discordance between CAP/CTM and ART is notable. At week 8, of the 42 samples col-

lected from patients receiving DCV/ASV dual therapy, no sample was HCV RNA positive by

Fig 3. Dilutions of the WHO HCV RNA Standard that were assayed by CAP/CTM and ART. Positivity rates of the assays of replicate samples at each

concentration are shown. N. S., not significant by the Fisher exact test.

doi:10.1371/journal.pone.0170667.g003
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CAP/CTM and HCV RNA negative by ART, and 27 samples were HCV RNA negative by

both CAP/CTM and ART. In contrast, 15 samples were HCV RNA positive by ART and HCV

RNA negative by CAP/CTM, and no samples were HCV RNA positive by both CAP/CTM and

ART. All the samples that were HCV RNA negative by CAP/CTM and HCV RNA positive by

ART (15/42; 35.7%) were quantified by ART at levels below the limit of detection (1.08 IU/mL).

In contrast, no samples were HCV RNA negative by ART and HCV RNA positive by CAP/

CTM. As with TVR-based triple therapy, these results indicate that ART is more sensitive than

Fig 4. Amplification products produced by CAP/CTM and ART. Each lane from left to right shows the

following: molecular weight marker (100-bp ladder), CAP/CTM amplification product, and ART amplification

product.

doi:10.1371/journal.pone.0170667.g004
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CAP/CTM for detecting HCV RNA in serum samples from patients receiving DCV/ASV dual

therapy.

For reference, assessments at week 4 in this group of patients did not reveal obvious differ-

ences at week 8 in the serum levels of HCV RNA determined by CAP/CTM and ART. Of the

40 samples, 15 samples (37.5%) were discordant (HCV-RNA negative by CAP/CTM and

HCV-RNA positive by ART), suggesting that the discordance between the results of ART and

CAP/CTM at week 4 is not as great, compared with that at week 8.

The PPV for SVR and NPV for non-SVR, which were calculated based on the results of

CAP/CTM and ART quantification of HCV RNA in serum specimens from weeks 4 and 8

after the start of therapy, are summarized in Table 2. To compare the predictive accuracy of

CAP/CTM and ART, we studied patients receiving DCV/ASV dual therapy at weeks 4 and 8.

At week 4, of 40 patients, 34 patients achieved SVR24, 5 patients were identified with relapse,

and 1 patient with VBT. Both assays had a high PPV; the PPVs of CAP/CTM and ART were

88.9% (24/27) and 100% (12/12), respectively. The NPV of CAP/CTM and ART were 23.1%

(3/13) and 21.4% (6/28), respectively, suggesting that CAP/CTM and ART assessment of

patients at week 4 of treatment did not reveal obvious differences that would affect the predic-

tion of treatment outcome (Table 2). At week 8, of 42 patients, 34 patients achieved SVR24, 6

patients were identified with relapse, and 2 patients with VBT. Both assays had a high PPV; the

PPVs of CAP/CTM and ART were 81.0% (34/42) and 85.2% (23/27), respectively. The NPV of

ART was 26.7% (4/15). Notably, 15 of 42 patients (35.7%) were HCV RNA positive by ART, of

which 11 patients (73.3%) achieved SVR (Table 2). The FOR of ART was 73.3% (11/15), indi-

cating that ART assessment of patients at week 8 of treatment also does not accurately predict

treatment outcome.

Fig 5. Typical results of in vitro cell transfection assay and detection of HCV RNA by CAP/CTM and ART. These experiments were performed twice,

and the mean values of the 2 experiments are shown in Fig 5A and 5B. At day 13, ART detected HCV RNA below the reported lower limit of detection. (A)

Results of cell cultures containing TVR 10 μM. (B) Results of cell cultures containing TVR 10 μM plus IFN 100 IU/mL. Bar graph, HCV Ag. Solid lines, CAP/

CTM results. Dashed lines, ART results. n. d., not detected. Light-colored characters and lines show the lower limits of detection.

doi:10.1371/journal.pone.0170667.g005
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To compare the predictive accuracy of CAP/CTM and ART at weeks 4 and 8 in treatment-

naïve patients and treatment-experienced patients, these two groups were analyzed separately.

The results are summarized in Table 2. The results suggested that CAP/CTM and ART assess-

ment of patients at week 4 of treatment did not reveal obvious differences that would affect the

prediction of treatment outcome in either the treatment-naïve or treatment-experienced

patients. However, the results indicated that ART assessment at week 8 of treatment did not

accurately predict treatment outcome in either the treatment-naïve or treatment-experienced

patients (Table 2).

Discussion

In this study, we determined the analytical and clinical sensitivities of two commercial real-

time PCR assays, CAP/CTM and ART, for the detection of HCV RNA in patients receiving

protease inhibitor-based therapy. Although several studies have already been published on the

kinetics of HCV and comparisons of real-time PCR HCV assays used to assess patients receiv-

ing TVR-based triple therapy, to the best of our knowledge, this is the first study that com-

pared real-time PCR HCV assays used to assess patients receiving DCV/ASV dual therapy.

In addition to determining the sensitivity of the two assays, the purposes of our study were

to compare the efficacy of CAP/CTM and ART in patients receiving the protease inhibitor-

based treatments of TVR-based triple therapy and DCV/ASV dual therapy, and to confirm

that the sensitivity of ART for detecting HCV RNA was superior to that of CAP/CTM.

With respect to the clinical sensitivity of the assays for evaluating the sera of patients receiv-

ing TVR-based triple therapy who were found to have VBT or relapse, the times to disappear-

ance of HCV RNA as determined by ART were longer than the times to disappearance by

CAP/CTM. This result supports our third hypothesis, namely, that small noninfectious HCV

RNA fragments remaining in the sera of patients who have resolved HCV viremia are easily

detected by ART; which is further supported by the relative lengths of the ART and CAP/CTM

amplification products (< 150 bps vs ~ 250 bps, respectively), as shown in Fig 4. In fact, previ-

ous reports have shown that infectious HCV RNA and small noninfectious HCV RNA can be

Table 2. The PPVs for SVR and NPVs for non-SVR in patients receiving DCV/ASV therapy, based on the results of CAP/CTM and ART assays for

detecting HCV RNA in samples taken at weeks 4 and 8.

CAP/CTM ART

PPV NPV PPV NPV

Week 4 All patients 24/27 3/13 12/12 6/28

(n = 40) (88.9) (23.1)*1 (100) (21.4)*1

Treatment-naïve patients 11/12 1/8 5/5 2/15

(n = 20) (91.7) (12.5)*2, 4 (100) (13.3)*2, 5

Treatment-experienced patients 13/15 2/5 7/7 4/13

(n = 20) (86.7) (40.0)*3, 4 (100) (30.8)*3, 5

Week 8 All patients 34/42 0/0 23/27 4/15

(n = 42) (81.0) (0) (85.2) (26.7)

Treatment-naïve patients 18/22 0/0 12/15 1/7

(n = 22) (81.8) (0) (80.0) (14.3)*6

Treatment-experienced patients 16/20 0/0 11/12 3/8

(n = 20) (80.0) (0) (91.7) (37.5)*6

Data are expressed as number (%).

*1,*2, *3, *4, *5 and *6 Difference is not significant (p = 0.91, 0.63, 0.71, 0.64, 0.52 and 0.52, respectively).

doi:10.1371/journal.pone.0170667.t002
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delivered by exosomes, because exosomes can protect naked RNAs such as noninfectious

HCV RNA fragments from RNase, which is present in all bodily fluids [27–29]. Furthermore,

exosomes containing intact HCV RNA fragments should be stable in serum over time, and of

the two assays, only ART would be able to detect small HCV RNA fragments in serum exo-

somes. Our hypothesis is considered to be also supported by the results of the cell transfection

experiment (Fig 5), and our in vivo and in vitro results might imply that HCV RNA becomes

fragmented by TVR treatment in both cell culture and serum.

HCV Ag can be used as an indirect marker of HCV replication [30]. The results of the cell

transfection experiment suggested that the kinetics of HCV Ag levels were more strongly cor-

related with CAP/CTM than with ART. Therefore, we speculate that the results of ART assays

reflect not only the levels of viable HCV but also the levels of HCV fragments. Further study

will be needed to confirm it.

With respect to the analytical sensitivity of the assays, both CAP/CTM and ART showed

similar sensitivity for detecting HCV RNA in dilutions of pooled sera containing TVR. There

was no possibility that the sensitivity of CAP/CTM was inhibited by the diluent. This result

does not support the other 2 hypotheses; CAP/CTM and ART detected HCV RNA with com-

parable analytical sensitivity.

DCV/ASV dual therapy has been available in Japan for patients with HCV genotype 1 infec-

tion since September 2014. Sofosbuvir (Sovaldi; Gilead Sciences, Inc., Tokyo, Japan), which

should be used in combination with RBV, has been available for patients with HCV genotype

2 infection since July 2015. Ledipasvir/sofosbuvir (Harvoni; Gilead Sciences, Inc.) has been

available for patients with HCV genotype 1 infection in Japan since September 2015. Although

DCV/ASV dual therapy has not been approved to treat HCV infection everywhere in the

world, and ledipasvir/sofosbuvir is the first-line therapy, DCV/ASV dual therapy has clinical

importance in Asian countries such as Japan, China, Korea, and Taiwan. In Japan, DCV/ASV

dual therapy is expected to be cost-saving for patients with HCV genotype 1b who have failed

prior therapy or are IFN-ineligible/intolerant [31]. In addition, DCV/ASV dual therapy for

chronic hemodialysis patients with HCV infection is highly effective and well tolerated, even

for elderly patients and patients with liver cirrhosis or the resistance-associated variant

NS5A-Y93H at baseline [32]. Differences in the mechanisms of action of protease inhibitors

against HCV RNA are minimal. To determine whether or not the sensitivities of CAP/CTM

and ART are different, we investigated an IFN-free regimen that included a protease inhibitor

(ASV). ART assays of serum specimens from patients treated with therapy based on protease

inhibitors may not provide accurate quantitative HCV RNA results that reflect infectious

virus. In our study, we confirmed that although ART detected HCV RNA in the serum speci-

mens of 15 patients at week 8, eleven of these patients were able to achieve SVR. That is, the

FOR of ART was 73.3% (11/15), which suggests that detection of HCV RNA at week 8 does

not accurately predict treatment outcomes.

This study has limitations. First, TVR-based triple therapy was indicated only for patients

infected with HCV genotype 1b with the IL28B rs8099917 TT allele, whose outcomes were pre-

dicted as SVR [8]. Therefore, TVR-based triple therapy for these patients was quite effective.

Because most of the patients achieved SVR, comparing the PPVs for SVR and the NPVs for

non-SVR of ART and CAP/CTM was difficult. Second, for the patients who received TVR-

based triple therapy and were enrolled because they received a diagnosis of VBT or relapse, the

diagnoses were only decided by the CAP/CTM assay, not by the ART assay. As a result, HCV

RNA was undetectable by CAP/CTM at the disappearance points, and was detected by CAP/

CTM at the reappearance points. Third, although among NS3 protease inhibitors, simeprevir

is surely a global standard, the discordant results provided by CAP/CTM and ART that have

been observed in patients treated with telaprevir-based triple therapy, have not yet been
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reported for samples from patients treated by simeprevir. Further study is needed to determine

if the same phenomenon would occur with simeprevir. Finally, the times during treatment

that the assays were used to evaluate the serum levels of HCV RNA were different for the 2

treatments regimens. The serum HCV RNA levels of the patients receiving TVR-based triple

therapy were assessed at week 4 after initiation of therapy.

In conclusion, although the CAP/CTM and ART assays detect HCV RNA with comparable

analytical sensitivity, CAP/CTM might be the preferred assay for predicting the clinical out-

comes of patients receiving protease inhibitor-based therapy. ART can detect not only HCV

RNA that reflects infectious virus, but also small nonviable HCV RNA fragments. Additional

confirmatory studies that compare these assays for monitoring patients receiving sofosbuvir-

based therapy are warranted.

Acknowledgments

The study was supported in part by a grant-in-aid from the Research Program on Hepatitis

from the Japan Agency for Medical Research and Development, (AMED H25-kaken-ippan-

005) and the Ministry of Education, Culture, Sports, Science, and Technology (24115003).

Author Contributions

Conceptualization: T. Inoue TW YT.

Data curation: T. Inoue SSH TW YT.

Formal analysis: T. Inoue.

Funding acquisition: TW YT.

Investigation: T. Inoue SSH.

Methodology: T. Inoue SSH.

Project administration: YT.

Resources: T. Inoue NS KK T. Ide TT TK HT AT KT YT.

Software: T. Inoue.

Supervision: TW YT.

Validation: SSH TW YT.

Visualization: T. Inoue.

Writing – original draft: T. Inoue.

Writing – review & editing: SSH TW YT.

References

1. Lee MH, Yang HI, Yuan Y, L’Italien G, Chen CJ. Epidemiology and natural history of hepatitis C virus

infection. World J Gastroenterol. 2014; 20(28):9270–9280. Epub 2014/07/30. PubMed Central PMCID:

PMCPmc4110557. doi: 10.3748/wjg.v20.i28.9270 PMID: 25071320

2. Pawlotsky JM, Feld JJ, Zeuzem S, Hoofnagle JH. From non-A, non-B hepatitis to hepatitis C virus cure.

J Hepatol. 2015; 62(1 Suppl):S87–99. Epub 2015/04/29.

3. Seifert LL, Perumpail RB, Ahmed A. Update on hepatitis C: Direct-acting antivirals. World J Hepatol.

2015; 7(28):2829–2833. Epub 2015/12/17. PubMed Central PMCID: PMCPmc4670954. doi: 10.4254/

wjh.v7.i28.2829 PMID: 26668694

Clinical Significance of Two Real-Time PCR HCV Assays

PLOS ONE | DOI:10.1371/journal.pone.0170667 January 24, 2017 14 / 16

http://dx.doi.org/10.3748/wjg.v20.i28.9270
http://www.ncbi.nlm.nih.gov/pubmed/25071320
http://dx.doi.org/10.4254/wjh.v7.i28.2829
http://dx.doi.org/10.4254/wjh.v7.i28.2829
http://www.ncbi.nlm.nih.gov/pubmed/26668694


4. Jacobson IM, McHutchison JG, Dusheiko G, Di Bisceglie AM, Reddy KR, Bzowej NH, et al. Telaprevir

for previously untreated chronic hepatitis C virus infection. N Engl J Med. 2011; 364(25):2405–2416.

Epub 2011/06/24. doi: 10.1056/NEJMoa1012912 PMID: 21696307

5. Sherman KE, Flamm SL, Afdhal NH, Nelson DR, Sulkowski MS, Everson GT, et al. Response-guided

telaprevir combination treatment for hepatitis C virus infection. N Engl J Med. 2011; 365(11):1014–

1024. Epub 2011/09/16. PubMed Central PMCID: PMCPmc3809077. doi: 10.1056/NEJMoa1014463

PMID: 21916639

6. Kumada H, Toyota J, Okanoue T, Chayama K, Tsubouchi H, Hayashi N. Telaprevir with peginterferon

and ribavirin for treatment-naive patients chronically infected with HCV of genotype 1 in Japan. J Hepa-

tol. 2012; 56(1):78–84. Epub 2011/08/11. doi: 10.1016/j.jhep.2011.07.016 PMID: 21827730

7. Furusyo N, Ogawa E, Nakamuta M, Kajiwara E, Nomura H, Dohmen K, et al. Telaprevir can be suc-

cessfully and safely used to treat older patients with genotype 1b chronic hepatitis C. J Hepatol. 2013;

59(2):205–212. Epub 2013/04/02. doi: 10.1016/j.jhep.2013.03.020 PMID: 23542346

8. Tanaka Y, Nishida N, Sugiyama M, Kurosaki M, Matsuura K, Sakamoto N, et al. Genome-wide associa-

tion of IL28B with response to pegylated interferon-alpha and ribavirin therapy for chronic hepatitis C.

Nat Genet. 2009; 41(10):1105–1109. Epub 2009/09/15. doi: 10.1038/ng.449 PMID: 19749757

9. McPhee F, Suzuki Y, Toyota J, Karino Y, Chayama K, Kawakami Y, et al. High Sustained Virologic

Response to Daclatasvir Plus Asunaprevir in Elderly and Cirrhotic Patients with Hepatitis C Virus Geno-

type 1b Without Baseline NS5A Polymorphisms. Adv Ther. 2015; 32(7):637–649. Epub 2015/07/15.

PubMed Central PMCID: PMCPmc4522028. doi: 10.1007/s12325-015-0221-5 PMID: 26155891

10. Ghany MG, Nelson DR, Strader DB, Thomas DL, Seeff LB. An update on treatment of genotype 1

chronic hepatitis C virus infection: 2011 practice guideline by the American Association for the Study of

Liver Diseases. Hepatology. 2011; 54(4):1433–1444. Epub 2011/09/08. PubMed Central PMCID:

PMCPmc3229841. doi: 10.1002/hep.24641 PMID: 21898493

11. 2011 European Association of the Study of the Liver hepatitis C virus clinical practice guidelines. Liver

Int. 2012; 32 Suppl 1:2–8. Epub 2012/01/11.

12. Omata M, Kanda T, Wei L, Yu ML, Chuang WL, Ibrahim A, et al. APASL consensus statements and rec-

ommendations for hepatitis C prevention, epidemiology, and laboratory testing. Hepatol Int. 2016; 10

(5):681–701. Epub 2016/05/28. PubMed Central PMCID: PMCPmc5003900. doi: 10.1007/s12072-016-

9736-3 PMID: 27229718

13. Elkady A, Tanaka Y, Kurbanov F, Sugauchi F, Sugiyama M, Khan A, et al. Performance of two Real-

Time RT-PCR assays for quantitation of hepatitis C virus RNA: evaluation on HCV genotypes 1–4. J

Med Virol. 2010; 82(11):1878–1888. Epub 2010/09/28. doi: 10.1002/jmv.21911 PMID: 20872714

14. Matsuura K, Tanaka Y, Hasegawa I, Ohno T, Tokuda H, Kurbanov F, et al. Abbott RealTime hepatitis C

virus (HCV) and Roche Cobas AmpliPrep/Cobas TaqMan HCV assays for prediction of sustained viro-

logical response to pegylated interferon and ribavirin in chronic hepatitis C patients. J Clin Microbiol.

2009; 47(2):385–389. Epub 2008/12/19. PubMed Central PMCID: PMCPmc2643694. doi: 10.1128/

JCM.01753-08 PMID: 19091819

15. Ogawa E, Furusyo N, Murata M, Toyoda K, Eiraku K, Shimizu M, et al. Early phase viral kinetics of

chronic hepatitis C patients receiving telaprevir-based triple therapy: a comparison of two real-time

PCR assays. Antiviral Res. 2013; 99(2):119–124. Epub 2013/05/21. doi: 10.1016/j.antiviral.2013.05.

002 PMID: 23684903

16. Cloherty G, Cohen D, Sarrazin C, Wedemeyer H, Chevaliez S, Herman C, et al. HCV RNA assay sensi-

tivity impacts the management of patients treated with direct-acting antivirals. Antivir Ther. 2015; 20

(2):177–183. Epub 2014/06/19. doi: 10.3851/IMP2810 PMID: 24941124

17. Ogawa E, Furusyo N, Murata M, Hayashi T, Shimizu M, Mukae H, et al. Impact of HCV kinetics on treat-

ment outcome differs by the type of real-time HCV assay in NS3/4A protease inhibitor-based triple ther-

apy. Antiviral Res. 2016; 126:35–42. Epub 2015/12/23. doi: 10.1016/j.antiviral.2015.12.001 PMID:

26692214

18. Martinot-Peignoux M, Stern C, Maylin S, Ripault MP, Boyer N, Leclere L, et al. Twelve weeks posttreat-

ment follow-up is as relevant as 24 weeks to determine the sustained virologic response in patients with

hepatitis C virus receiving pegylated interferon and ribavirin. Hepatology. 2010; 51(4):1122–1126. Epub

2010/01/14. doi: 10.1002/hep.23444 PMID: 20069649

19. Halfon P, Khiri H, Gerolami V, Bourliere M, Feryn JM, Reynier P, et al. Impact of various handling and

storage conditions on quantitative detection of hepatitis C virus RNA. J Hepatol. 1996; 25(3):307–311.

Epub 1996/09/01. PMID: 8895009

20. Watanabe T, Inoue T, Tanoue Y, Maekawa H, Hamada-Tsutsumi S, Yoshiba S, et al. Hepatitis C virus

genotype 2 may not be detected by the Cobas AmpliPrep/Cobas TaqMan HCV Test, Version 1.0. J Clin

Microbiol. 2013; 51(12):4275–4276. Epub 2013/09/27. PubMed Central PMCID: PMCPmc3838077.

doi: 10.1128/JCM.02102-13 PMID: 24068011

Clinical Significance of Two Real-Time PCR HCV Assays

PLOS ONE | DOI:10.1371/journal.pone.0170667 January 24, 2017 15 / 16

http://dx.doi.org/10.1056/NEJMoa1012912
http://www.ncbi.nlm.nih.gov/pubmed/21696307
http://dx.doi.org/10.1056/NEJMoa1014463
http://www.ncbi.nlm.nih.gov/pubmed/21916639
http://dx.doi.org/10.1016/j.jhep.2011.07.016
http://www.ncbi.nlm.nih.gov/pubmed/21827730
http://dx.doi.org/10.1016/j.jhep.2013.03.020
http://www.ncbi.nlm.nih.gov/pubmed/23542346
http://dx.doi.org/10.1038/ng.449
http://www.ncbi.nlm.nih.gov/pubmed/19749757
http://dx.doi.org/10.1007/s12325-015-0221-5
http://www.ncbi.nlm.nih.gov/pubmed/26155891
http://dx.doi.org/10.1002/hep.24641
http://www.ncbi.nlm.nih.gov/pubmed/21898493
http://dx.doi.org/10.1007/s12072-016-9736-3
http://dx.doi.org/10.1007/s12072-016-9736-3
http://www.ncbi.nlm.nih.gov/pubmed/27229718
http://dx.doi.org/10.1002/jmv.21911
http://www.ncbi.nlm.nih.gov/pubmed/20872714
http://dx.doi.org/10.1128/JCM.01753-08
http://dx.doi.org/10.1128/JCM.01753-08
http://www.ncbi.nlm.nih.gov/pubmed/19091819
http://dx.doi.org/10.1016/j.antiviral.2013.05.002
http://dx.doi.org/10.1016/j.antiviral.2013.05.002
http://www.ncbi.nlm.nih.gov/pubmed/23684903
http://dx.doi.org/10.3851/IMP2810
http://www.ncbi.nlm.nih.gov/pubmed/24941124
http://dx.doi.org/10.1016/j.antiviral.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26692214
http://dx.doi.org/10.1002/hep.23444
http://www.ncbi.nlm.nih.gov/pubmed/20069649
http://www.ncbi.nlm.nih.gov/pubmed/8895009
http://dx.doi.org/10.1128/JCM.02102-13
http://www.ncbi.nlm.nih.gov/pubmed/24068011


21. Chevaliez S, Bouvier-Alias M, Castera L, Pawlotsky JM. The Cobas AmpliPrep-Cobas TaqMan real-

time polymerase chain reaction assay fails to detect hepatitis C virus RNA in highly viremic genotype 4

clinical samples. Hepatology. 2009; 49(4):1397–1398. Epub 2009/03/31. doi: 10.1002/hep.22767

PMID: 19330876

22. Chevaliez S, Bouvier-Alias M, Rodriguez C, Soulier A, Poveda JD, Pawlotsky JM. The Cobas Ampli-

Prep/Cobas TaqMan HCV test, version 2.0, real-time PCR assay accurately quantifies hepatitis C virus

genotype 4 RNA. J Clin Microbiol. 2013; 51(4):1078–1082. Epub 2013/01/18. PubMed Central PMCID:

PMCPmc3666793. doi: 10.1128/JCM.02004-12 PMID: 23325825

23. Leckie G, Schneider G, Abravaya K, Hoenle R, Johanson J, Lampinen J, et al. Performance attributes

of the LCx HCV RNA quantitative assay. J Virol Methods. 2004; 115(2):207–215. Epub 2003/12/12.

PMID: 14667537

24. Germer JJ, Harmsen WS, Mandrekar JN, Mitchell PS, Yao JD. Evaluation of the COBAS TaqMan HCV

test with automated sample processing using the MagNA pure LC instrument. J Clin Microbiol. 2005; 43

(1):293–298. Epub 2005/01/07. PubMed Central PMCID: PMCPmc540141. doi: 10.1128/JCM.43.1.

293-298.2005 PMID: 15634985

25. Wakita T, Pietschmann T, Kato T, Date T, Miyamoto M, Zhao Z, et al. Production of infectious hepatitis

C virus in tissue culture from a cloned viral genome. Nat Med. 2005; 11(7):791–796. Epub 2005/06/14.

PubMed Central PMCID: PMCPmc2918402. doi: 10.1038/nm1268 PMID: 15951748

26. Chayama K, Hayes CN, Abe H, Miki D, Ochi H, Karino Y, et al. IL28B but not ITPA polymorphism is pre-

dictive of response to pegylated interferon, ribavirin, and telaprevir triple therapy in patients with geno-

type 1 hepatitis C. J Infect Dis. 2011; 204(1):84–93. Epub 2011/06/02. PubMed Central PMCID:

PMCPmc3307155. doi: 10.1093/infdis/jir210 PMID: 21628662

27. van den Boorn JG, Schlee M, Coch C, Hartmann G. SiRNA delivery with exosome nanoparticles. Nat

Biotechnol. 2011; 29(4):325–326. Epub 2011/04/12. doi: 10.1038/nbt.1830 PMID: 21478846

28. Koppers-Lalic D, Hogenboom MM, Middeldorp JM, Pegtel DM. Virus-modified exosomes for targeted

RNA delivery; a new approach in nanomedicine. Adv Drug Deliv Rev. 2013; 65(3):348–356. Epub 2012/

07/24. doi: 10.1016/j.addr.2012.07.006 PMID: 22820525

29. Chahar HS, Bao X, Casola A. Exosomes and Their Role in the Life Cycle and Pathogenesis of RNA

Viruses. Viruses. 2015; 7(6):3204–3225. Epub 2015/06/24. PubMed Central PMCID:

PMCPmc4488737. doi: 10.3390/v7062770 PMID: 26102580

30. Bouvier-Alias M, Patel K, Dahari H, Beaucourt S, Larderie P, Blatt L, et al. Clinical utility of total HCV

core antigen quantification: a new indirect marker of HCV replication. Hepatology. 2002; 36(1):211–

218. Epub 2002/06/27. doi: 10.1053/jhep.2002.34130 PMID: 12085367

31. McEwan P, Ward T, Webster S, Yuan Y, Kalsekar A, Kamae I, et al. Estimating the cost-effectiveness

of daclatasvir plus asunaprevir in difficult to treat Japanese patients chronically infected with hepatitis C

genotype 1b. Hepatol Res. 2016; 46(5):423–433. Epub 2015/10/07. doi: 10.1111/hepr.12570 PMID:

26440999

32. Suda G, Kudo M, Nagasaka A, Furuya K, Yamamoto Y, Kobayashi T, et al. Efficacy and safety of dacla-

tasvir and asunaprevir combination therapy in chronic hemodialysis patients with chronic hepatitis C. J

Gastroenterol. 2016; 51(7):733–740. Epub 2016/01/16. doi: 10.1007/s00535-016-1162-8 PMID:

26768604

Clinical Significance of Two Real-Time PCR HCV Assays

PLOS ONE | DOI:10.1371/journal.pone.0170667 January 24, 2017 16 / 16

http://dx.doi.org/10.1002/hep.22767
http://www.ncbi.nlm.nih.gov/pubmed/19330876
http://dx.doi.org/10.1128/JCM.02004-12
http://www.ncbi.nlm.nih.gov/pubmed/23325825
http://www.ncbi.nlm.nih.gov/pubmed/14667537
http://dx.doi.org/10.1128/JCM.43.1.293-298.2005
http://dx.doi.org/10.1128/JCM.43.1.293-298.2005
http://www.ncbi.nlm.nih.gov/pubmed/15634985
http://dx.doi.org/10.1038/nm1268
http://www.ncbi.nlm.nih.gov/pubmed/15951748
http://dx.doi.org/10.1093/infdis/jir210
http://www.ncbi.nlm.nih.gov/pubmed/21628662
http://dx.doi.org/10.1038/nbt.1830
http://www.ncbi.nlm.nih.gov/pubmed/21478846
http://dx.doi.org/10.1016/j.addr.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22820525
http://dx.doi.org/10.3390/v7062770
http://www.ncbi.nlm.nih.gov/pubmed/26102580
http://dx.doi.org/10.1053/jhep.2002.34130
http://www.ncbi.nlm.nih.gov/pubmed/12085367
http://dx.doi.org/10.1111/hepr.12570
http://www.ncbi.nlm.nih.gov/pubmed/26440999
http://dx.doi.org/10.1007/s00535-016-1162-8
http://www.ncbi.nlm.nih.gov/pubmed/26768604

