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SUMMARY. Triple therapy using telaprevir or boceprevir

[hepatitis C virus (HCV)-NS3/NS4A protease inhibitors

(PI)] in association with PEG-IFN/ribavirin has recently

become the new standard of care (SOC) for treatment of

HCV genotype 1 patients. Our objective was to assess the

efficacy and tolerance of triple therapy in routine clinical

practice. A total of 186 consecutive HCV patients initiating

triple therapy were enrolled in a single centre study. Clini-

cal, biological and virological data were collected at base-

line and during follow-up as well as tolerance and side

effect details. Among 186 HCV patients initiating triple

therapy, 69% received telaprevir and 31% boceprevir.

Sixty-one per cent of patients had cirrhosis. The overall

extended rapid virological response (eRVR) rate and sus-

tained virological response (SVR) rate were 57.0% and

59.7%, respectively. IL28B CC phenotype was associated

with increased probability of achieving eRVR and SVR,

whereas previous non-response was associated with low

eRVR and SVR rates. The SVR rate increased from 30.8%

in previously non-responders to 59.1% in partial non-

responders and 75% in relapsers. SVR rate in naive

patients was 62.5%. Glomerular filtration rate assessed by

MDRD after 12 weeks of therapy was significantly reduced

for both PI (P < 0.001). The model for end-stage liver dis-

ease (MELD) score was significantly increased at W12 for

telaprevir (P = 0.008) and at W24 for boceprevir

(P = 0.027). PI-based triple therapy leads to high rates of

virological response even in previously non-responder

patients. Renal function after triple therapy is impaired as

well as MELD score in all patients. Cautious clinical moni-

toring should focus not only on haematological and der-

matological side effects but also on renal function.

Keywords: glomerular filtration rate, hepatitis C virus,

pegylated interferon, protease inhibitor, renal function,

ribavirin, triple therapy, virological response.

INTRODUCTION

About 130–170 million people are chronically infected with

the hepatitis C virus (HCV) worldwide [1], with 9 million

infected in the United States and Western Europe [2,3]. Dur-

ing the past decade, the standard of care for HCV treatment

was a combination of pegylated interferon (PEG-IFN) plus

ribavirin (RBV), allowing a sustained virological response

(SVR) rate of about 50% in patients with HCV genotype 1

[4,5]. Response to therapy varied according to genotype

with genotype 1 and 4 patients achieving lower SVR rates

than patients infected with genotype 2 or 3 (40–50% vs

>80%, respectively) [5,6]. Thus, the low SVR rate in geno-

type 1 and the poor response rates observed in special popu-

lations such as black patients and cirrhotics [7,8] have

driven the development of novel antiviral therapies, and the

Abbreviations: ANRS, National Agency for Research on AIDS and Viral Hepatitis; ANSM, The French National Agency for Medicines and

Health Products Safety; BMI, body mass index; EPO, Erythropoietin; eRVR, extended rapid virological response; GFR, glomerular filtration
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toxin extrusion type transporter 1; MATE, multidrug and toxin extrusion; MELD, model for end-stage liver disease; NPV, negative predictive

value; PEG-IFN, pegylated interferon; PI, protease inhibitors; PPV, positive predictive value; RBV, ribavirin; RVR, rapid virological response;
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combination of boceprevir or telaprevir – two protease inhib-

itors (PI) of the NS3/NS4A of HCV – with PEG-IFN/RBV has

become the new standard of care since the end of 2011

[9,10]. In boceprevir-based triple therapy, results from phase

III clinical trials reported 60% of SVR for naive patients

(SPRINT-2 study, [11]) and 63% for relapsers and previous

partial non-responders (RESPOND-2 study [12]). For telapre-

vir, SVR was reached in 75% of na€ıve patients (ADVANCE

[13] and ILLUMINATE [14] studies) and 71% of previous

relapsers or partial non-responders (REALIZE) [15]. Several

side effects have been reported in phase III trials such as hae-

matological side effects but also specific side effects such as

pruritus for telaprevir and dysgeusia for boceprevir [12,13].

More recently, renal impairment has also been associated

with telaprevir intake during triple therapy [16]. However,

data on triple therapy outside clinical trials are scarce.

The objective of the present study was thus to assess the

efficacy and tolerance of triple therapy in routine clinical

practice with a special focus on renal function.

MATERIALS AND METHODS

Patients

All patients (n = 186) receiving a triple therapy with boce-

previr or telaprevir in association with PEG-IFN/RBV at the

Department of Hepatology of the Croix-Rousse Hospital,

Lyon, France between January 2011 and November 2012

were enrolled. Among them, 40 (22%) were part of the CU-

PIC cohort with the following inclusion criteria: fibrosis

stage IV (i.e. cirrhosis), relapser or partial responder

(>2 log10 HCV RNA decline at Week 12) to a previous PEG-

IFN/RBV therapy, HCV genotype 1, no viral co-infection and

no transplantation. These patients received triple therapy as

compassionate use before the PI marketing authorization in

France (Boceprevir: 18/07/2011 and Telaprevir: 19/9/

2011) in an early access programme from The French

National Agency for Medicines and Health Products Safety

(ANSM). The CUPIC cohort was sponsored by the National

Agency for Research on AIDS and Viral Hepatitis (ANRS).

The remaining 146 patients started their treatment after the

marketing authorization. The only inclusion criterion was

HCV genotype 1 and absence of cirrhosis decompensation.

All patients received triple therapy planned for 48 weeks as

either PEG-IFN/RBV for 4 weeks + boceprevir/PEG-IFN/

RBV for 44 weeks for boceprevir-treated patients or telapre-

vir/PEG-IFN/RBV for 12 weeks + PEG-IFN/RBV for

36 weeks for telaprevir-treated patients. The choice of prote-

ase inhibitor was at the discretion of the physician and inde-

pendent of the patient’s characteristics such as presence or

absence of cirrhosis, high initial viral load, previous treat-

ment response or IL28B genotype. PEG-IFN alpha-2a was

prescribed in 82% of cases and alpha-2b in 18%. No differ-

ence in distribution of PEG-IFN type was observed between

boceprevir and telaprevir.

In this prospective study, demographic, biochemical and

virological data were collected at baseline and at different

time points during and after therapy to assess treatment

efficacy and safety. Fibrosis was assessed using the META-

VIR scoring system [17]. The cut-offs used in this study to

evaluate fibrosis score using transient elastography (Fibro-

Scan; Echosens, Paris, France) were 9.5 for F3 and 12.5

for F4 patients [18]. Some patients declined being treated

by triple therapy. The most frequent argument was the

presence of potential heavy side effects and the long dura-

tion of treatment.

Virological response

Rapid virological response (RVR) was defined as undetect-

able HCV RNA 4 weeks after treatment initiation and

extended rapid virological response (eRVR) as undetectable

HCV RNA at weeks 8 and 24 of therapy for boceprevir-trea-

ted patients or undetectable HCV RNA at weeks 4 and 12

for telaprevir-treated patients [15]. SVR was defined as

undetectable HCV RNA by sensitive assay (Abbott real-time

PCR; Abbott Molecular, Des Plaines, IL, USA) 12 weeks after

treatment end. Limit of HCV RNA detection was 12 IU/mL.

Safety

Data on adverse events (ANRS classification), modifications

of treatment, severe adverse events (SAE) and additional

treatments were collected. Erythropoietin (EPO) was used

when haemoglobin level was below 10 g/L. If the use of

EPO was not effective enough, RBV dose was reduced.

PEG-IFN dose was reduced when platelet level was below

60.109/L. The model for end-stage liver disease (MELD)

score (MELD = 3.78 [Ln serum bilirubin (mg/dL)] + 11.2

[Ln INR] + 9.57 [Ln serum creatinine (mg/dL)] + 6.43; any

value less than one was given a value of 1) [19] and glomeru-

lar filtration rate (GFR) assessed by the MDRD formula

[20] – mostly used in France in routine clinical practice –

were evaluated during triple therapy and 3 months after

PI cessation to evaluate specific effects of treatment on liver

health (MELD score) and on renal function (GFR).

Ethical consideration

All patients included in this study gave their written

inform consent to allow the use of their personal clinical

data in accordance with ethics regulations defined in

France by the Commission Nationale de l’Informatique et

des Libert�es (CNIL).

Statistical analysis

Nominal and categorical parameters were expressed as

absolute numbers and percentages. Mean and standard

deviation (�SD) were calculated for normally distributed

© 2014 John Wiley & Sons Ltd
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variables, and median and interquartile ranges for non-

normally distributed variables.

Characteristics were compared between both groups of

patients using a Pearson’s Chi-square test for categorical

parameters and a t-test or a non-parametric Mann–Whit-

ney test for continuous parameters.

The relationship between treatment response and

patients’ characteristics was studied using a binary logistic

regression analysis with an intention-to-treat (ITT)

approach [21]. For all analyses, a two-tailed significance

testing and a significance level of 0.05 were used. Statisti-

cal analysis was performed using SPSS version 19 for Win-

dows (SPSS Inc., Chicago, IL, USA).

RESULTS

Patient characteristics

Data on 186 consecutive HCV patients initiating triple

therapy were analysed among whom 128 (69%) received

telaprevir and 58 (31%) received boceprevir. Patient char-

acteristics are presented in Table 1. No clear-cut difference

appeared between both groups of patients. Male gender

was predominant (67.7%), and mean age was 55.2 years

(�10.9). About 48% of patients were infected by HCV

genotype 1a and 52% by genotype 1b. Twenty-two per

cent of patients were treatment naive, 27% were relapsers

and 49% were non-responders or partial responders to

PEG-IFN/RBV combination. Sixty-one per cent of patients

had cirrhosis. In the telaprevir subgroup, 2/128 patients

were co-infected with HIV and 1/128 with HBV, whereas

in the boceprevir subgroup, 2/58 were co-infected with

HIV and 3/58 with HBV. Both groups of patients were

comparable and were pooled together for specific analyses.

Virological response

The overall eRVR rate was 57%. In telaprevir-treated

patients, eRVR rate (60%) was slightly higher than that for

boceprevir (50%) but the difference did not reach statistical

significance (P = 0.231). The overall RVR rate was 58%.

Similarly, no significant difference was observed for RVR

with 61% and 51% for telaprevir and boceprevir, respec-

tively. Among 141 patients with information on SVR, the

overall SVR rate was 52.5% varying from 46.9% for boce-

previr to 55.4% for telaprevir (ITT analysis; P = 0.336). The

SVR rate increased from 30.8% in previous non-responders

to 59.1% in partial non-responders and 75% in relapsers.

SVR rate in naive patients was 62.5%. Among patients

with an end-of-treatment response, the relapse rate

was higher among boceprevir-treated patients (30.3%) than

among telaprevir-treated patients (12.1%; P =0.032),
whereas the proportion of true non-responders was simi-

lar in both treatment groups (16.9%). The overall rate

of viral breakthrough was 8.5% varying from 6.1% in

boceprevir-treated patients to 9.8% in telaprevir-treated

patients (P = 0.757). Among boceprevir-treated patients

with a decrease in initial viral load >1 log at the end of

the lead-in phase (week 4), 65% achieved SVR (positive

predictive value, PPV), whereas 87% of patients with a

decrease <1 log did not achieve SVR (negative predictive

value, NPV). Fourteen per cent of patients receiving tela-

previr stopped triple therapy because of adverse events

compared with 8.1% of patients receiving boceprevir

(P = 0.300).

Among patients with eRVR, 77% achieved SVR (PPV),

whereas 5% had a breakthrough and 18% relapsed.

Among patients without eRVR, 71% did not achieve SVR

(NPV; 48% were non-responders, 14% had a breakthrough

and 9% relapsed), whereas 29% still achieved SVR.

Factors associated with virological response

Univariate analysis showed that low baseline viral load

and IL28B CC phenotype were associated with increased

probability of achieving eRVR (Table 2). Conversely, null

response to a previous course of therapy was associated

with lower probability of eRVR (OR = 0.33; P = 0.022).

Except for IL28B not retained in the model (too limited

number of patients with IL28B information), these vari-

ables remained associated with eRVR after multivariate

analysis.

Predictive factors of SVR were also studied with univari-

ate and multivariate analysis (Table 3). In univariate

analysis, IL28B CC phenotype was associated with SVR

(OR = 3.54; P = 0.031), whereas null response to previous

therapy (OR = 0.27; P = 0.011) was associated with fail-

ure to achieve SVR. Presence of cirrhosis was slightly

above significance (OR = 0.53; P = 0.082). However, base-

line viral load was not associated with SVR (OR = 0.85;

P = 0.310). Using multivariate analysis, only null response

to previous therapy remained associated with a low chance

to achieve SVR (OR = 0.25; P = 0.039).

Evaluation of liver and renal functions

The evaluation of liver function (Fig. 1a) showed a signifi-

cant increase in the MELD score after 12 weeks of treat-

ment by telaprevir (P = 0.008) and after 24 weeks of

treatment by boceprevir (P = 0.025). A significant decrease

was also observed after cessation of telaprevir at W24

(P = 0.015) with a return to initial values (comparison

between D0 and W24 gives P = 0.672). Variations in the

three independent parameters of the MELD score (Fig. 1b)

showed that the major parameter correlated with MELD

score variations was creatinine level. No significant differ-

ence of MELD score variations was observed between cir-

rhotic and non-cirrhotic patients.

A significant decrease in GFR was observed in both

treatment groups after the introduction of the protease

© 2014 John Wiley & Sons Ltd
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inhibitor (Fig. 2). Three months after telaprevir with-

drawal, a return to normal values was observed whereas

for boceprevir-treated patients, the GFR remained signifi-

cantly below the baseline value three months after the end

of treatment. Figure 2(c,d) shows that 42% of patients

receiving telaprevir had their GFR below 90 mL/mn/

1.73 m2 during triple therapy (vs 28% at baseline) com-

pared with about 33% for boceprevir (vs 9% at baseline).

At week 12, the proportion of cirrhotics was similar in the

three GFR different groups (<60, 60–90 and >90;
P = 0.164). Moreover, more than 40% of all patients had

a maximal GFR decrease >20 mL/mn/1.73 m2 (40% for

telaprevir vs 48% for boceprevir).

When looking at the association between renal function

and virological response, it appears that 86% of patients

with a GFR decrease >20 mL/mn/1.73 m2 after telaprevir

exposure achieved eRVR compared with only 51% among

patients with a GFR decrease <20 mL/mn/1.73 m2 (P <
0.001). This association was not observed either for SVR or

for boceprevir-treated patients. Other factors such as age,

gender, body mass index (BMI) and fibrosis stage were not

correlated with a more significant decrease in GFR.

Side effects

Both drugs had heavy side effects (Table 4). More than half

of patients had some sign of anaemia (63% for boceprevir

and 47% for telaprevir; P = 0.050). The overall thrombo-

cytopenia rate was 35% and was slightly more frequent

with boceprevir (44%) than for telaprevir (30%) although

this difference did not reach statistical significance. Neutro-

penia was reported in 32% of all patients and was also

more frequent after boceprevir exposure (52.5%) than after

telaprevir use (23%; P < 0.001).

Table 1 Patient characteristics at baseline

Characteristics Telaprevir (n = 128) Boceprevir (n = 58) Total P

Age (years); mean � SD 55.8 � 10.1 53.8 � 12.4 55.2 � 10.9 0.235

Male gender, n (%) 86 (67.2) 40 (69.0) 126 (67.7) 0.810

BMI > 25, n (%) (n = 150) 50 (50.0) 30 (60.0) 80 (53.3) 0.247

Genotype, n (%) (n = 151)

1a 54 (51.4) 18 (39.1) 72 (47.7) 0.164

1b 51 (48.6) 28 (60.9) 79 (52.3)

Previous treatment response, n (%) (n = 176)

Na€ıve 28 (23.0) 11 (20.4) 39 (22.2) 0.918

Relapser 30 (24.6) 17 (31.5) 47 (26.7)

Viral breakthrough 2 (1.6) 1 (1.9) 3 (1.7)

Partial response 22 (18.0) 9 (16.7) 31 (17.6)

Null response 40 (32.8) 16 (29.6) 56 (31.8)

Diabetes, n (%) (n = 166) 24 (21.4) 12 (22.2) 36 (21.7) 0.907

Histology*, n (%) (n = 181)

F0–F1 23 (18.4) 5 (8.9) 28 (15.5) 0.155

F2 26 (20.8) 17 (30.4) 43 (23.8)

F3–F4 76 (60.8) 34 (60.7) 110 (60.8)

IL28B Genotype, n (%) (n = 70)

C/C 13 (27.1) 7 (31.8) 20 (28.6) 0.577

C/T 29 (60.4) 14 (63.6) 43 (61.4)

T/T 6 (12.5) 1 (4.5) 7 (10.0)

Anti-HBc, n (%) (n = 139)

Presence 35 (36.5) 20 (46.5) 55 (39.6) 0.263

Absence 61 (63.5) 23 (53.5) 84 (60.4)

Average duration of infection (years),

mean � SD (n = 80)

32.0 � 9.0 33.8 � 7.7 32.6 � 8.6 0.387

Viral load in log IU/mL,

mean � SD (n = 167)

6.0 � 0.84 5.8 � 0.68 5.9 � 0.79 0.145

ALT > ULN, n (%) (n = 158) 37 (33.0) 21 (45.7) 58 (36.7) 0.135

Creatinine level in lmol/L,

mean � SD (n = 149)

65.9 � 17.9 60.4 � 18.6 64.2 � 18.2 0.090

Model for end-stage liver disease score,

mean � SD (n = 114)

7.65 � 1.57 7.63 � 1.31 7.64 � 1.49 0.936

*Assessed in 89% of patients by transient elastography (FibroScan), 6% by Fibrotest and 5% by liver biopsy.

© 2014 John Wiley & Sons Ltd
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Concerning cutaneous adverse events, telaprevir

induced more side effects than boceprevir with pruritus/

erythema occurring in 72% and 54% of cases, respec-

tively (P = 0.018), but no severe rash (generalized rash

covering more than 50% of the body surface area) was

observed. Dysgeusia more often affected patients under

boceprevir therapy (15% vs 7% for telaprevir;

P = 0.013). No significant difference of side effect propor-

tions was observed between cirrhotic and non-cirrhotic

patients.

Table 3 Predictive factors of sustained virological response (n = 141)

Characteristics

Univariate analysis Multivariate analysis

OR [95% CI] P OR [95% CI] (n = 102) P

Age (n = 141) 1.02 [0.98–1.05] 0.351 – –
Gender – M vs F (n = 141) 0.80 [0.40–1.60] 0.520 0.55 [0.20–1.49] 0.238

Obesity (BMI > 25) – presence vs absence (n = 117) 0.67 [0.32–1.39] 0.279 – –
Diabetes – presence vs absence (n = 130) 1.09 [0.45–2.66] 0.855 – –
ALT (n = 121) 0.99 [0.99–1.00] 0.047 – –
Initial histology – cirrhosis vs non-cirrhosis (n = 139) 0.53 [0.26–1.08] 0.082 0.51 [0.19–1.35] 0.174

Previous treatment response vs na€ıve (n = 137)

Viral breakthrough 1.20 [0.10–15.20] 0.888 0.43 [0.02–11.55] 0.617

Null response 0.27 [0.10–0.74] 0.011 0.25 [0.07–0.94] 0.039

Partial response 0.87 [0.27–2.84] 0.813 0.70 [0.15–3.33] 0.651

Relapse 1.80 [0.59–5.51] 0.303 1.62 [0.42–6.30] 0.484

Genotype – 1b vs 1a (n = 113) 1.50 [0.71–3.13] 0.297 1.54 [0.59–4.07] 0.379

Initial viral load (n = 134) 0.85 [0.62–1.17] 0.310 0.86 [0.57–1.29] 0.455

Anti-HBc antibody – presence vs absence (n = 109) 0.81 [0.38–1.76] 0.595 – –
IL28 genotype* – C/C vs C/T vs T/T (n = 53) 3.54 [1.12–11.20] 0.031 – –

*This variable was not retained in the multivariate model since the information was available in a too limited number of

patients.

Table 2 Predictive factors of extended rapid virological response

Characteristics

Univariate analysis Multivariate analysis

OR [95% CI] P OR [95% CI] (n = 111) P

Age (n = 149) 0.98 [0.95–1.01] 0.293 – –
Gender – M vs F (n = 124) 1.83 [0.90–3.71] 0.092 1.84 [0.68–4.97] 0.231

Obesity (BMI > 25) – presence vs absence (n = 123) 1.01 [0.50–2.06] 0.972 – –
Diabetes – presence vs absence (n = 136) 0.90 [0.38–2.12] 0.816 – –
ALT IU/L at baseline (n = 117) 1.00 [0.99–1.00] 0.498 – –
Initial histology – cirrhosis vs non-cirrhosis (n = 146) 0.60 [0.3–1.19] 0.326 0.43 [0.16–1.14] 0.089

Previous treatment response – vs naive (n = 143)

Viral breakthrough 1.00 [0.81–12.4] 1.000 0.08 [0–115] 0.495

Null response 0.33 [0.13–0.85] 0.022 0.26 [0.08–0.88] 0.030

Partial response 0.63 [0.21–1.83] 0.391 0.39 [0.09–1.69] 0.210

Relapse 1.25 [0.43–3.59] 0.679 0.77 [0.22–2.71] 0.684

Genotype – 1b vs 1a (n = 118) 1.53 [0.73–3.19] 0.254 2.39 [0.93–6.12] 0.070

Initial viral load (n = 147) 0.58 [0.39–0.87] 0.008 0.48 [0.27–0.86] 0.014

Anti-HBc antibody – presence vs absence (n = 118) 0.93 [0.45–1.94] 0.844 – –
IL28 genotype* – C/C vs C/T vs T/T (n = 57) 2.53 [0.98–6.55] 0.056 – –

*This variable was not retained in the multivariate model since the information was available in a too limited number of

patients.

© 2014 John Wiley & Sons Ltd
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Erythropoietin (EPO) seemed more often prescribed for

patients receiving boceprevir (57.6%) than for patients

receiving telaprevir (42%; P = 0.065) with an average

time before EPO intake slightly shorter for telaprevir than

for boceprevir (53 vs 66 days, respectively; P = 0.191).

DISCUSSION

Based on a large number of patients enrolled within rou-

tine clinical practice, this study reports an overall SVR rate

of 52.5% varying from 48% in cirrhotic patients to 63% in
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non-cirrhotics. These SVR rates are higher than those pre-

viously reported in patients receiving PEG-IFN/RBV combi-

nation therapy (20% of SVR in cirrhotics [22]) and are

slightly higher than those reported in the CUPIC study

based on cirrhotic patients only (44% for telaprevir vs 38%

for boceprevir-treated patients) [23].

As expected, virological response is highly associated

with response to previous therapy with SVR rates ranging

from 31% in non-responders to about 63–69% in naive or

relapsers/partial responders. These results are of the same

magnitude as those reported in phase III trials [15].

Interestingly, 29% of patients failing to achieve eRVR in

our study still achieved SVR, suggesting a slow virological

response in these patients. Conversely, 23% of patients

with eRVR had a subsequent virological breakthrough or

relapse. eRVR was previously reported as being predictive

of SVR [24]. However, our results illustrate that this is not

the case in 20–30% of patients and suggest that treatment

could be successful with a slow virological response in

patients without eRVR as about a third of them might still

achieve SVR.

Univariate and multivariate analysis indicate that null

response to previous therapy is associated with failure to

achieve eRVR and SVR, whereas low baseline viral load

seems to be associated with eRVR but not with SVR. The

association between IL28B polymorphism and virological

response did not reach statistical significance for eRVR

despite elevated ORs but was associated with SVR, confirm-

ing the well-described association observed in PEG-IFN/

RBV combination [25–27]. Viral genotype (1b vs 1a) is

possibly associated with eRVR that is in line with previous

observations [15]. Cirrhosis is often associated with failure

to achieve SVR. In our study, despite an almost twofold

higher risk of not achieving SVR in presence of cirrhosis,
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the association between cirrhosis and treatment failure did

not reach statistical significance probably because of a too

limited number of patients.

Our results show a significant decrease in the GFR after

the introduction of the protease inhibitor in patients under

triple therapy. Such a decrease was recently reported in a

study limited to baseline, W12 and W24 of therapy [28].

For telaprevir-treated patients in our study, this impair-

ment of renal function seems reversible with a return to

normal function after telaprevir withdrawal. This decrease

in renal function after telaprevir exposure has been previ-

ously observed in an in vitro system [29]. Drug and cation

transporters such as the organic cation transporter 2 and

the multidrug and toxin extrusion (MATE)-type transporter

1 (MATE1) [30] seem indeed to be inhibited by telaprevir

exposure in HEK293 cell lines that over-express single

transporters. This type of mechanism could explain the

GFR decrease in patients treated by protease inhibitor. Fur-

thermore, an increase in serum RBV concentration has

also been observed in a group of patients treated by tela-

previr. Telaprevir-induced renal dysfunction leads to an

early elevation of serum RBV concentration in triple ther-

apy [31]. Interestingly, our results indicate that the eRVR

rate is higher in patients with renal function impairment

(86% in patients with GFR decrease >20 mL/mn/1.73 m2

vs 51% in patients with GFR decrease <20), suggesting

that a decrease in renal function could be associated with

a quick response to telaprevir possibly partly explained by

a better RBV bioavailability.

Model for end-stage liver disease score is useful to evalu-

ate liver health among cirrhotic patients. The increase in

the MELD score in our study is only due to the creatinine

increase after the dissociation of the three characteristics of

this score [no major variations have been observed for

Table 4 Side effects of triple therapy

Side effects Telaprevir (n = 128) Boceprevir (n = 58) Total P

Anaemia, n (%) 62 (47.3) 37 (62.7) 99 (52.1) 0.050

Degree*, n (%) (n = 56)

1 19 (73.1) 22 (73.3) 41 (73.2) 0.189

2 7 (26.9) 4 (13.3) 11 (19.6)

3 0 2 (6.7) 2 (3.6)

4 0 2 (6.7) 2 (3.6)

Thrombocytopenia, n (%) 40 (30.5) 26 (44.1) 66 (34.7) 0.070

Degree*, n (%) (n = 46)

1 7 (31.8) 9 (37.5) 16 (34.8) 0.505

2 9 (40.9) 6 (25) 15 (32.6)

3 6 (27.3) 9 (37.5) 15 (32.6)

Neutropenia, n (%) 30 (22.9) 31 (52.5) 60 (31.6) <0.001
Degree*, n (%) (n = 44)

1 8 (53.3) 9 (31.0) 17 (38.6) 0.374

2 4 (26.7) 9 (31) 13 (29.5)

3 3 (20.0) 8 (27.6) 11 (25.0)

4 0 3 (10.3) 3 (6.8)

Gastrointestinal, n (%) 42 (32.1) 18 (30.5) 60 (31.6) 0.831

Respiratory, n (%) 28 (21.4) 17 (28.8) 45 (23.7) 0.264

Muscular, n (%) 18 (13.7) 19 (32.2) 37 (19.5) 0.003

Skin, n (%) 94 (71.8) 32 (54.2) 126 (66.3) 0.018

Dysgeusia, n (%) 9 (6.9) 12 (15.3) 21 (11.1) 0.013

Therapeutic consequences

Early termination of treatment, n (%) 9 (15.3) 18 (13.7) 27 (14.2) 0.782

Dose reduction in pegylated interferon, n (%) 8 (13.6) 9 (6.9) 17 (8.9) 0.222

Dose reduction in Ribavirin, n (%) 27 (20.6) 11 (18.6) 38 (20.0) 0.906

Erythropoietin (EPO), n (%) 55 (42.0) 34 (57.6) 89 (46.8) 0.065

Time before EPO intake (Days), mean � SD 53.1 � 44.8 66.5 � 43.7 58.3 � 44.6 0.191

Transfusion, n (%) 15 (11.7) 4 (6.9) 19 (10.2) 0.435

Neupogen, n (%) 5 (3.8) 12 (20.3) 17 (8.9) <0.001
Revolade, n (%) 5 (3.8) 5 (6.8) 9 (4.7) 0.602

*Only a small proportion of patients had their haematological side effects classified according to National Agency for

Research on AIDS and Viral Hepatitis.
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International Normalized Ratio (INR) and bilirubin]. For

triple therapy-treated patients, MELD score should not be

used to evaluate liver health due to major significant varia-

tions in creatinine during triple therapy that could bias the

interpretation of the score.

Concerning side effects, boceprevir seems to more often

induce haematological effects probably because of the

longer duration of triple therapy. However in the present

study, the type of PEG-IFN (same distribution of PEG-IFN

subtypes among boceprevir and telaprevir-treated patients)

does not seem to impact the occurrence of side effects.

Anaemia is a well-known side effect of RBV exposure. Bor-

roni et al. [32] recently showed that low GFR was a risk

factor for RBV-associated anaemia. Molecular mechanisms

of RBV are also well-known to be associated with anaemia

[33]. Renal dysfunction due to PI could possibly increase

RBV concentration thereby inducing anaemia. No correla-

tion between haemoglobin level and GFR was observed

due probably to the early use of EPO in routine clinical

practice.

A possible limitation of our study is that it was not ran-

domized and that PI allocation was at the discretion of the

investigator. Therefore, the choice of PI could well be asso-

ciated with patient profile and especially disease severity.

However, the proportion of patients with severe fibrosis

(F3–F4) and MELD scores were very similar between both

groups of patients (Table 1), suggesting no bias in terms of

disease severity distribution. Another limitation is that

some data on disease severity such as albuminemia or

results from gastroscopic examination are lacking.

In conclusion, PI-based triple therapy leads to high rates

of virological response even in previously non-responder

patients. Non-response to previous therapy is strongly asso-

ciated with subsequent failure to achieve virological

response whereas baseline viral load only impacts early

viral kinetics. Results of eRVR should be cautiously inter-

preted because a substantial proportion of patients are slow

responders and may still achieve SVR. Moreover, renal

function is impaired in all patients whatever the type of PI

and patient characteristics. Clinical monitoring should thus

focus not only on haematological and dermatological side

effects but also on renal function.
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Summary
Background  and  objective:  To  assess  within  the  ANRS  CO20-CUPIC  cohort  whether  the viral  load
(VL) at week  2/week  6  for telaprevir/boceprevir-based  triple  therapy,  respectively,  was  predic-
tive of  sustained  virological  response  (SVR)  in  patients  with  hepatitis  C virus  (HCV)  infection
and to  study  the  relevance  of  this  measurement  to  early  diagnose  drug  resistance.
Methods: Observational  study  of  HCV  genotype  1  patients  with  compensated  cirrhosis  (Child-
Pugh A),  non-responders  to  a prior  course  of interferon  (IFN)-based  therapy  and  who  started
triple therapy.  Patients  received  either  12  weeks  of telaprevir  in combination  with  PEG-
IFN/ribavirin (RBV),  then  36  weeks  of PEG-IFN/RBV,  or  4  weeks  of  PEG-IFN/RBV,  then  44  weeks
of PEG-IFN/RBV  and  boceprevir.
Results:  A  total  of  262 patients  were  analyzed.  For telaprevir-treated  patients,  28%  had  unde-
tectable VL  at W2  of whom  81%  achieved  SVR12  whereas  67%  had  undetectable  VL  at W4 of
whom 67%  achieved  SVR12.  For  boceprevir-treated  patients  20%  had  undetectable  VL  at W6
and 86%  of  them  achieved  SVR12  whereas  36%  had  undetectable  VL  at  W8 among  whom  73%
achieved SVR12.  Five  telaprevir-treated  patients  had  a VL  increase  between  W2  and  W4 after
a decrease  between  D0  and  W2.  Four  of  them  did  not  achieve  SVR12.  Similarly,  six  boceprevir-
treated patients  had  a VL  increase  between  W6  and  W8  after  a  decrease  between  D0  and  W6.
Five did  not  reach SVR12.
Conclusions:  The  assessment  of HCV  RNA  level  after  two  weeks  of triple  therapy  in  cirrhotic
non-responder patients  is  a  good  predictor  of SVR.  This  assessment  was  useful  to  do  an  early
diagnosis of  viral  breakthrough.
© 2015  Elsevier  Masson  SAS.  All rights  reserved.

Introduction

About  130—170  million  people  are  chronically  infected  with
the  hepatitis  C virus  (HCV) worldwide[1],  with  9  million
infected  in  the  United States  and Western  Europe  [2,3].
During  the  past  decade,  the  standard  of  care  for HCV treat-
ment  was  a combination  of pegylated  interferon  (PEG-IFN)
plus  ribavirin  (RBV)  allowing a sustained  virological  response
(SVR)  rate  of about  50%  in patients  with  HCV  genotype  1
[4,5].  Response  to  therapy  varied  according  to  genotype  with
genotype  1  and  4 patients  achieving  lower  SVR  rates  than
patients  infected  with  genotype  2  or 3  (40—50%  vs.  >  80%,
respectively)  [5,6]. Thus,  the  low  SVR  rate  in genotype
1  and the  poor response  rates  observed  in special  popu-
lations,  such  as  black  patients  and  cirrhotics  [7,8]  have
driven  the  development  of  novel  antiviral  therapies  and
the  combination  of  boceprevir  or  telaprevir  —  two  protease
inhibitors  (PI) of  NS3/NS4A  proteins  of  HCV  —  with  PEG-
IFN/RBV  has become  the new  standard  of care  since  the  end
of  2011  [9,10].  In  boceprevir-based  triple  therapy,  results
from  phase  III  clinical  trials  reported  60%  of SVR  for  naive
patients  (SPRINT-2  study  [11])  and 75%  and  52% for  relapsers
and  previous  partial  non-responders  respectively  (RESPOND-
2  study  [12]).  For  telaprevir,  SVR  was  reached  in 75% of  naïve
patients  (ADVANCE  [13] and ILLUMINATE  [14] studies) and
83%  of previous  relapsers,  59% of  partial  non-responders  and
29%  of  previous  null responders  (REALIZE)  [15].

Many  studies  in the literature including  observational
studies,  clinical  trials  and  meta-analyses,  have  conclusively
shown  that a rapid  virological  response (RVR) defined  as  an
undetectable  HCV  RNA  at week  4  of  PEG-IFN/RBV  combi-
nation  therapy  was  highly  associated  with  SVR  in genotype
1  patients  [16]. In boceprevir-treated  patients,  a > 1 log10

decrease  of HCV  RNA  at  week  4  (end  of lead-in-phase)  is
associated  with  SVR. In  SPRINT-2  and RESPOND-2  studies,

88% and 86% of patients  with  undetectable  HCV  RNA  at
week  8  (week  4 of boceprevir)  subsequently  achieved  SVR
[11,17].  For  triple therapy,  the notion  of  an  extended  rapid
virological  response  (eRVR),  defined  as  undetectable  HCV
RNA  at week  8  maintained  until  week  24  for  boceprevir,  and
as  undetectable  HCV  RNA  at  week 4 maintained  until week  12
for  telaprevir  has  been introduced.  In  telaprevir-treated
patients,  the  REALIZE  study  conducted  in  patients  previ-
ously  non-responders  to  PEG-IFN/RBV  combination  therapy,
reported  that  the  eRVR was  the  highest  predictive  factor  of
SVR  [15,18]. Similarly,  in  the  French  CUPIC  cohort,  the  viro-
logical  response  at  week  4  for  telaprevir-treated  patients
and  week  8  for boceprevir-treated  patients,  was  associated
with  SVR  [19]. In  a  recently  published  paper,  we showed
that  the  positive  predictive  value  (PPV)  of  eRVR  was  87% for
telaprevir  and  56% for boceprevir  [20]. However,  the  pre-
dictive  impact  of  an earlier  detection  of  HCV  RNA  remains
unknown.

French  guidelines  recommended  the  measurement  of
HCV  RNA level after  two  weeks  of triple  therapy  in order
to  early  detect  the  emergence  of resistance  mutations  [21].

In  this  study,  we assessed  whether  the  viral  load  at
week  2/week  6  for telaprevir/boceprevir-treated  patients,
respectively,  was  predictive  of SVR  and assessed  the rele-
vance  of  this  measurement  to  early  detect  resistance
mutations  and  to  adapt  therapeutic  strategies.

Material  and  methods

Patients

The  ANRS  CO20-CUPIC  cohort  (ClinicalTrials.gov  number
NCT01514890)  is  a  national  multicenter  prospective  cohort
study  conducted  in 56  French  centres.  From  February
2011  to  April  2012,  patients  with  compensated  cirrhosis
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(Child-Pugh  class  A)  chronically  infected  with  HCV genotype
1,  who  did  not  achieve  SVR after  a prior  course  of  IFN-based
therapy  and  who  started  triple therapy,  were  recruited.  Ini-
tially,  only  relapsers  and partial responders  were  eligible  in
the  French  early  access  program.  Since the  approval  of  both
PIs,  the  inclusion  criteria  were  amended  in September  2011
allowing  the inclusion  of null responders.  Patients  received
either  12 weeks  of  telaprevir  in combination  with  PEG-
IFN/RBV,  then  36  weeks  of PEG-IFN/RBV,  or 4  weeks  (lead-in
phase)  of  PEG-IFN/RBV,  then 44  weeks  of  PEG-IFN/RBV  and
boceprevir,  according  to  the  European  label.

In  the  present study,  only  patients  with  viral  load  assess-
ment  at week  2  for telaprevir  or week  6  for  boceprevir
were  kept  for the analysis.  Patients  with  HIV  or HBV
co-infection,  renal  insufficiency  (defined  by creatinine
clearance  <  50 mL/min) or organ  graft  were  not  eligible  for
inclusion.  More details  on patients’  inclusion  in  the  CUPIC
cohort  were  given  previously  [19,22].

HCV  RNA level  monitoring

HCV  RNA  levels  were  measured  at  baseline  and  at weeks  2,
4,  6, 8, 12,  16,  24,  36,  and 48 of  therapy,  and  12  weeks
after  the  end  of treatment,  with  a  real-time  PCR based
assay,  either  COBAS AmpliPrep/COBAS  TaqMan  (Roche Molec-
ular  Systems,  Pleasanton,  California)  with  a  lower limit  of
detection  of  15 IU/mL,  or m2000SP/m2000RT  (Abbott  Molec-
ular,  Des  Moines,  Illinois),  with  a  lower  limit of  detection  of
12  IU/mL.  Both assays  have  been validated  for  their  accuracy
in  patients  infected  with  HCV  genotype  1  [23,24].

Treatments

Treatment  was  prescribed  at  the  discretion  of each
investigator  without  randomization,  which  precludes  any
comparison  between  the  two treatment  regimens.

Statistical  analyses

Quantitative  variables  were  presented  as the
mean  ± standard  deviation.  Categorical  variables  were
studied  using  the two-sided  Chi2 test whereas  quantita-
tive  variables  were analyzed  using  t-test.  A ROC  curve
analysis  was  performed  to  study the  viral  load  decrease
after  two  weeks  of triple  therapy  as  a  predictor  of SVR. A
logistic  regression  analysis  was  also  conducted  to  identify
factors  potentially  associated  with  SVR.  Statistical  analysis
was  performed  using  SPSS  v.19.0  for Windows  (SPSS Inc.,
Chicago,  Illinois,  USA).  All  statistical  tests  were two-sided
and  a P value  <  0.05  was  considered  statistically  significant.

Ethical  consideration

Written  informed  consent  was  obtained  from each  patient
before  enrolment.  The  protocol  was conducted  in accor-
dance  with  the  Declaration  of Helsinki and  French  law  for
biomedical  research  and was  approved  by the  ‘‘Île  de  France
IX’’  Ethics  Committee  (Créteil,  France).

Results

Patients’  characteristics

Data  on 262  patients  from  the  ANRS  CO20-CUPIC  initiat-
ing  triple therapy  with  boceprevir  or  telaprevir  combined
with  PEG-IFN/RBV  were  analyzed. Twenty-two  patients
who  received  a  4-week  PEG-IFN/RBV  lead-in phase  before
telaprevir-based  triple  therapy  were previously  excluded.
Patients’  characteristics  are  presented  in  Table  1. Male  gen-
der  was  predominant  in  both  groups  of patients  (74.4%  for
boceprevir  and  70.9% for telaprevir)  and  mean  age was
59.3  years  (±  8.5) and  58.7 years (± 10.5)  for  boceprevir  and
telaprevir,  respectively.  HCV  genotype  1b  was  more  predom-
inant  than  1a in  both  groups  of  patients  (62.0%  and  62.3%
respectively).  Previous  treatment  status was  similar in both
groups  with  about  15—19% of  null  responders,  42—46%  of
partial  non-responders  and  33-37%  of  relapsers.

Patients’  characteristics  are  similar to  those  from the
overall  CUPIC  cohort  in  terms  of gender,  age, BMI,  HCV
subtype  (1a/1b),  previous  treatment  response  and  IL28B
polymorphism  [19,22].

Predictive  factors  of virological response

The  SVR12  rate  was  55% for  telaprevir  and  46%  for  bocepre-
vir.  For  telaprevir-treated  patients,  28% had undetectable
viral  load  at  week  2 of  whom  81% achieved  SVR12  (posi-
tive  predictive  value,  PPV)  whereas  67% had undetectable
viral  load  at week  4  of  whom  67% achieved  SVR12 (Fig.  1A).
For  boceprevir-treated  patients,  20%  had  undetectable  viral
load  at week  6  and  86% of them  achieved SVR12  whereas
36%  had undetectable  viral  load  at week  8  among  whom
73%  achieved  SVR12 (Fig.  1B).  On  the  other  hand,  55%
of  patients  with  a detectable  viral  load  at week  2 and
63%  of patients  with  a detectable  viral  load  at week
6  had  no  SVR12  (negative  predictive  values,  NPV).  For
telaprevir-treated  patients,  univariate  analysis  indicated
that  predictive  factors  of undetectability  at  week 2  were
low  initial  viral  load  (P  <  0.001)  and  previous  treatment
response  with  19% of undetectability  among  NR patients,
20%  among  partial NR and  41%  among  relapsers  (P  =  0.012).
For  boceprevir-treated  patients,  the only  predictive  factors
of  undetectability  at  week  6  were IL28B genotype  (P = 0.050)
and  previous  treatment  response  with  7%  of  undetectabil-
ity  among  NR patients,  13%  among  partial  NR and  35%
among  relapsers  (P =  0.047).  For  telaprevir-treated  patients,
a  multivariate  logistic  regression  analysis  indicated  that  only
initial  viral  load  remained associated  with  undetectabil-
ity  at  week  2  whereas  for  boceprevir-treated  patients,  no
factor  remained  associated  with  undetectability  at week
6.

Percentage  of  viral  load  decrease  between  treatment  ini-
tiation  (D0) and  week  2/week  6 was  calculated.  Using a  ROC
curve  analysis,  cut-off  values  which best  predicted  SVR  were
then  determined.  For  telaprevir,  a 70%  decrease  of viral  load
between  D0 and  week  2  gave  the  best  compromise  sensitiv-
ity/specificity  (AUC  =  0.612;  P =  0.037;  Se = 53%, Spe = 58%)
and  for boceprevir,  a 50% decrease  between  D0 and  week
6  gave the  best  ratio  sensitivity/specificity  (AUC  =  0.759;
P  <  0.001;  Se  =  86%,  Spe  =  58%).  Three  patient  profiles were
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Table  1  Patients’  characteristics  at  triple  therapy  initiation.

Characteristics  (n  =  262)  Boceprevir  (n =  90)  Telaprevir  (n  =  172)

Male  gender  n  (%)  67  (74.4)  122  (70.9)
Age, mean  ± SD  59.3  ±  8.5  58.7  ±  10.5
BMI, mean  ± SD  26.1  ±  4.2  26.6  ±  4.1
HCV genotype  n  (%)

1a 30  (38.0)  58  (37.7)
1b 49  (62.0) 96  (62.3)
1 unspecified 11  18

Previous treatment  response  n  (%)
Null response 13  (15.5) 32  (19.3)
Partial non-responder  39  (46.4)  69  (41.6)
Relapser 28  (33.3)  62  (37.3)
Viral breakthrough  4  (4.8) 3  (1.8)
Non-available 6  6

IL28B genotype  n  (%)
C/C 10  (16.1)  14  (12.2)
C/T 43  (69.4)  80  (69.6)
T/T 9  (14.5)  21  (18.2)
Non-available 28  57

defined  according  to  their  viral  load  decrease at  week  2
or  week  6, respectively:  patients  with  a decrease of less
than  70%  (or 50%),  patients  with  a  decrease  of more  than
70%  (or  50%),  and  patients  with  undetectable  viral  load  at

week  2  (or  week  6  for boceprevir).  Among  telaprevir-treated
patients,  60% of  those  with  a  >  70% decrease  in viral  load
at  week  2 achieved  SVR12  (PPV)  whereas  63% of  patients
with  a  decrease  <  70%  did  not  achieve  SVR12 (NPV).  For

Figure  1  Sustained  virological  response  rate  (SVR)  according  to  early  HCV  RNA  undetectability.  A.  Telaprevir-treated  patients.  B.
Boceprevir-treated patients.
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boceprevir-treated  patients,  PPV  and  NPV  were 56%  and
87%,  respectively  for a viral  load  decrease  of 50%.

A  decision  tree  using  SVR12  as  dependent  variable
was  performed  including  previous  treatment  response  and
week  2  virological  responses.  For  telaprevir-treated  patients
(Fig.  2A),  previous  treatment  response  was highly  predictive
of  subsequent  treatment  response  with  SVR12  rates  varying
from  22% in previous  null responders,  43%  in partial  NR,  and
81%  in relapsers/breakthrough.  Among  previous  null  respon-
ders,  week  2  virological  response  was  a good predictor  of
SVR12  with  67% of patients  undetectable  at  week  2 reach-
ing  SVR12  compared  with  only 11% of patients  detectable  at
week  2 (P =  0.010).  Similarly,  among  partial  NR  with  unde-
tectable  viral  load  at  week  2  (or  decrease  >70%  of  initial
viral  load),  61%  achieved  SVR12  vs.  24% of those  with  a
decrease  <  70%  (P = 0.006).  Among  relapsers/breakthrough,
the  SVR12  rate  varied  from  68%  in  patients  with  viral  load
decrease  <  70%  at  week  2  to  87% in  those  being  undetectable
or  with  a  decrease  >70%  (P = 0.080).

Among  boceprevir-treated  patients,  virological  response
at  week  6  was  also  associated  with  SVR12  both  in partial
NR  (P  < 0.001)  and  in relapsers/breakthrough  (P  =  0.039;  see
Fig.  2B).  In  the  NR group,  the  number of patients  was  too
limited  to  assess  the  effect  of viral  load  at  week  6.

Early  detection  of  viral  breakthrough

Among  telaprevir-treated  patients,  five had  an increase
of  their viral  load  between  week  2 and  week 4  after  a
decrease  of their  initial  viral  load  between  D0 and  week
2  (Fig.  3A). Four  of  them  did  not  achieve  SVR12  despite  a
global  decrease  of  their  initial  viral  load  between  D0 and
week  4.  Similarly,  six  boceprevir-treated  patients  had  an
increase  of their  viral  load  between  week  6  and  week  8  after
a  decrease  of their  initial  viral  load  between  D0  and  week  6
(Fig.  3B).  Five  of them  did  not  reach  SVR12  despite  a  global
decrease  of their  initial  viral  load  between  D0 and  week
8.

Discussion

This  sub-analysis  of  the ANRS  CO20-CUPIC  cohort  focused
on  the  role  of  the  assessment  of  HCV  RNA level  two weeks
after  the  introduction  of  a protease  inhibitor  with  or  without
a  lead-in phase  of  PEG-IFN/RBV.  Despite  French  guidelines
which  recommended  the  measurement  of HCV  RNA level  at
week  2 of  triple  therapy,  only  about 43% of  all  CUPIC patients
were  evaluated  at  week 2/week  6. However,  patients  ana-
lyzed  in our study  did  not  differ  from  the overall  CUPIC
cohort,  which  precludes any  selection  bias.

During  PEG-IFN/RBV  double therapy,  early  HCV  RNA  unde-
tectability  at  week  4  was  associated  with  a  high  positive
predictive  value  of SVR  whereas  patients  with  detectable
HCV  RNA level  at  week  4  had  a low  probability  of achieving
SVR.  This early  undetectability  of  HCV  RNA  was  even  more
strongly  associated  with  SVR  than  IL28B  genotype.  With  the
recent  use  of  more  effective  DAA,  HCV  RNA undetectabil-
ity  appears  earlier  during  therapy  and most  patients  have
undetectable  viral  load  at  week  4  of triple  therapy  (68%
of  naive patients  for telaprevir and  57%  of  naïve  patients
for  boceprevir)  [11,13].  Among  these  patients  more  than

80%  achieve  SVR. Among  treatment-experienced  patients
the  proportion  of HCV RNA  undetectability  at  week  4  is lower
but  this  undetectability  is still  associated  with  SVR.  This  fast
virologic  response led  us  to  evaluate  the  role  of  viral  load
assessment  at  week 2  of  triple  therapy  in order  to  identify  a
potential  earlier  predictive  factor  of SVR. The  positive  pre-
dictive  values  of  SVR  associated  with  the  undetectability  at
week  2  were  high  (81%  and  86% for telaprevir  and  bocepre-
vir,  respectively)  and even  higher  than  those  at  week  4  of
triple  therapy  (67%  and  73%  for telaprevir  and  boceprevir,
respectively).  Conversely,  the  negative  predictive  value  was
really  low  (55%  and 63%).  Viral  load  assessment  at  week 2 can
thus  hardly  be  used  to  early  detect  a  non-response  to  triple
therapy  and  to  stop  therapy  in these  patients.  Indeed,  45%
and  37%  of  patients  treated  with  telaprevir  and  boceprevir,
respectively  and  with  detectable  HCV RNA  at  week 2 still
achieved  SVR12.

Using  a ROC  curve  analysis,  we determined  the  thresh-
old  of HCV  RNA decrease  between  D0  and  week 2  that
could  predict  SVR12.  However,  the  prognostic  value  of
these  thresholds  is not  high  enough  and  cannot  be used  for
response  guided  therapy.

A decision  tree  indicates  that  among  cirrhotic  non-
responder  patients  treated  with  telaprevir,  only 11.5%  of
those  with  a detectable  HCV RNA at  week  2  achieved  SVR12.
Among  this  subgroup,  the  too limited  number  of  patients  did
not  allow  us  to  distinguish  between  those  with  a  viral  load
decrease  <  and  >  70%.  However,  since  patients  with  cirrho-
sis  have  a  high  likelihood  of developing  severe  side  effects
while  on first generation  triple  therapy,  it  is probable  that
treatment  cessation  could  be considered  in  previous  null
responder  patients  failing  to  achieve  a  70%  decrease  of  viral
load  at  week  2.  A  similar  strategy  could  be discussed  in  par-
tial  non-responders  with  an  HCV  RNA  decrease  <  70%  at  week
2  since SVR12  is  only achieved  in  24% of  cases.  However,
in patients  with  previous  relapse  or breakthrough  with  HCV
RNA  decrease  <  70% at  week  2, virological  assessment  should
be  confirmed  at week  4. Since  this  study  was  conducted
on  a group  of cirrhotic  non-responder  patients  (difficult-to-
treat  and  with  characteristics  which  may  impact  the  initial
viral  load  decrease),  our  results  are not  representative  of
the  overall  HCV  population.  Unfortunately,  data on  IL28B
genotype  was  only available  in  73% and  66%  of  telaprevir-
or  boceprevir-treated  patients, respectively.  Nevertheless,
as  already  reported,  the  impact  of  IL28B genotype  on treat-
ment  response  seems  less  important  during  triple therapy,
and  more  particularly  for telaprevir  [18].

The  CUPIC  study  has shown  that  telaprevir-  or  boceprevir-
based  triple  therapy  was  associated  with  a  poor  tolerance  in
cirrhotic  patients  [19,22]. In such  patients  developing  severe
side  effects  and for  whom the  probability  of achieving  viro-
logical  response  is limited, early  treatment  discontinuation
could  be proposed.  In this  context,  virological  assessment
at  W2 could  be useful  to  limit  triple  therapy  based  strate-
gies  to  patients  with  high  probability  of achieving  virological
response.

The  second  potential  role  of HCV  RNA  assessment  at  week
2/week  6  of  therapy  is  to  detect  viral  breakthrough  early.
During  phase  I and phase  II clinical  trials,  an increase  of HCV
RNA  level was  observed  just  after  a  quick initial  decrease  of
HCV  RNA during  the  first  week of  triple  therapy  suggest-
ing  the  possible  emergence  of a  new viral  strain  with  PI
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Figure  2  Decision  tree  giving  the  proportion  of  patients  achieving  SVR12  according  to  previous  treatment  response  and  viral  load
at week  2/week  6.  In  each  box,  the  probability  of achieving  SVR12 is  given.  Figures  slightly  differ  from  the  total  number  of cases  since
only patients  with  information  on  previous  treatment  response  are  included.  A.  Telaprevir-  treated  patients.  B.  Boceprevir-treated
patients.

resistance  mutation.  Under DAA  pressure,  this  resistant  viral
population  will increase  rapidly  and  become  the  major  viral
population.  At  the end of therapy,  the new viral  strain  with
resistance  mutation  will  become  progressively  undetectable
but  can  survive  until  2 years after  the  end of  treatment.
Thus,  it  was  recommended  to  stop  treatment  as  soon  as  pos-
sible  after  the  emergence  of a viral  resistance  strain  [21,25].
In  our  study,  11  patients  had  an early  viral  breakthrough
characterized  by  a  decrease  of HCV  RNA level during the  first
2  weeks  of  triple  therapy  followed  by an  increase  of  HCV  RNA
level  between  week  2 and  week  4.  Nine  of these  patients  did
not  achieve  SVR.  If the  viral  load  was  not  assessed  at  week
2,  this  viral  breakthrough  would  not  have  been detected
until  week  8  of  triple  therapy,  with  as a result,  long-term
virological,  clinical  and  psychological  consequences  for  the
patients.

Even  if these situations  are  rather  uncommon,  the  poten-
tial  consequences  justify  the  viral  load  assessment  at  week
2/week  6. Virological  monitoring  at week  2/week  6 is thus
relevant  both  for the early  detection  of  resistance  mutation
allowing  early  treatment  discontinuation,  but also  for the
early  assessment  of  treatment  compliance.

However,  the  use  of  first  generation  PI-based  triple  ther-
apy  is  today  questionable  and  not  anymore  recommended
by  most  of  current  guidelines.  Emerging  therapies  with  DAA
based  IFN-free  regimens  may  thus  limit  the interest  of  our
findings.  However,  because  of  cost  issues,  access  to  these
new  therapies  is  still limited  in many  parts  of  the  world [26]
where  PI-based  therapy  may  remain a treatment  option  to
treat  patients  who  failed  previous  PEG-IFN/RBV-based  ther-
apy.  Moreover,  beside  IFN-free  regimens,  the  latest EASL
recommendations  for HCV genotype  1  patients  still include
PEG-IFN/RBV  combined with  either  sofosbuvir,  simeprevir,
or  daclatasvir  [27].  In  that  respect,  the  results  of  our study
could  provide  new clinical  meaningful  information  for a bet-
ter  management  of PEG-IFN/RBV-based  triple therapy.

In  conclusion,  the  assessment  of HCV  RNA level  two  weeks
after  the  introduction  of a PI  in cirrhotic  non-responder
patients  is  a good  predictive  factor  of  SVR.  This could  be
useful  in  patients  who  had  previously  failed  a PEG-IFN/RBV
therapy,  or in  cirrhotic  patients  with  high  risk  of  side  effects.
In  such  patients,  treatment  could  be  discontinued  in  those
with  a low  probability  of  response.  Moreover,  HCV  RNA
assessment  at  week  2  may  be useful  to  detect  early  viral



Early viral  kinetics  during  triple  therapy  449

Figure  3  Patients  with  early  virological  rebound.  A.  Telaprevir-treated  patients  with  virological  rebound  between  W2 and  W4.  B.
Boceprevir-treated patients  with  virological  rebound  between  W6  and  W8.

breakthrough.  In such  cases,  treatment  can  be withdrawn
earlier  to  prevent  the  outgrowth  of  viral  resistant  strains.
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Background: Anemia is more frequent in patients receiving telaprevir with PEGylated interferon/ribavirin (PEG-IFN/RBV) than in those 

receiving PEG-IFN/RBV alone.
Objectives: The objective was to measure the impact of telaprevir on RBV bioavailability and to assess the concomitant renal function.
Materials and Methods: Thirty-seven hepatitis C virus (HCV) patients non-responders to a previous course of PEG-IFN/RBV therapy and 

re-treated with triple therapy combining PEG-IFN/RBV and telaprevir were analyzed. RBV bioavailability was measured before the triple 
therapy initiation, during telaprevir treatment at week (W) 4 and W8, and after telaprevir cessation (post W16). The renal function was 

assessed by estimating the glomerular filtration rate (eGFR).
Results: At W4, RBV bioavailability, expressed as mg/L/daily dose/kg body weight, was significantly increased (median increase = 0.06 mg/L/

dose/kg; P < 0.001). In parallel, the renal function was impaired with a mean eGFR decrease of -6.8 mL/minutes/1.73 m² (P = 0.109). Between 
W4 and W8, RBV bioavailability continued to increase (P < 0.001) but subsequently decreased slightly after telaprevir discontinuation with 

a concomitant restoration of the renal function (eGFR increase of 6.34 mL/minutes/1.73 m²).
Conclusions: Our results indicated a reversible increase in RBV bioavailability after telaprevir exposure, which might be linked to the 

impairment of the GFR. This also suggests a RBV-telaprevir pharmacological interaction, a possible source of severe anemia observed 
under triple therapy. These results suggest that RBV pharmacological monitoring may be clinically relevant, especially in the context of 

first-generation HCV protease inhibitor-based therapy.
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1. Background
Before the arrival of new direct-acting antiviral agents 

(DAAs), triple therapy combining PEGylated interferon 

(PEG-IFN), ribavirin (RBV), and protease inhibitors (bo-

ceprevir or telaprevir) was the standard of care for the 

treatment of hepatitis C virus (HCV) infection (1-4).

Anemia is commonly observed during RBV-based ther-

apy and often results in dose reduction and decreased 

antiviral efficacy. Because of a large inter-individual vari-

ability in exposure (5-7), the weight-based RBV daily dose 

is poorly correlated with the RBV plasma concentration 

(8). Previous studies have indicated that anemia is about 

twice more frequent in patients receiving telaprevir with 

PEG-IFN/RBV than in those receiving PEG-IFN/RBV alone (9).

2. Objectives
The objective of this study was to determine whether tel-

aprevir-based therapy was associated with an increased 

RBV plasma exposure, which could in part explain the in-

creased incidence of anemia. In parallel, we studied the 

impact of telaprevir on the renal function.
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3. Materials and Methods

3.1. Patients

HCV patients with a previous non-response to PEG-IFN/

RBV therapy and re-treated with PEG-IFN/RBV and telapre-

vir were prospectively recruited from the department of 

hepatology, Croix-Rousse hospital, Lyon, France. Non-re-

sponse was defined as a failure to achieve a sustained vi-

rological response and could thus include null response, 

virological breakthrough, and virological relapse. Pa-

tients with decompensated liver cirrhosis were not in-

cluded. Patients were selected if they had consecutive 

assessment of plasma RBV trough concentrations (pre-

scribed at the clinician’s discretion). Baseline was consid-

ered as the date of triple therapy initiation. Patients with 

chronic kidney disease (CKD) stage 4 (estimated glomer-

ular filtration rate (eGFR) < 30 mL/minutes/1.73 m2) were 

excluded from the study.

3.2. Assessment of Plasma Ribavirin Concentration

Plasma RBV trough concentrations were measured 

using a validated high-performance liquid chromatog-

raphy-diode array detector method (10). This method 

is highly specific, sensible (limit of quantification = 

0.05 mg/L), and precise (total imprecision, calculated 

by measuring the coefficient of variation of the inter-

nal quality control values, was < 10% for concentrations 

from 0.20 - 5.00 mg/L). Plasma RBV trough concentra-

tions were measured before telaprevir initiation dur-

ing the previous course of PEG-IFN/RBV combination 

therapy (T-1), during the early phase (week (W) 4 ± 2 

weeks), the later phase (W 8 ± 2 weeks), and after tela-

previr cessation (at least 4 weeks after telaprevir with-

drawal (W16)).

As RBV daily doses may vary among patients and dur-

ing the study course, RBV exposure was calculated using 

the ratio concentration/dose/body weight and used as a 

mean of estimated inter-individual bioavailability.

3.3. Renal Function Assessment

The commonly used Modification of the Diet in Renal 

Disease (MDRD) study equation was used for the eGFR as 

follows: in males: 186 × (creatinine × 0.0113) -1.154 × age - 0.203. 

If the patient was of African origin or female, multiplica-

tive factors of 1.21 and 0.742 were applied, respectively. The 

occurrence of renal insufficiency during treatment was 

defined as an eGFR < 60 mL/minutes/1.73 m2.

3.4. Statistical Analysis

The nominal and categorical parameters were ex-

pressed as absolute numbers and percentages. Means 

and standard deviations (± SD) were calculated for the 

normally distributed variables, and medians and inter-

quartile ranges (IQR) for the skewed variables.

The non-parametric test for paired data (Wilcoxon test) 

was used to analyze the variations in RBV bioavailability 

and the eGFR before, during, and after triple therapy.

A P value < 0.05 was considered statistically significant. 

All the analyses were performed using Statistical Package 

for the Social Sciences (SPSS), version 19.0 for Windows 

(SPSS Inc., Chicago, Illinois, USA).

3.5. Ethical Consideration

All the patients included in this study gave their writ-

ten inform consent to allow the use of their personal 

clinical data in accordance with the ethics regulation 

defined in France by the CNIL (Commission Nationale de 

l’Informatique et des Libertés).

4. Results
The data on 37 consecutive HCV patients initiating tri-

ple therapy were analyzed. The patients’ characteristics 

are presented in Table 1. Male gender was predominant 

(73.0%), and mean age was 56.5 years (± 10.7). Thirty-one 

per cent of the patients were cirrhotics, among whom 18% 

had some sign of decompensation. Three (8.1%) patients 

had renal insufficiency defined as 30 < eGFR < 60 mL/

minutes/1.73 m² (CKD stage 3). One patient with severe 

renal insufficiency (eGFR < 30 mL/minutes /1.73 m²) was 

excluded from the analysis.

A significant increase in RBV bioavailability was ob-

served between T-1 and W4 (N = 37, 0.06 ± 0.09 mg/L/dose/

kg; P < 0.001). This increase was even stronger between 

T-1 and W8 (N = 20, 0.18 ± 0.21 mg/L/dose/kg; P < 0.001). A 

significant increase was also observed between W4 and 

W8 (N = 20, 0.11 ± 0.17 mg/L/dose/kg; P < 0.001).

Among these patients, 13 had measures of RBV bioavail-

ability before, during, and after triple therapy. In this sub-

group of patients, similar results were observed with an 

increase after telaprevir initiation (0.08 ± 0.10 mg/L/dose/

kg between T-1 and W4; P = 0.017 and 0.07 ± 0.12 mg/L/

dose/kg between W4 and W8; P = 0.012). A decrease in 

bioavailability, albeit non-significant, was observed after 

telaprevir cessation (-0.03 ± 0.14 mg/L/dose/kg between 

W8 and W16; P = 0.839) (Figure 1). Eleven patients had a 

RBV dose reduction between W4 and W8, and all of them 

still increased their RBV bioavailability despite a reduced 

plasma concentration in five of them.

None of the following factors was predictive of the varia-

tions in RBV bioavailability: gender (P = 0.837); IL-28B geno-

type (P = 0.630); cirrhosis versus non cirrhosis (P = 0.414); fi-

brosis stage (P = 0.858); HCV genotype 1a versus 1b (P = 0.937); 

and body mass index (BMI) (P = 0.436), and nor was the eGFR 

at baseline associated with RBV bioavailability (P = 0.527). 

Only age was significantly associated with a higher increase 

in RBV bioavailability in the older patients (P = 0.011).

In parallel to these variations, the eGFR was evaluated. 

A decrease in the eGFR was observed between T-1 and W4 

(N = 37, -6.8 ± 25.21 mL/minutes/1.73 m2; P = 0.109) and an 

increase after telaprevir cessation in the subgroup of 13 



Pradat P et al.

3Hepat Mon. 2015;15(9):e28879

Table 1.  Patients’ Characteristics at Baseline

Characteristics Number of Patients Values a

Male gender 37 27 (73.0)

Hepatitis C virus genotype 34

1a 7 (20.6)

1b 13 (38.2)

1 undetermined 9 (26.5)

2 2 (5.9)

4 3 (8.8)

Genotype IL-28B 14

C/C 4 (28.6)

T/C 4 (28.6)

T/T 6 (42.8)

Presence of diabetes 37 4 (11.8)

Presence of renal insufficiency b 37 3 (8.1)

Fibrosis stage 35

F0/F1 11 (31.4)

F2 2 (5.8)

F3 11 (31.4)

F4 11 (31.4)

Body mass index, kg/m2 21 24.8 ± 3.0

Age, y 37 56.5 ± 10.7

a  Values are presented as No. (%) except Body Mass Index and age that are presented as mean ± SD.
b  Defined by 30 < estimated glomerular filtration rate (eGFR) < 60 mL/minutes/1.73 m².
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Figure 1. Mean Ribavirin Bioavailability and Estimated Glomerular Filtra-

tion Rate Assessed by MDRD Before, During, and After Telaprevir Exposure 

in Hepatitis C Virus Patients Treated With PEGylated Interferon /Ribavirin/

Telaprevir Combination

patients (6.34 ± 23.7 mL/minutes/1.73 m2; P = 0.243) (Figure 

1).

When comparing between three different groups of 

patients characterized by their eGFR at T-1 (i.e. eGFR < 

60, 60 - 90, and > 90 mL/minutes/1.73 m2, respectively), 

the group of patients with an initial eGFR > 90 was as-

sociated with the most important decrease in the eGFR 

between T-1 and W4 compared with the other two groups 

(P < 0.001). No significant difference in the mean RBV bio-

availability increase was observed between these three 

groups (P = 0.555).

Anemia was also assessed during the different phases 

of therapy. A significant decrease in the hemoglobin level 

was observed between T-1 and W4 (N = 36, 12.4 ± 22.9 g/L; P = 

0.004) and also between W4 and W8 (N = 20, 8.5 ± 18.8 g/L; P 

= 0.09). However, no significant variations were observed 

between W8 and W16 for the subgroup of 13 patients.

5. Discussion
The assessment of RBV bioavailability measures the 

actual exposure to RBV, whereas the trough plasma con-
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centration varies with posology. RBV bioavailability is 

known to range between 45% and 65% with an important 

variability within and between individuals, which can 

reach 30% after an oral single dose (11). Equilibrium state 

is reached after 4 weeks of multiple dosing and the half-

life is 300 hours. Our results showed that during triple 

therapy, RBV bioavailability was significantly increased 

after the introduction of telaprevir irrespective of the 

variations in the RBV doses. This increase was progres-

sive throughout exposure to telaprevir. After the cessa-

tion of the HCV protease inhibitor, a 4-week period was 

necessary to observe a decrease in RBV bioavailability. In 

parallel to these variations, the eGFR also seemed to have 

been impaired by telaprevir. Recently, some authors have 

shown in HIV-HCV coinfected patients that telaprevir 

enhances RBV-induced anemia through renal function 

impairment (12). Telaprevir was already known to play 

a role in the inhibition of renal drug transporter in the 

in vitro system (13). In HEK 293 cell lines, telaprevir expo-

sure seems to result in the inhibition of the organic cat-

ion transporter 2 (OCT2) and of the multidrug and toxin 

extrusion (MATE)-type transporter 1 (MATE1) (14). This 

mechanism could explain the eGFR decrease in patients 

treated with telaprevir, which in turn is a risk factor for 

anemia (15). RBV-induced anemia is thought to result 

from molecular mechanisms such as the inhibition of in-

tracellular energy metabolism and oxidative membrane 

damage (16). It is thus possible that renal dysfunction due 

to HCV protease inhibitor increases RBV exposure, there-

by inducing anemia.

Our study, including 37 patients, was possibly under-

powered to detect potential associations between RBV 

bioavailability and co-factors such as gender, BMI, and 

other clinical factors. In a previous study, Jen et al. (6) 

reported associations between the RBV apparent clear-

ance and body weight, gender, and age and showed that 

the RBV apparent clearance was increased among the 

patients with a higher BMI and among the males, but de-

creased among the patients above 40 years of age. This 

latter observation is in accordance with our results, show-

ing a higher increase in RBV bioavailability in the older 

patients. A more recent study also showed that among 

the HCV genotype 2/3 patients treated with PEG-IFN/RBV, 

obesity (BMI > 30) was associated with lower RBV concen-

trations (17). Similar findings were reported by Wade et 

al. (18), who observed that lean body weight was the only 

covariate with a clinically significant influence on RBV 

pharmacokinetics and that RBV exposure decreased as 

weight increased.

In the present study, we did not include data on albu-

min, bilirubin, or prothrombin time, involved in the 

hepatocellular function. However, various studies have 

demonstrated that the liver function has no effect on the 

RBV concentration (19-21).

Although conducted on a limited number of patients, 

our study clearly shows a reversible increase in RBV expo-

sure during telaprevir treatment, which might be linked 

to the impairment of the eGFR. This also suggests a RBV-

telaprevir pharmacological interaction, a possible source 

of severe anemia observed under triple therapy and al-

ready reported in HCV-monoinfected (22) or HIV-HCV coin-

fected cirrhotic patients (23). The persistence of a high RBV 

exposure despite RBV dose reductions recommended for 

severe anemia could explain why these dose reductions do 

not impact the virological response. As recently suggested, 

RBV pharmacological monitoring may still be clinically 

relevant even in the context of direct-acting antivirals-

based therapy (24, 25). This monitoring, potentially fol-

lowed by RBV dose adaptations, could ensure an optimal 

RBV exposure, thereby improving safety and reducing the 

relapse risk. Cautious clinical monitoring of patients fo-

cusing not only on hematological parameters but also on 

the renal function is warranted.
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a b s  t r  a c t

Background:  Sofosbuvir  (SOF)  plus  daclatasvir (DCV) with or without  ribavirin  is  one of  the  currently

recommended  treatment option  for  chronic  hepatitis C.

Aims:  Our  objectives  were to  identify  factors  associated  with  SOF/DCV plasma concentrations  [C]  varia-

tions  and to  evaluate  their  impact  on viral kinetics.

Methods:  130 consecutive HCV patients initiating  SOF/DCV therapy  with  or  without  ribavirin  were

enrolled.  Clinical, biological,  virological  and pharmacological data were collected  at  baseline,  at  week

4,  8, 12, and 24 of therapy  and 12 weeks after  the  end  of therapy.

Results:  Mean  age  was 57 years, 68%  of patients were  males, 69%  were  infected  by  HCV  genotype 1  and

cirrhosis  was observed in  76%  of patients.  Multivariate analysis showed that higher  SOF [C]  and DCV [C]

during  treatment  were  associated  with  eGFR  impairment  and  absence  of  cirrhosis.  We found  a  significant

correlation  between the  magnitude  of HCV  viral load decrease from day 0  to  week  4  and a higher  SOF [C]

at  week  4 (p = 0.032) and a  higher DCV [C] at week  8  (p  = 0.013).

Conclusions:  Pharmacological  monitoring showed  significant  associations  between  elevated SOF  or DCV

[C]  and absence  of  cirrhosis, decreased eGFR  and viral  load decrease during the first month of treatment.

©  2016 Editrice Gastroenterologica  Italiana  S.r.l. Published by Elsevier  Ltd. All rights  reserved.

1.  Introduction

About 170 million people are chronically infected with the

hepatitis C virus  (HCV) worldwide [1] and HCV is  a major cause

of cirrhosis and hepatocellular carcinoma [2]. Before the recent

approval of new direct-acting antiviral agents (DAA), triple therapy

combining PEGylated interferon (PEG-IFN), ribavirin, and protease

inhibitor (boceprevir or telaprevir) was the standard of  care for

HCV treatment [3,4]. Previous studies with PEG-IFN/ribavirin or

its association with telaprevir or  boceprevir showed an associa-

tion between ribavirin plasma concentration and  occurrence of  side

effects such as  anaemia and  renal dysfunction [5–8]. An impact of

∗ Corresponding author at: INSERM U1052, 151 Cours  Albert Thomas, 69003 Lyon,

France. Fax:  +33 4 72 68 19 71.

E-mail address: fabien.zoulim@inserm.fr (F. Zoulim).
1 Equal contribution.

ribavirin plasma concentration on viral  kinetics and efficacy has

also been reported [5,7,9–11].

Two recent DAAs NS5A/NS5B inhibitors (daclatasvir and sofos-

buvir) have been approved in Europe and in the USA  for the

treatment of HCV infection [12–14]. In phase III trials, a sustained

virological response 12  weeks after the end of therapy (SVR12) was

observed in  98% of genotype 1, 92% of genotype 2  and 89% of geno-

type 3 patients, respectively. No difference was observed between

regimens with or  without ribavirin [12].  Current guidelines recom-

mend for all patients a  dose of 60 mg  orally once daily of daclatasvir

and a dose of 400 mg  orally once daily of sofosbuvir with or with-

out ribavirin. Moreover, the recommended treatment duration is

12 weeks for non-cirrhotic and 24 weeks for cirrhotic patients [15].

As these new treatments are highly expensive, one of the current

questions is to shorten treatment duration without jeopardizing

the high SVR rate. Sofosbuvir first undergoes intracellular activation

into GS-461203 and is  then metabolized into  GS-331007 an inac-

tive renally eliminated metabolite that would present an interest

for therapeutic drug monitoring during therapy [16].  On the other

http://dx.doi.org/10.1016/j.dld.2016.07.014

1590-8658/© 2016 Editrice Gastroenterologica Italiana S.r.l. Published by Elsevier Ltd. All rights reserved.
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hand the renal clearance of daclatasvir is the minor elimination

pathway and no  impact on virological efficacy has  been observed

among patients with renal impairment [17].

Therefore, we evaluated in  patients treated with sofosbuvir plus

daclatasvir the potential factors associated with drug concentra-

tions and the impact of plasma concentration on  viral  kinetics.

2. Material and methods

2.1. Patients

All  HCV  infected patients from the Department of Hepa-

tology, Croix-Rousse Hospital, Lyon, France receiving sofosbu-

vir/daclatasvir with or without ribavirin between February and

September 2014 were considered. Other inclusion criteria were at

least one measurement of  sofosbuvir or  daclatasvir plasma concen-

tration during therapy and a  follow-up of at least 3 months after the

end of treatment. Exclusion criteria were severe renal failure (esti-

mated glomerular filtration rate (eGFR) < 30 ml/min/1.73 m2) and

liver transplantation during therapy. A total of 148 patients were

consequently considered and 18 (12%) of them were not eligible

and excluded from the analysis, among whom 6  (33%) had no mea-

surement of sofosbuvir/daclatasvir plasma concentration, 3 (17%)

had liver transplantation during therapy, 1  (6%) had severe renal

failure and 8  (44%) never started their treatment.

In  this retrospective analysis of prospectively followed patients,

demographic, clinical, biochemical and virological data were col-

lected at  baseline and at  different time points during treatment

(week 4, 8, 12 and 24) and 12 weeks after the end of therapy. More

than 95% of patients (N = 123) were treated during 24  weeks, among

whom 74% (N  = 91) received ribavirin and 7  patients were treated

during 12 weeks, among whom 71% (N =  5) received ribavirin. Sus-

tained virological response was defined as undetectable HCV RNA

by sensitive assay (Abbot real-time PCR, Abbott Molecular, Des

Plaines, IL, USA) 12 weeks after the end of  treatment (SVR12).  The

lower limit of quantification of HCV RNA was 12 IU/mL.

2.2. Assessment of sofosbuvir and daclatasvir plasma

concentration

Plasma trough concentrations of  sofosbuvir/daclatasvir were

assessed using  a  validated ultra-performance liquid chromato-

graphic method (UPLC) associated with tandem mass spectrometry

detector (Xevo-Waters). Regarding sofosbuvir, the main circulating

form in  plasma is the GS-331007 metabolite; sofosbuvir is regularly

undetectable in plasma 3  h  after the last intake. Consequently, in

this study, we used the metabolite plasma concentration as surro-

gate marker of sofosbuvir exposition [16]. Plasma concentrations

were measured at  week 4, 8,  12  and 24 during therapy and the

median concentration was calculated for each patient.

2.3. Ethical considerations

All  patients included in this study gave their written inform con-

sent to allow the use of their personal clinical data in  accordance

with the ethics regulation defined in  France by the CNIL (Commis-

sion Nationale de l’Informatique et des Libertés).

2.4. Statistical analysis

Nominal and categorical parameters were expressed as abso-

lute numbers and percentages. Mean and standard deviation (SD)

were calculated for normally distributed variables, and median and

interquartile ranges (IQR) for non-normally distributed variables.

The association between the median plasma concentration of

sofosbuvir/daclatasvir during treatment and factors such as  age,

gender, body mass index (BMI), ribavirin, history of  liver transplan-

tation, initial histology, history of  hepatocellular carcinoma (past

and present) and initial eGFR was evaluated using simple and mul-

tivariate linear regression. Correlation between the HCV viral load

decrease from day 0 (D0) to  week 4  (W4) of therapy and the plasma

concentration of  sofosbuvir/daclatasvir at  W4 and W8  respectively

was assessed using Pearson correlation coefficient analysis. For  all

analyses, a  two-tailed significance testing and a  significance level

of 0.05 were used. Analyses were conducted using R version 3.2.2

(R Foundation for Statistical Computing, Vienna, Austria).

3. Results

3.1. Patients’ characteristics

Data on  130 consecutive HCV patients receiving sofosbu-

vir/daclatasvir with ribavirin (N = 96; 74%) or  without ribavirin

(N =  34; 26%) were analyzed. Patients’ characteristics are presented

in Table 1. Sixty-eight percent (N =  88) of patients were males, mean

age was  60.1  years (±9.5) and 69% of patients (N =  89) were infected

by HCV genotype 1, 39 (30%) by genotype 1a and 50  (39%) by geno-

type 1b; 24  patients (19%) were infected by genotype 3 and 14

patients (11%) by genotype 4. Regarding previous antiviral ther-

apy (i.e. PEG-IFN/ribavirin or PEG-IFN/ribavirin with  telaprevir or

boceprevir), 57% of patients (N = 73) were previous null-responders,

21% (N =  27) were relapsers, 9% (N =  12) experienced viral break-

through and 13% (N = 17) were naive. More than 76% (N =  99) of

Table 1
Patients’ characteristics at baseline.

Characteristics Total (N  =  130)

Age (years); mean ± SD 60.1 ± 9.5

Male  gender—n (%) 88 (67.7)

BMI;  mean ± SD (N  = 120) 25.5 ± 5.2

Genotype—n  (%) (N  =  130)

1a 39 (30.0)

1b  50 (38.5)

2  1  (0.8)

3  24 (18.5)

4  14 (10.8)

Other  2  (1.5)

Previous  treatment response—n (%) (N  =  129)

Naïve 17 (13.2)

Relapser 27 (20.9)

Viral  breakthrough 12 (9.3)

Null  response 73 (56.6)

Diabetes—n (%) (N =  130) 31 (23.8)

Histological METAVIR scorea—n (%) (N  = 130)

F1  5  (3.8)

F2  11 (8.5)

F3  15 (11.5)

F4  99 (76.2)

IL28B Genotype—n (%) (N  = 48)

C/C  14 (29.2)

C/T  29 (60.4)

T/T  5  (10.4)

Liver  transplantation—n (%) (N  = 130) 17 (13.1)

Hepatocellular carcinoma—n  (%) (N  = 130) 19 (14.6)

Coinfection—n  (%) (N  =  130)

HIV 5  (3.8)

HBV  3  (2.3)

Viral  load in  log IU/mL—mean ± SD (N  = 130) 6.0 ±  0.76

Renal  functionb—n (%) (N  = 130)

eGFR >  90 ml/min/1.73 m2 100 (76.9)

eGFR  60–89 23 (17.7)

eGFR  30–59 7  (5.4)

eGFR  <  30 0

MELD score—mean ± SD  (N =  126) 9.1 ± 3.4

a Assessed in 58% of patients by transient elastography (FibroScan), 34% by

Fibrotest  and 8% by liver biopsy; eGFR, estimated glomerular filtration rate.
b Renal function was  evaluated using the modification of  diet in renal disease

(MDRD)  study equation to estimate the  glomerular filtration rate (eGFR).
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patients were cirrhotics, 13% (N =  17) had liver transplantation and

15% (N = 19) had hepatocellular carcinoma, with 53% (N =  10) dur-

ing the  therapy. Only 8 patients (6%) were co-infected with HIV

or HBV. Seven patients (5%)  had a moderate renal insufficiency

(30 < eGFR < 60 ml/min/1.73 m2) at  treatment initiation.

3.2. Treatment efficacy

Using a per-protocol approach, more than 98% (N = 124/127; 3

patients were lost to follow-up) of patients achieved SVR12, repre-

senting 95.3% in intent-to-treat (ITT) analysis (Fig. 1). No difference

was observed regarding SVR12 when comparing 12 and 24 weeks of

therapy (100% vs. 97%, respectively). At week 4  after the initiation of

therapy, 50%  of patients achieved HCV RNA levels below the  lower

limit of quantification and 96% at  week 12 (Fig. 1). Three patients

failed to achieve SVR12. Two of them experienced a relapse after

the end of  therapy and one never achieved undetectable viral load

during the 24 weeks of antiviral therapy (Fig.  2). We  also explored

HCV viral kinetics among patients treated with a shorter course  of

DAA (12  weeks) with or without ribavirin, but we did not  observe

any specific pattern for this subgroup (Fig. 3).

Concerning treatment tolerance, only 41% of patients (N = 53)

reported at least one adverse event during therapy. More than 22%

(N = 29) reported asthenia, 19% (N = 25) neurological adverse events

(more specifically headaches, insomnia and  irritability), 8% (N = 10)

muscular side effects and 8% (N = 10) digestive side effects.

3.3. Pharmacological monitoring

We evaluated the potential effect of different factors on sofosbu-

vir/daclatasvir plasma concentration (Tables 2 and  3). We observed

an increase of the median plasma concentration of sofosbuvir

Fig.  1. Evaluation of  HCV viral load kinetics among patients treated with sofosbu-

vir/daclatasvir with or  without ribavirin.

between W4  (median = 0.49; IQ: 0.31–0.77) and W8 (median = 0.59;

IQ: 0.38–0.87) of therapy when considering all patients but this

difference was slightly over the limit of statistical significance

(p = 0.082). Univariate analysis showed an  association between

Fig.  2. HCV viral load kinetics and sofosbuvir/daclatasvir plasma concentration monitoring during therapy among non-responder patients. D0: first  day of treatment, W:

week  after treatment initiation, FU-12: 12-week follow-up after the end of treatment.



1354 V. Virlogeux et  al. / Digestive and Liver Disease 48 (2016) 1351–1356

Fig.  3. HCV viral load decrease among patients receiving 12 weeks of sofosbuvir and daclatasvir with or without ribavirin therapy.

Table  2
Median plasma concentration of  sofosbuvir/daclatasvir during treatment.

Median plasma concentration,

mg/L (IQ)

Patients with cirrhosis

(N  = 88)

Patients without cirrhosis

(N  = 26)

All patients

Sofosbuvir

Week 4  0.43 (0.31–0.71) 0.70  (0.49–1.10) 0.49 (0.31–0.77)

Week  8  0.56 (0.34–0.75) 0.90  (0.58–1.29) 0.59 (0.38–0.87)

Week  12 0.57 (0.37–0.84) 0.88 (0.53–1.35) 0.63 (0.40–0.90)

Week  16 0.47 (0.34–0.72) 0.88 (0.61–1.36) 0.58 (0.37–0.95)

Week  20  0.58 (0.38–0.80) 0.86 (0.66–1.29) 0.61 (0.41–0.84)

Week  24 0.56 (0.29–0.85) 0.73 (0.66–0.92) 0.68 (0.36–0.86)

Whole  treatment 0.56 (0.36–0.74) 0.90  (0.62–1.24) 0.62 (0.40–0.81)

Daclatasvir

Week  4  0.16 (0.09–0.27) 0.30  (0.15–0.61) 0.18 (0.09–0.31)

Week  8  0.17 (0.08–0.25) 0.31 (0.18–0.48) 0.19 (0.11–0.34)

Week  12 0.17 (0.08–0.30) 0.42 (0.10–0.63) 0.18 (0.09–0.35)

Week  16 0.13 (0.07–0.26) 0.40  (0.24–0.70) 0.17 (0.09–0.38)

Week  20 0.14 (0.08–0.24) 0.35 (0.22–0.57) 0.19 (0.10–0.28)

Week  24 0.15 (0.07–0.23) 0.21 (0.09–0.34) 0.16 (0.07–0.27)

Whole  treatment 0.16 (0.09–0.23) 0.33 (0.18–0.60) 0.18 (0.10–0.28)

higher sofosbuvir median plasma concentration and the follow-

ing factors: female gender (p =  0.006), absence of ribavirin in

treatment regimen (p = 0.029), history of liver transplantation

(p =  0.027), absence of cirrhosis (p = 0.001), older age (p =  0.006)

and decreased baseline eGFR (p < 0.001, Appendix).  Multivariate

analysis reported only absence of cirrhosis and decreased base-

line eGFR as factors significantly associated with a higher median

plasma concentration of sofosbuvir during treatment (p < 0.001).

In the case of daclatasvir, univariate analysis reported an  asso-

ciation between higher median plasma concentration and liver

transplantation (p =  0.039), absence of cirrhosis (p = 0.005) and

decreased initial eGFR (p < 0.001, Appendix).  Similarly to sofosbu-

vir, multivariate analysis showed that only absence of cirrhosis

(p =  0.004) and decreased baseline eGFR (p = 0.020) were signifi-

cantly associated with higher daclatasvir plasma concentration.

We reproduced these analyses in a subgroup of HCV genotype

3 patients (N = 24) and we also found  that decreased base-

line eGFR was associated with higher sofosbuvir (p = 0.003) and

daclatasvir (p = 0.004) median plasma concentration in the  univari-

ate analysis. Similar conclusion was observed in the  multivariate

analysis but only for sofosbuvir median plasma concentration

(p =  0.033).

We  then assessed the potential correlation between sofosbu-

vir/daclatasvir plasma concentration and  decrease of HCV viral

load between D0 and W4  of therapy. We  found that patients

with elevated median plasma concentration of sofosbuvir and/or

daclatasvir had a higher HCV viral load decrease between D0

and W4  of therapy (r = 0.202; 95% CI [0.028–0.363]; p = 0.021 and

r = 0.234; 95% CI [0.062–0.392]; p = 0.008, respectively). Conse-

quently, we analyzed more precisely the time at which plasma

concentration of sofosbuvir/daclatasvir could be more correlated

with the HCV viral load decrease between D0 and W4  and we found

that for sofosbuvir, a significant correlation was only observed for

the plasma concentration at W4 (r =  0.208; 95% CI [0.018–0.384];

p = 0.032), whereas for daclatasvir this was only observed at W8

(r = 0.251; 95% CI [0.055–0.428]; p  = 0.013).

Median plasma concentration of sofosbuvir and daclatasvir dur-

ing treatment for the  3 non-responder patients are described

in Fig. 2.  We  then compared the median plasma concen-

tration of sofosbuvir between responders (median = 0.63 mg/L;

IQR: 0.40–0.81) and non-responders (median = 0.31 mg/L; IQR:

0.24–0.44) to treatment. Similar differences were observed for

daclatasvir (responders, median =  0.18 mg/L; IQR: 0.10–0.29; non-

responders, median = 0.04 mg/L; IQ: 0.04–0.06). However, since
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Table  3
Factors associated with median sofosbuvir/daclatasvir plasma concentration during antiviral therapy. Bold type indicates statistical significance.

Factors Sofosbuvir Daclatasvir

ˇa [CI 95%] (N = 106) p ˇa [CI 95%] (N = 106) p

Age −0.002 [−0.008–0.005] 0.648 −0.003 [−0.009–0.003] 0.370

Gender  (male vs. female) −0.030 [−0.162–0.101] 0.648 −0.045 [−0.162–0.072] 0.444

Body  mass index (BMI) −0.004 [−0.015–0.007] 0.483 −0.001 [−0.011–0.009] 0.791

Ribavirin (presence vs. absence) −0.064 [−0194–0.067] 0.335 0.108 [−0.007–0.224] 0.066

Liver  transplant (presence vs.  absence) −0.039 [−0.238–0.160] 0.700 0.164 [−0.012–0.341] 0.068

Baseline  histology (cirrhosis vs. non-cirrhosis) −0.279 [−0.426 to  −0.131] <0.001 −0.193 [−0.324 to  −0.062] 0.004
Hepatocellular  carcinoma (presence vs.  absence) 0.102 [−0.074–0.278] 0.252 0.009 [−0.147–0.165] 0.912

Baseline  estimated glomerular filtration rate (eGFR) −0.007 [−0.010 to  −0.005] <0.001 −0.002 [−0.004 to  −0.001] 0.020

a
 ̌ coefficients were calculated using multiple linear regression where the median sofosbuvir/daclatasvir plasma concentration was  the outcome variable and age,  gender,

BMI,  ribavirin, liver transplant, initial histology and  initial glomerular filtration rate  were the predictor.

only 3  patients were non-responders, no statistical test was per-

formed. In the restricted subgroup of HCV genotype 3 patients

(N = 24), these results could not be replicated.

4. Discussion

The present study reports a significant association between

absence of cirrhosis as well as low baseline eGFR and higher median

plasma concentration of sofosbuvir/daclatasvir during treatment.

Moreover, a significant correlation between magnitude of HCV viral

load decline between baseline and W4  of therapy and plasma con-

centration at  W4  for sofosbuvir and at  W8  for daclatasvir was

observed. To our knowledge, this is  the first study to explore

the potential factors associated with sofosbuvir/daclatasvir plasma

concentration and the correlation between DAA plasma concentra-

tion and viral kinetics during treatment.

In this study, decreased baseline eGFR and absence of cirrhosis

were significantly associated with increased plasma concentration

of sofosbuvir and daclatasvir. Indeed, sofosbuvir is  metabolized

first via intracellular activation resulting in  an “active” form the

GS-461203 and then in  an  inactive metabolite called GS-331007

which is  mostly renally eliminated and used to assess the plasma

concentration of sofosbuvir during therapeutic drug monitoring

[16,18]. Two previous phase II studies (ELECTRON and PROTON

studies) analyzed the  potential effect of renal impairment on sofos-

buvir plasma concentration. The authors found a higher GS-331007

AUC0–∞ among patients with impaired renal function, which is in

accordance with our findings [18]. Decreased renal function could

lead to a decrease of sofosbuvir renal clearance and consequently

increase its plasma concentration during treatment. Concerning

daclatasvir, even if renal clearance is the  minor elimination path-

way for this  antiviral agent [19], a previous study also showed

an increased daclatasvir plasma concentration after a single dose

intake among patients with impaired renal function [17]. How-

ever, since daclatasvir is  essentially metabolized in the  liver, the

biological mechanism of this observation deserves further explo-

rations.

Cirrhotic patients usually present decreased hepatic function,

which impairs the metabolic pathways. This could explain why cir-

rhotic patients present lower sofosbuvir and/or daclatasvir plasma

concentration. Concerning sofosbuvir, a previous study showed an

increased AUC0–24h among patients with impaired hepatic func-

tion but the authors did not  observe such variations for GS-331007

[20]. In the case of daclatasvir, a previous study found similar asso-

ciation in phase II trial with lower AUC0–∞ among patients with

hepatic impairment [21].

In this “real life” study including 76% of cirrhotics, more than

95% of patients achieved SVR12. Such high rates of SVR12 were also

observed in  phase III trials [12].  HCV viral load rapidly decreased

after treatment initiation with more than 50% of patients being

under the limit of quantification at W4.  We  evaluated the corre-

lation between plasma concentration of sofosbuvir and daclatasvir

and HCV viral load  decrease during the early phase of treatment,

i.e. from day 0 to week 4.  Elevated plasma concentration of sofos-

buvir at W4  was  correlated with higher HCV viral load decrease

between baseline and W4,  whereas higher plasma concentration

of daclatasvir at  W8  was significantly correlated with higher HCV

viral load  decrease between baseline and W4.  The correlation

between plasma concentration of antiviral agent and HCV viral load

decrease was  previously observed during PEG-IFN/ribavirin ther-

apy, but such an association had never been reported in case of

sofosbuvir/daclatasvir therapy [5,7,9–11]. In this study, even if the

correlation between the HCV viral load decrease from baseline to

W4 and the DAA plasma concentration at W4/W8  is observed and

cannot be used as a predictive factor, these results stress the  rel-

evance of achieving optimal DAA plasma concentration to expect

virological efficacy. Among the  large panel of newly available DAA,

one of the current treatment recommendations for HCV genotype 3

patients is the association of sofosbuvir and daclatasvir ± ribavirin

[22]. We  replicated the analysis in this target HCV  genotype 3 pop-

ulation that  is of particular interest but we could not replicate

the results due to a lack of power. Further studies focusing on

HCV genotype 3  patients only are needed for this association of

DAA.

Our study has some limitations. The DAA pharmacological mon-

itoring and the assessment of HCV viral load were  not performed

at week 2 of treatment, which could have been of particular inter-

est to more precisely evaluate the correlation between HCV viral

load decrease and DAA  plasma concentration during the  very

early phase. Moreover, due  to the limited number of patients

failing to achieve SVR12, we could not accurately compare the

DAA plasma concentration between responder and non-responder

patients. Another limitation is that we did  not assess ribavirin

plasma concentration during treatment. Previous studies about

PEG-IFN/ribavirin therapy showed that optimal ribavirin plasma

concentration is associated with early virological response and

that reduced renal function can have on the  other hand a nega-

tive impact on treatment virological efficacy [5,7]. Further studies

are needed to explore the potential impact of ribavirin plasma con-

centration on DAA treatment efficacy and tolerance.

In conclusion, sofosbuvir/daclatasvir treatment in real life set-

ting with or without ribavirin leads to a high rate of virological

response even among cirrhotic patients. Pharmacological moni-

toring of DAA during therapy showed the impact of cirrhosis and

renal function on plasma drug concentration. Moreover, our results

report a significant correlation between DAA  plasma concentration

and HCV viral load  kinetics during the early phase of treatment.

Larger studies are needed to investigate the potential effect of

plasma drug concentration on virological failure in non-responder

patients.
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Abstract

Background: HCV treatment uptake has drastically increased in HIV-HCV coinfected patients in France since direct-
acting antiviral (DAA) treatment approval, resulting in HCV cure in 63% of all HIV-HCV patients by the end of 2015.
We investigated the impact of scaling-up DAA on HCV prevalence in the whole HIV population and in various risk
groups over the next 10 years in France using a transmission dynamic compartmental model.

Methods: The model was based on epidemiological data from the French Dat’AIDS cohort. Eight risk groups were
considered, including high-risk (HR) and low-risk (LR) men who have sex with men (MSM) and male/female heterosexuals,
intra-venous drug users, or patients from other risk groups. The model was calibrated on prevalence and incidence data
observed in the cohort between 2012 and 2015.

Results: On January 1, 2016, 156,811 patients were registered as infected with HIV in France (24,900 undiagnosed
patients) of whom 7938 (5.1%) had detectable HCV-RNA (722 undiagnosed patients). Assuming a treatment
coverage (TC) rate of 30%/year (i.e., the observed rate in 2015), model projections showed that HCV prevalence
among HIV patients is expected to drop to 0.81% in 2026. Sub-analyses showed a similar decrease of HIV-HCV
prevalence in most risk groups, including LR MSM. Due to higher infection and reinfection rates, predicted prevalence
in HR MSM remained stable from 6.96% in 2016 to 6.34% in 2026. Increasing annual TC rate in HR MSM to 50/70%
would decrease HCV prevalence in this group to 2.35/1.25% in 2026. With a 30% TC rate, undiagnosed patients would
account for 34% of HCV infections in 2026.

Conclusions: Our model suggests that DAA could nearly eliminate coinfection in France within 10 years for most risk
groups, including LR MSM. Elimination in HR MSM will require increased TC.
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Background
Chronic hepatitis C virus (HCV) infection affects ap-
proximately 100 million people worldwide [1]. HCV co-
infection is common among patients infected by human
immunodeficiency virus (HIV), with a prevalence of
15.1% in 2012 in France [2]. HIV-HCV coinfection leads
to accelerated disease progression, i.e., accelerated hepatic
fibrosis progression and higher rates of liver decompensa-
tion and death [3, 4]. International guidelines conse-
quently recommend that coinfected patients should be
given high priority for HCV treatment, regardless of the
fibrosis stage [5, 6].
HCV direct-acting antiviral (DAA) agents are associ-

ated with a sustained virological response (SVR) rate of
over 90% regardless of the genotype, including in HIV-
infected patients [7, 8]. However, recent studies reported
that, among HIV-infected men who have sex with men
(MSM), HCV reinfection rates are alarmingly high and
that specific strategies, such as frequent HCV RNA
testing, were more particularly needed for this risk
group [9–12]. Of note, such alarming HCV reinfection
incidence rates have not been reported thus far for
other risk groups. Recent modeling studies focusing on
the MSM population showed that, despite high DAA
treatment rates, the HCV epidemic would continue un-
less more effective behavioral interventions were under-
taken in this population [13, 14].
To explore the potential impact of DAA treatment on

HIV-HCV epidemic in France, we used incidence and
prevalence data from a large HIV multicentric cohort
[2, 15]. We developed a dynamic compartmental model
of HCV transmission to assess the impact over the next
10 years of scaled-up HCV treatment across different
risk groups.

Methods
Epidemiological data
The Dat’AIDS cohort is a collaborative network of 15
French HIV treatment centers covering approximately
25% of HIV-infected patients followed in France
(Clinicaltrials.gov ref NCT02898987) [15]. HCV inci-
dence and prevalence data, and HCV treatment coverage
and SVR rates have been collected yearly within this co-
hort from January 2000 onwards [2]. Patients were divided
into eight different risk groups, namely males and females
for heterosexuals, intra-venous drug users (IVDU) and
other risk-groups, and low- and high-risk for MSM. Death
rates, proportion of HCV spontaneous clearance, and SVR
rates were determined from the Dat’AIDS cohort [16].
HCV reinfection was defined as a positive HCV-RNA for
more than 6 months following the end of a successful
HCV treatment or following a spontaneous clearance, or
HCV infection with a different genotype, regardless of the
time period [2].

Estimation of the proportion of low- and high-risk MSM
As observed in other cohort studies [9–12], HCV re-
infection incidence in MSM was higher than first infec-
tion incidence in our cohort. We therefore assumed a
heterogeneous risk of HCV infection among MSM [17].
We considered that the observed reinfection rate in our
cohort was representative of a first infection rate in a
subgroup of MSM with high-risk behaviors, as it is un-
likely that, after a first HCV infection, MSM increased
their risk for HCV reinfection. On the other hand, we
considered that MSM with low-risk behaviors had a
similar first infection rate as other risk groups and we
estimated it using the mean first infection incidence ob-
served in other risk groups each calendar year. We thus
estimated the proportion of high- and low-risk HIV-
monoinfected MSM according to these assumptions
(Additional file 1: Appendix).

Extrapolation of the Dat'AIDS cohort data to the total
number of HIV patients in France
Prevalence of coinfection in each risk group was ex-
trapolated from the Dat'AIDS cohort to the total num-
ber of HIV patients under care each year in France
[18]. The extrapolated numbers in each risk group of
HIV-monoinfected patients, HIV-HCV coinfected pa-
tients with active HCV infection (defined as detectable
plasma HCV-RNA), and patients with SVR following
DAA treatment or with HCV spontaneous clearance on
January 1, 2016, are described in Additional file 1:
Tables S1, S2, and S3 [16].

Estimation of the HIV undiagnosed population
Considering that the HIV undiagnosed population [19]
could significantly fuel the epidemic in the future, we es-
timated the number of HIV-HCV coinfected patients in
this population and included it in the model projections
(Additional file 1: Table S4). To estimate the number of
coinfected patients in the undiagnosed HIV population,
we assumed that HCV prevalence in this population was
similar to the observed HCV prevalence among patients
that were included in the Dat’AIDS cohort in 2015 with
a mean of 2.9%. We therefore estimated the number of
coinfected patients in each subgroup using the estimates
of the overall HIV undiagnosed population divided into
subgroups reported by Supervie et al. [19]. These pa-
tients were considered as non-eligible for HCV DAA
treatment and the population size was assumed to be
constant over time.

Mathematical model
We developed a dynamic and deterministic model of
HCV transmission, progression, and treatment among
the whole under-care HIV population in France de-
scribed in Fig. 1. Patients enter the model at HIV
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diagnosis time. The number of new HIV infections ar-
riving in the compartment of monoinfected HIV pa-
tients (Xj) each year was estimated using the French
National Registries [20, 21]. For each compartment, the
model is stratified into eight risk groups as previously
described. HCV disease progression is stratified into acute
phase, chronic phase, treatment phase, and successfully

treated (SVR) phase. We assumed that HIV-infected pa-
tients are infecting each other within each subgroup (het-
erosexual, MSM, IVDU, and others) for the first infection
with a proportional mixing hypothesis. Regarding reinfec-
tion, we considered a constant risk derived from observed
reinfection incidence. Since acute HCV infections are
rarely reported among non-HIV infected MSM, we did

Fig. 1 Schematic diagram of HCV transmission compartmental model. Individuals are distributed in eight different risk groups (j): males and females for
heterosexuals, for intravenous drug users, and for other groups, and low- and high-risk subgroups for men who have sex with men. New individuals enter
the susceptible monoinfected categories (X) at a rate θ [20]. Susceptible individuals may be acutely infected (A) at an infection rate βj (estimated during
the calibration process for each subgroup). Individuals acutely infected may progress to HCV chronic infection (C) at a rate (1–γ) or spontaneously clear
their infection at a rate γ (S). Acute infection lasts an average 1/ψ. Chronically infected individuals start an HCV treatment at an annual rate τ. Treatment
lasts an average 1/ω and results in SVR12 in a proportion α of all treated patients. Successfully treated patients or patients with spontaneous clearance
may be reinfected with an external force of infection δj

Table 1 Annual first infection rate, reinfection rate, and HCV treatment coverage observed in the Dat'AIDs cohort between 2012
and 2016

MSM (low-risk/high-risk) Heterosexuals IVDU Others

2012

First infection rate (per 100 py) 0.02/1.84 0.01 0 0.09

Reinfection rate (per 100 py) 0.22a/2.56c 0.24b 0.16b 0.27b

HCV treatment rate (%) 13.4 6.9 6.8 10.9

2013

First infection rate (per 100 py) 0.06/2.23 0.03 0 0.29

Reinfection rate (per 100 py) 0.22a/2.56c 0.24b 0.16b 0.27b

HCV treatment rate (%) 4.4 11.0 5.1 7.6

2014

First infection rate (per 100 py) 0.12/2.40 0.07 2.13 0.23

Reinfection rate (per 100 py) 0.22a/2.56c 0.24b 0.16b 0.27b

HCV treatment rate (%) 10.5 14.0 17.1 23.0

2015

First infection rate (per 100 py) 0.09/3.42 0.05 1.69 0.17

Reinfection rate (per 100 py) 0.22a/2.56c 0.24b 0.16b 0.27b

HCV treatment rate (%) 27.6 36.0 27.0 33.8
aMean yearly reinfection rate observed in non-MSM risk groups between 2012 and 2015
bMean yearly reinfection rate observed in heterosexuals, IVDU, and others risk groups between 2012 and 2015
cMean yearly reinfection rate observed in MSM between 2012 and 2015
HCV hepatitis C virus, IVDU intravenous drug users, MSM men who have sex with men, py person-year
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not consider any external force of infection in the
model for this population. Projection of HIV-HCV co-
infection started from January 1, 2016. Different an-
nual treatment coverage rates were considered for
projections (Additional file 1: Appendix).

Parameters and calibration of the model
The model was calibrated on the first infection rate β
using yearly incidence and prevalence data (raw num-
bers) observed within the cohort from January 2012 to
January 2016 and a Poisson-based likelihood within a
Bayesian framework with a Monte Carlo Markov
Chain method (Table 1, Additional file 1: Table S5 and
Additional file 1: Appendix). We fitted our model (1)
to the prevalence data observed in the Dat'AIDS co-
hort and extrapolated to the whole under-care HIV
population in France for each risk group on January 1
between 2012 and 2016; and (2) to the incidence data
observed in the Dat'AIDS cohort, i.e., the number of
new first HCV infections in each risk group extrapo-
lated to the total number of HIV under-care patients
in France between 2012 and 2016. Specific HCV treat-
ment and SVR rates were considered each year during
the calibration period using observed data. Most pa-
rameters were measured from the Dat’AIDS cohort
and are reported in Table 2. All HIV-HCV patients
were considered eligible for HCV treatment regardless
of fibrosis stage or genotype and if they were in the
chronic phase of infection as defined by a detectable
HCV-RNA more than 6 months following acute
infection.

Sensitivity analysis
To estimate the potential impact of targeting HIV-HCV
coinfected high-risk MSM for treatment during the
HCV acute phase, we derived a model considering po-
tential DAA treatment during this phase (i.e., from 3 to
6 months following infection) with different coverage

rates (Additional file 2: Figure S1) [5, 6]. We also ex-
plored the impact of potential behavioral changes over
the next 10 years among high-risk MSM on HIV-HCV
prevalence by considering a linear increase in the pro-
portion of HIV monoinfected high-risk MSM.
We also investigated, as a sensitivity analysis, the im-

pact of considering a potential external source of HCV
transmission for IVDU, i.e., from HIV-negative to HIV-
positive IVDU, on the model projections over the next
10 years. We derived the main model by adding a con-
stant external force of infection (i.e., independent of
HCV prevalence among HIV-positive IVDU) among
IVDU. To estimate this external force of infection, we
considered several rates (20%, 40%, 60%, 80%, and 100%)
of potentially observed external HCV cases among IVDU
in the Dat'AIDS cohort. We therefore calibrated our
model again on the adjusted dataset to take into account
both internal and external forces of infection during the
calibration process and considered two distinct reinfec-
tion rates for this risk group, namely the observed re-
infection rate in the Dat'AIDS cohort (Table 1) and the
mean first infection rate observed between 2012 and
2015. All analyses presented here were conducted using
R version 3.3.2 (R Foundation for Statistical Computing,
Vienna, Austria).

Results
HIV-HCV patients in France
On January 1, 2016, 156,811 patients were estimated to
be infected with HIV in France, of whom 24,900 (16%)
were part of the undiagnosed population [19]. Using our
cohort data, we estimated a total of 7216 diagnosed and
under-care HIV-patients with active HCV infection and
722 HIV-HCV undiagnosed patients (Additional file 1:
Table S4). High- and low-risk MSM were estimated to
represent 18% and 82% of HIV-monoinfected MSM, re-
spectively. New HCV infections in high-risk MSM in-
creased from 137 cases in 2012 to 291 cases in 2015

Table 2 Model parameters used to fit the incidence/prevalence of HCV patients observed in the Dat’AIDS cohort between 2012 and
2016 and for the different projections

Parameter Symbol Point value Unit References

Death rate μ 1.4% per year Dat’AIDS

Infection rate of HIV (in each risk group j) θj see Reference – [19, 20]

Proportion of HCV spontaneous clearance γ 12.6% – Dat’AIDS

Mean duration of acute infection 1/Ψ 180 days [9]

Infection rate of HCV among HIV patients in each risk group j βj estimated – Dat’AIDS

Treatment coverage rate τ (30–90) per year –

Average treatment duration 1/ω 12 (since 2015) and 24 (before 2015) weeks –

DAA treatment SVR12 rate α 95% – Dat’AIDS

Re-infection rate of HCV among HIV patients after SVR12 or
spontaneous clearance in each risk group j

δj see Table 1 per year Dat’AIDS

DAA direct-acting antivirals, HCV hepatitis C virus, HIV human immunodeficiency virus, SVR sustained virological response
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(Additional file 1: Table S5), while the annual incidence
rate increased in this group from 1.84% in 2012 to 3.42%
in 2015 (Table 1).

Model goodness-of-fit and model projections over the
next decade in the whole HIV-HCV population
Figure 2 depicts the model goodness-of-fit to the yearly
prevalence data observed in the cohort between January
1, 2012, and January 1, 2016 (panel A). We observed a
significant decrease of HIV-HCV coinfected individuals,
in particular between 2013 and 2014 in the Dat'AIDS
cohort, which follows the considering that DAA became
available for all HIV-HCV coinfected patients in France
in 2014 and 92% of HIV-HCV patients who started an
HCV treatment received a DAA combination at that
time. Mean observed SVR rate consequently increased
from 70% to 89% and treatment coverage rate also in-
creased from 6.1% in 2013 to 15.7% in 2014.
We observed an overall goodness-of-fit of the model

to the yearly prevalence data. This goodness-of-fit was
more precisely explored in each subgroup and we
observed a similar close fit to the observed data

(Additional file 3: Figure S2), except for MSM, for whom
observed data were slightly below model predictions.
We then compared several treatment coverage rates

and observed a significant decrease of active HCV infec-
tions among all patients over the next 10 years (Fig. 2,
panel b). Assuming an annual treatment coverage of
30% (i.e., the observed 2015 treatment coverage in our
cohort), the HCV prevalence in 2026 is expected to drop
from 5.09% to 1.08% in the whole HIV-HCV population
and from 5.48% to 0.81% in patients under care. Under
this hypothesis, the number of patients with active HCV
infection will decrease to 2113 patients by 2026, with
34% remaining HIV-HCV undiagnosed. Increasing treat-
ment coverage to 50% and 70% will result in 1151 and 916
patients with active HCV infection in 2026, respectively,
among whom 63% and 79% will remain undiagnosed.

Model projections over the next decade in each risk
group
We conducted similar projections for each subgroup con-
sidering several treatment coverage rates (Fig. 3, Additional
file 4: Figures S3, and Additional file 5: Figure S4).

a b

Fig. 2 Goodness-of-fit of the compartmental model to the prevalence data between 2012 and 2016 (a) and projected HCV prevalence over the
next 10 years in the overall HIV population (b). To numerically estimate the goodness-of-fit of our model, we calculated a root mean square error
(RMSE) of 459 individuals between 2012 and 2016. Vertical lines indicate the RMSE for each year between 2012 and 2016. Different annual treatment
coverage rates were considered for the 10-year projection (panel B): 30%, 50%, 70%, and 90%. The number of HIV-HCV coinfected patients in the
undiagnosed population is represented with a dashed horizontal line. This population was not considered eligible for direct-acting antiviral treatment
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Fig. 3 Projected prevalence (raw numbers) of HIV-HCV coinfection over the next 10 years within each risk group
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We observed a similar significant decrease in predicted
prevalence over the next 10 years among heterosexuals,
IVDU, and patients with other risk factors for both sexes
as well as for low-risk MSM. For example, prevalence of
HCV infection is expected to drop from 33.1% in 2016 to
2.4% in 2026 among male IVDU under care (the largest
group of patients) with a treatment coverage rate of 30%,
resulting in 173 patients with active infection in this sub-
group in 2026. Increasing treatment coverage rate to 50%
and 70% will result in less than 100 patients in this sub-
group by 2023 and 2021, respectively.
On the other hand, prevalence among under-care,

high-risk MSM is predicted to slightly decrease, from
6.96% in 2016 to 6.34% in 2026, with a 30% treatment
coverage rate. Meanwhile, the number of high-risk
MSM with active HCV infection will increase from 719
to 839 patients in 2026. An increase in the annual treat-
ment coverage rate to 50% or 70% would be required in
this subgroup to decrease the predicted prevalence to
2.35% and 1.25% in 2026, respectively. The number of
under-care, coinfected, high-risk MSM will drop below
100 cases by 2022 only if treatment coverage rate is in-
creased up to 90%.

Sensitivity analyses
We explored the impact of treating acute HCV infection
for high-risk MSM by deriving the model structure re-
ported in Fig. 1 (Additional file 1: Figure S1). We as-
sumed several treatment coverage rates for acute HCV
infection combined with 30% and 50% treatment cover-
age rates for chronic HCV infection. Assuming a 30%
treatment coverage rate for chronic infection, increasing
the treatment coverage rate of acute infections to 30–50%
would maintain the total number of active HCV infection
in high-risk MSM, while increasing acute infection treat-
ment coverage rate to 70–90% would marginally decrease
this number. Thus, with a 50% treatment coverage rate for
chronic infection, the benefit of treating acute HCV infec-
tion appears marginal (Additional file 6: Figure S5).
We also explored the impact of a potential increase in

the proportion of HIV monoinfected high-risk MSM
over the next 10 years on HIV-HCV prevalence in this
subgroup (Additional file 7: Figure S6). We considered
several treatment coverage rates of chronic HCV infec-
tion and two different rates of increase in the high-risk
MSM proportion, namely 5% and 10% over the next
10 years (i.e., from 18% to 23% and from 18% to 28%, re-
spectively). We observed similar results than those re-
ported in the main analysis, with a significant increase in
the number of HIV-HCV individuals when considering
an annual treatment coverage rate of 30%. On the other
hand, the number of HIV-HCV high-risk MSM is ex-
pected to decrease when the annual treatment coverage
rate reaches at least 50% despite an increase in the

proportion of high-risk MSM in the HIV monoinfected
population.
We finally investigated the impact of considering an

external force of infection for IVDU to take into account
the potential risk of HCV transmission between HIV-
negative and HIV-positive individuals. We derived our
main model and we considered several proportions of
external cases among those observed in the Dat'AIDS
cohort between 2012 and 2015. Estimated numbers of
HIV-HCV IVDU over the next 10 years are reported in
Additional file 1: Table S6 and S7 and Additional file 8:
Figure S7 assuming several proportions of external cases.
Under this hypothesis, the number of HIV-HCV IVDU
in 2026 is expected to marginally increase compared
with our main analysis, while HIV-HCV prevalence in
this risk group is expected to significantly decrease over
the next 10 years, even if the considered proportion of
external HCV cases is high (>60% of total IVDU cases).

Discussion
Prevalence of active HCV infection among HIV patients
in France is globally projected to decrease from 5.09% to
1.08% within the next 10 years under current treatment
rates. This decrease should result in approximately 2100
patients with active HCV infection in 2026, 34% of
whom will remain outside of the healthcare system. In
our model, a decrease of active HCV infection preva-
lence is expected in almost all risk groups, except for
high-risk MSM in whom HCV prevalence would remain
almost stable, unless a minimum of 50% treatment
coverage rate is reached.
To our knowledge, this is the first study to model

HCV epidemic among HIV-infected patients in a whole
country and within all risk groups. Since incidence and
prevalence data of HIV-HCV coinfection were heteroge-
neous among the different risk groups in the Dat’AIDS
cohort, we considered eight distinct risk groups, in-
cluding high-risk MSM, who represent 18% of all HIV-
monoinfected MSM. This estimated proportion is
close to the 25% estimate reported within the Swiss
HIV cohort using patients’ unsafe sex reports as reference
[14], while a lower estimate of 7% was reported in the UK
Collaborative HIV cohort [13].
HIV-HCV coinfection was historically associated with

intravenous drug use in France and this risk group
remained the largest group of patients at the beginning
of 2016. However, very few new HCV infections were
observed in this risk group, resulting in a drastic de-
crease in our projections. On the other hand, HCV in-
fection incidence rate in high-risk MSM increased in the
cohort since the early 2000s and nearly doubled in this
group between 2012 and 2015 [2]. This trend was also
observed in the Swiss cohort [14, 22], as well as in co-
horts from Netherlands [23] or Japan [24], with similar
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estimates, but was not observed in the UK [13]. The re-
infection rate observed in our cohort was similar to a
pooled reinfection rate estimate of 32/1000 person-years
reported in a meta-analysis [12], while higher rates were
recently reported in the UK (7.8/100 person-years) and
within the European NEAT cohort (7.3/100 person-
years) [9, 11]. High-risk MSM could therefore drive an
HIV-HCV epidemic over the next years in France and,
potentially, in other high-income countries. In order to
control such a future epidemic, the targeting of high-risk
behavior MSM patients will be crucial.
In our study, we considered that all HIV patients after

6 months of HCV infection were eligible for DAA treat-
ment as recommended in France. However, we also
demonstrated a marginal effect of treating high-risk
MSM from the third month of infection. Martin et al.
[13] explored the benefit of HCV treatment at both the
chronic and acute phases of HCV infection, but defined
the acute phase after 1 year of infection. Patients after
6 months of HCV infection are eligible for DAA treat-
ment in France. It is therefore likely that a high treat-
ment coverage for all patients after 6 months of HCV
infection would have a similar effect on HCV prevalence
than a combined strategy of treating HCV patients dur-
ing the acute phase (before 6 months) and after 6 months
for other patients, but with a lower treatment coverage
for the latter. Indeed, in our projections, increasing the
acute infection treatment coverage rate to over 70% in
high-risk MSM slightly strengthened a decrease in HIV-
HCV coinfection prevalence. Increasing HCV treatment
coverage after 6 months of infection in high-risk MSM
consequently appears as an effective solution to signifi-
cantly decrease HCV prevalence in this population over
the next 10 years.
We used estimates of the undiagnosed HIV population

to analyze the impact of HCV treatment on the whole
HIV-HCV epidemic in France. Our projections show
that the proportion of HIV-HCV undiagnosed patients
could increase to 35% in 2026 considering a 30% treat-
ment coverage rate. This proportion could increase to
64% and 79% in 2026 with treatment coverage rates of
50% and 70%, respectively. Although our estimates of
coinfection in this undiagnosed population are relatively
low, undiagnosed HIV-HCV patients could fuel an HCV
epidemic in the future if no specific interventions are
undertaken to identify and enroll undiagnosed patients
in care.
Our model does have some limitations. First, we con-

sidered that no mixing occurred between MSM, hetero-
sexuals, IVDU, and other risk groups. While HCV
transmission among heterosexual couples is rare [25],
the source of HCV infection in MSM is often difficult to
establish due to concomitant use of intravenous or nasal
drugs, and sexual risk behavior [26]. However, drug use

in MSM appears to be mostly driven by consumption
during sexual intercourse, and there is no evidence that
former opiate users could be a significant source of
HCV infection in MSM [27–29].
Second, we modeled HCV transmission among HIV-

infected patients only, without considering any other
route of transmission such as from the monoinfected
HCV population. In a sensitivity analysis, we considered
an external force of infection for IVDU to investigate the
impact of a potential risk of HCV transmission between
HIV-negative and HIV-positive IVDU; the model projec-
tions under this hypothesis were similar to our main
analysis projections. However, it is likely that HCV
transmission between HIV-negative and HIV-positive
IVDU could fuel the HCV epidemic in this risk group in
other epidemiological contexts, more particularly in
countries where HCV incidence and prevalence remain
high in this risk group [30, 31]. Moreover, the observed
reinfection rate among IVDU in the Dat'AIDS cohort
was lower than the reinfection rate observed in other
risk groups. Most of IVDU (90%) included in the cohort
were former drug users with a median age of 55 years,
which could explain why the observed reinfection rate in
this risk group was relatively low. It is potentially likely
that HCV reinfection rate in HIV-positive IVDU could
be higher in younger, active IVDU, who may not be well
represented in the Dat'AIDS cohort compared with
other epidemiological context such as in the US.
On the other hand, a recent study from the Netherlands

reported that similar HCV strains were circulating among
HIV-HCV coinfected MSM and among MSM with high-
risk behaviors engaged in a pre-exposure prophylaxis pro-
gram and acutely infected by HCV [32]. Since HCV infec-
tion incidence is usually lower in HIV-negative than in
HIV-positive MSM, this study suggests that HCV infec-
tion is now spreading from HIV-positive to HIV-negative
MSM. Another recent study from the Netherlands showed
a significant decrease in the number of acute HCV infec-
tions among HIV positive MSM since the commencement
of universal access to DAA treatment for this population
[33]. These results are in favor of a limited HCV transmis-
sion from HIV-negative to HIV-positive patients. In any
case, a recent increase in unprotected sexual intercourse
and sexually transmitted infection incidence in HIV-
negative MSM as well as acute HCV infections in MSM
enrolled in a pre-exposure prophylaxis program warn us
to increase regular HCV screening of all high-risk MSM
regardless of HIV infection [34–37].
Third, we estimated the number of undiagnosed HIV-

HCV patients in France using the hypothesis of a similar
HCV prevalence in this population compared with new
patients entering the Dat’AIDS cohort in recent years.
Therefore, we added these patients as a constant over
time in the projections and no interaction between this
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population and HIV-diagnosed patients was considered.
It is also possible that the size of this population will
change in the future due to potential interventions for
HIV-diagnosed patients.
Fourth, the model neglected international migration and

did not consider the potential risk of HCV transmission
related to MSM international networks, as previously de-
scribed [38, 39], since no clear data were available to inte-
grate this risk of HCV transmission in our model.
Fifth, we estimated the proportion of HIV-monoinfected

high-risk MSM as a constant over time in our main ana-
lysis. A specific definition of this population is, to date,
not globally approved. We assessed the impact of an in-
crease in the proportion of HIV monoinfected high-risk
MSM on HIV-HCV prevalence in the model projec-
tions but we did not assess the impact of effective be-
havioral interventions in this population because no
study has thus far proved an effect of such an inter-
vention for HCV infection on the size of the high-
risk population.
Sixth, we considered the reinfection rate as a constant

force of infection in each risk group (i.e., independent of
HCV prevalence), as the proportion of low- and high-risk
MSM could not be determined among HIV-HCV coinfected
MSM, except at the beginning of the calibration process, i.e.
on January 1st, 2012 (Additional file 1: Appendix). Finally,
our projections are promising as most HIV-infected individ-
uals in France are under care and DAA treatment access is
universal, i.e., not restricted to a specific fibrosis score and/
or comorbidities. These projections are likely to be different
if our model was fitted to another country’s settings without
universal DAA treatment access and/or with a different
spectrum of engagement in HIV care.
Our study also has a number of strengths. The model

is based on the largest and most exhaustive HIV-HCV
database reported in the literature to date, with yearly
data available for all included patients. Moreover, all risk
groups were considered in the model for calibration and
projections, and reliable HCV risk of transmission for
the first infection in each risk group was thus estimated
during the calibration by extending the observed data to
the whole HIV-diagnosed population in France.

Conclusion
Our study demonstrates that the number of active
HCV infection in under-care HIV-infected patients is
expected to drastically decrease within the next dec-
ade. However, an increase in new infection and re-
infection incidence in high-risk MSM as well as an
increase in the proportion of undiagnosed patients
and occurrence of acute HCV infection in non-HIV-
infected MSM could fuel an HCV epidemic in the
future. Addressing all these issues is necessary to
achieve HCV elimination in this population.
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