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The hepatitis C virus protease inhibitor telaprevir is an inhibitor of the enzyme cyto-
chrome P450 3A, responsible for the metabolism of both cyclosporine and tacrolimus.
This Phase I, open-label, nonrandomized, single-sequence study assessed the effect of
telaprevir coadministration on the pharmacokinetics of a single dose of either cyclosporine
or tacrolimus in two separate panels of 10 healthy volunteers each. In Part A, cyclosporine
was administered alone as a single 100-mg oral dose, followed by a minimum 8-day wash-
out period, and subsequent coadministration of a single 10-mg oral dose of cyclosporine
with either a single dose of telaprevir (750 mg) or with steady-state telaprevir (750 mg ev-
ery 8 hours [q8h]). In Part B, tacrolimus was administered alone as a single 2-mg oral
dose, followed by a minimum 14-day washout period, and subsequent coadministration of
a single 0.5-mg dose of tacrolimus with steady-state telaprevir (750 mg q8h). Coadminis-
tration with steady-state telaprevir increased cyclosporine dose-normalized (DN) exposure
(DN_AUC0-‘) by approximately 4.6-fold and increased tacrolimus DN_AUC0-‘ by
approximately 70-fold. Coadministration with telaprevir increased the terminal elimina-
tion half-life (t½) of cyclosporine from a mean (standard deviation [SD]) of 12 (1.67)
hours to 42.1 (11.3) hours and t½ of tacrolimus from a mean (SD) of 40.7 (5.85) hours to
196 (159) hours. Conclusion: In this study, telaprevir increased the blood concentrations
of both cyclosporine and tacrolimus significantly, which could lead to serious or life-
threatening adverse events. Telaprevir has not been studied in organ transplant patients;
its use in these patients is not recommended because the required studies have not been
completed to understand appropriate dose adjustments needed for safe coadministration
of telaprevir with cyclosporine or tacrolimus, and regulatory approval has not been
obtained. (HEPATOLOGY 2011;54:20-27)

See Editorial on Page 3 T
he global prevalence of hepatitis C virus
(HCV) infection is estimated to be 130 to 170
million, with approximately 3 to 4 million per-

sons newly infected annually.1,2 Approximately 38,000
new HCV cases occur annually in the United States
alone.3 An estimated 75%-85% of infected individuals
who do not clear the virus by 6 months develop
chronic hepatitis that is often associated with serious
liver disease.4,5 Cirrhosis develops in 4%-20% of
patients with chronic HCV infection, leading to hepa-
tocellular carcinoma at an annual rate of 1%-5%.6

Furthermore, cirrhosis due to chronic HCV infection
is the leading cause for liver transplantation; the inci-
dence of such cases in the United States and Europe as
of 2005 was approximately 30%-50%.7

Standard treatment for chronic HCV infection
includes a combination of pegylated interferon and
ribavirin, shown to cause sustained viral response in
45%-50% of patients treated.8-10 In recent clinical
studies, the coadministration of telaprevir, an HCV
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protease inhibitor, with pegylated interferon/ribavirin
resulted in substantial improvements in sustained viral
response compared with pegylated interferon/ribavirin
alone in patients with genotype 1 chronic HCV infec-
tion (treatment-naı̈ve patients and in patients who had
failed prior standard treatment).11-15 Patients who are
not eligible for standard treatment often require liver
transplant due to accompanying comorbid condi-
tions.16 Recurrence of HCV infection occurs in 100%
of liver transplantations if not eradicated prior to
transplantation.17 Cyclosporine and tacrolimus are
immunosuppressants with narrow therapeutic ranges
used in the postoperative phase of liver or kidney
transplants to prevent allograft rejection. Cyclosporine
and tacrolimus are substrates of both cytochrome
P450 3A (CYP3A), the primary enzyme responsible
for their metabolism,18,19 and P-glycoprotein (P-gp), a
transmembrane transporter.20,21 Telaprevir is a CYP3A4
substrate and inhibitor and has the potential to saturate or
inhibit P-gp in the gut (data on file, Vertex Pharmaceuticals
Inc.). Therefore, coadministration with telaprevir may
increase the systemic exposure to cyclosporine and tacroli-
mus. The current study was designed to gain an under-
standing of the effect of telaprevir on the single-dose phar-
macokinetic (PK) parameters of tacrolimus and cyclosporine
to provide guidance for dose adjustments of these drugs
prior to initiation of trial(s) in transplant patients.

Materials and Methods

Materials. Telaprevir 375 mg tablets were manufac-
tured at Patheon (Mississauga, Ontario, Canada). Cy-
closporine 100 mg/mL solution (Neoral Novartis Phar-
maceuticals, East Hanover, NJ) and tacrolimus 0.5 mg
capsules (Prograf, Astellas Pharmaceuticals, Deerfield,
IL) were obtained from commercial suppliers.
Human Volunteers. Study VX09-950-021 (clinical

trial registration number: NCT01038167) enrolled 20
volunteers at Covance Clinical Research Unit (CRU)
Dallas, Texas. Healthy males and females between 18-
60 years of age with body mass index from 18.0-30.0
kg/m2 were included. At screening, volunteers had no
major or clinically significant medical history; no clini-
cally significant abnormal results from physical exami-
nation and 12-lead electrocardiogram readings; and no
out-of-range results from hematology tests, clinical
chemistry, coagulation tests, and urinalysis. The sys-
tolic blood pressure for all volunteers was between 90-
130 mmHg, diastolic blood pressure was between 55-
90 mmHg, and supine heart rate was between 45-100
beats per minute (all limits inclusive). All volunteers

were able to understand and comply with protocol
requirements and signed the informed consent form
prior to any study procedure. The protocol and
informed consent form were approved by the Covance
Ethics Committee in accordance with national proce-
dures. The study was conducted in accordance with
the Declaration of Helsinki, Good Clinical Practice
guidelines, and local regulations.
Study Design. This was a Phase I, open-label, non-

randomized, single-sequence study that included screening,
a dosing period, and a follow-up visit. This study had two
parts: 10 volunteers were enrolled each in Parts A and B
to examine the effect of telaprevir on the PK of cyclospo-
rine and tacrolimus, respectively. Volunteers were enrolled
in either Parts A or B in parallel. Assuming an expected
ratio of 1.0 for mean exposure (dose-normalized), a
sample size of eight volunteers was considered sufficient to
achieve the 90% confidence interval (CI) within the
no-effect limits of 0.80-1.25 on the Geometric Least
Squares (GLS) mean ratios of the area under the curve
(AUC) and the maximum concentration (Cmax) of
cyclosporine or tacrolimus following coadministration with
telaprevir (test) over administration of cyclosporine or
tacrolimus alone (reference).
Part A: Cyclosporine Treatment. The effect of

telaprevir on cyclosporine PK was studied after a single
dose and at steady-state telaprevir. During period 1,
volunteers were admitted to the CRU on day �1 and
discharged on day 3. On day 1, a single 100-mg oral
dose of cyclosporine (1 mL Neoral oral solution, 100
mg/mL) was administered 2.5 hours after the start of a
standard, medium-fat breakfast. There was a minimum
washout of 8 days between day 1, period 1 and day 1,
period 2. During period 2, volunteers were admitted
to the CRU on day �1 and discharged on day 4. Vol-
unteers were readmitted on day 7 and discharged on
day 11. From day 1 to day 11, telaprevir 750-mg oral
dose every 8 hours (q8h) was administered 0.5 hours
after the start of a meal or snack. On days 1 and 8, a
single 10-mg oral cyclosporine dose (100 lL Neoral
oral solution, 100 mg/mL) was administered 2.5 hours
after the start of a standard, medium-fat breakfast (i.e.,
2 hours post-telaprevir dose). Volunteers returned for a
follow-up visit on day 21 (63 days).
Approximately 4 mL blood was drawn by venipunc-

ture or indwelling catheter at each timepoint and proc-
essed for analyzing whole blood cyclosporine concen-
trations and plasma telaprevir concentrations. When
cyclosporine was administered alone, blood samples
were collected for cyclosporine analysis on day 1, pe-
riod 1 (sampling timepoints: predose, 0.5, 0.75, 1,
1.5, 2, 2.5, 3, 4, 6, 8, 12, 16, 24, and 48 hours
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postdose). When cyclosporine was coadministered with
telaprevir, blood samples were collected for cyclosporine
analysis on days 1 and 8, period 2 (sampling timepoints:
predose, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 16, 24,
48, 72, and 96 hours postdose). For telaprevir concentra-
tion analysis, blood samples were drawn on day 1 and
day 8, period 2 (sampling timepoints: predose, 0.5, 1, 2,
2.5, 3, 4, 6, and 8 hours post-morning dose).
Part B: Tacrolimus Treatment. The effect of telap-

revir on tacrolimus PK was studied at steady-state
telaprevir. During period 1, volunteers were admitted
to the CRU on day �1 and discharged on day 3. On
day 1, a single 2-mg oral dose of tacrolimus (4 capsu-
les Prograf, 0.5 mg) was administered 2.5 hours after
the start of the standard, medium-fat breakfast. There
was a minimum washout of 14 days between day 1,
period 1 and day 1, period 2. During period 2, volun-
teers were admitted to the CRU on day 7 and dis-
charged on day 11. From days 1 to 13 of period 2,
telaprevir 750 mg q8h was administered 0.5 hours af-
ter the start of a meal or snack. On day 8, a single
0.5-mg oral dose of tacrolimus (1 capsule Prograf, 0.5
mg) was administered 2.5 hours after the start of a
standard, medium-fat breakfast (i.e., 2 hours post-
telaprevir dose). Volunteers returned for a follow-up
visit on day 23 (63 days).
Approximately 4 mL of blood was drawn by way of

direct venipuncture or indwelling catheter at each
timepoint and processed for analyzing whole blood
tacrolimus concentrations and plasma telaprevir con-
centrations. When tacrolimus was administered alone,
blood samples were collected for tacrolimus analysis
on day 1, period 1 (sampling timepoints: predose, 0.5,
0.75, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 16, 24, 48, 72, 96,
and 120 hours postdose). When tacrolimus was coad-
ministered with telaprevir, blood samples were col-
lected for tacrolimus analysis on day 8, period 2 (sam-
pling timepoints: predose, 0.5, 0.75, 1, 1.5, 2, 2.5, 3,
4, 6, 8, 12, 16, 24, 48, 72, 96, 120, and 144 hours
postdose). Similarly, for telaprevir concentration analy-
sis, blood samples were drawn on day 8, period 2
(sampling timepoints: predose, 0.5, 1, 2, 2.5, 3, 4, 6,
and 8 hours post-morning dose).
Bioanalysis of Cyclosporine, Tacrolimus, and

Telaprevir. Whole blood concentrations of both cyclo-
sporine and tacrolimus and plasma telaprevir concen-
trations were analyzed using validated assay methods.
Briefly, cyclosporine, telaprevir, and their internal
standards were extracted from samples using liquid/liq-
uid extraction. Tacrolimus and its internal standard
were extracted from samples using protein precipita-
tion followed by solid-phase extraction. After evapora-

tion under nitrogen, the residue of each analyte was
reconstituted and analyzed using liquid chromatogra-
phy followed by tandem mass spectrometry with
selected ion monitoring in the positive ion mode. Cal-
ibration curves for each analyte was generated using
weighted (1/x2) linear least-squares regression.
The lower limit of quantitation for the cyclosporine

assay in whole blood was 0.5 ng/mL and linear range for
the calibration curve was 0.5-200 ng/mL. The lower limit
of quantitation for the tacrolimus assay was 50.0 pg/mL
and linear range for the calibration curve was 50.0-10,000
pg/mL. The lower limit of quantitation for the telaprevir
assay was 2.0 ng/mL and linear range for the calibration
curve was 2.0-5,000 ng/mL. The assay accuracy (%bias),
and precision (%RSD) of the quality control samples were
within 615%.
Pharmacokinetic Assessments and Analysis. PK pa-

rameters were determined using standard noncompart-
mental methods with WinNonlin v. 5.2 (Pharsight,
Mountain View, CA) and summarized for each treat-
ment. The Cmax and time to reach maximum concen-
tration (tmax) were determined directly from observed
data. The terminal elimination rate constant (kz) was
estimated using least squares regression analysis and by
visualization of the terminal phase of the concentra-
tion-time data on a log-linear scale. Apparent clearance
(CL/F) was calculated as Dose/AUC0-1 and apparent
volume of distribution (Vz/F) was calculated as Dose/
kz (AUC0-1). The terminal elimination half-life (t½)
values were calculated as ln(2)/kz. The Cmax and
AUC0-1 of cyclosporine and tacrolimus were also
dose-normalized (DN) to 1 mg to account for differ-
ent doses of these drugs administered with and with-
out telaprevir. For all PK measurements and parame-
ters, appropriate descriptive statistics including mean,
SD, and volunteer number (n) were reported.
The effect of telaprevir on the single dose PK of cy-

closporine and tacrolimus was assessed by linear
mixed-effects modeling. The PK exposure parameters
(Cmax and AUC0-1) with and without dose-normaliza-
tion were compared statistically between cyclosporine
coadministered with telaprevir (days 1 and 8, period
2) and cyclosporine administered alone (day 1, period
1). A similar statistical comparison was made between
tacrolimus coadministered with telaprevir (day 8, pe-
riod 2) and tacrolimus administered alone (day 1, pe-
riod 1). The dose-normalization method is considered
valid because the doses of cyclosporine and tacrolimus
chosen for this study are within the dose proportional
range.18 Analysis of variance was performed with SAS
PROC MIXED, v. 8.2 (SAS Institute, Cary, NC) on
log-transformed variables with period as the fixed
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effect and volunteer as a random effect. The GLS
mean ratio indicates the fold-change in the PK param-
eter when telaprevir was coadministered.
Safety Assessments. For enrolled volunteers, clinical

laboratory tests (hematology, serum chemistry, urinaly-
sis), vital signs, 12-lead electrocardiograms, and adverse
events were monitored throughout the study. Clinically
significant abnormal laboratory findings were reported
as adverse events. A follow-up visit was conducted
�10 days following the last dose of study medication.

Results

Disposition and Demographics. The first volunteer
signed the informed consent form in January 2010,
and the last volunteer completed the last visit in April
2010. In Part A, all 10 volunteers received at least one

dose of cyclosporine and nine volunteers received at
least one dose of cyclosporine coadministered with
telaprevir. Mean (SD) volunteer age was 45.8 (9.19)
years, height was 167 (11.8) cm, weight was 68.5
(11.6) kg, and body mass index was 24.4 (2.56) kg/
m2. The majority of volunteers were females (70%)
and white (80%).
In Part B, all 10 volunteers received at least one

dose of tacrolimus administered alone and nine volun-
teers received at least one dose of telaprevir. One vol-
unteer was withdrawn due to noncompliance with
study procedures. Mean (SD) volunteer age was 38.0
(11.0) years, height was 175 (6.73) cm, weight was
77.4 (11.7) kg, and body mass index was 25.4 (3.53)
kg/m2. All volunteers were male (100%) and the ma-
jority were white (70%).
Cyclosporine Pharmacokinetics. The dose-normal-

ized mean (SD) blood concentration-time profiles for
cyclosporine administered either alone (day 1, period
1) or with telaprevir (days 1 and 8, period 2) are pre-
sented in Fig. 1. The dose-normalized concentrations
of cyclosporine were higher when coadministered with
telaprevir than for cyclosporine administered alone.
Without dose normalization, the cyclosporine concen-
trations were lower when coadministered as a 10-mg
dose with telaprevir than following administration of a
100-mg dose of cyclosporine alone (concentration-time
profile without dose normalization not shown). Cyclo-
sporine concentration-time profiles were comparable
on day 1, period 2 and day 8, period 2, when a 10-
mg dose of cyclosporine was administered with either
a single dose of telaprevir or at steady-state telaprevir.
The mean (SD) PK and statistical parameters for

cyclosporine administered either alone (100-mg dose;

Fig. 1. Dose-normalized mean (SD) blood concentration-time pro-
files of cyclosporine following administration of cyclosporine alone and
with telaprevir (log-linear scale).

Table 1. Mean (SD) of PK Parameters and Statistical Analysis of Cyclosporine Following Administration of Cyclosporine
Alone (Day 1, Period 1) and with Telaprevir (Day 1 and Day 8, Period 2)

Cyclosporine 100 mg (n 5 10) Cyclosporine 10 mg 1 Telaprevir Day 1 (n 5 9) Cyclosporine 10 mg 1 Telaprevir Day 8 (n 5 9)

PK Parameter Mean (SD) Mean (SD) GLS Mean Ratioz (90% CI) Mean (SD) GLS Mean Ratioz (90% CI)

AUC0-1 (ng�hr/mL)* 1880 (489) 805 (306) 0.41 (0.35, 0.49) 853 (218) 0.46 (0.39, 0.55)

DN_AUC0-1 (ng�hr/mL/mg)* 18.8 (4.89) 80.5 (30.7) 4.11 (3.49, 4.85) 85.3 (21.8) 4.64 (3.90, 5.51)

Cmax (ng/mL) 489 (142) 65.7 (24.9) 0.14 (0.11, 0.17) 62.2 (18.9) 0.13 (0.11, 0.16)

DN_Cmax (ng/mL/mg) 4.89 (1.42) 6.57 (2.49) 1.36 (1.12, 1.65) 6.22 (1.89) 1.32 (1.08, 1.60)

t1=2 (hr)* 12.0 (1.67) 52.5 (20.5) — 42.1 (11.3) —

tmax (hr)† 1.50 (0.75, 2.00) 2.50 (2.50, 4.28) — 2.50 (1.50, 3.05) —

Vz/F (L)* 955 (195) 1010 (444) — 735 (198) —

CL/F (L/hr)* 56.3 (14.0) 14.3 (5.86) — 12.5 (3.33) —

Abbreviations: DN_, dose-normalized; n, number of volunteers.

*n ¼ 9 for cyclosporine (100-mg dose) arm and cyclosporine (10-mg dose) and telaprevir coadministration on Day 1 arm; n ¼ 8 for cyclosporine (10-mg

dose) and telaprevir coadministration on Day 8 arm, as values were excluded due to Rsq <0.9 for estimation of kz.
†Median (min, max).

‡Value corresponding to 10-mg cyclosporine þ telaprevir (either Day 1 or Day 8 as applicable) is used as the numerator (test) and value corresponding to 100-

mg cyclosporine administered alone is used as the denominator (reference).

— Not applicable.
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day 1, period 1) or with telaprevir (10-mg dose; days 1
and 8, period 2) are summarized in Table 1. In Part A, a
comparison of PK parameters when cyclosporine was
administered alone versus coadministered with telapre-
vir indicated that median tmax of cyclosporine increased
from 1.50 hours on day 1, period 1 to 2.50 hours on
both days 1 and 8, period 2; mean Vz/F changed from
955 L on day 1, period 1 to 1,010 L on day 1, period 2
and 735 L on day 8, period 2; mean CL/F decreased
from 56.3 L/h on day 1, period 1 to 14.3 L/h on day 1,
period 2 and 12.5 L/h on day 8, period 2; and mean t½
increased from 12.0 hours on day 1, period 1 to 52.5
hours on day 1, period 2 and 42.1 hours on day 8, pe-
riod 2. The DN_Cmax GLS mean ratios (90% CI) for
cyclosporine coadministered with telaprevir were 1.36
(1.12, 1.65) on day 1, period 2 and 1.32 (1.08, 1.60)
on day 8, period 2 compared to cyclosporine adminis-
tered alone. Similarly, the DN_AUC0-1 GLS mean
ratios (90% CI) for cyclosporine coadministered with
telaprevir were 4.11 (3.49, 4.85) on day 1, period 2 and
4.64 (3.90, 5.51) on day 8, period 2 compared to cyclo-
sporine administered alone on day 1, period 1, indicat-
ing a significant effect of a single dose and steady-state
telaprevir on the PK of cyclosporine.
Tacrolimus Pharmacokinetics. The dose-normal-

ized mean (SD) blood concentration-time profiles for
tacrolimus administered either alone (2-mg dose; day
1, period 1) or with telaprevir (0.5-mg dose; day 8,
period 2) are presented in Fig. 2. Tacrolimus concen-
trations were considerably higher when coadministered
with telaprevir than for tacrolimus administered alone.
The mean (SD) PK and statistical parameters for

tacrolimus administered either alone (2-mg dose; day
1, period 1) or with telaprevir (0.5-mg dose; day 8,
period 2) are summarized in Table 2. In Part B, a
comparison of PK parameters when tacrolimus was
administered alone versus coadministered with telapre-
vir indicated that median tmax of tacrolimus increased

from 2.25 hours on day 1, period 1 to 3.03 hours on
day 8, period 2; mean Vz/F decreased from 1,910 L
on day 1, period 1 to 106 L on day 8, period 2; mean
CL/F decreased from 32.0 L/h on day 1, period 1 to
0.48 L/h on day 8, period 2; and mean t½ increased
from 40.7 hours on day 1, period 1 to 196 hours on
day 8, period 2. The DN_Cmax GLS mean ratio (90%
CI) for tacrolimus coadministered with telaprevir was
9.35 (6.73, 13.0) on day 8, period 2 compared to
tacrolimus administered alone (day 1, period 1). Simi-
larly, the DN_AUC0-1 GLS mean ratio (90% CI) for
tacrolimus coadministered with telaprevir was 70.3
(52.9, 93.4) on day 8, period 2 compared to tacroli-
mus administered alone (day 1, period 1), indicating a
significant effect of telaprevir on the PK of tacrolimus.
Plasma Pharmacokinetics of Telaprevir. Mean

(SD) PK parameters for telaprevir when coadminis-
tered with either cyclosporine or tacrolimus are shown
in Table 3. Steady-state concentrations of telaprevir on
day 8, period 2 were similar when telaprevir was coad-
ministered with either cyclosporine or tacrolimus.
Steady-state exposure of telaprevir reported in this
study was comparable with historical data.22

Safety. In Part A, adverse events of mild vessel
puncture site pain (n ¼ 1), mild pharyngitis (n ¼ 1),
mild accidental needle stick (n ¼ 1), and moderate
neutropenia (n ¼ 1) occurred when cyclosporine was
administered alone. Moderate neutropenia led to pre-
mature discontinuation of the volunteer from the

Fig. 2. Dose-normalized mean (SD) blood concentration-time pro-
files of tacrolimus following administration of tacrolimus alone and
with telaprevir (log-linear scale).

Table 2. Mean (SD) PK Parameters and Statistical Analysis
of Tacrolimus Following Administration of Tacrolimus Alone
(Day 1, Period 1) and with Telaprevir (Day 8, Period 2)

Tacrolimus

2 mg (n 5 10)

Tacrolimus 0.5 mg 1 Telaprevir

Day 8 (n 5 9)

PK Parameter Mean (SD) Mean (SD)

GLS Mean

Ratioz (90% CI)

AUC0-1 (ng�hr/mL)* 67.3 (17.3) 1310 (866) 17.6 (13.2, 23.3)

DN_AUC0-1
(ng�hr/mL/mg)*

33.6 (8.64) 2620 (1730) 70.3 (52.9, 93.4)

Cmax (ng/mL) 3.97 (1.82) 8.70 (3.23) 2.34 (1.68, 3.25)

DN_Cmax (ng/mL/mg) 1.99 (0.91) 17.4 (6.47) 9.35 (6.73, 13.0)

t1=2 (hr)* 40.7 (5.85) 196 (159) —

tmax (hr)† 2.25 (1.50, 12.0) 3.03 (2.50, 24.0) —

Vz/F (L)* 1910 (859) 106 (34.2) —

CL/F (L/hr)* 32.0 (10.2) 0.48 (0.19) —

Abbreviations: DN_, dose-normalized; n, number of volunteers.

*kz related parameters should be interpreted with caution, since the extrapo-

lated AUC was greater than 25%. n ¼ 8 for tacrolimus (0.5-mg dose) and

telaprevir coadministration arm, as one value was excluded due to Rsq <0.9

for estimation of kz.
†Median (min, max).

‡Value corresponding to 0.5-mg tacrolimus þ telaprevir (Day 8) is used as

the numerator (test) and value corresponding to 2-mg tacrolimus administered

alone is used as the denominator (reference).

— Not applicable.
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study. Adverse events of mild dyspepsia (n ¼ 1); mild
rash (n ¼ 2); mild herpes simplex (n ¼ 1); mild con-
tusion (n ¼ 1); mild blood creatine phosphokinase
increase (n ¼ 1); mild somnolence (n ¼ 1); and mild
vaginal discharge (n ¼ 1) occurred when cyclosporine
was coadministered with telaprevir. Dyspepsia and rash
were considered by the study investigator to be possi-
bly related to the study drugs.
In Part B, an adverse event of mild constipation (n

¼ 1) occurred when tacrolimus was administered
alone. Adverse events of mild pruritus (n ¼ 1) and
mild excoriation (n ¼ 1) occurred when tacrolimus
was coadministered with telaprevir.
No serious, life-threatening, or severe adverse events

occurred in any group. There were no notable clini-
cally significant trends for any of the chemistry param-
eters, hematology parameters, vital signs, 12-lead elec-
trocardiograms, or physical examination findings.

Discussion

The primary objective of this study was to evaluate
the effect of telaprevir on the PK of single doses of cy-
closporine and tacrolimus in healthy volunteers. The
100-mg cyclosporine dose and the 2-mg tacrolimus
dose were chosen as they were well tolerated in healthy
volunteers in previous studies.23,24 The doses of cyclo-
sporine and tacrolimus were lowered when coadminis-
tered with telaprevir because of the potential for
marked increase in cyclosporine and tacrolimus
exposure.
Dose-normalized cyclosporine exposure increased

significantly when coadministered with telaprevir com-
pared to administration of cyclosporine alone: the
dose-normalized Cmax increased by approximately 1.3-
to 1.4-fold, dose-normalized AUC increased by
approximately 4.1- to 4.6-fold, and mean t½ of cyclo-

sporine increased approximately 4-fold following coad-
ministration of cyclosporine with either a single dose
or steady-state telaprevir. Cyclosporine exposure was
comparable when administered with either a single
dose of telaprevir (day 1, period 2) or when telaprevir
reached steady-state (day 8, period 2), suggesting an
absence of time-dependent inhibition of cyclosporine
metabolism by telaprevir.
The effect of telaprevir coadministration was much

greater with tacrolimus: the dose-normalized Cmax

increased by approximately 9.3-fold, dose-normalized
AUC increased by approximately 70-fold, and the
mean t½ of tacrolimus increased approximately 5-fold.
Because of the long t½ of tacrolimus and the long
time it would take to wash out any effect of telaprevir
on its PK, the interaction with tacrolimus was only
evaluated with steady-state telaprevir. It is unknown
whether the magnitude of the effect of telaprevir on
tacrolimus would be similar after the first dose of
telaprevir, as seen with cyclosporine.
These results are significant and indicate that with-

out understanding the adjustments required for dose
and/or dosing frequency of cyclosporine and tacroli-
mus, telaprevir coadministration could lead to serious
or life-threatening adverse events. The mechanism for
the greater effect of telaprevir on the PK of tacrolimus
compared to cyclosporine is unknown, but may be
related to lower bioavailability of tacrolimus (�18%)
in healthy volunteers,19 making it more susceptible to
CYP3A and/or P-gp inhibition in the gut and during
first-pass metabolism. This is also suggested by the
9.3-fold increase in the tacrolimus Cmax and the sharp
decrease in the mean (SD) apparent volume of distri-
bution (Vz/F) of tacrolimus from 1,910 (859) L when
administered alone to 106 (34) L (Table 2) in the
presence of telaprevir (i.e., an increase in oral bioavail-
ability, F, without a proportional change in volume of
distribution, Vz, may decrease the ratio, Vz/F closer to
the reported value of Vz, corrected for F, in healthy
volunteers of 1.94 L/kg19). In contrast, there was no
apparent change in the Vz/F of cyclosporine after the
first or last telaprevir dose (Table 1) compared to cy-
closporine administered alone, suggesting that bioavail-
ability of cyclosporine was not changed in the presence
of telaprevir, consistent with the observed modest
effect of telaprevir on the Cmax of cyclosporine. How-
ever, the bioavailability of cyclosporine varies consider-
ably depending on patient population (ranging from
<10% in liver transplant patients to 89% in some
kidney transplant patients).18 Therefore, the effect of
telaprevir on cyclosporine concentrations in liver trans-
plant patients may differ from that observed in this

Table 3. Mean (SD) of Telaprevir PK Parameters Following
Coadministration of Telaprevir with Cyclosporine or with

Tacrolimus

PK Parameter

Part A Part B

Telaprevir Day

11 Cyclosporine

(n 5 10)

Telaprevir Day

8 1 Cyclosporine

(n 5 9)

Telaprevir Day

8 1 Tacrolimus

(n 5 9)

Telaprevir

AUC0-8hr
(ng�hr/mL)

9360 (3560) 21900 (2810) 16600 (3340)

Cmax (ng/mL) 2170 (830) 3432 (543) 2500 (626)

Cmin (ng/mL) NA 2170 (283) 1720 (439)

tmax (hr)* 4.00 (2.50, 7.92) 3.00 (1.92, 6.00) 4.00 (0.00, 4.10)

Abbreviations: n, number of volunteers; NA, not applicable.

*Median (min, max).
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healthy volunteer study, and close monitoring of cyclo-
sporine concentrations to guide individual dose adap-
tations would be necessary during coadministration.
The decrease in hepatic clearance and increase in t½

of both cyclosporine and tacrolimus upon telaprevir
coadministration suggests that systemic clearance of
these immunosuppressants was also reduced by telapre-
vir. The effect of telaprevir on hepatic transporters that
could have contributed to lower clearance or enhanced
absorption is unknown.
Notably, in this study the effect of steady-state telap-

revir on the PK of cyclosporine or tacrolimus was eval-
uated only at single doses of these immunosuppres-
sants. Because the elimination half-lives increased
significantly for both cyclosporine and tacrolimus
when telaprevir was coadministered, without proper
adjustment of dose and dosing interval of these immu-
nosuppressants, further increases in blood exposure
may occur when multiple doses of these drugs are
coadministered with telaprevir. However, studies of
telaprevir with multiple doses of cyclosporine and
tacrolimus have not been performed.
The effects of telaprevir on cyclosporine and tacroli-

mus exposure were similar to that reported for human
immunodeficiency virus (HIV) protease inhibitors
known to be potent CYP3A inhibitors, where signifi-
cant reductions in dose and/or dosing interval of
immunosuppressants were needed to achieve the
desired range of trough concentrations, based on frequent
monitoring of trough concentrations of the immuno-
suppressants.25 For example, addition of lopinavir/rito-
navir (n ¼ 7 patients) reduced tacrolimus dose by
99% to maintain tacrolimus concentrations within the
therapeutic range.26 Similarly, during coadministration
of Highly Active Antiretroviral Therapy (HAART) reg-
imens with ritonavir-boosted HIV protease inhibitors,
daily cyclosporine doses were reduced by 80%-95% to
maintain cyclosporine exposure at pre-HAART levels.
Because of the flat absorption/elimination profiles of
cyclosporine during combination with ritonavir-
boosted HAART therapy, cyclosporine exposure could
be reliably monitored long-term by measuring cyclo-
sporine trough concentrations.27 Treatment of post-
transplant patients coinfected with HIV/HCV with
antiretrovirals and telaprevir could be even more chal-
lenging, depending on the drugs involved. Telaprevir
levels are not significantly affected by ritonavir28; how-
ever, whether the net effect of antiretroviral drugs on
cyclosporine and tacrolimus PK would be similar or
different is hard to predict, as these drugs may have
their own effects. The PK of tacrolimus and cyclospo-
rine may also vary based on CYP3A5 genotype.29

Therefore, the effect of telaprevir on these drugs may
also vary based on CYP3A5 genotype.
Although cyclosporine is a CYP3A and P-gp inhibi-

tor,18 the effects of a single cyclosporine dose on sys-
temic telaprevir exposure were considered negligible,
because the cyclosporine dose (10 mg) was low and
administered 2 hours after telaprevir administration.
This study was not designed to test the effect of cyclo-
sporine and tacrolimus on telaprevir exposure. How-
ever, telaprevir steady-state exposure in Parts A and B
were similar to previous Phase I studies,22 so it is
unlikely that coadministration of cyclosporine or tacro-
limus had a relevant effect on telaprevir exposure.
Food decreases cyclosporine and tacrolimus exposure

(Cmax by 33% and 65%; AUC by 13% and 28%,
respectively),18,19 whereas telaprevir exposure increases
with food. Telaprevir was administered 30 minutes af-
ter the start of a meal and cyclosporine or tacrolimus
were administered 2 hours after telaprevir during coad-
ministration. Volunteers refrained from further food or
drink during the period between administration of
telaprevir and cyclosporine or tacrolimus. This
approach was used to minimize food effect on cyclo-
sporine and tacrolimus exposure, while providing
appropriate telaprevir dosing conditions. The extent to
which simultaneous telaprevir administration with cy-
closporine or tacrolimus in the fed state would impact
these results is unknown.
Another important consideration about concomitant

tacrolimus or cyclosporine use with telaprevir in organ
transplant patients is that after telaprevir treatment is
completed or stopped, its inhibitory effect on CYP3A/
P-gp would wear off and doses of immunosuppressant
would need readjustments. Estimates of the recovery
time of CYP3A activity vary widely30 and precise tim-
ing for CYP3A activity to resume to the levels before
the start of telaprevir is unknown. Therefore, careful
blood concentration monitoring of immunosuppres-
sants will be needed for approximately 2 weeks after
telaprevir is stopped.
Besides cyclosporine and tacrolimus, other immuno-

suppressants that are likely to have a significant inter-
action with telaprevir include those known to have
increased exposures when coadministered with strong
CYP3A inhibitors, such as sirolimus and everolimus.
Exposure of corticosteroids known to be metabolized
by way of CYP3A may also increase in the presence of
strong CYP3A inhibitors. However, studies with these
drugs in combination with telaprevir have not been
conducted.
Finally, telaprevir has not been studied in pre-, post-,

or peritransplant patients. The degree of the interaction
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with calcineurin inhibitors reported here suggests poten-
tial implications for patient safety. Telaprevir should not
be administered to these patients, because the required
studies have not been completed to understand appro-
priate dose adjustments needed for safe coadministration
of telaprevir with cyclosporine or tacrolimus, and regula-
tory approval has not been obtained.

Acknowledgments: Jessica Parkinson assisted in the
preparation of the article. Kristin Stephan, PhD, pro-
vided article and editorial coordination support. Jona-
than Kirk provided graphical design support. All are
employees/stockholders of Vertex Pharmaceuticals Inc.
All authors were either employed by Vertex Pharma-
ceuticals Inc. (V.G., J.E.L., K.A., P.N., and X.L.) or
Tibotec (R.v.H.) at the time of the study. J.E.L. is cur-
rently employed by the U.S. Food and Drug Adminis-
tration, Silver Spring, MD. Her contribution to this
article was based on her prior employment and the
content of the work does not necessarily reflect any
position of the Food and Drug Administration.

References
1. Lavanchy D. The global burden of hepatitis C. Liver Int 2009;

29(Suppl 1):74-81.
2. WHO. Global surveillance and control of hepatitis C. Report of a

WHO consultation organized in collaboration with the Viral Hepatitis
Prevention Board, Antwerp, Belgium. J Viral Hepat 1999;6:35-47.

3. Bowen DG, Walker CM. The origin of quasispecies: cause or conse-
quence of chronic hepatitis C viral infection? J Hepatol 2005;42:
408-417.

4. Chen SL, Morgan TR. The natural history of hepatitis C virus (HCV)
infection. Int J Med Sci 2006;3:47-52.

5. Hoofnagle JH. Course and outcome of hepatitis C. HEPATOLOGY 2002;
36:S21-S29.

6. Brass V, Moradpour D, Blum HE. Molecular virology of hepatitis C
virus (HCV): 2006 update. Int J Med Sci 2006;3:29-34.

7. Berenguer M. Management of hepatitis C virus in the transplant
patient. Clin Liver Dis 2007;11:355-376.

8. Manns MP, McHutchison JG, Gordon SC, Rustgi VK, Shiffman M,
Reindollar R, et al. Peginterferon alfa-2b plus ribavirin compared with
interferon alfa-2b plus ribavirin for initial treatment of chronic hepatitis
C: a randomised trial. Lancet 2001;358:958-965.

9. Fried MW, Shiffman ML, Reddy KR, Smith C, Marinos G, Goncales
FL Jr, et al. Peginterferon alfa-2a plus ribavirin for chronic hepatitis C
virus infection. N Engl J Med 2002;347:975-982.

10. Hadziyannis SJ, Sette H Jr, Morgan TR, Balan V, Diago M, Marcellin
P, et al. PEGinterferon-alpha2a and ribavirin combination therapy in
chronic hepatitis C: a randomized study of treatment duration and rib-
avirin dose. Ann Intern Med 2004;140:346-355.
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