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AIMS
Voclosporin is a novel calcineurin inhibitor intended for prevention of
organ graft rejection and treatment of lupus nephritis.
Pharmacokinetic drug interactions between voclosporin and a CYP3A
inhibitor, inducer and substrate and a P-glycoprotein inhibitor and
substrate were evaluated.

METHODS
Voclosporin 0.4 mg kg−1 was administered to 24 subjects in each of five
studies, as follows: every 12 h (Q12H) alone and concomitantly with
ketoconazole 400 mg once daily (QD); single dose before and single
dose after rifampin 600 mg QD; Q12H where midazolam 7.5 mg was
administered as a single dose alone before voclosporin and with last
the dose of voclosporin; Q12H alone and concomitantly with verapamil
80 mg every 8 h; and Q12H with digoxin 0.25 mg QD. The
noncompartmental pharmacokinetic parameters maximal
concentration (Cmax) and area under the concentration–time curve
(AUC) were obtained, and geometric least squares mean ratios and
90% confidence intervals were evaluated.

RESULTS
Ketoconazole increased voclosporin Cmax (6.4-fold) and AUC (18-fold);
rifampin reduced voclosporin AUC (0.9-fold); voclosporin did not
change exposure of midazolam or α-hydroxy-midazolam; verapamil
increased voclosporin Cmax (2.1-fold) and AUC (2.7-fold); and
voclosporin increased digoxin Cmax (0.5-fold), AUC (0.25-fold) and
urinary excretion (0.2-fold).

CONCLUSIONS
Administration of voclosporin concomitantly with strong inhibitors and
inducers of CYP3A resulted in increased and decreased exposures,
respectively, and should be considered contraindicated. Drug–drug
interactions involving voclosporin and CYP3A substrates are not
expected. Administration of voclosporin concomitantly with inhibitors
and substrates of P-glycoprotein resulted in increased voclosporin and
substrate exposures, respectively. Appropriate concentration and
safety monitoring is recommended with co-administration of
voclosporin and P-glycoprotein substrates and inhibitors.

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• Calcineurin inhibitors are the gold standard

for immunosuppression in transplantation.
• Drug–drug interactions with cytochrome

P450 inducers, inhibitors and substrates
and with P-glycoprotein inhibitors and
substrates in these drugs with narrow
therapeutic windows may impact both
safety and efficacy.

• Knowledge of patient and drug factors that
influence drug disposition enhances the
optimal dosing and successful therapy with
the drug.

WHAT THIS STUDY ADDS
• These results provide a rationale for

avoiding the co-administration of
voclosporin with strong CYP3A inhibitors
and CYP3A inducers.

• These results suggest that
co-administration of voclosporin with
substrates of CYP3A would not result in
increased exposure to the substrate.

• These results provide a rationale for
conducting appropriate concentration and
safety monitoring when voclosporin is
co-administered with P-glycoprotein
substrates and inhibitors.
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Introduction

Voclosporin is a novel calcineurin inhibitor intended for
use in the prevention of organ graft rejection and the
treatment of autoimmune diseases, such as lupus nephri-
tis. Voclosporin was created by adding a single carbon
extension to the amino acid-1 region of ciclosporin A
(CsA). X-Ray crystallography studies have shown that this
increase in carbon length alters the way in which the
cyclophilin–voclosporin complex binds to a composite
surface of catalytic and regulatory subunits in calcineurin
(latch region). This change in binding has increased the
potency of voclosporin in comparison to CsA [1], which has
been confirmed in vivo using a 32P-labelled calcineurin
activity assay [2]. Calcineurin activity has been studied as
a potential biomarker throughout the development of
voclosporin. As amino acid-1 is the primary site of metabo-
lism of CsA, modification of this site has shifted the primary
site for voclosporin metabolism to the amino acid-9 posi-
tion. In vitro studies suggest that the primary metabolites
for CsA and voclosporin occur at amino acids 1 and 9,
respectively, which are equipotent in their ability to
prevent T-cell activation and possess ∼10% of the parent
compound activity (personal communication from R.
Huizinga, Isotechnika Pharma Inc.). Critically, amino acid 9
is produced in significantly smaller amounts than amino
acid 1, resulting in less competitive antagonism of their
respective parent molecules. The combination of in-
creased potency and a change in metabolite profile for
voclosporin allows for administration of lower doses,
less pharmacokinetic–pharmacodynamic variability and a
potentially improved safety profile compared with CsA.

Voclosporin is a large molecular weight, highly
lipophilic molecule, which suggests that it would favour
biliary excretion and hepatic metabolism as the primary
elimination routes. It is estimated that over 99% of the
drug is eliminated as metabolite, mainly via the cyto-
chrome P450 3A (CYP3A) isoform (personal communica-
tion from R. Huizinga, Isotechnika Pharma Inc.). In vitro
studies suggest that voclosporin is a direct, competitive
inhibitor of CYP3A, with the potential for clinically relevant
drug–drug interactions (personal communication from R.
Huizinga, Isotechnika Pharma Inc.). As with CsA, drug–
drug interactions are expected when voclosporin is
administered concomitantly with medications that inter-
act with CYP3A. In vitro studies suggest that voclosporin
could be a substrate for P-glycoprotein and a potential
inhibitor of P-glycoprotein (personal communication
from R. Huizinga, Isotechnika Pharma Inc.). Given that
immunosuppressants are frequently co-administered
with P-glycoprotein-modulated drugs, it was necessary to
evaluate the potential for drug–drug interactions between
voclosporin and a model P-glycoprotein inhibitor and
a model P-glycoprotein substrate. Based on the US
Food and Drug Administration (FDA) Draft Guidance,
ketoconazole, rifampin and midazolam are considered to

be a suitable model CYP3A inhibitor, inducer and sub-
strate, respectively, and verapamil and digoxin are con-
sidered a suitable model P-glycoprotein inhibitor and
substrate, respectively, because these drugs would be
most sensitive for identifying a pharmacokinetic interac-
tion [3, 4].

Five drug–drug interaction studies were conducted
to determine the pharmacokinetic drug interaction
between voclosporin and a model CYP3A inhibitor
(ketoconazole), inducer (rifampin) and substrate
(midazolam) and between voclosporin and a model
P-glycoprotein inhibitor (verapamil) and substrate
(digoxin) in healthy adult volunteers.

Methods

These open-label, multi-arm, sequential studies were con-
ducted at two clinical sites in Canada, following the FDA
drug interaction guidance. The protocol and all modifica-
tions and appropriate consent procedures were reviewed
and approved by a Research Ethics Board or Institutional
Review Board (REB/IRB) at each site in accordance with
the current regulations. All subjects signed an informed
consent form at the screening visit. The principal investi-
gators ensured that each study adhered fully to the
principles outlined in the Good Clinical Practice (GCP)
International Conference on Harmonization (ICH) Tripar-
tite Guideline (January 1997), which is based on the prin-
ciples of the Declaration of Helsinki (1996).

Subjects
Nonsmoking, male or female subjects aged 18–45 years,
with a body mass index between 19 and 30 kg m−2, were
included.

Main exclusion criteria included the following: any
clinically significant abnormality (including clinically sig-
nificant ECG or vital sign abnormalities) or abnormal labo-
ratory test results, clinically significant illness or surgery
within 4 weeks prior to dosing, clinically significant history
or presence of any condition known to interfere with the
absorption, distribution, metabolism or excretion of the
drug, use of any tobacco products within 3 months, history
of latent or active tuberculosis or exposure to endemic
areas within 8 weeks prior to PPD tuberculin testing,
history of positive PPD testing or positive PPD testing
result (≥5 mm) indicating possible tuberculosis infection,
history of opportunistic infection or serious local or sys-
temic infection within 3 months, or symptoms of fever,
viral or bacterial infection.

Medication exclusion included the following: history of
significant alcohol or drug abuse within 1 year prior to the
screening visit, regular use of alcohol (within 6 months),
use of soft drugs, such as marijuana (within 3 months), or
hard drugs, such as cocaine, phencyclidine and crack
(within 1 year), use of any drugs known to induce or inhibit
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hepatic drug metabolism within 30 days, or use of pre-
scription medication within 14 days.

Main laboratory exclusions included the following:
positive test for hepatitis B, hepatitis C or human immuno-
deficiency virus, haemoglobin <128 g l−1 (males) and
<115 g l−1 (females), haematocrit <0.37 l l−1 (males) and
<0.32 l l−1 (females), positive pregnancy test at screening,
positive urine cotinine test, positive alcohol breath test, or
a positive urine drug screen.

Study design
Voclosporin was administered orally every 12 h (Q12H) at
approximately the same time every day, with subjects in a
fasting condition for at least 8 h prior to the morning dose
and 2 h prior to the evening dose. The voclosporin oral
dose of 0.4 mg kg−1 was selected as the anticipated thera-
peutic dose based on phase 1 and 2 clinical studies.

The duration of blood sampling differed between
studies and between drugs as described individually for
each study. Blood samples were collected to characterize
the pharmacokinetic profile of the substrate drug over
approximately five half-lives following single doses and
during an interval between doses after multiple dosing.

Ketoconazole study
The objective of this study was to determine the effects of
ketoconazole on the pharmacokinetics of voclosporin
when both drugs are at steady state. Twenty-four subjects
were given voclosporin 0.4 mg kg−1 orally Q12H for 20 con-
secutive days (days 1–20). Subjects were to be given oral
ketoconazole 400 mg once daily (QD) for 10 consecutive
days (days 11–20) concomitantly with the morning dose of
voclosporin. For voclosporin and ketoconazole, blood
samples were drawn from each subject for pharmaco-
kinetic analyses. Voclosporin samples were drawn at 0,
0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2, 3, 4, 5, 6, 8, 10 and 12 h
after the morning dose on days 10 and 20. Ketoconazole
samples were drawn at 0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75,
2, 3, 4, 5, 6, 8, 10, 12 and 24 h after the morning dose on
day 20.

Rifampin study
The objective of this study was to determine the effects of
rifampin on the pharmacokinetics of voclosporin after
single doses when rifampin is at steady state. Twenty-four
subjects received a single 0.4 mg kg−1 dose of voclosporin
orally on days 1 and 16. Subjects received oral rifampin
600 mg QD for 10 consecutive days (days 6–15). For
voclosporin and rifampin, blood samples were drawn from
each subject for pharmacokinetic analyses. Voclosporin
samples were drawn at 0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75,
2, 3, 4, 5, 6, 8, 10, 12, 24, 48, 72, 96 and 120 h after the
morning dose on days 1 and 16. Rifampin samples were
drawn prior to rifampin administration on days 14 and 15,

and at 24 h after the day 15 dose. The predose sample
obtained on day 1 for quantification of voclosporin was
also analysed for rifampin.

Midazolam study
The objective of this study was to determine the effects of
voclosporin on the pharmacokinetics of midazolam when
voclosporin is at steady state and midazolam is given
as a single dose. Twenty-four male and female subjects
received midazolam 7.5 mg as a single oral dose on days 1
and 12, and voclosporin 0.4 mg kg−1 orally Q12H on days
2 through to the evening dose on day 12. For voclo-
sporin and midazolam, blood samples were drawn from
each subject for pharmacokinetic analyses. Voclosporin
samples were drawn at 0, 0.25, 0.5, 1.0, 1.5, 2, 2.5, 3, 3.5, 4,
6, 8, 10 and 12 h after the morning dose on day 12.
Midazolam samples were drawn at 0, 0.25, 0.5, 1.0, 1.5, 2,
2.5, 3, 3.5, 4, 6, 8, 10, 12, 16 and 24 h after the morning dose
on days 1 and 12.

Verapamil study
The objective of the study was to determine the effects
of verapamil on the pharmacokinetics of voclosporin with
both drugs at steady state. Twenty-four subjects were
given voclosporin 0.4 mg kg−1 orally Q12H for 20 consecu-
tive days (days 1–20). Subjects were given verapamil
80 mg every 8 h (Q8H) for 10 consecutive days (days
11–20) concomitantly with the morning dose of voclo-
sporin. Blood samples for pharmacokinetic analyses were
drawn from each subject at 0, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5,
1.75, 2, 3, 4, 5, 6, 8, 10 and 12 h after the morning dose
on days 10 (voclosporin) and 20 (voclosporin and
verapamil).

Digoxin study
The objective of this study was to determine the effects of
voclosporin on the pharmacokinetics of digoxin when
both drugs are at steady state. Twenty-four subjects
received oral digoxin 0.5 mg on day 1 followed by digoxin
0.25 mg every day for 17 consecutive days (days 2–18).
Subjects were administered voclosporin 0.4 mg kg−1 Q12H
orally for 11 consecutive days (days 8–18), with the final
dose on the evening of day 18. The morning dose of
voclosporin was given concomitantly with the dose of
digoxin. Blood samples for pharmacokinetic analyses were
drawn from each subject at 0, 0.25, 0.5, 1.0, 1.5, 2, 2.5, 3, 3.5,
4, 6, 8, 10, 12, 16 and 24 h after the morning dose on day 7
(digoxin) and day 18 (digoxin and voclosporin). Pooled
urine samples were collected for the measurement of
digoxin concentration over the 24 h dosing interval on
days 7 and 18.

Sample analysis
Whole blood concentrations of voclosporin were meas-
ured using a validated liquid chromatography–tandem
mass spectrometry (LC/MS/MS) method by Isotechnika
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Pharma Inc. [5]. Plasma concentrations of ketoconazole,
rifampin, midazolam, α-hydroxy-midazolam, verapamil
and digoxin were measured using a validated LC/MS/MS
method by Anapharm (Québec City, Québec, Canada).
The limit of quantification for voclosporin, ketoconazole,
rifampin, midazolam, α-hydroxy-midazolam, verapamil,
digoxin and urinary digoxin was 2 ng ml−1, 40.1 ng ml−1,
0.5 ng ml−1, 100 pg ml−1, 100 pg ml−1, 50.1 pg ml−1 and
2 ng ml−1, respectively. Assays were evaluated for possible
interference before study samples were analysed.

Pharmacokinetic analysis
Pharmacokinetic parameters for voclosporin, keto-
conazole, midazolam, α-hydroxy-midazolam, verapamil
and digoxin were calculated using noncompartmental
analysis. Only whole blood or plasma concentrations
greater than or equal to the limit of quantification for
the respective assays were used in the pharmacokinetic
analyses. Actual blood sampling times were used in all
pharmacokinetic analyses. Nominal times were used to
calculate mean concentrations for graphical displays. The
maximal whole blood or plasma concentrations (Cmax) and
time to Cmax (Tmax) were taken directly from the data
without interpolation. For single-dose data, the elimina-
tion rate constant (Kel) was estimated by linear regression
of at least three points in the elimination phase. Elimina-
tion half-life (t1/2) was calculated as 0.693/Kel. Area under
the curve over the 8 h [AUC(0–8)], 12 h [AUC(0–12)] or 24 h
[AUC(0–24)] dosing intervals was calculated using the
linear trapezoidal method. Area under the curve from zero
to infinity [AUC(0–inf)] was calculated as the sum of
AUC(0–t) and the last observed concentration divided by
Kel. The 24 h urinary excretion (Ue) of digoxin was calcu-
lated from the urinary concentration of drug and volume
of urine and renal clearance as the quotient of Ue(0–24)/
AUC(0–24). Given that only predose plasma rifampin con-
centrations were measured, no formal pharmacokinetic
analysis was conducted on these samples.

All pharmacokinetic calculations were done using SAS®
for Windows® version 9.1.3.

Statistical analysis
Comparisons were made for the pharmacokinetic para-
meters: Cmax and AUC(0–12) on days 10 and 20 for
voclosporin in the ketoconazole study; Cmax, AUC(0–t) and
AUC(0–inf) on days 1 and 16 for voclosporin in the rifampin
study; Cmax, AUC(0–t) and AUC(0–inf) on days 1 and 12 for
midazolam and α-hydroxy-midazolam in the midazolam
study; Cmax and AUC(0–12) on days 10 and 20 for voclo-
sporin in the verapamil study; and Cmax, AUC(0–24) and
Ue(0–24) on days 7 and 18 for digoxin in the digoxin study.
The comparisons were made with an analysis of variance
(ANOVA) model using the natural logarithms of the data.
The 90% confidence intervals (CIs) were constructed for
the treatment ratios (substrate + inhibitor/inducer-to-
substrate alone) of both parameters using the natural

log-transformed data. The point estimates and confidence
limits were exponentiated back to the original scale.

Following the FDA Draft Guidance, if the 90% CIs for
the geometric mean ratios for Cmax and AUC fell within the
default no effect boundary of 80–125%, then the conclu-
sion that no clinically significant differences are present
was to be made.

Statistical analyses were performed using SAS® for
Windows® version 9.1.3. Graphs were produced using
ggplot2 in R version 2.15.0 (Vienna, Austria).

The sample sizes chosen for these studies were based
on feasibility and on a typical screening panel that was
judged to be sufficient to detect a clinically important
effect. The sample sizes were not based on formal power
calculations.

Safety evaluation
Safety assessments were conducted according to the prin-
ciples outlined in the GCP ICH Tripartite Guideline (January
1997) and included physical examinations, adverse events
(AEs), vital signs (heart rate and blood pressure), ECG and
clinical laboratory tests. Vital signs were assessed at the
time of blood work on screening, from day −1 to the end
of the study and follow-up using clinically acceptable
methods and devices. The measurements were taken only
after the subject had remained in a supine position for at
least 5 min and prior to any blood sampling. The total
bodyweight was measured, and this value was used to
calculate the exact dose of medication required on a mil-
ligram per kilogram basis rounded to 10 mg. A 12-lead
safety ECG was taken before dosing at screening and on
day −1 to ensure the subject’s eligibility, and throughout
the study for subject safety.

Results

Analysis populations
A total of 24 subjects were enrolled into each study. Sub-
jects’ baseline characteristics are summarized in Table 1. A
total of 11 subjects completed the ketoconazole study.
Nine subjects were withdrawn on day 18 due to increased
serum creatinine. Two subjects withdrew consent due to
AEs and two subjects were withdrawn due to AEs. The
analysis population was therefore composed of the 11 sub-
jects who completed the study. A total of 24 subjects com-
pleted the rifampin study. Voclosporin data for two
subjects on day 16 were too sparse for pharmacokinetic
analysis. The analysis population was therefore composed
of 22 subjects with voclosporin data for both days 1 and 16.
A total of 22 subjects completed the midazolam study. Two
subjects withdrew due to high white blood cell count and
due to flu-like symptoms and were not included in the
pharmacokinetic and statistical analyses. The analysis
population was therefore composed of the 22 subjects
who completed the study. A total of 20 subjects completed
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the verapamil study. Three subjects were withdrawn due to
AEs and one subject withdrew consent. The analysis popu-
lation was therefore composed of the 20 subjects who
completed the study. A total of 23 subjects completed the
digoxin study. One subject was withdrawn due to missed
sampling time points and not included in the statistical
analyses. The analysis population was therefore composed
of the 23 subjects who completed the study.

Pharmacokinetics
Ketoconazole study There was an increase in the mean
whole blood concentrations of voclosporin when con-
comitantly administered with ketoconazole (Figure 1A).
There were corresponding increases in both Cmax and
AUC(0–12) with geometric least squares mean ratios for
voclosporin + ketoconazole to voclosporin alone of 645
and 1855%, respectively, demonstrating a significant
drug–drug interaction (Table 2). Median Tmax increased
from 1.5 to 3.0 h when voclosporin was administered with
ketoconazole.

Nine subjects were withdrawn from the study on the
morning of day 18 due to an elevated serum creatinine
and were not included in the pharmacokinetic analyses.
The nine withdrawn subjects had a mean creatinine
increase from baseline of 58 μmol l−1 (88% mean increase
from baseline), in comparison to 21 μmol l−1 (32% mean
increase from baseline) for the other 11 subjects remain-
ing in the study. The highest recorded serum creatinine
was 163 μmol l−1, with a mean maximal serum creati-
nine of 132 μmol l−1 (laboratory normal ranges: female,
44–80 μmol l−1; and male, 53–106 μmol l−1). All serum
creatinine concentrations in these subjects returned to the
normal range by follow-up. In these withdrawn subjects,
higher predose voclosporin concentrations were observed
on day 10 when voclosporin was administered alone, sug-

gesting that increased voclosporin exposure may be asso-
ciated with the development of an elevated serum
creatinine (Figure 2).

Rifampin study There was a decrease in the mean whole
blood concentrations of voclosporin when administered
after 10 days of rifampin dosing (Figure 1B). There were
corresponding decreases in Cmax, AUC(0–t) and AUC(inf),
with geometric least squares mean ratios for voclosporin +
rifampin to voclosporin alone of 32, 13 and 13%, respec-
tively, and 90% CIs well below the 80–125% no-effect
boundary, demonstrating a significant drug–drug interac-
tion (Table 3). Median Tmax decreased from 1.75 to 1.0 h
when voclosporin was administered with rifampin, while
t1/2 decreased from ∼5 to <1 h.

Based on the decreases in whole blood voclosporin
concentrations, Cmax, AUC(0–t) and AUC(inf), concomitant
administration of voclosporin with rifampin, a CYP3A
inducer, results in a decrease in exposure.

Midazolam study Mean plasma concentrations of
midazolam and α-hydroxy-midazolam were comparable
when administered alone on day 1 and concomitantly
with voclosporin on day 12 (Figure 1C1 and 1C2). There
were no significant differences in either AUC(0–24) or
AUC(0–inf) of either drug or metabolite, with geometric
least squares mean ratios ranging from 102 to 104% and
90% CIs for both parameters within the 80–125% no-effect
boundary (Table 4).

Mean concentrations of midazolam and α-hydroxy-
midazolam at 0.5 h appeared lower on day 12 than on day
1. There was a corresponding decrease in Cmax, with geo-
metric least squares mean ratios of 89 and 82%, and the
lower limit of the 90% confidence interval was 79.9 and
69.3%, respectively. However, plots of individual Cmax

values for midazolam and α-hydroxy-midazolam when

Table 1
Summary of demographic data

Demographics Ketoconazole study Rifampin study Midazolam study Verapamil study Digoxin study

Subjects completing the study (n) 11 24 22 20 23
Male/female (n) 7/4 17/7 21/1 15/5 15/8

Age (years) 30 (20–42) 31 (18–45) 33 (19–44) 29 (19–43) 32 (18–45)
Race

Black 0 4 0 1 1
Caucasian 11 20 22 18 22
Hispanic 0 0 0 0 0
Other 0 0 0 1 0

Height (cm) 167.0 172.0 172.1 174.2 168.5

(149.0–180.5) (152.5–190.0) (155.5–189.0) (160.0–193.5) (153.0–183.5)
Weight (kg) 66.3 74.3 75.3 76.9 68.7

(45.3–92.1) (56.8–98.8) (58.2–102.0) (56.9–103.5) (55.4–89.1)

Body mass index (kg m−2) 23.5 25.0 25.4 25.2 24.2

(19.8–29.6) (20.7–29.3) (20.6–29.3) (19.1–28.8) (20.6–27.4)

Values are shown as means (range).
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midazolam was administered alone and with voclosporin
demonstrated almost complete overlap of Cmax values on
both days with the exception of one subject, who had a
midazolam Cmax value 3.5-fold higher than the mean for
the group (Figure 3). These data suggest that the concomi-
tant administration of voclosporin and midazolam did not
affect the rate or extent of exposure to midazolam or
α-hydroxy-midazolam.

Verapamil study There was an increase in the mean
whole blood concentrations of voclosporin, including a
2.8-fold increase in mean predose concentrations, when
voclosporin was administered concomitantly with vera-
pamil (Figure 1D). There were corresponding increases in
both Cmax and AUC(0–12), with geometric least squares
mean ratios for voclosporin + verapamil to voclosporin
alone of 208 and 271%, respectively, and 90% CIs well
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Figure 1
Whole blood or plasma concentrations (means ± SD) of voclosporin (VCS) 0.4 mg kg−1 every 12 h (Q12H) alone and with ketoconazole 400 mg once daily
(QD; A); VCS 0.4 mg kg−1 alone and following 10 days of rifampin 600 mg QD (B); midazolam 7.5 mg alone and with VCS 0.4 mg kg−1 Q12H (C1); α-hydroxy-
midazolam after administration of midazolam 7.5 mg alone and with VCS 0.4 mg kg−1 Q12H (C2); VCS 0.4 mg kg−1 Q12H alone and with verapamil 80 mg
every 8 h (D); and digoxin 0.25 mg QD alone and with VCS 0.4 mg kg−1 Q12H (E). (A) , VCS alone; , VCS + ketoconazole. (B) , VCS alone; , VCS
+ rifampin. (C1) , midazolam alone; , midazolam + VCS. (C2) , midazolam alone; , midazolam + VCS. (D) , VCS alone; , VCS + verapamil.
(E) , digoxin alone; , digoxin + VCS
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above the 80–125% equivalence window, demonstrating
a significant drug–drug interaction (Table 5).

Digoxin study There was an increase in the mean plasma
concentrations of digoxin when it was administered
concomitantly with voclosporin (Figure 1E). There were
corresponding increases in both Cmax and AUC(0–24),
with geometric least squares mean ratios for digoxin +
voclosporin to digoxin alone of 151 and 125%, respectively
(Table 6). As the upper limits of the associated 90% CIs
were >125%, this demonstrates a statistically significant
drug–drug interaction and confirms that voclosporin is an
inhibitor of P-glycoprotein.

An increase in renal excretion of digoxin was also
observed, with a geometric least squares mean ratio of
120% and a 90% CI of 108–135%, providing further evi-
dence of a significant drug–drug interaction. There was no
apparent change in the renal clearance of digoxin, as
urinary excretion and AUC changed correspondingly.

A clear visual presentation of the pharmacokinetic
information has been proposed to facilitate efficient and
accurate clinical decision-making [4, 6]. A summary of the
five drug–drug interaction studies presented as forest
plots, including the mean fold change and 90% CIs in Cmax

and AUC and dose adjustment recommendations, is dis-
played in Figure 4.

Discussion

The five studies described in this paper investigated the
potential for drug–drug interactions when voclosporin, a
CYP3A and P-glycoprotein substrate and inhibitor in vitro,
was co-administered with a model CYP3A inhibitor,
inducer and substrate and a model P-glycoprotein inhibi-
tor and substrate. The choice of interacting drugs was

based on the FDA Draft Guidance for Industry (i.e. the 2006
Draft Guidance) at the time the studies were conducted to
maximize the potential to detect a drug interaction. The
choice of interacting drugs is unchanged in the 2012 Draft
Guidance.

The ketoconazole interaction study examined the
effect that this strong CYP3A and P-glycoprotein inhibi-
tor would have on the pharmacokinetics of voclosporin
when both drugs were at steady state, following co-
administration. Large increases in mean voclosporin con-
centrations were observed, with corresponding increases
in Cmax and AUC(0–12) of 6.4- and 18.5-fold, respectively.
Although the results of this study do not allow for a
determination of the specific mechanism for the drug–
drug interaction (i.e. inhibition of CYP3A and/or P-
glycoprotein), due to the magnitude of the increase in
voclosporin exposure and results from the verapamil and
digoxin studies, it is likely to be a combination of both
CYP3A and P-glycoprotein. The presence and magnitude
of the interaction was not unexpected, because voclo-
sporin has been shown in vitro to be both a CYP3A and
a P-glycoprotein substrate, with CYP3A being the pre-
dominant isoform involved in voclosporin metabolism
and elimination. Inhibition of CYP3A4 by ketoconazole
400 mg QD for 4 days has been shown to reduce
midazolam AUC by 16-fold [7]. Increased exposure of
other calcineurin inhibitors, co-administered with keto-
conazole, has been reported [8, 9], while the concomitant
use of ketoconazole with calcineurin inhibitors has been
evaluated for its potential to reduce the dosage require-
ments for CsA [10, 11]. Based upon the nine withdrawn
subjects, it is clear that at supratherapeutic concentra-
tions of voclosporin, renal function may be adversely, but
reversibly, affected.

The rifampin study was designed to determine the
effect of rifampin, a potent inducer of CYP3A, on the
pharmacokinetics of voclosporin after single doses when
rifampin is at steady state. Voclosporin was administered 1
day following the last dose of rifampin rather than con-
comitantly on the same day to avoid the paradoxical
inhibitory effect of rifampin on organic anion transporter-
mediated hepatic uptake, of which voclosporin may be a
substrate when the two drugs are administered concomi-
tantly [12–14]. Following administration of rifampin, mean
voclosporin concentrations decreased, with correspond-
ing decreases in Cmax, AUC and t1/2 of approximately 70, 90
and 85%, respectively. The geometric least squares mean
ratios point estimates and the lower limit of the 90% CIs for
Cmax and AUC were well below the 80% no-effect bound-
ary, demonstrating a significant drug–drug interaction.
These results are consistent with increased clearance of
voclosporin by rifampin due to induction of CYP3A
metabolism. Drug interactions between rifampin and CsA
have been observed in renal transplant patients (Cmax and
AUC reduced by 30 and 40%, respectively) [15], and
decreased CsA trough concentrations have been reported

Table 2
Pharmacokinetic parameters for voclosporin and ketoconazole after oral
administration of voclosporin 0.4 mg kg−1 every 12 h alone and with
ketoconazole 400 mg once daily

Parameter

Voclosporin
alone (n = 11)

Voclosporin + ketoconazole
(n = 11)

Voclosporin Voclosporin Ketoconazole

Tmax (h) 1.5 3.0 2.0
Cmax (ng ml−1) 97.0 ± 62.3 562 ± 125 12 258 ± 2928

GMR % (90% CI) – 645 (502–829) –
AUC(0–12)

(h ng ml−1)
304 ± 87 5513 ± 1358 108 428 ± 30 791

GMR % (90% CI) – 1855 (1589–2165) –

Values are shown as means ± SD except for Tmax, for which the median is reported.
Abbreviations are as follows: AUC, area under the curve; CI, confidence interval;
Cmax, maximal concentration; GMR, geometric least squares mean ratio (compari-
son to voclosporin alone) based on analysis of natural log-transformed data; Tmax,
time to reach maximal concentration.
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following addition of rifampin to stable CsA therapy
[16, 17].

In vitro, voclosporin has been shown to be a direct,
competitive inhibitor of CYP3A with an IC50 of 1.2 μM and a
Ki of 1.1 μM (personal communication from R. Huizinga,
Isotechnika Pharma Inc.). Based on voclosporin Cmax values
obtained from clinical studies in psoriasis patients [18, 19]
and de novo renal transplant patients [20], the expected
[I]/Ki (where [I] is the whole blood concentration of in-
hibitor for which Cmax is considered an estimate) for
voclosporin ranges from 0.125 to 0.216. This suggests that
the potential for a clinically relevant drug–drug interaction

is between remote ([I]/Ki < 0.1) and possible ([I]/Ki > 1) [3].
Therefore, the midazolam study was designed to deter-
mine the effect of voclosporin on the pharmacokinetics
of midazolam when voclosporin is at steady state and
midazolam is given as a single dose. Concomitant admin-
istration of voclosporin and midazolam did not result in
statistically significant changes in the rate or extent of
exposure to midazolam or α-hydroxy-midazolam. The
geometric least squares mean ratios point estimates
for AUC ranged from 102 to 104%, with 90% CIs between
the 80–125% no-effect boundaries. Mean peak concentra-
tions were reduced slightly at the 0.5 h time point, with the
lower 90% CIs for the mean ratios just below the 80%
no-effect boundary. Examination of the individual Cmax

plots, however, demonstrates almost complete overlap of
values for both midazolam and α-hydroxy-midazolam
when midazolam was administered alone or with voclo-
sporin. This suggests that co-administration of voclosporin
with other substrates of CYP3A would not lead to clinically
significant drug–drug interactions.

The verapamil study was designed to determine the
effect of verapamil on the pharmacokinetics of voclo-
sporin when both drugs were at steady state. A large
increase in mean whole blood concentrations, including
a 3-fold increase in predose concentrations and AUC, as
well as a 2-fold increase in Cmax, were observed when
voclosporin was co-administered with verapamil. These
results are consistent with the inhibition of P-glycoprotein
by verapamil leading to increased bioavailability of voclo-
sporin, perhaps via reduced P-glycoprotein-mediated
efflux of voclosporin in the gastrointestinal tract or
reduced P-glycoprotein-mediated biliary excretion in the
liver [21]. Other immunosuppressants, including CsA,
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Figure 2
Individual predose concentrations of voclosporin on day 10 [voclosporin (VCS) alone] and day 18 (VCS + ketoconazole) for subjects completing the study
and for subjects withdrawn due to elevated serum creatinine levels

Table 3
Pharmacokinetic parameters for voclosporin after oral administration of
voclosporin 0.4 mg kg−1 alone and after 10 days of rifampin 600 mg once
daily

Parameter
Voclosporin alone Voclosporin + rifampin
(n = 24) (n = 22)

Tmax (h) 1.75 1.0
Cmax (ng ml−1) 90.0 ± 39.6 27.3 ± 12.7

GMR % (90% CI) – 31.8 (27.5–36.8)
AUC(0–t) (h ng ml−1) 306 ± 151 37.1 ± 14.8

GMR % (90% CI) – 13.2 (11.5–15.2)
AUC(inf) (h ng ml−1) 331 ± 166 40.5 ± 17.4

GMR % (90% CI) – 13.1 (11.4–15.1)
Λz (h−1) 0.155 ± 0.072 0.998 ± 0.380

t1/2 (h) 4.96 ± 3.05 0.82 ± 0.45

Values are shown as means ± SD except Tmax, for which the median is reported.
Abbreviations are as follows: AUC, area under the curve; CI, confidence interval;
Cmax, maximal concentration; GMR, geometric least squares mean ratio (compari-
son to voclosporin alone) based on analysis of natural log-transformed data;
Λz, elimination rate constant; Tmax, time to reach maximal concentration.
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sirolimus and tacrolimus, are known P-glycoprotein
substrates, requiring appropriate caution when co-
administered with inhibitors of P-glycoprotein [22–24].

The data demonstrate an augmented CYP3A effect in
comparison to P-glycoprotein. Interestingly, voclosporin
predose concentrations, AUC and Cmax increased 32.5-,
18.5- and 6.5-fold, respectively, when voclosporin was
co-administered with ketoconazole, a CYP3A and P-
glycoprotein inhibitor. The disproportionate elevation
of predose concentrations and AUC relative to the increase

in Cmax suggests profound inhibition of systemic clear-
ance of voclosporin and increased elimination half-life in
addition to increased bioavailability due to suppressed
first-pass metabolism. In contrast, these parameters were
increased by 2.8-, 2.7- and 2.1-fold when voclosporin was
co-administered with verapamil, a P-glycoprotein inhibi-
tor. The similar magnitude of effect of verapamil on all
three parameters is consistent with inhibition of gut
P-glycoprotein, resulting in enhanced oral bioavailability
with no effect on systemic clearance or half-life.

Table 4
Pharmacokinetic parameters for midazolam, α-hydroxy-midazolam and voclosporin after oral administration of midazolam 7.5 mg alone and with
voclosporin 0.4 mg kg−1 every 12 h

Parameter

Midazolam α-Hydroxy-midazolam Voclosporin
Midazolam alone
(n = 22)

Midazolam + voclosporin
(n = 22)

Midazolam alone
(n = 22)

Midazolam + voclosporin
(n = 22)

Midazolam + voclosporin
(n = 22)

Tmax (h) 0.5 (0.5–1) 1 (0.25–1.5) 0.5 (0.5–1.5) 1 (0.5–2) 2 (1–4)
Cmax (ng ml−1) 43 469 ± 26 534 37 641 ± 18 014 16 121 ± 6500 13 661 ± 6983 134.6 ± 35.8

GMR % (90% CI) – 88.86 – 81.93 –

(79.92–98.79) (69.32–96.85)
AUC(0–24)* (h ng ml−1) 124 038 ± 92 674 125 904 ± 90 724 38 690 ± 12 185 39 199 ± 10 230 569.3 ± 229.2

GMR % (90% CI) – 101.72 – 102.73 –

(92.83–111.47) (93.79–112.51)
AUC(inf) (h ng ml−1) 127 682 ± 99 577 130 604 ± 99 542 40 518 ± 13 016 41 472 ± 11 561 –

GMR % (90% CI) – 102.11 – 103.64 –

(94.60–113.54)
(93.41–111.63)

t1/2 (h) 4.8 ± 1.2 5.0 ± 1.3 6.9 ± 5.5 6.8 ± 5.4 –

Values are shown as means ± SD except Tmax, for which the median (range) is reported. Abbreviations are as follows: AUC, area under the curve; CI, confidence interval; Cmax,
maximal concentration; GMR, geometric least squares mean ratio (comparison to midazolam alone) based on analysis of natural log-transformed data; Tmax, time to reach maximal
concentration. *AUC(0–12) for voclosporin data.
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Individual subject maximal concentration (Cmax) values of midazolam and α-hydroxy-midazolam after oral administration of midazolam 7.5 mg alone and
with voclosporin (VCS) 0.4 mg kg−1 every 12 h
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The digoxin study was designed to determine
the effect of voclosporin on the pharmacokinetics of
digoxin when both drugs were at steady state. A 50%
increase in Cmax, 25% increase in AUC and 20% increase
in urinary excretion of digoxin were observed when
digoxin was co-administered with voclosporin. Although
P-glycoprotein-mediated renal secretion of digoxin has
been reported [25], in the present study digoxin renal
clearance was unchanged, indicating that voclosporin had
a negligible effect on renal elimination of digoxin. The
increase in Cmax by 50% with only a 25% increase in AUC

suggests a greater effect on the rate rather than the extent
of absorption. This could suggest a greater influence on
first-pass bioavailability rather than on renal tubular secre-
tion. This could be due a higher drug exposure in the
gastrointestinal tract than the bloodstream. Therefore,
renal P-glycoprotein exposure is less, as demonstrated by
no apparent change in renal clearance. Ciclosporin is a
well-known P-glycoprotein inhibitor, requiring appropri-
ate monitoring and dosage adjustments of the interacting
drugs when co-administered with CsA [26]. These results
demonstrate a modest inhibitory effect of voclosporin on
P-glycoprotein in vivo and are consistent with in vitro
studies demonstrating that voclosporin is an inhibitor of
P-glycoprotein.

Conclusion
Co-administration of voclosporin with ketoconazole, a
strong CYP3A inhibitor, increases voclosporin peak
concentration and extent of exposure by 6.4- and 18-
fold, respectively. Co-administration of voclosporin with
rifampin, a potent inducer of CYP3A, reduced voclosporin
exposure by 90%. Administration of voclosporin con-
comitantly with strong inhibitors and inducers of CYP3A
should be considered contraindicated. Co-administration
of voclosporin with midazolam, a known CYP3A substrate,
did not result in significant changes to exposure of
midazolam or its metabolite α-hydroxy-midazolam after a
single dose. Drug–drug interactions involving voclosporin
and other CYP3A substrates are not expected.

Co-administration of voclosporin with verapamil in-
creased voclosporin Cmax, AUC and predose concentrations
by 2.1-, 2.7- and 2.8-fold, respectively. Co-administration of
voclosporin with digoxin resulted in a significant increase
in digoxin Cmax, AUC and urinary excretion by 50, 25 and
20%, respectively, while digoxin renal clearance was
unchanged. Administration of voclosporin concomitantly
with inhibitors of P-glycoprotein would be expected
to result in increased voclosporin exposures. Administra-
tion of voclosporin concomitantly with substrates of
P-glycoprotein would be expected to result in increased
P-glycoprotein substrate exposures. Therefore, appropri-
ate concentration and safety monitoring is recommended
with co-administration of voclosporin and P-glycoprotein
substrates and inhibitors.
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Table 5
Pharmacokinetic parameters for voclosporin after oral administration of
voclosporin 0.4 mg kg−1 every 12 h alone and with verapamil 80 mg every
8 h

Parameter

Voclosporin
alone Voclosporin + verapamil
(n = 20) (n = 20)
Voclosporin Voclosporin Verapamil

Tmax (h) 1.63 2.00 1.00
Cmax (ng ml−1) 105 ± 30.9 219 ± 64.1 268 ± 95.4

GMR % (90% CI) – 207.76 (189.21–228.14) –
AUC(0–12)*

(h ng ml−1)
434 ± 158 1165 ± 390 1164 ± 358

GMR % (90% CI) – 271.15 (255.97–287.24) –

Values are shown as means ± SD except Tmax, for which the median is reported.
Abbreviations are as follows: AUC, area under the curve; CI, confidence interval;
Cmax, maximal concentration; GMR, geometric least squares mean ratio (compari-
son to voclosporin alone) based on analysis of natural log-transformed data; Tmax,
time to reach maximal concentration. *AUC(0–8) for verapamil data.

Table 6
Pharmacokinetic parameters for digoxin after oral administration of
digoxin 0.25 mg once daily alone and with voclosporin 0.4 mg kg−1 every
12 h

Parameter

Digoxin alone Digoxin + voclosporin
(n = 23) (n = 23)
Digoxin Digoxin Voclosporin

Tmax (h) 1.00 1.00 1.55
Cmax (pg ml−1)* 1689 ± 317 2566 ± 624 124 ± 38.7

GMR % (90% CI) – 150.93 (139.67–163.10) –
AUC(0–24)†

(h pg ml−1)
15 651 ± 3012 19 514 ± 3575 497 ± 188

GMR % (90% CI) – 124.88 (119.39–130.62) –
Ue(0–24) (mg) 0.12 ± 0.03 0.14 ± 0.04 –

GMR % (90% CI) – 120.54 (107.94–134.60) –
Renal clearance

(ml min−1)
127 ± 36.6 121 ± 32.8 –

Values are shown as means ± SD except Tmax, for which the median is reported.
Abbreviations are as follows: AUC, area under the curve; CI, confidence interval;
Cmax, maximal concentration; GMR, geometric least squares mean ratio (compari-
son to digoxin alone) based on analysis of natural log-transformed data; Tmax, time
to reach maximal concentration, Ue, urinary excretion. *Values are in nanograms
per millilitre for voclosporin data. †AUC(0–12) for voclosporin data.
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