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Results

Based on least square means ratios (90% confidence intervals), during
darunavir and ketoconazole co-administration, darunavir area under
the curve (AUC;,,), maximum plasma concentration (Crmax) and
minimum plasma concentration (Cnin) increased by 155% (80, 261), 78%
(28, 147) and 179% (58, 393), respectively, compared with treatment
with darunavir alone. Darunavir AUC2n, Crmax and Crin increased by
42% (23, 65),21% (4, 40) and 73% (39, 114), respectively, during
darunavir/ritonavir and ketoconazole co-administration, relative to
darunavir/ritonavir treatment. Ketoconazole pharmacokinetics was
unchanged by co-administration with darunavir alone. Ketoconazole
AUC12h, Crnax and Crin increased by 212% (165, 268), 111% (81, 144) and
868% (544, 1355), respectively, during co-administration with
darunavir/ritonavir compared with ketoconazole alone.

Conclusions
The increase in darunavir exposure by ketoconazole was lower than
that observed previously with ritonavir. A maximum ketoconazole dose
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To investigate the interaction between ketoconazole and darunavir
(alone and in combination with low-dose ritonavir), in HIV-healthy
volunteers.

Methods

Volunteers received darunavir 400 mg bid and darunavir 400 mg bid
plus ketoconazole 200 mg bid, in two sessions (Panel 1), or
darunavir/ritonavir 400/100 mg bid, ketoconazole 200 mg bid and
darunavir/ritonavir 400/100 mg bid plus ketoconazole 200 mg bid, over
three sessions (Panel 2). Treatments were administered with food for 6
days. Steady-state pharmacokinetics following the morning dose on
day 7 were compared between treatments. Short-term safety and
tolerability were assessed.

of 200 mg day ' is recommended if used concomitantly with
darunavir/ritonavir, with no dose adjustments for darunavir/ritonavir.
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Introduction

As a consequence of the increase in transmission of HIV
strains with resistance to currently available antiretroviral
therapy including protease inhibitors (Pls) [1], limitations
of treatment options exist [2].

Darunavir (TMC114) is a new HIV PI, with high levels of
antiviral activity against wild-type virus and strains with
phenotypic resistance to other currently approved Pls [3].
In common with other Pls, the metabolism of darunavir is
cytochrome P450 (CYP) 3A4-dependent [4], and in clinical
practice darunavir is co-administered with low-dose
ritonavir [5, 6], an inhibitor of CYP3A4. After 48 weeks of
treatment in two Phase llIb clinical trials (POWER 1 and 2),
HIV-infected treatment-experienced patients receiving
ritonavir-boosted darunavir had statistically significantly
higher virological and immunological responses than
those receiving investigator-selected, currently available
Pls, and darunavir/ritonavir was associated with a favour-
able safety and tolerability profile [7]. Darunavir/ritonavir
at a dose of 600/100 mg twice daily (bid) has recently
been approved in several countries, including the USA [6]
and Europe [8]. Darunavir 800/100 mg once daily (qd) is
currently being evaluated in treatment-naive HIV-naive
patients (clinicaltrials.gov reference NCT00258557).

Given the length of time over which HIV-infected
patients receive antiretroviral therapy and the range of
concomitant morbidities they may develop, investigation
into potential interactions between antiretroviral drugs
and other medications is essential for appropriate recom-
mendations to be made in clinical practice.

The azole-based antifungal ketoconazole is commonly
co-administered with antiretroviral therapy in HIV-infected
patients. Ketoconazole is prescribed at an oral dosage of
200-400 mg day ™', for the treatment of severe systemic
fungal infections, such as Candida albicans and histoplas-
mosis. Ketoconazole competitively inhibits the CYP3A4
isoenzyme [9] and has been shown to increase the plasma
concentrations of drugs with CYP3A4-dependent metabo-
lism, such as saquinavir [10] and midazolam [11].Ketocona-
zole has also been reported to increase steady-state
concentrations of both ritonavir and saquinavir, despite
the strong inhibitory effect of ritonavir on CYP3A4
metabolism [12], which may suggest that ketoconazole
and ritonavir increase exposure to certain drugs by inde-
pendent mechanisms. In addition, ketoconazole is a sub-
strate for CYP3A4 metabolism, and co-administration with
CYP3A4 inhibitors can increase exposure to ketoconazole
[13].

This study was designed to assess the potential for
interaction between darunavir (with and without low-dose
ritonavir) and ketoconazole in HIV-, healthy volunteers.
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Methods

Study design

HIV-, healthy men and postmenopausal women aged
between 18 and 55 years were eligible for this Phase |,
open-label, controlled, randomized, crossover pharmacoki-
netic interaction study. Individuals testing positive for HIV
at screening and those suffering from a clinically signifi-
cant medical condition were excluded. Concomitant
medications were not permitted, with the exception of
paracetamol. The study protocol was conducted at C&T
Paradigm (Antwerp, Belgium), reviewed and approved by
the institutional ethics committee, and was conducted
in accordance with the Declaration of Helsinki. Written
informed consent was obtained from all volunteers.

Volunteers were randomized into two panels. Panel 1
(n=8) received darunavir 400 mg bid, and darunavir
400 mg bid plus ketoconazole 200 mg bid, over two sepa-
rate sessions. Panel 2 (n=18) received darunavir/ritonavir
400/100 mg bid, ketoconazole 200 mg bid and darunavir/
ritonavir 400/100 mg bid plus ketoconazole 200 mg bid,
over three separate sessions. Each session lasted for 6 days
with a morning dose on day 7, prior to pharmacokinetic
assessment.Since the presence of food increases exposure
to darunavir, all treatments were administered with food at
the clinical trial unit for the first dose and either at home or
at the trial unit for subsequent doses [15]. The standard
breakfast consisted of four slices of bread, one slice of ham,
one slice of cheese, butter, jelly and two cups of coffee or
tea with milk and/or sugar. Each session was separated
by a wash-out period of at least 7 days. Drug intake was
directly observed and timed at the clinical trial unit, with
adherence to therapy at home monitored using pill diaries
and pill counts.The net effect of co-administration of low-
dose ritonavir with darunavir is CYP3A inhibition, and no
inductive effects were expected following the ritonavir
dosing regimen used.

No formal sample size calculation was performed; the
first part of the trial (involving Panel 1) was exploratory,
and therefore fewer volunteers were selected than for the
second part of the trial (involving Panel 2), since the results
of the second part were intended to be used for the dose
recommendations for darunavir/ritonavir and ketocona-
zole co-administration. The darunavir/ritonavir 400/
100 mg bid dose was selected for use in this study as this
dose is generally considered to be safe and well tolerated
in healthy volunteers based on a pharmacokinetic study at
a range of darunavir/ritonavir doses [14].

Pharmacokinetic blood sampling

and bioanalysis

Venous blood samples (5 ml) were collected predose and
1,2,3,4,5,6,9 and 12 h post dose on day 7 of drug intake
for all treatments. Blood was centrifuged (2000 g; 15 min)
as soon as possible after collection, and plasma was



isolated and stored (—18°C) until analysis. Plasma concen-
trations of darunavir, ritonavir and ketoconazole were
determined by validated liquid chromatography mass
spectrometry/mass spectrometry methods. The lower
limits of quantification were 10.0, 5.0 and 20.0 ng ml™' for
darunavir, ritonavir and ketoconazole, respectively [17].The
precision and accuracy of the analytical method for plasma
darunavir and ritonavir were within the acceptable limit of
15%, with coefficients of variation for the low-, medium-
and high-quality control samples being <12%. The preci-
sion and accuracy of the analytical method for plasma
ketoconazole was within the acceptable limit of 15%, with
coefficients of variation for the low-, medium- and high-
quality control samples being <5.5%.

Safety and tolerability

Short-term safety and tolerability were monitored
throughout the study. All laboratory abnormalities were
graded according to the AIDS Clinical Trials Group (ACTG)
severity grading scale; World Health Organization toxicity
grades were used for the tests for which no ACTG grades
existed. Clinical adverse events, whether related to study
therapy or not, were monitored and recorded over the
study duration. Electrocardiogram parameters were
assessed at screening, on days 1 and 7 of each session and
at follow-up.

Statistical methods

Descriptive statistics were calculated for the plasma con-
centrations of darunavir, ritonavir and ketoconazole. The
pharmacokinetic parameters calculated were: minimum
(Cmin) and maximum (Cnax) plasma concentrations, area
under the curve (AUC, calculated by linear trapezoidal
summation) from administration until 12h post dose
(AUGC;2p) and time to maximum plasma concentration (tmax),
using WinNonlin Professional(tm) (version 3.3; Pharsight
Corporation, Mountain View, CA, USA). Comparison of the
pharmacokinetic parameters Cuin, Cmax, AUC12n Of darunavir
alone and darunavir/ritonavir, with and without concomi-
tant ketoconazole, and of ketoconazole with and without
concomitant darunavir alone or darunavir/ritonavir, was

Table 1

Mean darunavir pharmacokinetic parameters on day 7 following treatment with darunavir 400 mg bid
alone and in combination with ketoconazole 200 mg bid

Darunavir/ritonavir and ketoconazole PK BJCP

performed using linear mixed-effect modelling. The least
squares mean (LSM) ratios were calculated individually
and 90% confidence intervals around the LSM ratio were
generated, with treatment of darunavir alone, darunavir/
ritonavir alone, or ketoconazole alone as references.
Subjects with paired data were included in appropriate
pair-wise comparisons. The nonparametric t-test (Koch)
was used to compare tmax values.

Results

Study participants

A total of 39 volunteers were screened; 26 were enrolled in
the study, with eight assigned to Panel 1 and 18 assigned
to Panel 2.The median age of the enrolled volunteers was
41 years (range 27-55 years); the majority (73%) were male
and all were of Caucasian origin. Twenty-one of the 26
volunteers completed the study. One volunteer tested
positive for hepatitis C virus and benzodiazepine use at
screening; these were considered major protocol viola-
tions and the volunteer was excluded from the pharmaco-
kinetic analysis.

Pharmacokinetics
Based on LSM ratios, when ketoconazole was added to
treatment with darunavir alone, exposure to darunavir
(AUGC;,p) increased by 155% (Table 1; Figure 1). Darunavir
Cmax and Cin increased by 78 and 179%, respectively, com-
pared with treatment with darunavir alone. T, ranged
from 2.0 to 5.0 h for treatment with darunavir alone and
from 2.0 to 4.0 h following addition of ketoconazole.
Co-administration of darunavir/ritonavir and ketocona-
zole resulted in increases in darunavir AUC1zn, Cnax and Cuin
of 42,21 and 73%, respectively, relative to treatment with
darunavir/ritonavir alone (Table 2; Figure 1). Tmax ranged
from 1.0 to 5.0 h for treatment with darunavir/ritonavir
alone and 0.0 to 0.6 h following addition of ketoconazole.
When co-administered with darunavir alone, the phar-
macokinetic parameters of ketoconazole were unchanged
(Table 3; Figure 2). However, when ketoconazole was

Parameter Darunavir
(mean = SD) (reference)
n 7

Cmin (ng mI~") 68.2 + 26.8
Cmax (ng ml-") 1808 + 871
AUC12h (ng h~' mI-") 6478 + 3341
tmax (h)* 2.0 (2.0-5.0)

Darunavir + LSM ratio
ketoconazole (test) (90% ClI)
6 6
235 += 154 2.79 (1.58, 4.93)
2788 =912 1.78 (1.28, 2.47)
15 505 =+ 7 589 2.55 (1.80, 3.61)
3.0 (2.0-4.0) -

*median (range).
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Figure 1

(a) Panel 1. Darunavir plasma profiles following darunavir (DRV) 400 mg bid (A), and DRV 400 mg bid + ketoconazole (KTZ) 200 mg bid, (®). (b) Panel 2.
Darunavir plasma profiles following DRV/r 400/100 mg bid (@), and DRV/r 400/100 mg bid + KTZ 200 mg bid, (H)

Table 2

Mean darunavir pharmacokinetic parameters on day 7 following treatment with darunavir/ritonavir 400/100 mg bid alone and in combination with
ketoconazole 200 mg bid

LSM ratio
(90% CI)

Darunavir/ritonavir +
ketoconazole (test)

Darunavir/ritonavir
(reference)

Parameter

(mean = SD)
n 14 17 14

Cumin (ng mI™") 2209 £ 1143 3582 + 966 1.73(1.39, 2.14)
Cmax (ng ml~") 5209 + 1625 6934 + 1445 1.21(1.04, 1.40)
AUC24 (ng h~" mI-") 42 707 * 16 234 60690 = 14 174 1.42 (1.23, 1.65)
tmax (h)* 2.5(1.0-5.0) 3.0 (0.0-6.0) -

*median (range).

Table 3

Mean ketoconazole pharmacokinetic parameters on day 7 following treatment with ketoconazole 200 mg bid alone and in combination with darunavir
400 mg bid and darunavir/ritonavir 400/100 mg bid

Ketoconazole + LSM ratio: ketoconazole +
darunavir/ritonavir vs.

ketoconazole alone (90% Cl)

Ketoconazole darunavir/ritonavir
(SEE)] (test)

Ketoconazole +
darunavir

Parameter

(mean = SD)
n 6 15 17 15

Cumin (ng mI™") 692 + 565 831 =794 5354 + 1627 9.68 (6.44, 14.55)
Cmax (ng ml~") 5458 + 747 53112018 10501 = 2524 2.11(1.81, 2.44)
AUCq2h (ng h=' mI-) 35292 = 7209 33098 = 16014 94343 = 25129 3.12 (2.65, 3.68)
tmax (h)* 3.0 (2.0-3.0) 3.0 (1.0-4.0) 3.0 (1.0-5.0) -

*median (range).

administered concurrently with darunavir/ritonavir, darunavir in combination with ketoconazole, indicating

ketoconazole AUC;;n, Crax and Crin increased by 212, 111
and 868%, respectively, relative to treatment with keto-
conazole alone.

Plasma concentration-time profiles of ritonavir were
comparable between treatment with darunavir alone and
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that systemic exposure to ritonavir was similar between
treatments. Mean ritonavir AUCin, Crax  and  Gain
during co-administration with darunavir alone were
7556 ngh™" ' ml™, 1232ngml™ and 215ngml™, respec-
tively. When ketoconazole was added to darunavir/
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(a) Panel 1.Ketoconazole plasma profile following darunavir (DRV) 400 mg bid + ketoconazole (KTZ) 200 mg bid, (®).(b) Panel 2.Ketoconazole plasma profile
following KTZ 200 mg bid (@), and DRV/r 400/100 mg bid + KTZ 200 mg bid, (H)

ritonavir treatment, mean ritonavir AUC 2, Cmax and Cpin
were 8515ngh'ml”, 1368ngml™ and 287 ngml™,
respectively. Median tm.x was 4.0 h for both treatments.

Safety and tolerability
The incidence of adverse events was comparable between
treatments, and the majority were grade 1 or 2 in severity.
Four volunteers discontinued the study due to adverse
events, including one case each of grade 4 maculopapular
rash with an oral mucosal disorder (reported 2 days after
the last intake of darunavir in Panel 1), grade 3 increased
pancreatic enzymes (reported during screening), grade 2
localized urticaria and grade 3 increased lipase (both
reported after 7 days of combined darunavir/ritonavir and
ketoconazole treatment in Panel 2). Except for the case of a
grade 3 increase in pancreatic enzymes reported during
screening, all adverse events leading to discontinuation
were considered possibly related to study medication. All
four cases resolved without sequelae. Rash and lipase
changes, although not treatment-limiting, have been
observed previously in patient studies using these doses of
darunavir/ritonavir. No clinically relevant changes in labo-
ratory or cardiovascular parameters were observed over
the study duration.

Discussion

Co-administration of ketoconazole with darunavir alone
increased exposure to darunavir. The magnitude of the
increase in exposure to darunavir by ketoconazole (1.55-
fold) was lower than that previously observed with
low-dose ritonavir (14-fold) [16]. Co-administration of keto-
conazole and darunavir alone did not affect ketoconazole
pharmacokinetics.

The addition of ketoconazole to darunavir/ritonavir
treatment also increased darunavir exposure (LSM ratio of
1.42) relative to treatment with darunavir/ritonavir alone.
Co-administration of darunavir/ritonavir with ketocona-
zole increased exposure to ketoconazole relative to
treatment with ketoconazole alone (LSM ratio of 3.12).
Systemic exposure to ritonavir was comparable between
treatments.

Increases in exposure to ketoconazole have also been
observed after co-administration with either ritonaviralone
(3.4-fold increase in ketoconazole AUC) [18] or other
ritonavir-boosted HIV Pls such as lopinavir/ritonavir
(ketoconazole LSM ratio for AUC was 3.04 after
co-administration) [13]. Smaller increases in ketoconazole
exposure have also been reported with unboosted Pls,such
as fosamprenavir (ketoconazole AUC LSM ratio of 2.69 after
co-administration) [19]. This indicates that the ritonavir
component of the Pl combination is likely to be the main
factor in increased ketoconazole exposure.Of the currently
available Pls, ritonavir has the strongest inhibitory effect on
the CYP3A4 isoenzyme and considerably affects the
pharmacokinetics of other CYP3A4-metabolized drugs
[20].

In this study, ketoconazole increased exposure to
darunavir by 42%, which is comparable to its effects on
indinavir (62%) [21] and saquinavir/ritonavir (37%) [12].
Other azole drugs, such as itraconazole and fluconazole,
have also demonstrated effects on saquinavir exposure
[22, 23]. However, little or no effect of ketoconazole
co-administration has been reported on exposure to
ritonavir [18], lopinavir/ritonavir [13], atazanavir [24] or
amprenavir [19]. In light of the increase in ketoconazole
exposure in the presence of ritonavir-boosted darunavir,
when these drugs are co-administered, no more than
200 mgday™' of ketoconazole is recommended. This
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recommendation is consistent with dosing recommenda-
tions for ketoconazole in the presence of other ritonavir-
boosted Pls such as lopinavir/ritonavir.

Azole antifungals are known to inhibit cytochrome
P450 enzymes at hepatic and extrahepatic sites, thus
decreasing the first-pass metabolism and clearance of HIV
Pls. Furthermore, both ketoconazole and PlIs are substrates
of multidrug-transporter proteins, such as P-glycoprotein
(P-gp) [25]. Therefore, the mechanisms by which ketocona-
zole could increase the exposure to darunavir (and vice
versa) are inhibition of hepatic CYP3A resulting in reduc-
tion in systemic metabolism, inhibition of gastrointestinal
CYP3A resulting in increased absorption, and inhibition of
P-gp resulting in increased systemic bioavailability. The
half-life of darunavir is 15 h in the presence of low-dose
ritonavir [8]; however, as this study was not designed to
allow accurate determination of darunavir half-life over the
12-h dosing interval, the observed pharmacokinetic inter-
action between darunavir/ritonavir and ketoconazole
could result from a combination of all three mechanisms or
from an effect on an individual mechanism.

Similar findings to those of this study are expected
for the approved darunavir/ritonavir 600/100 mg bid
dose and the 800/100 mg qd dose being evaluated in
treatment-naive patients, as there is significant overlap in
plasma darunavir concentrations at the 400/100 mg bid
and 600/100 mg bid doses and a lack of dose proportion-
ality in darunavir pharmacokinetics [4].

Based on the pharmacokinetic data demonstrated in
this study, we conclude that, similar to the recommenda-
tions for other Pls, if ketoconazole is used in combination
with darunavir/ritonavir, a maximum daily ketoconazole
dose of 200 mg is recommended, with no dose adjustment
for darunavir/ritonavir.
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