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Abstract

Doravirine (MK-1439) is a novel non-nucleoside reverse transcriptase inhibitor indicated for the combination treatment of
human immunodeficiency virus type-1 (HIV-1) infection. The recommended dose is 100 mg once daily. This review sum-
marizes the pharmacokinetics of doravirine, the influence of intrinsic factors, and its drug—drug interaction (DDI) profile.
Following oral administration, doravirine is rapidly absorbed (median time to maximum plasma concentration, 1-4 h) and
undergoes cytochrome P450 (CYP)3A-mediated oxidative metabolism. Steady-state geometric means for AUC_,,, Csy,
and C,,,, in individuals with HIV-1 following administration of doravirine 100 mg once daily are 37.8 uM-h, 930 nM, and
2260 nM, respectively. Age, gender, severe renal impairment, and moderate hepatic impairment have no clinically meaning-
ful effect on doravirine pharmacokinetics, and there is limited potential for DDIs. No dose adjustment is necessary when
doravirine is co-administered with strong CYP3A inhibitors. However, doravirine is contraindicated with strong CYP3A
inducers (e.g., rifampin), and dose adjustment of doravirine is recommended for co-administration with the moderate CYP3A
inducer, rifabutin. Included in this review are clinical trial data from phase I pharmacokinetic trials, including DDI trials
and trials in participants with renal and hepatic disease but without HIV-1 infection (N=326), as well as phase I, II, and III
safety and efficacy trials in participants living with HIV-1 (N=991). Based on these data, the pharmacokinetic profile of
doravirine supports its use in diverse populations living with HIV-1 and allows co-administration with various antiretroviral
agents and treatments for commonly occurring co-morbidities.

1 Introduction

Human immunodeficiency virus (HIV) infection continues
to be a global concern. In 2017, nearly 37 million people
worldwide were living with HIV, and 1.8 million people
were newly diagnosed with the virus [1]. Current guide-
lines recommend that all individuals with HIV infection be
treated with antiretroviral therapy [2, 3]. First-line three-
drug regimens generally consist of two nucleoside reverse
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transcriptase inhibitors (NRTIs) in combination with a third
drug from another class, usually an integrase strand transfer
inhibitor (InSTI) for most individuals with HIV initiating
antiretroviral therapy; a non-nucleoside reverse transcriptase
inhibitor (NNRTT) or a boosted protease inhibitor (PI) may
be given instead of an InSTT in certain clinical situations [2,
3]. Although many treatment options are available, multiple
factors can reduce the appropriateness of certain therapies
for some individuals, including viral resistance to antiret-
roviral drugs, tolerability and associated side effects, and
drug—drug interactions (DDIs). Among NNRTISs, efavirenz
has been associated with central nervous system-related
adverse events (AEs) as well as significant DDIs, and rilpi-
virine has reduced efficacy in individuals with high baseline
HIV RNA and a low CD4" cell count [3].

Doravirine is a novel NNRTI designed to overcome the
limitations of other drugs in the class [4, 5]. Doravirine is
active in vitro against typical NNRTI-associated mutations
that are susceptible to other NNRTIs and exhibits a low rate
of resistance and a unique resistance pathway [6, 7]. In two
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There is limited potential for demographics and organ
impairment to affect the pharmacokinetics of doravirine.

There is limited potential for drug—drug interactions
with doravirine; however, co-administration with strong
CYP3A inducers is contraindicated and dose adjustment
is recommended for co-administration with the moderate
CYP3A inducer rifabutin.

The pharmacokinetic profile of doravirine supports its
use across diverse populations living with HI'V-1.

pivotal non-inferiority phase III trials (DRIVE-FORWARD,
ClinicalTrials.gov NCT02275780; DRIVE-AHEAD, Clini-
calTrials.gov NCT02403674), doravirine, as part of a com-
bination therapy, demonstrated robust antiretroviral efficacy
and a favorable safety profile [4, 5]. Additionally, doravirine
had an improved neuropsychiatric profile compared with
efavirenz and a favorable lipid profile compared with efa-
virenz or darunavir [4, 5]. Based on these data, doravirine
100 mg administered orally once daily in combination with
other antiretroviral agents, and as part of a three-drug single-
tablet regimen with lamivudine (3TC) 300 mg and tenofovir
disoproxil fumarate (TDF) 300 mg, is indicated for use in
adults with HIV-1 infection [8, 9]. In the USA, it is indicated
for those with no prior antiretroviral treatment history or to
replace the current antiretroviral regimen in those who are
virologically suppressed on a stable antiretroviral regimen
with no history of treatment failure and no known substitu-
tions associated with resistance to doravirine (or to 3TC and
TDF for the three-drug single-tablet regimen) [8, 9].

This article reviews the pharmacokinetics of doravirine
and includes assessments of the potential effects of demo-
graphic factors and the DDI profile of doravirine.

2 Methods of Literature Search

All sponsor-conducted/funded and published phase I DDI,
special population, and pharmacokinetic-profiling trials
evaluating doravirine available at the time of writing are
included in this review. The phase I trials include those
in participants without HIV-1 and a single phase I trial in
people living with HIV-1. In addition, this review includes
published data from sponsor-conducted phase II and phase
III trials, which evaluated safety and efficacy of doravirine
in people living with HIV-1. All sponsor data were pub-
lished in peer-reviewed journals. Details of each trial in this
review, including design, sample size, treatments, and trial
population, can be found in Table S1. In addition, the bounds
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of clinical relevance for doravirine based on the totality of
the phase I, II, and III data are also discussed, which pro-
vide context for the effects on doravirine pharmacokinetics
observed in DDI and special population trials.

3 Doravirine Pharmacokinetics

Doravirine is a drug with low intrinsic clearance (3.73 L/h
following intravenous administration) [10]. Its volume of
distribution of 60.5 L—which is slightly larger than the
volume of body water—suggests that doravirine distributes
into tissues [10]. Doravirine undergoes oxidative metabo-
lism mediated primarily by cytochrome P450 (CYP) 3A4,
and to a lesser extent by CYP3AS [10]. In an absorption,
metabolism, and excretion (AME) study of ['“C]doravirine,
the major circulating component in plasma was unchanged
['*C]doravirine (75%); M9, a metabolite that results from
oxidation of the triazolone ring of doravirine, was the most
abundant metabolite in plasma, where it accounted for
12.9% of the drug-related material [10]. M9 was not active
against HIV reverse transcriptase in vitro. In addition, M9
was the major metabolite excreted in urine and feces (~39%
and ~ 16% of absorbed dose, respectively). Other measur-
able metabolites in urine accounted for < 5% of the absorbed
dose. Only a small proportion of doravirine was excreted
unchanged in urine (6.3-13%) [10, 11], and based on the
mass balance and excretion of doravirine in the ['*C] AME
study, biliary excretion is anticipated to be minor. Thus,
excretion of unchanged drug is not a major pathway in the
elimination of doravirine [10].

Following administration of single oral doses of doravirine
(6-1200 mg) to healthy men, doravirine is rapidly absorbed
with a median time to maximum plasma concentration (7',,,)
of 1-4 h [11]. Plasma concentrations declined in a single
exponential phase, with an apparent terminal half-life of
12-19 h (Fig. 1). Plasma area under the concentration—time
curve from time zero to infinity (AUC,_ ), maximum plasma
concentration (C,,,,), and plasma concentration at 24 h post-
dose (C,,) increased in a slightly less than dose-proportional
manner over the 6-1200 mg dose range. Median time to
steady state was ~2 days, and mean area under the concentra-
tion—time curve from time zero to 24 h post-dose (AUC,,_,,),
C,4, and C,,, accumulation ratios (geometric mean ratio
[GMR] Day 10/Day 1) were 1.2-1.4 [11]. These data are
consistent with the apparent terminal half-life and indicate
time-independent pharmacokinetics. Multiple-dose pharma-
cokinetics are supportive of once-daily dosing of doravirine
[11], and it has been shown that plasma concentrations fol-
lowing 7 days of once-daily dosing with 100 mg of doravirine
are maintained above the half maximal effective concentra-
tion (ICs) for inhibition of wild-type virus for 72 h after the
final dose in adults without HIV infection [12].
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Fig. 1 Mean (+ SD) doravirine plasma concentration—time profile following single oral dose administration of doravirine 100 mg in healthy indi-
viduals (N =24). The inset shows the same data plotted on a semi-log scale. SD standard deviation

The pharmacokinetics of doravirine in individuals with
HIV-1 infection were similar to those in healthy individuals
[13, 14]. Based on a population pharmacokinetic analysis
of individuals with (n=959) and without (n=341) HIV-1
infection, individuals with HIV-1 infection receiving dora-
virine 100 mg once daily have a doravirine geometric mean
(% coefficient of variation) AUC,,_,, of 37.8 uM-h (27.0%),
C,40f930nM (41.6%), and C,,,, of 2260 nM (18.4%) [14].
Corresponding steady-state AUC_,,, C,4, and C,,, in
healthy individuals following administration of 100 mg once
daily were 41.1 pM:-h, 902 nM, and 2880 nM, respectively
[15]. Therefore, findings from trials evaluating doravirine
pharmacokinetics carried out in participants without HIV-1
infection are expected to be applicable to those with HIV
infection.

4 Definition of the Bounds of Clinical
Relevance

The term “bounds of clinical relevance” refers to the range
of doravirine pharmacokinetic values relative to those asso-
ciated with the recommended dose of 100 mg once daily

at steady state where safety and efficacy are expected to
be comparable to the clinical dose. When altered pharma-
cokinetic exposure of doravirine falls within these bounds,
safety and efficacy are expected to be comparable to those of
100 mg once-daily doravirine. The definition of clinical rel-
evance bounds for doravirine is based on demonstrated effi-
cacy and safety in the phase I, IIb, and III trials, as described
below.

Exposure-response analyses [14] of efficacy endpoints
from the two phase III trials [4, 5] were used to identify
the lower bound of clinical relevance for doravirine, which
was defined with respect to steady-state C,,; maintenance of
minimal effective trough levels is typically associated with
efficacy for antiretroviral therapies [16]. Based on analyses
for the proportion of individuals achieving HIV-1 RNA <50
copies/mL (virologic response) and occurrence of virologic
failure at week 48, both exposure—response relationships
were generally flat over the entire range of doravirine steady-
state C,, values from the phase III trials, except for a slight
decrease in efficacy in individuals with the lowest 10% of
doravirine steady-state C,, values [14]. Above the tenth per-
centile of doravirine steady-state C,, values, there were no
meaningful changes in the exposure-response relationships
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for virologic response and failure across the entire range of
doravirine steady-state C,, values [14]. The observed expo-
sure-response trends in the first decile of doravirine steady-
state C,, values were likely driven by individuals with lower
adherence, and therefore lower efficacy rates, rather than
reflecting a true decrease in response at lower exposures. In
fact, flat exposure— and dose—response relationships were
observed over the 25-200 mg once-daily dose range in the
phase IIb trial [14]. Nevertheless, the tenth percentile of
doravirine steady-state C,, values observed in phase III,
corresponding to a 40% decrease in doravirine C,,, was set
as a conservative lower bound for clinical relevance with
respect to efficacy. Steady-state C,, values above this bound
are expected to correspond to efficacy similar to the 100 mg
once-daily dose.

A 40% decrease in doravirine C,, also corresponds
approximately to the C,, values associated with the 50 mg
once-daily dose and is nearly twice the C,, associated with
the 25 mg once-daily dose [14], which were studied in the
phase IIb trial and had efficacy similar to 100 mg once daily
[17]. Even at this decreased C,,, doravirine plasma concen-
trations exceed the pharmacokinetic target of 78 nM, which
is greater than 6-fold the in vitro ICs, for inhibition of wild-
type virus, and exceeds ICs, values for common single
resistance mutations (K103N, Y181C, G190A), and of the
K103N/Y181C double mutant [16, 18, 19].

Steady-state AUC was selected as the exposure measure
from which to judge clinical relevance from a safety per-
spective, as this parameter is an integration of concentra-
tions over the 24-h dosing interval in which individuals are
exposed to doravirine at steady state. In phase I trials, there
was no evidence that the incidence of overall AEs or specific
AEs was temporally associated with doravirine T}, [11, 15,
20-31], therefore suggesting that C,,,, does not play a major
role in safety or tolerability. In the phase IIb trial, there was
no evidence of exposure- or dose-related toxicities across
the range of 25-200 mg doses evaluated, and no meaningful
association between doravirine steady-state exposure and the
incidence of neuropsychiatric AEs or fasting lipid levels that
would further limit the exposure of doravirine from a safety
perspective [17].

Concomitant use of moderate and strong CYP3A inhibi-
tors, which are expected to be associated with 2- to 3-fold
higher doravirine exposures relative to the 100 mg once-
daily dose, were not prohibited in the pivotal phase III
DRIVE-FORWARD trial [5]; however, they were prohibited
in the DRIVE-AHEAD trial due to potential interactions
with the comparator regimen [4]. In the phase III trials, the
100 mg once-daily dose was generally well tolerated and
no treatment-related AEs of concern were identified [4, 5].

For doravirine steady-state exposures at least 3-fold those
observed with the 100 mg once-daily dose in the phase III
trials, there were no safety signals in short-term clinical
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pharmacology trials. Specifically, multiple doses of up to
750 mg once daily for 10 days and single doses of up to
1200 mg doravirine [11] were generally well tolerated and
provided exposure multiples of ~3.7- and ~ 6.5-fold, respec-
tively, relative to the steady-state AUC values observed fol-
lowing administration of 100 mg once-daily doravirine.
In addition, a single dose of 1200 mg doravirine had no
clinically meaningful effect on QTc values [32] at~4.3-
and ~ 3.3-fold exposure multiples to C,,,, and AUC,, ,,,
respectively. Thus, based on the totality of clinical experi-
ence for doravirine, increases in exposure up to ~ 3-fold are
not clinically meaningful.

5 Effect of Demographic Factors

The effects of demographic factors including age, gender,
hepatic impairment, and renal impairment on doravirine
pharmacokinetics were evaluated in dedicated phase I trials
in participants without HIV-1 infection [22, 24, 25]. In addi-
tion, a population pharmacokinetic analysis of individuals
with (n=959) and without (n=341) HIV-1 infection was
conducted across the phase I, II, and III trials to evaluate
the effects of these factors—as well as body weight, body
mass index (BMI), race, or ethnicity—on doravirine phar-
macokinetics [14].

5.1 Age

Physiological changes that occur with aging can result in
altered drug pharmacokinetics in older compared with
younger people [33]. As the population of people living with
HIV-1 is aging [34], evaluation of doravirine in the older
population was essential.

The effect of age on doravirine pharmacokinetics was
investigated in a phase I trial of healthy elderly men and
women (aged 65-80 years) compared with healthy young
men and women (18-50 years); results showed that age did
not have a clinically meaningful effect on the pharmacoki-
netics of doravirine among these age groups as the observed
changes in AUC,,_,, C,,.» and C,, were <20% [22] (Table 1,
Fig. 2). Similarly, in a population pharmacokinetic analysis
[14], although age was identified as a significant covari-
ate for doravirine clearance (AUC,,_,, was 30% higher for
individuals with HIV-1 infection aged > 65 years compared
with those aged < 65 years), the effect was consistent with
the observations from the phase I trial, and not clinically
meaningful as the increase falls within the clinical bounds
described above. Similar findings were previously identified
for other HIV treatments, where it was reported that age did
not have a clinically relevant effect on the pharmacokinetics
of boosted darunavir, dolutegravir, and lamivudine in people
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living with HIV, though boosted darunavir exposure was
modestly increased in older people [35].

5.2 Gender

Differences in drug absorption, distribution, metabolism,
and excretion due to physiological differences between
genders can result in pharmacokinetic differences [36].
CYP3A4, the enzyme primarily responsible for doravirine
metabolism [10], has been shown in a meta-analysis to
have significantly greater hepatic activity in women than
in men, though no difference in intestinal CYP3A activity
was observed [37]. However, the clinical relevance of this
difference is unclear [37].

The effect of gender on doravirine pharmacokinetics
was investigated in a trial comparing the pharmacokinetics
between women and men [22] (Table 1, Fig. 2). Although
C,.x Was shown to be slightly higher (42%) in women than
in men, any differences in pharmacokinetics due to gender
were not considered clinically meaningful [22]. In line with
these results, a population pharmacokinetic analysis [14]
found no statistically significant effect of gender on dora-
virine pharmacokinetics. Taken together, the results do not
indicate a need for dose adjustment based on gender.

5.3 Other Characteristics

A population pharmacokinetic analysis [14] also showed that
there were no clinically meaningful effects on doravirine
pharmacokinetics due to body weight, BMI, race, or eth-
nicity (Fig. 2). Race and ethnicity did not have any statisti-
cally significant effects on doravirine pharmacokinetics [14].
While weight (< 64.5 kg, 64.5 <83 kg, > 83 kg) was identi-
fied as a significant covariate, the magnitude of its effect
was shown to be small (differences in AUC,_,,, C,,, and
Chax Were all < 10%, hence exposure was within the clinical
bounds), as were differences in AUC,_,, and C,,,, in indi-
viduals with a BMI defined as underweight (< 18.5 kg/m?),
pre-obese (25.0-29.99 kg/mz), or obese (>30.0 kg/mz) com-
pared with individuals in the normal range (18.5-24.99 kg/
mz) [14]. Therefore, no dose adjustments for doravirine are
required for any of these demographic factors.

6 Pharmacokinetics in Special Populations
6.1 HepaticImpairment
Liver disease affects 6-11% of people living with HIV

in the USA [38] and can result from a variety of causes,
such as chronic hepatitis B or C infection, heavy alcohol

Table 1 Summary of the effect of demographic factors/disease/food on doravirine pharmacokinetics

Factor Dosing Comparison Doravirine GMR (90% CI) Reference
AUC_, AUC 5 Conax Co
Age Doravirine Elderly men/ 0.85 (0.67-1.10) - 0.92 (0.73-1.16) 0.81 (0.59-1.11) [22]
100 mg SD young men
Doravirine Elderly women/  0.97 (0.79-1.19) - 1.18 (0.98-1.42) 0.94 (0.72-1.21) [22]
100 mg SD young women
Gender Doravirine Women/men 1.20 (1.03-1.40) — 1.42 (1.23-1.64) 1.02 (0.84-1.24) [22]
100 mg SD
Hepatic impair- ~ Doravirine Moderate hepatic  0.99 (0.72-1.35) 0.93 (0.74-1.18) 0.90 (0.66-1.24) 0.99 (0.74-1.33) [25]
ment 100 mg SD impairment/
normal hepatic
function

Renal impairment Doravirine Severe renal

100 mg SD impairment/
normal renal
function
Food Doravirine Fed/fasted 1.16 (1.06-1.26)
100 mg SD
Doravirine Fed/fasted 1.10 (1.01-1.20)
100 mg/
lamivudine
300 mg/TDF
300 mg SD

1.43 (1.00-2.04)

0.83 (0.61-1.15) 1.38 (0.99-1.92) [24]

1.03 (0.89-1.19) 1.36 (1.19-1.55) [23]

0.95 (0.80-1.12) 1.26 (1.13-1.41) [23]

AUC,_,, area under the concentration—time curve from time zero to 24 h, AUC,_,, area under the concentration—time curve from time zero

to infinity, C,, plasma concentration 24 h post-dose, CI confidence interval, C,

SD single dose, TDF tenofovir disoproxil fumarate

'nax Maximum plasma concentration, GMR geometric mean ratio,

A\ Adis



932

S. Khalilieh et al.

Effect on AUC

Intrinsic factor GMR and 90% ClI

Effect on C

‘max

GMR and 90% CI

Effecton C,,
GMR and 90% ClI

Age
=65 years/<65 years
(n =12 elderly, n = 6 non-elderly men) K
=65 years/<65 years
(n =12 elderly, n= 12 non-elderly women) =
=65 years/<65 years (popPK) —e—
Gender
Female/male (n = 24 women, n = 18 men) —eo—
Female/male (popPK) -
Weight (popPK)
Light (<64.5 kg)/normal (64.5 to <83 kg) I
Heavy (=83 kg)/normal (64.5 to <83 kg)
BMI (popPK)
Obese/normal gl

Pre-obese/normal

Underweight/normal
Race (popPK)

African American/white

Asian/white

Other/white

Ethnicity (popPK)
Hispanic/non-Hispanic

Hepatic impairment

Moderate Hl/normal —e—
hepatic function (n =8 HI, n= 8 normal)

Renal impairment

Severe Rl/healthy (n =8 RI, n=8 normal) —eo—
Mild RI/normal (popPK) ol
Moderate Rl/normal (popPK) H—e—
Food
Fed/fasted (doravirine) 2
(n=14 fed, n = 14 fasted)
Fed/fasted (doravirine/TDF/3TC) gl

(n=14 fed, n= 13 fasted)

. =
—a—| —=—
= e
= o
] [ ]
. HHl
L ol
-
= 3
-

- —a—
- —a—
. HeH
—— e
HeH =
= e
T

T T T T
05 10 15 20 25

Change relative to ref

Fig.2 Visual summary of the effect of demographic factors/disease/
food on doravirine exposure. Modified from Yee et al. [14]. Copy-
right © American Society for Microbiology, Antimicrob Agents
Chemother, vol 63, 2019, e02502-18, DOI 10.1128/AAC.02502-
18. 3TC lamivudine, AUC area under the concentration—time curve,
BMI body mass index, C,, plasma concentration 24 h post-dose,

consumption, and medication-induced toxicity [39]. There-
fore, hepatic impairment can reasonably be expected to
affect a sizeable proportion of people living with HIV; for
those receiving antiretroviral therapy, this impairment may
alter the pharmacokinetics of CYP3A-metabolized antiretro-
viral drugs [40]. A trial of doravirine in participants without
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tenofovir disoproxil fumarate. Shaded region represents the clinical
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HIV infection showed similar doravirine pharmacokinetics
in the presence or absence of moderate hepatic impairment,
and indicated that moderate hepatic impairment had no
clinically meaningful effect on doravirine pharmacokinet-
ics (Table 1, Fig. 2) and that dose adjustment is not required
for individuals with moderate or mild hepatic impairment
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[25]. Doravirine was not studied in individuals with severe
hepatic impairment [8, 9].

6.2 Renal Impairment

Chronic kidney disease affects 5-23% of people living with
HIV in the USA [38], and may result from a number of
causes, including HIV infection itself, co-morbidities such
as diabetes, and toxicity associated with certain antiret-
roviral drugs [38, 41]. Given that doravirine has minimal
renal excretion (< 10%) [10, 11], renal impairment was not
expected to have a clinically meaningful effect on dora-
virine pharmacokinetics. In a clinical trial [24], severe
renal impairment was shown to have an effect on doravirine
pharmacokinetics, moderately increasing exposure by 43%
(Table 1, Fig. 2). Increased oral bioavailability, decreased
clearance via decreased expression of gut/liver metabolic
enzymes in rats, or enzyme inhibition by uremic toxins in
individuals with severe renal impairment have been sug-
gested to result in increased AUC, C,,,,, and apparent ter-
minal half-life of drugs eliminated via CYP3A-mediated
metabolism [42]. However, the observed changes in dora-
virine pharmacokinetics were not anticipated to be clini-
cally meaningful, as they fall within the clinical bounds of
(0.6, 3.0) [24]. It was therefore concluded that doravirine
may be administered to individuals with HIV-1 infection
and mild, moderate, or severe renal impairment without dose
adjustment [24]. This finding was supported by a popula-
tion pharmacokinetic analysis that assessed the impact of
renal function, as determined by the Modification of Diet in
Renal Disease study estimated glomerular filtration rate, on
doravirine pharmacokinetics across the phase I, II, and III
population, and found no statistically significant effect of
renal function on doravirine pharmacokinetics [14].

7 Food Effects

The NNRTIs etravirine and rilpivirine are recommended to
be taken following and with a meal, respectively; exposure
to each of these drugs is substantially decreased in a fasted
versus a fed state [43, 44]. To investigate the effect of food
on doravirine pharmacokinetics, doravirine was adminis-
tered following a fast and following a high-fat, high-calorie
meal, both alone and as part of a single-tablet regimen com-
bined with 3TC and TDF [23]. Although doravirine AUC
0-c0 and C,, were slightly increased in the fed state compared
with fasted state, by 10-36%, these changes were not con-
sidered clinically meaningful (Table 1, Fig. 2), suggesting
doravirine may be administered with or without food [23].
In both phase III trials, doravirine was administered without
regard to meals [4, 5].

8 In Vitro Drug-Drug Interaction (DDI)
Assessment

In vitro assessment confirmed that oxidative metabolism
of doravirine is mediated mainly by CYP3A4, with some
minor contribution by CYP3AS5 [10]. As a result, dora-
virine pharmacokinetics may be altered in the presence of
CYP3A modulators. Doravirine did not inhibit the activ-
ity of CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6, or 3A4, or
uridinediphosphate glucuronosyltransferase (UGT)1A1
(IC5,> 100 pM for all enzymes) [45], at concentrations well
above the doravirine mean peak plasma concentration of
2.26 pM, which corresponds to a maximal unbound con-
centration of 0.54 pM. Additionally, doravirine does not
induce CYP1A2 or CYP2B6 mRNA or enzyme activity
in vitro [45], and although a low level of CYP3A4 mRNA
induction was observed with 10 pM doravirine, no effect
on CYP3A4 enzyme activity was observed and it was pro-
jected to have no clinically meaningful impact [45]. Dora-
virine is a substrate of P-gp in vitro; however, P-gp does
not appear to have a significant role in the disposition of
doravirine [10]. Doravirine is not a substrate of the breast
cancer receptor protein (BCRP), organic anion-transporting
polypeptide (OATP)1B1, or OATP1B3 [45], and, since renal
excretion is not a major route of elimination of doravirine, it
is therefore not likely to be affected by modulation of major
hepatic or renal drug transporters [10]. In addition, dora-
virine is unlikely to cause DDIs via inhibition of major drug
transporters, including P-gp, OATP1B1, OATP1B3, organic
anion transporter (OAT)1, OAT3, organic cation transporter
(OCT)2, multidrug and toxin extrusion protein (MATE)1,
MATE2K, and bile salt extrusion pump (BSEP) [45]. Sys-
temic exposure to doravirine is not likely to cause DDIs via
inhibition of BRCP; however, with an ICs;, value of 51 pM,
inhibition of intestinal BCRP by doravirine is possible [45].

9 In Vivo DDI Assessment

Polypharmacy in individuals with HIV infection is common,
and co-administration of antiretroviral drugs with drugs for
treating co-morbidities of HIV-1 infection is often required,
leading to the potential for DDIs [46]. One study estimated
that potential DDIs occurred in approximately two-thirds of
people receiving antiretroviral therapy for HIV infection;
around one-quarter of these potential interactions were
between antiretroviral medications themselves [46]. Com-
mon co-morbidities in individuals with HIV infection that
require treatment include hepatitis C virus (HCV) infection,
tuberculosis, diabetes, and hyperlipidemia [1, 38, 47].

The following sections discuss the clinical investigations
of potential DDIs between doravirine and a range of drug
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classes likely to be co-administered, including concomitant
antiretroviral drugs and medications for treating common
co-morbidities. These findings are also extrapolated to
other medications on the basis of known pharmacokinetic
characteristics.

9.1 Doravirine and Antiretroviral Drugs
for the Treatment of HIV Infection

9.1.1 Doravirine and Nucleoside Reverse Transcriptase
Inhibitors (NRTIs)

To support the development of a single-tablet regimen with
doravirine, two DDI trials were conducted with doravirine
and two commonly used NRTIs, 3TC and TDF [31]. 3TC
and tenofovir are primarily eliminated via organic cationic
secretion, glomerular filtration, and active tubular secretion,
pathways that are not affected by doravirine [48, 49]. Neither
NRTI is expected to affect CYP metabolism [48, 49]. Con-
sistent with the disposition of all three agents, the DDI trials
demonstrated no clinically meaningful effect on doravirine,
tenofovir, or 3TC pharmacokinetics (Tables 2 and 3, Figs. 3
and 4), supporting co-administration without the need for
dose adjustment [31] and the co-formulation of these agents
into a single-tablet regimen.

Abacavir and emtricitabine have no known interactions
with CYP3A [3]. Abacavir is known to be a substrate of
UGT1ALI and alcohol dehydrogenase, neither of which are
likely to be impacted by doravirine [45]. Hence, interactions
of abacavir or emtricitabine with doravirine are unlikely.
Doravirine is not expected to cause any significant interac-
tions with P-gp, BCRP, OATP1B1, and OATP1B3 [45], for
which tenofovir alafenamide (TAF) is a substrate [50]. As
the prescribing information for TAF does not suggest that
it inhibits or induces CYP3A (TAF did not affect the phar-
macokinetics of the sensitive CYP3A substrate midazolam)
[50], a DDI with doravirine is not expected, and therefore
doravirine and TAF may be co-administered. Furthermore,
phase III trials have demonstrated the safety and efficacy of
doravirine when co-administered with TDF and 3TC, or with
other NRTIs such as emtricitabine, TAF, or abacavir [4, 5].

9.1.2 Doravirine and Non-Nucleoside Reverse Transcriptase
Inhibitors (NNRTIs)

Due to associated psychiatric and central nervous system
effects of the NNRTI efavirenz [51], doravirine may be a
suitable alternative for individuals who have difficulties
tolerating efavirenz. Efavirenz is a known CYP3A inducer,
and in order to maintain viral suppression during regimen
switch, the interaction of doravirine with residual efavirenz
concentrations and the persistent CYP3A4 induction effects
following cessation of efavirenz [52] should be considered.
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Doravirine exposure was transiently decreased in the days
following a switch from efavirenz to doravirine in healthy
adults (Table 2, Fig. 3) [15]. Following discontinuation of
efavirenz, efavirenz concentrations exceeded the therapeutic
threshold (1000 ng/mL [53]) until Day 3, and at this time
doravirine concentrations exceeded the pharmacokinetic
target for efficacy (six times the ICsg) [15]; however, dora-
virine concentrations remained below the bounds for clinical
efficacy through Day 14. Nevertheless, during this transient
decrease in doravirine concentrations, dose adjustment is not
considered necessary as individuals with HIV-1 infection
are expected to be virologically suppressed prior to switch
and will continue to receive other antiretroviral agents
during switch, which supports the low likelihood of viral
rebound or development of viral resistance [15]. Switching
to a doravirine-based regimen was assessed in a phase III
trial (DRIVE-SHIFT; ClinicalTrials.gov NCT02397096)
that evaluated switching from a stable antiretroviral regi-
men to a single-tablet regimen of doravirine 100 mg with
3TC 300 mg and TDF 300 mg (DOR/TDF/3TC) [54]. In
this trial, a similar high level of antiretroviral efficacy of
DOR/3TC/TDF was observed in participants who switched
from an efavirenz-based regimen and those who switched
from another baseline regimen, showing that the transient
decrease in doravirine concentration is not clinically mean-
ingful [55].

As doravirine was shown not to be a significant inducer
or inhibitor of a number of CYP enzymes in vitro [45],
and in vivo doravirine did not significantly impact the
pharmacokinetics of midazolam (Table 3) [11], doravirine
is not expected to cause clinically meaningful DDIs with
etravirine, which is a substrate for CYP3A, CYP2C9, and
CYP2C19 enzymes [43], or with nevirapine, which is a sub-
strate for CYP3A and CYP2B6 enzymes [56]. Etravirine and
nevirapine are also inducers of CYP3A4 [3]. Based on the
transient reduced exposure of doravirine following switch
from efavirenz (a CYP3A inducer) [15], there is potential
that switch from etravirine or nevirapine would result in
a minor inductive effect on doravirine pharmacokinetics.
However, based on the shorter half-lives of these agents [43,
51, 56], it is unlikely that the duration of effect would exceed
that of efavirenz, and therefore switch from etravirine or
nevirapine to doravirine is also supported. Rilpivirine does
not induce or inhibit CYP3A4, and although it is a substrate
for CYP3A4 [3], it is unlikely to result in DDIs with dora-
virine, similar to other CYP3A substrates [26].

9.1.3 Doravirine and HIV-1 Boosted and Unboosted
Protease Inhibitors (Pls)

Ritonavir is an HIV-1 PI commonly used as a pharmacoki-
netic-enhancing agent for other HIV-1 drugs metabolized
by CYP3A4, including other PIs [3, 57]. Because it is a
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Table 2 Summary of doravirine drug—drug interactions: the effect of concomitant drugs on doravirine pharmacokinetics
Concomitant medication Doravirine dosing Doravirine GMR (90% CI) [(doravirine + concomitant medication)/ Reference

dosing

doravirine alone]

AUC, .,

AUC, o4

C

max

Coy

TDF 300 mg once daily

TDF 300 mg +lamivudine
300 mg

Efavirenz prior dosing
600 mg once daily

Efavirenz prior dosing

Doravirine 100 mg SD
Doravirine 100 mg SD

Doravirine 100 mg SD
(Day 1 following
efavirenz cessation)

Doravirine 100 mg once

0.95 (0.80-1.12)
0.96 (0.87-1.06)

0.38 (0.33-0.45)

0.68 (0.58-0.80)

0.80 (0.64-1.01)
0.97 (0.88-1.07)

0.65 (0.58-0.73)

0.86 (0.77-0.97)

0.94 (0.78-1.12)
0.94 (0.83-1.06)

0.15 (0.10-0.23)

0.50 (0.39-0.64)

[31]
[31]

[15]

[15]

600 mg once daily daily (Day 14 following
efavirenz cessation)

Ritonavir 100 mg once Doravirine 50 mg SD 3.54 (3.044.11) - 1.31 (1.17-1.46) 2.91 (2.33-3.62) [26]
daily

Dolutegravir 50 mg once Doravirine 200 mg - 1.00 (0.89-1.12) 1.06 (0.88-1.28) 0.98 (0.88-1.09) [20]
daily once daily

Elbasvir 50 mg+ Doravirine 100 mg - 1.56 (1.45-1.68) 1.41 (1.25-1.58) 1.61 (1.45-1.79) [27]
grazoprevir 200 mg once once daily
daily

Ledipasvir 90 mg/ Doravirine 100 mg SD 1.15(1.07-1.24) - 1.11 (0.97-1.27) 1.24 (1.13-1.36) [27]
sofosbuvir 400 mg SD

Ketoconazole 400 mg Doravirine 100 mg SD 3.06 (2.85-3.29) - 1.25 (1.05-1.49) 2.75 (2.54-2.98) [26]
once daily

Rifampin 600 mg Doravirine 100 mg SD 0.12 (0.10-0.15) - 0.43 (0.35-0.52) 0.03 (0.02-0.04) [74]
once daily

Rifabutin 300 mg Doravirine 100 mg SD 0.50 (0.45-0.55) - 0.99 (0.85-1.15) 0.32(0.28-0.35) [75]
once daily

Maintenance methadone Doravirine 100 mg - 0.74 (0.61-0.90) 0.76 (0.63-0.91) 0.80 (0.63-1.03) [30]
20-200 mg once daily once daily

Antacid oral suspension Doravirine 100 mg SD 1.01 (0.92-1.11) - 0.86 (0.74-1.01) 1.03 (0.94-1.12) [28]

(1600 mg aluminum
hydroxide/1600 mg
magnesium hydrox-

ide/160 mg simethicone) SD

Pantoprazole 40 mg
once daily

Doravirine 100 mg SD

0.83 (0.76-0.91) —

0.88 (0.76-1.01) 0.84 (0.77-0.92) [28]

AUC,_,, area under the concentration—time curve from time zero to 24 h, AUC,_,, area under the concentration—time curve from time zero to
infinity, C,, plasma concentration 24 h post-dose, CI confidence interval, C,,,, maximum plasma concentration, GMR geometric mean ratio,

SD single dose, TDF tenofovir disoproxil fumarate

strong CYP3A4 inhibitor, ritonavir increases the exposure
of drugs—and “boosts” activity—yvia inhibition of CYP3A4-
mediated drug metabolism [57]. Although ritonavir is not
anticipated to be used as a pharmacokinetic enhancer for
doravirine, the interaction between ritonavir and doravirine
was evaluated in the event that doravirine is administered
as part of a boosted-PI regimen or used concomitantly with
other strong CYP3A inhibitors. Co-administration of dora-
virine and ritonavir increased doravirine exposure ~ 3-fold
compared with doravirine alone (Table 2, Fig. 3), consist-
ent with the inhibition of CYP3A4 metabolism, the pri-
mary clearance pathway of doravirine [10, 26]. However,
C,.., increased only by ~30%. In accordance with the clini-

max
cal bounds described above, these changes in doravirine

pharmacokinetics were not considered clinically meaningful,
and no dose adjustment is required for co-administration of
doravirine and ritonavir [26].

Cobicistat is a strong CYP3A inhibitor used as a pharma-
cokinetic enhancer for the PIs atazanavir and darunavir [58].
As the CYP3A inhibitor effect is expected to be similar to
ritonavir [59], a~ 3 fold increase in doravirine exposure is
expected when the two agents are co-administered.

Several other HIV-1 boosted or unboosted PIs have poten-
tial for perpetrating DDIs through modulation of various
enzymes and/or transporters, including CYP3A, OATP,
UGT1AL, and P-gp [3]. However, the magnitude of CYP3A
inhibition for atazanavir, darunavir, indinavir, and saquinavir
is not likely to be greater than that observed for ritonavir,

A\ Adis



936

S. Khalilieh et al.

Table 3 Summary of doravirine drug—drug interactions: the effect of doravirine on the pharmacokinetics of concomitant drugs

Concomitant medication Doravirine dosing Concomitant medication GMR (90% CI) [(doravirine + concomitant Reference
dosing medication)/concomitant medication alone]
AUC, AUC, o4 Crax Cyy
TDF 300 mg SD + Doravirine 100 mg SD Tenofovir:
lamivudine 300 mg SD 1.11 (0.97-1.28) — 1.17 (0.96-1.42) — [31]
Lamivudine:
0.94 (0.88-1.00) — 0.92 (0.81-1.05) - [31]
Midazolam 2 mg SD Doravirine 120 mg 0.82 (0.70-0.97) - 1.02 (0.81-1.28) - [11]
once daily
Dolutegravir 50 mg Doravirine 200 mg - 1.36 (1.15-1.62) 1.43(1.20-1.71) 1.27 (1.06-1.53) [20]
once daily once daily
Elbasvir 50 mg Doravirine 100 mg Elbasvir:
once daily + once daily - 0.96 (0.90-1.02) 0.96 (0.91-1.01) 0.96 (0.89-1.04) [27]
grazoprevir 200 mg .
once daily Grazoprevir:
- 1.07 (0.94-1.23) 1.22 (1.01-1.47) 0.90 (0.83-0.96) [27]
Ledipasvir 90 mg/ Doravirine 100 mg SD Ledipasvir:
sofosbuvir 400 mg SD 0.92 (0.80-1.06) — 0.91 (0.80-1.02) — [27]
Sofosbuvir:
1.04 (0.91-1.18) — 0.89 (0.79-1.00) - [27]
GS-331007:
1.03 (0.98-1.09) — 1.03 (0.97-1.09) - [27]
Metformin 1000 mg SD Doravirine 100 mg 0.94 (0.88-1.00) — 0.94 (0.86-1.03) — [29]
once daily
Atorvastatin 20 mg SD Doravirine 100 mg 0.98 (0.90-1.06) - 0.67 (0.52-0.85) - [21]
once daily
Maintenance methadone Doravirine 100 mg (R)-methadone:
20-200 mg once daily once daily - 0.95 (0.90-1.01) 0.98 (0.93-1.03) 0.95 (0.88-1.03) [30]
(S)-methadone:
- 0.98 (0.90-1.06) 0.97 (0.91-1.04) 0.97 (0.86-1.10) [30]
Total methadone:
- 0.96 (0.90-1.03) 0.98 (0.92-1.03) 0.96 (0.87-1.05) [30]
Ethinyl estradiol 0.03 mg/  Doravirine 100 mg Ethinyl estradiol:
levonorgestrel 0.15 mg once daily 0.98 (0.94-1.03) — 0.83 (0.80-0.87) — [26]
Sb Levonorgestrel:
1.21(1.14-1.28) - 0.96 (0.88-1.05) - [26]

AUC_,, area under the concentration—time curve from time zero to 24 h, AUC,_,, area under the concentration—time curve from time zero
to infinity, C,, plasma concentration 24 h post-dose, CI confidence interval, C,,,, maximum plasma concentration, GMR geometric mean ratio,

SD single dose, TDF tenofovir disoproxil fumarate

and lopinavir is not a CYP3A inhibitor [59]. Therefore, these
agents are unlikely to have a clinically meaningful effect on
doravirine pharmacokinetics, despite being CYP3A4 sub-
strates and/or inhibitors [3]. While lopinavir is considered a
moderate inducer when given alone, it is only available for
use in combination with ritonavir, and in this setting boosted
lopinavir behaves as a CYP3A4 inhibitor, in addition to
being a CYP3A4 substrate [3]. Similarly, while tipranavir
is considered a CYP3A4 inducer, it is only recommended for
use with ritonavir, and the net effect of these two agents is
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CYP3A4 inhibition [3]. As doravirine may be concomitantly
administered with strong CYP3A inhibitors without dose
adjustment [26], a dose adjustment would not be required
for boosted tipranavir. Fosamprenavir, the prodrug of ampre-
navir, is considered a moderate CYP3A inhibitor and weak
inducer [3], and therefore the net effect on doravirine expo-
sure following co-administration is unknown. However, if
this agent is used in combination with a pharmacokinetic
enhancer, it is likely that there would be a net increase in
doravirine exposure.



Doravirine Pharmacokinetics 937
Effect on AUC Effecton C_, Effecton C,,
Concomitant medication dosing GMR and 90% CI GMR and 90% ClI GMR and 90% ClI
Strong CYP3A inhibitors
Ritonavir 100 mg once daily (n = 8) L gl - i
Ketoconazole 400 mg once daily (n = 10) ] gl n
Strong CYP3A inducer
Rifampin 600 mg once daily (doravirine + 3 - =1
rifampin, n = 10; doravirine, n=11)
Moderate CYP3A inducers
Efavirenz prior dosing 600 mg once daily L gl L] e
(Day 1 following efavirenz cessation)
(with prior efavirenz, n=17;
without prior efavirenz, n = 20)
Efavirenz prior dosing 600 mg once daily gl -y HH
(Day 14 following efavirenz cessation)
(with prior efavirenz, n=17;
without prior efavirenz, n = 19)
Rifabutin 300 mg once daily (doravirine + ol Ll ]
rifabutin, n = 12; doravirine, n = 18)
Gastric acid modifiers
Antacid oral suspension (1600 mg [ ] L ]
aluminum hydroxide/1600 mg
magnesium hydroxide/160 mg
simethicone) SD (n = 14)
Pantoprazole 40 mg once daily (doravirine + ol e n
pantoprazole, n = 13; doravirine, n = 14)
Other interactions
TDF 300 mg once daily (doravirine + TDF, e e L |
n=7;doravirine, n = 8)
TDF 300 mg + lamivudine 300 mg SD (n = 15) o L | L
Dolutegravir 50 mg once daily (n=11) L] HH L
Ledipasvir 90 mg/sofosbuvir 400 mg SD (n = 14) L] - L]
Elbasvir 50 mg + grazoprevir 200 mg once daily . i ]
(n=12)
Methadone 20-200 mg once daily (methadone 2 gl HH e
+ doravirine, n = 14; doravirine, n = 19)
T T T T T T T
0.1 1.0 10.0 0.1 1.0 10.0 0.01 0.1 1.0 10.0

Change relative to ref

Fig.3 Visual summary of doravirine DDIs: the effect of concomitant
drugs on doravirine exposure. AUC area under the concentration—

time curve, C,, plasma concentration 24 h post-dose, C,,,, maximum

plasma concentration, CI confidence interval, DDI drug—drug interac-

9.1.4 Doravirine and Integrase Strand Transfer Inhibitors
(InSTls)

In some instances, an NNRTI may be co-administered
with an InSTI [3], and the combination of NNRTIs and
InSTIs may offer an alternative to NRTI-based therapies
[60]. Dolutegravir has shown good efficacy and tolerability
along with a high barrier to resistance [20]; in vitro, low
potential for DDIs was reported [61]. It is metabolized by
UGT1A1/1A3/1A9 and CYP3A4, and is a substrate for
P-gp and BCRP [61]. Although a weak inhibitor of CYP3A
in vitro, dolutegravir does not inhibit or induce CYP3A
in vivo [62]. In line with this finding, the pharmacokinetics

Change relative to ref Change relative to ref

tion, GMR geometric mean ratio, ref reference value, SD single dose,
TDF tenofovir disoproxil fumarate. Shaded region represents the clin-
ical bounds

of doravirine (200 mg once daily) in healthy subjects were
shown to be similar in the presence or absence of dolutegra-
vir (50 mg once daily) (Table 2, Fig. 4) [20]. The modest
increases in dolutegravir AUC, ,,, C,,.., and C,, observed
at a supratherapeutic doravirine dose of 200 mg once daily,
thought to result from inhibition of BCRP in the gut by dora-
virine, were considered not clinically meaningful (Table 3,
Fig. 4) [20].

Other InSTIs are unlikely to interact with doravirine
based on their known metabolism or elimination pathways
and their propensity to modulate major CYPs and transport-
ers. For example, elvitegravir is a UGT1A1 and CYP3A4
substrate and CYP2C9 inhibitor, while raltegravir is a
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Effect on AUC Effecton C__,
Concomitant medication dosing GMR and 90% Cl GMR and 90% Cl
CYP3A4 substrate
Midazolam 2 mg SD (midazolam + doravirine, n = 7, midazolam, n = 8) —eo— —a—
Oral contraceptive: Ethinyl estradiol 0.03 mg/levonorgestrel 0.15 mg SD
Ethinyl estradiol (ethinyl estradiol/levonorgestrel + doravirine, leH -
n = 19; ethinyl estradiol/levonorgestrel, n = 20)
Levonorgestrel (ethinyl estradiol/levonorgestrel + doravirine, e .
n =19; ethinyl estradiol/levonorgestrel, n = 20)
Other interactions
Dolutegravir 50 mg once daily (doravirine + dolutegravir, n = 11; —e—— —a—
dolutegravir, n=12)
TDF 300 mg + lamivudine 300 mg
Tenofovir (n = 15) H—eo— H—a—
Lamivudine (n = 15) o -

Atorvastatin 20 mg SD (atorvastatin + doravirine, n = 14;
atorvastatin, n = 16)

Metformin 1000 mg SD (n = 14)
Methadone 20-200 mg once daily individualised dose
(R)-methadone (n = 14)
(S)-methadone (n=14)
Total methadone (n = 14)
Ledipasvir 90 mg/sofosbuvir 400 mg SD
Ledipasvir (n = 14)
Sofosbuvir (n = 14)
GS-331007 (sofosbuvir metabolite) (n = 14)
Elbasvir 50 mg once daily + grazoprevir 200 mg once daily
Elbasvir (n=12)

Grazoprevir (n=12)

Fig.4 Visual summary of doravirine DDIs: the effect of doravirine
on the exposure of concomitant drugs. AUC, area under the concen-
tration—time curve, C, maximum plasma concentration, CI con-

max

UGTI1A1 substrate [3]; therefore, neither drug is likely to
affect CYP3A-mediated metabolism of doravirine via induc-
tion or inhibition of CYP3A4. Elvitegravir may be boosted
with either cobicistat or ritonavir [3] and, as discussed
above, the increases in doravirine expected with these agents
are not considered clinically meaningful.

9.2 Doravirine and Anti-Hepatitis C Virus (HCV)
Drugs

People living with HIV infection are almost six times more

likely to be infected with HCV than people without HIV
infection [47]. HIV/HCV co-infection rates are particularly
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fidence interval, DDI drug—drug interaction, GMR geometric mean
ratio, ref reference value, SD single dose, TDF tenofovir disoproxil
fumarate

high in people who inject drugs; an estimated 82% of people
living with HIV and who inject drugs are co-infected with
HCYV [47]. Consequently, co-administration of medications
for these two viral infections is often required. The drug
interaction potential following co-administration of dora-
virine with two anti-HCV treatments, elbasvir/grazoprevir
and ledipasvir/sofosbuvir, has been evaluated [27]. Elbasvir
and grazoprevir are CYP3A and P-gp substrates and gra-
zoprevir is also a substrate for OATP1B1/B3. Elbasvir and
grazoprevir are partially eliminated via CYP3A-mediated
oxidative metabolism, and are primarily (>90%) elimi-
nated in feces [63]. Ledipasvir and sofosbuvir are P-gp and
BCRP substrates [64]. Ledipasvir is eliminated primarily in
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feces as the unchanged drug (70%), indicating that biliary
excretion is the major route of elimination, while sofosbuvir
is extensively metabolized in the liver to the active entity
GS-461203, then eventually to the dephosphorylated metab-
olite GS331007. Renal clearance of GS-331007 is the main
elimination pathway of sofosbuvir, accounting for 78% of
the dose [64].

Increases in doravirine exposure following co-adminis-
tration with either elbasvir/grazoprevir (56%) or ledipasvir/
sofosbuvir (15%) were observed (Table 2, Fig. 3), but were
within the established clinical bounds for doravirine, and
hence not considered to be clinically significant [27]. Gra-
zoprevir, but not elbasvir, is a weak inhibitor of CYP3A
[63]; thus, the observed modest increase in doravirine
exposure is likely due to inhibition of CYP3A [27]. Small
(10-25%) increases in doravirine AUC,,_,,, Cy4, and C,,,
seen following co-administration of ledipasvir/sofosbuvir
with doravirine were thought to result from inhibition of
P-gp by ledipasvir [64]; the high permeability of doravirine
limits the effect of P-gp on its absorption [10], so that the
effect of P-gp inhibitors on doravirine pharmacokinetics is
small. Meanwhile, doravirine had no clinically meaningful
effect on the pharmacokinetics of elbasvir, grazoprevir, ledi-
pasvir, sofosbuvir, or the sofosbuvir metabolite GS-331007
(Tables 2 and 3, Fig. 4), which supports the limited effects
of doravirine on the transporters involved in uptake of these
drugs, despite doravirine being a known weak inhibitor of
BCRP [27, 45]. Therefore, antiviral treatment of HIV/HCV
co-infection with doravirine and elbasvir/grazoprevir or ledi-
pasvir/sofosbuvir is a viable option [27].

Similarly, other anti-HCV direct-acting antivirals are
anticipated to have minimal effect on doravirine pharma-
cokinetics. Several are known to be CYP3A4 substrates
(e.g., ombitasvir, daclatasvir, paritaprevir, velpatasvir, vox-
ilaprevir), or substrates and weak inhibitors (e.g., simeprevir,
glecaprevir) [65]; based on other clinical trials of doravirine,
clinically meaningful DDIs with doravirine are unlikely with
substrates or inhibitors of CYP3A [26].

9.3 Doravirine and Antifungal Agents

Antifungal agents are vital for treating opportunistic infec-
tions that can occur in people living with HIV [66]. Keto-
conazole is a broad-spectrum antifungal agent that is a
strong CYP3A4 inhibitor [59, 67], a CYP3A4 substrate
[68], and a potent inhibitor of UGT1A1 [67] and P-gp
[69]. As expected, doravirine exposure was increased fol-
lowing co-administration of ketoconazole with doravirine
compared with doravirine alone (Table 2, Fig. 3), likely
due to reduced CYP3A-mediated clearance of doravirine
following CYP3A4 inhibition by ketoconazole [26]. How-
ever, the ~3-fold increase in AUC,__, was accompanied
by only a 25% increase in C despite P-gp inhibition

max?

by ketoconazole, further supporting that the increased
exposure of doravirine was due to decreased metabolism
by CYP3A rather than P-gp inhibition [26]. Overall, the
observed changes to doravirine pharmacokinetics were not
considered clinically meaningful in the context of the clini-
cal trial experience with doravirine [11, 26, 32]; therefore,
co-administration of doravirine with ketoconazole or other
strong CYP3A4 inhibitors is supported [26].

Like ketoconazole, several other azole antifungals are
inhibitors of CYP3A4, including fluconazole, itraconazole,
posaconazole, and voriconazole [70]. However, based on the
finding above that ketoconazole, as a strong CYP3A4 inhibi-
tor, does not lead to clinically meaningful changes in dora-
virine pharmacokinetics, co-administration of doravirine
with other azoles will not necessitate dose adjustment [8, 9].

9.4 Doravirine and Antimycobacterial Agents

Tuberculosis remains the leading cause of death in people
living with HIV [1]. The combination of antiretroviral and
tuberculosis treatments has averted an estimated 9 mil-
lion deaths from 2000 to 2016 [71]. Rifampin is a first-line
agent for the initial treatment of tuberculosis in people liv-
ing with HIV, taken in combination with isoniazid, etham-
butol, and pyrazinamide [72]. As a strong CYP3A inducer
[73], rifampin is known to have clinically significant DDIs
with a number of antiretroviral drugs [72]. Consistent with
the strong induction of CYP3A4 by rifampin, doravirine
exposure was reduced by 88% and C,, was reduced by 97%
following co-administration with multiple-dose rifampin
in healthy adult men (Table 2, Fig. 3), indicating that the
efficacy of doravirine when co-administered with rifampin
in individuals with HIV/tuberculosis co-infection would
be substantially compromised [74]. As a result, co-admin-
istration of rifampin with doravirine is contraindicated [8,
9]. Rifabutin is another member of the rifamycin class of
antimycobacterials but is a less potent CYP3A inducer than
rifampin [73]. Doravirine exposure in healthy adults was
also reduced following co-administration with rifabutin
but to a lesser extent than with rifampin (50% reduction;
Table 2, Fig. 3) [75]. Based on projections from doravirine
pharmacokinetics in the presence of rifabutin, the interaction
is mitigated by increasing the doravirine dose from 100 mg
once daily to 100 mg twice daily [75]. As such, dose adjust-
ment of doravirine to 100 mg twice daily is recommended
for co-administration with rifabutin [8, 9], allowing dora-
virine to be used in HIV/tuberculosis co-infection treatment.

The other components of first-line therapy for tuber-
culosis include isoniazid, ethambutol, and pyrazinamide.
Isoniazid metabolism results mainly from the actions of
N-acetyltransferase 2 and amidase, and there is evidence
of interactions with various CYPs, including inhibition
of CYP3A4 [76, 77]. Ethambutol was shown to inhibit a
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number of CYPs but had only a weak inhibitory effect on
CYP3A [78]. As no dose adjustment is required for the
concomitant use of doravirine and strong CYP3A inhibi-
tors [26], interactions between ethambutol or isoniazid and
doravirine are not expected to be clinically meaningful.
Pyrazinamide was shown to have no inhibitory effect on
CYP enzymes, including CYP3A4 [77].

9.5 Doravirine and Antidiabetic Drugs

Type 2 diabetes mellitus is a common co-morbidity in people
with HIV-1 infection [38]. Metformin is the recommended
first-line therapy [79], and therefore concomitant adminis-
tration with doravirine may be required. Co-administration
of doravirine and metformin had no clinically meaningful
effect on metformin pharmacokinetics (Table 3, Fig. 4) [29].
Metformin is excreted unchanged in urine [80] and therefore
not dependent on CYP3A-mediated metabolism. The lack
of interaction of doravirine with metformin demonstrates
that it has no clinically meaningful effect on the transport-
ers involved in uptake and transport of metformin in vivo
[29]—namely PMAT, OCT1, OCT2, OCT3, MATEI, and
MATE?2 K [80, 81]—and confirms in vitro findings that
doravirine has low potential for interactions with OCT2 and
MATEI1/2K [45].

Overall, it is anticipated that doravirine has low poten-
tial for interaction with antidiabetic drugs. Most clinically
meaningful DDIs of antidiabetic drugs result from inhibition
or induction of hepatic CYPs [82]. Sulfonylureas are metab-
olized by various CYP enzymes, including CYP2C9 and
CYP3A4 [82]. Due to a lack of modulation of these enzymes
by doravirine, interactions are thought to be unlikely. In
addition, these agents are not perpetrators of CYP3A-medi-
ated DDIs, and therefore would not have a clinically mean-
ingful effect on doravirine pharmacokinetics. It should be
noted that glyburide is a weak inhibitor of CYP3A [83];
however, a clinically meaningful interaction with doravirine
would not be anticipated. Dipeptidyl peptidase-4 inhibitors,
with the exception of saxagliptin, have no known DDIs with
commonly used concomitant medications [82]. Saxagliptin
is a CYP3A4/5 substrate and may be affected by inducers
and inhibitors. As with sulfonylureas, saxagliptin is unlikely
to be affected by doravirine via this pathway. Sitagliptin and
saxagliptin are not CYP3A inhibitors or inducers, and would
therefore not be expected to affect the pharmacokinetics of
doravirine [84, 85].

The sodium-glucose co-transporter (SGLT)-2 inhibitors
ertugliflozin, empagliflozin, dapagliflozin, and canagliflozin
undergo hepatic glucuronidation and are not cleared to a
major extent by CYP enzymes [82]. Canagliflozin requires
dose adjustment when co-administered with UGT inducers;
however, no other clinically meaningful DDIs of SGLT-2
inhibitors have been identified [82]. Therefore, doravirine
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and SGLT-2 inhibitors can be co-administered without
interactions. Pioglitazone and rosiglitazone, members of
the thiazolidinedione drug class, are metabolized mainly
via CYP2CS8, with lesser contributions of CYP3A4 and
CYP2C9 metabolism, respectively [82], and are therefore
unlikely to be affected by doravirine. While doravirine is
not expected to affect the metabolism of pioglitazone, piogl-
itazone is a weak CYP3A inducer [59], and therefore dora-
virine concentrations may potentially be slightly reduced
with co-administration.

Doravirine is not anticipated to affect the pharmacokinet-
ics of liraglutide, a subcutaneously administered glucagon-
like peptide-1 (GLP1) receptor agonist, since liraglutide
metabolism does not rely on a specific organ for elimina-
tion and is instead endogenously metabolized in a similar
fashion to large proteins [86]. Liraglutide has been shown to
alter absorption of concomitantly administered oral agents
through delayed gastric emptying [86]. However, liraglutide
did not affect the absorption of tested drugs to a clinically
meaningful degree: AUC changes for digoxin, lisinopril,
atorvastatin, acetaminophen, and ethinyl estradiol/levonorg-
estrel ranged from a decrease of 16% to an increase of 18%
[86]. The effect of liraglutide on doravirine, a Biopharma-
ceutical Classification System Class II compound, is there-
fore not expected to be clinically meaningful.

9.6 Doravirine and Statins

The 3-hydroxy-3-methylglutaryl coenzyme A reductase
inhibitors (statins) are used for the treatment of hypercho-
lesterolemia, a common co-morbidity in individuals with
HIV infection [87]. Doravirine had no clinically meaningful
effect on atorvastatin pharmacokinetics following co-admin-
istration (Table 3, Fig. 4) [21]. Although the C,,,, of ator-
vastatin was decreased by 33% with co-administration, the
difference was not considered clinically meaningful due to
efficacy being demonstrated in the presence of other factors
that caused similar atorvastatin pharmacokinetic changes
[21, 88, 89]. These results indicated that doravirine does not
meaningfully impact the activity of CYP3A4, OATP1B1,
P-gp, or BCRP, for which atorvastatin is a substrate [21].
As simvastatin [90], pravastatin [91], rosuvastatin [92], and
lovastatin [93] are also substrates for one or more of these
pathways, doravirine is not anticipated to have a clinically
meaningful effect on the pharmacokinetics of these statins.
Additionally, fluvastatin [94] is also a substrate for CYP2C9
while pitavastatin is a substrate for OATP1B1/3 and pri-
marily metabolized by UGT1A3 and UGT2B7 [95, 96]. As
in vitro data support that doravirine is not a modulator of
CYP2(C9 and is unlikely to modulate UGT enzymes [45],
doravirine is also not expected to affect the disposition of
fluvastatin or pitavastatin. Furthermore, to the best of our
knowledge, none of these statins are known to be clinically



Doravirine Pharmacokinetics

941

meaningful perpetrators of DDIs via CYP3A-mediated
metabolism [59], and are therefore not expected to have
a clinically meaningful effect on the pharmacokinetics of
doravirine. Therefore, doravirine may be co-administered
with atorvastatin, fluvastatin, lovastatin, pravastatin, pitavas-
tatin, or simvastatin, without dose adjustment of doravirine
or any of these statins.

9.7 Doravirine and Opioid Substitution Therapies

Injection drug use was responsible for~6% of new diagno-
ses of HIV infection in the USA in 2016 [97], and ~2.1% of
people living with HIV in the USA reported recent opiate
use in a 2013 study [98]. Methadone, an opioid substitu-
tion therapy widely used to treat opioid addiction [99], is
often co-administered with HIV antiretroviral therapy [100].
Potential interactions between methadone and doravirine
were investigated in individuals participating in a metha-
done maintenance program. Methadone pharmacokinetics
(for (R)-, (S)-, and total methadone) were not meaning-
fully affected with doravirine co-administration (Table 3,
Fig. 4) [30]. Comparison with data from a previous trial
in participants receiving doravirine without methadone co-
administration [15] revealed that doravirine exposure was
modestly reduced by 26% following co-administration with
methadone (Table 2, Fig. 3). The mechanism for this reduc-
tion is not clear, although it was suggested that reduced gut
motility limiting doravirine absorption may be responsible
[30]. However, the changes were not considered clinically
meaningful on the basis of the established clinical bounds
for doravirine [30].

Another treatment for opioid dependence is buprenor-
phine/naloxone [101]. CYP3A is important in the metab-
olism of buprenorphine but would not be affected by co-
administration of doravirine, and naloxone does not undergo
CYP-mediated metabolism. While buprenorphine is a
CYP3A4 and CYP2D6 inhibitor in vitro, DDIs are not a
concern as therapeutic concentrations are expected to be
too low to perpetrate clinically meaningful DDIs [101].
Therefore, doravirine and buprenorphine/naloxone may be
co-administered without dose adjustment.

9.8 Doravirine and Oral Contraceptives

The use of hormonal contraceptives is anticipated in the
doravirine target population. Ethinyl estradiol 0.03 mg/lev-
onorgestrel 0.15 mg is a fixed-dose oral contraceptive [102]
and both components are CYP3A substrates [103, 104]. No
clinically meaningful changes to the pharmacokinetics of
ethinyl estradiol or levonorgestrel were observed follow-
ing co-administration with doravirine (Table 3, Fig. 4).
Although levonorgestrel AUC,,_ was slightly elevated, this
increase was not considered clinically meaningful on the

basis of levonorgestrel exposures observed in other marketed
contraceptives containing the same dose of levonorgestrel
[26]. Hence, it was concluded that dose adjustment of ethinyl
estradiol and levonorgestrel are not required for co-adminis-
tration with doravirine [26].

9.9 Doravirine and Antacids

Gastric acid-reducing agents are commonly used by people
living with HIV-1 [105]. However, some antiretroviral drugs
are restricted or contraindicated for use with such agents
due to impaired absorption leading to reductions in plasma
concentrations of the anti-HIV drugs [3]. Co-administration
of either an aluminum-/magnesium-containing antacid or
the proton-pump inhibitor pantoprazole with doravirine
did not have a clinically meaningful effect on doravirine
pharmacokinetics (Table 2, Fig. 3) [28]. Slight decreases
(12-17%) in doravirine AUC,,_,, C,,.., and C,, following
co-administration with pantoprazole, and in doravirine C,,,,
following co-administration with an antacid, were not con-
sidered clinically meaningful on the basis of the established
clinical bounds for doravirine. Gastric acid-reducing agents
may be co-administered with doravirine without need for
dose adjustments or restrictions [28].

10 Clinical Perspective

The population living with HIV is clinically and demo-
graphically diverse and has changed over time [1, 34, 38].
The presence of co-morbidities has increased in recent years
[38], and with it comes the likelihood of polypharmacy and
potential for DDIs with antiretroviral drugs [46]. The suc-
cess of antiretroviral therapy has led to improvements in
life expectancy, resulting in an aging population living with
HIV [34]. Chronic kidney disease [41], hepatic disease [39],
and cardiovascular disease [38] are complications commonly
experienced by people living with HIV, so consideration of
these populations may be particularly important. Doravirine
is a novel NNRTT that has pharmacokinetic properties that
support once-daily administration and address the complex
HIV patient population needs. The clinical trials and popu-
lation pharmacokinetic analysis described here support the
use of doravirine across a wide range of populations with
HIV-1 infection: age, gender, race, ethnicity, weight/BMI,
renal function, and moderate hepatic impairment did not
have an appreciable effect on doravirine pharmacokinetics,
nor did food (fed or fasted) have a clinically meaningful
impact [14, 22-25].

Doravirine was shown to have limited potential for clini-
cally meaningful DDIs based on data obtained from in vitro
studies of drug-metabolizing enzymes and drug transport-
ers [10, 45] and clinical studies [15, 20, 21, 26-31]. Since

A\ Adis



942

S. Khalilieh et al.

doravirine is a substrate of CYP3A4 [10], the most likely
route of its involvement in DDISs is via inhibition and induc-
tion of CYP3A activity by strong and moderate CYP3A
inhibitors/inducers. CYP3A inhibition does not result in
a clinically meaningful change in doravirine pharmacoki-
netics, and doravirine can be co-administered with these
agents without dose adjustment. However, moderate and
strong CYP3A inducers reduced doravirine exposure. For
strong inducers, the magnitude of the decrease may impact
efficacy; therefore, doravirine is contraindicated for use
with any strong CYP3A inducer (e.g., rifampin, mitotane,
avasimibe, phenytoin, carbamazepine, and enzalutamide) [8,
9, 74]. Similar restrictions for rifampin are also in place for
other antiretroviral medications, including all PIs and several
NNRTIs (including etravirine, nevirapine, and rilpivirine)
[3]. TAF and cobicistat-boosted elvitegravir are contraindi-
cated for both rifampin and rifabutin [3]. Dose adjustment of
doravirine is recommended for the moderate inducer rifab-
utin [75]. As the magnitude of induction associated with
CYP3A moderate inducers varies across compounds (e.g.,
etravirine, nevirapine, bosentan, nafcillin, and modafinil),
and is also dependent on the substrate, the effect of other
moderate inducers on the pharmacokinetics of doravirine
cannot easily be predicted. However, if co-administration
with moderate inducers cannot be avoided, doravirine dos-
ing frequency should be increased from 100 mg once daily
to 100 mg twice daily. A fixed-dose combination of dora-
virine with 3TC and TDF at the recommended adult doses of
100 mg doravirine and 300 mg each of 3TC and TDF is also
available [9]. While the pharmacokinetic characteristics of
doravirine support the administration of 100 mg doravirine
with minimal restrictions due to intrinsic factors and DDISs,
dose recommendations for the fixed-dose combination may
be influenced by the effect of intrinsic factors, such as renal
impairment, on the pharmacokinetic profiles of 3TC and/
or TDF, which are primarily renally cleared [9]. The use of
TDF has also been associated with the onset or worsening
of renal impairment in some patients [9]. Additionally, drug
interactions specific to 3TC or TDF may also result in rec-
ommendations of additional monitoring for AEs related to
increases in concentration of the 3TC or TDF component, as
in the case of co-administration of the fixed-dose combina-
tion with ledipasvir/sofosbuvir [9].

The collective data demonstrate that the overall DDI pro-
file of doravirine allows the co-administration of doravirine
with a diverse range of concomitant medications and may
offer advantages over existing antiretroviral therapies. For
example, several boosted PIs, including ritonavir-boosted
atazanavir, ritonavir-boosted darunavir, and ritonavir-
boosted lopinavir, are contraindicated with elbasvir/grazo-
previr due to OATP1B1/3 inhibition leading to increased
plasma grazoprevir concentrations [3]; efavirenz and etra-
virine/nevirapine are also contraindicated with elbasvir/
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grazoprevir due to the resulting decrease in elbasvir and
grazoprevir exposures, and ritonavir-boosted tipranavir is
expected to reduce ledipasvir and sofosbuvir concentrations
[3]. Rilpivirine is contraindicated with proton-pump inhibi-
tors, and raltegravir should not be co-administered with
aluminum-/magnesium-containing hydroxide antacids [3].
Meanwhile, care must be taken when co-administering cobi-
cistat-boosted elvitegravir with atorvastatin, and dolutegra-
vir with metformin [3]. The broad suitability of doravirine
in the presence of concomitant medications therefore offers
freedom from some of the restrictions associated with other
antiretroviral regimens and provides additional flexibility
in managing polypharmacy. Similar conclusions have been
drawn by other authors [106, 107].

As doravirine will be co-administered with other antiret-
roviral agents, the favorable drug-interaction profile supports
the combination of doravirine with the most commonly used
drugs, including 3TC and TDF [31]. These results contrast
with the alterations in pharmacokinetics seen with other
agents. For example, when TDF is co-administered with
ritonavir-boosted atazanavir, decreased atazanavir exposure
occurred [108]. Switching from a PI-, NNRTI-, or InSTI-
based regimen to a doravirine-based regimen is also an
important consideration. Phase III results supported a switch
from commonly used regimens to doravirine [54], and thus
doravirine has been approved to replace the current antiret-
roviral therapy in appropriate patients who are virologically
suppressed on their current regimen [8, 9]. Based on drug
interaction properties of other antiretroviral agents, this ease
of switch may not be feasible for other drugs.

While it should be taken into consideration that data to
date have been generated either under strictly controlled
phase I trial conditions or in well-controlled phase II and
phase III trials, which began to emulate real-world con-
ditions but still included several restrictions for inclusion
and exclusion, the safety, tolerability, and efficacy profile
of doravirine is expected to evolve with its expanded use
in clinical settings as a greater number of patients with co-
morbidities and polypharmacy are treated with doravirine-
based regimens. However, given the overall pharmacokinetic
profile of doravirine and the benefits it brings compared with
existing treatment options, it is expected that doravirine has
the potential to become a valuable addition to the available
treatments for HIV-1 infection across a diverse range of
populations living with HIV.

11 Conclusions

In summary, evaluation of published clinical pharmacokinet-
ics trials of doravirine demonstrates a low potential for DDIs
with doravirine and limited impact of patient characteristics.
Although doravirine is contraindicated for co-administration
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with strong CYP3A inducers and requires dose adjustment
for co-administration with the moderate CYP3A inducer
rifabutin, DDIs with other drugs are unlikely. As a result, its
pharmacological profile makes doravirine a potential treat-
ment option for a broad range of people living with HIV,
including older populations and those with co-morbidities
requiring the use of concomitant medications.
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