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ABSTRACT Identifying and understanding potential drug-drug interactions (DDls)
are vital for the treatment of human immunodeficiency virus type 1 (HIV-1) infection.
This article discusses DDIs between doravirine, a nonnucleoside reverse transcriptase
inhibitor (NNRTI), and cytochrome P450 3A (CYP3A) substrates and drugs that modu-
late CYP3A activity. Consistent with previously published in vitro data and DDI trials
with the CYP3A substrates midazolam and atorvastatin, doravirine did not have any
meaningful impact on the pharmacokinetics of the CYP3A substrates ethinyl estra-
diol and levonorgestrel. Coadministration of doravirine with CYP3A inhibitors (ritona-
vir or ketoconazole) increased doravirine exposure approximately 3-fold. However,
these increases were not considered clinically meaningful. Conversely, previously
published trials showed that coadministered CYP3A inducers (rifampin and rifabutin)
decreased doravirine exposure by 88% and 50%, respectively (K. L. Yee, S. G. Khalil-
ieh, R. I. Sanchez, R. Liu, et al.,, Clin Drug Investig 37:659-667, 2017 [https://doi.org/10
.1007/5s40261-017-0513-4]; S. G. Khalilieh, K. L. Yee, R. I. Sanchez, R. Liu, et al,, J Clin
Pharmacol 58:1044-1052, 2018 [https://doi.org/10.1002/jcph.1103]), while doravirine
exposure following prior efavirenz administration led to an initial reduction in dora-
virine exposure of 62%, but the reduction became less pronounced with time (K. L. Yee,
R. I. Sanchez, P. Auger, R. Liu, et al., Antimicrob Agents Chemother 61:e01757-16, 2017
[https://doi.org/10.1128/AAC.01757-16]). Overall, the coadministration of doravirine
with CYP3A inhibitors and substrates is, therefore, supported by these data together
with efficacy and safety data from clinical trials, while coadministration with strong
CYP3A inducers, such as rifampin, cannot be recommended. Concomitant dosing with
rifabutin (@ CYP3A inducer less potent than rifampin) is acceptable if doravirine dosing
is adjusted from once to twice daily; however, the effect of other moderate inducers on
doravirine pharmacokinetics is unknown.

KEYWORDS HIV, doravirine, drug-drug interactions, nonnucleoside reverse
transcriptase inhibitor (NNRTI)

uman immunodeficiency virus type 1 (HIV-1) infection is a chronic disease asso-

ciated with diverse comorbidities (1, 2). As the HIV-1-infected population ages, the
prevalence of comorbidities and required treatments increases (3, 4). Comorbidities
that are more common in older HIV-infected adults include hypertension, hypercho-
lesterolemia, diabetes mellitus, and renal disease (4). Therefore, polypharmacy is com-
mon among individuals with HIV-1 infection, especially for older individuals (5). How-
ever, polypharmacy is not limited to the treatment of age-associated comorbidities and
is an important consideration for people of all ages being treated for HIV-1 infection.
For example, women of childbearing age may choose to receive concomitant oral
contraceptive therapy to prevent pregnancy (6). Tuberculosis (7) and hepatitis C virus
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FIG 1 Elimination pathways of doravirine in humans.

infection (8) have also emerged as significant non-age-related comorbidities. Further-
more, the current HIV-1 treatment guidelines generally require the use of three active
treatments from two or more drug classes (9). This requirement means that individuals
being treated for HIV-1 infection concurrently take multiple medications; therefore, it is
important to determine potential drug-drug interaction (DDI) profiles between these
medications.

Doravirine (MK-1439) is a novel nonnucleoside reverse transcriptase inhibitor
(NNRTI) (10) for the treatment of HIV-1 infection in combination with other antiretro-
viral therapies (ARTs). In the United States, doravirine is approved for the treatment of
HIV-1 infection in adult patients with no prior ART history in combination with other
antiretroviral agents and as a three-drug combination with lamivudine and tenofovir
disoproxil fumarate as a complete regimen (11, 12). Doravirine is generally well
tolerated with durable efficacy (13, 14) and is active in vitro against wild-type and
common NNRTI-resistant HIV-1 strains (15). The approved clinical dose of 100 mg once
daily is coadministered with existing ARTs to people living with HIV (11, 12) and is
expected to be administered alongside a variety of treatments for comorbid conditions.

Metabolic profile of doravirine. Previous studies have established the metabolic
profile of doravirine (Fig. 1). In vitro, doravirine is metabolized via cytochrome P450 3A
(CYP3A)-mediated oxidation (16), leading to the potential for doravirine metabolism to
be affected in the presence of CYP3A inhibitors or inducers. Metabolism was shown to
be mediated primarily by CYP3A4, with a smaller contribution by CYP3A5; doravirine
metabolism was almost completely inhibited by anti-CYP3A antibodies, and no me-
tabolism was observed upon incubation with other cytochrome P450 (CYP) enzymes
(16). Consistent with these data, in a human absorption, metabolism, and excretion
(AME) trial, oxidative metabolism was the predominant route of elimination for
["*Cldoravirine, while renal excretion was a minor elimination pathway (16). Doravirine
is also a substrate for human P-glycoprotein (P-gp) in vitro; however, the high apparent
permeation of doravirine, ~25 X 107%cm/s, makes interactions with P-gp inhibitors
unlikely (16). In vitro studies showed that at clinically relevant concentrations, dora-
virine was not an inhibitor of major CYP enzymes or uridine 5'-diphospho-
glucuronosyltransferase 1A1 (UGT1A1) and was not a meaningful inducer of CYP1A2,
CYP2B6, or CYP3A4 (17). Additionally, doravirine was considered to have a low potential for
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interaction with substrates of organic anion-transporting polypeptide 1B1 (OATP1B1),
OATP1B3, organic anion transporter 1 (OAT1), OAT3, organic cation transporter 2 (OCT2), or
breast cancer resistance protein (BCRP) (17). Based on its limited renal elimination (10, 16),
doravirine is not expected to inhibit other renal transporters, such as multidrug and toxin
extrusion protein 1/2K. These data suggest that doravirine is unlikely to cause clinically
relevant DDIs; however, doravirine could be affected by the modulation of CYP3A activity
by other drugs.

Evaluation of DDIs between doravirine and concomitant medications that are
substrates for or modulators of CYP3A. A number of previous reports have investi-
gated the potential DDIs of doravirine with concomitant medications, including rifam-
pin (18), rifabutin (19), efavirenz (20), midazolam (10), and atorvastatin (21). This article
expands on these previous trials to report the findings of three additional DDI trials of
doravirine with ritonavir, ketoconazole, and ethinyl estradiol (EE)-levonorgestrel (LNG),
drugs known to have effects or dependencies on CYP3A, the primary enzyme involved
in doravirine metabolism. These findings are discussed in the context of the previous
reports of CYP3A-mediated DDI trials of doravirine (10, 18-21) in order to evaluate
doravirine both as a perpetrator and as a victim of CYP3A interactions (causing and
being affected by DDlIs, respectively). The studied drugs and the rationale for their
investigation are briefly introduced below.

(i) CYP3A substrate: oral contraceptive EE-LNG. Women and female adolescents
accounted for 19% of the nearly 40,000 new HIV infections in the United States in 2015 (22).
Therefore, females of reproductive potential are an important segment of the HIV-1-
infected clinical population to which doravirine is targeted; as a result, oral contraceptives
are a key concomitant medication for this population. The ethinyl estradiol-levonorgestrel
(EE-LNG; 0.03 mg/0.15 mg) combination is a fixed-dose oral contraceptive pill that is widely
available and that has a large worldwide market. EE and LNG are metabolized by a number
of enzymes involving both hydroxylation and conjugation (23-25), and both are substrates
of CYP3A (24, 26).

(ii) CYP3A inhibitor: ritonavir. Ritonavir is an antiretroviral protease inhibitor with
a complex drug interaction profile due to its potential to inhibit and/or induce multiple
drug-metabolizing enzymes and transporters (27). Depending on the contribution of
different enzymes and transporters to the disposition of a drug, ritonavir coadminis-
tration may result in inhibition or induction of various magnitudes; however, the net
effect of ritonavir on drugs that are eliminated predominantly by CYP3A is an increase
in plasma concentrations, as CYP3A inactivation predominates, despite increases in
enzyme levels (27). Thus, ritonavir is primarily used as a pharmacokinetic (PK)-
enhancing agent (booster) for other ARTs through inhibition of CYP3A (9, 28, 29).
Ritonavir-boosted darunavir forms part of the protease inhibitor-based regimen rec-
ommended in certain clinical situations in the United States for treatment-naive people
living with HIV, and other ritonavir-boosted protease inhibitor regimens may be used
if initial treatment fails (9). As well as inhibiting CYP3A, ritonavir is a potential mixed
inducer/inhibitor of P-gp (30) and is also thought to induce CYP1A2/2C9/2C19 (31) and
UGT1A1/1A3/1A4 (32).

(iii) CYP3A inhibitor: ketoconazole. Ketoconazole is a strong CYP3A inhibitor (33)
that also demonstrates autoinhibition after multiple doses (34) and, as such, is commonly
used in DDI studies to probe the effect of CYP3A inhibition (35). Ketoconazole is an
antifungal agent that can be used for treating opportunistic infections (34), which often
occur in people living with HIV (36), although its current use is limited (37). Other antifun-
gals, such as itraconazole, voriconazole, and fluconazole, are also CYP3A inhibitors, and,
therefore, the results of this study are relevant to more commonly used antifungals.
Ketoconazole is also a strong inhibitor of P-gp (38) and UGT1A isoforms (33, 39).

RESULTS

Effect of doravirine on single-dose EE-LNG (oral contraceptive) PK. Twenty
eligible women were enrolled, and 19 of them completed the trial (Table 1). The
baseline demographic characteristics are shown in Table 2. Summary statistics for EE
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TABLE 2 Trial population disposition and demographic characteristics®

Value(s) for participants receiving:

Characteristic Ritonavir Ketoconazole EE-LNG
No. (%) of participants enrolled 8 10 20
Mean (range) age (yr) 29.4 (21-46) 34 (22-50) 54 (42-65)
No. (%) of subjects by sex
Male 8 (100) 8 (80) 0
Female 0 2 (20) 20 (100)
No. (%) of participants by race
White 8 (100) 7 (70) 18 (90)
Black or African-American 0 3 (30) 2 (10)
Mean (range) wt (kg) 71.6 (57.0-85.0) 78.6 (73.5-92.8) 69.7 (53.3-81.3)
Mean (range) ht (cm) 180.1 (174-187) 175.7 (163.0-187.0) 160.7 (153.0-175.0)
Mean (range) BMI (kg/m?) 22.1 (17.8-25.1) 25.6 (21.1-30.3) 27.1 (21.0-31.1)
No. of participants who:
Completed the trial 8 10 19
Discontinued the trial 0 0 1

aNone of the participants were infected with HIV. BMI, body mass index; HIV, human immunodeficiency
virus.

and LNG plasma PK are shown in Table 3. The area under the concentration-time curve
from time zero extrapolated to infinity (AUC,_.) values for EE were comparable
between coadministration of EE-LNG and doravirine and administration of EE-LNG
alone and were increased slightly (21%) for LNG during coadministration. The maxi-
mum plasma concentration (C,,,,,) for EE was lower (17%) when EE-LNG was adminis-
tered alongside multiple doses of doravirine than when EE-LNG was administered
alone, whereas for LNG, the C,,,,, values were similar with and without coadministration
of doravirine. A single dose of EE-LNG coadministered with multiple doses of doravirine
was generally well tolerated. Twelve participants (60%) reported 27 clinical adverse
events (AEs), the most common of which were rhinorrhea (three participants, 15%),
irritability (two participants, 10%), and diarrhea (two participants, 10%). No other AE
was reported by more than one participant. Three participants (15%) reported three
AEs that were deemed to be drug related, and each AE was reported by only one
participant (5%). Two of these drug-related AEs were deemed to be related to dora-
virine (oral herpes and erythematous rash), and one was related to the coadministration

TABLE 3 EE and LNG PK results: effect of doravirine on PK of CYP3A substrates®

Values for the following PK parameter:

Oral contraceptive = trial drugs AUC,_.° Crax’ Tonax (h)€ t,» (h)4

EE
EE-LNG (n = 20)¢ 845.66 (758.43, 942.92) 66.03 (59.09, 73.78) 1.50 (1.00, 2.00) 18.6 (17.5)
EE-LNG + doravirine (n = 19)¢ 832.32 (750.20, 923.43) 55.12 (49.30, 61.63) 1.50 (1.00, 3.00) 18.8 (16.6)
(EE-LNG + doravirine)/EE-LNG’ 0.98 (0.94, 1.03) 0.83 (0.80, 0.87)

LNG
EE-LNG (n = 20) 37.72 (30.77, 46.23) 2.57 (2.13, 3.09) 1.27 (1.01, 4.05) 37.7 (31.2)
EE-LNG + doravirine (n = 19)¢ 45,59 (36.39, 57.12) 247 (2.02, 3.01) 1.51 (0.51, 6.00) 43,0 (34.3)
(EE-LNG + doravirine)/EE-LNG® 1.21 (1.14, 1.28) 0.96 (0.88, 1.05)

9AUC,_.., area under the concentration-time curve from time zero extrapolated to infinity; C,,,,, maximum plasma concentration; EE, ethinyl estradiol; LNG,
levonorgestrel; PK, pharmacokinetic; t,,,, apparent terminal half-life; T,,.,, time to reach C, ...

bBack-transformed least-squares mean and confidence intervals are from a linear mixed-effects model performed on I-transformed values. Data for AUC,__, are in
picograms-hour per milliliter for EE and nanograms-hour per milliliter for LNG, and data for C,,,,, are in picograms per milliliter for EE and nanograms per milliliter for
LNG.

<The median (minimum, maximum) is reported for T, ,,.

9The geometric mean (percent geometric coefficient of variation) is reported for t,,,. The geometric coefficient of variation was calculated in the In scale with the
equation 100 X V/[exp (s*)—1], where s2 is the observed variance on the natural log scale.

eData represent the geometric least-squares mean (95% confidence interval) unless indicated otherwise.

Data represent the geometric least-squares mean ratio (90% confidence interval) unless indicated otherwise.
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TABLE 4 Doravirine PK results: effect of CYP3A inhibitors on doravirine PK?

PK parameter

Trial drug AUC,_.. (uM-h)? Cpnax (NM)? C,4 (NM)? Trax (h)€ ti2 (h)9
Ritonavir
Doravirine at 50 mg (n = 8)¢ 20.8 (17.5, 24.6) 963 (825, 1,120) 322 (266, 390) 3.50 (2.00, 5.00) 14.0 (10.6)
Doravirine + ritonavir (n = 8)¢ 73.5 (62.0, 87.1) 1,260 (1,080, 1,470) 935 (772, 1,130) 5.00 (1.00, 16.00) 35.2 (12.3)
(Doravirine + ritonavir)/doravirine’ 3.54 (3.04, 4.11) 131 (1.17, 1.46) 291 (233, 3.62)

Ketoconazole

Doravirine at 100 mg (n = 10)¢ 29.88 (26.61, 33.56) 1,402.12 (1,160.00, 1694.77) 429.51 (382.57, 482.21) 2.00 (1.00, 6.00) 15.2 (28.1)
Doravirine + ketoconazole (n = 10)¢ 91.47 (76.36, 109.56) 1,759.00 (1,460.93, 2,117.89) 1,180.14 (991.41, 1,404.80) 3.00 (1.00, 24.00) 324 (12.5)
(Doravirine + ketoconazole)/doravirine’ 3.06 (2.85, 3.29) 1.25 (1.05, 1.49) 2.75 (2.54, 2.98)

aAUC,_.., area under the plasma concentration-time curve from time zero extrapolated to infinity; C,,, plasma concentration at 24 h postdose; C,.. Maximum plasma
concentration; CYP3A, cytochrome P450 3A; PK, pharmacokinetic; t,,,, apparent terminal half-life; T,,,, time to C, ...

bBack-transformed least-squares mean and confidence intervals are from a linear mixed-effects model performed on natural log-transformed values.

<The median (minimum, maximum) is reported for T, ,,.

9The geometric mean (percent geometric coefficient of variation) is reported for t, 5.

eData represent the geometric least-squares mean (95% confidence interval) unless indicated otherwise.

Data represent the geometric least-squares mean ratio (90% confidence interval) unless indicated otherwise.

of doravirine and EE-LNG (nervousness). One participant (5%) had a laboratory AE (red
blood cells in urine) that was considered related to the coadministration of EE-LNG with
doravirine. One participant (5%) discontinued prior to dosing on day 4 of period 2 due
to an AE (elevated blood pressure) which was not considered related to treatment. All
AEs had resolved by the end of the trial, and no serious AEs (SAEs) or deaths were
reported. No consistent treatment-related differences in laboratory tests, vital signs, or
electrocardiograms were observed.

Effect of multiple-dose ritonavir on doravirine PK. Eight healthy men were
enrolled and completed the trial (Table 1). The baseline demographic characteristics are
shown in Table 2, and the summary statistics for doravirine PK are shown in Table 4. The
doravirine AUC,_., and plasma concentration at 24 h postdose (C,,) increased approx-
imately 3-fold following coadministration of ritonavir compared with the values ob-
tained following the administration of doravirine alone, while the maximum plasma
concentration (C,,,,) increased by only ~30% during coadministration. The increases in
doravirine AUC,__., and C,, are consistent with the increase in the geometric mean (GM)
apparent terminal half-life (t,,) from approximately 14 h after administration of dora-
virine alone to 35 h with doravirine coadministered with ritonavir. The coadministration
of doravirine with multiple doses of ritonavir was generally well tolerated. Eight
participants (100%) reported 22 AEs, all of which were mild or moderate in intensity and
had resolved by the end of the trial, with the exception of two unrelated AEs, lipoma
and urticaria, which had not resolved by the end of the trial. The most common AE was
headache, which was reported by three participants (37.5%); no other AE was reported
by more than one participant. Five participants (62%) reported 11 AEs that were
deemed to be drug related: four participants reported treatment-related AEs following
treatment with ritonavir, and two participants reported treatment-related AEs following
treatment with ritonavir-doravirine. Of these drug-related AEs, the most common was
headache (two participants, 25%); no other drug-related AE was reported by more than
one participant. There were no SAEs, deaths, or discontinuations due to AEs and no
clinically meaningful changes in laboratory tests, vital signs, or electrocardiograms.

Effect of multiple-dose ketoconazole on doravirine PK. Ten participants (eight
men, two women) were enrolled and completed the trial (Table 1). The baseline
demographic characteristics are shown in Table 2, and the summary statistics for
doravirine plasma PK are shown in Table 4. The coadministration of doravirine and
ketoconazole led to an ~3-fold increase in the doravirine AUC,_., and C,, and an
~25% increase in the doravirine C,,, compared with values achieved after adminis-
tration of doravirine alone. The GM apparent terminal t,,, was greater following
doravirine and ketoconazole coadministration (~32 h) than following the administra-
tion of doravirine alone (~15 h). Doravirine was generally well tolerated both alone and
with multiple doses of ketoconazole. Six of 10 participants (60%) reported a total of 18
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mild AEs, all of which were resolved by the end of the trial. The most common AEs were
nausea (two participants, 20%), rhinorrhea (two participants, 20%), and sinus conges-
tion (two participants, 20%). Thirteen events were considered drug related: six were
related to doravirine only, five were related to ketoconazole only, and two were related
to both drugs. Of these drug-related AEs, the most common was nausea (two partic-
ipants, 20%); headache, insomnia, restlessness, rhinorrhea, papule, pruritus, and pap-
ular rash were reported by one participant each. Only mild AEs were reported, with no
occurrence of SAEs, deaths, discontinuations, or laboratory AEs. No clinically meaning-
ful changes in laboratory tests, vital signs, or electrocardiograms were observed.

DISCUSSION

Doravirine is an NNRTI indicated for the once-daily treatment of HIV-1 infection in
combination with other ARTs (11, 12). Due to the prevalence of comorbidities with
HIV-1 infection, doravirine is anticipated to be coadministered with a range of con-
comitant treatments. In vitro data have indicated that the main metabolizing enzyme
for doravirine is CYP3A (16). Doravirine metabolism was not expected to be affected by
the modulation of any other major CYPs or transporters; however, strong inhibitors and
inducers of CYP3A may have a relevant effect on the PK of doravirine. Therefore, the
potential for doravirine to be a victim or perpetrator of CYP3A-mediated DDIs was
evaluated in dedicated clinical trials.

Effect of doravirine on the PK of CYP3A substrates. Preclinical data indicate that
doravirine is not an inhibitor of major CYP enzymes and has minimal potential to
induce CYP3A activity (17). Additionally, autoinduction was not observed in a trial
comparing a single dose and 10 days of multiple dosing of doravirine (10). Furthermore,
area under the concentration-time curve from time zero to 24 h postdose (AUC,_.,)
accumulation ratios of 1.2 to 1.4 after daily dosing are consistent with the apparent
terminal t,,, and indicate no evidence of time-dependent PK, such as autoinduction or
autoinhibition (10). Preclinical data also support the suggestion that doravirine is not a
clinically relevant inhibitor of major transporters, including P-gp, OATP1B1/3, OCT2, and
OAT1/3 (17). In vitro data suggest that doravirine is not a strong inhibitor of BCRP (17),
so systemic exposure to doravirine is unlikely to inhibit the elimination of BCRP
substrates. However, based on estimated gut concentrations, there is potential for
doravirine to inhibit intestinal BCRP. In a clinical trial at a supratherapeutic dose of
200 mg of doravirine, only an ~30 to 40% increase in the AUC,_,, and C,,,, of the BCRP
substrate dolutegravir was observed (40).

Although the likelihood of DDIs was low, the ability of doravirine to be the
perpetrator of DDIs through CYP3A interactions was investigated in clinical DDI trials to
confirm the preclinical findings. Validating the preclinical data for CYP3A was particu-
larly important, as this enzyme is responsible for the metabolism of many commonly
prescribed drugs (41).

Results from the EE-LNG DDI trial indicated that doravirine does not perpetrate DDIs
with EE-LNG through effects on CYP3A metabolism or other transporters or metabolic
enzymes involved in EE-LNG clearance. Overall, there were no clinically relevant
changes in the PK of EE or LNG when EE-LNG was administered with or without
doravirine in women of nonchildbearing potential. While the EE AUC,__ and C,,,, met
bioequivalence bounds of [0.8, 1.25] when the oral contraceptive was administered
with and without doravirine, as did the C,,,, for LNG, the LNG AUC,__. was increased
slightly (~21%) following EE-LNG coadministration with doravirine and fell outside the
bounds. However, the exposure of LNG was well within the exposures observed for
another marketed oral contraceptive product which also contains 0.03 mg EE and 0.15
mg LNG (42); these data support the suggestion that the increased AUC, __. value is not
clinically relevant. The results indicate that doravirine may be coadministered with oral
contraceptives containing EE and LNG without dose adjustment and provide further
support that doravirine is not a perpetrator of clinically meaningful DDIs through
CYP3A.
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Similarly, in a previously reported trial (10), multiple-dose administration of dora-
virine did not have a clinically relevant effect on the PK of midazolam, a sensitive CYP3A
substrate often used as a probe of CYP3A activity and modulation. The ~18% reduction
in midazolam exposure (AUC, __. [doravirine + midazolam]/midazolam geometric mean
ratio [GMR], 0.82; 90% confidence interval [Cl], 0.70, 0.97) observed upon coadminis-
tration with multiple doses of doravirine was not considered to be clinically relevant.

The exposure and clearance of the antihypercholesterolemia drug atorvastatin (43),
a CYP3A and OATP1B1 substrate that is known to be affected by CYP3A modulation
(44), were unaffected by coadministration with doravirine (AUC,__. [atorvastatin +
doravirine]/atorvastatin GMR, 0.98; 90% Cl, 0.90, 1.06), providing further evidence that
doravirine does not impact CYP3A-mediated metabolism (21). Although the atorvasta-
tin C,,.x Was reduced by 33% when it was coadministered with doravirine compared
with that when atorvastatin was administered alone (C,,,, [atorvastatin + doravirinel/
atorvastatin GMR, 0.67; 90% Cl, 0.52, 0.85), this difference was not deemed to be
clinically meaningful due to efficacy being maintained in other studies with similar
decreases in C,,,, (21). Previous research showed that reductions in the atorvastatin
Crax Of 25% and 31% associated with food intake (45) and nighttime dosing (46),
respectively, did not affect its efficacy, while a meta-analysis has indicated that total
daily exposure (rather than peak exposure) is correlated with the efficacy of statins
(47). The results of the doravirine-atorvastatin trial support the concomitant adminis-
tration of doravirine and atorvastatin in individuals with HIV-1 infection and hypercho-
lesterolemia, with no evidence of a significant DDI related to CYP3A modulation.

Overall, no clinically relevant effects on the PK of the CYP3A substrates EE-LNG,
midazolam, or atorvastatin were observed in the trials described above. Consistent with
the findings from in vitro studies (17), these results suggest that doravirine is not a
perpetrator of clinically meaningful DDIs via CYP3A.

Effect of CYP3A inhibitors on doravirine PK. Doravirine exposure was found to be
increased by the strong CYP3A inhibitors ritonavir and ketoconazole, with the increases
in AUC,__. being approximately 3-fold (Table 4). Though the ritonavir DDI trial was
conducted with a low dose of doravirine (50 mg, compared with the clinical dose of
100 mq), the almost linear PK of doravirine (10) allow for the extrapolation of the results
to a 100-mg dose of doravirine. The observed increase in doravirine exposure in these
trials is consistent with data obtained in the AME trial, which indicated oxidative
metabolism as the major route of elimination of doravirine, and with preclinical data
suggesting that CYP3A is the main enzyme responsible for doravirine metabolism (16).
However, the size of the effect was modest compared with the effect of the sensitive
CYP3A substrate midazolam (which has shown increases in exposure of ~28-fold when
coadministered with ritonavir [48]), likely due to the low intrinsic clearance of dora-
virine, which is reflected by a low systematic clearance and a minimal first-pass effect
(16). Ritonavir and ketoconazole are also a potential mixed inducer/inhibitor and a
strong inhibitor of P-gp, respectively (30, 38), and could potentially affect doravirine PK
via this transporter. The coadministration of ritonavir or ketoconazole caused an
increase in the doravirine C,,,, of only 31% and 25%, respectively. The limited increases
in the doravirine C,,,,,, despite it being a P-gp substrate, were anticipated based on the
high apparent permeability (25 X 10~%cm/s [16]) of doravirine observed in vitro added
to the low first-pass effect. In addition, doravirine was not a substrate of OATP1B1/3 in
vitro (17), meaning that it was unlikely to be affected by inhibition of OATP1B1/3 by
ritonavir and ketoconazole (49, 50). These data further support the suggestion that the
increased doravirine exposure in the presence of ritonavir and ketoconazole is likely
due to decreased clearance via CYP3A inhibition, rather than through inhibition of P-gp
or other drug transporters.

While coadministration with strong CYP3A inhibitors may increase doravirine expo-
sure, the clinical experience with doravirine across phase 1, 2, and 3 clinical develop-
ment suggests that the increases are not likely to be clinically meaningful (10, 51, 52).
Safety and tolerability data are available from short-term, high-dose phase 1 trials of
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doravirine, where singles doses of up to 1,200 mg and multiple doses of up to 750 mg
once daily for 10 days were administered. In these trials, up to ~6.4-fold increases in
exposure over the projected therapeutic exposure were achieved, with good tolerabil-
ity and no safety issues being identified (10). Additionally, a thorough QT trial using a
dose of 1,200 mg, corresponding with an ~3.5-fold exposure and an ~4-fold C,, ...
showed no meaningful effect of a supratherapeutic dose of doravirine on the heart
rate-corrected QT interval (51). Moreover, safety and tolerability data from the 200-mg
dose in the 24-week phase 2 dose-ranging trial (which provided an exposure nearly
2-fold higher than the projected therapeutic dose) (52) did not reveal any safety issues
of concern. Overall, the clinical experience at higher exposures of doravirine relative to
that with the anticipated clinical dose indicates that these increased exposures are well
tolerated. As a result, these data support the permitted use of strong CYP3A inhibitors
in phase 3 trials with doravirine (13, 14). As the increases in doravirine exposure seen
with strong CYP3A inhibitors represent the largest potential effect on doravirine
exposure by CYP3A inhibitors, these data also support the coadministration of dora-
virine with moderate inhibitors of CYP3A.

Effect of CYP3A inducers on doravirine PK. Due to the role of CYP3A in doravirine
metabolism, CYP3A inducers can reduce doravirine exposure. The effects of the CYP3A
inducers rifampin, rifabutin, and efavirenz on the PK of doravirine were examined in
three previously published trials (18-20), and decreased exposure to doravirine was
observed when it was coadministered with rifampin, rifabutin, or efavirenz.

Rifampin is used to treat tuberculosis, the leading cause of death among people
living with HIV-1 infection (7, 53). Rifampin is an acute inhibitor of intestinal P-gp and
hepatic OATP1B1/1B3 after single-dose administration (54) and is a potent inducer of
CYP3A and intestinal P-gp after multiple-dose administration (54). Following coadmin-
istration of multiple doses of rifampin (600 mg once daily for 15 days) with doravirine
(@ 100-mg single dose on day 14), the plasma AUC,__, C, .. and C,, of doravirine were
significantly decreased by 88%, 57%, and 97%, respectively, via induction of CYP3A
(AUC,_.., Cpaxe and G, [doravirine + rifampin]/doravirine GMR, 0.12 [90% Cl, 0.10, 0.15],
0.43 [90% ClI, 0.35, 0.52], and 0.03 [90% CI, 0.02, 0.04], respectively). This finding is
consistent with CYP3A being the primary pathway responsible for doravirine clearance
(16). Based on the significant reduction in doravirine PK, coadministration of multiple
doses of rifampin will likely reduce the efficacy of doravirine to below the in vitro and
in vivo efficacy targets, and, hence, coadministration of these two agents cannot be
supported (18).

These results were in contrast to those achieved by the coadministration of a single
dose of rifampin with doravirine (which was intended to probe the effect of P-gp and
OATP1B1/3 inhibition on doravirine PK), which had little impact on doravirine PK (18).
The doravirine AUC,__. and C,, were largely unaffected, while the doravirine C,,,, was
increased by approximately 40% when single-dose rifampin was coadministered with
doravirine compared with that when doravirine was administered alone. Similar to the
increase in C,,,, observed with ritonavir and ketoconazole, this increase in C,,,, with
single-dose rifampin is likely due to the small impact of P-gp inhibition, which is
mitigated by the high permeation of doravirine. OATP1B1 inhibition by rifampin was
thought to be unlikely to cause an interaction due to doravirine not being an OATP1B1
substrate (17).

Rifabutin is a more modest inducer of CYP3A than rifampin (55, 56) and also has a
lesser inducing effect on P-gp gene expression than rifampin (55). The coadministration
of multiple-dose rifabutin (300 mg once daily for 16 days) and doravirine (a 100-mg
single dose on day 14) reduced the exposure and C,, of doravirine—albeit to a lesser
extent than the reductions observed with rifampin—by 50% and 68%, respectively,
though C,,,, remained unchanged (AUC,__, C,.. and C,, [doravirine + rifabutin]/
doravirine GMR for doravirine, 0.50 [90% Cl, 0.45, 0.55], 0.99 [90% CI, 0.85, 1.15], and
0.32 [90% Cl, 0.28, 0.35], respectively) (19). However, it has been demonstrated previ-
ously (19) via nonparametric superposition that increasing the frequency of doravirine
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dosing from 100 mg once daily to 100 mg twice daily results in C,, values that are
comparable to those achieved with a dose of doravirine at 100 mg once daily without
coadministration of rifabutin. These findings suggest that decreases in doravirine
exposure when it is coadministered with rifabutin can be addressed by dose adjust-
ment.

Efavirenz, an NNRTI used for the treatment of HIV-1 infection in certain clinical
situations (9), is an inducer of hepatic CYP3A, though it is a less potent inducer than
rifampin (57). It is known that the use of efavirenz is associated with AEs, including
those of the central nervous system (9, 58). For individuals who do not tolerate
efavirenz, a doravirine-based regimen may be suitable. However, the moderate CYP3A-
inducing effect of efavirenz is expected to persist for several days following the
cessation of therapy (59). Following a switch from efavirenz (600 mg once daily) to
doravirine (100 mg once daily) in a PK study of healthy adults (20), doravirine exposure
on day 1 following efavirenz cessation was reduced substantially by 62% compared
with that achieved with doravirine administered without preceding efavirenz treat-
ment, as was expected due to the CYP3A-inducing nature of efavirenz (day 1 doravirine
AUC,_,, with prior efavirenz/doravirine without prior efavirenz treatment GMR, 0.38;
90% Cl, 0.33, 0.45). However, as efavirenz was washed out, its inducing effect on
doravirine PK diminished over the 14 days following the cessation of efavirenz, during
which doravirine concentrations were measured (day 14 doravirine AUC,_,, with prior
efavirenz/doravirine without prior efavirenz treatment GMR, 0.68; 90% Cl, 0.58, 0.80).
Doravirine C,, values exceeding the in vitro efficacy target of 78 nM were reached at
day 2 following efavirenz cessation. However, efavirenz was maintained at therapeutic
concentrations of >1,000 ng/ml until day 4 after efavirenz cessation (the reported
therapeutic range for efavirenz is 1,000 to 4,000 ng/ml [60]). Therefore, dose adjustment
may not be necessary following a switch from efavirenz to doravirine, as the therapeu-
tic concentrations of at least one of the NNRTIs appeared to be maintained during the
transition period. This proposal assumes that the target for doravirine efficacy of at least
6-fold above the in vitro 50% effective concentration (61) translates to efficacy. People
living with HIV are also expected to be virally suppressed and continue to receive two
additional ART drugs as part of their therapy during a switch in therapy (9), which
further supports the low risk for resistance or viral breakthrough when the concentra-
tion of a single ART drug (e.g., doravirine) may be below target clinical concentrations
for a brief period. The clinical relevance of this transient interaction has been further
investigated in a phase 3 trial (MK-1439A protocol 024, ClinicalTrials.gov registration
number NCT02397096) in virally suppressed participants switching from a continuous
antiretroviral regimen to a single-tablet regimen of doravirine at 100 mg with lamivu-
dine at 300 mg and tenofovir disoproxil fumarate at 300 mg for 48 weeks (62).

Based on these data from clinical trials with strong and moderate inducers, dora-
virine should not be coadministered with strong inducers (for example, the anticon-
vulsants carbamazepine, oxcarbazepine, phenobarbital, and phenytoin; the antimyco-
bacterials rifampin and rifapentine; St. John's wort [Hypericum perforatum]). However,
for the case of rifabutin described above, dose adjustment of doravirine may be an
acceptable means to counteract the reduction in doravirine exposure resulting from
the concomitant use of CYP3A inducers. As the magnitude of induction associated with
CYP3A moderate inducers may vary between compounds, as shown here by rifabutin
and efavirenz, and is also dependent on the substrate, the effect of other CYP3A
inducers on the PK of doravirine cannot easily be predicted. Therefore, if coadminis-
tration with moderate inducers cannot be avoided, the frequency of doravirine dosing
should be increased from 100 mg once daily to 100 mg twice daily. Examples of
moderate CYP3A inducers which may require dose adjustment include nafcillin (63),
bosentan (64), dabrafenib (65), and lesinurad (66).

Limitations. All of the studies discussed were performed in healthy adults under
controlled conditions. However, the PK of doravirine are similar irrespective of HIV-1
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infection status (67), fed or fasted state (68), gender (69), and age (69). Therefore, these
results are expected to be clinically representative.

Conclusions. The results from DDI trials with CYP3A substrates in healthy adults
support the use of doravirine with medications metabolized by CYP3A, as clinically
relevant changes in the PK of these concomitant medications are not expected. Overall,
while doravirine PK are affected by CYP3A inhibitors and inducers, the concomitant use
of doravirine with CYP3A inhibitors is not of concern. Doravirine should not be
coadministered with strong inducers but may be used with dose regimen adjustment
with rifabutin; however, the effect of other moderate inducers on doravirine PK is
unknown.

MATERIALS AND METHODS

Trial design. An overview of the trials studying the coadministration of doravirine and the CYP3A
modulators ritonavir and ketoconazole or the CYP3A substrates EE and LNG can be found in Table 1.

The trials were conducted in accordance with principles of good clinical practice and were approved
by the appropriate institutional review boards and regulatory agencies (for the EE-LNG and ketoconazole
trials, Chesapeake Research Review, Inc., Columbia, MD, USA; for the ritonavir trial, the Ethics Committee
of the University Hospital Ghent [UZGent], Ghent, Belgium). Written informed consent was obtained from
all participants.

Sample collection and assay conditions. Blood samples for assay of doravirine plasma concentra-
tion were collected at the time points given in Table 1. Samples were centrifuged at 4°C at 1,000 to 3,000
relative centrifugal force for 10 min to isolate the plasma, which was then stored at -20°C until analysis.

(i) EE-LNG trial. EE and LNG plasma concentrations were determined via validated liquid
chromatography-mass spectrometry methods (Pharmanet Canada Inc., QC, Canada). The lower limits of
quantification (LLOQs) were 1.00 pg/ml for EE (analytical range, 1.00 to 200.40 pg/ml) and 25.00 pg/ml for
LNG (analytical range, 25.00 to 5,000.00 pg/ml).

(ii) Ritonavir and ketoconazole trials. Doravirine plasma concentrations were determined via
validated reverse-phase liquid chromatography with tandem mass spectrometry (Merck Sharp & Dohme
Corp., a subsidiary of Merck & Co., Inc., Kenilworth, NJ, USA). The LLOQ was 1.0 ng/ml (analytical range,
1.00 to 1,000 ng/ml).

PK parameters. For the EE-LNG trial, the values of the PK parameters, including AUC,
time toreach C,, (T,..,), and t, ,, were calculated for EE and LNG. In the ritonavir and ketoconazole trials,
the values of the doravirine PK parameters, including AUC,_.., C1.axr Cour Trnax and t;,,, were calculated.

Doravirine PK parameters for the ketoconazole interaction trial and the EE and LNG PK parameters
were calculated using Phoenix WinNonlin Professional (version 5.2) software (Certara USA, Inc., Princeton,
NJ, USA). Doravirine PK parameters for the ritonavir interaction trial were calculated using Phoenix
WinNonlin (version 6.3) software (Certara USA, Inc., Princeton, NJ, USA). C,,.... T, and G, (for doravirine)
were generated from the plasma concentration-time data. AUC,__, was calculated using the linear
trapezoidal method for ascending concentrations and the log trapezoidal method for descending
concentrations (linear up/log down). A, was calculated by regression of the terminal log-linear portion of
the plasma concentration-time profile, and the apparent terminal t,,, was calculated as the quotient of
the natural log of 2 (In[2]) and A,.

Statistical analysis.

(i) EE-LNG and ketoconazole trials. Doravirine AUC,__, C,,, and C,,,, values and EE and LNG AUC,__,
and C,.. values were In transformed prior to analysis and evaluated separately using a linear
mixed-effects model with a fixed-effect term for treatment. An unstructured covariance matrix was
used to allow for unequal treatment variances and model the correlation between the two treatment
measurements within each participant. T, ,, and apparent terminal t,,, were summarized using
descriptive statistics.

In the EE-LNG trial, the one participant (5%) who discontinued prior to dosing on day 4 of period 2
due to an AE (elevated blood pressure) was not included in the PK and statistical analysis for period 2
(EE-LNG and doravirine coadministration) due to incomplete data and was included only in the safety
analysis population.

(i) Ritonavir trial. Individual values of the doravirine AUC,__, C,,, and C,,, were In transformed and
analyzed by using a linear mixed-effects model containing treatment as a fixed effect and subject as a
random effect. The two-sided 90% Cl for the GMR ([doravirine + ritonavir]/doravirine) of the doravirine
AUC,_., G, and C,., was generated from the model described above. The 90% Cl for the GMR of
doravirine C,, was compared against the prespecified bound of (0.50, 2.00).

Safety. Safety was monitored throughout the trials via clinical and laboratory evaluations and AE
monitoring.

Data availability. The data-sharing policy of Merck Sharp & Dohme Corp., a subsidiary of Merck &
Co., Inc,, Kenilworth, NJ, USA, including restrictions, is available at http://engagezone.msd.com/ds
_documentation.php. Requests for access to the clinical study data can be submitted through the
EngageZone site or via email to dataaccess@merck.com.
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