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Aims: The pharmacokinetics of doravirine has been studied in clinical trials but not in
real-world settings. Our study aims to characterize and identify factors influencing
doravirine (a CYP3A4 substrate) pharmacokinetics in real-world people with HIV
(PWH).

Methods: A total of 174 doravirine concentrations measured in 146 PWH followed
up in the therapeutic drug monitoring (TDM) program at the University Hospital of
Lausanne (Switzerland) between 2019 and 2023 were included in the analysis.
Demographic data, clinical information and comedications were recorded during the
routine SHCS visits (every 3-6 months). Population pharmacokinetic analysis and
Monte Carlo simulations to investigate the clinical significance of the covariates
retained in the final model were performed using NONMEM.

Results: A one-compartment model with first-order absorption and linear elimination
best described doravirine pharmacokinetics. Potent CYP3A4 inhibitors and, to a
lesser extent age, were the only tested covariates to significantly impact doravirine
clearance (CL). Potent CYP3A4 inhibitors reduced CL by 50%, and a 30% decrease in
CL was observed in an 80-year-old compared with a 55-year-old PWH. The effect of
potent CYP3A4 inhibitors was prominent, explaining 59% of between-subject vari-
ability in CL. Model-based simulations predicted 2.8-fold and 1.6-fold increases in
median steady-state trough and maximum doravirine concentrations, respectively,
when a potent CYP3A4 inhibitor was co-administered.

Conclusions: Our findings show that potent CYP3A4 inhibitors and age influence
doravirine pharmacokinetics. However, given the good tolerability of doravirine, dos-
ing adjustment of doravirine is probably not mandatory in those situations. TDM
remains useful essentially in specific clinical situations, such as hepatic impairment,

suspected nonadherence or pregnancy.
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1 | INTRODUCTION

Doravirine is a second-generation non-nucleoside reverse transcrip-
tase inhibitor (NNRTI) used to treat human immunodeficiency virus
(HIV) infection. This drug is indicated in treatment-naive patients or
as a replacement therapy in virologically suppressed patients with
no history of previous treatment failure and no known resistance
to doravirine.! Doravirine is prescribed in combination with other
antiretrovirals, usually as a single triple-drug-therapy oral pill with
lamivudine and tenofovir disoproxil fumarate. Studies showed that
doravirine is non-inferior to other HIV treatments and has a
favourable safety and lipid profile.>® Doravirine is also character-
ized by a unique and robust resistance profile compared to other
NNRTIs.*~¢

In biochemical assays, doravirine was found to display a 95%
inhibitory concentration of 8 ng/mL.” However, a higher clinical mini-
mum trough concentration (Ciougn) (i€, 230 ng/mL) has been sug-
gested based on efficacy and safety trials.® This value corresponded
to the 10th percentile of doravirine Cirough reported in phase lll trials
and was set as a conservative lower bound for efficacy for a daily
dose of doravirine of 100 mg. However, it should be noted that phase
2 and 3 data have shown that the exposure-response relationship for
virologic response was flat for doravirine exposures achieved over the
25-200 mg once-daily range.® With regard to safety and tolerability,
single doses of up to 1200 mg and multiple doses of up to 750 mg
daily for 10 days were usually well tolerated.”? In addition, there is no
evidence of exposure- or dose-related toxicity associated with the
maximum plasma concentration (Cp,ax) Of doravirine. Data from phase
II/11I studies suggest that increases in doravirine exposure of up to
three-fold, relative to the mean exposure observed with the recom-
mended 100-mg daily dose, are not considered to be clinically
relevant.’®

Studies conducted in healthy volunteers or clinical trials partici-
pants showed that patient age and gender,*' body weight, body
mass index (BMI), race or ethnicity,® moderate hepatic impair-
ment'? and severe renal impairment®*2 did not influence doravirine
pharmacokinetics to a significant extent. However, because doravir-
ine is primarily metabolized by cytochrome P450 3A4 (CYP3A4)'*
potent CYP3A4 inducers are contraindicated with doravirine, while
dosage adjustment is recommended with moderate CYP3A4
inducers.>1°

To date, population pharmacokinetic (popPK) analyses have been
conducted using data from clinical trials participants.®'> Although dor-
avirine's excellent efficacy and safety profile limits the relevance of
therapeutic drug monitoring (TDM), the characterization of its
concentration-time relationship and associated variability, and the
identification of the factors affecting its circulating exposure have not

yet been performed in real-world people with HIV (PWH). The popPK

What is already known about this subject

e Doravirine is a safe and effective second-generation non-
nucleoside reverse transcriptase inhibitor.

e Doravirine is subject to drug-drug interactions with
CYP3A4 inhibitors and inducers.

e The pharmacokinetics of doravirine has only been studied

in clinical trial settings.

What this study adds

e Potent CYP3A4 inhibitors and patient age influence dora-
virine pharmacokinetics, but to an extent that does not
warrant dose adjustment, in line with the label
recommendation.

e Our study provides real-world reference percentile
curves for doravirine to be used to interpret concentra-

tion measurements for therapeutic drug monitoring.

model developed will enable the establishment of real-world refer-
ence percentile curves that can be used to support the interpretation
of doravirine measurements performed within a clinical TDM pro-

gramme for the care of PWH.

2 | METHODS

21 | Study population

The Scientific Board of the Swiss HIV Cohort Study (SHCS), a nation-
wide, multicentre, longitudinal study for the follow-up of PWH in
Switzerland,'® formally approved this study. Participants enrolled
in SHCS provided their informed consent. Data were also collected
from PWH not included in the SHCS as part of their medical care.
Their results were subsequently anonymized and pooled with the
study data in accordance with Swiss legislation. Doravirine plasma
concentrations were collected as part of the TDM programme per-
formed at Lausanne University Hospital (Switzerland) between
December 2019 and January 2023. Missing information on time of
administration or last drug intake, as well as unreliable information
due to suspected nonadherence led to data exclusion. Demographic
data, clinical information and comedications (moderate to potent
CYP3A4 inhibitors or inducers) were recorded during the routine
SHCS visits (every 3-6 months).
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2.2 | Analytical method

Doravirine plasma concentrations were quantified at the Laboratory
of Clinical Pharmacology in Lausanne (Switzerland) using a
previously published liquid chromatography coupled to tandem
mass-spectrometry method.!” The lowest limit of quantification was
30 ng/mL.

2.3 | Population pharmacokinetics analysis

The popPK analysis was performed with the nonlinear mixed effects
modelling software NONMEM® (v7.5.1; ICON Development Solu-
tions), assisted by PsN v5.3.1%® and Pirana v2.9.3.1 Pre-exploratory
analyses, graphical exploration and statistical analyses were per-
formed with R (v4.1.1; R Development Core Team, http://www.r-
project.org/). Steady state was assumed for all individuals because
doravirine reaches steady state in 2 days,® and all included PWH
received doravirine for at least 6 days prior to sampling.

2.4 | Base and covariate models

The well-established stepwise procedure for population analyses
allowed the model that best fitted the concentrations of doravirine to
be identified. One- and two-compartment models with first- or zero-
order or sequential combined absorption processes and linear elimina-
tion were compared. A one-compartment model with first-order
absorption was eventually retained. However, because TDM is usually
performed during the post-absorption phase of drugs, only a limited
number of samples collected right after drug oral intake was available.
Therefore, based on preliminary model development and literature
information on doravirine half-life and time to peak concentration,*
the first-order absorption rate (k,) of doravirine was fixed at 1.9 h™ 2.
Parametrization was additionally performed in terms of apparent
clearance (CL) and apparent volume of distribution (V), which were
assumed to follow a log-normal distribution. Between-subject variabil-
ity (BSV) was sequentially tested on these parameters, while additive,
proportional and mixed error models were compared to evaluate the
residual unexplained variability (RUV).

The following covariates were initially tested one by one for sig-
nificance on the base model parameters with associated BSV using
linear or allometric functions as appropriate: sex, ethnicity, age, body-
weight, height, BMI (recorded on the nearest date to the sampling)
and comedications (ie, moderate and potent CYP3A4 inhibitors or
inducers recorded at sampling date). The latter were tested by assign-
ing a separate effect to moderate and potent CYP3A4 inhibitors or
inducers and then regrouped according to fixed-effect estimates. The
same approach was used for ethnicity, using the following groupings
in the second step: African and Hispano-American in one group, and
Caucasian, Asian and missing information in another group. The iden-
tified significant covariate-parameter relationships were then com-

bined and a backward deletion step was subsequently conducted to
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build the final model. Missing information was imputed using the
median of the study population or as a separate category for continu-

ous and qualitative covariates, respectively.

2.5 | Model selection and evaluation

During base model building and forward covariate insertion steps,
hierarchically nested models were statistically discriminated using the
variation of the NONMEM® objective function value (AOFV) at a sig-
nificance level of 0.05 (AOFV < —3.84 for one additional parameter).
Moreover, a significance level of 0.01 (AOFV > 6.63 for the removal
of one parameter) was used during backward deletion. On the other
hand, Akaike's information criterion was used for non-nested models.
The accuracy of the pharmacokinetic parameters, the BSVs and the
covariates effects estimates was quantified by the relative standard
error (RSE). Lastly, standard goodness-of-fit diagnostic plots also
helped in model selection.

Prediction- and variability-corrected visual predictive checks
(pvcVPCs) were performed to evaluate the final model predictive per-
formances comparing fifth, 50th and 95th observed and prediction
percentiles.'82921 |n addition, the final model reliability was assessed
through the nonparametric bootstrap method (n = 2000),*® which
allowed comparison of the original model parameter estimates with
the corresponding bootstrap median values and their 95% confidence

intervals.

2.6 | Model-based Monte Carlo simulations

Model-based simulations of the final model were performed at steady
state using the standard 100-mg once-daily treatment to investigate
the clinical relevance of the retained covariates. One thousand indi-
viduals per group were simulated for the categorical covariates, while
continuous covariates were discretized into clinically relevant groups,
assuming a uniform distribution to generate individual values
(n = 1000). Simulations were thus performed in the presence/absence
of potent CYP3A4 inhibitors, with and without the age effect, using a
cut-off of 65 years (25-65 vs 65-80 years), in line with the demo-
graphic data available in our study. This allowed the comparison of
concentration-time profiles as a function of the differences in covari-
ate values. In addition, doravirine Crax, Cirough and the area under the
curve (AUCg.o4) were calculated from 1000 simulated individuals per

group and compared.

2.7 | Nomenclature of targets and ligands

Key ligands and targets in this article are hyperlinked to corresponding
entries in www.guidetopharmacology.org, the common portal for
data from the IUPHAR/BPS Guide to PHARMACOLOGY, and are per-
manently archived in the Concise Guide to PHARMACOLOGY
2021/2022.%
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3 | RESULTS

Overall, 174 doravirine concentrations collected from 146 PWH were
studied. Most patients provided only one sample (range 1-3). Table 1
summarizes the characteristics of the study population. It should be
noted that due to a high proportion of missing values, we do not
report HIV RNA (93% missing) and CD4 (79% missing) measurements.

3.1 | Structural, statistical and covariate models

A one-compartment model with first-order absorption and linear elim-
ination best described doravirine concentrations. Parameter estimates
of the base popPK model with BSV (CV%) were k, of 1.9 h™2 (fixed),
V of 75.2 L and CL of 3.48 L/h (44.4%). The assignment of BSV on
V did not significantly improve data description (AOFV = 0, P > 0.05),
neither did the use of alternative absorption models (AOFV > 1,
P > 0.05). A two-compartment model with zero-order absorption pro-
cess siginificantly decreased the OFV (AOFV = —8, P < 0.05), but was

not retained because of the poor precision of the parameter estimates

TABLE 1 Characteristics of the PWH included in the analysis.

Number (%) or Missing data
Last recorded value median (range) (number, %)
Sex 6 (4%)
Male 93 (64%)
Female 47 (32%)
Ethnicity 55 (38%)
Caucasian 1(42%)
African 26 (18%)
Asian 2 (1%)
Hispano-American 2 (1%)
Age (year) 55 (25-78) 1(<1%)
Body weight (kg) 6 (39-125) 30 (21%)
Height (cm) 170 (145-198) 26 (18%)
BMI (kg/m?) 26 (15-46) 32 (22%)
Comedications 25 (14%)
reported®
Potent CYP3A4 34 (20%)
inhibitors®
Moderate CYP3A4 3(2%)
inhibitors®
Potent CYP3A4 1(<1%)
inducers
Moderate CYP3A4 5 (3%)
inducers®

Abbreviations: BMI, body mass index; CYP3A4, Cytochrome P450.
Number of comedications based on the number of samples considered
for analysis.

®Includes atazanavir, cobicistat, darunavir and ritonavir.

“Includes amiodarone and diltiazem.

4Includes dexamethasone and etravirine.

(ie, RSE ~50%). A proportional error model best captured
doravirine RUV.

The univariate analysis revealed significant effects of potent
CYP3A4 inhibitors (AOFV = —69, P <0.001), age (AOFV = —-20,
P < 0.001), ethnicity (AOFV = —5, P < 0.05) and sex (AOFV = —4,
P <0.05) on CL. Forward insertion and backward deletion steps
allowed retention of only the effects of potent CYP3A4 inhibitors and

age on doravirine CL in the final model, as follows:

CL; =TVCL

(Age - Agem)) el
Agem

X (1 + Bstrong CYP3A4 inhibitors ) X <1+9Age X
where 6 is the estimated parameter for the covariate effect, Agey is
the median value in the study population (55 years), TVCL is the typi-
cal CL in our population, CL; is the individual value of CL in the ith
subject and n; is the corresponding ith component of the BSV. Table 2
shows the final doravirine popPK model.

The final model shows that potent CYP3A4 inhibitors
decrease doravirine clearance by 50%. Similarly, an 80-year-old
would have a CL of 2.77 L/h, which is 30% lower than the CL
of 3.98L/h of a middle-aged person (ie, median = 55 year-old).
Finally, the covariates included in the final popPK model
explained 59% of the BSV on CL, all resulting from the inclusion of

TABLE 2 Final population PK parameter estimates of doravirine
with their bootstrap evaluations

Final model Bootstrap (n = 2000)
Estimate
Parameters (RSE, %) Median (Clgso)
ki (h™1) 1.9 FIX 1.9 FIX
V(L) 82.2(13) 83.7 (66.4-111.6)
TVCL (L/h) 3.98 (4) 3.95(3.67-4.27)
wcL (CV%) 27 (18) 27 (13-35)
Ostrong CYP3A4 inhibitors —0.502 (6) —0.498 (—0.555 to —0.425)
Onge —0.670 (21) —0.672 (-0.939 to —0.409)
Gprop (CV%) 26 (16) 26 (18-35)

Abbreviations: Clgse, 95% confidence interval; RSE, relative standard
error.
Note: Final model:

TVCL; =TVCL

X (1 + Ostrong CYP3A4 inhibitors) X (1 +0Oage X (Ag‘:ﬂ)
gem

k,, first-order absorption rate constant; V, apparent volume of distribution;

TVCL, typical apparent clearance; TVCL,, typical value of CL in the ith

subject; Ostrong cypaaa inhibitors, €ffect of potent CYP3A4 inhibitors on CL;

Oage, age effect on CL with Agey = 55 years old, which is the median age

value in the study population; wc, between-subject variability (BSV) on

CL; 6prop, Proportionnal residual error.

?Coefficient of variation (CV, %) for BSV calculated as follows: |/ (e** —1).
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potent CYP3A4 inhibitors alone. No additional drop in BSV was

observed when adding age in the model.

3.2 | Model evaluation

The diagnostic plots of the final model (Supporting Information
Figure S1), together with the pvcVPC and the bootstrap results,
shown in Figure 1 and Table 2, respectively, demonstrate the reliabil-

ity of the final model.

3.3 | Model-based Monte Carlo simulations

Figure 2 shows the simulated pharmacokinetic profiles in individuals
receiving doravirine alone and in combination with potent CYP3A4
inhibitors under the standard 100-mg once-daily treatment. The
median Cyougn at steady state after oral administration of doravirine
was 571 (95% prediction interval [Plgsy] 229-1258 ng/mL). Our
model predicted that 2.5% of PWH would have a doravirine Ciough
below the minimum recommended concentration for efficacy
(ie, 230 ng/mL).2 On the other hand, when CYP3A4 inhibitors were
co-administered, the doravirine Ciough Was 1578 (707-3022) ng/mlL,
resulting in a 2.8-fold increase compared to doravirine alone. Potent
CYP3A4 inhibitors were also found to increase the C,.x of doravir-
ine by 1.6-fold, with median C,.« predicted to be 1624
(1253-2327) ng/mL and 2650 (1765-4101) ng/mL in individuals
receiving doravirine alone or in combination with potent CYP3A4

inhibitors, respectively. Figure 3 compares the effect of age on the

1000+

Doravirine concentration (ng/mL)

1004 °

0 6 12 18 24 30

Time after dose (h)

FIGURE 1 Prediction-variability-corrected visual predictive check
of the final model for doravirine. Circles represent the observed
plasma concentrations. Solid and dashed lines represent the median
and 90% prediction intervals (Plggy) of the observed data,
respectively. The dark and light shaded areas represent the model-
predicted 90% confidence intervals of the simulated median and
Plogy, respectively.
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Cmax and Cirough Of doravirine administered with and without potent
CYP3A4 inhibitors. Importantly, model-based simulations highlighted
that younger individuals (ie, 25-65 years) receiving doravirine alone
would have a lower Ciogn than older subjects, with approximately
10% below the threshold of 230 ng/mL recommended for clinical
efficacy. Finally, the effect of age on doravirine exposure (ie,
AUC,.»4) was similar between individuals receiving doravirine alone
and those receiving potent CYP3A4 inhibitors (Supporting Informa-
tion Table S1). Doravirine AUCg.,4 was found to be 1.4-fold higher
in older individuals compared to younger individuals, whereas
potent CYP3A4 inhibitors increased AUCq.,4 by two-fold, regardless
of age.

4 | DISCUSSION

This study describes a popPK model of doravirine based on real-world
PWH and characterizes the effect of potent CYP3A4 inhibitors and
age on doravirine exposure. Our one-compartment model is consis-
tent with previously reported popPK modelling based on phase | and
lIb/1l trials.2 During model development, a two-compartment model
with zero-order absorption denoted a statistically better data descrip-
tion. However, it was judged not to be stable enough for further
development (in fact, the peripheral compartment could only be accu-
rately described when a zero-order absorption was included, but with
RSE attaining 50% for parameter estimate). The decision to retain not-
withstanding the one-compartment model with a fixed k, relied pri-
marily on the assessment of the RSE and the evaluation of the
diagnostic plots (Supporting Information Figure S1), which were found
to be satisfactory for the final retained base model. In addition, since
doravirine is administered orally, k, tends to be more appropriate to
fit the data after drug intake. The base model allowed the estimations
of both a time to peak concentration of 2 h and a terminal half-life of
15 h, identical to the values reported in the drug monograph.®
Model-based simulations predicted that doravirine co-
administered with potent CYP3A4 inhibitors resulted in 1.6-, 2.8- and
two-fold increases in doravirine Crax, Cirough and AUCq 24, respec-
tively, compared to individuals receiving 100 mg of doravirine alone.
Regarding the additional effect of age on doravirine CL, our model-
based simulations showed that the increase in doravirine exposure
was similar between individuals receiving doravirine alone or in com-
bination with potent CYP3A4 inhibitors. This observation is explained
by the fact that aging impacts the exposure of the victim and perpe-
trator drugs to a similar extent and therefore the magnitude of the
drug interaction remains unchanged in elderly compared to young
individuals.2® Overall, the increases in doravirine exposure presented
in our model-based simulations were not considered clinically rele-
vant. Indeed, none of the model-predicted increase in doravirine
exposure exceeded the three-fold increase limit previously reported.*®
On the other hand, our results suggest that younger PWH receiving
doravirine alone may be at higher risk for suboptimal exposure, with
almost 10% having doravirine Ciougn below the minimal efficacy tar-

get of 230 ng/mL. While the predicted median Ciough is in line with
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Doravirine alone

Doravirine with potent CYP3A4 inhibitors

40004

3000

2000

Doravirine plasma concentration (ng/mL)

=}

s}

S
L

4000 A

3000

2000 A

1000+

1
Time after dose (h)

Time after dose (h)

FIGURE 2 Simulated percentiles of doravirine concentrations at steady-state under the standard 100 mg once-daily regimen without (left
panel) and in combination with (right panel) potent CYP3A4 inhibitors, irrespective of the effect of age. The solid white lines represent the
median (50% percentile), while the dark shaded areas are the 50% prediction intervals and the light shaded areas are the 95% prediction intervals.
The dotted line shows the minimum concentration recommended for efficacy (230 ng/mL).8

Doravirine alone

5000

10004

Maximum concentration (ng/mL)

25- 65 65 - 80

Trough concentration (ng/mL)

100

25~ 65 65— 80
Age (years)

Doravirine with potent CYP3A4 inhibitors

5000 1
10004
2565 65 - 80
I B
1004

25 - 65 65— 80
Age (years)

FIGURE 3 Simulated maximum and trough concentrations of doravirine in individuals of different ages receiving doravirine alone or in
combination with potent CYP3A4 inhibitors. The dotted line shows the minimum concentration recommended for efficacy (230 ng/mL).8 The
boxplots encompass the 25-75% prediction percentiles, with the midlines representing the median. The whiskers delineate the 5-95% prediction

percentiles.
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the one reported in the product label,® and no dose adjustment is
required in clinical practice, our findings emphasize the importance of
conducting real-world studies to confirm that this applies to actual
patient care.

The limitations of the present work should be acknowledged.
Insufficient data were available in the absorption phase, thus limiting
the adequate description of k, and its associated variability. In addi-
tion, as most PWH contributed to one sample and no detailed phar-
macokinetic sampling was available, discrimination between BSV and
RUV variabilities was limited. It should also be noted that data were
collected from a moderately diverse population with a relatively
important proportion of missing values, thus possibly preventing the
identification of further factors influencing doravirine disposition (eg,
evaluation of the hepatic or renal function). Unfortunately, external
and/or data-splitting validations could not be performed, thus
limiting the generalisability of our analyses to a wider population.
Finally, because viral load and CD4 count were not available for a
sufficient number of PWH included in the analysis, we did not
perform pharmacokinetic-pharmacodynamic analyses, which could
have been particularly relevant in PWH with low doravirine concen-
trations. However, data from phase II/lll trials have shown that the
exposure-response relationship was fairly flat over the range of
exposure achieved with the 100-mg daily doravirine dose. It has been
suggested that a decrease in response in individuals with doravirine
levels below the 10th percentile most probably results from
suboptimal adherence.

In conclusion, this study confirmed similar results in doravirine
exposure between real-world PWH and clinical trial participants. Age
and potent CYP3A4 inhibitors were found to significantly influence
doravirine pharmacokinetics. However, due to the reported good tol-
erability of doravirine, dosage adjustment is probably not mandatory
in the case of increased doravirine exposure. Doravirine TDM is cer-
tainly not to recommend routinely in PWH. However, despite limited
clinical validation, it may be of particular relevance during pregnancy?*
or in patients receiving haemodialysis2° or developing hepatic impair-
ment. Furthermore, TDM can be useful to detect individuals with poor
adherence who are exposed to a low level, thereby increasing the risk
of developing viral resistance. Finally, the percentile curves derived
from our analysis can be used to interpret doravirine measurements
as part of TDM to address clinical questions related, for example, to
treatment adherence, drug exposure in pregnancy or hepatic

impairment.
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