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Abstract

Background People living with HIV may present co-morbidities requiring the initiation and subsequently the discontinua-
tion of medications with inducing properties. The time to reach maximal enzyme induction and to return to baseline enzyme
levels has not been thoroughly characterized.

Objective The aim of this study was to evaluate the onset and disappearance of dolutegravir [uridine diphosphate glucu-
ronosyltransferase (UGT) 1A1 and cytochrome P450 (CYP) 3A4 substrate] and raltegravir (UGT1A1 substrate) induction
with strong and moderate inducers using physiologically based pharmacokinetic (PBPK) modeling.

Methods The predictive performance of the PBPK model to simulate dolutegravir and raltegravir pharmacokinetics and
to reproduce the strength of induction was verified using clinical drug—drug interaction studies (steady-state induction)
and switch studies (residual induction). The model was considered verified when the predictions were within 2-fold of the
observed data. One hundred virtual individuals (50% female) were generated to simulate the unstudied scenarios. The results
were used to calculate the fold-change in CYP3A4 and UGT1A1 enzyme levels upon initiation and discontinuation of strong
(rifampicin) or moderate (efavirenz or rifabutin) inducers.

Results The time for reaching maximal induction and subsequent disappearance of CYP3A4 induction was 14 days for
rifampicin and efavirenz but 7 days for rifabutin. The distinct timelines for the moderate inducers relate to their different
half-lives and plasma concentrations. The induction and de-induction processes were more rapid for UGT1AL.
Conclusions Our simulations support the common practice of maintaining the adjusted dosage of a drug for another 2 weeks
after stopping an inducer. Furthermore, our simulations suggest that an inducer should be administered for at least 14 days
before conducting interaction studies to reach maximal induction.

Our simulations indicate that at least 14 days are needed
to reach maximal induction and to return to CYP3A4
baseline enzymes levels in the presence of an inducer.
This implies that an inducer should be administered for
at least 14 days before conducting drug—drug interaction
studies to reach maximal induction.
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taining the adjusted dosage of a drug for another 2 weeks
upon discontinuation of an inducer.

The time to reach maximal induction and resolution of
induction is shorter for UGT1A1.
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1 Introduction

Potent antiretroviral drugs (ARVs) dramatically changed the
prognosis of HIV-infection. Treated people living with HIV
(PLWH) have a life expectancy that is close, if not identi-
cal, to people without HIV infection [1]. Thus, the manage-
ment of drug—drug interactions (DDIs) with ARVs repre-
sents a key clinical activity considering that most PLWH
may develop at least one comorbidity during their lifespan.
ARVs have considerably improved over the years and have
a notably lower propensity to cause DDIs; however, several
first-line ARVs are subject to DDIs with inducers of drug
metabolizing enzymes [i.e., cytochrome P450 (CYP) and
uridine diphosphate glucuronosyltransferase (UGT)] [2].
The induction of drug metabolizing enzymes occurs upon
the binding of a drug to a nuclear receptor [i.e., pregnane
X receptor (PXR), constitutive androstane receptor (CAR)
or aryl hydrocarbon receptor (AhR)]. PXR is involved in
the upregulation of CYP3A4 and UGTSs expression. Fol-
lowing the heterodimerization with the 9-cis-retinoic acid
receptor (RXR), the RXR-PXR complex interacts with
response elements of target genes leading to the transcrip-
tion of mRNA encoding the drug metabolizing enzymes
[3, 4]. Thus, induction takes several days to fully develop
and to disappear upon initiation and discontinuation of an
inducer. This statement is supported by a clinical DDI study
showing notably that the moderate inducer efavirenz reduced
rilpivirine (CYP3A4 substrate) area under the concentra-
tion—time curve (AUC,) by 46% and 18% at days 1 and 14,
respectively, post-discontinuation of efavirenz [5]. However,
it is unclear whether the time to reach maximal induction
and resolution of induction varies depending on the inducer
strength and elimination half-life (#,,) or on the degradation
rate of the metabolic enzyme. This question is of particular
interest as the first-line ARVs dolutegravir (metabolism by
UGT1A1 > CYP3A4) or raltegravir (UGT1A1) require a
dose adjustment when co-administered with strong induc-
ers as does doravirine (CYP3A4) when given with moder-
ate inducers [6—-8]. It is common practice to maintain the
adjusted dosage of the ARV for another 2 weeks after the
last dose of the inducer, regardless of the properties of the
inducer or the enzyme involved in the metabolism of the
ARYV. However, data to support this practice are missing.
Physiologically based pharmacokinetic (PBPK) modeling
has demonstrated its predictive power to simulate clinically
relevant yet unstudied DDI scenarios [9, 10]. PBPK mod-
eling combines in vitro data and clinically observed data to
simulate pharmacokinetics in virtual individuals. The virtual
population used to inform the PBPK model is developed
based on observed blood flows, organ weights, and other
physiological parameters required to simulate drug disposi-
tion. To date, PBPK modeling has been applied to investigate
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the time needed for CYP3A4 enzyme levels to return to
baseline after stopping the strong inducer rifampicin; how-
ever, no data are available for moderate inducers or for the
recovery of UGT1A1 abundance [11, 12].

Since dolutegravir is metabolized by UGT1A1 and
CYP3A4 [13] and raltegravir by UGT1A1 [14], we selected
these ARVs to investigate the time required for CYP3A4
and UGT1A1 abundances to return to baseline after stop-
ping rifampicin (#,, 2-3 h [15]) or after discontinuing two
moderate inducers with distinct half-lives, namely efavirenz
(t,, 40-55 h after multiple doses [16]) and rifabutin (#,, 45 h
[17]). We also investigated the time to reach maximal induc-
tion of CYP3A4 and UGT1A1 upon initiation of rifampicin,
efavirenz and rifabutin.

2 Methods

We took a 3-step approach. First, we evaluated the perfor-
mance of the PBPK model to simulate the pharmacokinetics
of each individual drug against observed clinical data after
intravenous and oral administration. Second, we verified
that the model correctly reproduces the strength of induc-
tion using available DDI studies (reflecting steady-state
induction) and switch studies (reflecting residual induction).
Third, we used the fully verified PBPK model to simulate
the unstudied scenarios. Each scenario included 100 virtual
individuals (50% female) between 20 and 50 years of age.
For all the scenarios simulated, we considered the changes in
enzyme levels rather than the activity (clearance); however,
it should be noted that these parameters are correlated (i.e.,
an increase in enzyme levels correlates with an increase in
clearance).

2.1 PBPK Model and Drug Model Development

Our in-house PBPK model was built in Matlab®2020a
(MathWorks, Natick, MA, USA) [18]. In order to gener-
ate a cohort of virtual individuals, the model was informed
with equations previously developed by our group describ-
ing the physiological changes in a Caucasian healthy popula-
tion aged 20-99 years [19]. The equations are presented in
Supplementary Table 2. The drug models were developed
using published in vitro physicochemical parameters of each
drug or, if the data were not available, using in silico predic-
tions. The model parameters for dolutegravir, raltegravir,
rifampicin, efavirenz, and rifabutin are summarized in Sup-
plementary Table 1. The model performance to predict the
pharmacokinetics was evaluated for intravenous and oral
administration, and the model was considered verified when
the predictions were within 2-fold of the observed clinical
data (Data on file; Bettonte et al.) [20, 21].
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2.2 Model Verification Against Observed DDI
and Switch Studies

The fraction of dolutegravir metabolism by UGT1A1 and
CYP3A4 and the fraction of raltegravir metabolized by
UGT1ALl, as well as the strength of induction were verified
against published DDI clinical studies in which the pharma-
cokinetics of dolutegravir or raltegravir were measured in
the absence and in the presence of rifampicin, efavirenz, or
rifabutin after steady-state administration [22-26]. In addi-
tion, published switch studies were used to verify the perfor-
mance of the PBPK model to predict the residual induction
after stopping efavirenz; therefore, the pharmacokinetics of
the CYP3A4 substrate rilpivirine dosed at 25 mg and the
UGT1A1/CYP3A4 substrate dolutegravir dosed at 50 mg
were simulated on different days following efavirenz dis-
continuation [5, 27]. The model was considered to be veri-
fied when the simulations were within 2-fold, as described
in the PBPK guidelines [28, 29]. We also used the more
stringent criterion proposed by Guest et al. for the verifica-
tion of all the DDI scenarios [30]. Finally, the change in
CYP3A4 and UGT1A1 enzyme levels during and after stop-
ping the administration of efavirenz were visually checked
to extrapolate the time needed to return to baseline enzyme
levels. The 1.25-fold induction threshold was considered as
the limit below which the ratio of the AUC (i.e., AUC in the
presence vs. the absence of a perpetrator), was outside the
no-boundary efficacy limit of 0.8.

2.3 Model Simulations of Unknown Clinical
Scenarios

A cohort of 100 virtual individuals aged 20-50 (50% female)
was generated to simulate the unknown scenarios presented
in Table 1 and Table 2. The study design of de Wet et al.
[27], in which dolutegravir (50 mg once daily) was initi-
ated 12 h after stopping efavirenz, was applied first to verify
the residual induction on dolutegravir on days 7, 14, and
28 post-efavirenz dosing. This same dosing schedule was
subsequently used to simulate dolutegravir pharmacokinet-
ics following the discontinuation of rifampicin or rifabutin,
and the pharmacokinetics of raltegravir during the switch
scenario from rifampicin, efavirenz, or rifabutin. The DDI
ratio (reflecting the residual induction) was calculated as
the ratio of the trough concentration (C,,,) and AUC; in
the presence versus the absence of the residual inducing
effect of rifampicin, efavirenz, or rifabutin. As described
in Sect. “Model Verification Against Observed DDI and
Switch Studies”, the changes in CYP3A4 and UGT1Al
enzyme levels were visually checked and the time to return
to baseline (i.e., below the 1.25-fold induction threshold)
was extrapolated.

2.4 Sensitivity Analysis

The disappearance of the inducing effect is governed by the
,, of the perpetrator and by the degradation constant (Ky,)
of the enzyme, which correlates with #,, of the enzyme [31].
Since this parameter has not been measured in humans, the
Kyeg value for UGT1A1 implemented in our in-house PBPK
model was derived from a rat model [32]. Therefore, we
conducted a sensitivity analysis to determine how changes in
the K., UGT1AL1 value impact the residual induction effect
of rifampicin on raltegravir (UGT1A1 substrate) AUC, and
Cirougn at days 1,7, 14, and 28 post-rifampicin dosing. For
this analysis, we considered the situation of a single male
individual aged 35 years old [body mass index (BMI) 25 kg/
m?] and we modified by 1% the original UGT1A1 Kyeg value
reported in the literature [32]. The impact of K, on the
PBPK model uncertainty was calculated using Eq. 1 [33]:
(@=dy)
dy
®1=p0)
Po

Sensitivity coefficient =

ey

where d|, is the model-predicted dose metric of interest (i.e.,
AUC and C,,,,) with the original parameter value, d, is
the model-predicted dose metric of interest (i.e., AUC and
Cirougn) With a 1% increase in parameter value, p, is the origi-
nal parameter value (i.e., Ky,), and p; is the parameter value
with a 1% increase (i.e., Kge,)-

The model uncertainty was evaluated using the criteria
defined by Teeguarden et al. [33, 34]:

e Low: sensitivity coefficient is between 0.1 and 0.15. Low
model uncertainty is obtained when the available data
are measured in the correct species, the coefficient of
variation (CV) is less than 0.5, or the parameter was suc-
cessfully verified using PBPK modeling.

e Medium: sensitivity coefficient is between 0.15 and 0.5.
Medium model uncertainty can present with data scaled
from a different species, but for which the scaling holds
across species.

e High: sensitivity coefficient is greater than 0.5. High
model uncertainty can present when the parameter of
interest is not available.

3 Results
3.1 Drug Model Development
The PBPK model was able to predict the pharmacokinetics

of all evaluated drugs within 2-fold of the observed clinical
data. The simulations of the various drugs as well as the
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observed clinical data have been previously published by
our group (Data on file; Bettonte et al.) [20, 21].

3.2 Model Verification Against Observed DDI
and Switch Studies

The model correctly predicted the fraction of UGT1Al
and CYP3A4 metabolism for dolutegravir, as the DDI
between dolutegravir and rifampicin, efavirenz, or rifabu-
tin were simulated within 2-fold of the observed data, as
shown in Supplementary Table 3. Furthermore, the pre-
dicted versus observed ratio for AUC, and Cy,,,;, Were
within the upper and lower limits defined by Guest et al.
[30]. However, the ratio for the peak concentration (C,,,,)
was outside the upper and lower limits because the clinical
study paradoxically reported an increase in dolutegravir
Cax [22], even though rifabutin is an inducer (Supple-
mentary Fig. 1). Similarly, for raltegravir, the observed
C,.x and AUC used for the criterion proposed by Guest
et al. [30] reflected an inhibition effect rather than induc-
tion [26] (Supplementary Fig. 1); however, the ratio for
Cirough Was within the upper and lower limits proposed by
Guest et al. [30] (Supplementary Fig. 1). Finally, as for
dolutegravir, all the DDI predictions between raltegravir
and rifampicin, efavirenz, or rifabutin were within 2-fold
of the clinical observed data (Supplementary Table 3). The
PBPK model predicted, also correctly, the residual induc-
ing effect on dolutegravir pharmacokinetics at days 7, 14,
and 28 (Table 1) post-efavirenz dosing. The performance
of the PBPK model to reproduce residual induction was
also verified using clinical data from the efavirenz to rilpi-
virine switch study [5]. The simulated rilpivirine pharma-
cokinetic parameters were within 2-fold of the observed
clinical data at days 1, 14, 21 post-efavirenz dosing (Sup-
plementary Table 4) and borderline for the upper and
lower limits proposed by Guest et al. (Data on file; Bet-
tonte et al) [30] (Supplementary Fig. 2). The simulation
results showed that, upon initiation of efavirenz, the mean
maximal induction of CYP3A4 was reached after 19 days
(Fig. 1b) and the one of UGT1ALl after 7 days (Fig. le).
Upon discontinuation of efavirenz, 14 days were necessary
for the CYP3A4 enzyme level to go below the 1.25-fold
threshold (Fig. 1b). However, when considering the popu-
lation variability, 69% of the individuals were predicted to
have reached the 1.25-fold CYP3A4 abundance threshold
at this time point. On the other hand, the UGT1A1 enzyme
level was predicted to require 7 days to return close to the
baseline enzyme level, with 72% of individuals predicted
to achieve the 1.25-fold abundance threshold by this time
point (Fig. le).

3.3 Model Simulations of Unknown Clinical
Scenarios

The residual inducing effect of rifampicin was predicted to
decrease dolutegravir AUC_ by 56% and 39% at days 1 and
7 post-dosing, respectively. The mitigation of the rifampicin-
inducing effect was apparent after 14 days as the decrease
in dolutegravir AUC, was predicted to be minimal (16%),
and negligible (1%) after 28 days (Table 1). On the other
hand, the residual-inducing effect of rifampicin was more
pronounced on dolutegravir C,p, , as it was predicted to
be decreased by 92% and 60% on days 1 and 7, respectively.
A 25% reduction in dolutegravir C, was still predicted at
day 14 post-dosing, but it was negligible at day 28 (Table 1).
The simulation results showed that the residual induction of
rifampicin reduced raltegravir AUC; and Cy,,,q, by 15% and
22%, respectively, on day 1 post-dosing; however, the induc-
ing effect was negligible after 7 days (Table 2). As depicted
in Fig. 1a, rifampicin was predicted to require at least 14
days of continuous administration to reach near-maximal
induction of CYP3A4. After stopping rifampicin, 18 days
were necessary for 55% of the individuals to reach the 1.25-
fold abundance threshold. Regarding UGT1A1, the steady-
state and the time to go back to the baseline abundance were
predicted to be faster than with CYP3A4 (Fig. 1d).

The residual inducing effect of rifabutin was predicted
to decrease dolutegravir AUC; and Ci,qn by 12% and 26%,
respectively, on day 1 post-dosing. The AUC_ was still
reduced by 8% and C,,,, by 13% 7 days after stopping
rifabutin. However, the induction was negligible after 14
days (reduction in AUC_ and C,,, by 2% and 4%, respec-
tively) (Table 1). The simulation results showed that upon
discontinuation of rifabutin, the raltegravir AUC, and Cyq,
were reduced by 3% and 5%, respectively, 1 day post-dos-
ing. The residual induction effect of rifabutin is negligible
7 days post-discontinuation (Table 2). Upon initiation of
rifabutin, near-maximal CYP3A4 induction was predicted
to be reached in 10 days (Fig. 1c) and in 1 day for UGT1Al
(Fig. 1f). However, upon discontinuation of rifabutin, 7
days were necessary for 58% of the individuals to have
the CYP3A4 abundance reaching the 1.25-fold threshold
(Fig. 1c). UGT1A1 induction by rifabutin was not strong
enough to go above this threshold (Fig. 1f).

The residual inducing effect of efavirenz was predicted to
decrease the raltegravir AUC_ by 16%, 7%, and 3% at days
1,7, and 14 post-dosing. The C,,, was reduced by 24%,
11%, and 5% on days 1, 7, and 14 post-dosing (Table 2).
Seven days were necessary to return to UGT1A1 baseline
enzyme levels.
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Fig.1 Fold increase in hepatic CYP3A4 abundance upon initia-
tion and discontinuation of a rifampicin (600 mg once daily), b efa-
virenz (600 mg once daily), and ¢ rifabutin (300 mg once daily).
Fold increase in hepatic UGT1A1 abundance upon initiation and dis-
continuation of d rifampicin (600 mg once daily), e efavirenz (600
mg once daily), and f rifabutin (300 mg once daily). In all the fig-

3.4 Sensitivity Analysis

Modifying the K., of UGT1A1 by 1% resulted in sensitiv-
ity coefficients for AUC and C,,q at days 1, 7, 14, and 28
post-rifampicin dosing which were lower than 0.1, thereby
reflecting a low model uncertainty.

4 Discussion

Contemporary first-line ARVs have a lower potential to
cause DDIs; however, these agents can be impacted by other
co-medications that a PLWH may be taking, notably those
with inducing properties. Thus, the characterization of the
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ures, the solid line, the shaded area, and the dashed line represent
the mean, the 90% normal range, and the 1.25-fold cut-off threshold
above which the AUC ratio (i.e., in the presence vs. the absence of an
inducer) is below 0.8. CYP cytochrome P450; UGT uridine diphos-
phate glucuronosyltransferase; AUC area under the concentration—
time curve

onset and disappearance of induction is warranted, not only
for the appropriate management of DDIs in clinical practice
but also for the correct design of clinical studies.

To date, the onset and disappearance of CYP3A4 enzyme
induction has only been characterized for rifampicin. Using
PBPK modeling, Kapetas et al. notably showed that the
maximal induction of CYP3A4 was achieved faster in the
intestine compared to the liver, for which at least a 10-day
rifampicin treatment course was needed before reaching
maximal induction [11]. Our simulations with rifampicin
are in line with the study by Kapetas et al., since hepatic
CYP3A4 was predicted to require approximately 14 days
to reach near-maximal induction and 18 days to return to
baseline abundance after stopping rifampicin. We did not
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Table 2 Predicted effect of residual induction on raltegravir phar-
macokinetics at days 1, 7, 14, and 28 post-rifampicin, efavirenz, and
rifabutin dosing

Absence inducer After DDI ratio
stopping (residual induc-
inducer tion)

Raltegravir—day 1 after stopping rifampicin

Cirough [ng/mL] 107 (69) 84 (51) 0.78
AUC,_, [ngxh/mL] 7312 (38) 6192 (30) 0.85
Raltegravir—day 7 after stopping rifampicin

Cirough [ng/mL] 128 (76) 128 (76) 1.00
AUC,_, [ngxh/mL] 7740 (41) 7739 (41)  1.00
Raltegravir—day 14 after stopping rifampicin

Cirough [ng/mL] 128 (76) 128 (76) 1.00
AUC,_, [ngxh/mL] 7740 (41) 7740 (41)  1.00
Raltegravir—day 28 after stopping rifampicin

Cirougn [ng/mL] 128 (76) 128 (76) 1.00
AUC,_, [ngxh/mL] 7740 (41) 7740 (41)  1.00
Raltegravir—day 1 after stopping efavirenz

Cirougn [ng/mL] 108 (83) 82 (49) 0.76
AUC,_, [ngxh/mL] 7357 (40) 6191 (28) 0.84
Raltegravir—day 7 after stopping efavirenz

Cirougn [ng/mL] 129 (82) 115 (71) 0.89
AUC,, . [ngxh/mL] 7777 (42) 7243 (38)  0.93
Raltegravir—day 14 after stopping efavirenz

Cirougn [ng/mL] 129 (82) 123 (79) 0.95
AUC, . [ngxh/mL] 7778 (42) 7547 (41) 097
Raltegravir—day 28 after stopping efavirenz

Cirougn [ng/mL] 129 (82) 127 (83) 0.99
AUC,_, [ngxh/mL] 7778 (42) 7716 (42)  0.99
Raltegravir—day 1 after stopping rifabutin

Cirougn [ng/mL] 107 (82) 102 (79) 0.95
AUC, . [ngxh/mL] 7336 (40) 7098 (38)  0.97
Raltegravir—day 7 after stopping rifabutin

Cirougn [ng/mL] 128 (82) 128 (82) 1.00
AUC,_, [ngxh/mL] 7553 (42) 7744 (42)  1.00
Raltegravir—day 14 after stopping rifabutin

Cirougn [ng/mL] 128 (82) 128 (82) 1.00
AUC, . [ngxh/mL] 7554 (42) 7753 (42)  1.00
Raltegravir—day 28 after stopping rifabutin

Cirough [ng/mL] 128 (82) 128 (82) 1.00
AUC, . [ngxh/mL] 7554 (42) 7754 (42)  1.00

The results are represented as geometric mean (CV)

AUC,_, area under the concentration—time curve to tau; C,,,,,,, trough
concentration; DDI drug-drug interaction

evaluate the induction of intestinal CYP3A4 given that
the time to reach maximal induction and de-induction was
shown to be quick in the study by Kapetas et al. [11]. The
more rapid disappearance of induction in the intestine com-
pared to the liver is explained by the K, of the enzyme
which is equal to 0.03 h'! for intestinal CYP3A4 [9] and

0.0077 h™! for hepatic CYP3A4 [9]. Our simulations are
also supported by clinical data and PBPK modeling stud-
ies reporting that induction can take up to 14 days to reach
maximal effect [11, 12, 35-43]. In addition, our predictions
are consistent with studies evaluating the change in biomark-
ers (i.e., 6-beta-hydroxy-cortisol excretion and the 6-beta-
hydroxy-cortisol/cortisol ratio) at baseline (pre-inducer
administration), during the administration of rifampicin, and
after stopping the inducer [44, 45]. Our predictions showed
that 18 days are necessary to return to baseline CYP3A4
enzyme levels. Our results are consistent with the results
published by Reitman et al. [46]. The authors showed that
28 days were enough to completely washout the residual
inducing effect of rifampicin on midazolam, since 15 days
post-discontinuation of rifampicin, midazolam AUC, and
Chaxe Were still reduced by 19% and 27%, respectively. How-
ever, the authors concluded that the residual inducing effect
observed after 15 days may not be clinically significant [46].
Baneyx et al. also demonstrated that the time to return to
baseline enzyme levels for CYP3A4 is 15 days [42].
Dolutegravir and raltegravir were chosen as victim drugs
in our study to investigate the effect on UGT1A1. Of interest,
maximal UGT1A1 induction was achieved faster upon initia-
tion of rifampicin compared to CYP3A4 (Fig. 1a and d). In
contrast to CYP3A4, no studies have evaluated the change
in UGT1A1 abundance during and after stopping rifampicin.
However, a clinical study evaluated the level of bilirubin
glucuronidation (UGT1A1 substrate [47]). The clinical study
showed that the level of bilirubin conjugation increased at
the beginning of the treatment, with rifampicin reaching a
plateau after 6 days. On the other hand, upon discontinuation
of rifampicin, the level of bilirubin glucuronidation ratios
were still significantly higher, indicating that the UGT1A1
activity did not return to baseline level, which could possibly
also be explained by lifestyle factors [43]. Another clinical
study investigating the DDI between dolutegravir and rifap-
entine (strong CYP3A4 and UGT1A1 inducer [48]) showed
decreases in dolutegravir Cy,, of 23%, 64%, and 56% at
days 1, 2 and 6 post-rifapentine administration [48]. Given
that UGT1AL1 is the major enzyme involved in dolutegra-
vir and raltegravir metabolism, these observed clinical data
are supportive of the fast UGT1A1 induction upon initia-
tion of a strong inducer, similar to our model prediction.
On the other hand, after discontinuation of rifampicin, our
simulations show that the residual inducing effect led to a
decrease of 60% in dolutegravir Cy ;- A similar dolute-
gravir C., reduction has been reported in a clinical study
after discontinuation of rifapentine (another strong inducer),
in which dolutegravir C,q, Was still reduced by 56% at day
6 post-rifapentine administration [48]. Although our simula-
tions indicate a rapid return to UGT1A1 baseline enzyme
level, the longer period for dolutegravir C,,;, recovery
could relate to CYP3A4, which contributes to dolutegravir
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metabolism and which requires more time to recover from
induction. Thus, our findings for UGT1A1 pure substrates
should be interpreted with caution, since the K, value for
UGT1A1 was derived from an animal model and therefore
may not be extrapolated to humans.

There is a paucity of data on the timeline of induction for
moderate inducers such as efavirenz and rifabutin. Based
on our results, rifabutin needs at least 7 days to attain near-
maximal CYP3A4 induction, while efavirenz needs at least
14 days. After stopping their administration, rifabutin needs
7 days to return to baseline, while efavirenz needs 14 days.
These distinct timelines relate to their different plasma
concentrations at the time of stopping their administration.
Twenty-four hours after stopping rifabutin, its plasma con-
centration is lower than its half-maximal inhibitory concen-
tration (ICs) (i.e., 0.3 um [49]), and therefore the induction
effect is minimal. In contrast, 24 h after stopping efavirenz,
its concentration is still above its ICs, (i.e., 3.9 um [50]), and
the concentration remains for at least another week around
the IC, value, causing a persisting inducing effect on co-
administered drugs. As for rifampicin, the onset of UGT1A1
induction was faster than CYP3A4 upon initiating efavirenz
or rifabutin. The DDI between efavirenz and raltegravir has
been studied in a clinical trial and, to ensure full induction
of UGT1A1, the authors decided to administer efavirenz for
12 days [25]. However, based on Fig. le, 7 days would have
been sufficient to have near-full induction of UGT1Al. As
for CYP3A4, the residual inducing effect on UGT1A1 lasts
longer for efavirenz compared to rifabutin, given that the
plasma concentration of efavirenz is close to its ICy,.

Altogether, available data and the results of our study
support the common practice to maintain the adjusted dos-
age of ARVs for another 2 weeks after the last dose of the
inducer. Although our simulations suggest that this time
window could be shortened to 1 week after stopping rifabu-
tin, it is preferable to recommend 2 weeks for all inducers,
not only to prevent errors but also because the concentra-
tions of inducers, which impact the offset of induction, are
not routinely measured. Furthermore, it should be empha-
sized that the resolution of induction may last longer in some
individuals, as demonstrated in clinical trials with CYP3A4
substrates [46, 51], and as indicated by the large variability
in enzyme fold-induction of CYP3A4 and UGT1A1 in our
virtual cohort representing the healthy Caucasian population
(Fig. 1). Our predictions are also supported by the large vari-
ability observed in clinical trials [52].

Several limitations should be acknowledged. First, given
the limited clinical data for the effect of different inducers
on the change in CYP3A4 and UGT1A1 enzyme abundance,
we could not fully evaluate our whole-body PBPK model.
However, the PBPK model was extensively verified prior to
simulating unstudied scenarios, and therefore we are confi-
dent that our conclusions are correct. Second, the paucity of
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biological data for UGT enzymes, particularly data regard-
ing the degradation rate constant in humans, are missing,
which is the reason why our in-house PBPK model uses a
Kye, value for UGT1A1 enzyme derived from animal model
[32]. Despite this limitation, the sensitivity analysis for this
parameter shows a low model uncertainty, but, nevertheless,
future studies should determine this parameter in humans.

5 Conclusions

This study indicates that at least 14 days are necessary to
reach the CYP3A4 maximal inducing effect, and to return
to baseline enzyme levels upon initiation and discontinua-
tion of an inducer. The induction and de-induction processes
are predicted to be faster for UGT1A1. The main driving
parameters for onset and resolution of induction include
the degradation rate constant of the enzyme, the inducer
strength, and its half-life and related concentrations after
stopping the administration. Available data and the findings
of this study support the common practice to maintain the
adjusted dosage of the ARVs for another 2 weeks after stop-
ping an inducer. The findings of this work are particularly
relevant for low- and middle-income countries given the
HIV/TB syndemic often requiring rifampicin to be initiated
and subsequently discontinued in individuals on first-line
dolutegravir-containing regimens.
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