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Abstract

Aims: Intramuscular cabotegravir/rilpivirine (IM CAB/RPV) are metabolized by

UGT1A1/CYP3A4. Efavirenz induces both enzymes; therefore, switching from an

efavirenz-containing regimen to IM CAB/RPV could possibly result in suboptimal

levels. Due to their long dosing interval, clinical studies with IM CAB/RPV are

challenging. We used physiologically based pharmacokinetics (PBPK) modelling to

simulate the switch from efavirenz to IM CAB/RPV.

Methods: First, we developed the drug models and verified the performance of the

PBPK model to predict the pharmacokinetics of IM cabotegravir, IM rilpivirine and efa-

virenz by comparing the simulations against observed clinical data. Second, we verified

the ability of the model to predict the effect of residual induction with observed data

for the switch from efavirenz to dolutegravir or rilpivirine. Finally, we generated a

cohort of 100 virtual individuals (20–50 years, 50% female, 18.5–30 kg/m2) to simulate

IM CAB/RPV concentrations after discontinuing efavirenz in extensive and slow meta-

bolizers of efavirenz.

Results: IM CAB concentrations were predicted to decrease by 11% (95% confidence

interval 7–15%), 13% (6–21%) and 8% (0–18%) at day 1, 7 and 14 after efavirenz

discontinuation. CAB concentrations were predicted to remain above the minimal

efficacy threshold (i.e., 664 ng/mL) throughout the switch period both in extensive

and slow metabolizers of efavirenz. Similarly, IM RPV concentrations were modestly

decreased with the lowest reduction being 10% (6–14%) on day 7 post last

efavirenz dose.

Conclusion: Our simulations indicate that switching from an efavirenz-containing

regimen to IM CAB/RPV does not put at risk of having a time window with subopti-

mal drug levels.
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1 | INTRODUCTION

Cabotegravir and rilpivirine long-acting (LA) formulations have been

licensed for the treatment of HIV infection in adults who are virologi-

cally suppressed. Cabotegravir and rilpivirine are administered intra-

muscularly (IM) in the gluteal area with an initial loading dose of

600 and 900 mg, respectively followed by a maintenance dose adminis-

tered monthly (400 mg for cabotegravir and 600 mg for rilpivirine) or

every other month (600 mg for cabotegravir, 900 mg for rilpivirine).1

An oral lead-in phase of 30 days is used to ensure tolerability. How-

ever, since clinical trials and early real-world use have demonstrated

good tolerability, the option is given to start with or without an oral

lead-in phase.1,2 Cabotegravir is primarily metabolized by uridine

diphosphate-glucuronosyltransferase (UGT)1A1 while for rilpivirine

the main elimination pathway is mediated by cytochrome P450 (CYP)

3A4.3 Thus, cabotegravir and rilpivirine are subject to drug–drug inter-

actions (DDIs) notably with inducers of drug metabolizing enzymes,

which can lead to subtherapeutic antiretroviral drug concentrations

and the development of resistances. The label contraindicates the con-

current use of LA cabotegravir and rilpivirine with moderate or strong

inducers.1 It is currently unknown whether switching from an

efavirenz-containing regimen or other antiretrovirals with moderate

inducing properties (i.e., etravirine and nevirapine) directly to IM cabo-

tegravir and rilpivirine could possibly result in a time window with sub-

optimal antiretroviral drug levels. Clinical DDIs studies are not available

for LA cabotegravir and rilpivirine due to their long dosing interval

which makes such studies difficult to conduct. Physiologically based

pharmacokinetic (PBPK) modelling can overcome this limitation and be

used to simulate clinically relevant and yet unstudied DDI scenarios.

PBPK modelling has notably been applied to investigate the switch

from efavirenz to dolutegravir (another integrase inhibitor substrate of

UGT1A1 and CYP3A4) and to determine whether a dose adjustment of

dolutegravir is needed in presence of residual induction by efavirenz.4

The main aim of this study was to simulate the initial IM cabotegra-

vir and IM rilpivirine concentrations after stopping the moderate inducer

efavirenz and to evaluate whether the concentrations remain above the

effective range during the antiretroviral switch window. Furthermore,

we simulated the pharmacokinetics of LA cabotegravir and rilpivirine in

individuals with a slow CYP2B6 metabolism phenotype which may

result in higher concentrations of efavirenz and thereby impact the

duration of the inducing effect after the drug discontinuation.5

2 | METHODS

We followed 3 steps to simulate the impact of the residual induction

of efavirenz on LA cabotegravir and rilpivirine concentrations. First,

we developed the drug models and verified the performance of the

PBPK model to predict the pharmacokinetics of IM cabotegravir, IM

rilpivirine (victim drugs) and efavirenz (perpetrator) by comparing the

simulations against observed clinical data. Second, we verified

the ability of the model to correctly predict the effect of residual

induction with observed clinical data for the switch from efavirenz to

dolutegravir or rilpivirine. Finally, we applied the fully verified PBPK

model to simulate the unstudied DDI scenario in extensive and poor

CYP2B6 metabolizers.

2.1 | Drugs models development and verification

Our in-house PBPK model built in Matlab 2020a6 was implemented

with an IM framework and verified against clinically observed data for

LA cabotegravir and rilpivirine injected in the gluteal site as previously

described.7,8 The drug models for cabotegravir and rilpivirine were

built using the physicochemical and pharmacokinetic parameters listed

in Table S1 and taking into account the following considerations.

Cabotegravir reaches the peak concentration (Cmax) 3 h after oral

administration and 7 days after IM administration.9 The passive per-

meability is high3; however, the absolute oral bioavailability has not

been measured.3 The fraction unbound in plasma is very low, while

the blood-to-plasma ratio is 0.52.3,9 Cabotegravir is mainly metabo-

lized by UGT1A1 and to a lesser extent by UGT1A9.3 The elimination

half-life after oral administration is 41 h and 5.6–11.5 weeks after IM

administration.3 Rilpivirine is a non-nucleoside reverse transcriptase

inhibitor that reaches Cmax 4 h after oral administration and 3–4 days

after IM administration.3 The absolute oral bioavailability of rilpivirine

has not been measured3; however, the measured bioavailability was

24–54% in preclinical species suggesting a high-first-pass metabo-

lism.10 Additionally, the bioavailability is pH-dependent and is

impacted by the presence of food.3,11,12 Rilpivirine is highly protein

bound and has a blood-to-plasma ratio of 0.67.13 It is mainly

What is already known about this subject

• Clinical drug–drug interaction studies are difficult to con-

duct with long-acting drugs. It is unknown whether a dos-

ing adjustment is required during the switch period from

an efavirenz-containing regimen or other antiretrovirals

with inducing properties to long-acting cabotegravir and

rilpivirine. A physiologically based pharmacokinetic model

can address this knowledge gap.

What this study adds

• Residual efavirenz concentrations were predicted to

minimally reduce intramuscular cabotegravir and rilpivirine

concentrations (<15%) 1, 7 and 14 days after discontinu-

ing efavirenz. Therefore, switching from an efavirenz-

containing regimen directly to intramuscular cabotegravir/

rilpivirine would not put at risk of having a time window

with suboptimal drug levels.
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metabolized by CYP3A4 (fraction metabolized 75%)14 and exhibits a

dose-proportionality increase in drug exposure in the dose range of

25–150 mg after oral administration.15 Finally, both LA IM drugs are

characterized by flip-flop kinetics where the rate of absorption is

slower than the rate of elimination therefore the elimination half-life

is driven by the absorption.

The parameters used to develop efavirenz drug models for

extensive and slow metabolizers are summarized in Table S1.

Similarly to cabotegravir and rilpivirine, the efavirenz models were

verified against clinical observed data.16–22 Efavirenz is a non-

nucleoside reverse transcriptase inhibitor that reaches Cmax 3–5 h

after the first administration and after 10 days once steady-state

has been reached.23 Efavirenz has a good oral bioavailability,24

bounds highly to protein (mainly to albumin)23 and is mainly metab-

olized by CYP2B6, CYP2A6 and UGT2B7.25 Efavirenz is a moderate

inducer of CYP3A4 and CYP2B6 and therefore induces also its own

metabolism,23 its terminal half-life is 52–76 h after 1 single dose

and decreases to 40–55 h after multiple doses.23 Dose-related

increase in Cmax and area under the concentration–time curve

(AUC) are observed for doses up to 1600 mg.23 The gene CYP2B6

encoding the main enzyme responsible for efavirenz metabolism,

displays a large number of single nucleotide polymorphisms (SNPs).

Among them, the common SNP, characterized by a nucleotide

change from G to T in position 516 in the coding region of CYP2B6,

is characterized by a loss-of-function.5 Rodriguez-Novoa et al., dem-

onstrated that this SNP alters the catalytic activity rather than the

protein expression.21 Thus, for the development of the efavirenz

model in poor metabolizers, we modified the elimination rate of

CYP2B6 but we did not change its abundance.

For all the compounds investigated, the models were considered

verified if the predictions were within 2-fold of clinically observed

data.26,27 Further information regarding the main parameters of the

PBPK model, and the modelling strategies are found in the Supporting

Information.

2.2 | Model verification against switch clinical
studies

The switch scenarios from efavirenz 600 mg to rilpivirine 25 mg (oral)

or dolutegravir 50 mg for which observed clinical data are available

were simulated using the same study design and study population

characteristics (e.g., age range, proportion of female).28,29 The predic-

tions were considered acceptable when the ratio between predicted

vs. observed data was within 2-fold. The drug parameters used for the

dolutegravir model development and for the simulation of the switch

scenario are described in the Table S1. The reader should refer to the

Supporting Information for a comprehensive description of the key

dolutegravir absorption, distribution, metabolism and excretion prop-

erties and clinical behaviour (e.g., bioavailability, dose linearity) consid-

ered during the drug model development.

2.3 | Model application to unstudied DDI scenarios

A cohort of 100 virtual individuals (age 20–50 years, 50% female and

body mass index 18.5–30 kg/m2) was generated by informing the model

with equations describing the age-related changes of a healthy

TABLE 1 Ratio of predicted vs. observed (P/O) pharmacokinetic parameters for cabotegravir, rilpivirine, efavirenz (extensive metabolizer) and
efavirenz (poor metabolizer) for the model validation.

Drug Dosing regimen

Ratio P/O

ReferenceCmax AUC Cτ

Cabotegravir 30 mg PO, single dose 0.80 1.23 1.13 32–36

30 mg PO, multiple dose 1.07 1.22 1.21 34,37–39

800 mg IM, single dose 0.98 0.81 0.89 40

800 mg IM, single dose,

400 mg IM, multiple dose

0.80 0.84 0.86 41

Rilpivirine 25 mg PO, single dose 0.79 1.02 - 28

25 mg PO, multiple dose 0.88 1.00 0.90 28,38,42

1200 mg IM, single dose 1.11 0.95 0.92 43

25 mg PO, multiple dose,

900 mg IM every 8 weeks, multiple dose

- - 0.63 44

Dolutegravir 50 mg PO, single dose 1.02 1.25 - 45,46

50 mg PO, multiple dose 0.99 1.07 1.05 38,47,48

Efavirenz

extensive metabolizer

600 mg PO, single dose 1.11 1.00 - 16,17

600 mg PO, multiple dose 1.02 1.06 - 18

Efavirenz poor

metabolizer

600 mg PO, single dose 0.99 1.55 - 19

600 mg PO, multiple dose - 0.72 0.71 20–22

Abbreviations: AUC, area under the curve; Cmax, peak concentration; Cτ, trough concentration; IM, intramuscular; PO, oral.
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F IGURE 1 Predicted vs. observed concentration–time profiles for (A) efavirenz (extensive metabolizer) single-dose administration,
(B) efavirenz (extensive metabolizer) at steady state, (C) efavirenz (slow metabolizer) single dose and (D) efavirenz (poor metabolizer) at steady
state. The solid lines, the solid bold line and the shaded area represent the mean of each virtual trial, the mean of all trials and the 90% normal
range of all virtual individuals. The red markers represent clinically observed data.
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population (age 20–99 years).30 The simulations were conducted by

administering the first IM loading dose of cabotegravir (600 mg) and rilpi-

virine (900 mg) 12 h after stopping efavirenz (600 mg once daily at

steady-state in extensive and slow metabolizer phenotypes). The effect

of residual efavirenz induction was assessed by calculating the ratio of

trough concentration (Cτ) and AUC to trough (AUCτ) for IM cabotegravir

and rilpivirine in presence and absence of residual efavirenz at various

time points (i.e.,1, 7, 14 and 28 days after stopping efavirenz).

2.4 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

2019/2020.31

3 | RESULTS

3.1 | Drugs models development and verification

The drug models for IM cabotegravir, IM rilpivirine, efavirenz and

dolutegravir were successfully developed and verified as the

predictions of the pharmacokinetic parameters were all within 2-fold

of the clinically observed data. All the results are represented in

Table 1. Additionally, Figure 1 shows the predicted vs. observed con-

centration profiles of efavirenz in extensive and poor metabolizers

and Figure S1 the dolutegravir simulations for the verification of the

drug model.

3.2 | Model verification against switch clinical
studies

The model simulations were also in agreement with the clinically

observed data measured during the switch from efavirenz to rilpivirine

or dolutegravir.28,29 The ratio for the predicted vs. observed Cτ and

AUCτ for rilpivirine 25 mg (oral) after stopping efavirenz were within

1.5-fold at day 1, 14, 21 and 28 (Table 2, Figure 2). Similarly, the

switch from efavirenz to dolutegravir 50 mg was predicted within

1.5-fold of the observed data (Table 2, Figure S2).29

3.3 | Model application to unstudied DDI scenarios

Stopping efavirenz 12 h before initiating the administration of the first

loading dose of LA cabotegravir (600 mg) was predicted to decrease

TABLE 2 Ratio of predicted vs.
observed (P/O) pharmacokinetic
parameters for oral rilpivirine and
dolutegravir after stopping the
perpetrator drug efavirenz.

Absence perpetrator After stopping perpetrator
DDI ratio

ReferenceRatio P/O Ratio P/O Ratio P/O

Rilpivirine—day 1 after stopping efavirenz

AUC0-τ 1.13 1.08 0.95 28

Cτ * 0.78 0.92 1.18

Rilpivirine—day 14 after stopping efavirenz

AUC0-τ 0.95 1.16 1.21 28

Cτ * 0.98 1.27 1.29

Rilpivirine—day 21 after stopping efavirenz

AUC0-τ 0.97 1.13 1.16 28

Cτ * 1.01 1.29 1.29

Rilpivirine—day 28 after stopping efavirenz

AUC0-τ 0.93 1.01 1.08 28

Cτ * 1.01 1.18 1.16

Dolutegravir—day 7 after stopping efavirenz

AUC0-τ - - - 29

Cτ
+ - 1.01 -

Dolutegravir—day 14 after stopping efavirenz

AUC0-τ - - - 29

Cτ
+ - 1.41 -

Dolutegravir—day 28 after stopping efavirenz

AUC0-τ - - - 29

Cτ
+ - 1.17 -

Abbreviations: AUC0-τ, area under the curve to trough [ng h/mL]; Cτ*, concentration measured 24 h post-

administration [ng/mL]; Cτ+, is the predose concentration [ng/mL]; DDI, drug–drug interaction.
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cabotegravir Cτ by 11, 13, 8 and 2% on day 1, 7, 14 and 28 after stop-

ping efavirenz. The corresponding decrease in AUCτ was 8, 15,

12 and 9%, respectively (Table 3). Importantly, the Cτ was predicted

to remain above the 4-fold protein-adjusted concentration required

for 90% viral inhibition (4xPA-IC90, i.e., 664 ng/mL)49 throughout the

switch window both in extensive (Figure 3A) and slow efavirenz meta-

bolizers (Figure 3C). The 4xPA-IC90 was selected as it has been associ-

ated with high treatment efficacy in phase 3 trials and with high

protective efficacy in vaginal and rectal simian HIV challenge

models.49 By contrast, the residual inducing effect of efavirenz on the

F IGURE 2 Predicted vs. observed concentration–time profiles for rilpivirine in the absence (green) and the presence (blue) of efavirenz
inducing effect (A) at day 1, (B) at day 14, (C) at day 21 and (D) at day 28 after stopping the perpetrator. The solid lines, the solid bold line and the
shaded area represent the mean of each virtual trial, the mean of all trials and the 90% normal range of all virtual individuals. The red and the dark
markers represent clinically observed data for the control and drug–drug interaction scenarios, respectively. The dashed line represents the limit
for QT prolongation risk (500 ng/mL), the minimal concentration for therapeutic response (50 ng/mL) and the protein-adjusted concentration
required for 90% viral inhibition (12 ng/mL) for rilpivirine.
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first IM loading dose of rilpivirine (900 mg) was predicted to reduce

the Cτ by 6, 10, 8 and 2% after 1, 7, 14, and 28 days with a similar

effect on rilpivirine AUCτ (reduction of 5, 9, 9 and 8% on day 1, 7,

14 and 28; Table 3). Twenty-eight days after stopping efavirenz, IM

rilpivirine Cτ was 30 ng/mL, this value was below the minimal concen-

tration associated with therapeutic response (i.e., 50 ng/mL)50 regard-

less of the presence or absence of residual efavirenz concentrations

both in extensive (Figure 3B) and slow metabolizers (Figure 3D). The

simulated concentrations obtained are also in agreement with the clin-

ical data measured in the FLAIR study after direct injection.2

4 | DISCUSSION

Although LA cabotegravir and rilpivirine represent an exciting advance

for HIV care, several unanswered questions remain related to their

use. Considering that LA cabotegravir and rilpivirine are only recom-

mended in virologically suppressed people.1 One of the current

knowledge gap was to determine whether a direct switch from a regi-

men including an antiretroviral drug with inducing properties

(i.e., efavirenz, etravirine and nevirapine) to IM cabotegravir and rilpi-

virine allows to maintain sufficient drug exposure. A previous switch

study with oral rilpivirine has indeed shown that residual efavirenz

concentrations can reduce rilpivirine Cτ and AUCτ, by 60 and 45%

1 day after stopping efavirenz. The reduction was still 30% for Cτ and

23% for AUCτ 14 days after stopping efavirenz and mostly resolved

after 21 days (i.e., AUCτ lowered by <20%).28 Our simulations suggest

that residual efavirenz has a less pronounced effect on IM rilpivirine

since both Cτ and AUCτ were predicted to be reduced by ≤10% during

the switch period with the lowest reduction occurring at day 7. This

difference is explained by the fact that rilpivirine has a high first-pass

metabolism. Thus, the residual efavirenz inducing effect impacts both

the intestinal and hepatic enzymes after oral administration and only

the hepatic enzymes after IM administration. Similarly, residual efavir-

enz concentrations were predicted to cause a modest decrease in IM

cabotegravir. Importantly, it should be highlighted that even if

TABLE 3 Pharmacokinetic parameters of the first intramuscular loading dose of LA cabotegravir and rilpivirine after stopping the perpetrator
drug efavirenz in extensive genotype metabolizer individuals.

Absence perpetrator After stopping perpetrator DDI ratio [95% CI]

Predicted Predicted Predicted

Cabotegravir 600 mg, intramuscular—day 1 after stopping efavirenz 600 mg, oral

Cτ 421 (20) [404–438] 373 (22) [357–390] 0.89 [0.85–0.93]

AUC0-τ 5419 (18) [5221–5617] 4968 (19) [4776–5160] 0.92 [0.88–0.95]

Cabotegravir 600 mg, intramuscular—day 7 after stopping efavirenz 600 mg, oral

Cτ 1362 (41) [1241–1483] 1180 (40) [1080–1280] 0.87 [0.79–0.94]

AUC0-τ 151 919 (33) [141 467–162 370] 128 858 (34) [119 776–137 940] 0.85 [0.79–0.91]

Cabotegravir 600 mg, intramuscular—day 14 after stopping efavirenz 600 mg, oral

Cτ 1251 (55) [1093–1409] 1153 (50) [1024–1283] 0.92 [0.82–1.03]

AUC0-τ 384 585 (42) [349 588–419 583] 336 968 (40) [307 770–366 167] 0.88 [0.80–0.95]

Cabotegravir 600 mg, intramuscular—day 28 after stopping efavirenz 600 mg, oral

Cτ 962 (59) [837–1087] 939 (54) [823–1054] 0.98 [0.86–1.10]

AUC0-τ 739 518 (50) [657 209–821 827] 674 781 (47) [605 677–743 886] 0.91 [0.82–1.01]

Rilpivirine 900 mg, intramuscular—day 1 after stopping efavirenz 600 mg, oral

Cτ 45 (17) [44–46] 42 (16) [41–44] 0.94 [0.91–0.98]

AUC0-τ 781 (15) [757–804] 740 (15) [718–763] 0.95 [0.92–0.98]

Rilpivirine 900 mg, intramuscular—day 7 after stopping efavirenz 600 mg, oral

Cτ 79 (24) [75–83] 71 (21) [68–74] 0.90 [0.86–0.94]

AUC0-τ 11 190 (20) [10 741–11 639] 10 236 (19) [9859–10 614] 0.91[0.88–0.95]

Rilpivirine 900 mg, intramuscular—day 14 after stopping efavirenz 600 mg, oral

Cτ 45 (35) [42–48] 41 (29) [39–44] 0.92 [0.87–0.98]

AUC0-τ 21 523 (24) [20 496–22 550] 19 593 (21) [18 775–20 410] 0.91[0.87–0.95]

Rilpivirine 900 mg, intramuscular—day 28 after stopping efavirenz 600 mg, oral

Cτ 31 (35) [28–33] 30 (30) [28–32] 0.98 [0.90–1.03]

AUC0-τ 33 300 (28) [31 425–35 175] 30 748 (24) [29 270–32 226] 0.92 [0.88–0.97]

Note: The results are represented as geometric mean (CV) [95% CI].

Abbreviations: AUC0-τ, area under the curve to trough [ng h/mL]; CI, confidence interval; CV, coefficient of variance; Cτ, trough concentration [ng/mL];

DDI, drug-drug interaction.
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cabotegravir and rilpivirine concentrations reach their effective con-

centrations (i.e., 664 and 50 ng/mL, respectively) only 24 h after the

initial IM loading dose; the concurrent residual efavirenz

concentrations are still well above the 1000 ng/mL effective

threshold,52 thereby maintaining sufficient drug concentrations for

the inhibition of viral replication.

F IGURE 3 Concentration–time profiles for (A) cabotegravir 600 mg intramuscular loading dose, (B) rilpivirine 900 mg intramuscular loading
dose in absence (green) and presence (blue) of efavirenz (extensive metabolizer) residual induction. Concentration–time profiles for
(C) cabotegravir 600 mg intramuscular loading dose, (D) rilpivirine 900 mg intramuscular loading dose in absence (green) and presence (blue) of
efavirenz (slow metabolizer) residual induction. The solid lines, the solid bold line and the shaded area represent the geometric mean of each virtual
trial, the geometric mean of all trials and the 90% normal range of all virtual individuals. In (A), the dashed line represents the 4-fold protein-adjusted
concentration required for 90% viral inhibition for cabotegravir (664 ng/mL).49 In (B), the dashed lines represent the protein-adjusted concentration
required for 90% viral inhibition for rilpivirine (12 ng/mL) and the minimal concentration for therapeutic response (50 ng/mL).50 The lilac and the
pink markers represent the mean measured efavirenz plasma decay concentration from Crauwels et al.28 and Mills et al.,51 respectively. The open
blue markers represent the median values measured from Orkin et al.2 together with the 5th percentile and the 95th percentile for cabotegravir and
rilpivirine LA after direct injection.
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The genetic variation in CYP2B6 (i.e., G516T, CYP2B6*6) has

been shown to result in a longer efavirenz elimination half-life

and higher concentrations in individuals homozygous for the T

allele.5 Since the metabolic induction of efavirenz is concentration

dependent, homozygous carriers of this variant have been shown

to have more pronounced DDIs notably with etonogestrel.53 Our

simulations indicate that individuals with a slow efavirenz metaboli-

zer genotype would have slightly lower cabotegravir and rilpivirine

concentrations compared to extensive metabolizers however

with no significant delay in reaching effective concentrations

(Figure 3).

In conclusion, our simulations indicate that people on efavirenz-,

etravirine- or nevirapine- based regimens with inducing properties

could be directly switched to IM cabotegravir and rilpivirine without

the risk of having a time window with suboptimal drug levels.
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