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Background. Cabotegravir and rilpivirine are 2 long-acting (LA) antiretrovirals that can be administered intramuscularly; their 
interaction with rifampicin, a first-line antituberculosis agent, has not been investigated. The aim of this study was to simulate and 
predict drug–drug interactions (DDIs) between these LA antiretroviral agents and rifampicin using physiologically based pharma-
cokinetic (PBPK) modeling.

Methods. The designed PBPK models were qualified (according to European Medicines Agency guidelines) against observed 
data for oral formulations of cabotegravir, rilpivirine, and rifampicin. Induction potential of rifampicin was also qualified by com-
paring the DDI between oral cabotegravir and oral rilpivirine with rifampicin. Qualified PBPK models were utilized for pharmaco-
kinetic prediction of DDIs.

Results. PBPK models predicted a reduction in both area under the curve (AUC0-28 days) and trough concentration (Ctrough, 28th day) 
of LA cabotegravir of 41%–46% for the first maintenance dose coadministered with 600 mg once-daily oral rifampicin. Rilpivirine 
concentrations were predicted to decrease by 82% for both AUC0-28 days and Ctrough, 28th day following the first maintenance dose when 
coadministered with rifampicin.

Conclusions. The developed PBPK models predicted the theoretical effect of rifampicin on cabotegravir and rilpivirine LA in-
tramuscular formulations. According to these simulations, it is likely that coadministration of rifampicin with these LA formulations 
will result in subtherapeutic concentrations of both drugs.
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Tuberculosis (TB) and human immunodeficiency virus (HIV) 
are global epidemics, and individuals who are HIV infected are 
at high risk of acquiring TB. In 2016, an estimated 1 million 
individuals infected with TB were coinfected with HIV, and 
TB was the leading infectious cause of death in HIV-infected 
patients [1]. Since the commencement of the global epidemic of 
HIV, 25% of the 39 million HIV-infected individuals have died 
due to TB coinfection [2]. HIV accelerates the usual slow pro-
gression of TB infection, leading to a significantly higher mor-
tality [3]. Appropriate treatment and care of TB patients with 
HIV can reduce the risk of mortality and improve survival [4].

Existing antiretrovirals (ARVs) provide successful treatment 
against HIV. However, in HIV-infected individuals infected 

with TB, it is the TB treatment that is often prioritized. Some 
studies suggest that a longer treatment duration (>8  months) 
of rifamycins is necessary in HIV-infected individuals com-
pared with the standard regimen in HIV-uninfected individuals 
(6 months) to lower the risk of TB relapse [5, 6]. Clinical data 
on drug–drug interactions (DDIs) between ARVs and anti-TB 
agents often restrict recommended dosing regimens prescribed 
during coinfection. Even though in vitro data have been used to 
characterize DDIs in the absence of clinical data, this approach 
may lead to suboptimal predictions [7].

Nanoformulated cabotegravir and rilpivirine have entered 
phase 3 combination trials, and a single intramuscular (IM) 
injection of cabotegravir can result in detectable plasma con-
centrations for >1  year after a single dose [8]. Studies with 
cabotegravir and rilpivirine long-acting injectable (LAI) formu-
lations have shown that the combination of these 2 drugs suc-
cessfully suppresses HIV type 1 virus in humans with monthly 
or bimonthly IM administration [9]. Cabotegravir is a substrate 
of uridine glucuronosyl transferase (UGT1A1 and UGT1A9); 
rilpivirine is a substrate of cytochrome P450 (CYP) 3A4 [8]. 
Rifampicin is an inducer of both CYP and UGT enzymes [10]. 
Coadministration of rifampicin with cabotegravir and rilpi-
virine LAI formulations has not been studied previously. The 
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clinical investigation of DDIs for LAI therapy is complicated by 
challenges in discontinuing the drug administration, hindering 
the feasibility of future studies.

Physiologically based pharmacokinetic (PBPK) modeling is 
a bottom-up approach in which drug physicochemical data (eg, 
log P, pKa, polar surface area, and hydrogen bond donors), in 
vitro data (eg, intrinsic clearance, blood-to-plasma ratio, pro-
tein binding), and systemic data (anatomical, physiological, 
and demographic) are converted to mathematical equations to 
describe key pharmacokinetic processes—absorption, distribu-
tion, metabolism, and excretion—in humans [11]. This type of 
modeling can predict DDIs in the absence of clinical study data, 
and is currently used in drug development and optimization of 
clinical dosing scenarios. PBPK modeling is also being consid-
ered as an alternative to human trials to explore DDIs that are 
complex and difficult to study in patient populations [12].

The aim of this study was to develop a PBPK model to simu-
late the DDIs between the LAI cabotegravir and rilpivirine and 
rifampicin in virtual healthy individuals. The designed PBPK 
models were qualified against observed data for the induc-
tion potential of rifampicin on hepatic metabolism. The qual-
ified models were used to predict the DDI potential between 
oral rifampicin and existing LAI cabotegravir and rilpivirine 
formulations.

METHODS

A cohort of 100 healthy virtual individuals (50% female) were 
generated with a whole-body PBPK model, designed using 
Simbiology version 4.3.1., a product of MATLAB version 8.2 
(MathWorks, Natick, Massachusetts) [13]. The following 
assumptions have been made during simulations: (1) Drug dis-
tribution was described using blood flow-limited first-order 
kinetics [14]; (2) instant and uniform drug distribution 

(well-stirred model) occurred across each tissue and organ; and 
(3) there was no drug reabsorption from the colon. Ethical ap-
proval was not necessary for this study as the data were com-
puter generated.

Anatomy and Physiology

Virtual adults aged 18–60  years, weighing between 40 and 
100 kg (77 ± 15 kg) and having a height between 1.5 and 2.0 
m (1.75  ±  .17 m), were considered for this study. Organ, tis-
sue weights, and blood flow rates were computed using various 
anthropometric equations from previous publication [15]. The 
model has an in-built function that generates random values 
based on described mean and standard deviation, such that no 
2 simulated individuals have the same characteristics, thus gen-
erating a virtual population of individuals.

Oral absorption was based on a 7-compartment absorp-
tion and transit model [16]. Drug absorption rate through the 
small intestine was computed using either apparent permeabil-
ity in Caco-2 cells or molecular properties: polar surface area 
(expressed as Å) and number of hydrogen bond donors [17]. 
Drug physicochemical parameters are presented in Table 1. The 
absorption model assumes that drug is in solution, readily avail-
able for absorption, and does not account for solubility.

Drug intrinsic clearance values obtained from in vitro exper-
iments conducted in human liver microsomes and recombinant 
enzymes, along with total enzyme abundance in the liver, were 
used to compute intestinal metabolism, first-pass metabolism, 
and systemic clearance [17].

CYP3A4 induction by rifampicin was introduced in the gut 
during intestinal metabolism and in the liver for hepatic metab-
olism whereas UGT induction was considered only in the liver. 
The rifampicin CYP induction model was obtained from a pre-
vious publication [29] as indicated:

Table 1. Physicochemical Properties and In Vitro and Population Pharmacokinetic Data of Cabotegravir, Rilpivirine, and Rifampicin

Property Cabotegravir Rilpivirine Rifampicin

Molecular weight 427 366 823

Log Po:w 1.04 [18] 4.32 [19] 2.7 [20]

Protein binding 99.3% [21] 99.7% [19] 80.0% [22]

pKa 10.04 [18] 3.26 [19] 1.7 [20]

R .441 [23] .67 [19] .9 [24]

Polar surface area 99.2 97.42 220.15

Hydrogen bond donors 2 2 6

Caco-2 permeability, cm/sec Not available 12 × 10-6 [19] 5.79 × 10-6 [25]

Apparent clearance, L/h NA NA 10.3 (7.49–12.0) [26]

CYP3A4, CLint NA 2.04 [19] NA

UGT1A1, CLint 4.5 [27] NA NA

UGT1A9, CLint 2.2 [27] NA NA

Release rate, h-1 4.5 × 10-4 [28] 9 × 10-4 [8] NA

Indmax/Ind50 CYP3A4 NA NA 15/ .715 [29]

UGT clearance NA NA ↑2.4 fold [10]

Abbreviations: CLint, intrinsic clearance; CYP, cytochrome P450 (µL/minute/pmol); Ind50, 50% maximal induction; Indmax, maximum induction potential; log Po:w, partition coefficient between 
octanol and water; NA, not applicable; pKa, logarithmic value of the dissociation constant; R, blood-to-plasma drug ratio; UGT, uridine diphosphate glucuronosyltransferase (µL/minute/mg);.
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CYP = CYP0

Å
1 +

Indmax × RIF

IC50 + RIF

ã
,

where CYP is the enzyme level at time t; CYP0 is the enzyme 
level at time t  =  0, subsequent to rifampicin administration; 
Indmax is the maximum induction potential; IC50 is the induc-
tion potential at 50% maximum; and RIF is the concentration 
of rifampicin at time t.

Drug disposition through organs and tissues was described 
using first-order differential equations [30], and the volume 
of distribution was computed using drug physicochemical 
parameters and tissue-to-plasma ratio [31]. An additional 
compartment was appended to describe the IM depot and 
drug disposition from muscle to the surrounding blood cap-
illaries. Concentration dependent first-order passive diffusion 
was assumed, and no transporters were considered in the 
model [32].

Model Qualification

Model qualification was performed according to the European 
Medicines Agency (EMA) guidelines [33]. The models were 
assumed to be qualified if the difference between mean sim-
ulated pharmacokinetic parameters (maximum concentration 
[Cmax], area under the curve [AUC], and trough concentration 
[Ctrough]) was <2-fold from the observed mean. The pharmaco-
kinetic data comparing observed and simulated data and also 
the pharmacokinetic curves are recorded in Supplementary 
Tables 1 and 2 and Supplementary Figures 1–3.

Oral Administration of Rilpivirine, Cabotegravir, and Rifampicin

The PBPK model was initially qualified against available oral 
data. A single oral dose of cabotegravir 30 mg [10] and oral doses 
of 25 mg and 150 mg once-daily (OD) rilpivirine at steady-state 
were qualified against observed data [34]. The rilpivirine oral 
150 mg model was also qualified since this dose was used in the 
drug interaction study with 600 mg OD rifampicin. The rifam-
picin 600 mg OD oral dose was qualified against observed data 
at day 6 and day 14 to capture the induction potential [29].

Drug–Drug Interaction

The drug interaction between 30  mg oral cabotegravir 
and 600  mg OD oral rifampicin was compared against 
observed data. The simulations were conducted according 
to the reported study design with the administration of OD 
rifampicin for 21  days and simultaneous administration 
of a single dose of oral cabotegravir on day 14. The effect 
was compared against oral cabotegravir when administered 
alone (30 mg) [10].

Simultaneous administration of oral rifampicin 600 mg OD 
and oral rilpivirine 150 mg OD for 7 days was simulated, analo-
gous to the reported study, and the data were compared against 
observed data [34]. The effect of rifampicin on oral rilpivirine 
was compared with drug administered alone.

Intramuscular Administration of Cabotegravir and Rilpivirine

Pharmacokinetic curves of both IM loading doses (LDs) and 
IM maintenance doses (MDs) of cabotegravir and rilpivir-
ine were validated against data from the long-acting antiret-
roviral treatment enabling (LATTE-2) studies [9]. The IM 
LDs of 800 mg and 900 mg were preceded by oral doses of 
30  mg and 25  mg for cabotegravir and rilpivirine, respec-
tively, (Figure 1). Monthly/bimonthly doses of 400/600  mg 
for cabotegravir and 600/900  mg for rilpivirine were sim-
ulated. Plasma concentration vs time plots were compared 
against observed data from literature [9] and presented in 
Supplementary Figures 1–3.

Model Prediction

Drug–drug interactions between oral rifampicin and IM LAIs 
of cabotegravir and rilpivirine were simulated. Oral dosing of 
30 mg cabotegravir/25 mg rilpivirine was followed by IM LD of 
800 mg cabotegravir/900 mg rilpivirine and IM MDs (Figure 1). 
Throughout this dosing regimen, oral 600 mg OD rifampicin 
was administered. Simulations of monthly IM LA cabotegravir 
were also conducted up to week 86. Rifampicin was coadminis-
tered from weeks 56 to week 80 and the pharmacokinetics were 
compared with cabotegravir alone.

CAB 30 mg QD CAB 800 mg Q4W
CAB 400 mg Q4W/

600 mg Q8W

RPV 600 mg Q4W/
900 mg Q8WRPV 900 mg Q4W

Oral dosing IM loading dosing IM maintenance done

RPV 25 mg QD

RIF 600 mg QD

Week 0 Week 4 Week 8 Week 12/16

Figure 1. Dosing regimen followed to simulate the effect of rifampicin on intramuscular cabotegravir and rilpivirine. Abbreviations: CAB, cabotegravir; IM, intramuscular; 
Q4W, once every 4 weeks; Q8W, once every 8 weeks; QD, once daily; RIF, rifampicin; RPV, rilpivirine.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy726#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy726#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy726#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy726#supplementary-data
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RESULTS

Model Qualification

The comparison of the simulated pharmacokinetic parameters 
and observed data of oral cabotegravir, rilpivirine, and rifam-
picin are shown in Supplementary Table 1. The differences 
between the mean simulated Cmax, AUC, and Ctrough values was 
<2-fold and were comparable to the observed data; therefore, 
the designed PBPK models were assumed to be qualified. The 
simulated AUC0-24h of rifampicin on day 6 and day 14 was 
66.2 mg × hour/L and 63.3 mg × hour/L, respectively, and was 
comparable to the observed values of 99.8  mg × hour/L and 
70.3 mg × hour/L, respectively [29]. Pharmacokinetic plasma 
concentration vs time plots of the qualification are presented in 
Supplementary Figures 1–3.

Simulated DDIs between 30  mg oral OD cabotegravir and 
600 mg oral OD rifampicin resulted in a decrease in Cmax, AUC0-24 h,  
and Ctrough, 24h of 10.2%, 59.9%, and 49.7%, respectively, and were 
comparable to the observed values of 6.1%, 59.1%, and 50.6%, 
respectively [10] (Supplementary Table 2). Similarly, for 150 mg 

oral OD rilpivirine with 600 mg oral OD rifampicin, a decrease 
of 83%, 89.7%, and 93.7% in Cmax, AUC0-24h, and Ctrough, 24h was 
simulated as opposed to the observed values of 69%, 80%, and 
89%, respectively [34].

Model Prediction

Model predictions of DDIs between IM LA ARVs and rifam-
picin are presented in Table 2 and Figure 2. The sim-
ulated DDI between 400  mg IM MD of cabotegravir 
administered every 4 weeks  and 600  mg OD oral rifampicin 
resulted in a decrease of 41% in both AUC0-28 days and Ctrough, 28th day  
values. For 600 mg MD of cabotegravir administered with rifam-
picin, a decrease of 46% was observed for both AUC0-56 days and  
Ctrough, 56th day values compared with drug administered alone. 
Rilpivirine when administered with rifampicin resulted in a simu-
lated decrease of both AUC0-28 days and Ctrough, 28th day of 82% for 600 mg 
IM MD every 4 weeks and 83% for both AUC0-56 days and Ctrough, 56th day  
for a 900 mg IM MD every 8 weeks. For both cabotegravir and 
rilpivirine DDIs with rifampicin, there was an 8% decrease in  
apparent plasma half-lives (Table 1).
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Figure 2. Pharmacokinetic decay of long-acting intramuscular maintenance doses of cabotegravir and rilpivirine with and without 600 mg once-daily rifampicin. A, 400 mg 
cabotegravir every 4 weeks. B, 600 mg cabotegravir every 8 weeks. C, 600 mg rilpivirine every 4 weeks D, 900 mg rilpivirine every 8 weeks. Abbreviations: CAB, cabotegravir; 
RIF, rifampicin; RPV, rilpivirine.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy726#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy726#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy726#supplementary-data
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Steady-state IM LA cabotegravir when administered 
with rifampicin had plasma concentrations with Cmax, 
AUC at steady state AUCss,56–80th week, and Ctrough, 56-80th week of 
.95  mg/L, 1717  mg × hour/L, and .44  mg/L respectively, com-
pared with 3.40  mg/L, 12  228  mg × hour/L, and 2.61  mg/L 
when administered alone between the weeks of 56 and 
80, with a simulated decrease in Cmax, AUCss,56-80th week, and  
Ctrough, 56-80th week of 72%, 86%, and 83.2%, respectively (Figure 3).

DISCUSSION

The investigation of DDIs between ARVs and anti-TB agents 
is relevant, as HIV-infected individuals coinfected with TB 
have risk of treatment failure and the clinical management 
of therapies is complex. We were able to optimize PBPK 
models to identify the impact of the DDIs between rifampi-
cin and the LA IM ARVs cabotegravir and rilpivirine. This 

study represents a potentially valuable example of the use 
of PBPK modeling to investigate difficult clinical scenarios 
through the understanding of molecular processes under-
pinning pharmacokinetics—that is, physiochemical and/or 
metabolic processes including enzyme induction and inhi-
bition. Rifampicin induces both CYP and UGT metabolism, 
and coadministration of the LA ARVs could result in clini-
cally significant DDIs. The interactions between cabotegravir 
and rifampicin or rilpivirine and rifampicin have been inves-
tigated previously, but only for the oral formulations of all 
3 drugs [10, 34]. The IM doses and release rates of existing 
LA formulations of cabotegravir and rilpivirine used in the 
LATTE-2 phase 2 studies were used to simulate the pharma-
cokinetic effects of rifampicin [9].

Our simulated results were in agreement with the values re-
ported for the pharmacokinetics of oral and IM formulations. 
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Figure 3. Pharmacokinetics of 400  mg long-acting intramuscular maintenance dose of cabotegravir at steady-state with and without 600  mg once-daily rifampicin. 
Rifampicin was coadministered from week 56 to week 80. Abbreviations: CAB, cabotegravir; RIF, rifampicin.

Table 2. Pharmacokinetic Summary of Drug Alone and Drug–Drug Interaction Between Cabotegravir and Rilpivirine Long-Acting Intramuscular 
Formulations Versus 600 mg Oral Rifampicin

Drug

Drug Alone Drug + 600 mg OD Rifampicin
% Difference (Alone 

vs DDI) Half-life, d

AUC Ctrough AUC Ctrough AUC Ctrough Alone Drug + Rifampicin

Cabotegravir 400 mg MD (every 4 
weeks)

1340 ± 295 1.40 ± .31 794 ± 186 .8 ± .2 –40.7% –40.7% 68 65

Cabotegravir 600 mg MD (every 8 
weeks)

2291 ± 541 1.42 ± .33 1247 ± 319 .77 ± .2 –45.6% –45.8% 69 64

Rilpivirine 600 mg MD (every 4 
weeks)

39 313 ± 22 724 37.3 ± 22.3 7128 ± 3128 6.7 ± 2.9 –81.9% –82.1% 62 59

Rilpivirine 900 mg MD (every 8 
weeks)

59 219 ± 28 134 37.4 ± 17.9 10 175 ± 4464 6.6 ± 2.9 –82.8% –82.4% 62 59

Cabotegravir Ctrough is expressed as mg/L and AUC in mg × hour/L, respectively; rilpivirine Ctrough is expressed as ng/mL and AUC in ng × hour/mL, respectively. Intramuscular maintenance 
dose was preceded by 4 weeks of daily oral dose (30 mg cabotegravir, 25 mg rilpivirine) and 4 weeks of intramuscular loading dose (800 mg cabotegravir and 900 mg rilpivirine). AUC and 
Ctrough values are represented as mean ± standard deviation.

Abbreviations: AUC, area under the curve; Ctrough, trough concentration; DDI, drug–drug interaction; MD, maintenance dose; OD, once daily.
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The drug interaction between LA cabotegravir and rifampicin 
can be classified as weak (20%–50% decrease in AUC) and 
strong between LA rilpivirine and rifampicin (>80% decrease 
in AUC) according to the US Food and Drug Administration 
(FDA) [12]. In both these DDIs, 95% of simulated patients 
were predicted to have Ctrough values below the average plasma 
concentrations achieved without a DDI. Cabotegravir concen-
trations were maintained above the protein binding–adjusted 
90% inhibitory concentration (IC90) value of 166  ng/mL [8], 
whereas rilpivirine concentrations drop further below the pro-
tein binding–adjusted IC90 value of 12 ng/mL [35]. Conversely, 
the interaction between LA cabotegravir at steady-state and oral 
rifampicin resulted in a >80% reduction in AUC, which can be 
classified as strong. Overall, these predictions would indicate 
that the coadministration of rifampicin with both LA rilpivirine 
and cabotegravir results in subtherapeutic concentrations and 
would likely lead to a recommendation that this coadministra-
tion be avoided.

Although there is a >40% reduction in the AUC for cabo-
tegravir and rilpivirine, respectively, the half-lives remained 
unchanged (Table 2). This could be explained by the occurrence 
of so-called flip-flop kinetics—a pharmacokinetic phenomenon 
observed for LA formulations where the drug absorption rate 
is slower than the overall elimination rate, during which drug 
elimination is limited by the rate of absorption [36]. As a result, 
there is an observed decrease in AUC as the elimination rate 
increases but half-life remains constant. This is in contrast to 
oral formulations, where half-life decreases as elimination rate 
increases. This is also in agreement with the difference observed 
in simulated AUC and half-lives for drug alone and drug with 
rifampicin.

These models have been successfully qualified against 
observed data. However, they are associated with some signif-
icant limitations. Concentration-dependent induction of UGT 
enzymes was not available in the literature for these drugs; 
hence, a constant increase in oral clearance by a factor of 2.4 for 
cabotegravir was considered in the model [10]. Active transport 
was not accounted for all the drugs due to limited availability of 
data with IM formulations. Evidence of granuloma at the injec-
tion site could alter drug pharmacokinetics [37], and this was 
not factored into these models. Lymphatic circulation is pre-
ferred by highly lipophilic drugs such as rilpivirine, and that 
can delay drug absorption, thus altering plasma Ctrough [32]. The 
induction effect may vary in different populations, and these 
models do not consider physiological changes due to conditions 
such as aging.

PBPK models have been increasingly used to simulate 
induction and inhibition effects. Studies include the assess-
ment between efavirenz and CYP3A4/CYP2C8 substrates for 
both induction and inhibitory effects [7], and the interaction 
between the ARVs darunavir/ritonavir, efavirenz, and etravir-
ine with the antineoplastic agents gefitinib and erlotinib [38]. 

In a separate study, the static and dynamic inhibitory effect 
of an anti-TB drug, clofazimine, on CYPs was assessed using 
CYP2C8, CYP3A4, and CYP2D6 substrates [39]. An efavirenz 
induction model was qualified against CYP2B6 and CYP3A4 
substrates [40]; DDI and dose escalation studies between efa-
virenz and an LA contraceptive implant, levonorgestrel [41], 
were also developed. Recently, the EMA and FDA have pro-
vided guidelines on using PBPK models to inform clinical sce-
narios without the need for clinical studies in humans [33, 42].

The presented data have described the DDI between LA IM 
cabotegravir and rilpivirine with rifampicin. Results from the 
PBPK models suggest that the coadministration of rifampicin 
could have a major effect on the pharmacokinetics of rilpivirine 
and cabotegravir. The predictive value of these results is bol-
stered by recently completed healthy volunteer DDI studies of 
rifampicin with the oral formulations of cabotegravir and ril-
pivirine. As an alternative to rifampicin, rifabutin may be used 
in this setting as it is a less potent inducer of CYP and UGT 
enzymes than rifampicin and is well tolerated in patients; how-
ever, further studies would be needed for confirmation [43].

CONCLUSIONS

The developed PBPK models simulated the DDIs between the 
LA IM ARVs cabotegravir and rilpivirine and the anti-TB agent 
rifampicin. These PBPK models have been qualified against 
data from existing oral and IM formulations, and for DDIs 
resulting from the coadministration of oral ARVs with rifam-
picin. The predicted data suggest that the coadministration of 
rifampicin with LA IM rilpivirine and cabotegravir could result 
in subtherapeutic drug concentrations in HIV-infected individ-
uals coinfected with TB and that these combinations should be 
avoided.
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