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Abstract

Ritonavir-boosted atazanavir (ATV/r) and rifampicin are mainstays of second-
line antiretroviral and multiple anti-TB regimens, respectively. Rifampicin
induces CYP3A4, a major enzyme involved in atazanavir metabolism, causing
a drug-drug interaction (DDI) which might be exaggerated in pregnancy.
Having demonstrated that increasing the dose of ATV/r from once daily (OD)
to twice daily (BD) in non-pregnant adults can safely overcome this DDI, we
developed a pregnancy physiologically based pharmacokinetic (PBPK) model
to explore the impact of pregnancy. Predicted pharmacokinetic parameters
were validated with separate clinical datasets of ATV/r alone (NCT03923231)
and rifampicin alone in pregnant women. The pregnancy model was considered
validated when the absolute average fold error (AAFE) for Cyqyen and AUC 54
of both drugs were <2 when comparing predicted vs. observed data. Thereafter,
predicted atazanavir Ci.,g, Was compared against its protein-adjusted ICq,
(14 ng/mL) when simulating the co-administration of ATV/r 300/100mg OD
and rifampicin 600 mg OD. Pregnancy was predicted to increase the rifampicin
DDI effect on atazanavir. For the dosing regimens of ATV/r 300/100mg OD,
ATV/r 300/200mg OD, and ATV/r 300/100 mg BD (all with rifampicin 600 mg
OD), predicted atazanavir Ci,,,, Was above 14ng/mL in 29%, 71%, and 100%;
and 32%, 73% and 100% of the population in second and third trimesters,
respectively. Thus, PBPK modeling suggests ATV/r 300/100mg BD could
maintain antiviral efficacy when co-administered with rifampicin 600 mg OD
in pregnancy. Clinical studies are warranted to confirm safety and efficacy in
pregnancy.
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Study Highlights

in pregnant women.

INTRODUCTION

Globally, tuberculosis is the leading cause of death among
people living with HIV (PLWH)."? For pregnant women
with HIV, tuberculosis is associated with adverse health
outcomes for both mothers and their babies, in addition
to increased risk of vertical transmission of HIV.? Thus,
HIV and TB co-infection requires adequate treatment
of both diseases during pregnancy. Rapid initiation of
antiretroviral therapy (ART) during pregnancy helps
reduce the risk of vertical transmission of HIV.! Ritonavir-
boosted protease inhibitors (PIs) are recommended for the
first-line ART regimen combination where dolutegravir
use is unsuitable,’ or for use in second-line regimens.
Recommended PIs, such as atazanavir (ATV), lopinavir
(LPV), and darunavir (DRV), are mainly metabolized
by CYP3A enzymes*® which are inhibited by ritonavir
(RTV).” RTV is also mainly metabolized by CY3A4 with
contributions from CY2D6.” Thus, ritonavir-boosted PIs
take advantage of this drug-drug interaction (DDI) with
low-dose RTV to boost the PK of PIs when administered
with RTV.*°® However, ritonavir-boosted atazanavir
(ATV/r) is preferred by WHO recommendations over
ritonavir-boosted lopinavir (LPV/r) due to its lower
pill burden that could improve drug adherence, higher
efficacy, and better tolerability.®’

Rifampicin, a well-known inducer of CYP3A4, is a
mainstayof multipleanti-TBregimens. Co-administration
of rifampicin with boosted atazanavir results in reduced
exposure to ATV as with other boosted protease inhibi-
tors.' The 2021 WHO guideline recommends doubling
LPV/r standard dose from 400/100mg twice daily to
800/200mg twice daily when co-administered with ri-
fampicin to overcome rifampicin's DDI effect.! However,

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Ritonavir-boosted atazanavir co-administration with rifampicin is not
recommended due to limited data on efficacious dosing strategies.
WHAT QUESTION DID THIS STUDY ADDRESS?

Dosing strategies for ritonavir-boosted that could overcome rifampicin-mediated
drug-drug interaction during pregnancy.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

ATV/r 300/100mg twice daily can overcome the DDI effect of 600 mg rifampicin

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

Investigation of dosing strategies that could overcome established drug-drug
interactions is important for clinical scenarios with limited drug options.

co-administration of ATV/r with rifampicin is not recom-
mended by the WHO primarily due to a lack of data on
dosing strategies of ATV/r that might safely overcome ri-
fampicin's DDI effect."'” A recent modeling study, using
physiologically based pharmacokinetic (PBPK) models,
predicted that increasing the dose of ATV/r 300/100 mg
from once daily to twice daily could sufficiently boost
ATV concentrations and overcome the DDI effect of
rifampicin in non-pregnant adults.'"! These results in-
formed the design of a dose escalation trial (DERIVE
trial), conducted in PLWH in Uganda by the EDCTP2-
funded VirTUAL consortium. In this trial, ATV/r dos-
ing was escalated from ATV/r 300/100 mg once daily to
ATV/r 300/100mg twice daily in non-pregnant adults
with concomitant administration of standard doses of
rifampicin. These results demonstrated that escalation
of ATV/r dosing from ATV/r 300/100 mg once daily to
ATV/r 300/100 mg twice daily safely overcame the DDI
effect of rifampicin in non-pregnant adults with suffi-
ciently increased ATV concentrations.® Owing to lim-
ited data, it is still unclear if similar dosing strategies for
ATV/r could also overcome the DDI effect of rifampicin
during pregnancy considering the anticipated effects of
pregnancy-induced biological changes on the PK of each
drug.'*"* Notably, activities of CYP3A4 and CYP2D6 are
also reported to increase during pregnancy which could
affect the PK of ATV/r.>"* The aim of this study was to
develop and validate a pregnancy PBPK model from the
existing adult PBPK model. Subsequently, the pregnancy
PBPK model was used to investigate some dosing strat-
egies of ATV/r that might overcome the DDI effect of
rifampicin during pregnancy using ATV protein binding-
adjusted 90% inhibitory concentration (PAICy,=14ng/
mL) as the clinical cut-off concentration.
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METHODS
PBPK model description

An existing adult PBPK model with DDI component, de-
scribed in full by Montanha et al.,"! was used for this study.
A whole-body adult PBPK model was used to describe the
disposition of atazanavir and ritonavir. For rifampicin, a
simple three-compartment PBPK model was used repre-
senting absorption, distribution, and elimination."" Simple
illustrations of the model structures for atazanavir, rito-
navir, and rifampicin are shown in Figure S1 as earlier
reported by Montanha et al.'' The model was developed
using SimBiology® which is a product of MATLAB R2019a
(MathWorks, Natick, US; 2019). Key assumptions include
first-order kinetics, perfusion-limited drug distribution, no
drug reabsorption in the colon, and well-stirred model dis-
tribution. For ATV distribution in the liver, a mechanistic
transport-based model was added which included active
efflux by P-glycoproteins (P-gp) and uptake-mediated drug
transport mainly mediated by OATP1B.''® Organ weights
were determined by anthropometric equations in litera-
ture.'” Oral drug absorption and distribution were mod-
eled as earlier described in the non-pregnant adult PBPK
model."!

Intestinal metabolism

Drug clearance in the gut (CLg,,) by cytochrome P450 3A4
(CYP3A4) without drug-drug interaction (DDI) effect was
calculated for ATV and RTV using Equation 1.

CLgyt = CLint,cyp3as X Abundance €))

where CLg,—drug clearance in the gut (L/h), CLiy¢ cypsas—
intrinsic  clearance by CYP3A4  (pL/min/pmol),
Abundance—abundance of CYP3A4 in the intestine. With
the incorporation of the DDI effect, the drug clearance by
CYP3A4 in the gut was determined using Equations 2-4 as
previously described.'>'®

CLipt cypsaq X Abundance X Induction

CL L))

gut = s
Inhibitiong,

CLint cypsas X Abundancecypszag X MPPGL X Weighty; ., X 60 X 1000 X Inductiony;ye,

Eax X1
Inductiong, =1+ _max 7 gut
g ECsp + Lgy
(3)
e Luixk:
IIlhlblthl‘lgut = Kdegradation + i inact )

gut+K;

where CLg,—drug clearance in the gut (L/h),
CL; cypsaq—intrinsic clearance by CYP3A4 (uL/min/
pmol), Abundance—abundance of CYP3A4 in the in-
testine, Inductiony,,—induction of CYP3A4 in the gut,
Inhibitiony,—inhibition of CYP3A4 in the gut, E,,,—max-
imum induction, ECsy;—the concentration of the inducer
which results in 50% of the maximum induction, I,,—the
concentration of the unbound inducer or inhibitor in the
gut, Kyegragation—the first-order rate constant of CYP3A4
degradation, Kj,,.—the maximal enzyme inactivation rate
constant, and K,—the concentration of the inhibitor which
results in 50% of the maximum inhibition. CYP3A4 is induc-
ible both by RTV and rifampicin.11 Hence, the total induc-
tion of CYP3A4 is considered the summation of RTV and
rifampicin induction. RTV was modeled as an irreversible
inhibitor of CY3A4. In addition, CYP3A4 kyegradation Was set
at 0.02/h.""'* In addition, the fraction of the drug escaping
the gut was computed using Equation 5.

F = qut
g8~ 5
qut + (fu,gut X CLgut) ( )

where F,—fraction of drug escaping intestinal metabolism,
Qqu—"gut” blood flow (L/h),® Jugufraction of unbound
drug in the gut. The DDI effect in the intestines did not in-
clude efflux transporter (P-gp) interactions.

Liver metabolism

Similarly, the liver metabolism were modeled as earlier
described by Montanha et al."! The total intrinsic clearance
(TCLjp1iver) of ATV was computed using the total intrinsic
liver clearance by CYP3A4 (TCLy cypsajiver) alone
whereas the total intrinsic clearance (TCLy, jive;) Of RTV
was the sum of the total intrinsic liver clearance by CYP3A4
(TCLini,cypsasiver) and CYP2D6 (TCLin cypapeiver)- The
total intrinsic liver clearance (TCL;y i) by each enzyme
was computed using Equations 6-10.

TCLint cyp3astiver =

CLint cypane X Abundancecypypg X MPPGL X Weighty; .. X 60 X 1000

(6)

1, 000, 000 x Inhibitionliver

TCLint,CYPZDG,liver =

1,000, 000 @)
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MPPGL = 101.407+(0.0158><Age)—(0.00038><Age2)+Age3 (8)

E x I
Inductiony,, = 1 + —max = “liver ©)
EC50 + Iliver
ibiti IliverXKinact
Inhibitionye, = Kgegradation + D (10)
liver+K;

where TCL;, cypjiver—total intrinsic clearance of drug by
a CYP enzyme in the liver (L/h), CL;, cyp—intrinsic clear-
ance by the CYP enzymes (uL/min/pmol), Abundancecyp—
abundance of the CYP enzyme in a milligram of
microsomal protein, Weight,;,.,—liver weight, Age-age of
the individual, MPPGL—milligram of microsomal protein
per gram of liver, Induction;;,.,—induction of the CYP en-
zyme in the liver, Inhibitiony,,—inhibition of the CYP
enzyme in the liver, E,,—maximum induction, EC5,—
the concentration of the inducer which results in 50% of
the maximum induction, I};,.,,—the concentration of the
unbound inducer or inhibitor in the liver, Kjegragation—the
first-order rate constant of the CYP enzyme degradation,
Ky .—the maximal enzyme inactivation rate constant,
and K;—the concentration of the inhibitor which results
in 50% of the maximum inhibition. CYP3A4 Kjcgradation it
the liver was same as reported for the intestine.

In addition, the ATV transport between the hepato-
cytes and the systemic circulation by drug transporters
was also incorporated into the model as previously de-
scribed.™ Such ATV transport processes included the pas-
sive uptake of ATV into hepatocytes, active uptake of ATV
into hepatocytes, and the efflux of ATV from the hepato-
cytes which are computed using Equations 11-13, respec-
tively. The effect of inducers and inhibitors on the activity
of drug transporters facilitating the latter two were also
accounted for (Equations 14 and 15).

Cluptake,patssive = Clint,up,pas X Hepatocytes X Weightliver

(€3

Induction, e
Inhibition ke

(12)

Inductionggy

Cluptake,active = Clint,up,act X Hepatocytes X weightliver

Cl, =Cl X Hepatocytes X Weightj; e, X —
efflux int,efflux P y S0 Ujyer Inhlbltlonefﬂux

(13)
Emax X Iliver
ECSO + Iliver

Induction or Inductiongmp,, =1+

(14

uptake

liver

I
Inhibitionpiye 0r Inhibitioneg,, =1+ x (15)
i

where  Clyppe passive—Clearance by passive uptake

into hepatocytes, Cli,ppas—intrinsic passive uptake

clearance (pL/min/million hepatocytes), Clpie active—
clearance by active uptake into hepatocytes, Cliy yp ac—
intrinsic active uptake clearance (pL/min/million
hepatocytes), Cl.g.—clearance by efflux from the he-
patocytes, Cli, ey —intrinsic efflux clearance (pL/min/
million hepatocytes), Hepatocytes—number of hepato-
cytes per gram of liver, Weight;; .,—weight of the liver,
Induction,,,.—induction effect on the uptake trans-
porter, Inhibition,,,,.—inhibition effect on the uptake
transporter, Induction,,—induction effect on the ef-
flux transporter, Inhibitiony,—inhibition effect on ef-
flux transporter, E,,,—maximum induction, EC;,—the
concentration of the inducer which results in 50% of the
maximum induction, Ij;,.,—the concentration of the un-
bound inducer or inhibitor in the liver, and K;—the con-
centration of the inhibitor which results in 50% of the
maximum inhibition.

The fraction of the drug escaping first-pass hepatic
clearance (F)) was computed using Equation 16. With
the absence of renal clearance contributions in the
model, the systemic clearance was computed using
Equation 17.*!

th
F h =
f (16)
th + ( % X TCLint,liver)
Ju eTCL. .
Qny X BP X int,liver
CLsyst = 17)

Qpy + < % X TCLint,liver)

where Q,,—rate of blood flow to the hepatic vein (L/h),
fu—fraction of unbound drug in the plasma, B:P—blood-to-
plasma drug partition coefficient, TCLy jy.,—total intrinsic
liver clearance of the drug, CL;.,—hepatic drug clearance
(L/h), F,—fraction of drug escaping first-pass metabolism,
and CLg—systemic drug clearance (L/h).

The drug-specific parameters implemented in the
model are shown is Tables S1-S3.

Pregnancy PBPK model development

The validated adult PBPK model for ATV and RTV was
feminized by ensuring that all gender-specific charac-
teristics (e.g., organ weights) were limited to female val-
ues only."” Key pregnancy-induced changes in anatomy,
physiology, and metabolic function that are known to af-
fect PK were also incorporated to develop the pregnancy
PBPK model.'>?** These pregnancy-induced changes are
shown in Table 1.

- 1oAYy 1breuS Ad 89Z€T 7dsd/z00T 0T/10p/w00" A1 Areaqjeu|uo-idose//sdny wioly papeojumoq ‘0 ‘90E8EITE

85UBD1T SUOLILIOD BAIEaID a|dedl|dde sy Ag pausenob ale sajoiLie YO ‘8sn Jo Sajnt 1oy Akeld 1T auljuQ A3 |1 UO (SUO N IPUOD-PUE-SULLIBYWOD AS [IM" Afeaq 1pU|UO//SANY) SUOIPUOD PUe SWs | 8Y31 89S *[7202/TT/TT] uo Akiqigauluo A|ia ¢ joodieAlT JO Asealun



PBPK MODELING DDI ATV/R AND RIF IN PREGNANCY

TABLE 1 Key pregnancy-induced biological changes implemented in the pregnancy ATV/r PBPK model.

Parameter Equation or value for parameter in pregnancy Reference
Body weight (kg) Body weight,,,., = ( 1.1+ 0‘2409661“1 +0.0038GA° ) x Body weight [12]
Cardiac output (L/h) Cardiac output, ., = 301 + 5.916GA — 0.088GA? [12]
Plasma protein concentration (g/L) Plasma proteins,,,, = 69.7 + 0.2085GA — 0.0305GA? + 0.0006GA3 [12]

CYP3A4 activity CYP3A4 activity, ., = (1 +0.0129GA + 0.0005GA*) x CYP3A4 activity ~ [23]
CYP2D6 activity CYP2D6 activity,., = (1 — 0.0163GA + 0.0009GA?) x CYP2D6 activity ~ [23]
RIF CLg (L/h) CLgyt preg = CLayt X 0.86 [15]

Abbreviations: CLy, apparent clearance; CYP, cytochrome P450; GA, gestational age; Preg, pregnancy; RIF, rifampicin.

TABLE 2 Characteristics of clinical PK data in pregnancy for ATV/r and rifampicin used for the pregnancy PBPK model validation.

Number of study

Drug Dosing regimen participants Time of PK sampling Reference

ATV/r Oral ATV/r 300/100 mg repeated once daily 9 Steady-state during second trimester [13]

ATV/r Oral ATV/r 300/100 mg repeated once daily 20 Steady-state during third trimester [13]

ATV/r Oral ATV/r 400/100 mg repeated once daily 20 Steady-state during third trimester [13]

ATV/r Oral ATV/r 300/100 mg repeated once daily 18 Steady-state during third trimester [14]

ATV/r Oral ATV/r 300/100 mg repeated once daily 6 Pooled sparse data collected at steady- ~ (NCT03923231)
state during second trimester

ATV/r Oral ATV/r 300/100 mg repeated once daily 6 Pooled sparse data collected at steady- ~ (NCT03923231)
state during third trimester

Rifampicin ~ Oral 600 mg repeated once daily 33 Steady-state [15]

Abbreviations: ATV/r, ritonavir-boosted atazanavir; PK, pharmacokinetics.

Pregnancy PBPK model validation with
clinical PK data during pregnancy

Clinical data used to validate the model included PK data
of pregnant women receiving ATV/r 300/100 mg once daily
during the second and third trimesters of pregnancy.'*'*
In addition, sparse clinical data of pregnant women re-
ceiving ATV/r 300/100 mg from the VirTUAL clinical trial
was also used to validate the model predictions for ATV
PK (NCT03923231). Lastly, clinical PK data of pregnant
women receiving rifampicin 600 mg once daily was used
to validate the model for rifampicin PK.'* Some character-
istics of the clinical PK data in pregnant women that were
used to validate the pregnancy PBPK model for the PK of
ATV/r alone and PX of rifampicin alone during pregnancy
are described in Table 2.

Model validation was conducted as advised by the
European Medicines Agency (EMA) guidelines, that is,
the summary statistics (mean or median) of the simulated
PK parameters were compared against their correspond-
ing observed PK parameters in relevant clinical studies.**
For this study, the model was considered validated when
the simulated PK parameters were less than twofold of the

observed clinical values. Thus, the absolute average fold
error (AAFE), shown in Equation 18, should also be <2.

3 log predicted
(18)

Observed

AAFE =10

where AAFE—absolute average fold error, N—number of
data points compared, predicted—maodel predicted value(s),
and observed—observed clinical value(s).

The PK parameters evaluated were the area under
the plasma drug concentration (AUC), maximum
plasma drug concentration (Cy,,,) and the minimum
plasma drug concentration (Cp;,) within a specified
time interval.

PK predictions of ATV/r and rifampicin
co-administration during pregnancy

A virtual population of 100 pregnant women was gener-
ated for each simulation. The age range and body weight
range of the virtual pregnant women were 25-31years
and 50-117kg, respectively. The co-administration of
the standard regimens of ATV/r and rifampicin were
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simulated in virtual pregnant women during second and
third trimester of pregnancy with the administration of
ATV/r and rifampicin occurring simultaneously. A simi-
lar simulation was generated in non-pregnant virtual
adults for comparisons. The standard regimen explored
was oral 300mg ATV and oral 100mg RTV repeated
once daily (ATV/r 300/100 mg OD), and oral 600 mg ri-
fampicin OD. This co-administration was studied in the
virtual population during second and third trimesters
of pregnancy. ATV PK at steady-state were analyzed for
each simulation. In addition, the predicted ATV Ciugn
at steady-state was computed to determine the percent-
age of the virtual population with ATV Cy;,,g, above ATV
PAICy, (14 ng/mL).

ATV PK with alternative dosing regimens of ATV/r
were also explored in second and third trimesters of
pregnancy. The alternative dosing regimens were ATV/r
300/100 mg twice daily (BD), ATV/r 300/200mg OD, and
ATV/r 300/200mg BD. Each alternative dosing regimen
of ATV/r was simulated as being co-administered with
600mg rifampicin repeated OD. ATV PK at steady-state
were analyzed for each simulation and predicted ATV
Cirougn at steady-state was computed to determine the per-
centage of the virtual population with ATV Cy,,,, above
ATV PAIC,, (14ng/mL).

RESULTS

Pregnancy PBPK model validation with
clinical PK data during pregnancy

Comparisons between the simulated PK data of oral
ATV/r 300/100mg OD and the corresponding observed
PK data, from Mirochnick et al. (2011) and Conradie
et al. (2011),"*'* are shown in Table 3 and Figure S2.
Calculated AAFE values were all less than twofold
which was the stated acceptance threshold for this study,
but ATV AUC and C,,,, were generally over-predicted.
In addition, comparisons of plasma concentrations at
corresponding datapoints between the predicted and
the sparse PK data collected from pregnant women par-
ticipating in the ‘VirTUAL’ clinical trial (NCT03923231)
also yielded AAFE values of 1.47 and 1.63 for ATV, and
AAFE values of 1.92 and 1.52 for RTV, during the sec-
ond and third trimester of pregnancy, respectively. Also,
comparisons between the observed and corresponding
simulated PK data of oral 600 mg rifampicin repeated
once daily in the third trimester of pregnancy are shown
in Table 3 with AAFE values <2. Hence, the pregnancy
PBPK model was considered validated for simulating
the disposition of oral ATV/r PK and rifampicin PK dur-
ing pregnancy.

TABLE 3 Validation of pregnancy PBPK model with PK of oral
ATV/r 300/100 mg once daily alone and oral 600 mg rifampicin
once daily alone (simulated vs. observed).

PK parameter Observed Simulated AAFE
ATV (3rd trimester)*

Cirougn (mg/L) 0.7 0.84 1.20

Cax (Mg/L) 3.60 5.49 1.53

AUC,,, (mg.h/L) 41.9 68.2 1.63

RTV (3rd trimester)*

Cnax (Mg/L) 0.80 0.77 1.04

AUC,,, (mg.h/L) 5.7 7.6 1.34
ATV (2nd trimester)”

Cirougn (mg/L) 0.66 0.76 1.14

Cya (mg/L) 3.73 5.27 1.42

AUC, ,, (mg.h/L) 34.4 67.5 1.96
ATV (3rd trimester)°

Crougn (Mg/L) 0.67 0.75 1.12

Cnax (Mg/L) 3.29 5.36 1.63

AUC,.,, (mg.h/L) 343 68.3 1.99
ATV (3rd trimester)®*

Cirougn (mg/L) 0.92 1.00 1.09

C oy (Mg/L) 421 7.10 1.69

AUC,,, (mg.h/L) 46.6 90.4 1.94
RIF (3rd trimester)

Cnax (Mg/L) 8.40 7.65 1.10

AUC,,, (mg.h/L) 40.8 41.0 1.00

Abbreviations: AAFE, absolute average fold error; ATV, atazanavir; ATV/r,
ritonavir-boosted atazanavir; AUC, ,,, area under the plasma concentration
time curve within 24 h; Cy,,, maximum plasma concentration; Cyrougns
plasma concentration at the end of the dosing interval; RTV, ritonavir; RIF,
rifampicin.

a0bserved data reported by Mirochnick et al.'* as median values.
Observed data reported by Conradie et al."* as geomean values.

°ATV/r 400/100mg OD.

dObserved data reported by Denti et al.'> as median values.

Predictions for co-administration of ATV/r
with 600 mg rifampicin once daily in
pregnancy

Figure 1 shows the predicted PK of ATV at steady-state
during repeated once-daily administration of ATV/r
300/100mg in pregnant and non-pregnant women with
the co-administration of rifampicin 600mg once daily.
Comparing the ATV PK with and without the addition of
rifampicin, predicted geometric mean ratios (GMR) for
ATV Cioughs Crmax and AUC,, were 0.01, 0.55, and 0.32,
respectively in non-pregnant women indicating the pre-
dicted impact of rifampicin DDI effect in non-pregnant
women. A similar comparison in pregnant women re-
sulted in the predicted GMR for ATV Ci,ugn, Crax and
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FIGURE 1 Boxplot of predicted ATV PK with ATV/r 300/100 mg in non-pregnant adult females and when co-administered with or
without 600 mg rifampicin once daily in pregnant and non-pregnant adult females. (a)—ATV Ct,qygpn, (0)—ATV Cpyyy, (€)—AUC 4. Red
dotted line in (a) is the ATV PAIC,,=14ng/mL. ATV, atazanavir; ATV/r, ritonavir-boosted atazanavir; RIF, rifampicin.

AUC,,, as 0.01, 0.40, and 0.22, respectively, for the second
trimester; and as 0.01, 0.44, and 0.25, respectively, for the
third trimester of pregnancy. These predictions illustrate
the additive effect of pregnancy and the DDI effect of ri-
fampicin on ATV PK in pregnant women.

The predicted effect of pregnancy alone was also com-
puted by comparing the ATV PK in pregnancy against
non-pregnant women receiving only ATV/r without ri-
fampicin. With this comparison, GMR for ATV Ci,ugn,
Caw and AUC,,, were 1.00, 0.95, and 0.97, respectively,
in the second trimester; and 0.58, 0.80, and 0.77, respec-
tively, in the third trimester of pregnancy. Likewise, the
predicted effect of pregnancy alone was also computed
by comparing the ATV PK in pregnancy against non-
pregnant women when both ATV/r and rifampicin were
co-administered. With this comparison, GMR for ATV
Cirough> Cmax> and AUC,,, were 0.70, 0.72, and 0.68, re-
spectively, in the second trimester, and 1.02, 0.80, and
0.80, respectively, in the third trimester of pregnancy.
In addition, 34%, 29%, and 32% of the non-pregnant
women, pregnant women in second and third trimes-
ters, respectively, receiving both standard doses of ATV/r
(300/100mg) and rifampicin were predicted to have ATV
Cirougn above 14ng/mL.

Figure 2 shows predicted ATV PK at steady-state in sec-
ond and third trimesters, respectively, of pregnancy during
co-administration of rifampicin 600 mg OD with alterna-
tive dosing regimens of ATV/r that were explored in this
study. With ATV/r 300/200mg OD co-administered with
rifampicin 600 mg OD, 71% and 73% of the pregnant pop-
ulation had predicted ATV C,gn above 14ng/mL during
the second and third trimesters of pregnancy, respectively.

With the twice daily dosing of ATV/r, ATV PK values
were generally predicted to be slightly higher during the
first 12h after rifampicin dosing compared to the latter
12h [data not shown]. Nonetheless, the DDI impact of
rifampicin on ATV Cy,,g, Was significantly reduced with
the twice daily dosing regimens of ATV/r explored. ATV
Cirough Was predicted to be above 14ng/mL in all virtual
patients receiving ATV/r 300/100 mg BD with rifampicin
600mg OD. In addition, their predicted GMR for ATV
Ciroughs Cmax» and AUC 4 in the second trimester of preg-
nancy were 0.62, 0.60, and 0.63, respectively, in compar-
ison to the corresponding predicted ATV PK with ATV/r
300/100mg OD in non-pregnant women. Similarly,
the lower GMR for ATV Cyouens Crax @and AUC,4 in
the third trimester of pregnancy were 0.71, 0.64, and
0.69, respectively, in comparison to the corresponding
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FIGURE 2 Boxplot of predicted ATV PK with multiple alternative dosing regimens of ATV/r when co-administered with 600 mg
rifampicin once daily. ATV/r dosing regimens explored include ATV/r 300/100 mg BD, ATV/r 300/200 mg BD and ATV/r 300/200 mg OD.
(a, b) Predicted ATV Cyyyugh in second and third trimester of pregnancy respectively, (¢, d) Predicted ATV Cy,, in second and third trimester

of pregnancy respectively, (e, f) Predicted AUC,,, in second and third trimester of pregnancy respectively. Red dotted line in (a & b) is the
ATV PAICy,=14ng/mL. ATV, atazanavir; ATV/r, ritonavir-boosted atazanavir; RIF, rifampicin.

predicted ATV PK with ATV/r 300/100mg OD in non-
pregnant women.

ATV Cipoyen Was also predicted to be above 14ng/mL in
all virtual pregnant patients receiving ATV/r 300/200 mg
BD with rifampicin 600mg OD. Similarly, their predicted
GMR for ATV Cigugns Crmax and AUC,,, in the second
trimester of pregnancy were 0.89, 0.71, and 0.79, respec-
tively, in comparison to the corresponding predicted ATV
PK with ATV/r 300/100mg OD in non-pregnant women.
Also, the lower GMR for ATV Ciqygh, Crnax and AUC 5,
in the third trimester of pregnancy were 0.95, 0.75, and
0.83, respectively, in comparison to the corresponding
predicted ATV PK with ATV/r 300/100mg OD in non-
pregnant women.

DISCUSSION

In this study, we used PBPK modeling to investigate dos-
ing strategies for ATV/r that could overcome the DDI
effect with rifampicin in pregnancy. For this study, a
published PBPK model'! with DDI modeling compo-
nents which was developed for investigating DDI between

ATV/r and rifampicin in adults was employed. The adult
PBPK model was modified into a pregnancy PBPK model.
First, the sex-specific characteristics (e.g., organ and tis-
sue weights and volumes) were limited to female values
only.!” Subsequently, mathematical equations used gesta-
tional age to define changes in key biological parameters
such as cardiac output and relevant enzyme activities
(CYP3A4 and CYP2D6)."> The pregnancy PBPK model
was successfully validated with relevant pregnancy clini-
cal data for ATV/r and rifampicin.”* > However, a fetal
compartment was not included in the pregnancy PBPK
model as ATV and rifampicin do not distribute appreci-
ably into the fetal compartment during pregnancy.®*
The ATV/r dosing strategies investigated in the pres-
ence of rifampicin 600mg once daily during pregnancy
included ATV/r 300/200 mg once daily, ATV/r 300/100 mg
twice daily, and ATV/r 300/200 mg twice daily. Model pre-
dictions indicate that ATV/r 300/200 mg once daily would
not surmount the DDI effect of rifampicin during preg-
nancy as over a quarter of the pregnant population were
predicted to have Cy;qq, below 14 ng/mL. Conversely, both
twice daily dosing of ATV/r (i.e., ATV/r 300/100 mg twice
daily and ATV/r 300/200 mg twice daily) were predicted to
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sufficiently raise ATV C,ygp to overcome the DDI effect of
rifampicin. In addition, the boosting effect of ATV/r twice
daily dosing on ATV Cy;ogp, the parameter of greatest clin-
ical importance, was predicted to be more substantial than
corresponding increases in ATV C,,,, and AUC,,_,, in preg-
nancy. These predictions for pregnancy agree to both pre-
dicted and observed effect of twice daily dosing of ATV/r
300/100mg on the ATV C,,,, and AUC in non-pregnant
adults compared to ATV Ctrough.g’u

Arguably, boosting and maintaining the plasma
Cirougn @bove a therapeutic threshold is of greatest im-
portance in this case. Nonetheless, clinical studies inves-
tigating twice daily dosing of ATV/r 300/100mg in the
presence and absence of rifampicin in pregnancy would
be needed to confirm these model predictions. Of note,
the commonly cited minimum effective concentration
target for ATV Coyn at 150 ng/mL has come under ques-
tion. Available data suggests the protein-adjusted 90% in-
hibitory concentration of ATV (14 ng/mL) might be more
reliable.®

Lastly, the safety of this dose escalation in pregnancy
warrants further safety investigations before implemen-
tation. Currently, ritonavir-boosted PIs have been associ-
ated with adverse pregnancy outcomes such as low birth
weight, small for gestational age, and miscarriage.' It is
unclear if dose escalation of ATV/r 300/100 mg once daily
to twice daily in pregnant women concomitantly receiving
standard doses of rifampicin might increase the risks of
these adverse pregnancy outcomes. However, increased
risks related to ATV concentrations might be unlikely
with twice daily dosing of ATV/r 300/100 mg due to simi-
lar ATV exposure in the presence of DDI.

Whole-body PBPK models for rifampicin have been
previously reported in literature.”* However, this study
used a three-compartment PBPK model to represent ri-
fampicin disposition. Ritonavir PBPK models without
transporter activity have been earlier reported, but the
absence of the transporter activity was considered a lim-
itation.?”*® More recent ritonavir PBPK models developed
have reported including the effect of ritonavir on trans-
porter activities,'?*>3° with some authors also accounting
for intestinal transporters.” In addition, PBPK models
predicting very complex DDIs have been reported in lit-
erature.'*! Similarly, the effect of pregnancy could in-
fluence DDIs in pregnant women compared to healthy
volunteers that are often recruited for clinical DDI studies.
In this modeling study, we have attempted to incorporate
the effect of pregnancy on both the victim and perpetrator
drugs toward improving our predictions.

Limitations of the pregnancy PBPK model are simi-
lar to points earlier highlighted by Montanha et al.'! for
the adult PBPK model. A time-lag would be expected be-
fore equilibrium is reached because drugs move across

ASCPT

membranes via passive diffusion. This time-lag could af-
fect the plasma drug concentration at a given time though
it is less likely to affect the total exposure of the drug
(AUC)." Likewise, there are challenges about determining
the mechanisms of membrane drug transporters in vitro,
but these transporters have a relevant impact on tissue dis-
tribution especially for ATV distribution.'* Another lim-
itation of the model is the non-representation of the DDI
effect on efflux transporter (P-gp) in the intestine.

Also, the use of a simple compartment model for the
disposition of rifampicin means the validated adult model
cannot be easily extended to simulate for an alternative
population. For instance, where clinical data on rifam-
picin's apparent drug clearance and absorption rate con-
stants within the desired population are not available,
the simple PK model cannot be parameterized for that
population. With a more mechanistic model, changes in
the biological system parameters could adapt the model
to predict rifampicin PK more easily for a different pop-
ulation. Nonetheless, the model would be considered fit-
for-purpose in this study as there were rifampicin PK data
during pregnancy to build and also validate the pregnancy
model for rifampicin.

The possibility of safely overcoming the DDI of rifam-
picin on ATV PK in pregnancy by escalating the dosing of
ATV/r 300/100 mg once daily to twice daily is very import-
ant as this would increase available treatment options for
pregnant women that might need to co-treat HIV and TB.
The model predictions suggest dose escalation of ATV/r
once daily to twice daily in pregnancy might overcome the
DDIimpact of rifampicin on ATV Ci,gn, Which is the most
clinically-relevant PK parameter in this case. Further clin-
ical studies in pregnant women are still warranted. This
study reiterates the usefulness of PBPK modeling to inves-
tigate various complex clinical scenarios within complex
populations.
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