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Assessment of Maternal and Fetal Dolutegravir
Exposure by Integrating Ex Vivo Placental
Perfusion Data and Physiologically-Based
Pharmacokinetic Modeling

Jolien J.M. Freriksen!"**, Stein Schalkwijkz, Angela P. Colbers?, Khaled Abduljalil3, Frans G.M. Russel!,

David M. Burger” and Rick Greupink'

Antiretroviral therapy during pregnancy reduces the risk of vertical HIV-1 transmission. However, drug dosing is
challenging as pharmacokinetics (PK) may be altered during preghancy. We combined a pregnancy physiologically-
based pharmacokinetic (PBPK) modeling approach with data on placental drug transfer to simulate maternal and
fetal exposure to dolutegravir (DTG). First, a PBPK model for DTG exposure in healthy volunteers was established
based on physiological and DTG PK data. Next, the model was extended with a fetoplacental unit using transplacental
kinetics obtained by performing ex vivo dual-side human cotyledon perfusion experiments. Simulations of fetal
exposure after maternal dosing in the third trimester were in accordance with clinically observed DTG cord blood data.
Furthermore, the predicted fetal trough plasma concentration (Ctmugh) following 50 mg q.d. dosing remained above
the concentration that results in 90% of viral inhibition. Our integrated approach enables simulation of maternal and
fetal DTG exposure, illustrating this to be a promising way to assess DTG PK during pregnancy.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC:?

4| Pregnancy is associated with a variety of physiological
and anatomic changes that can alter maternal antiretroviral
pharmacokinetics (PK). Placental transfer of antiretrovirals
may cause fetal toxicity or have beneficial effects as antena-
tal prophylaxis.

WHAT QUESTION DID THIS STUDY ADDRESS?

M Can fetal exposure to dolutegravir (DTG) be simulated by
incorporating ex vivo placental drug transfer data in a preg-
nancy physiologically-based pharmacokinetic (PBPK) model?

Dolutegravir (DTG) is being adopted as the preferred first-line
treatment for HIV infection."” DTG-containing regimens have
a favorable efficacy and tolerability benefit risk ratio, compared
with a triple regimen consisting of cither efavirenz or boosted
protease inhibitors. Additionally, the low chance of resistance
development and low costs make DTG superior to other antiret-
roviral therapy (ART) regimens. DTG is administered once daily
cither with emtricitabine and tenofovir disoproxil fumarate or as
a fixed-dose combination tablet with abacavir and lamivudine.’
As women of reproductive age represent a large proportion of all

HIV-positive patients, knowledge about the safety of DTG during

WHAT DOES THIS STUDY ADD TO OUR KNOW-
LEDGE?

M Model simulations adequately captured maternal and fetal
DTG exposure during late pregnancy. A dose of 50 mg DTG
q.d. was predicted to result in sufficiently high maternal plasma
levels during pregnancy to achieve viral suppression and provide
fetal prophylaxis.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

[ Simulation of maternal and fetal DTG PK by pregnancy-
PBPK modeling is a valuable tool to guide maternal dosing.

pregnancy is required. In 2016, there were 17.8 million women
living with HIV worldwide.* They must be treated during preg-
nancy, not only to ensure their own health, but also because this
reduces the risk of mother-to-child transmission (MTCT) of the
virus from 20-45% to <1%.” A systematic review reported that
DTG use in pregnancy did not result in increased rates of stillbirth,
preterm birth, small for gestational age, or congenital anomalies.®
This is in line with results from a large observational study that
compared birth outcomes among women initiating either DTG-
based ART or efavirenz-based ART (World Health Organization
(WHO) first-line recommended regimen until 2016) and found
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no statistically significant difference between the regimens when
started during pregnancy.7 However, a preliminary analysis of an
ongoing study in Botswana reported an increased incidence of neu-
ral tube defects associated with exposure around the time of con-
ception (0.9% compared with a background incidence of 0.1%).°
The final data analysis—expected in 2019—and other ongoing
randomized clinical trials will provide more information on the
safety of fetal DTG cxposure.9

With the gradual introduction of DTG in perinatal guidelines
it is also necessary to evaluate the effect of pregnancy on maternal
exposure, as physiological changes taking place in pregnancy may
influence antiretroviral pharmacokinetics (PK). For some antiretro-
viral drugs, for instance raltegravir and elvitegravir, a reduction in
maternal exposure is reported due to pregnancy-induced changes
that affect cither the absorption, distribution, metabolism, or excre-
tion of the drug.lo‘11 Subtherapeutic maternal antiretroviral expo-
sure may result in virologic breakthrough leading to MTCT and/
or resistance.'” Because of the long period between US Food and
Drug Administration (FDA) approval and the first published results
on PK in pregnancy (median 6 years), prescription of antiretrovi-
rals during pregnancy is often off-label, without sufficient informa-
tion on the dose-exposure relationship in this specific population.13
To improve our understanding of the dose-exposure relationship
during this period, pregnancy physiologically-based pharmacoki-
netic (p-PBPK) models can be of great value. By combining data
on human anatomy, physiology, and drug-specific parameters in a
p-PBPK model, concentration-time profiles in plasma and various
other tissues can be simulated. This physiologically-based approach
may provide additional insights for selecting an adequate dosing reg-
imen for HIV-positive pregnant women. 1 It is equally important
to predict fetal drug exposure following maternal dosing. Exposure
of the developing unborn child could lead to adverse effects bur it
may also have beneficial effects from a perspective of fetal pre-ex-
posure prophylaxis. Next to the DTG-driven reduction in maternal
viral load, fetal plasma DTG levels above the concentration that re-
sults in 90% of viral inhibition (0.324 pg/mL) may contribute to a
reduced chance of MTCT.!¢!”

The delicate balance between possible fetal toxicity and poten-
tial beneficial effects of fetal exposure in terms of fetal pre-expo-
sure prophylaxis highlights that it is relevant to adequately describe
fetal PK following maternal dosing. Although the umbilical cord
blood-to-maternal blood (C:M) concentration ratio is used in clin-
ical practice as an indicator of fetal exposure, its use has some draw-
backs. The C:M concentration ratio provides only a very crude
estimate of fetal drug exposure, as this single time-point measure-
ment is subject to a large interindividual variability and it does not
provide any information on the fetal plasma concentration-time
profile. Moreover, the value of the C:M concentration ratio is de-
pendent on the time of sampling relative to dosing, as transfer from
maternal to fetal plasma may be delayed, which, in turn, depends
on the rate of placental transfer. Simulating fetal exposure using
a p-PBPK model may account for this. However, to fulfill its po-
tential with respect to predicting the placental passage of drugs,
the model should allow a reliable description of placental dispo-
sition. It has been shown that ex vivo placenta perfusion is a valid
method to study placental transfer of compounds and is predictive
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of placental transfer 77 vivo. 1718 \Wre previously demonstrated that
mechanistic data derived from ex vivo placental perfusion experi-

ments can be used for parameterization of the fetal-placental unit,

. . . 1
allowing simulation of fetal darunavir exposure. ?

In this study, placental transfer of DTG was assessed via ex vivo
dual-side cotyledon perfusion experiments. Results were sub-
sequently incorporated into a p-PBPK model that was used to
investigate the ability to simulate maternal and fetal DTG PK si-
multaneously and to guide maternal dosing.

METHODS

Placental transfer of DTG ex vivo

Dual-side placental perfusion experiments were performed to study
transfer of DTG ex vivo, using human, term placentas. A detailed de-
scription of the method can be found in File $1 and an illustration of the
ex vivo dual-side cotyledon perfusion model in Figure S1.

Physiologically-based pharmacokinetic modeling

A physiologically-based pharmacokinetic (PBPK) model was devel-
oped for a healthy, nonpregnant population using Berkeley Madonna
software (version 8.3.18). For model development, prediction, and ver-
ification, covariates were matched to the mean values in the clinical
studies. In this way, PK of an average subject was simulated. Details
on the modeling approach are described in File $2 and Table S1. Drug
physicochemical properties and parameters describing human physiol-
ogy were derived from literature as well as from the virtual healthy pop-
ulation in Simcyp (version 17; Certara UK Limited, Simcyp Division,
Sheffield, UK) and the model was optimized using iz vivo PK data for
DTG from nonpregnant patients. Subsequently, the model was used to
predict maternal and fetal DTG exposure in pregnancy after incorpo-
ration of gestational age-dependent changes in the maternal and fetal
physiology and iz vitro and ex vivo data obtained from human coty-
ledon perfusion experiments. The model performance of the p-PBPK
model was verified against observed maternal and fetal DTG concen-
tration data.

Development of a PBPK model in healthy volunteers. The PBPK
model resembling a healthy nonpregnant individual consisted of 13 com-
partments representing organs and a venous and arterial blood compart-
ment. The change in DTG concentrations in these compartments was
described using time-based differential equations. For noneliminating
tissues, the assumption has been made that at steady-state an equilibrium
is established between drug concentrations in the tissue compartments
and the blood circulation. The tissue-to-plasma partition coefficients
that describe the movement of DTG into tissues were predicted by the
method described by the Rodgers and Rowland method available within
the Simcyp Simulator.

For all nonelimination tissue compartments, perfusion rate-limited
equations were used:

tissue
tissue d
2

C, issue
=Q,t * <Cartcrial - Kt— * BP) ’ (1)

p tissue

where ¥, C, and Q denote the volume of the compartment, the drug
concentration in the compartment, and blood flow in and out of the
compartment, respectively. The parameters Kp and BP represent the
tissue-to-plasma partition coefficient and blood-to-plasma ratio, respec-
tively. C,_ . refers to the arterial blood concentration.

Absorption of DTG was defined as a one-compartmental process, with
a first-order absorption rate (£,) describing the uptake of the drug across
the gut wall. Subsequently, the drug enters the liver via the portal vein,
which was described with a well-stirred model.
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The well-stirred model applied for the liver compartment: CLy, = CLmLmtal * SF (3)
d Cliv Cspl Cgut _ (4)
VlivT tha * Carterial +Q5pl * ( Kpspl *BP +qut * Kpgut *BP Culiv - Cliv * fuplasma’

C where CL;, and CL, . represent scaled liver clearance, and intrinsic
- v - lic cl in the li ively. The scaling factor is rep-
Qi * * BP (CLliV * Cutyy,) (2)  metabolic clearance in the liver, respectively. The scaling factor is rep
Kpy, resented by SE. The unbound and total concentrations in the liver are

represented by Cuy, and C,, respectively. Systemic clearance of DTG
where 7, C, and Q denote the volume of the compartment, the drugcon- 35 considered to mainly occur via the liver via uridine diphosphate-glu-

centration in the compartment, and blood flow in and out of the compart- curonosyltransferase 1A1 (UGT1A1), therefore, renal clearance was not

ment, respectively. Tissue-to-plasma partition coefficients are indicated  jpcJuded in the model.2% The established PBPK model was used as a start-
by Kp values and BP represents the tissue-to-plasma partition coefficient. ing point for building the p-PBPK model.

The subscripts ha, arterial, spl, gut, and liv denote the hepatic artery, ar-
terial blood, spleen, gut, and liver, respectively. Scaled liver clearance and
the unbound concentration in the liver are represented by CL;, and Cu, . Development of a p-PBPK mode!. Ina next step, the PB_PK m?dd for
A well-stirred liver model was used, and hepatic clearance was modeled healthy vo%untccrs was extended with a fetal-p laccnt:?l unie to simulate
based on i vitro-in vivo extrapolation of reported recombinant CYP3A4 DTG PK in pr.egn'ant women and fetus. A schematic overview of the
and UGT1A1 biotransformation data.2’ This resulted in an underesti- ~ P-PBPK model is given in Figure 1.
mation of clearance and associated overestimation of DTG systemic ex-
posure. Therefore, an empirical scaling factor was required to be able to  P-PBPK model structure. To simulate DTG PK in pregnant women,
capture clinically observed data on DTG exposure. The value of scaling  drug-specific parameter values used to build the nonpregnancy model
factor was fitted by com]laaring simulations with observed clinical PK data  were kept constant while physiological parameters were adjusted to
published by Min ez al*! This resulted in a refined well-stirred model for  reflect maternal physiological changes during pregnancy. Published
the liver compartment. The following equation was used to describe this  regression equations describing anatomic, physiological, and biological
process, under the assumption that the fraction unbound in the liver is ~ changes according to gestational age were incorporated in the p-PBPK
similar to the fraction unbound in plasma (fuplasma): model."! Parameter values were calculated based on a gestational age of
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Figure 1 Schematic overview of the pregnancy physiologically-based pharmacokinetic model. Time-based changes in dolutegravir
concentrations in tissues and blood are described with tissue-specific blood flow (Q) and clearance values (CL). The subscripts denote the
following tissues: ad, adipose; amf-f, amniotic fluid-to-fetus; bo, bone; br, brain; f-amf, fetus-to-amniotic fluid; f-m, fetal-to-maternal; gut, gut
wall; ha, hepatic artery; he, heart; ki, kidney; liv, liver; lu, lung; m-f, maternal-to-fetal; mu, muscle; re, rest of body; RoB, rest of body fetus; sk,
skin; spl, spleen.
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34 weeks to be able to compare simulations with clinical data (Table
§2). Potential effects of pregnancy on DTG kinetics were incorporated
in the p-PBPK model as follows. DTG is highly bound (> 99%) to
plasma proteins, especially albumin.?>** The reported drop in albumin
concentration from 45.8 g/L pre-pregnancy to 37.6 g/L at 34 weeks of
pregnancy results in an increased fraction unbound, which is known
from clinical studies.”® The effect of changing albumin concentrations
during pregnancy on the fraction unbound was incorporated into the
model, with the assumption that pregnancy did not influence protein
affinity or configuration. In addition to the effect of pregnancy on
plasma protein levels, an altered activity of key metabolizing enzymes
is reported.”® DTG is extensively metabolized, primarily via UGT1A1
and to a lesser extent by cytochrome P450 (CYP)-3A4.”> As DTG is
partly converted by CYP3A4, the re[portcd 16% increased enzyme activ-
ity was incorporated in the model.'" Pregnancy also leads to an upregu-
lation of UGT1A1 activity. This is indicated by an increased clearance
of labetalol that is scen during pregnancy, most likely due to arise in pro-
gesterone. Although this enzyme plays a more dominant role in DTG
metabolism, it is difficult to parameterize the increase in UGT1Al
activity in a quantitative manner due to the limited number of clini-
cal studies, the use of nonspecific substrates, and high interindividual
variability.””*® The assumption was made that pregnancy-induced up-
regulation of UGT1AL activity is proportional to that of CYP3A4. As
maternal variations in UGT1A1 activity may affect fetal DTG exposure
levels, expression levels and interindividual variability should be consid-
ered in future p-PBPK modeling studies when these become available.

Incorporation of a fetoplacental unit. In this study, the placenta
was considered as a barrier separating the maternal and fetal circula-
tion and the fetal PBPK model comprised a fetal blood compartment,
amniotic fluid, and a compartment representing the rest of the fetal
body. Table 1 describes the parameter values used to establish the fe-
toplacental unit. Equations describing the gestational age-dependent
changes can be found in Table S2.

To simulate fetal DTG exposure, placental transfer data obtained from
ex vivo dual-side cotyledon perfusion experiments was incorporated into
the model. An elimination rate constant (,) for DTG disappearance was
calculated by linear regression analysis of the In-transformed DTG con-
centration in the closed reservoir. Bidirectional clearance values were de-
termined using the following formula:

CL,,, cot=k *V, ®)

where CL_ cot denotes the apparent intrinsic cotyledon clearance, £,
is a placental elimination rate constant calculated from the slope of the
In-transformed concentration-time profile, and V represents the volume
of the buffer in the closed circulation.

Because of the high degree of binding of DTG to plasma proteins, al-
bumin was added to both circulations. A fetal-to-maternal albumin con-
centration ratio of 1.2 was applied to mimic physiological conditions.
To determine whether this resulted in a similar unbound fraction as de-
termined iz vivo, the fraction unbound in maternal and fetal perfusion
samples (both 7 = 3) was measured. A mean + SD (%) fraction unbound
of 4.8 £ 0.5% and 4.3 + 0.4% was found in maternal and fetal perfusion
samples, respectively (i.e., ~ 10-fold higher than the fraction unbound ob-
served iz vivo).”> Based on the measured fraction unbound in perfusion
samples, the unbound ex vivo intrinsic cotyledon clearance was calculated.
This was subsequently scaled to an iz vivo placental clearance using the re-
ported fraction unbound 77 vive and the number of cotyledons of a single
placenta:

CLplac, (= (CL,, cot,¢ /fu o) *fub N cot (6)

CLplac,, = (CL,,, cotg, /fug, ) * fube+ N cot, 7)
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Table 1 Parameter values for incorporation of the
fetoplacental unit

Parameter Value References
Fetal volume, L VtotalF 2.32 1
Fetal blood, L FbloodF 0.171 48
Fetal cardiac output, CO_F 76.9 49
L/hour

Fetal blood flow frQplaF 0.23 50
directed to placenta,

fraction of fetal cardiac

output

Amniotic fluid volume, L Vamf 0.906 1
Maternal-to-fetal appar- CLappcotmf 1.03 £ 0.06 Determined
ent ex vivo cotyledon

clearance, mL/min-

utes, mean = SD

Fetal-to-maternal ap- CLappCOtfm 1.03 £ 0.23 Determined
parent ex vivo cotyle-

don clearance, mL/

minutes, mean + SD

Fraction unbound in fue 0.048 Determined
maternal perfusion

buffer

Fraction unbound in fue, 0.043 Determined
fetal perfusion buffer

Number of cotyledons Ncot 30 51

per placenta

where CLplac and CL,, cot represent the scaled 77 vivo placental blood
clearance and ex vivo apparent intrinsic cotyledon clearance, respectively.
The fraction unbound in the perfusion samples is denoted by fu and
fub refers to the fraction unbound in blood found 7% vive. The subscript
mf denotes maternal-to-fetal transfer and fm denotes fetal-to-maternal
transfer. The average number of cotyledons for scaling purposes is de-
noted by Ncot.

The fetoplacental unit is comprised of the fetal blood compartment,
the compartment representing the rest of the fetal body, and the amni-
otic fluid compartment, and the following equations were used to describe
DTG distribution:

Fetal blood compartment:

Cmb_F

dCblood F
Vblood_F T_ =Qrob F* * BPF - Cblood_F

P rob_F

(8)
+ <CLamf— £ Camf) +(CLplac, ¢ * Cyerial)

- <CLplacfm * Cblood_F) - (CLF— amf ¥ Cblood_F) >
Compartment representing rest of fetal body:

dC
rob_F
V. —_—= x| C -

rob_F dr onbe blood_F K
Amniotic fluid compartment:

dCamf
V

amfd_t = (CLf— amf ¥ CbloodiF) - <CLamf— £* Camf) ’ (10)
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where ¥, C, and Q denote the volume of the compartment, the drug
concentration in the compartment, and blood flow in and out of the
compartment, respectively. The parameters Kp and BP represent the
tissue-to-plasma partition coefficient and blood-to-plasma ratio, re-
spectively. The subscripts blood_F, arterial, rob_F and amf denote
the compartments fetal blood, maternal arterial blood, rest of fetal
body, and amniotic fluid, respectively. The scaled placental clearance
values are represented by CL, in either the maternal-to-fetal (mf) or
fetal-to-maternal (fm) direction. The estimated clearance from the
fetal blood to the amniotic fluid compartment and vice versa is rep-
resented by CL;, .and CL,_, respectively. Drug movement to and
from the amniotic fluid compartment is parameterized based on fluid
exchange rates reported in literature, describing fetal-to-amniotic
fluid flow (oral, nasal, tracheal, and pulmonary secretion) and amni-
otic fluid-to-fetus flow (swallowing and intramembraneous uptake of
amniotic fluid).*’ As < 1% of DTG is excreted in urine as unchanged
compound,” the renal climination pathway is not included in the
model.

DTG is mainly metabolized by UGT1A1, an enzyme known to be ex-
pressed in third trimester placental tissue as well and hypothesized to con-
tribute to decreased fetal exposure to xenobiotics like bisphenol-A.**!
However, the interindividual variability of its activity is high and the
contribution of placental metabolism to total metabolic DTG clearance
could not be quantified.>* Therefore, placental metabolism was not con-
sidered in this model and the organ was considered to be a barrier rather
than a compartmental structure. Hence, a partitioning coefficient and
tissue volume were not included for this organ. Consequently, CL | val-
ues were considered to reflect both active transport and passive diffusion
processes.

Simulations of both maternal and fetal plasma concentration-time pro-
files as well as amniotic fluid concentrations were performed following
oral administration of 50 mg DTG q.d. to a virtual pregnant woman at
34 weeks of gestation. The simulated maternal plasma concentration-time
profile at steady-state was compared with available clinical data from the
PANNA network and the IMPAACT grou1;>.33’34 In addition, simulated
fetal exposure was compared to iz vivo fetal exposure, as umbilical cord
blood-to-maternal blood concentration ratios are reported.’** To study
the impact of modeling assumptions and uncertainty around some param-
cter values on simulated concentration-time profiles, sensitivity analyses
were conducted.

(a) Maternal-to-fetal
placental transfer of DTG

-©- Maternal reservoir
& Fetal oudlow

-~
-l
£
o
=
A
|
B
[a]
=]
0.5
o-o T T T T T 1
0 30 60 90 120 I5 180

Time (min)

RESULTS

Ex vivo dual-side cotyledon perfusion experiments

Six successful ex vivo placental perfusion experiments were performed,
n =3 in either direction. As can be seen in Figure 2a, DTG concen-
tration in the closed maternal circulation decreased during 180 min
of perfusion with a constant fraction ending up in the fetal outflow.
A similar pattern of DTG transport from the closed fetal circulation
to the maternal side can be seen (Figure 2b). A detailed description of
the results can be found in File $3 and Figure S3.

PBPK model in healthy volunteers

A PBPK model for DTG exposure in healthy volunteers was es-
tablished and model performance was verified against clinical PK
datasets of several DTG dosing rf:gimf:ns.21 Simulated profiles
slightly overestimated the observed total plasma exposure, whereas

peak exposure (C__ ) was slightly underestimated (Figure 3).

PBPK model in pregnant subjects

Based on six successful perfusions, DTG cotyledon clearances were
calculated. The clearance values (mean + SD) were 1.03 + 0.06
and 1.03 £ 0.23 mL/minutes in maternal-to-fetal and fetal-to-ma-
ternal direction, respectively. After incorporation of scaled placen-
tal clearance values into the p-PBPK model, as described in the
Method section, the DTG concentration in maternal plasma, fetal
plasma, and amniotic fluid was simulated.

As can be seen in Figure 4, maternal plasma concentrations
were simulated upon administration of 50 mg q.d. until a steady-
state was reached after ~ 4 days. Simulations were compared
with clinical PK data of third trimester HIV-1-infected women.
Mean plasma concentrations of PK curves from the PANNA
network (7 = 15) and the IMPAACT group (7 = 28) arc shown.
Simulations indicate that administration of 50 mg DTG q.d.
would result in a maternal C; of 0.99 ug/mL, which is in line
with the reported C;, of 1.00 and 0.96 ug/mL, by the PANNA

Fetal-to-maternal

®) placental transfer of DTG
45
B Feul reservoir
4.0

-8~ Maternal outflow

1.54

[DTG] (ugimL)

1.0

0.5

XY Lol
0 3

T
0 60

-
. 4

Sqe

Time (min)

Figure 2 Bidirectional transfer of dolutegravir (DTG) in ex vivo dual-side cotyledon perfusion experiments. (a) Concentration-time profiles of
DTG upon administration to the closed maternal circulation (open circles). (b) Concentration-time profiles of DTG upon administration to the
closed fetal circulation (open squares). Results are depicted as mean + SD, n = 3 for each direction.
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Plasma concentration-time profile

@ following single dose administration
- linear scale -

8.0+ ¢ Minetal. 2010- 100 mg — Simulated - 100 mg
7.54 o = Minetal 2010-50mg == Simulated - 50 mg
7.01 * * Minetal2010-25mg - Simulated - 25 mg

. ¢+ Minetal.2010-10mg — Simulated - |10 mg
651 = Minetal 2010-5mg - Simulated - 5 mg
6.01, Min etal. 2010-2mg - Simulated - 2 mg

[DTG] (ug/mL)

Time postdose (hr)

Plasma concentration-time profile
(b) following single dose administration
- log scale -
101 ¢ Minetal. 2010- 100 mg — Simulated - 100 mg

[DTG] (ug/mlL)

0.001

* Minetal 2010 - 50 mg
¢ Minetal. 2010 -25 mg
¢ Minetal.2010- 10 mg
Min etal. 2010 -5 mg
Min etal. 2010 -2 mg

=== Simulated - 50 mg
=== Simulated - 25 mg
~— Simulated - 10 mg
Simulated - 5 mg
-+ Simulated - 2 mg

0.0001+ T y T T T T
6

Time postdose (hr)

Figure 3 Concentration-time profile of dolutegravir (DTG) upon administration of different dosing regimen. The simulated plasma
concentration-time profiles (lines) upon administration of a single dose of 2, 5, 10, 25, 50, or 100 mg DTG are plotted against observed in vivo
clinical data (dots) as reported by Min et al.,** either plotted on a linear scale (a) or on a log-scale (b).

network and IMPAACT group, respectivel}f.33’34 This regimen
resulted in sufficient high maternal plasma levels during preg-
nancy to achieve viral suppression.

Simulations of fetal DTG exposure were compared with
in vivo data from the PANNA network, reporting umbil-
ical cord plasma-to-maternal plasma concentrations of 10
mother-infant pairs. The simulated cord blood-to-maternal
blood concentration ratios range between 0.57 and 1.51 over
an entire dosing interval and are in line with the range of re-
ported ratios in vivo by the PANNA network (0.64-1.81,
n = 10) and Rimawi et /. (0.68-1.68, » = 3) and the mean

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 107 NUMBER 6 | June 2020

(interquartile range) cord blood-to-maternal blood concentra-
tion ratio of 1.25 (1.07-1.40, » = 23) reported by the IMPAACT
group.**® The predicted fetal trough plasma concentration
(Ctmugh) of 1.50 pg/mL is above the concentration that results in 90%
of viral inhibition (0.324 pg/mL), indicating potential use of
DTG for fetal pre-exposure prophylaxis at this dose level.'®

An amniotic fluid compartment was included in the p-PBPK
model, allowing simulation of DTG concentration in this com-
partment over time. A low amniotic fluid concentration (0.03 pg/
mL) was reported in the literature,”” and simulations were similar
to this value (range 0.025-0.039 pg/mL).
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Concentration-time profile
following multiple dosing in pregnant women

4.5 © PANNA'
® IMPAACT?
4.0 (\ — Simulated - Maternal plasma
f\ Simulated - Fetal plasma
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—~ 10<“
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Figure 4 Concentration-time profile of dolutegravir (DTG) in pregnancy. The simulated concentration-time profiles of maternal plasma (black
line), fetal plasma (gray line), and in the amniotic fluid (dotted line) are shown upon multiple dosing of 50 mg DTG q.d. Clinical maternal
plasma concentrations are indicated with dots, representing mean values reported by the PANNA network (n = 15) and the IMPAACT group

(n = 28).33:34

Sensitivity analyses

Sensitivity analyses on maternal and fetoplacental input parame-
ters showed that DTG fraction unbound and placental clearance
are the most important parameters influencing DTG plasma con-
centrations. Results can be found in File $4 and Figures S4 and S5.

DISCUSSION
The integration of data derived from ex vivo experiments into
in silico models provides an ethically acceptable framework to
study maternal and fetal exposure to drugs used during preg-
nancy. To fulfill its potential with respect to predicting the placen-
tal passage of drugs, accurate parameterization based on human
physiology and iz vitro and ex vivo data describing (placental)
disposition is warranted. The current work focused on parameter-
izing the model with ex vivo cotyledon perfusion data. Although
this model is, to our knowledge, the first to describe DTG PK in
pregnancy, p-PBPK models have been used to predict maternal
and fetal exposure to other antivirals (e.g., darunavir, "’ nevirap-
ine,>® tenofovir, and emtricitabine).39 A key question that remains
is whether the approach based on parameterization with ex vivo
placenta perfusion data is reproducible, also for other drugs with
different physicochemical properties, and of which the placental
disposition may be driven by other mechanisms. In this respect,
DTG has a logP of 2.2 compared with darunavir (logP = 2.8), ne-
virapine (logP = 2.5), tenofovir (logP = —3.4), and emtricitabine
(logP = —0.9). Moreover, DTG is mainly metabolized via glucuro-
nidation, whereas the previously studied drugs are not subject to
biotransformation.

As a first step toward simulating DTG disposition in preg-
nancy, we established a PBPK model reflecting nonpregnant
healthy volunteers. Exposure to DTG was overestimated using
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a well-stirred liver model based on recombinant CYP and UGT
clearance data alone. The introduction of an empirically deter-
mined scaling factor was required to capture the clinical plasma
concentration-time profiles following single ascending doses
in the nonpregnant population. The necessity of introducing
a scaling factor indicates that yet unknown (hepatic) clearance
mechanisms may play a role iz vivo and would need to be in-
cluded in the PBPK model. On one hand, the underestimation
of clearance may be related to the intrinsic activity of UGT1A1
and CYP3A4 enzymes or the role of extrahepatic clearance.
Although the PBPK model in the current work did not incor-
porate any metabolism apart from the liver, and also because the
effect of pregnancy on extrahepatic clearance is unknown, it is
expected that accounting for metabolism in the kidneys and gut
could improve oral clearance predictions.*” On the other hand,
the amount of DTG available for metabolism may yet be under-
estimated. Active basolateral uptake of the drug into hepatocytes
via yet unknown routes or an underestimation of the fraction
unbound present within the hepatocytes may be a cause for the
underestimation of clearance in our model. Given the lack of
experimental data on actual intracellular unbound DTG con-
centrations, we now used the fraction unbound in plasma as an
indicator of the fraction unbound in the liver with an additional
scaling factor. This needs further experimental corroboration.
Next, physiological parameters were adjusted to reflect preg-
nant women. We found a small discrepancy between the predicted
and observed maternal concentration-time profiles, which may be
explained by missing information on quantitative data describing
pregnancy or HIV-related changes in some physiological param-
eters required to parameterize the model. Parameters describing
body composition and organ blood flows were based on healthy
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rather than HIV-infected women. Due to a lack of quantitative
information, we did not incorporate any effect of HIV condition
on drug disposition that can possibly result from hematological
abnormalities or chronic liver disease.*! Furthermore, as renal
clearance of DTG is very low, we did not take it into account in
the models. Including renal clearance will likely lead to a slightly
improved accuracy of maternal PK, as the pregnancy-related de-
crease in albumin and increase in renal blood flow could result
in an increased renal clearance of the free fraction of the drug.
However, because no clinical renal clearance data are available for
validation and the free concentration is reported not to be altered
during pregnancy,25 further optimization was not conducted here.
Considering the physiology of the fetoplacental unit of the model,
the placenta was incorporated as a barrier, rather than an organ com-
partment, with DTG clearances values derived from ex vivo cotyle-
don perfusion experiments. It should be noted that the use of healthy
term placentas is a limitation of the study, as results of our simula-
tions were compared with 7z vivo PK data of HIV-infected women,
collected at 34 weeks of gestation. For example, malperfusion of the
placental bed seems to occur more frequently among HIV-infected
women.*? For safety and availability reasons, these placentas were
not studied and potential changes in placental physiology taking
place between 34 weeks of gestation and term were not considered.
In our sensitivity analyses, DTG fraction unbound in plasma is
the most important parameter influencing both maternal and fetal
steady-state concentration-time profiles. A high interindividual
Variabilit4y in fraction unbound was reported in this patient pop-
ulation,’ highlighting the importance of measuring the fraction
unbound in clinical practice and including variability in 77 silico
prediction models. In addition, ex vivo protein binding is relevant
to consider. In our studies, albumin was added to both circula-
tions during the perfusion experiment, with a 20% higher albu-
min concentration in the fetal circulation. Although the applied
albumin concentration ratio was similar to the value reported in
pregnancy43 and no statistically significant effect of HIV on albu-
min concentrations was found at term,44 the fraction unbound in
perfusion samples of both circulations was found to be higher than
those measured 77 vivo, indicating that binding kinetics may be dif-
ferent iz vivo or that other binding proteins than albumin are in-
volved. To circumvent problems associated with this, we measured
and calculated unbound clearance values and incorporated these in
the model to accurately extrapolate ex vivo cotyledon clearance to
in vivo expected placental clearance. No additional empirical scal-
ing factor for placental DTG transport seemed to be necessary for
ficting purposes. This illustrates that our approach to incorporate
ex vivo placental perfusion data in PBPK models is not only suit-
able for darunavir, as demonstrated earlier,” but also for DTG. As
the placenta is incorporated as a barrier in this model, possible re-
tention of DTG within the placenta could not be simulated. This
could, however, be of relevance as placental retention is reported
to occur i vivo ® and we were also able to measure DTG in pla-
cental tissue samples upon perfusion. However, concentrations did
remain relatively low, and no relevant placental accumulation was
observed as found for several other drugs.z*s’46 An additional as-
pect that requires further research is that the fetal part of the model
was composed of a blood compartment with the different organs
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lumped together in a “rest of body”-compartment. This may be re-
fined to be able to better estimate to which tissues DTG distributes
to in the fetus and to better understand the possible adverse effects
observed.® Fetal hepatic metabolism of DTG was also not taken
into account in the current model as fetal expression of UGT1A1
is very low compared with maternal levels.¥ As more knowledge
on fetal physiology emerges, the simulation of drug distribution
using a full body fetal PBPK model becomes feasible. Simulation
of DTG concentrations in amniotic fluid were performed by
applying an empirical scaling factor on amniotic fluid transfer
and associated drug clearance and fitting against one published
measurement. However, sensitivity analysis showed no profound
contribution of using different magnitudes of amniotic fluid clear-
ance pathways to fetal or maternal DTG exposure in plasma.

In summary, simulations were able to adequately capture maternal
DTG exposure during late pregnancy, with a slight overprediction
of peak concentrations. Simulated cord blood plasma-to-maternal
blood plasma concentration ratios were also comparable with those
reported in literature. Individual cord blood DTG concentrations,
rather than ratios, could be of value to draw a conclusion on the
shape of the simulated fetal concentration-time profile, but were
unavailable at this time to use for validation purposes.

This study showed that fetal DTG exposure can be predicted
usinga p-PBPK model established using placental transfer data ob-
tained ex vivo. Based on these simulations, a dose of 50 mg DTG
q.d. should result in sufficiently high maternal plasma levels during
pregnancy to achieve viral suppression and may provide fetal
pre-exposure prophylaxis. Although both maternal and fetal expo-
sure to DTG may reduce the chance of MTCT, recent concerns
about fetal toxicity with maternal DTG use in the periconception
period highlight the importance of monitoring birth outcomes
and follow-up of intrauterine-exposed children.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).

File S1. Method: Placental transfer of DTG ex vivo.

Figure S1. lllustration of the ex vivo dual-side cotyledon perfusion
model.

File S2. Berkeley Madonna modeling script.

Table S1. Physicochemical and pharmacokinetic parameters for
dolutegravir.

Table S2. Pregnancy-related changes with gestational age.

Figure S2. Placental transfer of antipyrine.

File S3. Results: Placental transfer of DTG ex vivo.

Figure S3. DTG levels in perfused placental tissue.

File S4. Sensitivity analyses.

Figure S4. Sensitivity analyses for maternal input parameters.

Figure S5. Sensitivity analyses for fetoplacental input parameters.
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