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Abstract

Medication use during pregnancy in the absence of pharmacokinetic and safety data is common, particularly for antiretrovirals,
as pregnant women are not usually included in clinical trials leading to drug licensure. To date, data are typically generated
through opportunistic pregnancy studies performed in the postmarketing setting, leading to a substantial time-lag between
initial regulatory approval of a drug and availability of essential pregnancy-specific pharmacokinetic and safety data. During
this period, health care providers lack key information on human placental transfer, fetal exposure, optimal maternal dosing in
pregnancy, and maternal and fetal drug toxicity, including teratogenicity risk. We discuss new approaches that could facilitate
the acquisition of these critical data earlier in the drug development process, aiding clinicians and patients in making informed
decisions on drug selection and dosing during pregnancy. An integrated approach utilizing multiple novel methodologies (in
vitro, ex vivo, in silico and in vivo) is needed to accelerate the availability of pharmacology data in pregnancy and lactation.

Key Points

Novel approaches should be applied in pharmacology
studies in pregnant and lactating women.

Artificial intelligence is an important cornerstone of
these novel approaches.

An integrated approach of in vitro, ex vivo, in silico and
in vivo studies is key to enable acceleration of availabil-
ity of pharmacology data in pregnancy and lactation.
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1 Introduction

The majority of pregnant women use one or more medi-
cations through the course of pregnancy, and, on average,
2.6-4.6 different prescriptions are used per pregnancy [1,
2]. Indications for medication use during pregnancy include
chronic pre-existing medical conditions (e.g. pre-gestational
diabetes), pregnancy-specific diseases (e.g. hyperemesis
gravidarum, intrahepatic cholestasis of pregnancy, HELLP
syndrome), and medication therapy to treat fetal conditions
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during pregnancy (e.g. maternal digoxin therapy to treat
fetal tachyarrhythmias) [3]. Fetal and infant safety concerns
have led to the exclusion of pregnant and lactating women
from clinical trials during drug development programs for
licensure, unless the drug is intended for a pregnancy-spe-
cific condition [4, 5]. Despite this exclusion, many drugs
are subsequently prescribed off-label during pregnancy
and lactation, as only a small percentage of drugs contain a
pregnancy or breastfeeding contraindication in their label.
Moreover, even when a product label includes information
about the use of medications during pregnancy and lactation,
it is sometimes insufficient to guide clinicians on efficacy
and safety [6].

For some chronic diseases, it is not possible to avoid
drug exposure to the fetus during pregnancy, as exemplified
in women living with HIV who must take antiretrovirals
(ARVs) during pregnancy and lactation for their own health
and to prevent transmission of HIV to their infants. Even
for ARVs commonly used during pregnancy and lactation,
data on toxicity, pharmacokinetics (PK), and neonatal expo-
sure during breastfeeding are collected sporadically, mainly
through postmarketing surveillance and opportunistic stud-
ies of women who become pregnant while receiving ARVs.
As a result, availability of pregnancy safety and PK data
become available years after drug licensure, if at all. For
example, it has been demonstrated that drug exposure is
reduced during pregnancy (primarily during the third tri-
mester) with the licensed adult dose of specific ARVs during
pregnancy [7-10]. This PK information, in combination with
clinical data, leads to dose adjustments or a recommenda-
tion that specific ARVs or ARV combinations should not to
be used in pregnancy, but only became available years after
marketing [11-13]. A specific example is cobicistat-boosted
ARVs (cobicistat—darunavir, cobicistat—elvitegravir, cobi-
cistat—atazanavir), whose concentrations were demonstrated
to be reduced by 50-90% during the second and third tri-
mesters of pregnancy compared with postpartum, potentially
reducing efficacy [14—16]. Information describing ARV PK
in pregnancy and lactation has depended largely on data gen-
erated within opportunistic studies of women receiving these
drugs as part of clinical care, and ARV PK and safety data
have become available after a median of 6 years (pregnancy)
and > 8 years (lactation) after marketing [17]. To balance
the concerns of fetal and infant exposure to new and poten-
tially toxic medications, with the pressing need for PK and
safety data earlier in the drug development process, new
approaches to study the PK and pharmacodynamics (PD)
of drugs during pregnancy and lactation to enable accelera-
tion of the drug development process for pregnant women
are needed.

In this article, we have summarized novel approaches
(Table 1) that could be implemented during the development
phase of new drugs in order to close the time lag between
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initial regulatory approval and availability of pregnancy
and lactation information. Data for this manuscript were
obtained from a comprehensive review of HIV, pregnancy,
lactation, and pharmacology literature; expert opinions;
and from the workshop on ‘Approaches to Optimize and
Accelerate Pharmacology Studies in Pregnant and Lactating
Women’, convened by the International Maternal Pediatric
Adolescent AIDS Clinical Trials IMPAACT) Network and
the World Health Organization (WHO) in June 2019.

2 Innovative approaches

2.1 Innovative Preclinical Approaches to Assess
Placental Transfer and Infant Exposure Through
Breastmilk

Accurate knowledge of mechanisms involved in the placen-
tal transfer of drugs is pivotal to studying drug safety and
effectiveness in pregnant and lactating women as part of
the drug development process [18]. Innovative approaches
to study the placental and feto-maternal interface, such as
in vitro, ex vivo human cotyledon perfusion, placental drug
transport-on-a-chip, and in silico models, are increasingly
being utilized to characterize maternal/fetal drug transfer
prior to human administration during pregnancy (Fig. 1).
Human trophoblastic placental cell line studies (in vitro pla-
cental studies), such as the use of BeWo [19], Jeg-3 [20],
JAr [20], and ACH-3P [20] cell lines, are methods used to
facilitate the study of placental influx and efflux transport
systems, active, passive and facilitated diffusion, and drug
metabolism in the placenta [21, 22]. Among these placental
cell lines, the JAr and Jeg-3 lines are used to study placental
permeability to drugs [23], while BeWo cells are the most
widely used to study nanoparticle translocation studies and
syncytialization due to their ability to form a barrier with lit-
tle permeability [20]. While the ACH-3P cell line was devel-
oped to better simulate first trimester trophoblastic cells, and
as an alternative to study drug transport in vitro, ACH-3P
cells do not form syncytiotrophoblast, which is vital for pla-
cental transport [23]. Other cell lines used for drug trans-
port studies include cells derived from the nephron [24].
For example, Cerveny et al. successfully used Madin—Darby
Canine Kidney Cells II (MDCKII), cells expressing human
efflux transporters, to show that atazanavir is a substrate
for p-glycoprotein 1 (P-gp or ABCB1), and confirmed its
functionality in limiting fetal exposure using dual perfusion
studies in a pregnant rat placenta model [25]. In vitro assays
have also reliably predicted materno-fetal transport of both
tenofovir (TFV) and tenofovir disoproxil fumarate (TDF)
in studies assessing the role of these drug transporters in
the transplacental PK of TFV and TDF [26]. In addition,
in vitro assays reliably predicted etravirine/TDF drug—drug
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Fig.1 Overview of innovative approaches to studying drug disposition in pregnancy and lactation. PK pharmacokinetic, PBPK physiologically

based pharmacokinetic

interactions during transplacental passage of TDF through
interactions with ABCG?2 [27].

Perfusion of an isolated human placental cotyledon/lob-
ule (ex vivo studies) are also increasingly utilized in predict-
ing drug disposition within the placenta [28]. The utility of
ex vivo models have proved successful in predicting in vivo
placental drug transfer. Placental ex vivo systems exist in
two forms: closed (recirculating) and open (non-recirculat-
ing) ex vivo circuit systems [29]. The closed-circuit ex vivo
systems are more physiologic since they mimic the mater-
nal—fetal circulation (both maternal and fetal perfusate are
recirculated), thus making it easy to understand mechanisms
of drug transport and transplacental transfer for different
drugs and molecules. Hence, this approach would be useful
to provide a rational basis to study the extent of drug trans-
fer to the developing fetus. For example, placental transfer
of maraviroc was studied in an ex vivo human cotyledon
perfusion model, and this model was used to inform dose
selection and optimal timing of sample collection in human
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studies [30]. Novel techniques using ex vivo approaches
may improve our understanding of placental drug transfer
by studying preterm placentas (as human cord blood plasma
drug concentrations can only be collected safely at the time
of birth and not earlier during pregnancy), improving repli-
cation of placental studies through standardization of exist-
ing closed ex vivo experimental protocols, and maintaining
viability and structure of the placenta over extended peri-
ods of time to extend the duration and number of placental
experiments performed over several days. To address these
challenges, nano technologically driven microengineered
models of the human placenta (placental drug transport-on-
a-chip models) are currently being utilized to simulate and
investigate drug transfer across maternal—fetal circulation
[31-33]. The placenta-on-a-chip promises to serve as a new
screening tool to enable precise prediction of drug transport
across the feto-placental unit [34, 35].

A recent review highlighted the limitations of animal
models (e.g. mice or rat) on which preclinical information
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on breastmilk excretion in drug labels are often based,
including interspecies differences in milk composition and
variances in asymmetrical drug transport [36]. Substantial
differences have been observed in the extent of drug excre-
tion into breastmilk between human and mice; a geomet-
ric mean milk-to-plasma ratio between mice and humans
of 2.03 (95% confidence interval 1.42-2.89) was reported
in a study of 27 drugs [37]. Primary epithelial cell models
derived directly from human mammary glands is limited by
their short lifespan. Some studies have demonstrated that
conditional reprogramming allows these cells to be cultured
in vitro with an extended lifespan [38]. Importantly, the cells
exhibit in vivo heterogeneous morphologic features and self-
organize into distinct structures capable of differentiation
into milk-producing cells when grown in 3D. However, their
functionality in studying drug excretion into breastmilk has
not been investigated. An in vitro mouse mammary epithe-
lial cell culture model that recapitulates the secretory and
tight-junction properties of human mammary epithelium has
been described and has been used to study the directionality
of passive drug transport [39] and milk-to-plasma ratio of
drugs [40], a critical parameter in predicting breastfed infant
drug exposure through breastmilk. In vitro assays may play a
role in predicting drug exposure in breastmilk to feed into in
silico models simulating infant exposure through breastmilk.
The European public—private partner initiative ‘ConceP-
TION’, which is currently exploring several in vitro and in
silico techniques for studying drug exposure into breastmilk
(work package 3), is an excellent example of this approach
[41].

2.2 InVivo Studies to Assess Drug Exposure
during Pregnancy and Lactation

Opportunistic approaches to the study of pregnant women
during clinical trials should be encouraged, meaning that
women who become pregnant during a clinical trial should
have the informed option to stay on the investigational drug
throughout pregnancy [5]. These women can be enrolled
into a specific substudy within the trial that incorporates
pregnancy, delivery and postpartum PK sampling, fetal
monitoring, and infant follow-up for safety. This opportun-
istic approach was used in the ARIA [42], ADVANCE [43],
and WAVES [44] randomized clinical drug trials. Although
the ARIA study evaluated the safety and efficacy of dolute-
gravir/abacavir/lamivudine in women living with HIV,
women who became pregnant had the option of participat-
ing in a dedicated substudy [42]. Similarly, the ADVANCE
trial evaluated the efficacy and safety of tenofovir alafena-
mide—emtricitabine—dolutegravir (TAF-FTC-DTG) and
TDF-FTC-DTG, as compared with the first-line regimen
of efavirenz (EFV)-based combination antiretroviral ther-
apy (cART) used at the time of the trial in the majority of

people living with HIV in low- and middle-income coun-
tries. Female patients who became pregnant had the option
of remaining in the ADVANCE trial pregnancy PK sub-
study, with active follow-up of infants to 18 months [43].
WAVES was a randomized, controlled, double-blind, phase
III study investigating an integrase strand inhibitor regimen
(elvitegravir [EVG]-cobicistat [Cobi]-FTC-TDF) versus
a protease inhibitor-based regimen (atazanavir/ritonavir
[ATV/RTV]-FTC-TDF) for women with HIV [44]. Women
who became pregnant during the study had the option to
continue unblinded study ARVs after providing additional
informed consent [44]. Furthermore, studies involving long-
acting ARVs (e.g. cabotegravir, dapivirine [DPV] intravagi-
nal rings) should study pregnancy PK and safety outcomes
if women become pregnant during such trials, as exposure
will be prolonged due to their long half-lives. An example of
this is the HPTN and IMPAACT collaborative clinical trial
design to evaluate the safety and PK of injectable long-act-
ing cabotegravir administered for pre-exposure prophylaxis
or treatment of adolescents living with HIV who become
pregnant while on study [45]. In addition to adaptive, early-
phase trial designs, it is pertinent to encourage phase III
PK studies in pregnant and lactating women, including PK
substudies in pregnant women within phase III clinical tri-
als. DolPHIN 1 [46], DolPHIN-2 [47], and VESTED [48]
are examples of dedicated clinical trials in pregnancy and
lactation. While these trials were conducted after drug regis-
tration, they can serve as models for efficacy, PK, and safety
trials in pregnancy conducted during drug development prior
to licensure.

A novel approach that can provide early information
regarding pregnancy effects on PK is microdosing studies
during pregnancy and lactation. Microdosing studies are
defined as exploratory acquisition of human PK data using
subtherapeutic doses expected to be well tolerated (typically
0.01% of the expected pharmacological dose of a drug), but
at a high enough dose to allow cellular responses to be stud-
ied [49, 50]. These studies have been suggested to acquire
PK information in special populations such as children and
pregnant women [51]. Subtherapeutic exposure to drugs in
microdosing studies has been identified as no more than
minimal risk [51, 52]. Since such low doses are unlikely
to produce meaningful PD effects and would be too small
to cause any major adverse effects after single doses, it is
reasonable to encourage such studies in pregnant and lactat-
ing women. An approach for ARVs could be to perform a
microdosing study in pregnant women living with HIV who
are virologically suppressed under treatment. This microdos-
ing study on top of optimized background therapy (addition
of a microdose of a new compound to a current standard
therapy) could be performed during phase III or earlier in
drug development to identify the pregnancy effect on drug
PK. Although microdosing provides no direct benefit to the
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individual patient, its characterization as involving only min-
imal risk may allow this approach to be an ethical option for
studying drugs in pregnant and lactating women. Despite
the lack of clinical benefit, microdosing studies have been
successfully completed in pediatric populations [53, 54].
Microdosing studies in pediatric populations are considered
acceptable under certain circumstances—in complementing
and enhancing physiologically based PK studies in children
[51, 55], and in preventing potential drug toxicity and unpre-
dictability surrounding first-in-pediatric dosing [56]. As
microdosing has been instrumental in accelerating pediatric-
specific drug development programs, a similar strategy could
be used for advancing drug development in pregnant women.
Although microdosing has great potential in shortening the
time taken for drug development in pregnant women, prac-
tical issues remain. For example, extrapolation based on
results from microdosing to therapeutic dosing may not be
reliable because the PK processes of absorption, distribu-
tion, metabolism and elimination in microdosing studies is
assumed linear [55]. Therefore, microdosing might be a poor
predictor of therapeutic dosing in drugs with non-linear PK,
especially orally administered medications [57]. While it
is difficult to delineate particular drug characteristics that
impact the predictability of microdose PK, characterizing
the dose-response curve of the particular drug from multi-
ple microdoses, and determining how close the microdose
is to the therapeutic dose, is usually the first step, taking the
drawbacks into consideration [50, 58]. Microdosing studies
in lactating women is even more challenging, as in most
cases only a small fraction of the total dose transfers into
breastmilk, which will compromise the analysis method, i.e.
very low concentrations need to be assessed reliably. How-
ever, for drugs that are expected to transfer into breastmilk,
this is a potential method to approximate the milk-to-plasma
ratio and estimate potential infant exposure.

Another innovative approach is to assess drugs in preg-
nant and lactating women in a short-course (targeted) PK
study. This approach is useful in assessing the PK properties
of a drug administered in a continuous slow-release fashion
(transdermally administered medications, depots, implants
and intravaginal rings). Because the steady-state concentra-
tions of medications administered through these routes are
stable over an extended period of time, targeted PK evalu-
ations (limited only to specific times during pregnancy
or postpartum during lactation) could be performed. For
example, breastmilk and maternal concentrations of DPV, a
non-nucleoside reverse transcriptase inhibitor to be used for
pre-exposure prophylaxis via a vaginal ring (25 mg), were
assessed in a short course PK study in 16 healthy women
[59]. Although breastmilk and maternal plasma were col-
lected, the infants were not breastfed during this PK study.
Such a study could also be performed around the weaning
period, when breastmilk is being produced but infants are
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no longer being breastfed. Women who choose not to breast
feed can also be enrolled in such studies. A disadvantage
is that the plasma exposure of the infant to medications
received through breastmilk cannot be determined using
this study design since infants are not being breastfed, but
the amount of drug ingested over 24 h can still be estimated
from the breastmilk drug concentrations.

2.3 Population Pharmacokinetic (PK) Modeling
to Assess Drug Exposure in Pregnancy
and Breastmilk

Using maternal-to-fetal drug exposures as an index of
placental drug transfer, population PK models allow the
simultaneous use of sparse sampling methods and multi-
ple covariates (for example, maternal body size, age, fetal
weight, disease status, hematocrit, genetic polymorphisms
and gestational age) to explain intrasubject, intersubject, and
residual variabilities during drug development. Using this
approach, for several ARVs, maternal, fetal and infant PK
parameters have been reliably predicted during pregnancy
and lactation [60, 61]. In addition, post-delivery neonatal
raltegravir exposure as a result of transplacentally acquired
raltegravir during pregnancy has been successfully predicted
using population PK modeling, allowing for neonatal dose
selection for treatment of the neonate, with raltegravir [62].

2.4 InSilico Approaches: Maternal and Fetal
Physiologically Based PK (PBPK) Modeling

2.4.1 PBPK Models to Assess Maternal Drug Exposure
during Pregnancy

PBPK models constitute another innovative mechanistic
technique for investigating drug disposition during preg-
nancy. These models usually include physiologic mater-
nal tissues such as brain, heart, kidney, muscle, skin, liver,
lung, adipose tissue, feto-placental unit, and bone. These in
silico approaches have the ability to generate reliable predic-
tions of maternal drug exposure in clinically relevant scenar-
ios, including gestation-specific changes, drug—drug inter-
actions, food—drug interactions, as well as new knowledge
on the mode of action of drugs, the mechanisms underlying
their interactions, and adverse effects following maternal
exposure [63—65]. Some examples include a maternal PBPK
model used to predict darunavir/ritonavir [66] and rilpivirine
[64] PK during pregnancy. A better understanding of the
relationship between predicted drug exposure in maternal
PBPK models and observed maternal drug exposures during
pregnancy are avenues that should be the focus of research
in the future.



Innovative Approaches for Pharmacology Studies in Pregnant and Lactating Women 1191

2.5 PBPK Models to Assess Fetal Drug Exposure
during Pregnancy and Breastfeeding

PBPK modeling based on ex vivo placental perfusion studies
enable the more efficient estimation of fetal drug exposure.
The most promising PBPK models for predicting drug dispo-
sition in the feto-placental interface were described by Zhang
and Unadkat [67] and De Sousa Mendes et al. [28]. The fetal
PBPK model of Zhang and Unadkat, published in 2017, was
the first to extensively detail specific characteristics of the fetal
circulation, including incorporating the amniotic fluid and pla-
cental compartments, fetal volume of distribution, and fetal
hepatic metabolism and renal excretion. The PK of FTC, TFV,
and nevirapine in pregnancy and fetal circulation were reliably
predicted by the PBPK models of De Sousa Mendes et al. [28,
68], while Schalkwijk et al. recently used a similar model to
reliably predict fetal darunavir exposure [69]. PBPK models
have proved invaluable for predicting the PK of several ARVs
[69], including drug—drug interactions [70, 71] and food—drug
interactions [72]. For example, Atoyebi et al. applied a simi-
lar PBPK model as a case study to predict fetal exposure to
EFV and found significantly lower prenatal exposure when
compared with known teratogens such as thalidomide [73].
In silico generation of data on the extent of fetal exposure to
drugs may give us more insight into fetal exposure—safety rela-
tionships without exposing pregnant women and their fetuses
to these teratogenic drugs. These models could be applied for
the prediction of drug—drug interactions in pregnancy.

Despite these advances of in silico pregnancy modeling,
PBPK approaches can be improved and made more innova-
tive by addressing the deficiencies of currently used PBPK
models [74]. Innovative approaches with future PBPK models
would include incorporating the effects of understudied phase
I metabolic enzymes (e.g. alcohol dehydrogenase); phase II
metabolic enzymes (e.g. UGT1A1); integrating other routes
of drug elimination (e.g. biliary excretion); and accounting
for earlier gestational ages, changes in protein binding, pla-
cental drug transporters, and placental drug metabolizing
enzymes. In addition, since currently used in silico approaches
were modeled using healthy pregnant women, newer PBPK
models would need to incorporate the effects of maternal and
fetal medical and surgical conditions (for example, HIV, pre-
gestational diabetes, pre-eclampsia, cholestasis, women with
Fontan cardiac repairs), and how these conditions affect mater-
nal—fetal physiology. In addition, more research is needed to
increase prediction of drug disposition in the feto-placental
unit, as only very few currently used PBPK models predict
fetal drug exposure within the feto-placental unit [75]. Use of
in silico frameworks may leverage available information and
ultimately help to improve knowledge about the adequacy and
safety of pharmacotherapy in pregnant and lactating women
and their fetuses [76].

Several lactation PBPK models have been described, with
most of the early models focusing on environmental risk
assessment [77]. Observations of opioid toxicities in infants
whose mothers received opioid prescriptions [78] prompted
the development of PBPK models to study infant drug expo-
sure to maternal therapeutic drugs. The model described
by Willmann et al. included cytochrome P450 (CYP) 2D6
genotype status and confirmed comparable risks of opioid
poisoning for neonates of both the ultra-rapid and extensive
metabolizer mothers [79]. Several such models have been
reported, with one of their major limitations being the absence
of a milk-to-plasma ratio prediction component [36]. Hence,
they often depend on the availability of published ratios from
clinical studies, such as those described previously, to gen-
erate predictions of infant exposure. For new drugs with no
breastmilk data, using a range of clinically feasible scenarios
of milk-to-plasma ratios, and also taking the physicochemical
properties of the compound into account, to simulate potential
infant exposure could be a starting point to generate data for
follow-up clinical lactation studies [80].

3 Discussion and conclusion

Information describing pregnancy-specific safety and PK
data are critically important for all medications that could
potentially be prescribed for use in pregnant women. In
order for drugs to be used safely and effectively in pregnant
women, studies are necessary to describe maternal drug
exposure during pregnancy, identify the optimal dose for
use in pregnancy, assess the magnitude of human placen-
tal transfer and resulting fetal drug exposure, and describe
maternal and infant clinical outcomes. While some informa-
tion on drug toxicity may be derived from adult data, i.e.
which organs or functions are likely to affected, the extent to
which drugs influence the development of organs in a human
fetus remains unknown without experience from human dos-
ing during pregnancy.

The new approaches described in this paper can facilitate
and accelerate studies to define the optimal use of medica-
tions in pregnant women.

1. Placental transfer of drugs can be predicted from pla-
cental cell lines, ex vivo placenta transfer studies, and/
or placenta-on-a-chip experiments. These studies can
inform pregnancy PBPK models, predict fetal exposure
during pregnancy, and improve the placental unit in
these models.

2. Pregnancy PBPK models can predict the alterations in
maternal drug exposure during pregnancy and suggest
an initial dose for in vivo pregnancy studies, enhancing
safety and accelerating the timeline of human pregnancy
studies. Microdosing studies in pregnancy may also be
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used to describe the effect of pregnancy on PK, and can
provide data to refine PBPK and population PK models
to improve dose predictions. PK modeling can be used
to optimally design pregnancy PK substudies, either as
stand-alone studies or embedded as substudies in phase
III clinical trials.

In the context of breastfeeding the following approaches
can help to provide important information.

1. Breastmilk transfer can be assessed using in vitro cell
cultures, which can inform lactation PBPK models, pre-
dict milk concentrations, and estimate total daily intake
by infants.

2. Infant exposure can be predicted using the dose per
feeding moment (derived from the lactation PBPK
model), and different organ exposure can be predicted
using pediatric PBPK models. These can generate some
insight into potential developmental problems at the
organ level, which then informs which studies should
be conducted in breastfed infants.

An integrated approach incorporating a range of meth-
odologies (in vitro, ex vivo, in silico and in vivo studies)
(Fig. 1) is key to accelerating the availability of pharmacol-
ogy data in pregnancy and lactation to allow the safe and
effective use of medications during pregnancy and lactation.
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