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Abstract. Treatment guidelines recommend continuation of combination antiretroviral
therapy (cART) throughout pregnancy for all women living with human immunodeficiency virus
(HIV). Many of these drugs are substrates of transporters expressed in the placenta and
therefore play a role in fetal exposure. As placental transporters can be impacted by both HIV
infection and drug therapy, our objective was to explore the impact of HIV infection and cART
on transporter expression. Drug transporter expression was examined in human placental
samples collected from women with HIV (n = 25) and from healthy HIV(−) controls (n = 23).
The effect of exposure to drugs commonly used in cART during pregnancy was examined in vitro
in placental villous explants obtained from healthy women. Gene expression was measured via
qRT-PCR. Several ABC (ABCG2, ABCC1,2,4) and SLC (SLC21A9, SLC22A1,3,11) trans-
porters were significantly downregulated in placentas isolated fromHIV(+) women as compared
with HIV(−) controls (p < 0.05–0.001), while ABCB1 and SLC21A12 were significantly
upregulated (p < 0.001). Twenty-four to 48-h exposure of human placental explants to agents
used in cART resulted in significant upregulation of ABCB1 and downregulation of SLC22A11.
Our findings suggest that transplacental transportmay be compromised duringHIVinfection due
to altered expression of clinically important transporters. Furthermore, in vitro results indicate
that cART imposes significant alterations in placental transporters but not all changes are
consistent with findings in the placenta from HIV(+) women, indicating disease effects. As this
may impact in utero-fetal exposure to clinically used medications, further studies are needed to
determine the overall impact on maternal-fetal transfer.
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INTRODUCTION

Human immunodeficiency virus (HIV) treatment guide-
lines recommend combination antiretroviral therapy (cART)
in all individuals living with HIV. In 2018, there was an
estimated 18.8 million women living with HIV, most of whom
were of child-bearing age (1). Continuation of cART is
further recommended during pregnancy, and thus, most
pregnant women living with HIV are on a number of antiviral
agents throughout the course of gestation. Optimal therapeu-
tic management in this patient population is twofold, to
continually treat HIV infection in the mother by suppressing
viral load and concurrently prevent vertical transmission. The
US Department of Health and Human Services recommend a
dual nucleoside reverse transcriptase inhibitor (NRTI) back-
bone used in combination with a ritonavir-boosted protease
inhibitor (PI) or an integrase strand transfer inhibitor (2).
While these regimens have been successful and have reduced
the incidence of vertical transmission to the fetus (< 2%),
drug toxicities, adverse pregnancy outcomes, and
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neurobehavioral deficits remain a concern with in utero
exposure to HIV and cART.

The placenta expresses numerous ATP-binding cassette
(ABC) efflux transporters within both trophoblast membranes as
well as in developing fetal organs. These transporters are essential
in maintaining a thriving environment for fetal development as
they play a role in the active efflux of endogenous substances,
waste products, and xenobiotics out of the fetal compartment and/
or fetal tissues.Within the placenta, the keymembers of this group
of transporters are the breast cancer resistance protein (BCRP,
ABCG2), P-glycoprotein (PGP, ABCB1), and the multidrug
resistance family of proteins (MRPs, ABCCs).

The placenta is also essential in the uptake of nutrients,
steroids, and other components essential for the maintenance of
healthy pregnancy. The solute carrier uptake (SLC) transporters
are a group of membrane transporter proteins that play an
important role in the transfer of substrates across the placenta.
Expressed at both the apical (maternal to fetal) and basolateral
(fetal to maternal) membranes, they are crucial in the cellular
uptake of substrates from the maternal to fetal circulation or in
the removal or transfer of substrates from the fetus to mother.
Some of the key SLC drug transporters found in the placenta are
the organic anion transporting polypeptides (OATPs), the organic
cation transporters (OCTs), organic anion transporters (OATs),
and the equilibrative nucleoside transporters (ENTs). Further-
more, SLC transporters can also be found within fetal tissues,
where they facilitate the uptake of nutrients and essential
compounds for fetal development.

As there is significant substrate overlap between these
two groups of transporters, the ABC and SLC transporters
are important to consider together as they work in tandem to
support the transplacental transfer of their substrates as well
as fetal homeostasis (3). At term, the most highly expressed
drug transporters within the placenta are OCT3, OAT4,
BCRP, and OATP2B1, in the order from highest to lowest
(4). The localization and directionality of transporters studied
in this manuscript can be found in Fig. 1.

To date there are few studies that have studied placental
transporter expression in the context of HIV. To our knowledge,
expression of just PGP has been previously described in the
placenta from HIV(+) women. Camus et al. found that PGP
levels were significantly upregulated in the placentas of women
living with HIV (5). On the other hand, a number of studies
have shown changes in the basal dysregulation of transporters in
HIV-transgenic rats in several tissues including the placenta (6–
10). Other studies using rodent models of bacterial and viral
infection corroborate these findings, depicting disease-mediated
downregulation of placental transporters, ultimately leading to
changes in fetal exposure to their substrates (11,12). These
changes were also accompanied by increased levels of pro-
inflammatory cytokines. Furthermore, clinical studies in placen-
tal samples obtained from women with chorioamnionitis, a
bacterial infection of the placental chorion and amnion,
portrayed the same trends with several ABC and SLC
transporters dysregulated in the placenta along with the
increases in placental levels of pro-inflammatory cytokines
(13). Cytokine-treated primary cultures of human term tropho-
blasts also revealed significant decreases in the mRNA expres-
sion of PGP and BCRP (14). The impact of these changes can
ultimately alter drug disposition and influence transplacental
transfer of substrates. Furthermore, many drugs prescribed as

components of cART are known to be substrates of and/or
interact with placental transporters. Moreover, as the substrate
profile of many ABC and SLC transporters overlap, numerous
HIV antiretrovirals (ARVs) have been shown to interact with
both families of transporters (10). This is not limited to
xenobiotics, as transporters also play an essential role in the
transplacental uptake of endogenous compounds important for
the maintenance of healthy pregnancy. Notably, sex hormones,
which are produced by the placenta and crucial in the
maintenance and progression of pregnancy (15), are transported
in and out of placental cells by ABC and SLC transporters and
are known to regulate their expression (14–16).

Drug therapy is continued throughout the course of
pregnancy in mothers living with HIV. However, little is known
about the effects of HIVand cARTon placental transporters in a
clinical setting. As many of the prescribed ARVs are substrates
for transporters found in the placenta, understanding the
potential interactions between ARVs and placenta transporters
in the context of HIV infection is urgently needed. This will
enable us to better understand the impact on transplacental
transfer of these agents, fetal exposure to potentially toxic
agents, as well as imbalance of essential endogenous substances.
As the expression of placental transporters can be impacted
by HIV infection and drug therapy or both, our objective was to
examine the expression of key drug transporters in the placenta
from women living with HIV on cART and to further explore
the role of cART in the regulation of these transporters in
cultured human placental explants.

MATERIALS AND METHODS

Human Placental Sample Acquisition. Human placental
tissue samples from women with or without HIV were obtained
from the Angiogenesis and Adverse Pregnancy Outcomes in
Women with HIV (AAPH) Biobank in Toronto (LS lead PI)
and from the Research Center for Women’s and Infant’s Health
(RCWIH) BioBank program at Mount Sinai Hospital (MSH),
Toronto, Canada. Participants were recruited over the period of
2010–2015. All control samples were obtained from term
pregnancies, and 22 out of 25 HIV-infected placentas were
obtained from term pregnancies while only three were consid-
ered preterm (30, 31, and 35 weeks). Inclusion and exclusion
criteria for the AAPH Biobank have been previously published
(17). All AAPH cohort participants gave informed consent for
future use of their samples, and REB approval was obtained for
this study. RCWIH Biobank samples were acquired in accor-
dance with the policies of the MSH Research Ethics Board
(Protocol Reference # 28225) and following the tenets of the
Declaration of Helsinki.

Sample acquisition and processing are detailed on the
RCWIH Biobank website (http://biobank.lunenfeld.ca), and
inclusion and exclusion criteria are listed in Table S1. A similar
sample acquisition was used for the AAPH samples as well.

In order to determine the appropriate sample size for our
study, a power analysis was conducted for a desired power of
0.80 and 40% effect size (difference between groups), and a
sample size of 25–30 in each group was predicted. Placental
samples were collected from women who were clinically
diagnosed with HIV (n = 25) and control placental samples
(n = 23) were collected from healthy pregnancies matched for
gestational age. Although our sample size was below the
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predicted required sample size in our control group, upon post
hoc power calculations, it was determined that the power
remained above 0.80 for all groups as a higher % change
between groups was seen. Clinical data that were extracted from
patient charts was collected by the RCWIH BioBank program
of MSH and was made available to this study and extensively
reviewed.

Quantitative Real-Time Polymerase Chain Reaction (qRT-
PCR) Analysis. The mRNA levels were determined using qRT-
PCR as previously described (18). Briefly, RNA was extracted
from 50 to 100 mg of placental tissue using Trizol (Invitrogen,
Carlsbad, CA) and concentrations as well as RNA purity was
determined using the NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA). Contaminating
genomic DNA was removed by treatment with DNase
(Invitrogen, Carlsbad, CA) and samples were subsequently
reverse transcribed (RT) using a high-capacity cDNA RT kit
(Applied Bio Systems, Waltham, MA). Real-time quantitative
PCRwas performed using power SYBR green detection system
(ABI HT-7900). Relative gene expression was assessed using
the [ΔΔ c(t)] method normalized to the means of two
housekeeping genes, Topoisomerase I (TOPO) and zeta
polypeptide (YWHAZ). Primer sequences for the genes
analyzed are listed in Supplementary Table S2.

Western Blotting. Crude membrane fractions were isolated
from 300 mg of human placental tissue as previously described
(13). Protein concentrations were measured using the Bradford
assay with BSA standards. Isolated protein samples (30 μg) in

Laemmli sample loading buffer were heated at 37 °C for 20 min,
separated via 10% SDS-PAGE, and transferred to
polyvinylidene difluoride (PVDF) membranes (Bio-Rad Labo-
ratories, ON, Canada). Membranes were incubated overnight at
4 °C with a primary antibody in 2% nonfat milk (TBST). The
antibodies included were anti-ABCG2 mouse monoclonal anti-
body (BXP-21 clone, 1:500, Abcam, Inc., Cambridge, MA) and
anti-OCT3 (anti-SLC22A3Q306 clone, Bioworlde St Louis Park,
MN), while anti-ß-actin mouse monoclonal antibody (AC15
clone 1:75000, Sigma-Aldrich, Oakville, ON Canada) was used
as a loading control. Membranes were then washed with TBST
and incubated with a horseradish peroxidase-labeled secondary
antibody (anti-mouse 1:3000, or anti-rabbit 1:10,000, Sigma-
Aldrich, Oakville, ONCanada) in 2% nonfat milk TBST. Optical
densities for bands of interest were visualized using a FluorChem
Xplor imager (Alpha Innotech, SanLeandro, CA) and quantified
using Alpha Ease FC imaging software. Due to limited sample
quantities of placentas obtained from HIV(+) women, BCRP,
PGP and OCT3 were the only protein targets probed.

Human Placental Explant Culture. Villous explant cul-
tures were obtained from caesarian section at term (38.4–
39 weeks). All three women were Caucasian, had normal
BMI (25.6 ± 3.1), and were not taking any prescribed
medications. Neonatal sex was two males and one female
while birth weights were 7.82 ± 1.5 lbs. Each placenta served
as its own control to account for inter-placental differ-
ences and no differences were seen between male and
female results.

Small fragments (~ 30 mg) of placental villi were
dissected from the placenta and placed in 24-well plates.

Fig. 1. Localization of placental transporters. Schematic depiction of selected ABC and
SLC transporter localization and direction of transfer across the placenta. Created with
BioRender.com
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Explants were cultured in Dulbecco’s Modified Eagle Me-
dium/F12, supplemented with 10% FBS (Thermo Fisher
Scientific, Waltham, MA), 0.1% non-essential amino acids
(NEAA) (Thermo Fisher Scientific, Waltham, MA), 0.1%
penicillin/streptomycin (Thermo Fisher Scientific, Waltham,
MA), 0.1% insulin, (Thermo Fisher Scientific, Waltham,
MA), and 0.1% Normocin (Invivogen). Explants were
cultured at 37 °C under an atmosphere containing 5% CO2

for 24 h prior to treatment with the ARVs, individually and in
combination, or with vehicle as controls (0.0025% dimethyl
sulfoxide (DMSO)). Explants from a single placenta were
cultured in triplicate for 4, 24, or 48 h, and each experiment
was repeated three times using placentae obtained from
different donors. Lopinavir (LPV), ritonavir (RTV),
atazanavir (ATV), lamivudine (3TC), and zidovudine
(ZDV) (National Institutes of Health AIDS Reagent Pro-
gram) were dissolved in SO in 100 mM stocks and stored at −
20 °C until use. The concentration of DMSO in the final
medium was < 0.1%. Therapeutically relevant concentrations
were used (10X MEC) and can be found in Supplementary
Table S4. After the treatment period, explants were removed
from media containing drug treatments and snap frozen in
liquid nitrogen. Pre- and post-treatment media were collected
in order to assess cell viability via the LDH assay (data not
shown). While it is recognized that newer ART drug
combinations exist to date, the selection of ART and their
combinations were based on the ART drug combinations that
the HIV + pregnant women were on during the study period.
Hence the drugs were chosen based on their clinical use
during the study period.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
software (San Diego, CA). Human data was log-transformed to
conform to normality. For comparison between two groups, we
used an unpaired t test withWelch’s correction. Significance was
defined as p < 0.05. Human explants were normalized to control
values. Statistical comparisons were performed using one-way
ANOVA with Dunnett’s post-test. Correlations were assessed
using the Spearman correlation coefficient.

RESULTS

Clinical Patient Characteristics

We collected 23 control placentas from the RCWIH
Biobank and 25 HIV(+) placentas from the AAPH Biobank
in Toronto. Placental control samples were collected from
normal pregnancies that were not associated with any
pathological abnormalities upon histological examination,
while HIV placentas were obtained from women who
consented to participate in a biobank program supporting
research relevant to HIV infection during pregnancy (17).
There was no statistically significant difference in maternal
weight or gestational age between the two groups; however,
the neonatal birth weight was significantly lower in the
HIV(+) group compared with the control group (Table I).
All HIV(+) subjects were receiving cART, 20 of which were

on treatment at conception and five that initiated therapy
during pregnancy. All subjects were receiving two reverse
transcriptase inhibitors, in combination with either a
ritonavir-boosted PI (22 of 25), a non-NRTI (NNRTI) (2 of
25), or an integrase strand transfer inhibitor (INSTI) (1 of
25). Viral load for most women (22 of 25) were below 40
copies per mL (Table I).

Altered Expression of Placental Transporters in HIV Group

The expression of highly expressed, clinically relevant
ABC and SLC transporters was examined in placentas from
women with HIV and compared with placentas obtained
from the control, HIV(−) women. Numerous transporters
were dysregulated in the placenta obtained from women
with HIV as compared with controls (Fig. 2). Within the
ABC transporter family, transcript levels of BCRP and
MRPs 1, 2, and 4 were significantly downregulated by 38–
72%, while PGP mRNA expression was significantly
upregulated 5.5-fold in the HIV(+) group as compared with
the controls. Within the SLC transporter group, OATP2B1,
OCT1, OCT3, and OAT4 were significantly downregulated
by 85–99%, while there was a twofold induction of
OATP4A1 in the HIV(+) group as compared with the
controls.

Altered Protein Expression of Placental Transporters in HIV
Group

Protein expression of BCRP, PGP, and OCT3 was
analyzed as they are some of the most highly expressed drug
transporters in the placenta, and transcript levels indicated
pronounced differential expression in the HIV(+) group
(Fig. 3). Consistent with mRNA changes, protein expression
of OCT3 was significantly downregulated by 50% in the
HIV(+) group compared with the controls (p < 0.01), while
there was a pronounced trend towards upregulation of PGP
(p = 0.11). On the other hand, while a pronounced decrease in
BCRP mRNA was seen in the HIV(+) group, protein levels
were not significantly changed. Rather, a trend towards
increased protein expression was seen in the HIV(+) group
compared with the controls (p = 0.063).

Altered Expression of Inflammatory Cytokines in HIV Group

Transcript levels of IL-1β and TNF-α were significantly
lower while levels of IL-8 were significantly higher in the
placentas of women with HIV as compared with the controls
(Fig. 4). There was no change in the mRNA levels of IL-6 in
the HIV(+) group as compared with the controls.

Exposure toARVsAlters Expression of Transporters inHuman
Placental Villous Explants

The expression of a variety of ABC and SLC trans-
porters was examined in healthy term placental explants,
after treatment with clinically relevant ARVs, individually, as
well as in combination at 10 times the minimum effective
concentrations (see methods) (Fig. 5). Although these
concentrations are more reflective of maximal (Cmax) rather
than trough (Cmin) concentrations, there was no observed

138 Page 4 of 12 The AAPS Journal (2020) 22: 138



Fig. 2. Alterations of mRNA expression of placental transporters in HIV(+) women. The distributions of transporter mRNA expression in
control (n = 23) vs. HIV (n = 25) groups are shown using a Box and whisker plot as a percentage of the mean indicated by “+.” The dark line
represents the median, the box represents the interquartile range, and the whiskers represent the min to max. Statistical comparisons were
performed using unpaired t test with Welch’s correction. Data are normalized to housekeeping genes and are log-transformed to conform to
normality where *P < 0.05, **P < 0.01, ****P < 0.001

Table I. Clinical Patient Characteristics

Characteristic HIV− (n = 23) HIV+ (n = 25)

Maternal age, mean (SD) 31.81 (3.7) 33.75 (5.3)
Ethnicity, n (%)
Caucasian 17 (74%) 4 (16%)
Asian 3 (13%) 1 (4%)
Black 0 17 (74%)
Hispanic 0 1(4%)
East Indian 3 (13%) 0

BMI, mean (SD) 24.58 ± 5.10 24.55 ± 5.77
Mode of delivery, n (%)
Vaginal 7 (30%) 15 (60%)
C-section 16(70%) 10 (40%)

Gestational age 39.14 ± 0.92 38.22 ± 2.45
Neonatal birth weight 3470 ± 413 2981 ± 703*
Infant sex
Male 13 (56%) 15 (60%)
Female 10 (44%) 10 (40%)

Birth Percentile
< 50 < = 90 16 (70%) 8(32%)
> 10 and < = 50 6(26%) 9(36%)
> 5 and < = 10 1 (5%) 8(32%)
Median viral load (copies/mL) N/A <40
Detectable viral load at recruitment, n (%) N/A 5 (20%)
Viral load above 1000, n (%) N/A 1 (4%)
ARV regime
PIs 22 (88%)
Lopinavir/ritonavir N/A 11 (44%)
Atazanavir/ritonavir N/A 8 (32%)
Darunavir/ritonavir N/A 3 (12%)
NNRTIs
INSTIs

N/A 2 (8%)
1 (4%)

BMI body mass index, HIV human immunodeficiency virus, NNRTI non-nucleoside reverse transcriptase inhibitor, INSTI integrase strand
transfer inhibitor, PI protease inhibitor. Statistical analysis results are presented as mean ± SD. All other results are presented as frequency (%
of total). Statistical comparisons were performed using Student’s t test, where * indicated significantly different from controls (P < 0.01)
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cytotoxicity to the placental explants. Transcript levels of
PGP were elevated 1.6- to 2.5-fold by individual treatments of
ATV, RTV, and LPV after 24-h exposure (Fig. 5a). Likewise,
transcript levels of BCRP were elevated 1.6- to 1.9-fold
after 24-h exposure to combination treatments of ZDV +
3TC, ATV + RTV, as well as ZDV + 3TC + ATV+ RTV
(Fig. 5b). In contrast to the ABC transporters, OATP4A1
was significantly downregulated by 38% after 24-h expo-
sure to RTV, by 50–60% with exposure to LPV at both 24
and 48 h, and by 80% with exposure to ZDV + 3TC +
ATV+ RTV after 48 h (Fig. 5d). OAT4 was significantly
downregulated after 48 h of treatment with ATZ, RTV,
and LPV individually and by all combination treatments
tested (Fig. 5f). While there are trends towards a
downregulation of OCT3 with ARV treatments at 48 h,
these results are not significant due to a high degree of
variance within the vehicle-treated controls.

Estradiol Levels in Women with HIV Correlate with PGP
and MRP1 mRNA Expression

As many of the placental transporters examined facilitate
the transfer of endogenous substances including steroid
hormones, we investigated the association between maternal
and cord E2 levels at delivery and placental transporter
transcript levels (Fig. 6). Levels of maternal and cord E2 for
the AAPH cohort have been previously published (19), and
the relevant subset of data were used in these analyses.
Overall, maternal E2 levels significantly correlated with log-
transformed values of HIV placental mRNA expression of
PGP (r = 0.533, p = 0.0187) and MRP1 (r = 0.4754, p = 0.0461)
(Fig. 6a and b). No significant correlations were observed
with cord E2. Surprisingly, we did not observe any correla-
tions between steroid hormones and several transporters for
which they are substrates (BCRP, OAT4, and OATP2B1).

Fig. 4. Alterations of mRNA expression of pro-inflammatory cytokines in HIV(+) women.
The distribution of mRNA levels in control (n = 23) vs. PE (n = 25) groups is shown using a
Box and whisker plot as a percentage of the mean indicated by “+.” The dark line
represents the median, the box represents the interquartile range, and the whiskers
represent the min to max. Statistical comparisons were performed using unpaired t test
with Welch’s correction. Data are normalized to housekeeping genes and log-transformed
to conform to normality where *P < 0.05

Fig. 3. Alterations of protein expression placental transporters in
HIV(+) women. Data are presented as a percentage of the mean ±
S.E.M (n = 4–8 per group). Individual data points are depicted by black
circles and **P < 0.01. Statistical comparisons were performed using
unpaired t-test with Welch’s correction
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DISCUSSION

The placenta expresses many clinically important drug
transporters which we found to be altered in the placenta of
HIV(+) women on cART. We observed altered expression of
several ABC efflux transporters, including BCRP, PGP, and
MRPs, which are important in preventing fetal exposure to their
drug substrates. Likewise, significant changes in the expression of
the SLC uptake transporters, including OATP2B1, OATP4A1,
OCT3, and OAT4, were seen. In addition to their involvement in
drug transport, these transporters are important in the homeo-
stasis of many sex steroids as well as other essential nutrients.
Although elevated systemic levels of IL-6 have been reported in
people with HIV, transcript levels of this cytokine were not
changed in placenta tissues. However, increased transcript levels
were seen with IL-8, while transcript levels of TNF-α and IL-1ß
were decreased. As all women within the HIV group were

currently on cART, we further explored the effects of these drugs
on transporters in cultured placental villous explants.

We observed a dramatic decrease in transcript levels of
OCT3 in the placenta from women with HIV, with mRNA levels
being 99% lower than the control group. Likewise, protein levels
were significantly decreased. OCT3 is the most abundantly
expressed SLC uptake transporter in term placenta and has been
shown to significantly influence fetal accumulation of the
substrate drug metformin (20). OCT3 plays an important role in
the transfer of monoamine neurotransmitters, hormones, and
steroids (21). Levels of OCT1 were also decreased in placentas
from theHIV+ group, while OCT2 was undetectable in placental
tissue from both groups indicating that compensatory substrate
transport by OCT1 and 2 is unlikely. Although not significant,
there was a pronounced trend of decreased OCT3 after 48 h in
explants treated with cART containing RTV. There was also a
pronounced decrease in the placental expression of OAT4 in the

Fig. 5. Exposure to ARVs alters expression of a PGP, b BCRP, c MRP1, d OATP4A1, e OCT3, and f OAT4 in human placental villous
explants. Data were normalized to vehicle-treated controls (represented by the horizontal dotted line) and are presented as a percentage of
the mean ± SEM of three different placentas with n = 3 separate samples per experiment. Statistical comparisons were performed using one-
way ANOVA with Dunnett’s post-test. ZDV, zidovudine; 3TC, lamivudine; ATV, atazanavir; RTV, ritonavir; LPV, lopinavir
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placenta from the HIV(+) group compared with the controls.
OAT4 is located on the basolateral membrane and plays a role in
the transport of numerous drugs as well as endogenous steroids
and urates (22). We found that 48-h treatments of explants with
atazanavir, RTV, and LPV alone or as cART regimens caused
significant decreases in OAT4 expression. This suggests that
antiretroviral therapymay play a substantial role in the regulation
of OAT4 in the placenta of women with HIV.

Altered transcript levels of BCRP were seen both in the
placenta obtained from the HIV(+) group and in cART-treated
placental explants. BCRP is the most abundantly expressed
ABC efflux transporter in term placenta and has been shown
to have a pronounced influence on fetal accumulation of its
substrates. Its substrates include many clinically important
drugs as well as endogenous hormones. Although transcript
levels of BCRPwere significantly decreased in the placenta of
women with HIV, there was a trend of increased protein
levels. Interestingly, studies have suggested that BCRP is
subject to post-translational modifications in response to
drugs in order to enhance drug resistance and/or efflux (23).
As all of our HIV(+) subjects were therapeutically managed
with cART during pregnancy, this may explain the

discrepancy we see between the mRNA and protein levels
of BCRP. Furthermore, transporters exhibit sensitivity to the
exposure of their substrates, and thus it is also possible that
BCRP as well as PGP are upregulated as a result of increased
fetal accumulation of endogenous and exogenous com-
pounds. This is corroborated by our findings in human
placental explants which demonstrate an upregulation of
PGP and BCRP as a result of exposure to the numerous
ARVs that were used in the HIV(+) subjects. Likewise,
Pfeifer et al. reported increased expression of PGP and BCRP
in the placentas of hepatitis C–infected women, all of whom
were on antiviral therapy (24). Although PGP expression was
upregulated, it is unlikely that it is able to fully compensate
for the widespread decreases seen within the other trans-
porters tested. It is possible that an upregulation of both PGP
and BCRP, while decreasing perinatal HIV transmission, may
actually be protective in minimizing fetal exposure to these
drugs.

It is well recognized that while ABC and SLC trans-
porters display substrate overlap, they also work in tandem to
facilitate the transcellular transfer of substrates across the
polarized placental membranes (25–27). Expression of

Fig. 6. Maternal estradiol levels in HIV-infected patients correlate with
PGP and MRP1 mRNA expression. Correlation between placenta
expression level of a PGP and b MRP1 (log-transformed) and maternal
estradiol from HIV placentas. Individual data points are colored to
represent different protease inhibitor therapies patients were pre-
scribed. Correlation assessed by Spearman r
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transporters on either the apical or basolateral membranes
enables coordination in the transfer of substrates from maternal
to fetal circulation and vice versa. Therefore, it is not only
important to look at each transporter individually, but the global
picture and widespread dysregulation. We saw decreases in
numerous SLC transporters that are expressed at the fetal facing
membrane, and with ABC efflux transporters known to be
expressed at the maternal facing, this indicates that this
population of pregnant women may be at greater risk for fetal
accumulation of both endogenous and exogenous substrates.
For example, OATs mediate urate uptake from fetus into
placental cells at the basolateral surface, while BCRP, found
on the apical side, facilitates excretion into the maternal
circulation (28). Within our sample pool of HIV(+) individuals,
we saw significant downregulation of OAT4 and BCRP
transcripts. This could possibly lead to the fetal accumulation
of urate, its derivatives, as well as other co-transported
substrates. Dysregulation of BCRP and OAT4 placental trans-
porters has also been seen in women with preeclampsia (29), a
condition which is associated with high fetal levels of uric acid
(30,31). Additionally, while the transplacental transfer of BCRP
substrates is often coordinated with OATP2B1 due to their
significant substrate overlap, it is important to note that
OATP2B1 expression was likewise decreased in the placenta
fromwomenwithHIV. Therefore an increased placental or fetal
accumulation of substrates could result. Despite the presence of
ethnic differences betweenHIV(+) subjects and control subjects
in our study, it is unclear whether this would have impacted our
findings. To date, associations have not been found between
ethnicity or race on mRNA expression of BCRP (32). The
Q141K variant, which is associated with reduced BCRP protein
but not mRNA expression, is relatively rare in African
Americans and thus would not explain the lower transcript
and protein expression seen in our HIV(+) group. In general,
pharmacogenetics with respect to transporters is still in its
infancy and it is unknown whether it may alter the expression of
placental drug transporters.

The coordinated efforts of ABC and SLC transporters are
also very important in the context of transport and regulation of
steroid hormones. Sex steroids as well as their precursors are
fundamental in establishing andmaintaining a healthy pregnancy.
At the same time, multiple hormones and growth factors are
involved in the regulation of placental transporters throughout
gestation (16,33). The placenta itself is an important contributor
of progesterone and estrogens throughout gestation while the
estrogen precursors, 16a-OH-DHEAs and DHEAs, are largely
derived from the fetus (34). OATP2B1 and OAT4 facilitate the
placental uptake of both estrogen precursors essential for
downstream synthesis of estrogens as well as their conjugates.
Progesterone, estrone, estradiol, and their sulfate conjugates are
synthesized within the placenta and are then transported into the
maternal circulation by ABC transporters (15). We found that
maternal estradiol levels significantly correlated with the mRNA
expression of PGP and MRP1, both of which are involved in the
transport of sex steroids and their conjugates. Therefore, the
transporter changes that we observed in the HIV(+) subjects and
in cART-treated placental explants would likely affect maternal
and fetal levels of their steroid substrates. Indeed, it has been
shown that women with HIV on protease inhibitor containing
regimens have elevated serum levels and increased fetal cord
blood concentrations of estradiol and DHEAS concentrations

(19,35). Our data also indicates that within our HIV group, the
type of protease inhibitor influences the correlation of maternal
estradiol levels and transporter mRNA levels. Moreover, dysreg-
ulation of sex hormones due to antiretroviral agents could further
impact placental transporters as estrogen and progesterone have
been shown to alter expression of transporters such as BCRP and
PGP (14). While there are undoubtedly numerous factors
influencing the regulation of sex steroids, the widespread
dysregulation of transporters on both apical and basolateral
membranes cannot be ignored. Although we did not look at the
expression of the enzymes involved in steroid synthesis, it is well
known that infection, inflammation, as well as protease inhibitors
can broadly alter the expression of metabolic enzymes in a wide
variety of tissues (36,37). Taken together, these data suggest that
women on PI-based cART regimens are potentially at a greater
risk for pregnancy complications and adverse fetal outcomes due
to suboptimal production, regulation, and transport of placentally
derived hormones.

The impact of these changes on neonatal outcomes has yet
to be determined. However, our clinical data did show that birth
weight was significantly reduced in the HIV(+) group compared
with the control group. Furthermore, 32% of the neonates were
below the 10th percentile and considered small for gestational
age. Indeed, a meta-analysis of cohort studies in HIV patients
demonstrated that women with HIV were at higher risk for
having low birth weight or premature infants (38). This may be
due to factors such as changes in placental transfer of hormones
and nutrients due to dysregulation of transporters. However, the
impact of ethnicity cannot be ruled out as we had a higher
percentage of Black women in the HIV(+) group, and previous
studies have reported higher rates of low birth weight within this
population (39).

Over the last several decades, it has been well documented
that pro-inflammatory cytokines have the ability to modulate the
expression of ABC transporters in various tissues including the
placenta (10,18,40–44). HIV infection leads to a robust increase
in serum levels of pro-inflammatory cytokines (45–47). However,
reports on the levels of these cytokines throughout pregnancy in
women living with HIV are infrequent as a high percentage of
pregnant women with HIVare on fully suppressive cARTwhich
can attenuate cytokine production (44).We found that transcript
levels of TNF-α and IL-1ßwere significantly lower in theHIV(+)
group compared with the controls. This was not completely
surprising considering the fact that all women in our HIV(+)
group were on cART throughout gestation and the majority had
undetectable viral loads. Moreover, we found that treatment of
placental explants with many ARVs resulted in significant
downregulation of TNF-α. Nevertheless, as only placental
transcript levels were measured, it remains possible that
circulating serum levels of pro-inflammatory cytokines are
elevated in the HIV(+) group, thereby influencing transporter
regulation. Indeed, previous studies by Osuji et al., found that
despite a prolonged treatment with cART, TNF-α and TGF-ß
remain significantly elevated in patient serum. Interestingly, we
found that local expression of IL-8 was significantly upregulated
in HIV(+) placentas. IL-8 is a chemokine that plays a role in the
migration of white blood cells to sites of infection. This may
indicate a degree of immune activation despite adequate viral
suppression. On the other hand, IL-8 is known to be increased in
oxidative stress situations, which could occur due to either HIV
or drug therapy (48,49). However, these changes in the
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expression of IL-8 did not significantly correlate with any
observed changes in transporters.

It has been well documented that several antiretroviral
agents can modulate the expression of drug transporters
(7,47,48). Likewise, we found that numerous transporters were
dysregulated in human placental explants upon exposure to
various ARVs. Protease inhibitors are known to induce PGP,
which we saw in the placenta from the HIV(+) group, most of
which were on a PI-based regimen, as well as in PI-treated
explants. Furthermore, OAT4 was consistently downregulated
in explants after treatment with ARVs, as well as in our tissues
obtained from women with HIV on PI-based cART. Overall,
results obtained from explants can provide some insights and
explanations for the changes seen in clinical samples.While drug
therapy likely plays a role, these changes more likely stem from
a complex interplay of the disease, medications, and other
environmental or physiological parameters.

Our findings are not without their limitations as there are
inherent challenges in studying the effects of HIV and cART
on transporters in a clinical setting. The women in our
HIV(+) group were mostly on a PI-based cART regimen, so
we are not able to distinguish class effects for ARVs. Thus,
many of the conclusions we have drawn are speculative given
the broad dysregulation of transporters. Moreover, as cART
treatment strategies for pregnant HIV(+) women continue to
evolve, these novel therapeutic regimens may differentially
regulate placental transporters. Lastly, while our sample size
was sufficiently powered, our two groups were not matched
for ethnicity (Table I).

CONCLUSION

In summary, our results demonstrate that women with
HIV on PI-based cART have altered expression of clinically
important drug efflux and uptake transporters in the placenta.
To our knowledge, this is the first study demonstrating
widespread dysregulation of both ABC and SLC transporters
in the placenta from women infected with HIV. These
transporters play an important role in maintaining a healthy
pregnancy through the uptake and efflux of essential endog-
enous substrates while also providing necessary expulsion of
waste products and harmful agents. As cART use in
pregnancy is needed for the health of the mother and to
prevent vertical transmission of HIV to the fetus, this
population of pregnant women is at greater risk for altered
accumulation and/or subtherapeutic levels of ARVs leading
to unpredicted fetal outcomes due to altered transplacental
pharmacokinetics. As there are over 2 million women of
child-bearing age living with HIV worldwide and as trans-
porters are involved in numerous uptake and efflux processes
at the placental barrier, understanding the regulation of
placental transporters in the context of HIV infection and
cART use is important in predicting fetal drug exposure and
optimizing therapeutic regiments for safety and management
of the disease during pregnancy.
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