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ABSTRACT Emtricitabine (FTC) is a first-line antiviral drug recommended for the
treatment of AIDS during pregnancy. We hypothesized that transporters located in
the placenta contribute to FTC transfer across the blood-placenta barrier. BeWo cells,
cell models with stable or transient expression of transporter genes, primary human
trophoblast cells (PHTCs), and small interfering RNAs (siRNAs) were applied to
demonstrate which transporters were involved. FTC accumulation in BeWo cells
was reduced markedly by inhibitors of equilibrative nucleoside transporters (ENTSs),
concentrative nucleoside transporters (CNTs), organic cation transporters (OCTs), and
organic cation/carnitine transporter 1 (OCTN1) and increased by inhibitors of breast
cancer resistance protein (BCRP) and multidrug resistance-associated proteins
(MRPs). ENT1, CNT1, OCTN1, MRP1/2/3, and BCRP, but not ENT2, CNT3, OCTN2, or
multidrug resistance protein 1 (MDR1), were found to transport FTC. FTC accumula-
tion in PHTCs was decreased significantly by inhibitors of ENTs and OCTN1. These
results suggest that ENT1, CNT1, and OCTN1 probably contribute to FTC uptake
from maternal circulation to trophoblasts and that ENT1, CNT1, and MRP1 are likely
involved in FTC transport between trophoblasts and fetal blood, whereas BCRP and
MRP1/2/3 facilitate FTC transport from trophoblasts to maternal circulation. Coexis-
tence of tenofovir or efavirenz with FTC in the cell medium did not influence FTC
accumulation in BeWo cells or PHTCs.
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IDS is a global epidemic, and among carriers of AIDS, approximately half are

women. Specifically, there were ~18 million women HIV carriers in 2016, and most
of them were of child-bearing age (1). Antiretroviral therapy for HIV-positive pregnant
women is used widely to prevent mother-to-child transmission and is also a primary
treatment for maternal HIV infection.

Emtricitabine (FTC) is a nucleoside reverse transcriptase inhibitor. It was approved
by the U.S. Food and Drug Administration in 2003. Currently, it is a widely used
antiretroviral drug recommended by the WHO for use in pregnant woman for the
prevention of mother-to-child transmission. FTC is a highly polar cytidine analog with
low pKa (2.65) and logP (approximately —0.43), which indicates that FTC is highly
hydrophilic for cell membranes. Scholars have reported that FTC penetrates the pla-
centa, with a transport ratio between umbilical cord plasma and maternal plasma of 0.8
to 1.5 (2-6). We speculated that drug transporters might have an indispensable role in
FTC transfer across the placenta.

Organic cation transporter 3 (OCT3) and organic anion transporter 4 (OAT4) are
highly expressed in the placenta. OCT3 and OAT4 are localized on the basal sides of
trophoblasts in the placenta (7, 8) and help to transport substrates from the fetus to the
placenta. Organic cation/carnitine transporter 1 (OCTN1) and OCTN2 are expressed in
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the apical membranes of trophoblasts, which may mediate the uptake of substrates
from maternal blood into trophoblasts (9, 10). Equilibrative nucleoside transporters
(ENTs) and concentrative nucleoside transporters (CNTs) are also expressed in the
placenta. ENT1 and ENT2 are expressed in both the apical and basal membranes of the
placenta (11-13), but the sensitivities of ENT1 and ENT2 to nitrobenzylthioinosine
(NBTI) and dipyridamole differ (14, 15). ENT1 can be suppressed by NBTI at =1 uM,
whereas ENT2 is unaffected by NBTI at =1 uM but can be inhibited by NBTI at 100 uM
(14, 16-18). CNTs have been detected at the mRNA level in full-term human placentas
(19). Breast cancer resistance protein (BCRP), multidrug resistance-associated proteins 1,
2, and 3 (MRP1/2/3), and multidrug resistance protein 1 (MDR1) are expressed on the
apical sides of trophoblasts, and MRP1 is also expressed on the basal sides of tropho-
blasts (20). Scholars have reported that FTC is a substrate of MRP1 and multidrug and
toxin extrusion proteins 1 (MATE1) (21, 22), and our previous data showed that ENTs are
involved in FTC transport in BeWo cells (23). Multiple transporters of the solute carrier
family (SLC) and ATP-binding cassette (ABC) families mentioned above are expressed
on syncytiotrophoblasts and probably contribute to FTC permeation across the pla-
cental barrier; however, scant information is available about which transporters are
involved in transplacental transport of FTC.

To prevent mother-to-child transmission efficiently, combination antiretroviral ther-
apy involving use of a drug that can be transported in large amounts from maternal
membranes to the fetus for preexposure prophylaxis has been recommended by the
WHO (24). Hence, in 2016, FTC-tenofovir disoproxil fumarate-efavirenz (EFV) was rec-
ommended as a first-line combination antiviral therapy during pregnancy. Highly active
antiretroviral therapy is intended to achieve synergism between the compounds and
reduce the likelihood of the development of drug resistance (25), but combination drug
therapy often results in unexpected changes in drug levels within tissues that can lead
to possible drug toxicity or subtherapy (26). However, whether coadministered teno-
fovir (TFV) and/or EFV influences FTC transfer across the placenta has not been clarified.

One aim of the present study was to explore which transporters contribute to FTC
transfer across the placenta using BeWo cells (a human choriocarcinoma cell line), cells
stably or transiently transfected with transporters, and primary human trophoblast cells
(PHTCs). The other aim was to predict whether TFV and/or EFV would influence FTC
transfer across the placenta by comparing FTC accumulation in BeWo cells and PHTCs
in the absence or presence of TFV and/or EFV. Our results will provide information to
understand FTC application in pregnant women.

RESULTS

Multiple transporters contribute to FTC accumulation in BeWo cells. To study if
transporters contribute to transmembrane movement of FTC, concentration- and time-
dependent experiments at 4°C and 37°C were carried out. As shown in Fig. 1A and B,
FTC accumulation in BeWo cells at 37°C was significantly higher than that at 4°C, which
suggested that transporters mediated FTC transfer into BeWo cells. Furthermore,
accumulation of FTC (10 uM, 3 min) in BeWo cells was inhibited remarkably by 1 uM
NBTI (an inhibitor of ENT1; P < 0.001), 50 uM dipyridamole (an inhibitor of ENTs; P <
0.001), 200 uM phlorizin (an inhibitor of CNTs; P < 0.001), 200 M adenosine (a
substrate/inhibitor of ENTs and CNTs; P < 0.001), 250 uM cimetidine (an inhibitor of
OCTs and OCTN1; P < 0.001), 100 wM entecavir (a substrate of ENT1; P < 0.001), and
100 uM L-ergothioneine (a substrate of OCTN1; P < 0.05) but not by 100 uM L-carnitine
(a substrate/inhibitor of OCTN2) or Na*-free buffer (Fig. 1C). In addition, BCRP inhibitors
(10 uM GF120918 and 5 uM Ko143, P < 0.001) and an MRP inhibitor (50 uM MK571,
P < 0.001) increased FTC accumulation significantly in BeWo cells, whereas 100 uM
verapamil (an inhibitor of MDR1) did not show any effect on FTC accumulation (Fig. 1D).
These results suggested that ENTs, CNTs, OCTs, OCTN1, BCRP, and MRPs are probably
involved in FTC accumulation in BeWo cells.

ENT1 is involved in the transport of FTC whereas ENT2 is not. A short interfering
RNA (siRNA) assay was applied to ascertain further the role of ENT1 in the placental
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FIG 1 (A) FTC accumulation in BeWo cells at =2,000 uM for 3 min at 4°C or 37°C. (B) Time-dependent accumulation
of FTC (10 uM) in BeWo cells at 4°C or 37°C. (C) Effects of specific inhibitors of ENTs or CNTs (1 uM NBTI/50 uM
dipyridamole and 200 uM phlorizin), general inhibitor of nucleoside transporters (200 uM adenosine), OCTs/OCTN1
inhibitor (250 uM cimetidine), a substrate of ENT1 reported previously (100 uM entecavir), a substrate of OCTN1
(100 uM L-ergothioneine), a substrate/inhibitor of OCTN2 (100 uM L-carnitine), and Na*-free buffer (Na* was
replaced by N-methyl-p-glucamine) on the accumulation of FTC (10 uM, 3 min) in BeWo cells, compared with the
control (10 uM FTQ). *, P < 0.05; ***, P < 0.001. (D) Effects of ABC transporter inhibitors of MDR1 (100 uM
verapamil), BCRP (10 uM GF120918 and 5 uM Ko143), and MRPs (50 uM MK571) on the accumulation of FTC in
BeWo cells. ***, P < 0.001.

transfer of FTC. As shown in Fig. 2A and B, compared with the BeWo cells transfected
with negative-control (NC) siRNA, partial silencing of ENT1 by siRNAs resulted in
significant decreases in the expression of ENT1T mRNA (P < 0.001) and FTC accumula-
tion (P < 0.01). Human ENT1 and ENT2 proteins have 46% homologous amino acid
sequences and transport some similar substrates, but these two proteins have different
sensitivities to NBTI. ENT1 was inhibited specifically by a low concentration (=1 uM) of
NBTI, whereas ENT2 was inhibited by a higher concentration (=100 wM) of NBTI. These
results showed that, regardless of the FTC concentration, inhibition of FTC accumula-
tion by NBTI at low and high concentrations was not significantly different. These
results implied that ENT1 is involved in FTC transport but that ENT2 is not.

FTC is confirmed to be a substrate of CNT1 but not CNT3. FTC accumulation in
BeWo cells was strongly inhibited by adenosine and phlorizin (Fig. 1C), which sug-
gested that CNTs are involved in FTC transport. To ascertain further the contribution of
CNT1/3 to FTC transport, FTC uptake was measured in HEK293 cells or MDCK cells
transiently transfected with human CNT1 (hCNT1) and hCNT3, respectively. Protein
function in HEK293-hCNT1 or MDCK-hCNT3 cells was validated by comparing the
accumulation of ribavirin (a substrate of CNT1; P < 0.05) (Fig. 3A) or entecavir (a
substrate of CNT3), respectively, in transfected cells with that in mock cells (Fig. 3E).
Accumulation of FTC (10 uM, 3 min) in HEK293-hCNT1 was 2.1-fold that observed in
mock cells (P < 0.001), which was reduced significantly by 200 uM phlorizin (P < 0.001)
(Fig. 3B), and the uptake mediated by CNT1 followed Michaelis-Menten kinetics with K,
and V., values of 162 + 54.1 uM and 201 £ 15.2 pmol/mg protein/min, respectively
(Fig. 3C and D). FTC accumulation in MDCK-hCNT3 was not significantly different from
that in mock cells. The results mentioned above implied that FTC is a substrate of CNT1
but not CNT3 (Fig. 3F).
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FIG 2 (A) Influence of siRNA-ENT1 on expression of ENTT mRNA compared with the NC siRNA. ***, P <
0.001. (B) Influence of siRNA-ENT1 on FTC accumulation in BeWo cells compared with NC. **, P < 0.01.
(C and D) Effects of different concentrations of NBTI on FTC accumulation in BeWo cells. ns, P > 0.05.

FTC is not a substrate of OCT3 or OAT4. OCT3 is expressed highly in the human
placenta but it is rarely expressed in BeWo cells. Hence, we applied MDCK-hOCT3 cells
to test whether OCT3 would transport FTC. The result showed that FTC was neither a
substrate nor inhibitor of OCT3 (Fig. 4A and B). We also investigated if OAT4 partici-
pated in FTC transport, because OAT4 is highly expressed in the placenta. FTC accu-
mulation in HEK293-hOAT4 cells was not different from that in mock cells. However,
100 uM FTC significantly inhibited the accumulation of 6-carboxylfluorescein (6-CF;
20 uM, 2 min) in HEK293-hOAT4 cells (P < 0.001), which implied that FTC is not a
substrate but instead an inhibitor of OAT4 (Fig. 4C and D).

FTC is a substrate of OCTN1 but not of OCTN2. OCTN1 and OCTN2 are expressed
in the placenta, and so we investigated if FTC was a substrate of OCTN1 or OCTN2 using
stably transfected cells. FTC accumulation in MDCK-hOCTN1 cells was 1.7-fold that
observed in mock cells (Fig. 5A), which was reduced significantly by 100 uM quinidine
(P < 0.05), and the uptake kinetics of FTC by OCTNT1 displayed atypical dynamics under
Eadie-Hofstee analysis. At low concentrations (10 to 400 uM), the K, and V,,,, values
were 489 = 119 uM and 0.364 = 0.0709 nmol/mg protein/min, respectively, whereas at
high concentrations (800 to 5,000 uM), the K,,, and V,,,, values were 13.3 = 1.18 mM
and 6.01 = 0.450 nmol/mg protein/min, respectively (Fig. 5B and C). FTC accumulation
in MDCK-hOCTN2 cells was not markedly different from that in mock cells, and the
OCTN2 inhibitor L-carnitine (100 uM) also did not inhibit FTC accumulation (Fig. 5D).
Therefore, FTC was a substrate of OCTN1 but not OCTN2.

FTC is a substrate of BCRP, MRP2, and MRP3 but not MDR1. Based on the results
of the inhibition study with efflux transporters inhibitors in BeWo cells, we further
investigated if FTC was a substrate of efflux transporters by using transgenic cells. As
shown in Fig. 6A, accumulation of FTC (10 wM, 60 min) in Lilly Laboratories cell-porcine
kidney 1 (LLC-PK1)-hBCRP cells was 68% of that observed in mock cells (P < 0.01),
whereas 10 uM Ko143 (an inhibitor of BCRP) increased FTC accumulation markedly
(P < 0.01). Moreover, FTC accumulation in MDCK-hMRP2 and MDCK-hMRP3 cells was
26% and 24% lower than in mock cells, respectively (Fig. 6B and C), and 20 uM MK571
(an inhibitor of MRPs) increased FTC accumulation. However, FTC accumulation in
MDCK-hMDR1 and mock cells was not significantly different (Fig. 6D). The results
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FIG 3 (A) Ribavirin accumulation in mock and HEK293-hCNT1 cells compared with accumulation in mock cells. *, P < 0.05. (B)
FTC accumulation in mock and HEK293-hCNT1 cells in the absence or presence of phlorizin (CNT inhibitor). ***, P < 0.001
versus mock cells; ###, P < 0.001 versus no inhibitor. (C) Concentration-dependent profiles of FTC uptake in HEK293-hCNT1. (D)
HEK293-hCNT1-mediated uptake was analyzed by means of the Eadie-Hofstee plot. (E) Entecavir accumulation in mock and
MDCK-hCNTS3 cells in the absence or presence of phlorizin (CNT inhibitor) and FTC. ***, P < 0.001 versus mock cells; ###, P <
0.001 versus no inhibitor. (F) FTC accumulation in mock and MDCK-hCNT3 cells.

described above further confirmed that FTC was a substrate of BCRP, MRP2, and MRP3
but not MDR1.

FTC accumulation in PHTCs. FTC accumulation in PHTCs was studied to investigate
further if transporters were involved in the placental transport of FTC. mRNA expression
of relevant transporters in PHTCs are depicted in Fig. 7A and B. As shown in Fig. 7C, FTC
accumulation at 37°C was obviously higher than that at 4°C, suggesting that transport-
ers mediated the transfer of FTC in PHTCs. Cellular accumulation of FTC (20 uM) at 37°C
was reduced significantly in the presence of inhibitors of ENTs (NBTI, 100 uM, P < 0.01;
dipyridamole, 50 uM, P < 0.001), ENT1 (entecavir, 400 uM, P < 0.01), and OCTs or
OCTN1 (cimetidine, 500 uM, P < 0.01) but not in Na™-free buffer or a CNT inhibitor
(phlorizin, 500 wM). Unexpectedly, the inhibitors of BCRP (Ko143, 5 uM; GF120918,
10 uM) and MRPs (MK571, 50 M) did not increase FTC accumulation in PHTCs (Fig. 7D),
although we demonstrated that FTC was a substrate of BCRP, MRP2, and MRP3. In
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FIG 4 (A) FTC accumulation in mock and MDCK-hOCT3 cells. (B) Accumulation of probe substrate in
mock and MDCK-hOCT3 cells in the absence or presence of FTC and D-22 (an inhibitor of OCT3). ***,
P < 0.001 versus mock cells; ###, P < 0.001 versus no inhibitor. (C) FTC accumulation in mock and
HEK293-hOAT4 cells. (D) Accumulation of probe substrate in mock and HEK293-hOAT4 cells in the
absence or presence of FTC and probenecid (Pro, an inhibitor of OAT4). ***, P < 0.001 versus mock cells;
### P < 0.001 versus no inhibitor.

agreement with the results in BeWo cells and MDCK-hMDR1 cells, the MDR1 inhibitor
verapamil (100 M) also did not increase FTC accumulation in PHTCs.

Influence of combined antiretroviral drugs on FTC accumulation in BeWo cells
and PHTCs. FTC-tenofovir disoproxil fumarate (an oral prodrug of TFV)-EFV is recom-
mended as a first-line combination antiviral therapy during pregnancy. Hence, we
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explored if coexistence of TFV and/or EFV affected FTC accumulation in BeWo cells and
PHTCs. As shown in Fig. 8A and B, accumulation of FTC (10 uM) was not altered
significantly in the presence of TFV (20 uM), EFV (20 uM), or TFV together with EFV.
These results revealed that TFV and/or EFV did not influence placental transfer of FTC.

DISCUSSION

We elucidated the contribution of transporters in the transplacental transport of FTC
using BeWo cells, cells stably or transiently transfected with transporters, and PHTCs.
The SLC transporters ENT1, CNT1, and OCTN1 and the ABC transporters BCRP and
MRP1/2/3 probably contributed to FTC transfer across the placenta.

ENTs are widely expressed in various tissues, and ENTs contribute to the transport
of endogenous nucleosides and various anticancer and antiviral nucleoside drugs, such
as adenosine, gemcitabine, ribavirin, and abacavir (27-30). Our data revealed that NBTI
and dipyridamole (two ENT-specific inhibitors) strongly inhibited FTC uptake in BeWo
cells and PHTCs and that NBTI inhibited FTC accumulation in JEG-3 cells (see Fig. S1 in
the supplemental material), which suggests that ENTs take part in FTC accumulation in
BeWo cells, PHTCs, and JEG-3 cells. Owing to the selectivity of ENT1 and ENT2 to NBTI,
we used siRNA to demonstrate that ENT1 contributed to the transport of FTC whereas
ENT2 did not in BeWo cells. Thus, we deduced that ENT1, but not ENT2, contributed to
FTC transport in the placenta. However, Karbanova et al. (6), reported that ENTs do not
play a vital role in transfer of FTC across the placenta based on the observation that
NBTI did not significantly inhibit FTC accumulation, results that are inconsistent with
our data. We speculated that the discrepancy in the results might be attributed to the
difference in the expression levels of transporters in experimental models. Additionally,
studies reported a decade ago showed that FTC crosses the placenta by simple
diffusion, since the fetal/maternal ratio of FTC was near 1 (31). A drug with a fetal/
maternal ratio near 1 usually means it is mainly transferred through the placenta by
passive diffusion, but transporters may also be involved. A previous study found that
lamivudine crosses the placenta by simple diffusion (32), but Ceckova et al. suggested
that MATET1 is responsible for lamivudine transport (33).
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FIG 7 mRNA expression of SLC (A) and ABC (B) transporters in PHTCs. Effect of inhibitors of SLC (C) and ABC (D)
transporters on FTC accumulation in PHTCs. ***, P < 0.001 versus 4°C; ##, P < 0.01; ##*, P < 0.001 versus without
an inhibitor at 37°C.

CNT1 recognizes pyrimidine nucleosides, CNT2 recognizes purine nucleosides, and
CNT3 recognizes purine and pyrimidine nucleosides (34). FTC is a cytidine analog, so we
speculated that FTC is probably a substrate of CNT1 or CNT3. Two inhibitors of CNTs,
phlorizin and adenosine, remarkably decreased FTC accumulation in BeWo cells and
JEG-3 cells (Fig. S1), and so we deduced that CNT1 and/or CNT3 likely participated in
FTC transport in BeWo cells and JEG-3 cells. Furthermore, our results demonstrated that
FTC was a substrate of CNT1 but not CNT3 by using cells transiently transfected with
a transporter, and the results revealed that CNT1, but not CNT3, contributed to FTC
uptake in BeWo cells or JEG-3 cells. However, phlorizin reduced FTC accumulation in
PHTCs to some degree without reaching statistical significance, which was probably
due to a decrease in CNT1 expression during the isolation and cultivation of cells. We
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FIG 8 FTC accumulation (10 uM) in BeWo cells (A) and PHTCs (B) in the absence or presence of TFV (20 uM), EFV
(20 uM), or TFV (20 uM) together with EFV (20 uM).
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found that CNTT mRNA expression was higher in human full-term placentas than in
first-trimester placentas (see Fig. S2), suggesting that CNT1 has an important role in
full-term pregnancy. We also detected CNT1/2/3 mRNAs in full-term human placentas.
Staud et al. reported that CNT1 is expressed at the apical membrane and basal
membrane (13), whereas Errasti-Murugarren et al. demonstrated that CNT1 is the only
type of CNT expressed functionally in human syncytiotrophoblasts (11). In addition, Yao
et al. reported that CNT1 transports adenosine and uridine with an apparent K,,, of
26 uM (35); our data showed that CNT1 transported FTC with an apparent K, of
162 uM, which suggested that FTC is a low-affinity substrate of CNTT.

OCT3 and OAT4 are highly expressed in the fetal-facing membrane of human
syncytiotrophoblasts (7, 36) but have low expression in BeWo cells. Thus, it is important
to discover whether OCT3 and OAT4 contribute to FTC transfer across the placenta. We
demonstrated that FTC is not a substrate of OCT3 or OAT4 by using cells stably
transfected with transporters, even though it has been reported that FTC is an inhibitor
of OCTs (37). Therefore, neither OCT3 nor OAT4 was involved in FTC transport across
the placenta.

OCTNT and OCTN2 are expressed in the maternal-facing membranes of human
syncytiotrophoblasts (9, 10), where OCTN2 mediates most maternal-fetal carnitine
transport in humans (38, 39). We used transporter-transfected cells to demonstrate that
FTC is a substrate of OCTN1 but not OCTN2, and the OCTNT1 inhibitor cimetidine
markedly inhibited FTC accumulation in BeWo cells and PHTCs, which further confirmed
that FTC was a substrate of OCTN1. However, our data showed that OCTN1 transported
FTC with a high apparent K, (low concentration, 489 uM; high concentration, 13.3 mM),
and we found that the level of OCTNT mRNA in human placentas is low (data not
shown); therefore, OCTN1 plays a minor role in FTC transport in the placenta.

Additionally, peptide transporter 2 (PEPT2) and organic anion transporting polypep-
tides (OATPs) are also expressed in human placenta (26, 40-42); however, the inhibitors
of PEPT2 (Glysar, 100 uM) and OATPs (rifamycin SV, 100 uM) did not reduce the
accumulation of FTC in BeWo cells (data not shown), which showed that PEPT2 and
OATPs might be not involved in FTC transport.

The efflux transporters MDR1, BCRP, and MRP1/2/3 are highly expressed in human
placenta (13, 20, 43, 44) to pump their substrates from syncytiotrophoblasts. We
revealed that the BCRP inhibitors GF120918 and Ko143 and MRP inhibitor MK571, but
not verapamil, increased FTC accumulation in BeWo cells. It has been reported that FTC
is a substrate of MRP1 by using peripheral blood mononuclear cells (22), and we also
found that FTC was a substrate of MRP1 using MDCK-hMRP1 cells (see Fig. S3).
Furthermore, we demonstrated, for the first time, that FTC is a substrate of MRP2/3 and
BCRP by using MDCK-hMRP2/3 and LLC-PK1-hBCRP cells and that FTC is not a substrate
of MDR1. Therefore, we deduced that MRP1/2/3 and BCRP, but not MDR1, contributed
to the efflux of FTC from BeWo cells. Unexpectedly, the inhibitors of BCRP and MRPs did
not significantly increase FTC accumulation in PHTCs, which did not match with the
results in BeWo cells. The reasons for these inconsistent results were not clarified, but
we speculate that it might be due to the lower expression of efflux transporters in
PHTCs than in BeWo cells.

FTC is often used in combination with other antiviral drugs, such as tenofovir
disoproxil fumarate and EFV, and a previous study proved that dual combination
(tenofovir disoproxil fumarate and EFV) did not change the pharmacokinetic parame-
ters of both agents (45). However, the distribution of drugs in different tissues depends
on various transporters, and whether triple combination would influence FTC transpla-
cental transport was not clear. Thus, we investigated FTC uptake in BeWo cells and
PHTCs in the presence of TFV and/or EFV. Our data revealed that TFV and/or EFV did not
influence FTC accumulation in BeWo cells or in PHTCs; therefore, we reasoned that TFV
and/or EFV might not affect FTC transfer across the placenta. However, Bousquet et al.
revealed that TFV and EFV increase FTC accumulation in peripheral blood mononuclear
cells (25). These different results might have been due to differences in expression of
transporters in BeWo cells, PHTCs, and peripheral blood mononuclear cells.
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FIG 9 The predicted placental transfer of FTC (schematic). ENT1, CNT1, and OCTN1 probably contribute
to uptake of FTC from maternal circulation to trophoblasts, whereas BCRP and MRP1/2/3 facilitate FTC
transport from trophoblasts to maternal circulation. ENT1, CNT1, and MRP1 are likely involved in FTC
transport between trophoblasts, the placenta, and fetal blood.

BeWo cells consist mostly of cytotrophoblasts and few syncytialized cells, whereas
the fetal-maternal barrier is mainly constituted of syncytialized trophoblasts. Mean-
while, the expression of drug transporters in BeWo cells does not exactly match that in
human placenta tissue (46). The transporter expression profile of PHTCs is more similar
to that of the human placenta barrier; PHTCs may be more suitable than BeWo cells to
study transport mechanisms of xenobiotics. However, during the isolation and cultiva-
tion of PHTCs, the expression levels of transporters might be decreased or even lost,
and PHTCs cannot proliferate and cannot form tightly connected monolayers. Besides,
our previous study showed that mRNA expression levels of OCTN1/2, OCT3, and OAT4
are different between BeWo cells and PHTCs (47). Since cell models have their own
limitations, to obtain more reliable results, transporter-transfected cell models, chorio-
carcinoma cell lines, and PHTCs were together applied in our study to better clarify
placenta transfer of FTC. An ex vivo dually perfused human placenta model and even
in vivo studies will be used in our further studies.

In conclusion, our comprehensive study of the placental transfer of FTC demon-
strated that ENT1, CNT1, OCTN1, BCRP, and MRP1/2/3 are involved in FTC transport.
Considering the location of transporters in syncytiotrophoblasts, we predicted that (i)
ENT1, CNT1, and OCTN1 contribute to FTC uptake from the maternal circulation to
trophoblasts; (i) ENT1, CNT1, and MRP1 help FTC move from trophoblasts to fetal
circulation; and (iii) BCRP and MRP1/2/3 are involved in the efflux of FTC from tropho-
blasts to the maternal circulation (Fig. 9). Coexistence of TFV and/or EFV did not affect
FTC transfer across the placenta. Our results could offer insight into the cellular
mechanisms of FTC transfer across the placenta.

MATERIALS AND METHODS

Chemicals. Fetal bovine serum (FBS) was purchased from ScienCell Research Laboratories (Carlsbad,
CA, USA). Trypsin was obtained from Invitrogen (Carlsbad, CA, USA). Dulbecco’s modified Eagle’s medium
(DMEM) was purchased from Biological Industries (Beijing, China). Kaighn’s modification of Ham’s F-12
medium (F-12K) and M199 medium were obtained from Jinuo (Hangzhou, China). GF120918, MK571,
Ko143, NBTI, 1-methyl-4-phenylpyridinium iodide (MPP*), decynium-22 (D-22), Gly-Sar, 5-(and-6)-
carboxy-2',7'-dichlorofluorescein diacetate (CDCFDA), calcein-AM, Hoechst 33342, 6-carboxylfluorescein
(6-CF), and rhodamine 123 were obtained from Sigma-Aldrich (St. Louis, MO). FTC was purchased from
TCl Chemical Industries (Shanghai, China). L-Carnitine-(methyl-d,) (d;-L-Car) was obtained from Cam-
bridge Isotope Laboratories, Inc. (Andover, MA, USA). L-Carnitine, L-ergothioneine, probenecid (Pro),
dipyridamole, cimetidine, adenosine, phlorizin, and rifamycin SV were obtained from Aladdin (Shanghai,
China). Verapamil hydrochloride was purchased from the National Institutes for Food and Drug Control
(Beijing, China). Entecavir was provided by Dalian Meilun Biotechnology Co., Ltd. (Dalian, China). The
bicinchoninic acid (BCA) protein assay kit was from Beyotime Biotechnology (Shanghai, China). Sodium
dodecyl sulfate (SDS) was purchased from Amresco (Solon, OH, USA). Percoll was obtained from GE
Healthcare Bio-Sciences (Uppsala, Sweden). Acetonitrile was purchased from Tedia (Cincinnati, OH, USA).
Other chemicals or solvents were of the highest grade available commercially.
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The blank vector (pEnter), hCNT1 (SLC28A1) expression plasmid, hCNT3 (SLC28A3) expression
plasmid, and hOAT4 (SLC22A11) expression plasmid were obtained from ViGene Biosciences (Shandong,
China). Small interfering RNA (siRNA)-hENT1 and the negative-control (NC) siRNA were obtained from
GenePharma (Shanghai, China).

Cell culture and transfection. BeWo cells were kindly provided by Ximei Wu (School of Medicine,
Zhejiang University, Hangzhou, China) and cultured in F-12K supplemented with 15% FBS and 1%
penicillin-streptomycin. Human embryonic kidney 293 (HEK293) cells were kindly provided by Feng Han
(College of Pharmaceutical Sciences, Zhejiang University). Madin-Darby canine kidney (MDCK) cells stably
transfected with full-length hOCTN1 ¢cDNA (MDCK-hOCTN1), hOCTN2 cDNA (MDCK-hOCTN2), hOCT3
cDNA (MDCK-hOCT3), and hMDR1 ¢cDNA (MDCK-hMDR1) as well as Lilly Laboratories cell-porcine kidney
1 (LLC-PK1) cells stably expressing BCRP (LLC-PK1-hBCRP) were established by our research team (48-50).
MDCK-hMRP2 cells were kindly provided by Piet Borst (Netherlands Cancer Institute, Amsterdam, the
Netherlands). MDCK-hMRP3 cells were kindly provided by Min Huang (School of Pharmaceutical Sci-
ences, Sun Yat-sen University [Guangzhou, China]). MDCK and HEK293 cells were cultured in DMEM with
10% FBS and 1% penicillin-streptomycin. LLC-PK1 cells were grown in M199 containing 6% FBS and 1%
penicillin-streptomycin. All cells were incubated in a humidified air-CO, incubator (5% [vol/vol]) at 37°C.

MDCK and HEK293 cells were seeded at an appropriate density in 24-well plates. On day 2 when they
had reached 70% to 90% confluence, MDCK cells were transiently transfected with hCNT3 (MDCK-hCNT3)
using Lipofectamine 3000 reagent (Invitrogen) according to the manufacturer’s protocol. HEK293 cells
were transiently transfected with hOAT4 (HEK293-hOAT4) and hCNT1 (HEK293-hCNT1) using Lipo-
fectamine 2000 reagent (Invitrogen) when they had reached 90% confluence.

Silencing of ENT1 expression. BeWo cells were transfected with ENT1 siRNAs (siENT1-A1 and
SiENT1-A2) or NC siRNA using jetPRIME (Polyplus, lllkirch, France) according to the manufacturer’s
protocol. Briefly, BeWo cells were seeded in 12-well plates at 105/well. On day 2, when cells had reached
50% confluence, they were treated with 55 pmol of siRNA for each group. Then, 48 h later, the mRNA
level of ENT1 and FTC accumulation in BeWo cells were measured. siRNA sequences are listed in Table
S1 in the supplemental material.

Quantitative real-time PCR. Total RNAs were extracted from BeWo cells, PHTCs, and placenta tissues
(placentas of pregnancy complications and viral infection were excluded) using an RNAsimple Total RNA
kit (Tiangen Biotech, Beijing, China). Then, cDNAs were synthesized using a PrimeScript RT Reagent kit
(TaKaRa Biotech, Kusatsu, Japan). Quantitative real-time PCR (RT-qPCR) was carried out on a StepOne plus
Real-Time PCR system using SYBR Premix Ex Taq Il (TaKaRa Biotech). Expression of the target mRNAs was
normalized to that of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The
primer pairs used were previously reported (23), and CNTs primers are listed in Table S2.

Cellular accumulation. MDCK-hOCT3, MDCK-hOCTN1/2, LLC-PK1-hBCRP, MDCK-hMDR1, MDCK-
hMRP1/2/3, and the respective mock cells were seeded in 24-well plates at 2 X 10>/well. Accumulation
studies were carried out on day 3 according to a method created by our research team (47-50). The
activity of the transgenic cells mentioned above was tested by using classical substrates: MPP* (10 uM)
for hOCT3, L-ergothioneine (3 uM) for hOCTN1, d,-L-Car (3 uM) for hOCTN2, Hoechst 33342 (10 uM) for
hBCRP, rhodamine 123 (5 uM) for hMDR1, calcein-AM (10 uM) for hMRP1/2, and CDCFDA (15 uM) for
hMRP3.

To measure accumulation in the cells mentioned above, the medium was removed and cells were
washed twice and preincubated with prewarmed Hanks’ balanced salt solution (HBSS; pH 7.4) for 10 min
or 30 min at 37°C. Accumulation was initiated by adding HBSS containing FTC or the classical substrates
of the studied transporters with/without inhibitors of influx/efflux transporters at 37°C for 3 min (for
hOCT3 and hOCTN1/2) or 60 min (for hBCRP, hMDR1, and hMRP1/2/3). Accumulation was terminated by
removing the incubation solution and then adding ice-cold phosphate-buffered saline (PBS) instantly to
wash cells twice. Finally, cells were lysed with 100 ul of 0.1% SDS and stored at —80°C until analyses.
Measurement of FTC accumulation in BeWo cells at 4°C or 37°C was similar to that for the cells mentioned
above.

To ascertain if FTC was a substrate of hOAT4 and hCNT1/3, cellular uptake of FTC was measured using
the method described for the cells mentioned above except that the buffer was replaced with 2-(N-
morpholino)ethanesulfonic acid (MES; pH 6.0) or Krebs-Ringer-Henseleit (KRH; pH 7.4). The activity of the
transgenic cell models was verified using the probe substrate of 6-CF (20 uM, 2 min), ribavirin (1 mM,
3 min), and entecavir (10 uM, 3 min).

The intracellular concentrations of FTC, MPP*, d;-L-Car, and L-ergothioneine from cell lysates were
tested using liquid chromatography-tandem mass spectrometry (LC-MS/MS). The intracellular level of
rhodamine 123 (excitation wavelength [A_], 485 nm; emission wavelength [A,,], 535 nm), calcein-AM
(Ao 490 nm; A, 515nm), Hoechst 33342 (A, 355nm; A, 460nm), CDCFDA (A, 504 nm; A,
529 nm), or 6-CF (A, 490 nm; A, 525 nm) was determined by a microplate reader (Spectra Max M2;
Molecular Devices, Silicon Valley, CA, USA). Accumulation was normalized to the total protein content in
lysates with a BCA protein assay kit.

FTC accumulation in PHTCs. PHTCs were isolated from human placenta uncomplicated and without
viral infection delivered at full term (38 to 40 weeks) using a method reported previously with some
modifications (23, 51). In brief, aliquots of villous tissue were cut randomly from the maternal side of the
placenta and rinsed thrice with saline containing 1% penicillin-streptomycin and PBS containing 1%
penicillin-streptomycin. Then, the tissue was digested with 0.07% trypsin and 0.2 mg/ml of DNase | in
200 ml of DMEM high glucose (25 mM glucose) (DMEM-H-G). The mixture was incubated in a shaking
water bath (37°C) for digestion five times successively at 30, 40, 15, 15, and 15 min each. The third, fourth,
and fifth digestions were used to collect pellets after centrifugation at 1,340 X g for 10 min at room
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temperature. The precipitate was resuspended with 5 ml of DMEM-H-G, which was purified using a 5%
to 65% Percoll gradient at step increments of 5% and centrifuged at 1,340 X g for 15 min at room
temperature. The middle layer containing cytotrophoblasts was removed carefully to a new tube after
centrifugation, washed once with DMEM-H-G, and resuspended instantly in medium containing 15% FBS
and 1% penicillin-streptomycin. Finally, cytotrophoblasts were seeded in 12-well plates at 1.5 X 10%/well,
and the accumulation assay was carried out after 72 h of incubation.

LC-MS/MS. The concentrations of entecavir, MPP*, L-ergothioneine, and d,-L-Car in cell samples were

measured with an LC-MS system (1290/6460; Agilent Technologies, Santa Clara, CA, USA) with a triple
quadrupole mass spectrometer (Agilent Technologies) using a method described previously (23, 48, 52).
For FTC determination, 80 ul of the cell lysate was mixed with 160 ul of acetonitrile containing the
internal standard (5 ng/ml of MPP+) for 5 min. Then, the mixture was centrifuged at 7,000 X g for 15 min
at room temperature, and the supernatant was analyzed by LC-MS/MS. Isocratic chromatographic
separation was undertaken on an X-Bridge BEH HILIC column (2.5 um, 2.1 mm by 50 mm; Waters, Milford,
MA, USA) at 30°C with gradient elution (0 to 1.0 min, 80% of B; 1.0 to 1.6 min, 80% to 70% of B; 1.6 to
2.5 min, 70% to 80% of B; 2.5 to 4.0 min, 80% of B) at 0.2 ml/min, where mobile phases A and B were 0.1%
formic acid in 20 mM ammonium acetate-water and 0.1% formic acid in acetonitrile, respectively. MS was
conducted using an electrospray ionization source in positive ion mode. Quantification was obtained
using multiple reaction monitoring mode at m/z transitions of 248.2 > 129.9 for FTC and 170 > 128 for
MPP*. The fragmentor voltage was set at 50 V and 100V, and the collision energy was 2V and 30V for
FTC and MPP™, respectively.

Prism 6.0 (Graph Pad, San Diego, CA, USA) by fitting the data to the Michaelis-Menten equation V =V,

Statistical analyses. Data are the means * standard deviations from at least two independent
experiments in triplicates (n = 3). The Michaelis-Menten constants K,, and V,

were calculated using

max

[SV/(K,,, + [S]), where V is the uptake velocity and [S] is the substrate concentration. One-way analysis of
variance (ANOVA) followed by Dunnett’s multiple-comparison test was used to evaluate the statistical
differences among different groups and unpaired Student’s t test was used to compare two groups; P
values of <0.05 were considered significant.

Ethics statement. The protocol for studies on primary human trophoblast cells was approved by the

Ethics Committee of Women'’s Hospital, School of Medicine, Zhejiang University. All pregnant women
provided written informed consent to participate in our study.
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