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Abstract

Introduction: The objectives of this study were to determine how HCV infection affects 

placental drug transporters, and to determine the role of drug transporters on the cellular 

accumulation of direct-acting antiviral drugs in human trophoblasts.

Methods: Eighty-four ABC and SLC transporter genes were first screened in normal and HCV 

infected pregnant women using PCR profiler array. The changes in expression were confirmed by 

qPCR and Western blot. The impact of selected drug transporters on the cellular accumulation of 

radiolabeled antiviral drugs sofosbuvir, entecavir, and tenofovir was measured in primary human 

trophoblasts (PHT) and BeWo b30 cells in the presence or absence of transporter-specific 

inhibitors. PHT were then treated with CL097, ssRNA40, and imquimod to determine the impact 

of Toll-like receptor (TLR) 7/8 activation on drug transporter expression.

Results: The expression of the ABC efflux transporters ABCB1/P-gp and ABCG2/BCRP was 

increased in placenta of women with HCV, while the nucleoside transporters SLC29A1/ENT1 and 

SLC29A2/ENT2 remained unchanged. The accumulation of sofosbuvir and tenofovir was 

unaffected by inhibition of these transporters in trophoblast cells. Entecavir accumulation was 

decreased by the inhibition of ENT2. P-gp and BCRP inhibition enhanced entecavir accumulation 

in BeWo b30, but not PHT. Overall, there was little effect of TLR7/8 activation on these drug 

transporters, and the accumulation of entecavir in PHT.

Discussion: The data suggest that expression of placental drug transporters and selection of 

antiviral drug may impact fetal drug exposure in pregnancies complicated by HCV infections.
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INTRODUCTION

Chronic hepatitis C virus (HCV) affects between 1 and 8% of pregnant women, 3 to 10% of 

whom will transmit the disease to their baby [1]. The odds of transmission are 90% higher in 

the presence of HIV co-infection [2]. Antiviral drugs have been used to prevent mother-to-

child transmission of human immunodeficiency virus (HIV) and hepatitis B virus (HBV), 

but has not been possible for HCV because of safety concerns with the medications currently 

used for treatment.

Direct-acting antiviral agents (DAAs) against HCV proteins have dramatically improved 

clinical outcomes. However, there is limited published experience with DAAs during 

pregnancy, and it is unclear how and to what extent they cross the human placenta. In order 

to facilitate safe and effective antiviral therapy or prophylaxis for pregnant women with 

chronic viral infections, it is important to understand the transfer mechanisms of these drugs 

to the fetus.

The ATP-binding cassette (ABC) and solute carrier (SLC) drug transporters play an 

important role in determining the plasma membrane permeability of antiviral drugs [3]. It is 

known that changes in the membrane expression of these transporters impact a drug’s 

disposition and pharmacokinetics. Drug transporter proteins are regulated by many factors 

including infection and inflammation [4–6], but there is little information regarding drug 

transporter regulation in placentas from HCV-infected mothers.

Inflammatory responses to infection are primarily mediated by Toll-like receptor (TLR)-

signaling [7]. Various human and rodent studies identified regulation of drug transporters 

during activation of TLRs by bacterial or viral pathogens [4, 5, 8–10]. Single stranded RNA 

(ssRNA) viruses like HCV and HIV are sensed by TLR7 and TLR8 [11], but it is unknown 

whether receptor activation affects drug transporter expression.

The objectives of this study were to identify placental drug transporter regulation by HCV 

infection, to understand how drug transporters affect the accumulation of DAA drugs in 

placental cells, and to determine the role of TLR7/8 activation in the regulation of 

transporter expression.

MATERIALS AND METHODS

Chemicals and Reagents

Elacridar, Ko143, dipyridamole, and 6-S-[(4-Nitrophenyl)methyl]-6-thioinosine (NBMPR) 

were purchased from Tocris (Minneapolis, MN). Verapamil was purchased from Sigma-

Aldrich (St. Louis, MO). All compounds were dissolved in DMSO and stored at −20°C until 

use. CL097, ssRNA40/LyoVec and ssRNA41/LyoVec, and imiquimod were purchased from 

InvivoGen (San Diego, CA). The anti-MDR1/ABCB1 monoclonal antibody (D3H1Q) was 
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obtained from Cell Signaling Technology (Danvers, MA). The anti-BCRP antibody (clone 

BXP-21) was obtained from Millipore Sigma (Burlington, MA). ENT1 (clone F-12) and 

ENT2 (clone A-8) monoclonal antibodies were from Santa Cruz Biotechnology (Santa Cruz, 

CA). [3H]-Entecavir (6.4 Ci/mmol) and [adenine-2,8-3H]-Tenofovir (17.1 Ci/mmol) were 

acquired from Moravek Biochemicals, Inc. (Brea, CA). [N-methyl-3H]-Sofosbuvir (80 Ci/

mmol) was purchased from American Radiolabeled Chemicals (St. Louis, MO). Corning 

Gentest ABC transporter membranes were purchased from Corning (Corning, Woburn, 

MA).

Human placenta and isolation of cytotrophoblasts

Human placentas were obtained with informed consent under a protocol approved by the 

Institutional Review Board at the University of Kansas Medical Center (Study #1530). 

Placental tissue samples were collected from women with chronic HCV infection (n=7; 

mean gestation 38.1 ± 2.2 weeks; mean plasma HCV RNA prior to delivery 4272319 

± 3515361 IU/mL; range 63920–7853243). Two HCV-positive patients had a history of 

tetrahydrocannabinol and amphetamine use. Additionally, one patient had a history of IV 

drug abuse and three patients were prescribed methadone maintenance therapy. Control 

samples were devoid of any significant underlying pathology. Two of the control patients 

endorsed tobacco use during pregnancy. Clinical characteristics of patient samples are listed 

in Supplementary Tables 1–2 [11].

Cytotrophoblasts were isolated from healthy placenta delivered at term by cesarean section 

and immunopurified as previously described [12, 13]. Cell purity was determined by 

immunofluorescence staining using anti-cytokeratin 7 and anti-vimentin antibodies. A 

proportion of 90% cytokeratin 7-positive cells (cytotrophoblasts) was of sufficient purity.

Cell culture

The choriocarcinoma cell line BeWo (clone b30) was obtained from Dr. Erik Rytting 

(University of Texas Medical Branch, Galveston, Texas) with permission from Dr. Alan 

Schwartz (Washington University, St Louis, MO). Cells were cultured at 37°C with 5% CO2 

in a humidified atmosphere in DMEM supplemented with 2 mM glutamine, 50 units/ml 

penicillin and 50 μg/ml streptomycin, and 10% FBS.

Primary human trophoblasts (PHT) were cultured in M199 media, supplemented with 10% 

FCS, epidermal growth factor (10 ng/ml), insulin (5 ng/ml), transferrin (10 ng/ml), sodium 

selenite (0.2 nM), penicillin/streptomycin (100 U/ml), and nystatin in a 95% air/5% CO2 

humidified atmosphere at 37 °C.

RNA isolation and purification

Total cellular RNA was isolated from placental tissue using the TRIzol® reagent 

(Invitrogen) per manufacturer’s instructions. Total RNA concentration was determined by 

spectrophotometry (NanoDrop; Thermo Scientific) at 260nm and RNA integrity and purity 

confirmed by 260/280 ratio (>1.8). RNA integrity and purity was confirmed on the Agilent® 

Bioanalyzer using an RNA 6000 Nano LabChip®. All samples had RIN values > 7. Total 
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RNA was isolated from PHT using RNeasy mini kit (Qiagen; Hilden, Germany) according 

to the manufacturer’s protocol.

qPCR profiler array

The mRNA of each placental tissue sample was converted into cDNA using the RT2 First 

Strand Kit (SABiosciences, Frederick, USA). The cDNA was then added to the RT2SYBR 

Green qPCR Master Mix (SABiosciences). Each sample was then added in duplicate on 

Human Drug Transporters RT2 Profiler™ PCR Array (384-well; SABiosciences). All steps 

were done according to the manufacturer’s protocol for the ABI Vii7 Detection System 

(Applied Biosystems, Foster City, CA).

The RT2 Profiler PCR Array data analysis software (http://www.sabiosciences.com/

pcrarraydataanalysis.php) was used to analyze the PCR array data. Each array contained 5 

separate housekeeping genes (RPLP1, HPRT, RPL13A, LDHA, and ACTB). The software 

determined the best reference gene(s) for normalization based on recommendations by 

Vandesompele et al. [14]. The reference genes were HPRT1 and ACTB for comparison of 

HCV-positive (n=4) and negative (n=4) samples. Any Cq value >35 was considered a 

negative call. The software calculates the fold change based on the widely used ΔΔ Cq 

method [15]. The p-value was calculated using a Student’s t-test (two tail distribution and 

equal variances between the two sample groups).

Real Time Quantitative PCR

Quantitative real-time PCR (qPCR) was performed as previously described [12]. Primers 

were selected based on previously published sequences to span at least one intron boundary 

to avoid false positive signals from residual genomic DNA. All primer sets were tested to 

ensure efficiency of amplification over a wide range of template concentrations. SYBR 

Green (Bio-Rad Laboratories, Hercules, CA) was used for amplicon detection. A melt curve 

was performed after amplification to ensure that all samples exhibited a single amplicon. 

PCR grade water served as a negative control for genomic contamination and displayed no 

amplification. Gene stability analysis of eight commonly used housekeeping genes in 

placental research (18s, CYC1, TOP1, UBC1, B2M, PKG1, YWHAZ, GAPDH) was 

compared across experimental and control groups using NormFinder [16]. The gene pair of 

18s and PKG1 was used as the endogenous reference gene(s). Each sample (n=7/group) was 

assayed in duplicate. Relative changes in mRNA expression of the target genes were 

analyzed using the ΔΔCq method (2-ΔΔCq) [15].

Western blot assay

Total membrane protein from human placenta (n=7/group) was isolated using ProteoExract 

Native Membrane Protein Extraction kit (Millipore Sigma). Equal amounts of protein (30 

ug) were loaded onto 7.5% polyacrylamide gels and separated by electrophoresis. Proteins 

were transferred to PVDF membranes, blocked for 1h, and probed overnight at 4 °C with 

primary antibodies. The membranes were probed with the respective secondary antibody. 

Protein bands were detected by ECL Western Blotting Detection Reagents (GE Healthcare 

Life Sciences; Pittsburgh, PA) and quantified using Image Lab software version 4.0 

(Biorad). β-actin served as a loading control.
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ATPase assay

Drug-stimulated transporter activity was estimated for DAAs by measuring inorganic 

phosphate released from ATP as previously described [17]. DAAs were tested at 20 and 100 

μM concentration. Only those concentrations of compounds that demonstrate 2-fold 

stimulation were evaluated for being significantly different from the no compound control 

[18].

Accumulation of direct-acting antiviral drugs in trophoblasts

The influence of drug transporters P-gp, BCRP, ENT1, and ENT2 on the intracellular 

accumulation of DAAs was determined in the presence or absence of specific inhibitors. 

BeWo b30 cells were seeded on 24-well tissue culture dishes at a density of 2.5 × 105 cells/

well in complete media and PHT were plated at a density of 5 × 105 cells/well. PHT were 

cultured for 3 to 4 days in growth medium. Syncytialization was confirmed by measuring β-

hCG via ELISA as previously described [12]. β-hCG secretion increased significantly by 72 

hours (data not shown).

Cellular accumulation studies were performed at 37 °C. Cells were pre-incubated at 37 °C 

for 30 minutes in buffer (Hanks’ balanced salt solution containing 25 mM glucose and 10 

mM HEPES, adjusted to pH 7.4) containing Verapamil [100 μM], Ko143 (1 μM), 

Dypridamole (0.2 μM, 100 μM), or NBMPR (0.1 μM, 100 μM). Radiolabeled drugs were 

then added at concentrations of 40 nM for 3H-Sofosbuvir, 31.25 nM for 3H-Entecavir, 23.4 

nM for 3H-Tenofovir. These concentrations were selected because they fall within the 

therapeutic range of antiviral activity. According to the time-dependent uptake of sofosbuvir, 

entecavir, and tenofovir in these cells, 5 minutes was selected as the linear uptake time (data 

not shown). The cells were washed three times with cold PBS, and lysed in 0.2N 

NaOH-0.5% Triton X-100 (pH 7.4). The amount of radioactivity in cell lysates was 

quantitated using a Beckman liquid scintillation counter (model LS 6000IC; Beckman 

Coulter, Brea, CA). Cellular protein content was determined by the bicinchoninic acid 

method. Inhibitors were prepared in DMSO at final concentrations <0.1%. An identical 

amount of DMSO was incorporated in the bathing media of controls.

TLR7/8 Activation in primary human trophoblasts

TLR7 and TLR8 were activated using CL097 (TLR7/8 ligand), viral ssRNA (ssRNA40, 

TLR8 ligand), or imiquimod (TLR7 ligand). PHT were seeded in 35 mm tissue culture 

dishes at a density of 2–3 × 106 cells/well in complete medium. Cells were then treated with 

CL097 (25 μg/mL), ssRNA40 (5 μg/ml), ssRNA41 (5 μg/ml), imiquimod (5 μg/ml), or 

vehicle control for 12 h. The doses were selected based on previously published data in 

human trophoblasts [19–21]. Analysis of downstream target genes including IL8, IL6, and 

TNFα were used to evaluate TLR pathway activation.

Statistical Analysis

Statistical analysis was performed using Graphpad Prism version 6.0 (Graphpad Software, 

Inc., San Diego, CA, USA). Statistical differences between groups were determined by 

unpaired f-test or one-way ANOVA followed by Dunnett’s post-test. For studies in isolated 
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PHT, statistical analyses were carried out by paired t-tests or repeated measures one-way 

ANOVA. Differences were considered statistically significant when P ≤ 0.05.

RESULTS

Changes in expression of drug transporter proteins in placenta of HCV-infected women

We first screened a panel of drug transporter genes in a subset of women (n=4) with chronic 

HCV infection at term delivery using a pcr profiler array. We identified increased mRNA 

expression (⩾1.5-fold; P-value ⩽ 0.05) in 8 of the 84 transporter genes in placenta of women 

with HCV (Table 1). Seven of these genes encoded members of the SLC family of 

transporters including folate (SLC19A1, 1.8-fold) and thiamine (SLC19A2, 2.0-fold) 

transporters, amino acid transporters (SLC7A11, 1.5-fold; SLC7A6, 1.6-fold), nucleoside 

transporters (SLC29A1, 1.8-fold; SLC29A2, 2.0-fold), and the mitochondrial carrier protein 

citrin (SLC25A13, 1.5-fold). The gene encoding the ABC efflux transporter P-gp (ABCB1) 

was increased 3-fold. The complete list of genes is shown in Supplementary Table 3. We 

selected SLC29A1, SLC29A2, and ABCB1 for further analysis because of their role in the 

transport of antiviral drugs. BCRP (ABCG2) is another quintessential placental ABC 

transporter involved in antiviral drug transport. ABCG2 increased 1.8-fold, but did not 

achieve statistical significance (P = 0.11).

We expanded on these findings to confirm changes in SLC29A1, SLC29A2, ABCB1, and 

ABCG2 mRNA and protein (n=7). Although more variable, ABCB1 (2.5-fold, P < 0.05) and 

P-gp (3.1 ± 0.85, P < 0.05) expression was higher in placenta of women with HCV 

compared to the control group. BCRP expression was also greater in placenta of HCV 

positive patients (2.3 ± 0.37, P < 0.05), even though the mean values of ABCG2 did not 

reach statistical significance. Neither SLC29A1/ENT1 nor SLC29A2/ENT2 expression 

changes could be confirmed in placenta from HCV positive women (Figure 1).

Effect of drug transporter inhibition on the accumulation of antiviral drugs in human 
trophoblasts

The next objective was to determine how drug transporters alter the disposition of direct-

acting antiviral drugs sofosbuvir, entecavir, and tenofovir in placental cells. P-gp and BCRP 

are abundantly expressed in the apical membrane of the syncytiotrophoblasts. Together, 

these transporters function to efflux drugs out of cells and protect the developing fetus from 

potentially harmful substances. An ATPase assay was performed to determine if sofosbuvir, 

entecavir, and tenofovir interact with P-gp and/or BCRP. The positive control compound in 

each transporter assay significantly stimulated inorganic phosphate release with a fold 

stimulation more than two. Treatment with sofosbuvir, but not entecavir and tenofovir, 

produced at least a 2-fold stimulation of human P-gp and BCRP (Figure 2).

A series of accumulation assays were then performed to determine how P-gp, BCRP, ENT1, 

and ENT2 regulate the transfer of sofosbuvir, entecavir, and tenofovir into placental cells. 

The inhibition of P-gp, BCRP, ENT1, and ENT2 had no effect on sofosbuvir accumulation 

in either BeWo b30 cells (Figure 3A) or PHT (Figure 3B).
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The inhibition of P-gp with Verapamil [100 μM] and BCRP with Ko143 [1 μM] increased 

the cellular accumulation of entecavir in BeWo b30 cells (Figure 3A) but not PHT (Figure 

3B). Similar results were obtained when cells were pretreated with the dual P-gp and BCRP 

inhibitor Elacridar [5 μΜ] (Supplementary Figure 1). The inhibition of ENT1 and ENT2 

transporters often results in decreased cellular accumulation of their substrates. NBMPR 

specifically inhibits ENT1 at low concentrations (⩽ 0.1 μM), but also inhibits ENT2 at 

higher concentrations (⩾ 100 μM). The inhibition by NBMPR at high concentration (100 

μM) diminished the in vitro uptake of ETV in BeWo b30 (Figure 3A) and PHT (Figure 3B). 

Similar results were found when cells were treated with another known ENT inhibitor, 

dipyridamole.

TFV accumulation in the BeWo b30 and PHT was 5 to 10 times lower than ETV despite 

dosing with relatively similar drug concentrations. TFV was not transported by P-gp or 

BCRP. Surprisingly, the inhibition with NBMPR at 100 μM enhanced the accumulation of 

TFV in BeWo b30 cells (Figure 3A), while NBMPR and dipyridamole at 0.1 μM and 100 

μM, respectively, increased accumulation in PHT compared to the control (Figure 3B).

Effect of Toll-Like Receptors 7 and 8 Activation on Drug Transporters in Primary Human 
Trophoblasts

To better understand the potential pathways of drug transporter regulation in HCV 

infections, we assessed whether the activation of TLR7 and/or TLR8 alters drug transporter 

expression. Stimulation with the TLR7 and/or TLR8 ligands increased mRNA levels of the 

downstream target genes IL8, IL6, and/or TNFα, supporting activation of the TLR signaling 

pathways (Figure 4A). There was no difference in ABCB1 (Figure 4B), ABCG2 (Figure 

4C), and SLC29A1 (Figure 4D) in PHT exposed to the TLR7/8 agonists. SLC29A2 levels 

were increased in cells treated with CLO97 (TLR7/8) and imiquimod (TLR7) (Figure 4D). 

Although ENT2 protein levels were on average higher in cells stimulated with imiquimod, 

the difference was not statistically significant (Figure 4F).

Since entecavir transport was affected by drug transporter inhibition, we performed 

accumulation studies to determine whether the activation of TLR7/8 signaling affects the 

disposition of entecavir through modulation of drug transporters in PHT. There was no 

difference in entecavir accumulation when cells were pretreated for 48h with CL097, 

imiquimod, or ssRNA40 compared to control (Figure 4G).

DISCUSSION

The drug transporters that regulate the passage of DAAs in the placenta have not been 

systematically investigated, nor has the impact of viremia on placental drug transport. In the 

present study, we evaluated the regulation of ABCB1/P-gp, ABCG2/BCRP, SLC29A1/

ENT1, and SLC29A2/ENT2 in placenta of women with chronic HCV and focused on their 

role in the cellular disposition of DAAs.

Multiple studies have investigated the effect of HCV and HCV-induced inflammation on 

hepatic transporter expression. Liver biopsies from patients with HCV exhibited increased 

P-gp expression compared to uninfected controls [22]. Other reports indicated that the 
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expression and function of BCRP increased in hepatocyte derived cellular carcinoma cell 

lines Huh7 expressing the HCV non-structural 5A (NS5A) protein and Huh7.5 containing 

either full-length- or subgenomic-HCV replicon systems [23]. In the present study, we 

provide new evidence to support increased expression of P-gp and BCRP in the placenta of 

women with HCV. It should be noted that several of the HCV patients reported a history of 

using drugs of abuse or were prescribed methadone maintenance therapy. A prior report 

indicated that methadone upregulates BCRP expression in human trophoblasts [24]. 

However, the HCV samples with the greatest expression levels of BCRP and P-gp were not 

associated with those patients on methadone maintenance therapy. Nonetheless, we cannot 

rule out the possibility that these drugs may contribute, in part, to the observed changes in 

drug transporters.

The placental transcription and immunoreactivity of P-gp was also found to be increased in 

patients with HIV [6]. The risk of vertical transmission of HCV is enhanced with high viral 

load and/or co-infection with HIV. Due to the higher expression of P-gp and/or BCRP in 

women affected by HCV and HIV, direct-acting antiviral drugs that are substrates of these 

transporters would prevent perinatal HCV transmission during pregnancy while limiting the 

risk of fetal drug exposure.

The equilibrative nucleoside transporters (ENT1–4) facilitate vectorial transport of 

nucleosides and nucleoside analogs which are commonly used as anti-cancer drugs, 

immunosuppressants, and antiviral agents. Human ENT1 and ENT2 are the best-

characterized of the ENT isoforms, and are expressed at the placental barrier. In 

syncytiotrophoblasts, ENT1 was localized on the apical membrane whereas ENT2 was 

expressed on apical and basal membrane [25–27]. Although SLC29A1/ENT1 and 

SLC29A2/ENT2 expression remained unchanged in the placenta of HCV-infected women, 

their interaction with nucleoside analogs could have critical implications on the safety and 

efficacy of direct-acting antiviral drugs during pregnancy.

For years, ribavirin has been used in combination therapy for the treatment of HCV 

infection. However, due its teratogenic effects in animals, ribavirin is contraindicated during 

pregnancy (FDA pregnancy category X) [28]. Currently, there is no recommended 

medication for treatment of HCV in pregnant women. The improved efficacy and tolerability 

of new drugs like sofosbuvir opens possibilities for treatment of HCV in pregnancy [29]. 

Sofosbuvir is classified as Pregnancy Category B but there is little evidence regarding its 

safety in pregnant women. It is unknown whether sofosbuvir crosses the human placenta and 

affects the fetus. GS-461 203, an active metabolite, and GS-331 007, its predominant 

metabolite which represents >90% of the exposure [30], cross the placenta of rats and 

rabbits [31]. Preclinical studies report that sofosbuvir, but not GS-331 007, is a substrate of 

intestinal P-gp and BCRP [31]. Indeed, sofosbuvir interacts with these transporters as 

determined by ATPase assays (Figure 2). However, inhibiting P-gp and BCRP in placental 

cells had no effect on the uptake of sofosbuvir (Figure 3A,B). This suggests that sofosbuvir 

interacts with P-gp and BCRP but is not effluxed by these transporters in the placenta. It is 

also possible that other nucleoside transporters are involved in sofosbuvir transport thereby 

overwhelming the impact of P-gp and BCRP on sofosbuvir efflux. Our data indicates that 

sofosbuvir is not a substrate for ENT1 and ENT2. Additional studies are required to 
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understand the accumulation mechanisms or transporters that participate in the transfer of 

sofosbuvir into placenta cells.

P-gp, BCRP, and ENT1/2 are among several transporters involved in the transport of 

entecavir in placenta [32]. Entecavir (pregnancy risk factor C) is an effective HBV drug but 

should only be used during pregnancy if the potential benefits outweigh the possible risks. 

Our findings confirmed that entecavir is transported by ENT2 and agreed with a prior report 

that showed inhibiting P-gp and BCRP enhanced entecavir uptake into BeWo b30, but not 

PHT. Ma et al [32] speculated that this may be due to the high-affinity influx transporters in 

PHT eclipsing the role of these efflux transporters.

Tenofovir is a nucleoside analog with a pregnancy category B designation that is currently 

approved for the treatment of HBV and HIV. Our data agrees with initial results indicating 

that tenofovir is not transported by placental P-gp or BCRP [33]. We demonstrated that it is 

also not a substrate for ENT1 or ENT2. In some instances, cells treated with either 

dipyridamole or NBMPR exhibited increased tenofovir accumulation. Tenofovir is known to 

be transported by OAT1, OAT3, and MRP4. OAT1 and OAT3 are not present in placenta 

[34]. However, MRP4 is expressed in human placenta. One study localized MPR4 to the 

apical membrane of the syncytiotrophoblasts where it likely functions to limit the 

accumulation of its substrates in the placenta [35]. Both dipyridamole and NBMPR inhibit 

MRP4 [36]. Therefore, one explanation for increased accumulation of tenofovir observed in 

the placenta cells is the inhibition of MRP4 by dipyridamole and NBMPR.

HCV, like HIV, is a positive strand ssRNA virus sensed by TLR7/8 [37–40]. These receptors 

are present in human term placenta [41] but it is unknown whether these signaling pathways 

affect drug transport. We investigated whether TLR7/8 activation affects ABCB1, ABCG2, 

and SLC29A1/2 in placental cells. The expression SLC29A2 was moderately increased in 

response to TLR7 activation with CL097 and imiquimod (Figure 4E). Despite higher mean 

expression, imiquimod-induced changes in ENT2 were not significantly different from 

control at the protein level (Figure 4F). Furthermore, imiquimod treatment did not alter 

entecavir accumulation (Figure 4G) which we showed to be transported in part by 

SLC29A2. These results could be explained by the fact that TLR7 activation caused only a 

small increase in SLC29A2 expression, and that multiple transporters contribute to entecavir 

transport in placental cells. Taken together, it appears that the activation of TLR7/8 pathways 

in trophoblasts has little effect on the expression of P-gp, BCRP, and ENT transporters.

In summary, our findings suggest that expression of placental drug transporters and the 

selection of antiviral drug may impact fetal drug exposure in pregnancies complicated by 

HCV infections. For example, the increased expression of P-gp and BCRP in placenta from 

HCV-infected women would contribute to limit the maternal-fetal transport of antiviral drug 

substrates across the placental barrier. We acknowledge that a major limitation of this study 

is the relatively small placental sample size used in the analyses. Obviously, larger patient 

numbers could reveal significance in transporters with high inter-individual variability as 

well as those that showed a trend toward expression differences. Thus, future studies must 

expand on these findings. Furthermore, preclinical studies should be performed to test drug 
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transporter interactions and the placental transfer of other novel direct-acting antiviral drugs 

currently used to treat HCV infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations:

ABC ATP-binding cassette

BCRP breast cancer resistance protein

CNT concentrative nucleoside transporters

DAA direct-acting antiviral agents

ENT equilibrative nucleoside transporter

ETV entecavir

FBS fetal bovine serum

P-gp p-glycoprotein

PHT primary human trophoblasts

qPCR quantitative real time polymerase chain reaction

SFV sofosbuvir

SLC solute carrier

TFV tenofovir

TLR toll-like receptor
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HIGHLIGHTS

• P-gp and BCRP mRNA and protein expression were increased in placenta of 

women with HCV.

• Sofosbuvir accumulation in trophoblast cells was not affected by transporter 

inhibition.

• ENT2 was involved in entecavir accumulation into trophoblast cells.

• ENT1/2, P-gp, and BCRP were not involved in tenofovir accumulation in 

trophoblast cells.

• Activation of TLR7 and TLR8 had little effect on transporter expression.
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Figure 1: 
Expression levels of ABC and SLC drug transporters in placenta of HCV infected women. 

[A] ABCB1, ABCG2, SLC29A1, and SLC29A2 levels were determined by qPCR. The 

geometric mean of 18s and PKG1 was used in normalization. [B] P-gp, BCRP, ENT1 and 

ENT2 protein levels were evaluated by Western blot. β-actin served as the loading control. 

Data were represented as mean ± S.E.M from seven independent samples. Statistical 

differences were determined by an unpaired Student’s t-test, *P ⩽ 0.05.
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Figure 2: 
Stimulation of human P-gp and human BCRP ATPase activity by direct-acting antiviral 

drugs. Stimulation of ATPase activity was estimated by measuring inorganic phosphate 

released from ATP in the presence or absence of their respective controls for sofosbuvir, 

entecavir, and tenofovir (20 and 100 μM). The drug-stimulated ATPase activity was reported 

as fold-stimulation relative to the basal ATPase activity in the absence of drug (DMSO 

control). Data are represented as mean fold stimulation of the average control from triplicate 

reactions. *P ⩽ 0.05.
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Figure 3: 
Transport of direct acting antiviral drugs by ABC and SLC transporters in placental cells. 

The cellular accumulation of radiolabeled sofosbuvir, entecavir, and tenofovir was evaluated 

in [A] BeWo b30 cells (n=3) and [B] PHT (n=4–5) in the presence of chemical inhibitors of 

P-gp, BCRP, and ENT1/2. Samples were run in triplicate and data represented as mean ± 

S.E.M. Statistical differences were determine by either unpaired or paired t-test, *P ⩽ 0.05.
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Figure 4: 
The effect of TLR7/8 agonists on drug transporter expression in PHT. Trophoblasts from 4–

5 independent placentas were cultured for 3 days and treated with CL097 [25 μg/mL], 

Imiquimod [5 μg/mL], or ssRNA40 [5 μg/mL] and ssRNA41 (negative control) for 12 h. [A] 
The activation of TLR signaling pathways was evaluated by measuring the expression 

cytokine target genes. The relative mRNA expression of [B] ABCB1, [C] ABCG2, [D] 
SLC29A1, and [E] SLC29A2 was determined by qPCR. [F] The effect of TLR7 activation 

by imiquimod on ENT2 protein expression was determined by Western blot followed by 
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densitometry. β-Actin was used as a loading control. [G] The effect of TLR7/8 activation on 

entecavir accumulation in PHT was assessed by measuring the intracellular levels of 

radiolabeled entecavir after a 48 hr treatement with CL097 [25 μg/mL], Imiquimod [5 μg/

mL], or ssRNA40 [5 μg/mL]. Statistical differences were determined by paired t-test. Data 

are presented as mean ± S.E.M, *P ⩽ 0.05 relative to the control.
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Table 1.

Significant changes in drug transporter genes between normal (n=4) and HCV-infected (n=4) human placenta 

samples.

Average raw CT

Gene Fold Change p-value HCV Control

ABCB1 2.92 0.05 23.02 24.29

SLC19A1 1.75 0.05 26.27 26.80

SLC19A2 2.00 0.05 22.04 22.76

SLC29A1 1.80 0.00 23.37 23.94

SLC29A2 2.03 0.03 26.50 27.23

SLC7A11 1.52 0.02 29.11 29.44

SLC7A6 1.58 0.01 24.13 24.51

SLC25A13 1.50 0.03 24.83 25.11
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