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ABSTRACT

Preliminary analysis of ongoing birth surveillance study identified
evidence of potential increased risk for neural tube defects (NTDs) in
newborns associated with exposure to dolutegravir at the time of
conception. Folate deficiency is a commoncauseofNTDs.Dolutegravir
and other HIV integrase inhibitor drugs were evaluated in vitro for
inhibition of folate transport pathways: proton-coupled folate trans-
porter (PCFT), reduced folate carrier (RFC), and folate receptora (FRa)-
mediated endocytosis. Inhibition of folate transportwas extrapolated to
the clinic by using established approaches for transporters in intestine,
distribution tissues, and basolateral and apical membranes of renal
proximal tubules (2017 FDA Guidance). The positive controls, metho-
trexate and pemetrexed, demonstrated clinically relevant inhibition of
PCFT,RFC, andFRa in folateabsorption, distribution, and renal sparing.
Valproic acid was used as a negative control that elicits folate-
independent NTDs; valproic acid did not inhibit PCFT, RFC, or FRa. At
clinical doses and exposures, the observed in vitro inhibition of FRa by
dolutegravir and cabotegravir was not flagged as clinically relevant;
PCFT andRFC inhibitionwas not observed in vitro. Bictegravir inhibited
both PCFT and FRa, but the observed inhibition did not reach the
criteria for clinical relevance. Elvitegravir and raltegravir inhibited PCFT,
but only raltegravir inhibition of intestinal PCFT was flagged as

potentially clinically relevant at the highest 1.2-g dose (not the 400-mg
dose). These studies showed that dolutegravir is not a clinical inhibitor
of folate transport pathways, and it is not predicted to elicit clinical
decreases in maternal and fetal folate levels. Clinically relevant HIV
integrase inhibitor drug class effect on folate transport pathways was
not observed.

SIGNIFICANCE STATEMENT

Preliminary analysis of ongoing birth surveillance study identified
evidence of potential increased risk for neural tube defects (NTDs) in
newborns associated with exposure to the HIV integrase inhibitor
dolutegravir at the time of conception; folate deficiency is a common
cause of NTDs. Dolutegravir and other HIV integrase inhibitor drugs
were evaluated in vitro for inhibition of the major folate transport
pathways: proton-coupled folate transporter, reduced folate carrier,
and folate receptor a2mediated endocytosis. The present studies
showed that dolutegravir is not a clinical inhibitor of folate transport
pathways, and it is not predicted to elicit clinical decreases in
maternal and fetal folate levels. Furthermore, clinically relevant HIV
integrase inhibitor drug class effect on folate transport pathways
was not observed.

Introduction

Dolutegravir is an integrase inhibitor for the treatment of HIV, a drug
class that also includes bictegravir, elvitegravir, raltegravir, and
cabotegravir (Han et al., 2017). Preliminary analysis of an ongoing
birth surveillance study identified evidence of a potential increased risk
for neural tube defects (NTDs) in newborns associated with exposure to
dolutegravir at the time of conception (Zash et al., 2018). This
observation was unexpected because standard preclinical reproductive
toxicity studies in rats and rabbits did not identify fetal abnormalities at
exposures up to 27-fold higher than at the maximum indicated human
dose (2018).
Folate is critical to proper neural tube embryonic development in the

first 4 weeks of human pregnancy (Botto et al., 1999). Women of

childbearing potential are therefore encouraged to supplement folic acid
(Botto et al., 1999; Kancherla et al., 2018). Since neural tube de-
velopment occurs before most women know they are pregnant, many
countries have implemented folic acid fortification of food via wheat
and/or maize flour supplementation (Kancherla et al., 2018). Likewise,
rodent chow of laboratory animals is supplemented with folic acid, as
these animals have no access to natural vitamin sources. Notably, the
food supply is not fortified with folic acid in Botswana, where the
dolutegravir birth surveillance study was conducted (Kancherla et al.,
2018; Zash et al., 2018).
Drug-induced folate deficiency leading to increased incidence of

adverse effects, including neurotoxicity and embryonic NTDs, as well as
rescue/prevention with folic acid supplementation, are well established
for the antifolate drug methotrexate (DeSesso and Goeringer, 1991;
Cohen, 2017). Likewise, the intravenous antifolate pemetrexed is
indicated for use only with folic acid premedication and oversupple-
mentation to avoid serious toxicities associated with folate depletion in
cancer patients (2019). Notably, folate deficiency is not the sole cause of
increased NTD risk associated with drug treatment. For example, the
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antiepileptic drug valproic acid increases the incidence of NTDs 4-fold
relative to other antiepileptic therapies used in pregnant women (2011).
As folic acid supplementation does not reduce the incidence of valproic
acid NTDs, this drug is considered to elicit NTDs via unknown folate-
independent mechanism(s) (Hansen et al., 1995; Craig et al., 1999;
Candito et al., 2007).
Folate’s hydrophilic nature results in negligible passive membrane

permeability and transport-mediated disposition. Transport mechanisms
governing folate intestinal absorption, distribution, and renal sparing are
depicted in Fig. 1 (Kim et al., 2004; Solanky et al., 2010; Zhao et al.,
2011). The proton-coupled folate transporter (PCFT), a solute carrier
family transporter, is primarily responsible for folic acid intestinal
absorption. Distribution of folate into the tissues, including the placenta
and brain, involves the solute carriers PCFT and reduced folate carrier
(RFC), as well as folate receptor a (FRa)-mediated endocytosis. Like
other hydrophilic nutrients and vitamins, folate is not bound to plasma
protein in blood and therefore undergoes extensive glomerular filtration
in the kidney. Since folate passive tubular reabsorption is negligible
owing to low permeability, folate requires efficient tubular reabsorption
(a.k.a., renal sparing), so that blood folate is not rapidly excreted in urine
(Zhao et al., 2011). All three folate transport processes are involved in
folate active tubular reabsorption.
Another mechanism of folate deficiency is inhibition of dihydrofolate

reductase (DHFR), which converts dietary folic acid into reduced folates
used for nucleic and amino acid synthesis. Dolutegravir is not an
inhibitor of DHFR (Cabrera et al., 2019), and since this mechanism has
already been ruled out, the present study focused on folate transport.
HIV integrase inhibitors were evaluated for inhibition of PCFT folic

acid transport, RFC transport of reduced folate, and FRa-mediated folic
acid endocytosis. Inhibition of these folate transport pathways has been
investigated in vitro and was extrapolated to the clinic by using
established approaches based on regulatory recommendations for
drug-drug interactions for transport processes in intestine, distribution
tissues, and basolateral and apical membranes of the renal proximal
tubules (FDA, 2017). The aim of this work was to determine whether
dolutegravir is a clinically relevant inhibitor of the three major folate
transport pathways, which could increase the risk of maternal and fetal

folate deficiency and NTDs, as well as to investigate potential HIV
integrase inhibitor drug class effect on folate transport.

Materials and Methods

Materials

Dolutegravir and cabotegravir were provided by GlaxoSmithKline (Zebu-
lon, NC). Bictegravir was purchased from Medkoo Biosciences (Morrisville,
NC). Raltegravir and elvitegravir were obtained from Cayman Chemical (Ann
Arbor, MI). Methotrexate, pemetrexed, valproic acid, and bromosulfophtha-
lein were purchased from Sigma-Aldrich (St. Louis, MO). [3H]-folic acid and
[3H]-methotrexate were purchased from Moravek (Brea, CA). All other
chemicals were of reagent grade and are readily available from commercial
sources.

Folate Transport Assays

The test system was Madin-Darby canine kidney-II (MDCK-II) cell polarized
monolayers grown on permeable supports of 96-well transwell plates. The
MDCK-II cells were individually transfected to express PCFT, RFC, FRa, or
vector control transiently.

Assay conditions for PCFT, RFC, and FRa are summarized in Fig. 2. PCFT
is expressed on the apical membrane in the kidney/MDCK-II renal cell line
(Zhao et al., 2011); hence, all incubations in this study were done on the apical
side. The test article was preincubated for 30 minutes at pH 7.4 on the apical
side to account for potential time-dependent inhibition and to allow the test
article to equilibrate with cells, followed by a 5-minute coincubation of 10 nM
[3H]-folic acid with the test article at pH 5.5 (PCFT cotransports folic acid with
a proton). Folic acid uptake in PCFT versus vector control cells was
determined. Samples for test article concentration and lactate dehydrogenase
were collected from the apical side.

RFC is localized on the basolateral membrane of kidney proximal tubules/
MDCK-II renal cell line (Zhao et al., 2011); thus, all test article incubations were
done on the basolateral side (see Fig. 2B). RFC is the reduced folate carrier and
does not transport folic acid, but its reduced form; 0.5mM [3H]-methotrexate, was
used as a reduced form of folate in these studies (Milstein et al., 2001). The 30-
minute and 5-minute coincubations were similar to that of PCFT, except the pH of
the medium for RFC experiments was 7.4 during coincubation (RFC activity is
optimal at neutral pH) (Matherly et al., 2007; Zhao et al., 2011). Methotrexate

Fig. 1. PCFT, RFC, and FRa-mediated endocytosis in folate absorption, distribution, and renal tubular reabsorption (Kim et al., 2004; Solanky et al., 2010; Zhao et al.,
2011). CSF, cerebrospinal fluid; GFR, glomerular filtration rate; PT, renal proximal tubule.
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cellular uptake in RFC versus vector control cells was determined. Samples for
test article concentration and lactate dehydrogenase were collected from the
basolateral side.

FRa is expressed on both the apical and basolateral membranes of the
MDCK-II renal cell line (Kim et al., 2004). As such, test articles were
incubated on both apical and basolateral sides (see Fig. 2C). Preincubation
with the test article (30 minutes) was followed by a 2-hour coincubation of
50 nM [3H]-folic acid with the test article at pH 7.4. Folic acid cellular
uptake in FRa cells versus the vector control cells was determined.
Samples for test article concentration were collected from both basolateral
and apical sides; lactate dehydrogenase leakage was measured only on the
apical side.

Specific transport activity was determined by the subtraction of the mean
cellular uptake in vector control cells (incubated at the same time under same
conditions) from that observed in PCFT, RFC, or FRa overexpressing cells (n5 4
wells/cell type per condition). Nominal test drug concentration ranges started at
the highest soluble concentration based on visual inspection andwere decreased in
half-log increments for a total of eight concentrations: 0.03–100 mM for
dolutegravir, cabotegravir, elvitegravir and 0.3–1000 mM for bictegravir,
raltegravir, methotrexate, pemetrexed, and valproic acid. Actual test drug
concentrations at the end of the experiment were measured and used for
determination of inhibitory concentrations (see Sample Analysis and Data
Analysis sections).

The following criteria were used to deem transport or endocytosis
activity acceptable in any assay run: 1) PCFT-mediated folic acid uptake,
$31.6 fmol/min/cm2; RFC-mediated methotrexate uptake, $46.3 fmol/
min/cm2; FRa-mediated folic acid endocytosis, $4.51 fmol/min/cm2;
and 2) $70% inhibition of transporter-mediated uptake or receptor-
mediated endocytosis by prototypical inhibitors: 300 mM bromosulfoph-
thalein for PCFT-mediated folic acid uptake, 1000 mM pemetrexed for
RFC-mediated methotrexate uptake, and 300 mM pemetrexed for FRa-
mediated folic acid endocytosis.

Sample Analysis

The transport or endocytosis of each assay substrate was determined by
radiometric detection. In the transport and endocytosis studies, the concentrations
of test articles from the donor sides at the end of coincubation were measured by
liquid chromatography-tandem mass spectrometry (see Supplemental Material,
Method 1 for summary of liquid chromatography-tandem mass spectrometry
methods). These measured concentrations were used in the calculation of all
inhibitory concentrations (except second positive control, pemetrexed, for which
nominal concentrations were used). Potential cytotoxicity was evaluated by the
release of lactate dehydrogenase, whose activity was quantified by spectropho-
tometric quantification (l5 590 nm) of formazan formation using a commercial
kit (G-Biosciences, St. Louis, MO).

Fig. 2. Diagram of experimental setup for (A)
PCFT transport, (B) RFC transport, and (C)
FRa-mediated endocytosis studies. LDH, lac-
tate dehydrogenase; TA, test article drug.
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Data Analysis (eq. 1–4)

In Vitro Data Analysis.

Net transporter or receptor-mediated uptake activityðfmol=min=cm2Þ
5 ½ðaccumulation in overexpressing cellsÞ-ðaccumulation in control cellsÞ�=

½substrate incubation time*transwell insert surface area�
ð1Þ

Percent transporter or receptor-mediated uptake activity

5 100–½100*ðnet uptake activitywith inhibitorÞ=
ðnet uptake uptake activitywithout inhibitorÞ�

 Inhibitory concentration  ðICÞ

ð2Þ

Inhibitory concentration 50 (IC50) values were estimated by nonlinear least-
squares fitting of the following equation to the uptake data (Prism v.5; GraphPad,
San Diego, CA):

uptake activityinhibitor concentration 5 uptake activityno inhibitor=

½11 ð½Inhibitor Concentration�=ICÞn� ð3Þ

where n is the Hill coefficient. Wherever $50% inhibition was achieved, the
associated inhibitory concentration (IC50) values are reported. Otherwise, the
greatest extent of inhibition observed $25% is reported and discussed. This
$25% inhibition level was selected on the basis that $25% cumulative
inhibition of folate absorption, distribution, and renal tubular reabsorption (sparing)
would decrease fetal folate levels.2-fold (Zamek-Gliszczynski et al., 2009, 2013).

Percent cytototoxicity5 ðLDHinhibitor concentration–LDHvehicle controlÞ=
ðLDH1%Tritox-X–LDHvehicle controlÞ*100%; ð4Þ

where LDH 5 lactate dehydrogenase. Lactate dehydrogenase activity at any
given inhibitor concentration had to be statistically significant (t test with
Bonferroni correction) versus vehicle control, and percent cytotoxicity had to be
.12.5% (.half of minimal inhibition level considered in this study) to disqualify
uptake inhibition data due to confounding cytotoxicity.

Clinical Extrapolation (eq. 5–8)

Since clinical extrapolation of in vitro nutrient-drug transport inhibition is not
well established, clinical extrapolation of observed in vitro inhibitory potency
values was based on established thresholds (FDA, 2017). This extrapolation
framework is considered the best available and considers the worst-case scenario,
although it was validated for drug-drug interactions, and not drug-folate
interactions with the transport pathways studied herein specifically (eq. 5–8).

Intestinal absorption:

Cut2 off   :  Igut=IC $  10 ð5Þ

where Igut5 highest clinical dose/250 ml or maximal aqueous solubility and IC5
inhibitory concentration eliciting noted percentage of inhibition (50% or
$25% for the purpose of this study).

Distribution:

Cut2 off   :  11Cmax;u=IC $  1:1 ð6Þ

Proximal tubule reabsoprtion (apical proximal tubule transport pathways: PCFT
and FRa):

Cut2 off   :  11Cmax; u=IC $  1:02 ð7Þ

Proximal tubule reabsoprtion (basolateral proximal tubule transporter: RFC):

Cut2 off   :  11Cmax;u=IC $  1:1 ð8Þ

where Cmax, u5 unbound plasma Cmax at highest clinical dose; IC5 inhibitory
concentration eliciting noted percentage of inhibition (50% or $25% for the
purpose of this study).

Data Presentation

All data are reported asmean6 S.D. (n5 4 replicates), unless otherwise noted.
Statistical significance was assessed by student’s t test with Bonferroni correction
for multiple comparisons. All reported inhibitory concentrations refer to
experimentally determined concentrations measured at the end of the coincuba-
tion period in the MDCK-II assays (except assay positive controls, bromosul-
fophthalein or pemetrexed, for which nominal concentrations were used).

Fig. 3. PCFT transport of 10 nM [3H]-folic acid in the presence of (A) assay positive control inhibitor, bromosulfophthalein (nominal concentrations and IC50); (B) clinical
positive control, methotrexate; (C) clinical negative control, valproic acid; (D) dolutegravir; (E) cabotegravir; (F) bictegravir; (G) elvitegravir; and (H) raltegravir. Black
symbols represent PCFT [3H]-folic acid uptake activity at various test article concentrations, solid black line is IC50 curve fit with IC50 estimate shown wherever
.50% inhibition was observed, red square symbols (B–H) denote PCFT activity in the presence of assay positive control (bromosulfophthalein at 300 mM nominal
concentration), dashed blue line (B–H) represents 100% PCFT activity (i.e., no inhibition). All test article concentrations were determined experimentally at the end of the
experiment, except bromosulfophthalein concentrations are nominal. Mean 6 S.D., n 5 4.
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Results

Functional verification of optimized folate in vitro transport assays
(Fig. 2) is summarized in Supplemental Fig. 2. Briefly, PCFT functional
activity was confirmed with folic acid uptake that was, on average, 31.7-
fold (CV5 18.3%, n5 3 independent experiments) enhanced in PCFT
versus vector control cells. RFC did not transport unreduced folic acid in
this experimental system (data not shown), consistent with the literature
(Milstein et al., 2001). Instead, methotrexate was selected as a reduced
form of folic acid and demonstrated 2.1-fold (CV 5 21.7%, n 5 3
independent experiments) enhanced cellular uptake in RFC versus
vector control cells. This relatively lower magnitude of RFC functional
enhancement in overexpressing cells has been reported previously
(Kneuer et al., 2005) and emphasizes the importance of vector-control
cell activity correction to determine overexpressed RFC activity. FRa-
mediated folic acid endocytosis was 10.7-fold (CV 5 16.9%, n 5 3
independent experiments) enhanced in FRa overexpressing versus
vector control cells (1.2–1.3 � 105 FRa mRNA overexpression was
confirmed by polymerase chain reaction; data not shown). Prototypical
inhibitors, bromosulfophthalein for PCFT (Nakai et al., 2007) and
pemetrexed for RFC and FRa (Chattopadhyay et al., 2007), inhibited
these respective folate transport pathways in a concentration-dependent
manner (IC50 5 78.1 6 7.5, 157 6 24, and 17.5 6 1.4 mM for PCFT,
RFC, and FRa, respectively), with nearly complete inhibition at the
highest 1 mM inhibitor concentration (Fig. 3-5).
PCFT inhibition results are summarized in Fig. 3. The clinical positive

control, methotrexate, inhibited PCFT (IC50 5 2.9 6 0.3 mM); in
contrast, no inhibition was observed for the clinical negative control,
valproic acid (Fig. 3, B and C). Dolutegravir and cabotegravir at all test
concentrations (up to maximum soluble in assay buffer) did not inhibit
PCFT (Fig. 3, D and E). Bictegravir inhibited PCFT (IC50 5 370 6
23 mM; Fig. 3F). Elvitegravir elicited 28.1% 6 3.3% PCFT inhibition
at 30.0 6 2.0 mM, and raltegravir inhibited PCFT 32.4% 6 2.4% at
564 6 38 mM (Fig. 3, G and H).
RFC inhibition results are summarized in Fig. 4. The clinical positive

control, methotrexate, inhibited RFC (IC50 5 0.08 6 0.03 mM); no

inhibition was noted for the clinical negative control, valproic acid
(Fig. 4, B and C). The five integrase inhibitors drugs did not inhibit RFC
transport (Fig. 4, D–H) at any concentration tested, up to the maximum
soluble in assay buffer.
Inhibition of FRa-mediated folic acid endocytosis is summarized in

Fig. 5. The clinical positive control, methotrexate, inhibited FRa (IC50

5 50.4 6 5.3 mM); inhibition exceeding the 25% predefined threshold
for this study was not observed for the clinical negative control, valproic
acid (Fig. 5, B andC). Dolutegravir inhibited FRa 36.0%6 5.7% at 37.3
6 4.2 mM, and cabotegravir inhibited FRa 36.7% 6 5.8% at 25.8 6
5.0mM (Fig. 5, D and E). Bictegravir inhibited folic acid FRa-mediated
endocytosis with an IC50 of 268 6 66 mM (Fig. 5F). Although
elvitegravir elicited an apparent 14%–38% decrease in FRa-mediated
folic acid cellular accumulation at the top two concentrations tested, this
decrease was comparable in magnitude to 14%–27% cytotoxicity
observed at these elvitegravir concentrations in this assay
(Supplemental Table 3); therefore, no apparent inhibition of FRa by
elvitegravir was concluded. Raltegravir did not inhibit FRa (Fig. 4H).
Drug parameters necessary for clinical extrapolation of in vitro folate

transport inhibition results are presented in Table 1. Clinical extrap-
olations of PCFT, RFC, and FRa inhibition in folate intestinal
absorption, distribution, and renal tubular reabsorption are summarized
in Fig. 6. Extrapolations for folate intestinal absorption were made only
for PCFT because the other two pathways are not involved in this
process, whereas all three pathways are involved in folate distribution
and renal sparing (Fig. 1).
The antifolate drugs, methotrexate and pemetrexed, were flagged as

clinically relevant inhibitors of PCFT, RFC, and FRa in folate
absorption, distribution, and renal tubular reabsorption (Fig. 6; FDA,
2017). Inhibition of PCFT transport of folic acid by bictegravir,
raltegravir, and elvitegravir was flagged only as potentially clinically
relevant for 1200-mg oral raltegravir in intestinal folate absorption (Igut/
IC32 . 10). Otherwise, 400 mg oral raltegravir did not meet the criteria
for clinically relevant intestinal PCFT inhibition; bictegravir, raltegravir,
and elvitegravir were not clinically relevant systemic PCFT inhibitors in

Fig. 4. RFC transport of 0.5 mM [3H]-methotrexate in the presence of (A) assay positive control inhibitor, pemetrexed (nominal concentrations and IC50); (B) clinical
positive control, methotrexate; (C) clinical negative control, valproic acid; (D) dolutegravir; (E) cabotegravir; (F) bictegravir; (G) elvitegravir; and (H) raltegravir. Black
symbols represent RFC [3H]-methotrexate uptake activity at various test article concentrations, solid black line is IC50 curve fit with IC50 estimate shown wherever
.50% inhibition was observed, red square symbols (B–H) denote RFC activity in the presence of assay positive control (pemetrexed at 1 mM nominal concentration),
dashed blue line (B–H) represents 100% RFC activity (i.e., no inhibition). All test article concentrations were determined experimentally at the end of the experiment, except
pemetrexed concentrations are nominal. Mean 6 S.D., n 5 4.
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folate distribution and renal tubular reabsortion (Fig. 6; FDA, 2017).
None of the five HIV integrase inhibitor drugs were considered clinical
inhibitors of RFC because in vitro RFC inhibition was not observed up
to their respective maximal soluble concentrations, which were
sufficiently high to rule out intestinal and systemic inhibition at clinical
doses and exposures (Table 1). Inhibition of FRa-mediated folic
endocytosis by dolutegravir, cabotegravir, and bictegravir observed
in vitro was well below the thresholds for potential clinical relevance of
transport pathways at the level of tissue distribution (11Cmax,u/IC,,
1.1) and renal tubular reabsorption on apical membrane of renal
proximal tubules (1 1 Cmax,u/IC , , 1.02) (Fig. 6; FDA, 2017).

Discussion

Preliminary analysis of an ongoing clinical birth surveillance study
suggested increased risk of NTDs in newborns from mothers taking
dolutegravir at the time of conception (Zash et al., 2018). Dolutegravir is
an integrase inhibitor for the treatment of HIV, a drug class that also
includes cabotegravir, bictegravir, raltegravir, and elvitegravir (Han
et al., 2017). Folate deficiency increases the incidence rate of NTDs
(Daly et al., 1995; Botto et al., 1999; Crider et al., 2014; Kancherla et al.,
2018). Folate relies on transport via PCFT for intestinal absorption,
FRa-mediated endocytosis along with transport by PCFT and RFC for
tissue distribution, including to the fetus, and renal sparing via active
tubular reabsorption after extensive glomerular filtration (Fig. 1,
Solanky et al., 2010; Zhao et al., 2011).
The aim of the present work was to determine whether dolutegravir

and other integrase inhibitor drugs may be clinically relevant inhibitors
of the three major folate transport pathways, which would support an
increased likelihood of folate deficiency leading to increased NTD risk.
Of the five HIV integrase inhibitor drugs evaluated for inhibition of
PCFT, RFC, and FRa in folate absorption, distribution, and renal tubular
reabsorption, only raltegravir at the highest (i.e., 1.2 g) clinical dose was
flagged as a potential clinical inhibitor of PCFT intestinal folate

absorption. Otherwise, these five HIV integrase inhibitor drugs are not
predicted to inhibit the three major folate transport pathways at clinical
therapeutic doses and concentrations (Fig. 6; FDA, 2017).
Based on the current results, dolutegravir is not predicted to elicit

clinical decreases in maternal and fetal folate levels. Furthermore,
dolutegravir is not an inhibitor of DHFR, the first step in folic acid
metabolism in the synthesis of nucleic and amino acids (Cabrera et al.,
2019). Taken together, these results do not support dolutegravir-induced
folate deficiency as a mechanistic explanation for the reported pre-
liminary observations of increasedNTD risk (Zash et al., 2018). As such,
these studies do not lend mechanistic support for folic acid supplemen-
tation to overcome this proposed increased NTD risk (Zash et al., 2018);
however, there is no harm to folic acid supplementation, and it is an
established good practice known to reduce the risk of NTDs in the
general population who may not otherwise consume adequate amounts
of dietary folic acid (Botto et al., 1999; Kancherla et al., 2018). Although
studies have repeatedly failed to demonstrate folic acid supplementation
to reduce the 4-fold increased NTD rate in epileptic women on valproic
acid treatment, folate supplementation is still recommended for women
of childbearing potential taking valproic acid as a safe precaution supported
by evidence in the general population ((Depakene Prescribing Information,
2011; Hansen et al., 1995; Craig et al., 1999; Candito et al., 2007; 2011)).
HIV integrase inhibitor drug class effect on folate transport pathways

was not observed in the present study (Fig. 6), which is conceptually
consistent with the lack of clinical evidence for increased NTD risk by
this class of drugs ((Viteka Prescribing Information, 2015, Isentress
(raltegravir), 2019, Stribild Prescribing Information (2019))). Even
raltegravir, which was flagged as a potentially clinically relevant
intestinal PCFT inhibitor at the highest 1.2 g clinical dose is not known
to increase the clinical risk of NTDs or cause birth defects in preclinical
embryofetal toxicology studies (Isentress (raltegravir), 2019).
After the report of potentially increased prevalence of NTDs in the

ongoing dolutegravir birth surveillance study (Zash et al., 2018), in vitro
FRa receptor binding experiments were used to demonstrate that

Fig. 5. FRa-mediated endocytosis of 50 nM [3H]-folic acid in the presence of (A) assay positive control inhibitor, pemetrexed (nominal concentrations and IC50); (B) clinical
positive control, methotrexate; (C) clinical negative control, valproic acid; (D) dolutegravir; (E) cabotegravir; (F) bictegravir; (G) elvitegravir; and (H) raltegravir. Black
symbols represent FRa-mediated [3H]-folic acid uptake activity at various test article concentrations, solid black line is IC50 curve fit with IC50 estimate shown wherever
.50% inhibition was observed, red square symbols (B–H) denote FRa activity in the presence of assay positive control (pemetrexed at 300 mM nominal concentration), and
dashed blue line (B–H) represents 100% FRa activity (i.e., no inhibition). All test article concentrations were determined experimentally at the end of the experiment, except
pemetrexed concentrations are nominal. Although elvitegravir elicited an apparent 14%–38% decrease in FRa-mediated folic acid cellular accumulation at the top two
concentrations tested, this decrease was comparable in magnitude to 14%–27% cytotoxicity observed at these elvitegravir concentrations in this assay (Supplemental
Table 3); therefore, no apparent inhibition of FRa by elvitegravir was concluded. Mean 6 S.D., n 5 4.
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dolutegravir is a noncompetitive FRa antagonist (Cabrera et al., 2019).
Dolutegravir inhibited folic acid binding to FRa up to 44% at
concentrations between 16 and 64 mM, with an apparent IC50 of
4.4 mM, where IC50 was defined as dolutegravir concentration eliciting
22% inhibition of folic acid binding to FRa (i.e., half the maximal
inhibitory effect) (Cabrera et al., 2019). Considering that Cabrera et al.
examined receptor binding as opposed to functional receptor-mediated
endocytosis reported in this study, the dolutegravir FRa antagonism
results (44% inhibition at dolutegravir concentrations 16–64 mM) are in
good agreement with 36% inhibition of FRa-mediated folic acid at
37 mM dolutegravir (Fig. 5D; Fig. 6); however, Cabrera et al. (2019)
concluded that dolutegravir’s apparent FRa inhibitory potency of
4.4 mM occurred at therapeutic concentrations based on direct
comparison with clinical total plasma concentrations (Table 1; Tivicay,
Prescribing Information, 2018). Dolutegravir is highly plasma protein
bound ($98.9%; Table 1; Tivicay, Prescribing Information, 2018), and
because only unbound drug is available for pharmacologic activity
(i.e., on- and off-target binding, interactions with transporters and drug-
metabolizing enzymes, tissue distribution, etc.), direct comparison of
in vitro potencies to total plasma concentrations is not clinically pertinent
(Smith et al., 2010). Such a direct in vitro to total plasmacomparisonmayhave
been possible if 4% albumin were added to the buffer in the FRa-binding
study tomimic plasma protein binding, but the comparisonwasmade directly
between in vitro potency in a protein-free buffer and clinical total plasma
concentrations for a highly bound drug (Cabrera et al., 2019), where clinical
unbound plasma concentrations are two orders of magnitude lower than total
concentrations (Table 1; Tivicay, Prescribing Information, 2018).
Using the accepted clinical extrapolation approach for the dolute-

gravir apparent FRa inhibitory potency of 4.4 mM in the receptor
binding assay, 11 Cmax,u/IC50 5 1.017 (Table 1; FDA, 2017; Cabrera
et al., 2019), which is not flagged as clinically relevant at the level of
tissue distribution (1 1 Cmax,u/IC , 1.1) and renal sparing on apical
membrane of renal proximal tubules (1 1 Cmax,u/IC , 1.02) (FDA,
2017). Since 50% FRa antagonism was not achieved, the apparent IC50 is
really an IC22 (Cabrera et al., 2019), and it is not accepted practice to use this
apparent IC50 parameter in clinical extrapolations (FDA, 2017). Applying
the present extrapolation approach to inhibition of folate transport pathways,
where the greatest inhibitory potency $25% is used wherever 50% in-
hibition was not achieved, FRa antagonism IC44 5 16 mM (Cabrera et al.,
2019), such that 1 1 Cmax,u/IC50 5 1.005 and well below thresholds for
potential clinical significance (Table 1; FDA, 2017; Cabrera et al., 2019).
In the present study, clinical extrapolation of observed in vitro

inhibitory potency values were based on established thresholds for

clinically relevant transporter inhibition in the intestine (Igut/IC50$ 10),
systemically (1 1 Cmax,u/IC50 $ 1.1), and on the apical membrane of
renal proximal tubules (1 1 Cmax,u/IC50 $ 1.02) (FDA, 2017).
Although it was validated for transporter-based drug-drug interactions,
the principles should apply to drug-nutrient interactions. This extrapo-
lation framework is considered the best available and a conservative
approach. As theoretically expected, intensive study of clinical trans-
lation of in vitro transport pathway inhibition demonstrated that the same
translational pharmacokinetic principles apply to different transporter
processes located at the same site in the body (i.e., the same principles
and thresholds apply to different transporters localized in the intestine,
liver, and basolateral or apical membrane of renal proximal tubules)
(Giacomini et al., 2010), Hillgren et al., 2013; FDA, 2017; Zamek-
Gliszczynski et al., 2018). Furthermore, these translational approaches
have precedent in the extrapolation of in vitro intestinal and systemic
thiamine transport by drugs as an alert to drug-induced Wernicke’s
disease (Giacomini et al., 2017). Notably, these approaches are based on
IC50 values where .50% transport function impairment was observed
in vitro, and in the present study any inhibitor concentration associated
with the greatest extent of inhibition observed $25% was reported and
extrapolated (Fig. 6). This $25% inhibition level was selected on the
basis that $25% of the cumulative inhibition of folate absorption,
distribution, and renal tubular reabsorption (sparing) would decrease
fetal folate levels.2-fold (Zamek-Gliszczynski et al., 2009, 2013). The
present approach of extrapolating any noted in vitro inhibition$25% of
folate transport pathways was deliberately conservative and intended to
flag any potential clinical inhibition by the five integrase inhibitor drugs.
Even with this conservative $25% inhibition approach, the present
studies do not support 1) dolutegravir as a clinical inhibitor of the three
major folate transport pathways or 2) clinically relevant effect of the
integrase inhibitor drug class on folate transport.
The present studies are limited to acute inhibition effects by parent

drugs. Parent dolutegravir is the predominant circulating moiety with
negligible systemic metabolite exposure (Moss et al., 2015). As such,
total radioactivity can be assumed to approximate parent drug concen-
trations, and relevant tissue-to-blood ratios can be estimated fromwhole-
body autoradiography studies in pregnant rats (unpublished data
GlaxoSmithKline study 2012N137348_00): placenta-to-blood ratio of
0.596 0.10, fetal-to-maternal blood ratio of 0.136 0.02, and kidney-to-
blood ratio of 0.42 6 0.03. The clinical translational framework based
on unbound systemic drug levels is supported by these tissue-to-blood
ratios, which do not indicate preferential fetal or renal drug partitioning,
as well as systemic exposure primarily to parent dolutegravir and not

TABLE 1

Drug parameters relevant for clinical extrapolation of in vitro transport inhibition

Drug Mol. Wt. Dose Cmax fu Cmax,u Igut Reference

g/mol mg mM mM mM

Dolutegravir 441.36 50 8.32a 0.01 0.08a 453.14 Tivicay, Prescribing Information, 2018
Cabotegravir 427.33 30 14.88 0.01 0.15 280.81 Ford et al., 2019
Bictegravir 449.38 50 13.69 0.01 0.14 445.06 Biktarvy, Prescribing Information, 2018
Raltegravir 482.51 400 4.50 0.17 0.76 3315.99 Isentress (raltegravir) Prescribing Information, 2019
Raltegravir 482.51 1200 22.56 0.17 3.84 9947.98 http://wwwcroiconferenceorg/sessions/multiple-dose-study-raltegravir-ral-formulations
Elvitegravir 447.88 85 2.68b 0.02 0.05b 759.13 Viteka Prescribing Information, 2015
Elvitegravir 447.88 150 3.35b 0.02 0.07b 1339.64 Viteka Prescribing Information, 2015
Methotrexate 454.44 10 0.57 0.5 0.28 88.02 Jylamvo (methotrexate) Prescribing Information, 2017
Methotrexate (i.v.) 454.44 15 3.80 0.5 1.90 N/A Seideman et al., 1993
Pemetrexed (i.v.) 597.49 500 mg/m2 189.12 0.19 35.93 N/A Kavathiya et al., 2017

Cmax,u, unbound Cmax (i.e., Cmax * fu); fu, plasma fraction unbound; Igut, theoretical gut concentration (oral dose/250 ml) or highest soluble aqueous concentration; oral administration in all cases,
unless noted); N/A, not applicable (i.v. administration).

aMost commonly used 50-mg daily regimen; 50 mg twice daily; Cmax 5 9.4 mM and Cmax,u 5 0.09 mM (ViiV Healthcare, 2018), twice-daily dosing does not impact extrapolation values or results
in Fig. 6.

bNot cobicistat boosted, 150-mg dose cobicistat-boosted Cmax 5 3.8 mM and Cmax,u 5 0.08 mM (2019); cobicistat boosting does not impact extrapolation values or results in Fig. 6.
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metabolites; however, potential effects of dolutegravir-glucuronide, the
major form of dolutegravir in urine (Moss et al., 2015), on folate tubular
reabsorption have not been ruled out by the present studies. Furthermore,
potential regulation effects on folate transport and metabolism that may
occur upon chronic dolutegravir administration remain to be investi-
gated. These would be most relevant to study clinically in terms of blood
folate, folate renal clearance, and maternal-to-neonate blood ratio,
because clinical translation of in vitro folate transport and metabolism
regulation is not established.
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Supplemental Methods 1:  LC-MS/MS bioanalytical method summary.   

Sample preparation 

 

In PCFT assay, eight concentrations of the test article were applied to the apical side of columns 

3 through 10 in a 96-well cell plate transfected with a control vector in Rows A to D, and PCFT 

in Rows E to H. At the end of 5 min incubation, 20 µL samples were taken from the apical side 

and transferred to the corresponding wells in a 96-well sample plate preloaded with 180 µL 

internal standard in 50% acetonitrile (acetonitrile:H2O=1:1). Samples were frozen at -80ºC for 

later detection. 

 

In RFC assay, eight concentrations of the test article were applied to the basal side of columns 3 

through 10 in a 96-well cell plate transfected with a control vector in Rows A to D, and RFC in 

Rows E to H. At the end of 5 min incubation, 20 µL samples were taken from the basal side and 

transferred to the corresponding wells in a 96-well sample plate preloaded with 180 µL internal 

standard in 50% acetonitrile (acetonitrile:H2O=1:1). Samples were frozen at -80ºC for later 

detection. 

 

In FRα assay, eight concentrations of the test article were applied to both sides of columns 3 

through 10 in a 96-well cell plate transfected with a control vector in Rows A to D, and FRα in 

Rows E to H. At the end of 120 min incubation, 20 µL samples were taken from the apical side 

and basal side of Rows E-H and transferred to Rows A to D, and E to H, respectively, in a 96-

well sample plate preloaded with 180 µL internal standard in 50% acetonitrile 

(acetonitrile:H2O=1:1). Samples were frozen at -80ºC for later detection. Rows A-D in the cell 

plate (cells transfected with a control vector) were not sampled.  

 

LC-MS/MS analytical conditions for dolutegravir, cabotegravir, bictegravir, elvitegravir, 

raltegravir, methotrexate, and valproic acid  

1. Equipment 

LC model 

(Shimadzu) 

Shimadzu LC-20AD, and Shimadzu SIL-20A  

Analyst 1.6.2. software for instrument control and data analysis 

 

MS model 

(AB Sciex) 

 

API4000 triple quadrupole MS 

Analyst 1.6.2. software for instrument control and data analysis 

2. LC Conditions 

 

Column type Kinetex Polar-C18, 2.6 µm particle size, 3.0 x 50 mm 

Eluent A 5% ACN in H2O, w/ 0.1% formic acid and 5mM ammonium formate 

Eluent B 95% ACN in H2O, w/ 0.1% formic acid and 5mM ammonium formate 

Flow rate 800 µL/min 

Column temperature Room temperature 

Injection volume 2 µL 

  



 

 

 

 

Gradient   

time (min) A (%) B (%) 

BIC, CAB, DOL, EVT, MTX   

0 98 2 

0.2 60 40 

0.4 20 80 

0.8 0 100 

1.2 0 100 

1.25 98 2 

2 98 2 

RAL, VPA   

0 100 0 

0.2 98 2 

0.4 20 80 

0.8 0 100 

1.2 0 100 

1.25 100 0 

2 100 0 

 

3. MS parameters 

 

bictegravir, cabotegravir, dolutegravir, elvitegravir, and methotrexate: 

 

Ionization: ESI(+) 

Scan type MRM 

Ionspray Voltage 4500 V 

Ion Source gas 1 50 psi 

Ion Source gas 2 50 psi 

Curtain gas 20 psi 

Temperature 500 °C 

Resolution Q1 Unit 

Resolution Q3 Unit 

DP 50 

EP 10 

 

 

raltegravir and valproic acid: 

 

Ionization: ESI(-) 

Scan type MRM 

Ionspray Voltage 4500 V 

Ion Source gas 1 50 psi 



 

 

 

Ion Source gas 2 50 psi 

Curtain gas 20 psi 

Temperature 500 °C 

Resolution Q1 Unit 

Resolution Q3 Unit 

DP 50 

EP 10 

 

    

 

 

  

 

 

Q1 mass (Da) Q3 mass (Da) Dwell time 

(msec) 

DP CE CXP 

bictegravir 450.2 289.1 150 116 39 18 

cabotegravir 406.3 127.0 150 106 37 10 

dolutegravir 420.2 277.2 150 111 35 16 

elvitegravir 448.2 430.2 150 81 29 12 

methotrexate 455.3 308.2 150 90 40 12 

IS_Carbutamide(+) 270.0 156.2 150 50 25 12 

raltegravir 443.2 315.9 150 -95 -24 -9 

valproic Acid 142.9 142.9 150 -55 -8 -11 

IS_Carbutamide(-) 269.9 171.0 150 -40 -20 -15 

 

Internal standard (IS):  Carbutamide 

  

Retention time(min.): 

 

bictegravir 

cabotegravir 

 

1.32 

1.29 

dolutegravir 1.30 

elvitegravir 1.45 

methotrexate 1.18 

raltegravir 1.34 

valproic acid 1.32 

IS_Cabutamide (+) 1.26 

IS_Cabutamide (-) 1.32/1.36 

  

LOD for BIC, CAB, DUL, EVT, MTX, 

RAL  

0.5 ~ 1 nM  

LOD for valproic acid 100 nM 

  

Matrix: HBSS+50% Acetonitrile 



 

 

 

Supplemental Figure 2:  Functional verification of optimized folate in vitro transport assays.  

PCFT transport of 10 nM [3H]-folic acid (A).  RFC transport of 0.5 M [3H]-methotrexate (B).  

FR-mediated endocytosis of 50 nM [3H]-folic acid (C).  Note all inhibitor concentrations and 

IC50 values are nominal.  Mean ± S.D., n = 4. 
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Supplemental Table 3:  Evaluation of cytotoxicity by lactate dehydrogenase (LDH) leakage. 

 

To evaluate the possibility that inhibition observed in the FRα endocytosis assays (longest 

incubation duration on both apical and basolateral sides) was an artifact of cytotoxicity, LDH 

release was investigated in FRα-expressing and control cells at the two highest test article 

concentrations.  As this was the longest incubation of cells and from both sides, a negative 

cytotoxicity results in this assay was deemed adequate to address cytotoxicity in PFCT and RFC 

assays (35 min vs 2.5 h incubation and only from apical or basal side vs both).  Only elvitegravir 

exhibited statistically significant >12.5% cytotoxicity in the FRα-expressing cells at the top two 

tested concentrations (Supplemental Table 3.1). However, elvitegravir cytotoxicity was not 

observed under the incubation conditions of the PCFT assay, where inhibition of this transporter 

was observed at the two highest elvitegravir concentrations, and which cannot be attributed to 

cytotoxicity (Supplemental Table 3.2). 

 

Supplemental Table 3.1.  LDH release in vector control and FRα-expressing cells following 

incubation with test articles. 

% of toxicity was calculated assuming vehicle was 0% and 1% Triton-X was 100%. 

* >12.5% cytotoxicity, which is significantly different from vehicle by t-test with Bonferroni’s correction.  Mean ± S.D., n = 3. 

 

Supplemental Table 3.2.  LDH release in vector control and PCFT-expressing cells after 

incubation with elvitegravir. 

 
% of toxicity was calculated assuming vehicle was 0% and 1% Triton-X was 100%. 

* >12.5% cytotoxicity, which is significantly different from vehicle by t-test with Bonferroni’s correction.  Mean ± S.D., n = 3. 

Treatment 
Concentration          

(µM) 
Absorbance-Blank        

(FRα receptor) 
Absorbance-Blank 

(vector control) 
% Cytotoxicity                
(FRα receptor) 

% Cytotoxicity 
(vector control) 

Vehicle 

 
641 ± 64 1,005 ± 187 0.0 ± 0.0 0.0 ± 0.0 

dolutegravir 15.9 875 ± 128 1,350 ± 102 2.7 ± 1.5 4.5 ± 1.4 

dolutegravir 37.3 924 ± 153 1,036 ± 99 3.3 ± 1.8 0.4 ± 1.3 

cabotegravir 11.6 1,189 ± 204 1,047 ± 242 6.3 ± 2.4 0.6 ± 3.2 

cabotegravir 25.8 1,033 ± 144 1,125 ± 398 4.5 ± 1.7 1.6 ± 5.2 

bictegravir 103 1,691 ± 36 1,495 ± 462 12.1 ± 0.7 6.4 ± 6.1 

bictegravir 442 1,479 ± 117 1,462 ± 1,020 9.7 ± 1.4 5.9 ± 13.4 

elvitegravir 4.18 2,975 ± 474 809 ± 193 26.9 ± 5.6* -2.6 ± 2.5 

elvitegravir 27.6 1,817 ± 233 1,925 ± 682 13.6 ± 2.8* 12.1 ± 8.9 

raltegravir 171 1,738 ± 645 916 ± 167 12.7 ± 7.5 -1.2 ± 2.1 

raltegravir 472 1,134 ± 114 1,028 ± 126 5.7 ± 1.3 0.3 ± 1.6 

valproic acid 352 1,150 ± 111 1,031 ± 79 5.9 ± 1.3 0.3 ± 1.0 

valproic acid 1,380 1,192 ± 485 7,626 ± 4,240 6.5 ± 5.6 86.9 ± 55.7 

methotrexate 271 717 ± 186 710 ± 250 0.9 ± 2.1 -3.9 ± 3.3 

methotrexate 616 1,200 ± 80 1,177 ± 458 6.4 ± 1.0 2.3 ± 6.0 

1% Triton-X 100   9,312 ± 393 8,627 ± 592 100 ± 6.4* 100 ± 8.9* 

 

Treatment 
Concentration          

(µM) 
Absorbance-Blank        

(PCFT) 
Absorbance-Blank  

(vector control) 
% Cytotoxicity                

(PCFT) 
% Cytotoxicity 
(vector control) 

Vehicle 

 
1,547 ± 319 1,279 ± 160 0.0 ± 0.0 0.0 ± 0.0 

elvitegravir 8.24 1,210 ± 217 1,968 ± 223 -3.9 ± 2.5 7.8 ± 2.5 

elvitegravir 30.0 701 ± 168 1,088 ± 155 -9.8 ± 1.9 -2.2 ± 1.7 

1% Triton-X100   10,140 ± 95 10,160 ± 125 100 ± 1.5* 100 ± 1.9* 

 


