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Abstract

Background.—In the International Maternal Pediatric Adolescent AIDS Clinical Trials
(IMPAACT) 2010/VESTED study, pregnant women were randomized to initiate dolutegravir
(DTG) + emtricitabine (FTC)/tenofovir alafenamide (TAF), DTG + FTC/tenofovir disoproxil
fumarate (TDF), or efavirenz (EFV)/FTC/TDF.

Methods.—We assessed red blood cell (RBC) folate concentrations at maternal study entry
and delivery, and infant birth. RBC folate outcomes were (1) maternal change entry to delivery
(trajectory), (2) infant, and (3) ratio of infant-to-maternal delivery. Generalized estimating
equation models for each log(folate) outcome were fit to estimate adjusted geometric mean ratio
(Adj-GMR)/GMR trajectories (Adj-GMRTSs) of each arm comparison in 340 mothers and 310
infants.

Results.—Overall, 90% of mothers received folic acid supplements and 78% lived in Africa.

At entry, median maternal age was 25 years, gestational age was 22 weeks, CD4 count was

482 cells/pL, and logyg HIV RNA was 3 copies/mL. Entry RBC folate was similar across arms.
Adj-GMRT of maternal folate was 3% higher in the DTG + FTC/TAF versus EFV/FTC/TDF arm
(1.03 [95% confidence interval {CI}, 1.00-1.06]). The DTG + FTC/TAF arm had an 8% lower
infant-maternal folate ratio (0.92 [95% CI, .78-1.09]) versus EFV/FTC/TDF.
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Conclusions.—Results are consistent, with no clinically meaningful differences between arms
for all RBC folate outcomes, and they suggest that cellular uptake of folate and folate transport to
the infant do not differ in pregnant women starting DTG- versus EFV-based antiretroviral therapy.

Keywords
dolutegravir; efavirenz; pregnancy; infant; red blood cell folate concentrations

Use of antiretroviral treatment (ART) during pregnancy is essential to maintain maternal
health and prevent vertical human immunodeficiency virus (HIV) transmission. Botswana
was among the first countries to roll out dolutegravir (DTG)-based ART in first-line

HIV treatment, in 2016. An initial report in 2018 from the Botswana Tsepamo pregnancy
surveillance study showed an early association between DTG use at conception and neural
tube defects (NTDs) (prevalence of 4/426 [0.94%] compared to non-DTG regimens (14/11
300 [0.12%]) and HIV-negative women (61/66 057 [0.09%]) [1]. In a subsequent analysis
that expanded the surveillance population, the signal suggesting an increased NTD risk was
no longer statistically significant [2, 3], although the initial association remains unexplained

[3].

The initial signal from the Tsepamo Botswana study in 2018 [1] prompted investigation of
possible effects of DTG on folate metabolism and cellular uptake. Risk of an NTD-affected
pregnancy increases about 10-fold as red blood cell (RBC) folate concentrations decrease
[4], and a number of medications are known to reduce folate concentrations and increase
NTD risks [5-7]. Low folate status is also associated with adverse outcomes across the
lifespan depending on the timing of exposure. These include other birth defects such as
congenital heart defects, developmental delays such as autism, mental health outcomes, and
cancers [8]. The wide-ranging impacts of low folate are due to the fundamental role of folate
as a source of 1-carbons for DNA and RNA synthesis as well as cellular regulation and
detoxification [9]. Two studies concluded that DTG affects folate metabolism [10, 11]. One
study in zebrafish suggested that DTG is a partial antagonist of the folate receptor, FOLR1,
and that exposure to DTG in the embryonic period can lead to developmental toxicity, which
may be mitigated by folic acid supplementation [10]. In the ADVANCE trial of ART-naive
nonpregnant adults with HIV randomized to start tenofovir alafenamide (TAF)/emtricitabine
(FTC) + DTG, tenofovir disoproxil fumarate (TDF)/FTC + DTG, or TDF/FTC/efavirenz
(EFV), serum folate concentrations were on average lower in women in the TDF/FTC/EFV
arm compared to the 2 DTG arms [11]. The authors hypothesized that DTG may block
uptake of folate at the cellular level. In contrast, mice randomized to receive a therapeutic
DTG dose or water starting at conception had similar total fetal folate levels in the 2 groups,
suggesting to the authors that DTG is unlikely to inhibit cellular uptake of folate [12].
However, mice in the DTG group had a greater risk of fetal anomalies compared to controls,
with all NTDs occurring in the DTG group [12]. An in vitro study found no evidence of a
clinically meaningful inhibition of folate transport by DTG [13]. Children and adolescents
randomized to DTG had higher RBC folate concentrations than standard of care [14].

To test the hypothesis that DTG might block cellular uptake and/or transplacental transfer
of folate, we measured RBC folate in a subset of pregnant women and newborns who
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took part in a randomized trial (International Maternal Pediatric Adolescent AIDS Clinical
Trials [IMPAACT] 2010/Virologic Efficacy and Safety of ART Combinations with TAF/
TDF, EFV, and DTG [VESTED]) that compared the safety and efficacy of 3 different ART
regimens started in pregnancy: DTG + FTC/TAF, DTG + FTC/TDF, and EFV/FTC/TDF)
[15]. This trial enrolled women in 9 countries, which also allowed us to explore RBC folate
levels and deficiency in pregnant women from a number of regions.

METHODS
Study Design

IMPAACT 2010/VESTED was a multicenter, open-label phase 3 clinical trial that
randomized pregnant women living with HIV between 14 and 28 weeks’ gestation to

initiate ART in 1 of 3arms: DTG + FTC/TAF, DTG + FTC/TDF, or EFV/FTC/TDF [15].
Participants were enrolled in 9 countries in Africa, South and North America, and Asia

and were ART-naive (up to 14 days’ nonstudy ART during current pregnancy permitted);
exclusion criteria included pregnancy with a fetus that had a known anomaly or multiple
fetuses, or clinically significant acute medical illness or psychiatric condition, among others
[15]. Following randomization, antepartum study visits occurred every 4 weeks and at
delivery/birth. The primary pregnancy outcomes, viral suppression at delivery, and other key
results were published previously [15].

IMPAACT 2010/VESTED started enrolling in January 2018. Following the initial Tsepamo
study report in May 2018 of a possible NTD association with DTG at conception [1,

2], the IMPAACT 2010/VESTED protocol was amended to include evaluation of possible
mechanisms that might explain this association, including collection of blood samples from
women at entry and delivery and from infants at birth for measurement of whole blood
folate and hematocrit to allow the calculation of RBC folate. This study was approved by
institutional review boards at each site. All participants provided written informed consent.

Assessment of RBC Folate

Folate (vitamin Bg) encompasses both naturally occurring folates obtained from food and
folic acid, a form used in dietary supplements and fortified foods. RBC folate concentrations
represent long-term folate stores (over the last 120 days) [16]. Whole blood folate was
measured at the US Centers for Disease Control and Prevention by use of a microbiologic
assay calibrated with 5-methyltetrahydrofolate to match the response of endogenous folate
(see laboratory 1 in report by Pfeiffer et al.) [17-19]. Whole blood hemolysates were
prepared by diluting freshly collected whole blood 1:11 with 1% ascorbic acid solution and
stored frozen at —70°C until analysis. The samples of each treatment group were carefully

balanced in measurement for minimizing potential bias. The formula for calculating RBC

(whole blood folate in nmol/L)

folate concentration in nmol/L is as follows: (Hematocrit as %7100

If current hematocrit was unavailable, we used single imputation taking the median baseline
value from all women or from all infants. We categorized RBC folate as deficient (at risk of
anemia and high risk of an NTD-affected pregnancy, <305 nmol/L), insufficient (increased
risk of NTDs, 305748 nmol/L), or optimal (>748 nmol/L) [20].

J Infect Dis. Author manuscript; available in PMC 2024 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Jacobson et al.

Page 5

Factors That Impact RBC Folate Concentrations

Maternal folate concentrations can be impacted by many factors including dietary intake
of foods with naturally occurring folate or fortified with folic acid, folic acid supplements,
and folate antagonists. Dietary intake was not collected. Season may reflect availability
of relevant foods. Start and stop dates of folic acid and other vitamin/micronutrient
supplementation and receipt of folate antagonists at entry and throughout the study were
collected. We used the Global Fortification Data Exchange website to obtain the 2019
country level folic acid fortification data (yes/no) for wheat alone or in combination with
maize, and the targeted level of folic acid fortification per country (micrograms/day) [21].

Statistical Analysis

The following study outcomes were selected to determine if there is a differential effect of

starting DTG- versus EFV-based ART (or TAF vs TDF) on (1) RBC concentration of folate
in pregnant women from entry to delivery, and placental transport of folate to the fetus, by

evaluating (2) infant RBC folate at birth and (3) the relative amount of folate transferred to
the fetus from the mother (infant-to-maternal RBC folate ratio at delivery/birth).

Maternal Characteristics and RBC Folate Concentrations by Treatment Arm

Entry maternal characteristics by treatment arm were described using median (Q1, Q3)

for continuous variables and frequency (%) for categorical variables. RBC folate was loge
transformed and back transformed to estimate the by arm geometric mean and geometric
mean standard deviation for maternal concentrations at study entry and delivery, infant folate
at the birth visit, and infant-to-maternal delivery ratio at birth.

Precision Variables

Precision variables were included to potentially increase the precision of the estimated
treatment effects: country, time from study entry to delivery (weeks), timing of folic
acid supplementation and folate antagonists from entry to delivery, mandatory folic acid
fortification in country (yes/no), targeted level of folic acid fortification per country
(micrograms/day), and season [19].

Comparison of RBC Folate Concentrations From Entry to Delivery Between Treatment

Arms

Longitudinal generalized estimating equation (GEE) models were fit with loge of RBC
folate as the outcome measure to compare the 4-week geometric mean ratio trajectory
(GMRT) of maternal folate from start of treatment to delivery between study arms. To
compare groups, models included a continuous linear time and treatment arm main effects
plus a term for time by arm. Model coefficients were exponentiated to estimate the GMRT
of 1 arm divided by another with corresponding 95% Wald confidence intervals (Cls). The
GEE model was specified using the identity link, an independence working correlation
matrix, and the robust variance estimator. Models were summarized both unadjusted and
adjusted for precision variables. Targeted level of folic acid fortification per country was
not included in the models due to overlap with other variables. The adjusted comparison
of GMRT between treatment groups is hereafter referred to as aGMRT/C. All 3 pairwise
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comparisons between arms were computed, as were comparisons of the combined DTG-
containing arms versus the EFV-containing arm.

Comparison Between Arms of Infant Birth Folate and Infant-to-Maternal Delivery Folate

For infant folate concentration and infant-to-maternal delivery ratio outcomes, analyses
were conducted with similar approaches to those described above except there was only 1
measurement per person so comparisons are based on geometric mean ratios (GMRs). We
fit unadjusted and adjusted linear regression models with the robust variance, with estimates
expressed as the geometric mean ratio (adjusted [aGMRY]). In a sensitivity analysis for the
outcome infant-to-maternal ratio, the model was also adjusted for maternal delivery folate.

All analyses were performed in SAS version 9.4 software. Our focus was on clinical
significance and the point estimate (95% CI). Pvalues are provided, without a cutoff level
for statistical significance, to show evidence against the null hypothesis.

RESULTS

Entry Sociodemographic and Clinical Characteristics

Overall, 643 women enrolled in IMPAACT 2010/VESTED, of whom 415 entered and 435
delivered (some already on study) after the site implementation date of the amendment and
between June 2018 and August 2019 when sample collection for RBC folate measurement
occurred. Of these, 340 women and 310 infants had =1 RBC folate measurement. Overall,
90% of mothers received folic acid supplements and 90% lived in countries with folic acid
fortification of food program. A folate result was obtained at entry on 319 of 415 (77%)
women, at delivery on 323 of 435 (74%) women, and in 310 of 420 liveborn infants (74%).

Among the 340 pregnant women included, median entry age was 25 years, median
gestational age was 22 weeks, and most (78%) women enrolled in Africa (Table 1). Maternal
entry characteristics were similar across study arms except for gestational age. The median
number of weeks between entry and delivery was 1 week shorter in the EFV/FTC/TDF arm
(18 weeks) compared to the DTG arms (19 weeks), partly due to the EFV/FTC/TDF arm
having more infants born preterm.

Percent of Pregnant Women Folate Deficient and Insufficient
At entry, the geometric mean for maternal RBC folate was 751 nmol/L, 746 nmol/L, and 731
nmol/L in the DTG + FTC/TAF, DTG + FTC/TDF, and EFV/FTC/TDF arms, respectively
(Table 2). At entry and delivery, respectively, maternal RBC folate concentrations were
deficient in 6% and 5%, insufficient in 43% and 44%, and optimal in 50% and 51% of
pregnant women (Table 1). Figure 1 illustrates the distribution of RBC folate for each
measure.

RBC Folate Level Trajectories in Pregnant Women

The estimated average adjusted maternal RBC folate trajectory per 4 weeks (aGMRT) was
1.016 (95% Cl, .993-1.040), 0.996 (95% ClI, .973-1.020), and 0.998 (95% Cl, .965-1.012)
for the DTG + FTC/TAF, DTG + FTC/TDF, and EFV/FTC/TDF arms, respectively (not

J Infect Dis. Author manuscript; available in PMC 2024 November 16.
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shown). DTG + FTC/TAF was the only arm with estimated increasing aGMRT (positive
slope on the log, outcome scale). Differences in aGMRT between arms were small (Table
2). The DTG + FTC/TAF arm had an estimated 2.0% higher aGMRT (based on the adjusted
estimate of aGMRT/C: 1.020 [95% ClI, .987-1.053]) compared to the DTG + FTC/TDF arm.
Compared to the EFV/FTC/TDF arm, the DTG + FTC/TAF arm had an estimated 2.8%
higher GMRT (aGMRT/C: 1.028 [95% ClI, .995-1.062]), and the DTG + FTC/TDF arm had
an estimated 0.8% higher aGMRT (aGMRT/C: 1.008 [95% Cl, .975-1.042]). The results
were similar when the 2 DTG arms were combined and compared with the EFV/FTC/TDF
arm (aGMRT/C: 1.018 [95% CI, .989-1.048]; data not shown). Results were also similar
when analyses were restricted to countries with mandatory folic acid fortification (data not
shown).

Infant RBC Folate Concentrations

There were 5 infants whose mothers had no folate measurements available; data from these
infants were only used in infant folate averages and models. Infant folate concentration was
highest in the DTG + FTC/TAF arm (Table 2).

Differences between arms in geometric mean infant folate levels were also small. The DTG
+ FTC/TAF geometric mean of infant folate was estimated to be 1.9% higher (aGMR, 1.019
[95% CI, .884-1.174]) than the DTG + FTC/TDF arm and 7.5% higher (aGMR, 1.075
[95% CI, .932-1.240]) than the EFV/FTC/TDF arm (Table 2). Infant folate level in the DTG
+ FTC/TDF arm was estimated to be 5.5% higher (aGMR, 1.055 [95% Cl, .915-1.217])
than the EFV/FTC/TDF arm. The results were similar with further adjustment for maternal
delivery RBC folate and when the dolutegravir arms were combined and compared with
EFV/FTC/TDF (aGMR, 1.065 [95% Cl, .941-1.205]; data not shown).

Modeling Infant-to-Maternal Delivery RBC Folate Ratio

Figure 2 is a graph of maternal folate at delivery and infant concentrations at birth. The
geometric mean for infant-to-maternal folate ratio was 1.16 in the DTG + FTC/TAF, 1.19
inthe DTG + FTC/TDF arm, and 1.21 in the EFV/FTC/TDF arms (Table 2). The DTG +
FTC/TAF study arm had an estimated 3.7% lower geometric mean of the infant-to-maternal
folate ratio (aGMR, 0.963 [95% ClI, .816—1.136]) compared to the DTG + FTC/TDF

study arm and a 7.7% lower (aGMR, 0.923 [95% ClI, .781-1.089]) infant-to-maternal ratio
compared to EFV/FTC/TDF. The infant-to-maternal folate ratio was 4.2% lower (aGMR,
0.958 [95% Cl, .814-1.128]) in the DTG + FTC/TDF arm compared to EFV/FTC/TDF. The
results were similar when the DTG arms were combined and compared to the EFV arm
(5.9% lower; aGMR, 0.941 [95% ClI, .816-1.085]; data not shown).

Folic Acid Supplementation

Ten percent of pregnant women received no folic acid supplements, 74% started
supplements before study entry, and 16% started on study, with little variation by treatment
arm (Table 3). No women started supplementation before conception. However, 90% started
supplementation sometime during pregnancy. The earliest day was 9 days after conception
and the latest was 235 days after conception with a median of 133 days (Q1, Q3: 101, 158).

J Infect Dis. Author manuscript; available in PMC 2024 November 16.
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The distribution of folic acid supplementation start dates was similar between the treatment
arms (Supplementary Figure 1).

Compared to those with no folic acid supplementation prior to entry, those with use >28
days before entry had higher mean entry RBC folate concentrations (aGMR, 1.44 [95% Cl,
1.20-1.72]) (Supplementary Table 1). At delivery, the geometric mean of RBC folate was
20% higher in women who started >28 days before entry (aGMR, 1.20 [95% CI, .96-1.50]),
15% higher in those that started <28 days before entry (aGMR, 1.15 [95% CI, .98-1.35]),
and 13% higher in those who started supplementation between entry and delivery (aGMR,
1.13[95% Cl, .91-1.40]), compared to those who did not use folic acid supplements. Infant
folate concentrations were also higher in newborns whose mothers started >28 days prior to
study entry (aGMR, 1.31 [95% ClI, .99-1.72]), mothers who started <28 days before entry
(aGMR, 1.17 [95% ClI, .97-1.42]) and mothers who started on study (aGMR, 1.28 [95% ClI,
1.01-1.62]), each compared to mothers who had no recorded use of folic acid supplements.
In contrast, there were no detectable patterns for the aGMR of infant-to-maternal folate
ratio by each category of timing of maternal folic acid supplementation compared to no
supplementation.

Folic Acid Antagonist Use

Little more than half of the women (59%) had no known receipt of 1 or more folate
antagonists, 32% started at least 1 folate antagonist prior to study entry, and 9% started
while on study (Table 3). The medications used by women were either cotrimoxazole,
pyrimethamine, or dapsone. Folate concentrations were similar between those who used
versus did not use folate antagonists. However, 95% Cls were wide (Supplementary Table
2).

DISCUSSION

This is the first study to evaluate RBC folate concentrations and transplacental transfer

of folate in pregnant women initiating DTG in pregnancy. We did not identify clinically
meaningful differences in maternal RBC folate concentration trajectory during pregnancy,
infant RBC folate at birth, or infant-to-mother RBC folate ratio at birth/delivery between
pregnant women starting DTG- versus EFV-based ART (nor TAF vs TDF). Overall,

these findings are reassuring that DTG treatment in pregnancy does not impact folate
concentrations in pregnant mothers or their infants differentially among treatment groups.
Our findings also suggest that DTG does not inhibit cellular uptake or transplacental passage
of folate.

Despite the fact that 90% of IMPAACT 2010/VESTED study participants lived in countries
with folic acid fortification programs, >40% of women had insufficient RBC folate
concentration, with 6% deficient at enrollment and 5% deficient at delivery (given the small
number of women enrolling in nonfortified countries, it was not feasible to explore folate
levels by this factor as other confounding factors could be at play). For comparison, in

the United States general population post—folic acid fortification, about 20% of women of
reproductive age have suboptimal RBC folate concentrations with deficiency <1% [20, 22].
This suggests that existing folic acid fortification programs are not reaching populations

J Infect Dis. Author manuscript; available in PMC 2024 November 16.
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represented in this study at levels sufficient for optimal NTD prevention [4, 23]. RBC
folate concentration data from Africa are limited [9] (nearly 80% of our participants were
from Africa). Many countries with mandated fortification programs, while reducing NTDs
overall, do not meet the needs of specific populations due to limited implementation or
poor coverage where fortified foods do not reach vulnerable groups, especially in rural
areas [9]. In some settings individuals mostly consume food from their farms, which may
not be fortified. In our study, the median gestational age at which women initiated folic
acid supplements was 18 weeks and similar across treatment arms; this is long past the
time that the neural tube closes (week 4 of pregnancy). Almost half of women in this
study had increased risk for NTD related to insufficient folate concentrations caused by
insufficient intake of folic acid before neural tube closure because of late initiation of
supplementation and suboptimal folic acid fortification. Effective folic acid fortifications
programs are beneficial not only for averting NTDs but also for other health outcomes
including folate deficiency anemia [9, 24].

RBC folate concentrations increase gradually after initiation of supplementation, and
homeostasis is reached 36 months after initiation of continuous intake [25]. In contrast

to serum folate, which shows folate intake in the last hours to days, the RBC folate
concentration represents an average of folate stores in RBCs over the last approximately
120 days [8]. IMPAACT 2010/VESTED participants started folic acid supplementation

at median 18 weeks’ gestation and not randomized, too late to alter folate sufficiency
substantially by delivery (although concentrations were higher in women who started

folic acid supplementation >28 days before entry). Median folate concentration did not
increase from entry to follow-up in any arm, which might be explained by factors

including hemodilution and transplacental transfer of folate to the fetus [26, 27]. Folic acid
supplementation is recommended before and during early pregnancy for prevention of NTDs
and continued throughout pregnancy and lactation to prevent depletion and megaloblastic
anemia [28]. Maternal folate status is known to strongly predict the newborn status and
protect infants from folate deficiency and megaloblastic anemia [29-31]. Reassuringly,
overall there was no decrease in folate from enrollment to delivery as would be expected in
pregnancy without folic acid supplementation. There were no NTDs reported in IMPAACT
2010/VESTED.

A major strength of this study is that it was conducted within a randomized controlled
clinical trial, balancing the distribution of baseline factors at the time of randomization
across treatment arms. Another strength is the systematic longitudinal measurement of RBC
folate using optimal laboratory methods, in both pregnant women and newborns. The ability
to pair mothers and their infants enables determination that there was active transport of
folate across the placenta to the fetus throughout the end of pregnancy. This is reassuring
given the number of adverse consequences of low folate to a developing fetus [8]. Our study
has limitations. As previously mentioned, there are insufficient numbers to show the impact
of treatments in the absence of folic acid intake. RBC folate concentrations were chosen

for analysis as the folate status indicator due to their use as a stable indicator of status,

low variance, and necessity for both transport across the gut and into the bone marrow and
the RBC [9, 31]. Considering the hypothesized mechanism of DTG disruption of folate
transport [13, 15], serum indicators have high variance due to very recent folate intake and
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limited processing and as such are not ideal for this analysis [9, 2]. While we initially
hypothesized that DTG would affect cellular uptake of folate, our findings suggest that
cellular uptake of folate and transport of folate to the infant do not differ in pregnant women
starting DTG- versus EFV-based ART (nor TAF vs TDF) after the first trimester.

Data availability.

Per the Network Manual of Procedures, Section 19.7: “The data cannot be made publicly
available due to the ethical restrictions in the study’s informed consent documents and

in the IMPAACT Network’s approved human subjects protection plan; public availability
may compromise participant confidentiality. However, data are available to all interested
researchers upon request to the IMPAACT Statistical and Data Management Center’s data
access committee (email address: sdac.data@fstrf.org) with the agreement of the IMPAACT
Network.”
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Figure 1.

Box plot of red blood cell (RBC) folate concentrations at entry and delivery in pregnant
women with human immunodeficiency virus and in infants at birth by treatment arm. The
y-axis is displayed on the logarithmic scale, but the actual RBC folate levels are displayed.
Diamond is the mean. The box indicates median and interquartile range. The whiskers
indicate the minimum and maximum data values, not including outliers. Outliers are those
points >75th percentile + 1.5 x interquartile range or analogous points below. Abbreviations:
DTG, dolutegravir; EFV, efavirenz; FTC, emtricitabine; RBC, red blood cell; TAF, tenofovir

alafenamide; TDF, tenofovir disoproxil fumarate.
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Figure 2.
Red blood cell folate concentrations in pregnant women with human immunodeficiency

virus at delivery versus infant concentrations at birth. Abbreviations: DTG, dolutegravir;
EFV, efavirenz; FTC, emtricitabine; TAF, tenofovir alafenamide; TDF, tenofovir disoproxil
fumarate.
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