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Abstract

Background

Observational studies suggest that vitamin D deficiency among people living with HIV is
associated with a greater risk of disease progression and death. Low levels of vitamin D in
pregnancy are also associated with poor fetal and infant growth. Therefore, vitamin D sup-
plementation may improve clinical outcomes for pregnant women living with HIV and
improve fetal and postnatal growth for their infants.

Methods and findings

We conducted a randomized, triple-blind, placebo-controlled trial of vitamin D3 supplemen-
tation among pregnant and lactating women living with HIV in Dar es Salaam, Tanzania
(ClinicalTrials.gov NCT02305927). Participants were randomized with 1:1 allocation strati-
fied by study clinic to receive either daily 3,000 IU vitamin D3 supplements or matching pla-
cebo supplements from the second trimester of pregnancy (12—-27 weeks) until 1 year
postpartum. The primary outcomes were (i) maternal HIV progression or death, (ii) small-
for-gestational-age (SGA) live births (<10th percentile), and (iii) infant stunting at 1 year of
age (length-for-age z-score < —2). We also examined the effect of vitamin D3 supplementa-
tion on secondary maternal and infant health outcomes, maternal and infant serum 25-
hydroxyvitamin D (25[OH]D) concentrations, and maternal hypercalcemia. An intent-to-treat
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analysis was used as the primary analytic approach. We enrolled 2,300 pregnant women
between June 15, 2015, and April 17, 2018, and follow-up of mothers and infants was com-
pleted on October 20, 2019. There were 1,148 pregnant women randomly assigned to the
vitamin D3 group, and 1,152 to the placebo group. The proportion of mothers lost to follow-
up at 1 year postpartum was 6.6% in the vitamin D3 group (83 of 1,148) and 6.6% in the pla-
cebo group (76 of 1,152). The proportion of children lost to follow-up at 1 year of age was
5.5% in the vitamin D3 group (59 of 1,074 live births) and 5.2% in the placebo group (57 of
1,093 live births). There was no difference in the risk of maternal HIV progression or death,
with 166 events during 1,461 person-years of follow-up in the vitamin D3 group and 141
events during 1,469 person-years of follow-up in the placebo group (hazard ratio 1.21, 95%
Cl10.97 to 1.52, p =0.09). There was no difference in the risk of SGA birth between the vita-
min D3 (229 SGA births among 1,070 live births) and placebo groups (236 SGA births
among 1,091 live births) (relative risk 1.03, 95% CI 0.87 to 1.22, p =0.70). There was also
no difference in the risk of infant stunting at 1 year of age between the vitamin D3 (407
events among 867 infants) and placebo groups (413 events among 873 infants) (relative
risk 1.00, 95% CI 0.92 to 1.10, p =0.95). In terms of adverse events, no cases of maternal
hypercalcemia were identified. One hypersensitivity reaction to the trial supplements
occurred for a pregnant woman in the placebo group. A limitation of our study is that our find-
ings may not be generalizable to HIV-negative pregnant women or contexts where severe
vitamin D deficiency is prevalent.

Conclusions

The trial findings do not support routine vitamin D supplementation for pregnant and lactat-
ing women living with HIV in Tanzania.

Trial registration
ClinicalTrials.gov Identifier: NCT02305927.

Author summary

Why was this study done?

o Observational studies have found that vitamin D deficiency among people living with
HIV is associated with an increased risk of HIV disease progression and death.

o Low levels of vitamin D in pregnancy are also associated with adverse birth outcomes
and poor infant growth.

What did the researchers do and find?

o We conducted a randomized controlled trial of maternal vitamin D5 supplementation
during pregnancy and lactation and found no effect on the primary trial outcomes of
maternal HIV progression or death, small-for-gestational-age (SGA) live births, and
infant stunting (length-for-age z-score < —2) at 1 year of age.
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o There was no effect on most secondary outcomes; however, we found that vitamin D
supplementation decreased the risk of death for mothers and increased the risk of pre-
term birth.

« Maternal vitamin D supplementation increased maternal serum 25-hydroxyvitamin D
(25[OH]D) concentrations throughout follow-up and increased infant 25(OH)D at 6
weeks and 6 months of age, but not at 12 months of age.

What do these findings mean?

o The trial findings are not in support of routine vitamin D supplementation for pregnant
and lactating women living with HIV.

o The mixed findings on the secondary outcomes of maternal death and preterm birth
should be interpreted with caution and require replication in other randomized trials.

Introduction

Implementation of effective perinatal and postnatal interventions for the prevention of
mother-to-child transmission of HIV (PMTCT), including triple-drug antiretroviral therapy
(ART) during pregnancy and lactation, has substantially reduced the incidence of pediatric
HIV infections globally [1,2]. However, this success has also led to an increasing number of
HIV-exposed uninfected (HEU) children, who have a mother living with HIV but are not
infected themselves [1]. It is estimated that in 2018 there were 14.8 million HEU children glob-
ally, of whom 13.2 million (approximately 90%) resided in sub-Saharan Africa [3]. While ART
substantially reduces the risk of mother-to-child transmission of HIV, studies have indicated
that pregnant women on ART remain at increased risk for adverse birth outcomes—including
low birthweight (LBW), preterm birth, and small-for-gestational-age (SGA) birth—compared
to HIV-uninfected pregnant women [4,5]. There is also observational evidence that HEU chil-
dren are at increased risk of morbidity, growth faltering, and mortality compared to children
born to HIV-uninfected mothers [6-8]. Consequently, interventions to improve birth out-
comes and support the broader health, growth, and development of children born to women
living with HIV are needed, particularly in sub-Saharan Africa.

Vitamin D is known to be essential for calcium homeostasis and bone health, but there is
growing evidence of immunomodulatory and other extraskeletal effects [9-11]. Observational
evidence indicates that vitamin D deficiency, as assessed by serum or plasma concentration of
25-hydroxyvitamin D (25[OH]D), is common among adults living with HIV and is associated
with increased risk of HIV disease progression and mortality [12-14]. Vitamin D deficiency in
pregnancy, regardless of maternal HIV status, has also been shown to be associated with
increased risk of prematurity, LBW, SGA birth, and child linear growth faltering [15-17].
Cohort studies of Tanzanian pregnant women living with HIV found that low 25(OH)D con-
centrations were associated with increased risk of maternal HIV disease progression, anemia,
wasting, and child respiratory infections [14,18,19]. Nevertheless, the efficacy of vitamin D
supplementation during pregnancy and lactation on birth outcomes and infant growth in ran-
domized controlled trials remains inconclusive [20,21]. Further, to our knowledge no vitamin
D supplementation trials have been conducted among pregnant women living with HIV.
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We conducted a randomized, triple-blind, placebo-controlled trial of vitamin D5 supple-
mentation during pregnancy and lactation for women living with HIV in Tanzania. The pri-
mary trial outcomes were maternal HIV progression or death, SGA live births, and infant
stunting at 12 months of age. We also examined the effect of the vitamin D3 supplementation
on several secondary maternal and infant health outcomes, as well as maternal and infant
serum 25(OH)D concentrations and maternal hypercalcemia as a targeted safety outcome.

Methods
Study design

We conducted a randomized, parallel-group, triple-blind, placebo-controlled trial of vitamin
D; supplementation for pregnant women living with HIV in urban Dar es Salaam, Tanzania
(S1 Protocol). The trial protocol was published previously [22]. We enrolled participants at 5
public antenatal care clinics that provided care for pregnant women living with HIV with the
Option B+ approach, where all pregnant women living with HIV initiated lifelong triple-drug
ART, irrespective of clinical or immunologic status. Pregnant women living with HIV were
enrolled in the trial between June 15, 2015, and April 17, 2018; follow-up of all mothers and
infants was completed on October 20, 2019. Biomarker analyses were delayed by the COVID-
19 pandemic but were completed in Boston on February 27, 2021. The trial was approved by
the Harvard T.H. Chan School of Public Health Institutional Review Board (IRB13-0231), the
Tanzanian National Health Research Ethics Sub-Committee (NIMR/HQ/R.8a/Vol.IX/1658),
the Muhimbili University of Health and Allied Sciences Institutional Review Board (2016-05-
25/AEC/Vol.X/01), and the Tanzania Food and Drugs Authority (TFDA13/CTR/0005/3). This
study is reported as per the Consolidated Standards of Reporting Trials (CONSORT) guideline
(S1 CONSORT Checklist).

Participants

Pregnant women were eligible for enrollment in the trial if they (i) were adults >18 years of age,
(ii) were pregnant and in the second trimester (12-27 weeks gestation) as determined by the
reported date of last menstrual period at the time of randomization, (iii) were living with HIV,
(iv) were receiving ART (new ART start or receiving ART before the current pregnancy), and
(v) had a serum albumin-adjusted calcium level in the normal range (<2.6 mmol/L) at the time
of screening [23]. The trial excluded women who (i) did not intend to stay in the study area for
2 years after enrollment, (ii) were enrolled in any other clinical trial, or (iii) did not provide
informed consent. Written informed consent in Kiswahili was obtained from all participants.

Randomization, masking, and allocation concealment

Pregnant women were randomly assigned in a 1:1 ratio to either the vitamin D; supplementa-
tion or placebo group, stratified by the study clinic. A non-study statistician computer-gener-
ated the randomization list with sequence blocks of 10 that were stratified by antenatal care
clinic. The trial was triple-blind since the participants, study staff, investigators, and statisticians
were masked to the randomized group assignments. The study statisticians who completed the
primary analysis were blinded to group assignments by the use of coded labels. The vitamin D5
supplementation group received daily 3,000 IU vitamin Dj; oral supplements (cholecalciferol)
that were provided from randomization in the second trimester of pregnancy until trial dis-
charge at 1 year postpartum. The US Institute of Medicine upper limit for vitamin D intake dur-
ing pregnancy and lactation is 4,000 IU/day [24]. The placebo group received matching daily
oral placebo supplements that were provided from randomization in pregnancy until trial
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discharge at 12 months postpartum. There was no difference between the vitamin D; and pla-
cebo supplements in any aspect, including appearance, taste, smell, and weight. The vitamin D;
and placebo supplements were produced by Tishcon Corporation (Salisbury, MD, US). Com-
plete allocation concealment was ensured through the use of regimen bottles that were prela-
beled with sequentially numbered participant identification numbers. Eligible pregnant women
who consented to trial randomization were assigned to the next available numeric participant
identification number that corresponded to a set of prelabeled regimen bottles. Therefore, trial
participants and research staff were not able to determine the allocated trial arm for any trial
participant or identify trial participants who were on the same trial regimen.

Procedures

The screening procedures for the trial were integrated into routine antenatal care. HIV testing
was provided through the government antenatal care system at the antenatal care registration
visit. Research nurses then identified pregnant women living with HIV and assessed eligibility
criteria. Pregnant women living with HIV who met all eligibility criteria were asked to provide
written informed consent for a blood draw to measure serum albumin and calcium concentra-
tions to screen for hypercalcemia. Serum albumin and calcium concentrations at screening
were assessed with the Roche Cobas Integra 400 Plus (Roche Diagnostics, Indianapolis, IN,
US). Pregnant women in the normal range of albumin-adjusted calcium concentration (<2.6
mmol/L) who returned to the study clinic for randomization when they were at 12-27 weeks
gestation were eligible for enrollment.

At the randomization visit, all enrolled participants received a full clinical examination
from a study physician, had their HIV disease stage assessed according to the WHO criteria,
and were treated for concurrent morbidities per Tanzanian standard of care. Research nurses
administered a standard questionnaire that collected information on sociodemographic char-
acteristics, assessed participant-reported morbidities in the last 28 days, and measured height,
weight, mid-upper arm circumference (MUAC), and blood pressure using standardized pro-
cedures. Follow-up study visits were conducted every 4 weeks during pregnancy, and starting
at 32 weeks gestation all women received weekly phone calls and were reminded to call the
study team at the time of labor. At all pregnancy study visits, study physicians performed a full
clinical examination and assessed WHO HIV disease stage, and study nurses collected data on
morbidities; assessed weight, MUAC, and blood pressure; and conducted a regimen pill count
to assess adherence. The percent adherence was calculated by taking the total number of regi-
men pills taken by the participant from enrollment to delivery based on monthly pill counts
divided by the total number of regimen pills the participant was expected to have consumed
from enrollment to delivery based on 1 regimen pill per day. Study nurses/midwives attended
labor and delivery to collect data on birthweight and other clinical outcomes. Mothers who
delivered outside of Dar es Salaam were reached by phone to obtain data from clinical staff
and medical records.

During the postnatal period, mother-infant pairs attended study visits at 6 weeks postpar-
tum and every 4 weeks thereafter until trial discharge at 1 year postpartum. Women who expe-
rienced fetal death or had infants who died continued follow-up until 1 year postpartum. At all
postpartum visits, mothers received a clinical examination and had WHO HIV disease stage
assessed by study physicians, and nurses collected data on maternal morbidities; assessed
weight, MUAC, and blood pressure; and conducted a regimen pill count. Infants received a
full clinical examination from study physicians, and nurses collected data on infant morbidity
history and breastfeeding practices and measured infant length and weight. Infant length was
assessed in triplicate with standardized procedures using a rigid length board with an
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adjustable foot piece to 1-mm precision (SECA, Hamburg, Germany), and weight was mea-
sured in triplicate to the nearest 5 g using a digital scale (SECA, Hamburg, Germany). All
infants received an HIV-1 DNA PCR test at 6 weeks and 12 months of age.

All mothers had blood collected at randomization, 32 weeks gestation, and 6 weeks, 6
months, and 12 months postpartum. Maternal serum albumin and calcium concentrations
were assessed at each time point. All infants had blood collected at 6 weeks, 6 months, and 12
months of age. To assess the effect of maternal vitamin D; supplementation on maternal and
infant serum 25(OH)D concentrations, 320 mothers who had a baseline blood sample and at
least 1 follow-up blood sample were randomly selected for serum 25(OH)D concentration
assessment. All infants of the randomly selected mothers also had serum 25(OH)D assessed.
Serum 25(OH)D concentrations were quantified at Boston Children’s Hospital with high-per-
formance liquid chromatography tandem mass spectrometry (HPLC-MS/MS); day-to-day
precision at various levels of 25(OH)D ranged from 5.6% to 8.5%.

Outcomes

The primary efficacy outcomes were (i) maternal HIV progression or death from any cause, (ii)
SGA live birth, and (iii) infant stunting at 1 year of age. Maternal HIV progression was defined
as an increase in WHO HIV disease stage from that assessed at randomization [25]. SGA was
defined as a birthweight less than the 10th percentile for gestational age by sex utilizing Oken
standards [26]. Infant stunting at 12 months of age was defined by a length-for-age z-score
(LAZ) < -2 on the WHO child growth standards [27]. Maternal hypercalcemia (serum albu-
min-adjusted calcium > 2.6 mmol/L) was evaluated as a targeted safety outcome [23].

Secondary outcomes were (i) maternal unsuppressed viral load, defined as an HIV-1 viral
load > 1,000 copies/mL; (ii) fetal death (intrauterine death of a fetus at any time during preg-
nancy); (ili) miscarriage (fetal death at <28 weeks gestation); (iv) stillbirth (fetal death at >28
weeks gestation); (v) preterm birth (live birth at <37 weeks gestation); (vi) birthweight among
live births; (vii) LBW (live birth birthweight < 2,500 g); (viii) mother-to-child transmission of
HIV (infant HIV infection); (ix) infant mortality (death at <365 days); (x) infant LAZ, weight-
for-age z-score (WAZ), and weight-for-length z-score (WLZ) at 1 year of age; (xi) infant wast-
ing (WLZ < -2); (xii) infant underweight (WAZ < -2); (xiii) infant LAZ, WAZ, and WLZ tra-
jectory in the first year of life; and (xiv) maternal and infant serum 25(OH)D concentrations.
Early during the conduct of the trial, the HIV care and treatment program discontinued rou-
tine CD4 T-cell assessment after ART initiation, and therefore we do not present treatment
effects on this secondary outcome included in the protocol. As a sensitivity analysis, we
assessed the effect of vitamin D3 on SGA birth as defined by INTERGROWTH-21st standards,
which were published during the conduct of the trial [28]. We also analyzed death of the
mother, mean gestation duration, and neonatal mortality (death at <28 days) as post hoc out-
comes. These 3 post hoc outcomes were not predefined as secondary outcomes in the study
protocol.

Statistical analysis

The full details of the trial sample size calculation for the 3 primary outcomes (maternal HIV
progression or death, SGA birth, and infant stunting) can be found in the published protocol
[22]. Briefly, the trial target sample size was 2,300 pregnant women living with HIV based on
power calculations that assumed 1:1 randomization to vitamin D; or placebo and a nominal
type I error rate (alpha) of 0.05 for each primary outcome. We did not account for multiple
comparisons. For maternal HIV progression of death, we assumed 90% retention of pregnant
women until trial discharge, and therefore the trial had >80% power to detect a relative risk

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003973  April 15, 2022 6/20


https://doi.org/10.1371/journal.pmed.1003973

PLOS MEDICINE

Vitamin D supplementation during pregnancy and lactation among women living with HIV in Tanzania

(RR) of 0.70 for maternal HIV progression or death if the event rate was >15% in the placebo
group. For SGA birth, we assumed that 90% of pregnancies would result in live births with
birthweight data available, and therefore we had >90% power to detect a relative risk of 0.75
for SGA birth if the cumulative incidence was >14% in the placebo group. For infant stunting,
we assumed that 85% of liveborn infants would be living and would have length assessed at 1
year of age, and therefore we had >90% power to detect a relative risk of 0.80 for infant stunt-
ing if the cumulative incidence of infant stunting was >20% in the placebo group.

An intent-to-treat analysis with a complete case approach was used as the primary analytic
strategy for all analyses (S1 Analysis Plan). The log-rank test was used to evaluate the effect of
vitamin D3 supplementation on the incidence of maternal HIV progression or death from any
cause, and Cox proportional hazards models were used to estimate hazard ratios (HRs). Analy-
ses of SGA birth, infant stunting, and other binomial infant outcomes were conducted with
generalized estimating equations (GEEs) including a compound symmetry working correla-
tion matrix to account for correlation due to multiple gestation (twins) and a log link and
binomial variance function to produce relative risks. Secondary continuous non-repeated out-
comes, including birthweight and infant LAZ, WLZ, and WAZ at 1 year of age, were evaluated
with generalized linear mixed-effects models with a random intercept, a compound symmetric
covariance structure, and sandwich variance estimators. For secondary continuous outcomes
with repeated measurements—including infant LAZ, WLZ, and WAZ trajectories from 6
weeks to 1 year of age and maternal and infant 25(OH)D concentration trajectories—general-
ized linear mixed-effects models with a random intercept, a compound symmetric covariance
structure, and sandwich variance estimators were used to assess the effect of vitamin D sup-
plementation on the longitudinal continuous outcome. The overall statistical significance of
the difference in repeated measures over time between randomized groups was determined
from an interaction term between randomized regimen and time. All analyses accounted for
the study clinic with fixed effects due to stratified randomization.

We conducted several sensitivity analyses for the primary outcomes. To examine the poten-
tial for baseline imbalance to affect our results, we conducted sensitivity analyses for the primary
outcomes adjusting for the following characteristics at baseline (randomization): maternal age,
gestational age, maternal BMI, wealth quintile, WHO HIV disease stage, CD4 T-cell count, and
timing of ART initiation. We conducted a post hoc analysis of maternal HIV progression and
death of the mother, separately. We conducted sensitivity analyses for birth outcomes and
infant growth outcomes restricted to singleton births. Further, we assessed the potential for bias
due to dependent censoring in the infant stunting analysis (missing length data) by conducting
a sensitivity analysis that used inverse probability of censoring weighting (IPCW) [29]. Stabi-
lized censoring weights were constructed in models that included maternal age, gestational age
at randomization, maternal BMI, household wealth quintile, WHO HIV disease stage, CD4 T-
cell count, timing of ART initiation, and infant sex, birthweight, and gestational age at birth.

In exploratory analyses, we examined the potential for modification of the effect of maternal
vitamin D supplementation on the primary outcomes by predefined baseline maternal factors
including maternal age, gestational age at randomization, maternal body mass index, socioeco-
nomic status, WHO HIV disease stage, ART initiation before or after conception, and trial reg-
imen adherence [22]. We used the Wald test for risk ratio homogeneity to assess the statistical
significance of effect modification. All statistical analyses were done with SAS, version 9.3.

Results

The trial flow diagrams for mothers and infants are presented in Figs 1 and 2, respectively. A
total of 3,153 pregnant women living with HIV were screened for recruitment, of whom 2,300
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3,153 Pregnant women living
with HIV contacted
for recruitment

853 Ineligible for randomization
434 Gestational age >27 weeks
5 Under 18 years of age

> 4 Enrolled on other clinical trial

1 Death before delivery
5 Consent withdrawal

\

y

2,300 Pregnant women
randomized

44 Does not plan to reside in study area
347 Did not return for randomization
19 Consent refusal

/\

1148 Vitamin D
Pregnant women

67 Loss to follow-up after
delivery

Fig 1. Trial flow diagram for mothers.

\4
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1-year postpartum
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1152 Placebo
Pregnant women

2 Death before delivery
1 Administrative withdrawal
2 Consent withdrawal

\ 4

46 !'OSS toifolloviip; before | 13 Loss to follow-up before
delivery deliver
y
4! v
1126 Women with 1134 Women with
pregnancy pregnancy
outcome known outcome known
5 Death after delivery 15 Death after delivery
6 Consent withdrawal > 8 Consent withdrawal

63 Loss to follow-up after
delivery

1049 Women
completed study
1-year postpartum

were randomized (1,148 to vitamin D3 and 1,152 to placebo). One pregnant woman in the pla-
cebo group was administratively withdrawn after she tested negative on an HIV-1 ELISA at
the time of labor and subsequently on multiple ELISA and PCR tests after stopping ART; the
participant was excluded from all outcome analyses. Birth outcome data were available for
1,126 women (98.3%) in the vitamin D5 group and 1,134 women (98.4%) in the placebo group.
There were a total of 1,074 live births in the vitamin D group and 1,093 live births in the pla-
cebo group. At 1 year of age, vital status was known for 1,012 infants (94.2%) in the vitamin D;
group and 1,030 infants (94.2%) in the placebo group. The proportion of mothers lost to fol-
low-up at 1 year postpartum was similar between the randomized groups: 6.6% in the vitamin
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Fig 2. Trial flow diagram for infants.

https://doi.org/10.1371/journal.pmed.1003973.9002

D5 group (83 of 1,148 women randomized) and 6.6% in the placebo group (76 of 1,152 women
randomized) (p-value for difference between groups: 0.71). The proportion of children lost to
follow-up at 1 year of age (unknown vital status) was 5.5% in the vitamin D5 group (59 of
1,074 live births) and 5.2% in the placebo group (57 of 1,093 live births) (p-value for difference
between groups: 0.77). Data on infant length at 1 year of age was available for 867 infants
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(85.7% of live births excluding deaths) in the vitamin D5 group and 872 infants (83.8% of live
births excluding deaths) in the placebo group, and there was no difference in missingness
between the randomized groups (p-value for difference between groups: 0.15).

Baseline characteristics were similar between the randomized groups (Table 1). Maternal
adherence to the trial regimen was similarly high between treatment groups; the median
(interquartile range) adherence was 88.2% (63.0%, 97.8%) in the vitamin D group and 85.5%
(60.5%, 96.0%) in the placebo group.

Table 1. Baseline characteristics of trial population of pregnant women living with HIV stratified by randomiza-

tion group.
Characteristic Vitamin D3 (N = 1,148), n (%) Placebo (N = 1,152), n (%)
Age
18-24 years 180 (15.7) 189 (16.4)
25-34 years 673 (58.6) 666 (57.8)
35+ years 295 (25.7) 297 (25.8)
Maternal education
No formal education 118 (10.3) 132 (11.5)
Primary 675 (58.8) 669 (58.1)
Secondary/advanced 354 (30.8) 350 (30.4)
Missing 1(0.1) 1(0.1)
Weeks gestation at randomization
12-16.9 weeks 251 (21.9) 235 (20.4)
17-22.9 weeks 538 (46.9) 549 (47.7)
23-27 weeks 359 (31.3) 368 (31.9)
Body mass index at randomization
<18.5 kg/m* 24 (2.1) 40 (3.5)
18.5-24.9 kg/m2 522 (45.5) 519 (45.1)
25.0-29.9 kg/m2 370 (32.2) 382 (33.2)
>30.0 kg/m2 223 (19.4) 202 (17.5)
Missing 9(0.8) 9 (0.8)
WHO HIV disease stage
I 1,004 (87.5) 970 (84.2)
i} 64 (5.6) 78 (6.8)
11 73 (6.4) 93 (8.1)
1\% 7 (0.6) 11 (1.0)
CD4 T-cell count, cells/uL
<200 100 (8.7) 96 (8.3)
200-349 139 (12.1) 139 (12.1)
350-499 156 (13.6) 155 (13.5)
>500 149 (13.0) 148 (12.9)
Missing 604 (52.6) 614 (53.3)
Timing of ART initiation
During this pregnancy 689 (60.0) 675 (58.6)
Before conception 459 (40.0) 477 (41.4)
ART regimen
Tenofovir/lamivudine/efavirenz 1,137 (99.0) 1,136 (98.8)
Other 11 (1.0) 16 (1.4)

ART, antiretroviral therapy; HIV, human immunodeficiency virus; WHO, World Health Organization.

https://doi.org/10.1371/journal.pmed.1003973.t001
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Maternal HIV progression and death

During follow-up, 307 (13.3% of participants) maternal HIV progression or death events were
recorded. There was no difference in the hazard of maternal HIV progression or death
between the vitamin D and placebo groups, with 166 events during 1,461 person-years of fol-
low-up in the vitamin Dj group and 141 events during 1,469 person-years of follow-up in the
placebo group (HR 1.21, 95% CI 0.97 to 1.52, p = 0.09; Table 2). There was no difference in the
findings of the effect of vitamin D3 on maternal HIV progression or death in a sensitivity anal-
ysis that included covariates for baseline variables to account for potential baseline imbalance
between the randomized groups (adjusted HR 1.17, 95% CI 0.93 to 1.46, p = 0.18). There was
no evidence of effect modification for any baseline maternal factors, except maternal BMI at
randomization, where the effect of vitamin D3 on maternal HIV progression or death appeared
more negative for women with a baseline BMI < 25 kg/m? as compared to those with a base-
line BMI > 25.0 kg/m? (Table A in S1 Appendix). In a post hoc analysis of the composite end-
point, we examined the effect of maternal vitamin D3 supplementation on death and HIV
progression separately (Table 2). The hazard of death was lower in the vitamin D; group than
in the placebo group (HR 0.35, 95% CI 0.14 to 0.89, p = 0.02); 6 women died in the vitamin D,
group, and 17 women died in the placebo group. Causes of death for the women by treatment
group are presented in Table B in S1 Appendix. In contrast, the hazard of HIV progression
(defined by any upgrade in WHO HIV disease stage) was greater in the vitamin D3 group than
in the placebo group (HR 1.32, 95% CI 1.04 to 1.66, p = 0.02). There was no effect of vitamin
D; supplementation on the risk of women having an unsuppressed HIV viral load at the first
viral load test post-randomization (Table 2).

SGA births and secondary birth outcomes

Table 3 presents the effect of maternal vitamin D3 supplementation on SGA births and second-
ary birth outcomes. There was no difference in the risk of the primary outcome of SGA live
birth, defined by the Oken standard, between the vitamin D3 and placebo groups (RR 1.03,
95% CI 0.87 to 1.22, p = 0.70). The findings were similar when restricted to singletons (Table C
in S1 Appendix) and in a sensitivity analysis adjusting for baseline maternal factors (RR 1.06,
95% CI 0.90 to 1.25, p = 0.50). There was no evidence of effect modification by baseline mater-
nal factors (Table D in S1 Appendix). There was also no effect on SGA birth defined by the
INTERGROWTH-21st standards in a sensitivity analysis (Table 3). There was also no differ-
ence in the risk of fetal death, miscarriage, stillbirth, LBW, or mean birthweight between the
vitamin D3 and placebo groups (Table 3). The risk of preterm birth (<37 weeks gestation) was
greater in the vitamin D; group than in the placebo group (RR 1.17, 95% CI 1.00 to 1.36, p =

Table 2. Effect of vitamin D; supplementation on maternal HIV progression or death.

Outcome Vitamin D3, n/N (%) Placebo, n/N (%) Hazard ratio (95% CI) p—Value1
Maternal HIV progression2 or death (primary outcome) 166/1,148 (14.5%) 141/1,151 (12.3%) 1.21 (0.97, 1.52) 0.09
Maternal death 6/1,148 (0.5%) 17/1,151 (1.5%) 0.35 (0.14, 0.89) 0.02
Maternal HIV progression excluding death 161/1,148 (14.0%) 126/1,151 (11.0%) 1.32 (1.04, 1.66) 0.02
Maternal unsuppressed HIV-1 viral load (>1,000 copies/mL)3 69/794 (8.7%) 711777 (9.1%) 0.96 (0.70, 1.31) 0.79

"Log-rank test p-value for maternal HIV progression or death, maternal death, and maternal HIV progression excluding death.

*Any upgrade in WHO HIV disease stage.

*Median (interquartile range) timing of viral load assessment post-randomization: 216 days (146, 345).

CI, confidence interval; HIV, human immunodeficiency virus; WHO, World Health Organization.

https://doi.org/10.1371/journal.pmed.1003973.t002
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Table 3. Effect of maternal vitamin D; supplementation on small-for-gestational-age live births and secondary birth and infant outcomes.

Outcome

Fetal death

Miscarriage (<28 weeks gestation)

Stillbirth (>28 weeks gestation)

Among live births

Birthweight (g)

Low birthweight (<2,500 g)

Duration of gestation (weeks)

Preterm birth (<37 completed weeks gestation)

Small-for-gestational-age birth—Oken standard
(<10th percentile) (primary outcome)

Small-for-gestational-age birth—INTERGROWTH-

21st standard (<10th percentile)
Infant HIV infection

Neonatal mortality (<28 days)
Infant mortality (<365 days)

Vitamin D3, number of events/ Placebo, number of events/ Relative risk (95% CI) or | p-
number at risk (%) or mean (SD) number at risk (%) or mean (SD) | mean difference Value
68/1,142 (6.0%) 68/1,161 (5.9%) 1.02 (0.73, 1.40) 0.93
23/1,142 (2.0%) 18/1,161 (1.6%) 1.30 (0.70, 2.39) 0.40
45/1,119 (4.0%) 50/1,143 (4.4%) 0.92 (0.62, 1.36) 0.67
3,086 (577) 3,080 (518) —2 (~49, 46) 0.95
111/1,070 (10.4%) 106/1,091 (9.7%) 1.15 (0.88, 1.50) 0.32
38.6 (3.3) 38.9 (3.0) ~0.36 (~0.64, —0.09) 0.01
281/1,074 (26.2%) 242/1,093 (22.1%) 1.17 (1.00, 1.36) 0.04
229/1,070 (21.4%) 236/1,091 (21.6%) 1.03 (0.87, 1.22) 0.70
198/1,070 (18.5%) 223/1,091 (20.4%) 0.94 (0.79, 1.12) 0.49
22/1,074 (2.1%) 23/1,093 (2.1%) 0.97 (0.54, 1.71) 0.90
34/1,074 (3.2%) 23/1,093 (2.1%) 1.49 (0.88, 2.52) 0.14
62/1,074 (5.8%) 52/1,093 (4.8%) 1.20 (0.84, 1.72) 0.32

CI, confidence interval; HIV, human immunodeficiency virus; SD, standard deviation.

https://doi.org/10.1371/journal.pmed.1003973.t003

0.04). In a sensitivity analysis restricted to singletons, the relative risk of preterm was similar
but did not reach statistical significance (RR 1.15, 95% CI 0.98 to 1.34, p = 0.08; Table C in S1
Appendix). In a post hoc analysis, mean gestation duration was significantly shorter in the
vitamin D group than in the placebo group (mean difference —0.36 weeks, 95% CI —0.64 to
-0.09, p = 0.01; Table 3), and the results were robust to restriction of the analysis to singletons
(Table C in S1 Appendix).

Infant HIV infection and death

During follow-up, a total of 45 infants (2.1%) were diagnosed with HIV infection; there was no
difference in the risk of mother-to-child HIV transmission between the treatment groups
(Table 3). There were 114 infant deaths (5.3%) recorded, and there was no difference between
the vitamin D5 and placebo groups (Table 3). Causes of infant death by treatment group are
presented in Table E in S1 Appendix. There was no difference in the findings for HIV infection
or infant death when restricting the analyses to singletons (Table C in S1 Appendix).

Infant stunting and anthropometric measures

The effects of maternal vitamin D supplementation on infant stunting and secondary infant
growth outcomes at 1 year of age are presented in Table 4. There was no effect of maternal vita-
min D; supplementation on the risk of infant stunting (RR 1.00, 95% CI 0.92 to 1.10, p = 0.95).
The findings were similar when restricting the analysis to singletons (Table F in S1 Appendix)
and in a sensitivity analysis adjusting for maternal baseline factors (RR 1.00, 95% CI 0.90 to
1.10, p = 0.98). A sensitivity analysis using IPCW to account for missing length data also found
similar results (RR 1.02, 95% CI 0.93 to 1.12, p = 0.73). There was no evidence of effect modifi-
cation by baseline maternal factors (Table G in S1 Appendix). There was also no difference in
the secondary growth outcomes of LAZ, WLZ, wasting, WAZ, and underweight at 1 year of age
between the treatment groups (Table 4). There was no difference in infant LAZ, WLZ, and
WAZ trajectories from 6 weeks to 1 year of age by treatment group (Figs A-C in SI Appendix).
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Table 4. Effect of maternal vitamin D3 supplementation on infant stunting and other anthropometric measures at 1 year of age.

Infant growth outcome at 12 Vitamin D3, number of events/number at Placebo, number of events/number at Relative risk (95% CI) or p-
months of age risk (%) or mean (SD) risk (%) or mean (SD) mean difference Value
LAZ -1.87 £ 1.46 -1.82+1.45 —0.04 (-0.18, 0.09) 0.52
Stunting (LAZ < -2) (primary 407/867 (46.9%) 413/872 (47.4%) 1.00 (0.92, 1.10) 0.95
outcome)

WLZ 0.68 £ 1.38 0.77 £ 1.39 —0.09 (—0.23, 0.05) 0.21
Wasting (WLZ < -2) 18/757 (2.4%) 14/749 (1.9%) 1.27 (0.63, 2.55) 0.50
WAZ -0.44 £1.17 -0.34£1.19 —0.10 (—0.23, 0.02) 0.10
Underweight (WAZ < -2) 69/767 (9.0%) 55/758 (7.3%) 1.24 (0.88, 1.74) 0.21

CI, confidence interval; LAZ, length-for-age z-score; SD, standard deviation; WAZ, weight-for-age z-score; WLZ, weight-for-length z-score.

https://doi.org/10.1371/journal.pmed.1003973.t004

Maternal and infant 25(OH)D concentrations

The effects of maternal vitamin D3 supplementation on maternal and infant serum 25(OH)D
concentrations are presented in Figs 3 and 4, respectively. Maternal vitamin D; supplementa-
tion increased maternal 25(OH)D concentrations during follow-up as compared to placebo
(p-value for difference in trajectory between groups: <0.001). Maternal 25(OH)D concentra-
tions were higher in the vitamin D5 group at all post-randomization timepoints including 32
weeks gestation and 6 weeks, 6 months, and 12 months postpartum (Table H in S1 Appendix).
The mean difference in maternal 25(OH)D between the vitamin D3 and placebo groups was
12.8 ng/mL (95% CI 9.4 to 16.1, p < 0.001) at 32 weeks gestation, 12.6 ng/mL (95% CI 10.0 to
15.2, p < 0.001) at 6 weeks postpartum, 12.9 ng/mL (95% CI 10.3 to 15.5, p < 0.001) at 6
months postpartum, and 9.5 ng/mL (95% CI 7.0 to 12.0, p < 0.001) at 12 months postpartum.
Infant 25(OH)D concentrations during follow-up significantly differed between the vitamin
D5 and placebo groups (p-value for difference in trajectory: <0.001). Infant serum 25(OH)D
concentrations were higher in the vitamin D; group at 6 weeks and 6 months of age, but there
was no difference between the treatment groups at 12 months of age (Table I in S1 Appendix).
The mean difference in infant 25(OH)D between the vitamin D5 and placebo groups was 13.2

70

Maternal serum 25(OH)D concentration (ng/mL)

Randomization 32 weeks gestation 6 weeks postpartum 6 months postpartum 12 months postpartum
Timepoint
Group: == Placebo === VitaminD

Fig 3. Effectof maternal vitamin D; supplementation on mean maternal serum 25(OH)D concentrations.
Whiskers indicate standard deviation. p-Value for difference in trajectory for maternal serum 25(OH)D
concentration < 0.001. 25(0OH)D, 25-hydroxyvitamin D.

https://doi.org/10.1371/journal.pmed.1003973.9003
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50

Infant serum 25(OH)D concentration (ng/mL)

6 weeks 6 months 12 months
Infant Age

Group: === Placebo == Vitamin D

Fig 4. Effect of maternal vitamin D; supplementation on mean infant serum 25(OH)D concentrations. Whiskers
indicate standard deviation. p-Value for difference in trajectory for infant serum 25(OH)D concentration < 0.001. 25
(OH)D, 25-hydroxyvitamin D.

https://doi.org/10.1371/journal.pmed.1003973.g004

ng/mL (95% CI 10.6 to 15.9, p < 0.001) at 6 weeks, 4.2 ng/mL (95% CI 1.6 to 6.8, p = 0.002) at
6 months, and 2.0 ng/mL (95% CI —0.4 to 4.4, p = 0.10) at 12 months of age.

Maternal hypercalcemia and safety outcomes

No maternal hypercalcemia events were recorded. There was 1 hypersensitivity reaction to the
trial supplements for a pregnant woman in the placebo group.

Discussion

Maternal vitamin D3 supplementation during pregnancy and lactation did not significantly
affect the risk of maternal HIV disease progression or death, SGA live births, or infant stunting
at 1 year of age. There was also no effect of vitamin D3 supplementation on most secondary
maternal and infant outcomes. However, we observed that the risk of maternal death was
lower, but the risks of HIV progression and preterm birth were greater, for mothers in the vita-
min D; group as compared to the placebo group. The vitamin D; supplementation regimen
increased maternal and infant serum 25(OH)D concentrations and did not increase the risk of
maternal hypercalcemia.

Our finding of no effect of vitamin D3 supplementation on the composite primary outcome
of maternal HIV progression or death is not aligned with observational evidence from cohort
studies, including those conducted in Tanzania, that have found that vitamin D deficiency is
associated with increased risk of HIV progression and mortality for people living with HIV
[12,13]. Nevertheless, the null findings are generally consistent with a recent randomized con-
trolled trial of vitamin D3 supplementation conducted among HIV-infected adult men and
non-pregnant women initiating ART in Tanzania that found no effect on the risk of death dur-
ing the first year of treatment [30]. It is possible that 25(OH)D concentrations and vitamin D
status as determined in observational studies may be a marker of immune activation, comor-
bidities, or other confounding factors rather than indicating that vitamin D has a causal rela-
tionship with HIV progression and death. Further, while in vitro studies suggest that vitamin
D may reduce HIV-1 replication [31-33], we found no effect of vitamin D supplementation
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on HIV-1 viral suppression, an important contributor to the risk of HIV progression and
death for individuals on ART.

In a post hoc analysis separating the composite endpoint HIV progression or death, we
observed that women in the vitamin D3 group had a lower risk of death during follow-up,
but increased risk of HIV progression, as compared to women in the placebo group. Fore-
most, it is important to note these post hoc findings may be due to chance, particularly
given the small number of deaths and some degree of competing risks. These opposing find-
ings are difficult to explain and require additional research, but we hypothesize that the
findings may be attributable to the range of effects of vitamin D and the complexity of the
state of pregnancy in the context of HIV and ART [34]. Immunologic pathways should be
evaluated as pregnancy is characterized by Th2 response predominance and downregula-
tion of Th1 responses, which result in immune tolerance, and this immunosuppressive state
is also associated with increased susceptibility to intracellular pathogens [34,35]. Vitamin D
also downregulates Th1 responses and therefore may further shift the Th1/Th2 balance
towards increased risk of infections [36]. Indeed, we found that the vitamin D3 group had
an increased risk of HIV progression as defined by increased WHO HIV disease stage,
which is primarily defined by new-onset opportunistic infections. Further, untreated pro-
gression of HIV infection to AIDS is associated with a shift from Thl to Th2 responses,
while ART reverses the shift to a more balanced response [37,38]. Therefore, vitamin D,
supplementation may counterbalance the effects of ART. Nevertheless, vitamin D has multi-
ple other immunomodulatory effects that may simultaneously reduce the risk of mortality
from infectious diseases, as well as physiological effects that may reduce the risk of other
causes of death [36,39,40]. Additional research is needed to untangle the potentially com-
plex effects of vitamin D3 supplementation on immune responses and clinical outcomes in
the context of pregnancy, HIV, and ART.

We found no effect of maternal vitamin D; supplementation on the risk of SGA live birth,
an indicator of fetal growth restriction. There have been multiple proposed mechanisms by
which vitamin D in pregnancy may affect fetal growth, including improved immune function,
placental function, or fetal skeletal development as well as reduced risk of preeclampsia [41-
43]. Randomized trials have found mixed effects of vitamin D supplementation on SGA births.
A meta-analysis of 5 small randomized trials of vitamin D supplementation that included a
total of 793 live births found an approximately 30% reduction in the risk of SGA birth [44];
however, the subsequently published Maternal Vitamin D for Infant Growth (MDIG) trial
conducted in Bangladesh found no effect of prenatal maternal vitamin D supplementation on
SGA birth among 834 live births, which is consistent with our findings [45].

We also found that maternal vitamin D3 supplementation did not affect birthweight or risk
of LBW, but we observed that the vitamin D; group had increased risk of preterm birth and
decreased mean gestation duration, by approximately 2.5 days, compared to the placebo
group. It is important to consider that effects on preterm birth and gestation duration may be
attributable to chance. The most recent Cochrane review found no effect of maternal vitamin
D supplementation on the risk of preterm birth in 7 randomized trials that included 1,640
pregnant women, but there was a 45% reduction in the risk of LBW in 5 trials that included a
total of 697 women [20]. However, the recent MDIG trial found no effect of multiple prenatal
vitamin D; regimens on birthweight, LBW, or preterm birth [45]. Our findings of a negative
effect of vitamin D supplementation on preterm birth and duration of gestation were unex-
pected given the relatively consistent epidemiological literature indicating that vitamin D defi-
ciency is associated with an increased risk of preterm birth [34]. Preterm birth is associated
with a pro-inflammatory Th1 profile, and therefore the anti-inflammatory actions of vitamin
D would be expected to reduce the risk [34]. However, we found that mothers in the vitamin
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D5 group had increased risk of HIV progression, which is a risk factor for preterm birth and
may represent a potential mechanism that contributed to our findings [46].

We also found no effect of vitamin D supplementation during pregnancy and lactation on
infant stunting or other measures of infant growth. Small trials in Bangladesh and the UK found
beneficial effects of maternal vitamin D supplementation on infant linear growth [47,48]. How-
ever, these findings were not replicated in the MDIG trial in Bangladesh, which found no effect
of various prenatal or postpartum vitamin D5 supplementation regimens on infant linear growth
[45]. Two of the potential pathways for maternal vitamin D supplementation during pregnancy
and lactation to affect infant growth are through improved birth outcomes and improved infant
vitamin D status. While there was no evidence of benefit in terms of birth outcomes, maternal
vitamin D supplementation increased infant serum 25(OH)D concentrations. The improve-
ments in infant vitamin D status at 6 weeks and 6 months in our trial are likely attributable to
improved vitamin D content in breastmilk during the period of exclusive breastfeeding [49];
however, the frequency and intensity of breastfeeding tend to decrease during the period of com-
plementary feeding in the second half of infancy, possibly contributing to there being no effect
on infant 25(0OH)D concentration at 12 months of age. Nevertheless, the improvements in infant
vitamin D status did not translate into effects on child growth outcomes.

Our trial has several limitations. First, we enrolled pregnant women in the second trimester of
pregnancy, and therefore additional research on vitamin D supplementation initiated preconcep-
tionally or in the first trimester of pregnancy is needed. Second, we calculated gestational age
based on maternal report of last menstrual period, which likely led to some degree of mismea-
surement of the duration of gestation and misclassification of prematurity; however, this misclas-
sification was likely non-differential between treatment arms and therefore would attenuate
measures of effect on preterm birth and gestation duration. Third, we did not detect any clini-
cally diagnosed cases of infant rickets, but we did not perform biochemical or other enhanced
screening measures that may have led to the identification of cases. In addition, we analyzed mul-
tiple secondary and post hoc outcomes, and therefore we cannot rule out that the findings on
maternal death, gestation duration, and preterm birth were due to type I errors (incorrectly
rejecting the null) attributable to multiple testing. Last, our trial was conducted among women
living with HIV in Tanzania, and therefore the findings may not be generalizable to HIV-unin-
fected women or those living in different contexts, particularly where severe vitamin D deficiency
is prevalent. However, it is important to note that there was no effect of vitamin D3 supplementa-
tion on birth outcomes or child growth in the MDIG trial in Bangladesh, where at baseline
approximately 60% of the pregnant women had 25(OH)D concentrations of <12 ng/mL.

We found no effect of maternal vitamin D supplementation during pregnancy and lacta-
tion on the risk of maternal HIV progression or death, SGA live birth, or infant stunting at 1
year of age. Surprisingly, we observed a beneficial effect of vitamin D3 supplementation on the
risk of death for mothers, but negative effects on maternal HIV progression, duration of gesta-
tion, and risk of prematurity. However, these secondary and post hoc findings may be due to
chance, should be interpreted with caution, and require replication before one assumes benefi-
cial effects or safety risks. Taken together, our trial findings do not support policy change to
implement routine vitamin D supplementation for pregnant and lactating women living with
HIV in Tanzania and similar contexts.

Supporting information

S§1 CONSORT Checklist. Checklist of information to include when reporting a random-
ized controlled trial.
(DOC)

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003973  April 15, 2022 16/20


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003973.s001
https://doi.org/10.1371/journal.pmed.1003973

PLOS MEDICINE

Vitamin D supplementation during pregnancy and lactation among women living with HIV in Tanzania

S1 Protocol. Trial of vitamin D in HIV progression, birth outcomes, and child health—
study protocol.
(DOCX)

S1 Analysis Plan. Trial of vitamin D in HIV progression, birth outcomes, and child health
—analysis plan.
(DOCX)

S1 Appendix. Supplementary tables and figures.
(DOCX)

Acknowledgments

We thank the field teams (including physicians, nurses, supervisors, and laboratory staff),
administrative staff, and study participants, all of whom made this study possible. We also
acknowledge the efforts of the trial data and safety monitoring board, which included Dr.
David Shapiro (Chair), Prof. Michael Holick, Prof. Gideon Kwesigabo, Dr. Shahin Lockman,
and Dr. Salim Abdullah. The content of this article is solely the responsibility of the authors
and does not necessarily represent the official views of the Eunice Kennedy Shriver National
Institute of Child Health and Human Development or the National Institute of Diabetes and
Digestive and Kidney Diseases.

Author Contributions

Conceptualization: Christopher R. Sudfeld, Karim P. Manji, Wafaie W. Fawzi.
Data curation: Christopher R. Sudfeld, Molin Wang, Ning Zhang.

Formal analysis: Christopher R. Sudfeld, Molin Wang, Ning Zhang.

Funding acquisition: Christopher R. Sudfeld, Karim P. Manji, Christopher P. Duggan, Said
Aboud, Fadhlun M. Alwy Al-Beity, Molin Wang, Wafaie W. Fawzi.

Investigation: Christopher R. Sudfeld, Karim P. Manji, Alfa Muhihi, Said Aboud, Fadhlun M.
Alwy Al-Beity, Wafaie W. Fawzi.

Methodology: Karim P. Manji, Alfa Muhihi, Christopher P. Duggan, Said Aboud, Fadhlun M.
Alwy Al-Beity, Molin Wang, Ning Zhang, Nzovu Ulenga, Wafaie W. Fawzi.

Project administration: Christopher R. Sudfeld, Karim P. Manji, Alfa Muhihi, Said Aboud,
Wafaie W. Fawzi.

Supervision: Christopher R. Sudfeld, Karim P. Manji, Alfa Muhihi, Christopher P. Duggan,
Said Aboud, Fadhlun M. Alwy Al-Beity, Molin Wang, Nzovu Ulenga, Wafaie W. Fawzi.

Writing - original draft: Christopher R. Sudfeld, Karim P. Manji.

Writing - review & editing: Christopher R. Sudfeld, Karim P. Manji, Alfa Muhihi,
Christopher P. Duggan, Said Aboud, Fadhlun M. Alwy Al-Beity, Molin Wang, Ning Zhang,
Nzovu Ulenga, Wafaie W. Fawzi.

References

1. Joint United Nations Programme on HIV/AIDS. Progress towards the Start Free, Stay Free, AIDS Free
targets—2020 report. Geneva: Joint United Nations Programme on HIV/AIDS; 2020.

2. Cooper ER, Charurat M, Mofenson L, Hanson IC, Pitt J, Diaz C, et al. Combination antiretroviral strate-
gies for the treatment of pregnant HIV-1-infected women and prevention of perinatal HIV-1

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003973  April 15, 2022 17/20


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003973.s002
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003973.s003
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003973.s004
https://doi.org/10.1371/journal.pmed.1003973

PLOS MEDICINE

Vitamin D supplementation during pregnancy and lactation among women living with HIV in Tanzania

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

transmission. J Acquir Immune Defic Syndr. 2002; 29(5):484—-94. https://doi.org/10.1097/00126334-
200204150-00009 PMID: 11981365

Slogrove AL, Powis KM, Johnson LF, Stover J, Mahy M. Estimates of the global population of children
who are HIV-exposed and uninfected, 2000—18: a modelling study. Lancet Glob Health. 2020; 8(1):
€67-75. https://doi.org/10.1016/S2214-109X(19)30448-6 PMID: 31791800

Malaba TR, Phillips T, Le Roux S, Brittain K, Zerbe A, Petro G, et al. Antiretroviral therapy use during
pregnancy and adverse birth outcomes in South African women. Int J Epidemiol. 2017; 46(5):1678-89.
https://doi.org/10.1093/ije/dyx136 PMID: 29040569

Chen JY, Ribaudo HJ, Souda S, Parekh N, Ogwu A, Lockman S, et al. Highly active antiretroviral ther-
apy and adverse birth outcomes among HIV-infected women in Botswana. J Infect Dis. 2012; 206
(11):1695-705. https://doi.org/10.1093/infdis/jis553 PMID: 23066160

Brennan AT, Bonawitz R, Gill CJ, Thea DM, Kleinman M, Useem J, et al. A meta-analysis assessing all-
cause mortality in HIV-exposed uninfected compared with HIV-unexposed uninfected infants and chil-
dren. AIDS. 2016; 30(15):2351-60. https://doi.org/10.1097/QAD.0000000000001211 PMID: 27456985

Filteau S. The HIV-exposed, uninfected African child. Trop Med Int Health. 2009; 14(3):276-87. https://
doi.org/10.1111/j.1365-3156.2009.02220.x PMID: 19171011

Locks LM, Maniji KP, Kupka R, Liu E, Kisenge R, McDonald CM, et al. High burden of morbidity and mor-
tality but not growth failure in infants exposed to but uninfected with human immunodeficiency virus in
Tanzania. J Pediatr. 2017; 180:191-9.e2. https://doi.org/10.1016/j.jpeds.2016.09.040 PMID: 27829511

Holick MF. Vitamin D deficiency. N Engl J Med. 2007; 357(3):266-81. https://doi.org/10.1056/
NEJMra070553 PMID: 17634462

Bouillon R, Marcocci C, Carmeliet G, Bikle D, White JH, Dawson-Hughes B, et al. Skeletal and extra-
skeletal actions of vitamin D: current evidence and outstanding questions. Endocr Rev. 2019; 40
(4):1109-51. https://doi.org/10.1210/er.2018-00126 PMID: 30321335

Hewison M. Vitamin D and innate and adaptive immunity. Vitam Horm. 2011; 86:23-62. https://doi.org/
10.1016/B978-0-12-386960-9.00002-2 PMID: 21419266

Sudfeld CR, Giovannucci EL, Isanaka S, Aboud S, Mugusi FM, Wang M, et al. Vitamin D status and inci-
dence of pulmonary tuberculosis, opportunistic infections, and wasting among HIV-infected Tanzanian
adults initiating antiretroviral therapy. J Infect Dis. 2013; 207(3):378-85. https://doi.org/10.1093/infdis/
jis693 PMID: 23162137

Viard JP, Souberbielle JC, Kirk O, Reekie J, Knysz B, Losso M, et al. Vitamin D and clinical disease pro-
gression in HIV infection: results from the EuroSIDA study. AIDS. 2011; 25(10):1305-15. https://doi.
org/10.1097/QAD.0b013e328347f6f7 PMID: 21522006

Mehta S, Giovannucci E, Mugusi FM, Spiegelman D, Aboud S, Hertzmark E, et al. Vitamin D status of
HIV-infected women and its association with HIV disease progression, anemia, and mortality. PLoS
ONE. 2010; 5(1):e8770. https://doi.org/10.1371/journal.pone.0008770 PMID: 20098738

Aghajafari F, Nagulesapillai T, Ronksley PE, Tough SC, O’Beirne M, Rabi DM. Association between
maternal serum 25-hydroxyvitamin D level and pregnancy and neonatal outcomes: systematic review
and meta-analysis of observational studies. BMJ. 2013; 346:f1169. https://doi.org/10.1136/bmj.f1169
PMID: 23533188

Qin L-L, Lu F-G, Yang S-H, Xu H-L, Luo B-A. Does maternal vitamin D deficiency increase the risk of
preterm birth: a meta-analysis of observational studies. Nutrients. 2016; 8(5):301. https://doi.org/10.
3390/nu8050301 PMID: 27213444

Tous M, Villalobos M, Iglesias L, Fernandez-Barrés S, Arija V. Vitamin D status during pregnancy and
offspring outcomes: a systematic review and meta-analysis of observational studies. Eur J Clin Nutr.
2020; 74(1):36-53. https://doi.org/10.1038/s41430-018-0373-x PMID: 30683894

Finkelstein JL, Mehta S, Duggan C, Manji KP, Mugusi FM, Aboud S, et al. Maternal vitamin D status
and child morbidity, anemia, and growth in human immunodeficiency virus-exposed children in Tanza-
nia. Pediatr Infect Dis J. 2012; 31(2):171-5. https://doi.org/10.1097/INF.0b013e318245636b PMID:
22252204

Mehta S, Mugusi FM, Spiegelman D, Villamor E, Finkelstein JL, Hertzmark E, et al. Vitamin D status
and its association with morbidity including wasting and opportunistic illnesses in HIV-infected women
in Tanzania. AIDS Patient Care STDS. 2011; 25(10):579-85. https://doi.org/10.1089/apc.2011.0182
PMID: 21916603

Palacios C, Kostiuk LK, Pefia-Rosas JP. Vitamin D supplementation for women during pregnancy.
Cochrane Database Syst Rev. 2019; 7(7):CD008873. https://doi.org/10.1002/14651858.CD008873.
pub4 PMID: 31348529

Bi WG, Nuyt AM, Weiler H, Leduc L, Santamaria C, Wei SQ. Association between vitamin D supple-
mentation during pregnancy and offspring growth, morbidity, and mortality: a systematic review and

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003973  April 15, 2022 18/20


https://doi.org/10.1097/00126334-200204150-00009
https://doi.org/10.1097/00126334-200204150-00009
http://www.ncbi.nlm.nih.gov/pubmed/11981365
https://doi.org/10.1016/S2214-109X(19)30448-6
http://www.ncbi.nlm.nih.gov/pubmed/31791800
https://doi.org/10.1093/ije/dyx136
http://www.ncbi.nlm.nih.gov/pubmed/29040569
https://doi.org/10.1093/infdis/jis553
http://www.ncbi.nlm.nih.gov/pubmed/23066160
https://doi.org/10.1097/QAD.0000000000001211
http://www.ncbi.nlm.nih.gov/pubmed/27456985
https://doi.org/10.1111/j.1365-3156.2009.02220.x
https://doi.org/10.1111/j.1365-3156.2009.02220.x
http://www.ncbi.nlm.nih.gov/pubmed/19171011
https://doi.org/10.1016/j.jpeds.2016.09.040
http://www.ncbi.nlm.nih.gov/pubmed/27829511
https://doi.org/10.1056/NEJMra070553
https://doi.org/10.1056/NEJMra070553
http://www.ncbi.nlm.nih.gov/pubmed/17634462
https://doi.org/10.1210/er.2018-00126
http://www.ncbi.nlm.nih.gov/pubmed/30321335
https://doi.org/10.1016/B978-0-12-386960-9.00002-2
https://doi.org/10.1016/B978-0-12-386960-9.00002-2
http://www.ncbi.nlm.nih.gov/pubmed/21419266
https://doi.org/10.1093/infdis/jis693
https://doi.org/10.1093/infdis/jis693
http://www.ncbi.nlm.nih.gov/pubmed/23162137
https://doi.org/10.1097/QAD.0b013e328347f6f7
https://doi.org/10.1097/QAD.0b013e328347f6f7
http://www.ncbi.nlm.nih.gov/pubmed/21522006
https://doi.org/10.1371/journal.pone.0008770
http://www.ncbi.nlm.nih.gov/pubmed/20098738
https://doi.org/10.1136/bmj.f1169
http://www.ncbi.nlm.nih.gov/pubmed/23533188
https://doi.org/10.3390/nu8050301
https://doi.org/10.3390/nu8050301
http://www.ncbi.nlm.nih.gov/pubmed/27213444
https://doi.org/10.1038/s41430-018-0373-x
http://www.ncbi.nlm.nih.gov/pubmed/30683894
https://doi.org/10.1097/INF.0b013e318245636b
http://www.ncbi.nlm.nih.gov/pubmed/22252204
https://doi.org/10.1089/apc.2011.0182
http://www.ncbi.nlm.nih.gov/pubmed/21916603
https://doi.org/10.1002/14651858.CD008873.pub4
https://doi.org/10.1002/14651858.CD008873.pub4
http://www.ncbi.nlm.nih.gov/pubmed/31348529
https://doi.org/10.1371/journal.pmed.1003973

PLOS MEDICINE

Vitamin D supplementation during pregnancy and lactation among women living with HIV in Tanzania

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

meta-analysis. JAMA Pediatr. 2018; 172(7):635—45. https://doi.org/10.1001/jamapediatrics.2018.0302
PMID: 29813153

Sudfeld CR, Maniji KP, Duggan CP, Aboud S, Muhihi A, Sando DM, et al. Effect of maternal vitamin D(3)
supplementation on maternal health, birth outcomes, and infant growth among HIV-infected Tanzanian
pregnant women: study protocol for a randomized controlled trial. Trials. 2017; 18(1):411. https://doi.
org/10.1186/s13063-017-2157-3 PMID: 28870263

Rosen CJ. Primer on the metabolic bone diseases and disorders of mineral metabolism. Hoboken
(NJ): John Wiley & Sons; 2009.

Institute of Medicine. Dietary reference intakes for calcium and vitamin D. Washington (DC): National
Academies Press; 2011.

World Health Organization. Antiretroviral therapy for HIV infection in adults and adolescents: recom-
mendations for a public health approach—2010 revision. Geneva: World Health Organization; 2010.

Oken E, Kleinman KP, Rich-Edwards J, Gillman MW. A nearly continuous measure of birth weight for
gestational age using a United States national reference. BMC Pediatr. 2003; 3(1):6. https://doi.org/10.
1186/1471-2431-3-6 PMID: 12848901

De Onis M. WHO child growth standards: length/height-for-age, weight-for-age, weight-for-length,
weight-for-height and body mass index-for-age. Geneva: World Health Organization; 2006.

Papageorghiou AT, Kennedy SH, Salomon LJ, Altman DG, Ohuma EO, Stones W, et al. The INTER-
GROWTH-21st fetal growth standards: toward the global integration of pregnancy and pediatric care.
Am J Obstet Gynecol. 2018; 218(2):S630—40. https://doi.org/10.1016/j.ajog.2018.01.011 PMID:
29422205

Hernan MA, Hernandez-Diaz S, Robins JM. A structural approach to selection bias. Epidemiology.
2004; 15(5):615-25. https://doi.org/10.1097/01.ede.0000135174.63482.43 PMID: 15308962

Sudfeld CR, Mugusi F, Muhihi A, Aboud S, Nagu TJ, Ulenga N, et al. Efficacy of vitamin D3 supplemen-
tation for the prevention of pulmonary tuberculosis and mortality in HIV: a randomised, double-blind, pla-
cebo-controlled trial. Lancet HIV. 2020; 7(7):e463-71. https://doi.org/10.1016/S2352-3018(20)30108-9
PMID: 32621874

Coussens AK, Naude CE, Goliath R, Chaplin G, Wilkinson RJ, Jablonski NG. High-dose vitamin D3
reduces deficiency caused by low UVB exposure and limits HIV-1 replication in urban Southern Afri-
cans. Proc Natl Acad Sci U S A. 2015; 112(26):8052-7. https://doi.org/10.1073/pnas.1500909112
PMID: 26080414

Aguilar-Jimenez W, Villegas-Ospina S, Gonzalez S, Zapata W, Saulle |, Garziano M, et al. Precursor
forms of vitamin D reduce HIV-1 infection in vitro. J Acquir Immune Defic Syndr. 2016; 73(5):497-506.
https://doi.org/10.1097/QAI1.0000000000001150 PMID: 27509245

Lee JS, Cole SR, Richardson DB, Dittmer DP, Miller WC, Moore RD, et al. Incomplete viral suppression
and mortality in HIV patients after antiretroviral therapy initiation. AIDS. 2017; 31(14):1989-97. https://
doi.org/10.1097/QAD.0000000000001573 PMID: 28650383

Sykes L, Macintyre DA, Yap XJ, Teoh TG, Bennett PR. The Th1:th2 dichotomy of pregnancy and pre-
term labour. Mediators Inflamm. 2012; 2012:967629. https://doi.org/10.1155/2012/967629 PMID:
22719180

Poole JA, Claman HN. Immunology of pregnancy. Clin Rev Allergy Immunol. 2004; 26(3):161-70.
https://doi.org/10.1385/CRIAI:26:3:161 PMID: 15208462

Shepherd L, Souberbielle J-C, Bastard J-P, Fellahi S, Capeau J, Reekie J, et al. Prognostic value of
vitamin D level for all-cause mortality, and association with inflammatory markers, in HIV-infected per-
sons. J Infect Dis. 2014; 210(2):234—43. https://doi.org/10.1093/infdis/jiu074 PMID: 24493824

Reinhard G, Noll A, Schlebusch H, Mallmann P, Ruecker AV. Shifts in the TH1/TH2 balance during
human pregnancy correlate with apoptotic changes. Biochem Biophys Res Commun. 1998; 245
(3):933-8. https:/doi.org/10.1006/bbrc.1998.8549 PMID: 9588218

Clerici M, Seminari E, Suter F, Castelli F, Pan A, Biasin M, et al. Different immunologic profiles charac-
terize HIV infection in highly active antiretroviral therapy-treated and antiretroviral-naive patients with
undetectable viraemia. AIDS. 2000; 14(2):109-16. https://doi.org/10.1097/00002030-200001280-
00005 PMID: 10708280

Kearns MD, Alvarez JA, Seidel N, Tangpricha V. Impact of vitamin D on infectious disease. Am J Med
Sci. 2015; 349(3):245-62. https://doi.org/10.1097/MAJ.0000000000000360 PMID: 25334038

Spector SA. Vitamin D and HIV: letting the sun shine in. Top Antivir Med. 2011; 19(1):6-10. PMID:
21852710

Wagner CL, Hollis BW. The implications of vitamin D status during pregnancy on mother and her devel-
oping child. Front Endocrinol (Lausanne). 2018; 9:500. https://doi.org/10.3389/fendo.2018.00500
PMID: 30233496

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003973  April 15, 2022 19/20


https://doi.org/10.1001/jamapediatrics.2018.0302
http://www.ncbi.nlm.nih.gov/pubmed/29813153
https://doi.org/10.1186/s13063-017-2157-3
https://doi.org/10.1186/s13063-017-2157-3
http://www.ncbi.nlm.nih.gov/pubmed/28870263
https://doi.org/10.1186/1471-2431-3-6
https://doi.org/10.1186/1471-2431-3-6
http://www.ncbi.nlm.nih.gov/pubmed/12848901
https://doi.org/10.1016/j.ajog.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/29422205
https://doi.org/10.1097/01.ede.0000135174.63482.43
http://www.ncbi.nlm.nih.gov/pubmed/15308962
https://doi.org/10.1016/S2352-3018(20)30108-9
http://www.ncbi.nlm.nih.gov/pubmed/32621874
https://doi.org/10.1073/pnas.1500909112
http://www.ncbi.nlm.nih.gov/pubmed/26080414
https://doi.org/10.1097/QAI.0000000000001150
http://www.ncbi.nlm.nih.gov/pubmed/27509245
https://doi.org/10.1097/QAD.0000000000001573
https://doi.org/10.1097/QAD.0000000000001573
http://www.ncbi.nlm.nih.gov/pubmed/28650383
https://doi.org/10.1155/2012/967629
http://www.ncbi.nlm.nih.gov/pubmed/22719180
https://doi.org/10.1385/CRIAI:26:3:161
http://www.ncbi.nlm.nih.gov/pubmed/15208462
https://doi.org/10.1093/infdis/jiu074
http://www.ncbi.nlm.nih.gov/pubmed/24493824
https://doi.org/10.1006/bbrc.1998.8549
http://www.ncbi.nlm.nih.gov/pubmed/9588218
https://doi.org/10.1097/00002030-200001280-00005
https://doi.org/10.1097/00002030-200001280-00005
http://www.ncbi.nlm.nih.gov/pubmed/10708280
https://doi.org/10.1097/MAJ.0000000000000360
http://www.ncbi.nlm.nih.gov/pubmed/25334038
http://www.ncbi.nlm.nih.gov/pubmed/21852710
https://doi.org/10.3389/fendo.2018.00500
http://www.ncbi.nlm.nih.gov/pubmed/30233496
https://doi.org/10.1371/journal.pmed.1003973

PLOS MEDICINE

Vitamin D supplementation during pregnancy and lactation among women living with HIV in Tanzania

42,

43.

44,

45.

46.

47.

48.

49.

JiJL, Muyayalo KP, Zhang YH, Hu XH, Liao AH. Immunological function of vitamin D during human
pregnancy. Am J Reprod Immunol. 2017; 78(2):e12716. https://doi.org/10.1111/aji.12716 PMID:
28585734

Shin JS, Choi MY, Longtine MS, Nelson DM. Vitamin D effects on pregnancy and the placenta. Pla-
centa. 2010; 31(12):1027-34. https://doi.org/10.1016/j.placenta.2010.08.015 PMID: 20863562

Maugeri A, Barchitta M, Blanco |, Agodi A. Effects of vitamin D supplementation during pregnancy on
birth size: a systematic review and meta-analysis of randomized controlled trials. Nutrients. 2019; 11
(2):442. https://doi.org/10.3390/nu11020442 PMID: 30791641

Roth DE, Morris SK, Zlotkin S, Gernand AD, Ahmed T, Shanta SS, et al. Vitamin D supplementation in
pregnancy and lactation and infant growth. N Engl J Med. 2018; 379(6):535—46. https://doi.org/10.1056/
NEJMoa1800927 PMID: 30089075

Gibbs RS. The relationship between infections and adverse pregnancy outcomes: an overview. Ann
Periodontol. 2001; 6(1):153-63. https://doi.org/10.1902/annals.2001.6.1.153 PMID: 11887458

Roth DE, Al Mahmud A, Ragib R, Akhtar E, Perumal N, Pezzack B, et al. Randomized placebo-con-
trolled trial of high-dose prenatal third-trimester vitamin D3 supplementation in Bangladesh: the AViDD
trial. Nutr J. 2013; 12:47. https://doi.org/10.1186/1475-2891-12-47 PMID: 23587190

Brooke OG, Butters F, Wood C. Intrauterine vitamin D nutrition and postnatal growth in Asian infants. Br
Med J (Clin Res Ed). 1981; 283(6298):1024. https://doi.org/10.1136/bmj|.283.6298.1024 PMID:
6794748

Wagner CL, Taylor SN, Johnson DD, Hollis BW. The role of vitamin D in pregnancy and lactation:
emerging concepts. Womens Health (Lond) 2012; 8(3):323-40. https://doi.org/10.2217/whe.12.17
PMID: 22554179

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003973  April 15, 2022 20/20


https://doi.org/10.1111/aji.12716
http://www.ncbi.nlm.nih.gov/pubmed/28585734
https://doi.org/10.1016/j.placenta.2010.08.015
http://www.ncbi.nlm.nih.gov/pubmed/20863562
https://doi.org/10.3390/nu11020442
http://www.ncbi.nlm.nih.gov/pubmed/30791641
https://doi.org/10.1056/NEJMoa1800927
https://doi.org/10.1056/NEJMoa1800927
http://www.ncbi.nlm.nih.gov/pubmed/30089075
https://doi.org/10.1902/annals.2001.6.1.153
http://www.ncbi.nlm.nih.gov/pubmed/11887458
https://doi.org/10.1186/1475-2891-12-47
http://www.ncbi.nlm.nih.gov/pubmed/23587190
https://doi.org/10.1136/bmj.283.6298.1024
http://www.ncbi.nlm.nih.gov/pubmed/6794748
https://doi.org/10.2217/whe.12.17
http://www.ncbi.nlm.nih.gov/pubmed/22554179
https://doi.org/10.1371/journal.pmed.1003973

