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Effects of vitamin D supplementation on circulating
concentrations of growth factors and immune-mediators
in healthy women during pregnancy
Aastha Khatiwada 1, Bethany J. Wolf1, Jennifer K. Mulligan2,3, Judy R. Shary3, Martin Hewison4, John E. Baatz3, Danforth A. Newton 3,
Catherine Hawrylowicz5, Bruce W. Hollis3 and Carol L. Wagner3

BACKGROUND: For the second aim of the Kellogg Foundation grant, this double-blind RCT investigated the impact of plasma
vitamin D metabolite 25-hydroxyvitamin D (25(OH)D) on plasma immune-mediators during pregnancy. We hypothesized that
higher 25(OH)D concentrations would associate with reduced pro-inflammatory and increased tolerogenic immune-mediator
concentrations.
METHODS: Pregnant women enrolled at 10–14 weeks gestation were randomized to 400 or 4400 IU vitamin D3/day. Data on
health, safety, circulating 25(OH)D, and 9 immune-mediators were collected at each trimester. Associations between immune-
mediators and 25(OH)D at baseline and at second and third trimesters were examined.
RESULTS: Baseline TGF-β and second and third trimesters IFN-γ and IL-2 were associated with baseline 25(OH)D. Baseline immune-
mediators were associated with immune-mediators at second and third trimesters for all immune-mediators except IL-5 and IL-10.
Race was associated with baseline TGF-β, VEGF and IL-10 and with IL-10 at second and third trimesters.
CONCLUSIONS: Both treatment groups had increased 25(OH)D at second and third trimesters, greatest in the 4400 IU group.
Though associations between baseline 25(OH)D and baseline TGF-β and second and third trimester IFN-γ and IL-2 were noted,
vitamin D supplementation throughout pregnancy did not impact immune-mediators at later trimesters. Supplementing with
vitamin D before conception conceivably influences immune-mediator responses during pregnancy.

Pediatric Research (2021) 89:554–562; https://doi.org/10.1038/s41390-020-0885-7

IMPACT:

● In this vitamin D supplementation clinical trial, baseline (first trimester) but not increasing plasma 25(OH)D concentration
impacted select plasma immune-mediator profiles in pregnant women.

● Baseline 25(OH)D was associated with baseline TGF-β and with IFN-γ and IL-2 at second and third trimesters.
● Baseline IFN-γ, CRP, TGF-β, TNF-α, VEGF, IL-2, and IL-4 were associated with concentrations at second and third trimesters for

respective immune-mediators; however, 25(OH)D concentration at second and third trimesters were not.
● Some racial differences existed in immune-mediator concentrations at baseline and at second and third trimesters.
● This study assesses the impact of vitamin D supplementation on multiple immune-mediators in pregnant women of different

racial/ethnic groups using longitudinal data from a relatively large randomized controlled trial.
● This study found that race was associated with baseline TGF-β, VEGF, and IL-10 and with IL-10 at second and third trimesters, a

novel finding that sheds light where relationships were less well defined.
● The results of this study suggest that vitamin D supplementation before conception or early in pregnancy, rather than during

pregnancy, may be necessary to significantly impact immune-mediator response.
● This study sets premise for future clinical trials to evaluate the effect of vitamin D supplementation before conception or prior

to pregnancy.

INTRODUCTION
During pregnancy, the maternal immune system undergoes
remarkable changes. The body increases immune-suppressive

cells, reduces highly activated natural killer and cytotoxic T cells
that can destroy the fetus, and still has the capacity to fight off
foreign pathogens to guard both mother and child from infectious
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pathogens. When this delicate balance is disrupted, the mother
and child are not only at risk for infection but also more
susceptible to immune system dysregulation that can manifest as
pregnancy loss, preeclampsia, and preterm labor.
Circulating 25-hydroxyvitamin D (25(OH)D) has been associated

with pregnancy-related comorbidities, with higher concentrations
protective in certain women.1 The National Institute of Child
Health and Human Development (NICHD) trial found conversion
of serum 25(OH)D to 1,25-dihydroxyvitamin D (1,25(OH)2D) during
pregnancy is twice that normally observed in non-pregnant
women, resulting in serum concentrations of 1,25(OH)2D in
pregnancy that would be considered toxic in non-pregnant
individuals.1 In the NICHD trial and another pregnancy clinical
trial, supplementation at lower doses of vitamin D showed worse
circulating 25(OH)D status throughout pregnancy and combined
higher risk of comorbidities of pregnancy compared to supple-
mentation at higher doses.1–3 Similarly, in newborns, 25(OH)D3

deficiency is associated with hypocalcemia,4 while low circulating
25(OH)D is associated with poor bone and skeletal health5 and
other conditions, such as sepsis6 and jaundice.7

Evidence suggests that immune-mediators are also associated
with pregnancy-related comorbidities. For instance, concentra-
tions of C-reactive protein (CRP), granulocyte-macrophage
colony-stimulating factor (GM-CSF), interleukin (IL)-10, IL-6,
IL-8, and tumor necrosis factor (TNF)-α were elevated in women
with threatened preterm labor.8–12 Similarly, compared to
women with healthy pregnancies, circulating concentrations of
pro-inflammatory immune-mediator IL-2 were also elevated in
women with preeclampsia.13 Anti-inflammatory factors such as
IL-10 and transforming growth factor-beta (TGF-β) also play
an important role in maintaining a healthy pregnancy. Early
reductions in IL-10 have been associated with pregnancy loss,
while elevated IL-10 later in pregnancy is associated with
preeclampsia,14 and elevated TGF-β later in pregnancy is
associated with gestational diabetes and preeclampsia.15,16

Elevated concentrations of IL-10,17 IL-5,18 and IL-4,17,18 as well
as reduced concentrations of interferon (IFN)-γ17 were also
associated with prenatal maternal stress, while TNF-α18 was not.
Growth factors such as vascular endothelial growth factor (VEGF)
play dual roles in fetal development and pregnancy. In studies of
pregnant mice and women, reduced VEGF was associated with
preterm labor, while extremely elevated levels were observed in
those with preeclampsia.19

While few studies have investigated how circulating 25(OH)D
affects immune-mediators during pregnancy, evidence suggests
that the active form of vitamin D (1,25(OH)2D) plays a role in
regulating immune responses.11,20–25 Supplementation with
vitamin D3 is known to reduce VEGF in women with polycystic
ovarian syndrome.15 Some studies of pregnant women observed a
positive association between serum 25(OH)D and IL-10.26,27 Yet,
another study analyzing maternal and cord blood 25(OH)D
concentration showed an inverse correlation between maternal
25(OH)D and IL-10 response.28

High-dose vitamin D supplementation in pregnancy has also
been shown to modify immune profiles in newborns, but less is
known about how they affect the immune profiles of pregnant
women.29 The immune profiles of newborns from mothers
supplemented with high-dose vitamin D3 differed from those
of newborns from mothers supplemented with low-dose
vitamin D3.

29 Further studies, therefore, are needed to clarify
how concentrations of pro- and anti-inflammatory immune-
mediators change during pregnancy in mothers and how
supplementation with vitamin D3 during pregnancy affects their
immune-mediator profiles.
Some of the differences in the literature on how immune-

mediator profiles change during pregnancy may be explained by
racial differences; however, findings are limited and incongruous.
A randomized controlled trial (RCT) in 328 non-pregnant Black

women found that vitamin D3 supplementation did not affect CRP,
IL-6, and IL-10.30 In a cohort of women with preterm and term
births at delivery, however, differences were observed in
concentrations of IL-10, IL-1β, TNF-α, and soluble TNF receptor 2
between Black and White women.9 Another study of Black and
White pregnant women showed significant increases in IL-6, TNF-
α, and IL-1β from early to late pregnancy for both groups, even
though inflammatory response patterns were similar between
Blacks and Whites.31 Racial differences also exist in the metabo-
lism of circulating 25(OH)D. In a cohort of African-American
children who met the recommended daily allowance of vitamin D
intake of 400 IU/day, higher serum 25(OH)D was observed in those
with the Gc1S allele of the vitamin D-binding protein (DBP) gene
compared to those with the Gc1F or Gc2 alleles.32

The mechanisms orchestrating these complex immune-
mediation processes during pregnancy are unknown. We
hypothesized that vitamin D status throughout pregnancy, as
measured by circulating 25(OH)D after supplementing women
with 400 vs. 4400 IU vitamin D3/day, would be associated with
reduced concentrations of pro-inflammatory and increased
concentrations of tolerogenic immune-mediators. Our study is
also novel in that it evaluates the differences in immune-
mediator profiles during pregnancy between racial/ethnic
groups. Yet, it is important to note that circulating concentra-
tions of 25(OH)D do not necessarily reflect tissue concentrations,
and therefore, circulating 25(OH)D becomes an imprecise proxy
of vitamin D status and interactions at the cellular level. In the
following sections of the manuscript, the term “vitamin D status”
is used interchangeably with circulating 25(OH)D concentration.

MATERIALS AND METHODS
Study overview and design
This study was part of a randomized, double-blind, placebo-
controlled clinical trial (clinicaltrials.gov NCT 01932788) in which
women provided written informed consent and were followed
from enrollment through delivery (January 2013–May 2016).
The Institutional Review Board at the Medical University of
South Carolina approved this study protocol (Pro00020570).
Details on inclusion/exclusion criteria for participants can be
found elsewhere.33 The analysis performed in this paper is
part of the second aim of the Kellogg Foundation grant,
“Preventing Health Disparities during Pregnancy through
Vitamin D supplementation.”
As per protocol, 300 women were enrolled (100 Hispanic, 100

African-American, and 100 Caucasian) and half of each ethnicity
was randomized to 400 IU vitamin D3/day and to 4400 IU vitamin
D3/day. It was anticipated that at least 90% of women in the
4400 IU arm and 50% of women in the 400 IU arm would attain
repletion total circulating 25(OH)D at delivery of 30 ng/mL.
Assuming 30% of women in each group would be lost to follow-
up, approximately 35 women in each ethnicity group and
treatment arm were anticipated to complete the study. A
sample size of 35 women per group provided 80% power to
detect an increase in the proportion achieving vitamin D
repletion to 87% in the 4400 IU arm compared to 50% in the
400 IU at Bonferroni-adjusted significance of α= 0.0167. At the
completion of the study, we were able to retain 217 pregnant
women in whom circulating immune-mediator analyses were
performed.
To evaluate the impact of vitamin D on immune-mediator

responses during pregnancy, longitudinal data were collected
from 217 pregnant women, randomized to receive either 400 or
4400 IU vitamin D3/day (Church & Dwight, Inc, Princeton, NJ).
Figure 1 presents the CONSORT flow diagram for this RCT. Data
on plasma 25(OH)D and plasma immune-mediators were
collected at first, second, and third trimesters (months 2, 5,
and 8 of gestation).
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Maternal sociodemographic and clinical characteristics
Questionnaires were completed monthly to assess baseline and
longitudinal health characteristics. Information collected included
maternal age, race, body mass index (BMI) at first visit, smoking
status, time-variant sun exposures, and 25(OH)D and immune-
mediator concentrations. Clinical characteristics were confirmed
through review of the electronic medical record using a
standardized questionnaire from prior studies.1,2

Sun exposure measurement
Sun exposure was measured using the SmartProbe-400 (IMS,
Portland, ME), which returned a degree of skin pigmentation
(DSP) value on a scale of 0–100, with lower numbers indicating
darker skin pigmentation. Participant DSP was measured
monthly using two standardized points (dorsal forearm and
buttock) on the body. Sun exposure was calculated as the
difference between buttock and arm probe measurements. DSP
values from 2, 5, and 7 months of gestation were used as
exposure measurements for first, second, and third trimesters,
respectively.

Laboratory measurements
Plasma immune-mediators were measured using specific
enzyme-linked immunosorbent assay (ELISA) kits according to
manufacturer’s guidelines for IFN-γ (BD Biosciences, San Jose,
CA), CRP (R&D Systems, Minneapolis, MN), TGF-β (R&D Systems,
Minneapolis, MN), TNF-α (R&D Systems, Minneapolis, MN), VEGF
(R&D Systems, Minneapolis, MN), IL-2 (BD Biosciences, San Jose,
CA), IL-4 (BD Biosciences, San Jose, CA), IL-5 (BD Biosciences,

San Jose, CA), IL-6 (BD Biosciences, San Jose, CA), IL-8 (BD
Biosciences, San Jose, CA), IL-10 (BD Biosciences, San Jose, CA),
IL-17 (R&D Systems, Minneapolis, MN), GM-CSF (BD Biosciences,
San Jose, CA), antimicrobial peptide LL-37 (Hycult, Wayne, PA),
β-defensin (β-def) (Genway, San Diego, CA), immunoglobulin
E (IgE) (Genway, San Diego, CA), and basic fibroblast growth
factor (bFGF) (R&D Systems, Minneapolis, MN). These immune-
mediators were chosen based on prior studies of both pregnant
and non-pregnant population that had been associated with
vitamin D status or pregnancy-related comorbidities.34–39 All 17
immune-mediators were measured in the first 50 women;
however, because immune-mediator concentrations for IL-6,
IL-8, IL-17, GM-CSF, LL-37, β-def, IgE, and bFGF could not be
detected or could not be differentiated between participants,
only the remaining nine plasma immune-mediators were
measured in all participants. Total circulating 25(OH)D was
measured in plasma samples using a commercially available
radioimmunoassay (Diasorin Corporation, Stillwater, MN) in the
laboratory of Dr. Bruce Hollis as described previously.33

Statistical analysis
Descriptive statistics were calculated for all baseline covariates
and baseline 25(OH)D and immune-mediator concentrations,
stratified by treatment group. For all tests of association,
immune-mediators with values below the limit of detection were
imputed using 1p2 LDLimmune�mediator, where LDLimmune�mediator is
the lower limit of detection for a given immune-mediator.
LDLimmune�mediator values used for imputation are: 4.7 pg/mL for
IFN-γ; 1.6 pg/mL for TNF-α; 31.3 pg/mL for VEGF; and 7.8 pg/mL for

405 consented

3 excluded (not randomized)
1 miscarriage
1 not healthy
1 changed mind

15 women exited

191 allocated to 400 IU group

49 lost to follow-up 41 lost to follow-up
22 exited for non-
compliance
5 pregnancy loss
6 moved
8 changed mind

23 exited for non-
compliance
7 pregnancy loss
14 moved
5 changed mind

142 followed
through delivery

Trimester 1:
107 had
immune-
mediator

data

Trimester 2:
101 had
immune-
mediator

data

Trimester 1:
110 had
immune-
mediator

data

Trimester 2:
102 had
immune-
mediator

data

Trimester 3:
87 had

immune-
mediator

data

Trimester 3:
84 had

immune-
mediator

data

155 followed
through delivery

196 allocated to 4400 IU group

402 enrolled and randomized,
with baseline 25(OH)D

measured

Fig. 1 CONSORT flow diagram for Kellogg Pregnancy study. 405 pregnant women consented to the study, of which 402 enrolled in the
study and were randomized. 191 pregnant women were randomized to the 400 IU and 196 were randomized to the 4400 IU group. After
accounting for those that were lost to follow-up, exited for non-compliance, had pregnancy loss, moved recidence or changed mind, 142
women in the 400 IU group and 155 in the 4400 IU group were followed through delivery.
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IL-2, IL-4, IL-5, and IL-10. CRP and TGF-β did not have observations
below LDLimmune�mediator.
Outcomes of interest included 25(OH)D and immune-mediator

concentrations during each trimester of pregnancy. We examined
univariate and multivariable associations between 25(OH)D at
second and third trimesters with treatment group and other
covariates using a linear mixed regression approach. The multi-
variable model included treatment, trimester, race, maternal BMI
at first visit, maternal age, smoking status, sun exposure, and an
interaction between treatment and trimester. The covariates were
selected based on prior research and knowledge.2

For evaluation of the associations between immune-mediator
and 25(OH)D, we first assessed the association between baseline
immune-mediators and 25(OH)D, controlling for patient char-
acteristics using a linear regression approach. Models for each
baseline immune-mediator included baseline 25(OH)D, maternal
age, maternal BMI at first visit, race, and smoking status. Next,
we assessed the association between immune-mediator con-
centrations at second and third trimesters and 25(OH)D at those
time points, adjusting for baseline 25(OH)D and baseline
immune-mediator using a series of linear mixed models. Models
also included trimester, race, maternal BMI at first visit, maternal
age, and smoking status as fixed effects and a random subject
effect to account for repeated measures on subjects at second
and third trimesters. We did not consider sun exposure as a
covariate in models of immune-mediators because 25(OH)D
concentration, a presumed proxy for sun exposure, was included
in these models. Multi-collinearity between covariates was
examined using baseline covariates/outcomes. All immune-
mediators were log-transformed to meet model assumptions.
All analyses were performed using SAS 9.4 (SAS Institute,
Cary, NC).

RESULTS
Patient characteristics were similar in the two treatment groups
(Table 1). Plasma 25(OH)D concentrations were higher at second
and third trimesters in the 4400 IU group than in the 400 IU group,

but they were also significantly higher for the 400 IU group in
second and third trimesters than in the first trimester (Fig. 2).
Median immune-mediator concentrations for the two treatment
groups, stratified by trimester, are reported in Supplementary
Table S1.

Treatment groups and plasma 25(OH)D concentration at second
and third trimesters
In univariate models, 25(OH)D concentrations at second and third
trimesters were positively associated with trimester of pregnancy,
maternal age, White race, and sun exposure and were negatively
associated with maternal BMI at first visit (p < 0.05; Table 2). In the
multivariable model, treatment, trimester, race, and the interaction
between treatment and trimester were significant (p < 0.05;
Table 2). 25(OH)D concentrations at second and third trimesters
were higher in Whites than in Blacks and Hispanics, controlling for
other covariates, and higher in second and third trimesters in the
4400 IU group than in the 400 IU group after controlling for other
covariates.

Baseline immune-mediator and baseline plasma 25(OH)D
concentrations
Baseline 25(OH)D was associated with baseline TGF-β controlling
for maternal age, BMI at first visit, race, and smoking status (p <
0.05; Table 3). Specifically, a five-unit increase in baseline 25(OH)D
was associated with a 6.7% increase in baseline TGF-β. Patient BMI
at first visit was associated with baseline CRP; every 1 kg/m2

increase in BMI was associated with a 5.5% increase in CRP (p <
0.001; Supplementary Table S2). In addition, race was associated
with baseline TGF-β, VEGF, and IL-10. Whites had significantly
lower baseline TGF-β and IL-10 and higher baseline VEGF than
Hispanics (p < 0.05; Table 3), but no notable differences were
observed between Blacks and Whites or between Blacks and
Hispanics. Having ever smoked was associated with increased
baseline TGF-β and IL-10 and decreased baseline VEGF (p < 0.05,
respectively; Table 3).

Immune-mediator and plasma 25(OH)D concentrations at second
and third trimesters
Plasma 25(OH)D concentrations in second and third trimesters
were not associated with any immune-mediators in second and

Table 1. Baseline characteristics of the study population, stratified by
treatment groups (400 and 4400 IU).

Characteristics 400 IU Group
(n= 107)

4400 IU Group
(n= 110)

Maternal age, years, mean (sd) 28.9 (5.29) 28.3 (4.69)

BMI at first visit, kg/m2, mean (sd) 29.5 (7.95) 28.5 (6.80)

25(OH)D, ng/mL, mean (sd) 25.2 (9.55) 24.5 (9.03)

Parity, median (IQR) 1 (2) 1 (1)

Race

White/Caucasian, n (%) 38 (35.5) 35 (31.8)

Black/African-American, n (%) 37 (34.6) 38 (34.6)

Hispanic, n (%) 32 (29.9) 37 (33.6)

Education

Less than high school, n (%) 21 (19.6) 13 (11.8)

High school, n (%) 58 (54.2) 70 (63.6)

Some college, n (%) 28 (26.2) 27 (24.6)

Smoking status

Never, n (%) 86 (80.4) 92 (83.6)

Current/former, n (%) 21 (19.6) 18 (16.4)

Insurance status

Private, n (%) 38 (35.5) 41 (37.3)

Medicaid/none, n (%) 69 (64.5) 69 (62.7)

p = 0.593

p < 0.001

p < 0.001

0

20

40

60

80

100

1 2 3
Trimester

25
(O
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)D

 (
ng

/m
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Treatment groups: 400 IU/day 4400 IU/day

Fig. 2 Boxplots of 25(OH)D concentrations at the first, second,
and third trimesters for 400 and 4400 IU vitamin D3/day groups. p
Values are for significant difference in 25(OH)D between the 400 and
4400 IU groups at each trimester.
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third trimesters after adjusting for the respective baseline
immune-mediator, baseline 25(OH)D, and other covariates. Base-
line 25(OH)D was associated with IFN-γ and IL-2 in second and
third trimesters (p < 0.05; Table 4). Specifically, a 5 ng/mL increase
in baseline 25(OH)D was associated with a 10.4% and 12.2%

increase in IFN-γ and IL-2 concentrations, respectively, during
the second and third trimesters. Baseline immune-mediator
concentrations were associated with immune-mediator concen-
trations in second and third trimesters for IFN-γ, CRP, TGF-β,
TNF-α, VEGF, IL-2, and IL-4. Trimester of pregnancy was also

Table 2. Univariate and multivariable associations between 25(OH)D concentrations and covariates with Bonferroni-corrected specific
comparison list.

Covariates Univariate Multivariable (n= 364)

Mean difference (95% CI) p Mean difference (95% CI) p

Treatment

4400 IU/day vs. 400 IU/day 0.54 (−1.91, 2.99) 0.666 a <0.001

Trimester

Trimester 1 vs. Trimester 2 −12.5 (−14.6, −10.5) <0.001 a <0.001

Trimester 1 vs. Trimester 3 −16.4 (−19.2, −13.7) <0.001 a <0.001

Trimester 2 vs. Trimester 3 −3.93 (−6.22, −1.65) <0.001 a 0.001

Maternal age (5-year increase) 1.51 (0.29, 2.73) 0.015 0.63 (−0.79, 2.06) 0.384

BMI at first visit (1-unit increase) −0.35 (−0.51, −0.19) <0.001 −0.27 (−0.09, 0.39) 0.214

Race

Black vs. White −10.2 (−13.4, −6.92) <0.001 −7.53 (−12.3, −2.76) <0.001

Black vs. Hispanic −4.78 (−8.08, −1.48) 0.002 −1.15 (−6.01, 3.71) 1

White vs. Hispanic 5.39 (2.07, 8.70) <0.001 6.38 (1.89, 10.9) 0.002

Smoking status

Current/former vs. never 0.42 (−2.77,3.61) 0.797 1.35 (−2.58, 5.27) 0.500

Sun exposure (1-unit increase) 0.31 (0.06, 0.57) 0.017 0.15 (−0.09, 0.39) 0.214

Treatment × trimester

Trimester 1: 4400 IU/day vs. 400 IU/day −0.69 (−4.42, 3.05) 1 −0.07 (−5.87, 5.72) 1

Trimester 2: 4400 IU/day vs. 400 IU/day 13.8 (8.54, 19.0) <0.001 14.2 (8.94, 19.4) <0.001

Trimester 3: 4400 IU/day vs. 400 IU/day 14.0 (7.53, 20.5) <0.001 12.6 (5.74, 19.5) <0.001

4400 IU/day: Trimester 1 vs. Trimester 2 −19.7 (−22.6, −16.8) <0.001 −21.6 (−26.3, −16.8) <0.001

4400 IU/day: Trimester 1 vs. Trimester 3 −23.7 (−28.0, −19.4) <0.001 −24.9 (−30.9, −18.9) <0.001

4400 IU/day: Trimester 2 vs. Trimester 3 −4.00 (−7.94, −0.06) 0.043 −3.32 (−8.07, 1.42) 0.581

400 IU/day: Trimester 1 vs. Trimester 2 −5.26 (−8.12, −2.39) <0.001 −7.31 (−12.2, −2.37) <0.001

400 IU/day: Trimester 1 vs. Trimester 3 −9.02 (−13.3, −4.70) <0.001 −12.2 (−18.2, −6.21) <0.001

400 IU/day: Trimester 2 vs. Trimester 3 −3.76 (−7.76, 0.25) 0.087 −4.92 (−9.62, −0.22) 0.032

aThe mean difference for main effects of treatment and visit are not presented since the interaction between the two groups are significant in the model, and
therefore, they must be interpreted in the context of one another.

Table 3. Results of multivariable linear regression models of immune-mediators with significant associations with baseline 25(OH)D concentrations,
race, smoking status, maternal age, or BMI at visit 1.

Covariates Baseline immune-mediators

TGF-β VEGF IL-10

Baseline 25(OH)D (5-unit increase) 6.68** (2.36, 10.8) 0.52 (−7.70, 8.10) 4.45 (−4.21, 12.4)

Race

Black vs. White 7.89 (−12.9, 24.8) −23.1 (−76.5, 14.2) 25.8 (−9.98, 49.9)

Black vs. Hispanic −13.4 (−38.0, 6.88) 23.1 (−8.90, 45.7) −21.5 (−77.4, 16.8)

White vs. Hispanic −23.1* (−49.7, −1.21) 37.5** (11.9, 55.7) −63.7* (−138, −12.5)

Smoking status

Current/former vs. never 26.9** (10.7, 40.1) −55.0* (−121, −8.65) 42.1** (14.7, 60.7)

Values are reported as percent change in differences (95% CI) with the specific comparison list. CIs including 0 are non-significant. For example, the coefficient
relating baseline 25(OH)D to baseline TGF-β indicates that, for a 5-unit increase in baseline 25(OH)D, average baseline TGF-β increased by 6.68%, adjusting for
maternal race, smoking status, age and BMI at visit 1. Complete results are presented in Supplementary Table S2.
*p < 0.05; **p < 0.01.
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associated with IFN-γ and CRP: IFN-γ, increased by 54.4% and
CRP decreased by 17.9% in the third vs. the second trimester.
Maternal BMI at first visit was associated with increased CRP in
second and third trimesters (p < 0.05; Supplementary Table S3).
In addition, Whites and Blacks had higher IL-10 concentrations
than Hispanics; and smoking status was significantly associated
with increased TGF-β and decreased TNF-α in second and third
trimesters (p < 0.05; Table 4). Figure 3 shows the observed mean
immune-mediator concentrations in the three trimesters by
treatment groups. Supplementary Fig. S1 provides subject-level
profile plots for observed plasma immune-mediator concentra-
tions in the three trimesters separated by the two treatment
groups: 400 and 4400 IU vitamin D3/day. No discernable
differences were observed between the treatment groups based
on this plot.

DISCUSSION
Principal findings
Our study demonstrated that supplementation with vitamin D
during pregnancy positively impacts 25(OH)D concentrations
throughout pregnancy, with the greatest increase in the 4400 IU
group. The impact of supplementation on 25(OH)D concentrations
in second and third trimesters remained significant after adjusting
for additional covariates known to be associated with 25(OH)D.
Contrary to our hypothesis, these increases were not associated
with changes in immune-mediator concentrations in second and
third trimesters. Maternal vitamin D status at baseline (i.e., before
supplementation), however, was associated with concentrations of
TGF-β at baseline and IFN-γ and IL-2 in second and third
trimesters. Baseline immune-mediator concentrations for most
immune-mediators were positively associated with their concen-
trations during later pregnancy. Also, of note, race was associated
with baseline TGF-β, VEGF, and IL-10 and with IL-10 in second and
third trimesters. While some subjects did not achieve “immune
sufficiency” throughout pregnancy as their 25(OH)D concentration
was <30 ng/mL, racial differences were observed in immune
response even after controlling for 25(OH)D, which suggests that
racial differences in immune response are not entirely due to 25
(OH)D.

Comparison with other relevant studies
Our data suggest that vitamin D sufficiency in early pregnancy,
possibly even before pregnancy, may be crucial for modulation
of clinical and immune outcomes. Recent reports have
suggested that high-dose supplementation during pregnancy
may not be sufficient and that higher maternal vitamin D
status in the first trimester is also important to significantly
impact clinical outcomes. For example, the VDAART clinical trial
demonstrated that high-dose vitamin D supplementation,
initiated at 10–18 weeks of gestation, increased circulating
25(OH)D but did not impact the risk of preeclampsia40; however,
serum 25(OH)D levels ≥30 ng/mL during both early
(10–18 weeks) and late (32–38 weeks) pregnancy were
associated with a decreased risk of preeclampsia.40 In the same
cohort, supplementing mothers with high-dose vitamin D did
not significantly reduce the risk of recurrent wheeze and asthma
in their children at 3 years of age.41 However, the risk of
wheezing and asthma was significantly lower in children of
mothers with initial 25(OH)D levels ≥30 ng/mL randomized to
4400 IU than in children of mothers with initial 25(OH)D levels
≤20 ng/mL randomized to 400 IU.42

Several reports have shown allelic differences in single-
nucleotide polymorphisms for TGF-β and IL-10 between Blacks
and Whites.43–45 Yet, to our knowledge, our study is the first to
examine how TGF-β, VEGF, and IL-10 concentrations change
during pregnancy across racial/ethnic groups after vitamin D
supplementation.Ta
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Research implications
Evaluating the relationship between circulating 25(OH)D and
inflammatory markers, we examined whether or not a dose
response exists. As noted in our results (Table 4), this was only
observed with baseline cytokine levels and may suggest that
immune response as measured by cytokine blood concentrations
during pregnancy is unaffected by increased circulating 25(OH)D
or that the latency period for immune response to increased
circulating 25(OH)D during pregnancy is longer than the observa-
tion window for these participants.
While we did not observe associations between 25(OH)D and

plasma immune-mediators in second and third trimesters, an
in vivo study46 has shown conventional associations between
vitamin D and immune-mediators collected from placenta in an
animal model. Therefore, the placenta could be a better site for
studying immune-mediator regulation by vitamin D and its
metabolites. Future studies focused on associations for immune-
mediators collected from placenta will be needed for a holistic
picture of immune-mediators during pregnancy.
The ability of higher 25(OH)D to affect immune-mediator levels

could also be conditional on the mother having a robust immune
status during early pregnancy. In an in vivo study,46 altered
vitamin D status alone had little impact on serum concentrations
of immune-mediators in pregnant mice. More immune-mediator
differences were observed, however, when pregnant mice were
immune-challenged during pregnancy.46 Our study showed an
association between baseline immune-mediator concentrations

and both baseline vitamin 25(OH)D and immune-mediator
concentrations in second and third trimesters, suggesting that
both higher baseline 25(OH)D and robust baseline immune status
are crucial in immune-mediator regulation.
Further complicating the examination of 25(OH)D and

immune-mediators during pregnancy is the difficulty of deter-
mining which immune-mediators are linked to vitamin D. For
example, multiplex analysis in an in vivo study46 revealed that
IL-1β and IL-18 were suppressed only in non-pregnant mice
while growth hormone was elevated in only vitamin D-deficient
pregnant mice. Thus it is plausible that profiles for immune-
mediators associated with vitamin D status in non-pregnant
populations are not linked to vitamin D in pregnant populations.
Future studies evaluating additional immune-mediators are
needed to further elucidate the role of immune-mediators
during pregnancy.
It is also important to note that circulating immune-mediators

do not provide information on what is happening at the cellular,
tissue, or organ level but rather give us a broader perspective on
changes that occur during pregnancy. Although we did not
evaluate the impact of changing immune-mediator concentra-
tions on comorbidities of pregnancy, other studies11–19 have
shown that changing immune-mediator concentrations can
impact comorbidities of pregnancy. Future studies that focus on
associations for immune-mediators collected from cellular and
tissue levels can be useful in understanding the overall impact of
immune-mediators during pregnancy.

IL-4 * (pg/mL) IL-5 (pg/mL) IL-10 (pg/mL)

TNF-α * (pg/mL) VEGF * (pg/mL) IL-2 *† (pg/mL)

IFN-γ *† (pg/mL) CRP * (mg/mL) TGF-β *‡ (pg/mL)
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These findings hint that vitamin D supplementation before or
early during pregnancy may help regulate immune-mediator
profiles during pregnancy. Future RCTs that supplement women
before pregnancy are needed to confirm these findings.

Strengths and limitations
Previous studies have examined immune-mediator response for
certain immune-mediators, such as IL-2 and IFN-γ in small cohort
studies,47 but none has considered the impact of vitamin D or
examined the racial/ethnic differences in the regulation process.
Our study is novel in that it assesses the impact of vitamin D
supplementation on multiple immune-mediators in pregnant
women of different racial/ethnic groups using longitudinal data
from a relatively large RCT. Other strengths of our study are its
randomization of women to two different doses of vitamin D
supplementation, a relatively large sample size, and repeated
evaluation of plasma immune-mediator concentrations in partici-
pants throughout pregnancy.
One limitation of the study, however, was that not all participants

were evaluated for immune-mediator profiles at every trimester.
Also, concentrations for the 9 immune-mediators were undetectable
in 0–34% of participants at any trimester. While values below the
limit of detection were imputed, we acknowledge the limitation of
this approach and the impact on the power of our study to detect
associations between 25(OH)D concentration and immune-mediator
response in later pregnancy. As such, the analyses performed here
are exploratory and need to be verified by additional studies. Also, a
previous study showed that uptake and function of 25(OH)D by
monocytes is inhibited by DBP48 Although it is possible that DBP
could influence immune responses to 25(OH)D, the current study
did not include analysis of circulating levels of DBP. Moreover, it is
unclear whether during pregnancy measurement of DBP at a single
time point is adequate to assess cellular bioavailability of 25(OH)D.
Current strategies for determining the bioavailable or “free”
concentrations of 25(OH)D are based on the measurement of serum
DBP and 25(OH)D concentration and subsequent calculations based
on established equations. However, it is known that DBP measure-
ments increase during pregnancy and so “free” 25(OH)D may vary
significantly. At present, direct measurement of free 25(OH)D does
not appear to be truly reproducible, and so we cannot be certain
whether DBP influences 25(OH)D function during pregnancy or not.
Also, the mechanisms of vitamin D supplementation leading to
altered immune function during pregnancy was not explored in this
study. These, however, are important questions that we plan to
consider in future studies.
Finally, because we assessed only circulating plasma concentra-

tions of immune-mediators, we could not investigate whether
significant effects are observed in response to immune stimulation
or in relevant tissues, such as the placenta.

CONCLUSIONS AND CLINICAL IMPLICATIONS
This is the first study examining the impact of vitamin D
supplementation throughout pregnancy on immune-mediator
profiles in pregnant women. While we observed improved
vitamin D status in both treatment and control groups after
supplementation, the observed increase in 25(OH)D did not
significantly impact immune-mediator profiles. However, base-
line immune-mediator concentrations were associated with
baseline 25(OH)D and with immune-mediator concentrations
in second and third trimesters.
It is therefore plausible that higher baseline 25(OH)D concentra-

tions, along with a robust baseline immune status, are beneficial in
modulating immune-mediator profiles and maintaining a healthy
pregnancy. These findings suggest that vitamin D supplementation
before or early during pregnancy rather than at the first prenatal
visit may be more beneficial in regulating immune-mediator profiles
during pregnancy. Future RCTs focusing on the impact of vitamin D

supplementation before conception and during early pregnancy on
immune-mediator profiles will further our understanding of how
vitamin D affects not only immune-mediator profiles but also
pregnancy-related comorbidities. We also observed novel ethnic/
racial differences in immune-mediator concentrations at baseline
and in second and third trimesters that merit further investigation in
future genetic studies.
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