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Abstract

Vitamin D is known to regulate innate and adaptive immune processes at the cellular level, but the role of vitamin D status on
associated inflammatory processes across pregnancy is unclear. Our primary objective was to evaluate the relationships between
serum biomarkers of inflammation (interleukin [IL]-6, IL-10, tumor necrosis factor [TNF]-a), acute-phase proteins (C-reactive
protein and hepcidin) and vitamin D status, 25-hydroxyvitamin D (25(OH)D) and [,25-dihydroxyvitamin D (1,25(OH),D),
measured across pregnancy and in the neonate at birth. A second objective was to identify associations between vitamin D status
and clinically diagnosed infections. In this study, |58 racially and ethnically diverse pregnant adolescents were recruited from the
Rochester Adolescent Maternity Program (RAMP) in Rochester, NY. Serum 1,25(OH),D was significantly lower in adolescents
and neonates with IL-6 concentrations above the 75th percentile at delivery (P = .04) and at birth (P = .004), respectively. After
adjusting for other potential covariates of inflammation, maternal serum 1,25(OH),D was significantly positively associated with
TNF-o during pregnancy (P = .02), but at delivery 1,25(OH),D and TNF-o were inversely associated with one another (P = .02).
Teens with 25(OH)D concentrations <30 ng/mL were more likely to test positive for candida (P = .002) and bacterial vaginosis (P
= .02) during pregnancy. African Americans exhibited significantly lower TNF-a concentrations at both mid-gestation (P = .009)
and delivery (P = .001) compared to the Caucasian adolescents. These results suggest that lower maternal vitamin D status may
increase risk of infection across gestation.
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Introduction In addition to microbial infections, various demographic,
anthropometric, and biological factors may influence cyto-
kine concentrations across pregnancy. Older maternal age,
higher body mass index (BMI), and prior preterm delivery
have been associated with higher plasma cytokine concentra-
tions among pregnant European women,” while a longer dura-
tion of labor has been shown to increase cord CRP in
newborns.'® Active labor has been shown to increase maternal
hepcidin concentrations'' and both cord IL-6 and hepcidin
concentrations at birth.'?

Cytokines are known to play an important role across gestation,
as they help regulate placental implantation, fetal allograft tol-
erance, and onset of labor.! Research conducted over the past
30 years suggests that cytokine production during pregnancy is
altered in the presence of microbial infections.” The mother
and/or fetus are thought to independently produce proinflam-
matory cytokines in response to systemic maternal infections
and those which have reached the intra-amniotic cavity, respec-
tively.> Abnormally high cytokine concentrations of interleu-
kin (IL) 6 and tumor necrosis factor o (TNF-o) measured in
amniotic fluid, the amniochorionic membranes, or fetal plasma
have been associated with adverse events during pregnancy, ' pivision of Nutritional Sciences, Cornell University, Ithaca, NY, USA

such as intra-amniotic microbial infection and spontaneous 2 Department of Obstetrics and Gynecology, The University of Rochester
preterm labor in patients with premature rupture of membranes  School of Medicine, Rochester, NY, USA

(PROM).*” The cytokine IL-6 has pleotropic functions and is Corresponding Author:

known to induce both C-reactive protein (CRP)6 and hepCidin7 Kimberl)FjO. O‘Bgrien, Divis.ion of Nutritional Sciences, 230 Savage Hall, Cornell
and promote inflammation, while cytokine IL-10 exhibits an University, Ithaca, NY 14853, NY, USA.

opposing anti-inflammatory effect.® Email: koo4@cornell.edu
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Calcitriol (1,25(OH),D) is believed to have a role in main-
taining a balance between inflammation and immunosuppres-
sion."® In T helper cells (Th), in vitro studies in cultured
peripheral blood mononuclear cells (PBMCs) from humans
have found 1,25(OH),D acts to inhibit Thl cell-associated
proinflammatory cytokines (IL-2, interferon [IFN]-y, and so
on),'* while other cell culture data in mice have found
1,25(0OH),D to enhance the anti-inflammatory cytokines pro-
duced by Th2 cells (IL-4, IL-5, and so on)."” In vitro studies in
cultured human trophoblasts from normotensive women and
women with preeclampsia have shown that 1,25(OH),D down-
regulates the mRNA expression of the cytokines TNF-a, IL-
6,' and IL-10."” However, the in vivo action of 1,25(OH),D on
cytokine production during unique human physiological states,
such as pregnancy, is not well understood.

Due to the established anti-inflammatory activity of
1,25(0OH),D in vitro, it is important to understand the vital role
vitamin D may play in regulating inflammatory conditions and
cytokine concentrations across gestation. The present research
study was undertaken in a group of racially and ethnically
diverse pregnant adolescents, previously shown to be at risk
for low vitamin D status.'® The primary objective of this
research was to determine the relationship between serum bio-
markers of vitamin D status, (25-hydroxyvitamin D (25(OH)D)
and 1,25-dihydroxyvitamin D (1,25(OH),D), and inflammation
(IL-10, IL-6, TNF-a, CRP, and hepcidin) measured across
pregnancy and in umbilical cord blood obtained from the neo-
nate at birth. A second objective was to assess possible relation-
ships between vitamin D status and clinically diagnosed
infections during pregnancy.

Materials and Methods
Study Population

Pregnant adolescents (n = 158) between 13 and 18 years of age
at study entry were enrolled in research studies designed to
examine changes in maternal and fetal bone health, iron status,
and infections across pregnancy. Adolescents were recruited
from the Rochester Adolescent Maternity Program (RAMP)
in Rochester, New York. Exclusion criteria consisted of preg-
nant adolescents with a known medical complication, such as
diabetes, malabsorption disease, or HIV. Pregnant adolescents
were eligible to participate if between 12 and 30 weeks of
gestation at entry and carrying a single fetus and otherwise
healthy. At entry into the study, self-reported demographics,
height, and weight were obtained by a study health project
coordinator. Prepregnancy BMI (ppBMI) was calculated and
categorized as underweight (<18.5 kg/m?), normal weight
(18.5 to 24.9 kg/m?), overweight (>25.0 kg/m?), or obese
(>30.0 kg/m?) using self-reported height and weight in accor-
dance with the 2009 Institute of Medicine guidelines.'” Mode
of delivery, duration of labor, and neonatal birth data were
abstracted from medical records. As previously reported, 18
clinically diagnosed infections were abstracted from the pre-
natal medical records by a study health project coordinator.*”

Informed written consent and in those <14 years adolescent
assent and parental consent were obtained. The study was
approved by the Institutional Review Boards at Cornell Uni-
versity and the University of Rochester.

Biochemical Analyses

A nonfasting blood sample (10 mL) was collected at midgesta-
tion (average: 26 + 3.4 weeks) (n = 155) and upon admission
to the hospital for delivery (average: 39.8 + 1.3 weeks; n =
134). In addition, a 10-mL cord blood sample was obtained at
delivery (n = 128). Variability in sample size of biochemical
markers analyzed in this study was due to missed sample
collections or insufficient sample volume. Serum samples
were stored at —80°C until analysis. The serum vitamin D
status biomarker 25(OH)D was measured using a radioimmu-
noassay (RIA; Diasorin Inc.), intact parathyroid hormone
(iPTH) was measured by enzyme-linked immunoabsorbent
assay (ELISA; Diagnostic Systems Laboratories), and
1,25(0OH),D was measured by Dr Michael Holick (Boston,
Massachusetts) using an in-house thymus receptor binding
assay. Data on biomarkers of vitamin D status and iPTH at
midgestation, delivery, and in cord blood have been pub-
lished.'® Serum concentrations of iPTH >65 pg/mL were
defined as elevated. Data were analyzed using the Endocrine
Society’s 25(OH)D cutoffs for vitamin D during pregnancy:
25(0OH)D 30 to 44 ng/mL (“sufficiency”), 25(OH)D <30 ng/
mL (“insufficiency”), 25(OH)D <20 ng/mL (“deficiency”)
and 25(0OH)D <10 ng/mL (“severe deficiency”).*!

Archived maternal serum samples were used to undertake
analyses of cytokines (IL-6, IL-10, and TNF-a) in serum col-
lected at mid-gestation, delivery, and in cord blood using the
Magnetic Multiplex MAP kit (Millipore) in the Cornell Human
Metabolic Research Unit (Ithaca, NY, USA). The limit of
detection (LOD) for IL-6, IL-10, and TNF-o was 0.13 pg/mL.
The acute-phase proteins, C-reactive protein (CRP) and hepci-
din, were previously measured and reported.* High-sensitivity
CRP was analyzed using the Immulite 2000 immunoassay
(Siemens), and hepcidin was measured by a competitive serum
ELISA (Intrinsic Life Sciences). The LOD for CRP and hepcidin
was 0.2 mg/L, and 5.0 ng/mL, respectively. Additionally, the
adipokine leptin was measured in serum with a commercially
available ELISA from Millipore as reported.'®

Statistical Analyses

Concentrations of biomarkers are presented either as the mean
+ SD or geometric mean (95% confidence interval [CI]), per-
centage of values above/below the established cutoffs or LOD
(if applicable), or percentage of elevated values (>75th percen-
tile) relative to the sample population. Undetectable values
were included in all analyses and computed as 2 x LOD.
Differences in mean concentrations of serum biomarkers across
gestation were calculated using analysis of variance with
Tukey honest significant difference test for multiple compar-
isons. Simple linear regression was used to identify correlations
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Table I. Characteristics of The Pregnant Adolescents.?

Characteristics Value Range
Age at enrollment, years (n) 17.1 + 1.1 (158) 13.6-18.7
Maternal race, %

African American 63.3

Caucasian 354

Native American 1.3
Ethnicity, %

Hispanic 247

Non-Hispanic 753
GA at prenatal care entry, 105 + 4.7 (137) 2-24

weeks (n)
GA at delivery, weeks (n) 39.2 + 3.0(154) 21-42.1
Prepregnancy BMI, kg/m? (n) 247 + 5.4 (156) 15.0-42.1
Mode of delivery (n = 150)

C-Section, % 12

Vaginal, % 88
Duration of labor, h 8.50 + 5.4 (133) 0.02-24.1

Preterm birth <37 weeks, % (n)
Birth weight, g (n)
Diagnosed maternal infections,

9.1 (154)
3,208 + 2,398 (150) 1,054-4,705

% (n = 158)

Bacteria vaginosis 40
Rectovaginal GBS 38
Candida 42
Chlamydia 13

Abbreviations: GA, gestational age; BMI, body mass index; GBS, group B
streptococcus.
*Values are presented as the mean + SD (n) or % (n).

between inflammatory biomarkers. Possible determinants of
maternal inflammation were explored (maternal vitamin D sta-
tus, race, ethnicity, gestational age, ppBMI, serum leptin, and
the presence of a clinically diagnosed infection during preg-
nancy) using linear regression or ¢ tests. Likewise, potential
determinants of neonatal inflammation (neonatal vitamin D
status, mode of delivery, duration of labor, serum leptin, mater-
nal gestational age, a clinically diagnosed maternal infection
during pregnancy, and maternal inflammatory biomarker con-
centrations) were assessed. To determine the most significant
predictors of inflammation, backward stepwise regression
models were constructed using predictors associated with
inflammation in bivariate analyses (P < .10). Natural log
(Ln) transformations were applied to nonnormally distributed
variables. Results were considered statistically significant at
P < .05. All analyses were performed using JMP 12.0 (SAS
Institute, Cary, North Carolina).

Results

Patient Characteristics

Characteristics of patients are presented in Table 1. Over 60%
of the teens self-identified as African American and over 30%
self-identified as Caucasian which is similar to the US teen
pregnancy rate which is twice as high for non-Hispanic blacks
compared to non-Hispanic white teens 15 to 19 years old (43.9

vs 20.5 per 1000 females).?*> While receiving age-specific care
at RAMP, our study cohort had a lower rate of Cesarean
(C-section) deliveries compared to US data in women <20
years (12% vs 22%), and lower rates of preterm birth (<37
weeks) (9% vs 13%), and a lower rate of babies born low birth
weight (LBW <2500 g; 6.7% vs 9.3%) compared to US teens
15 to 19 years old.>* These data are consistent with the prenatal
care provided at midwife-run clinics.

Relevant clinically diagnosed infections in this cohort are
listed in Table 1. Chorioamnionitis was documented in 14% of
the placentas that were sent to pathology (n = 45). As previ-
ously described, the infection burden of this population was
more than 25% higher compared to nonpregnant and pregnant
female adolescents and also compared to adult women for
chlamydia, bacterial vaginosis (BV), and rectovaginal group
B streptococcus (GBS).?° Racial differences were evident such
that African American pregnant adolescents in this cohort were
more likely to test positive for BV or at least one of the fol-
lowing STIs: chlamydia, gonorrhea, and trichomoniasis when
compared to Caucasian adolescents.*

Biomarkers of Vitamin D and Inflammation

Similar to data collected in other studies on pregnant teens (13
to 18 years of age),'®** the prevalence of 25(OH)D <20 ng/mL
was high (47% to 50%) among the adolescents and neonates
studied (Table 2). No significant differences in mean mid-
gestation 25(OH)D were noted between ppBMI categories.
Additionally, the mean 1,25(OH),D concentrations remained
high (>100 pg/mL) across pregnancy.'®

Serum cytokine concentrations at mid-gestation and deliv-
ery are displayed in Table 2. At mid-gestation, positive asso-
ciations were observed between hepcidin and the cytokine IL-6
(r = .16, n = 143, P = .05). Elevated CRP (>5 mg/L) at
mid-gestation was evident in 42% of the teens, and the
mid-gestation geometric mean leptin concentration was signif-
icantly higher in those with elevated CRP concentrations com-
pared to those without elevated CRP (32.7 pg/l, n =43 vs 17.5
pg/L, n = 64, P < .0001). The geometric mean mid-gestation
leptin concentration was significantly lower in those with mid-
gestation IL-10 above the 75th percentile compared to those
below this cutoff (17.9 pg/L,n =34 vs 24.1 pg/L,n =104, P =
.04). Maternal mid-gestation leptin was significantly positively
correlated with IL-6 (» = .18, n = 139, P = .03).

Relationships between maternal and neonatal cytokines
were explored. In the neonate, geometric mean cytokine con-
centrations were significantly higher than maternal concentra-
tions for IL-6, IL-10, TNF-a, and hepcidin but significantly
lower for CRP which may be a result of the high percentage
of undetectable samples (79%) for CRP in cord blood (Table
2). Similar to patterns observed in the mother, positive linear
correlations between inflammatory biomarkers were also evi-
dent in cord blood (Table 3). No significant associations were
found between cord leptin and the inflammatory biomarkers in
cord blood. A positive relationship between maternal mid-
gestation TNF-a and umbilical cord TNF-o was observed
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Table 2. Markers of Vitamin D Status and Inflammation in Pregnant Adolescents and Their Neonates at Birth.

N Midgestation N Delivery N Cord

25(OH)D, ng/mL? 155 20.2 (18.8-21.8) 133 18.6 (17.0-20.5) 121 18.8 (17.1-20.5)
<10 ng/mL, % 6 ] 13
<20 ng/mL, % 50 48 47
<30 ng/mL, % 8l 8l 8l

1,25(0OH),D, pg/mL® 100 17 (111-123)¢ 96 106 (100-112)¢ 74 44.7 (41.3-48.4)°

iPTH, pg/mL* 91 25.0 (22.3-27.9)° 80 38.4 (33.8-43.6)° 33 19.0 (14.7-23.3)°
>65 pg/mL, % 33 I8 0

IL-10, pg/mL? 144 4.57 (3.18-6.57)° 125 9.65 (7.22-12.9)¢ 96 18.0 (13.6-24.0)°
<0.13 pg/mL, % 17.4 5.6 3.1

TNF-o, pg/mL* 145 4.48 (3.92-5.14)° 126 3.54 (3.17-3.97)¢ 97 8.31 (7.40-9.33)°
<0.13 pg/mL, % 0.7 0 0

IL-6, pg/mL? 145 1.02 (0.78-1.33)° 126 3.73 (3.01-4.63)° 97 841 (5.99-11.7)¢
<0.13 pg/mL, % I5 2.4 0

CRP, mg/L° 113 3.78 (3.10-4.66)¢ 4 2.19 (0.06-79.4) 86 0.17 (0.13-0.23)°
<0.20 mg/L, % 0.9 25 79

Hepcidin, ng/mL* 145 20.7 (18.0-23.7)¢ 129 24.2 (20.2-29.1)¢ 120 94.2 (80.4-110)¢
<5.0 ng/mL, % 48 7.8 0

Leptin, pg/L* 141 223 (19.7-25.2)¢ 127 29.4 (25.7-33.6)° 114 7.47 (6.26-8.91)°

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; 1,25(OH),D, 1,25-dihydroxyvitamin D; iPTH, intact parathyroid hormone, IL, interleukin; TNF, tumor necrosis

factor; CRP, C-reactive protein; Cl, confidence interval.
*Values are presented as either mean or geometric mean (95% ClI).

®Only 4 patients had CRP values at delivery, and these data were excluded from all analyses due to insufficient sample size. Letter superscripts indicate statistically
significant differences between mean mid-gestation, delivery, and cord values (P < .05).

Table 3. Correlations Between Inflammation Biomarkers in Maternal
Serum Collected During Pregnancy and at Delivery and in Cord Serum
Obtained at Birth.?

IL-6 TNF-a Hepcidin
Pregnancy (~ 26 weeks)
IL-10 r=.47° r=.30°
n = |44 n = |44
IL-6 r=.44°
n = 145
CRP r=.28¢
n=111
Delivery
IL-10 r=.49° r=.20¢
n=125 n=125
IL-6 r=.32°
n=126
Neonatal Cord
IL-10 r=.44° r=.38° r=.229
n=96 n=96 n=295
IL-6 r=.29¢ r=.38"
n =97 n=96
TNF-o; r=.37°
n=96
CRP r=029°
n=7I

Abbreviations: IL, interleukin; CRP, C-reactive protein; TNF, tumor necrosis
factor.

All biomarkers were natural log (Ln) transformed. Data presented as
Correlation Coefficients (r) and sample size (n).

°p < .001.

P < .01,

P < .05,

(P = .05; Figure 1). Maternal IL-6 during pregnancy was sig-
nificantly inversely associated with umbilical cord IL-10 (P =
.03; Figure 2). Consistent with findings evaluating determi-
nants of iron status in the larger cohort,'* maternal midgesta-
tion hepcidin was significantly positively correlated with cord
hepcidin (P = .001; Figure 3).

We explored possible relationships between maternal labor
and delivery variables and neonatal inflammatory biomarkers.
Greater mean duration of labor was associated with cord hep-
cidin above the 75th percentile (P = .01) but not with CRP or
any other proinflammatory cytokine measured. Of the cord
inflammatory biomarkers measured, only cord TNF-o was sig-
nificantly impacted by mode of delivery as evidenced by the
significantly higher geometric mean concentration of cord
TNF-a in neonates born via vaginal delivery compared to
cesarean section (P = .0008; Table 4).

Demographic and Anthropometric Risk Factors

Of the demographic variables explored (race, ethnicity, and
gestational age), race was the only significant predictor of
inflammation. Caucasian teens (n = 46) exhibited a 2.75 times
higher risk of having elevated TNF-o at delivery when com-
pared to African American teens (n = 80; relative risk, RR:
2.75, 95% CI: 1.47-5.15). At mid-gestation, the difference in
TNF-o between African American and Caucasian teens was
also significant (P =.05). Compared to teens who were under-
weight or normal weight, teens who were overweight or obese
prior to pregnancy were at a significantly higher risk of having
mid-gestation IL-6 (RR: 1.75, 95% CI: 1.002-3.06) and TNF-o
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Ln Mid-gestation TNF-a

Figure 1. In a group of pregnant adolescents, serum concentrations
of maternal tumor necrosis factor o (TNF-o) at mid-gestation were
positively associated with cord concentrations of TNF-a.

Ln Cord IL-10

« r=-0.23, N=88, P=0.03

-3 2 -1 0 1 2 3 4 5

Ln Mid-gestation IL-6

Figure 2. In a group of pregnant adolescents, serum concentrations
of maternal interleukin (IL)-6 at mid-gestation were significantly inver-
sely associated with cord IL-10 concentrations.

(RR: 1.85, (95% CI: 1.05-3.27) above the 75th percentile as
well as CRP >5 mg/L (RR: 2.83, 95% CI: 1.79-4.47).

Associations Between Infections and Vitamin D

Differences in vitamin D biomarkers with respect to diagnosed
infections are displayed in Table 5. Teens with 25(OH)D <30
ng/mL at mid-gestation were more likely to have a positive
diagnosis of BV (P = .02, n = 72), and those with 25(OH)D
<30 ng/mL at delivery were significantly more likely to test
positive for candida (P = .002, n = 62). In addition, those who

Ln Mid-gestation Hepcidin

Figure 3. In a group of pregnant adolescents, serum concentrations
of maternal hepcidin at mid-gestation were significantly positively
associated with cord hepcidin concentrations.

tested positive for BV at any point during gestation had signif-
icantly higher mean concentrations of serum 1,25(OH),D at
delivery (P = .007, n = 40). Because maternal race was pre-
viously shown to be associated with BV in this cohort (20), we
noted that after controlling for maternal race, the association
between positive BV infection and delivery 1,25(0OH),D
remained significant (P = .03). Pregnant teens who tested pos-
itive for candida compared to those who tested negative for
candida had significantly lower geometric mean serum
25(0OH)D concentrations at mid-gestation (19.5 ng/mL, n =
67 vs 23.8 ng/mL, n = 30, P = .04) and at delivery (17.2 ng/
mL, n = 56 vs 23.8 ng/mL, n = 26, P = .02).

Relationships Between Infections and Inflammation

Diagnosis of BV at any point during pregnancy was associated
with a significantly higher midgestation geometric mean hep-
cidin concentration (22.1 ng/mL, n = 57 vs 13.8 ng/mL, n =
29, P = .01). Higher geometric mean maternal IL-6 concentra-
tions at delivery were weakly associated with either a diagnosis
of chorioamnionitis (4.9 pg/mL, n = 17 vs 2.2 pg/mL, n = 15,
P = .04) or chlamydia (6.2 pg/mL, n = 19 vs 3.4 pg/mL, n =
107, P = .049). Likewise, having a delivery geometric mean
hepcidin concentration above the 75th percentile was signifi-
cantly associated with a diagnosis of chorioamnionitis (n = 8§,
P =.004).

Significant associations between maternal infections across
pregnancy and neonatal inflammation at birth were also noted.
A significantly higher proportion of neonates whose mothers
tested positive for chlamydia were found to have cord TNF-a
concentrations above the 75th percentile (P = .005, n = 17).
Also, a significantly higher geometric mean cord hepcidin con-
centration was observed in neonates whose mother tested
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Table 4. Impact of Delivery Mode on Serum Cytokine Concentrations in Pregnant Adolescents and Their Neonates at Birth.?
Mode of Delivery
Cytokine C-section Vaginal P Value
Ln delivery TNF-a, pg/mL 2.62 (1.87,3.66),n = 14 3.68 (3.27,4.14),n =112 P =.06
Ln cord TNF-o , pg/mL 3.95(2.54,6.13),n=6 873 (7.79,9.77), n = 91 P =.0008
Ln delivery IL-6 , pg/mL 4.30 (2.25,820),n= 14 3.67 (2.92,4.61),n =112 P=.65
Ln cord IL-6 , pg/mL 19.7 (5.14,757),n =6 7.94 (5.62, 11.22), n =91 P=.20
Ln delivery IL-10 , pg/mL 12.8 (5.35,304),n = 14 9.32 (6.84, 12.7), n = 1 11 P=.50
Ln cord IL-10, pg/mL 249 (7.16,86.4),n =5 17.7 (13.2,23.7), n =91 P=.60

Abbreviations: C-section, cesarean section; Ln, natural log; TNF, tumor necrosis factor; IL, interleukin. Bold-face indicates statistical significance (P < .05).

*Values are presented as the geometric mean and (95% confidence interval);

Table 5. Associations Between Vitamin D Concentrations and Clinically Diagnosed Infections in Pregnant Adolescents.”

Indicator Bacterial Vaginosis P-value Candida P-value

Ln 25(OH)D at midgestation Positive: 19.7 (17.6; 22.2), N = 62 P=.12 Positive: 19.5 (17.5; 21.6), N = 67 P =.04
Negative: 23.1 (19.6; 27.3), N = 30 Negative: 23.8 (20.3; 27.8), N = 30

Ln 25(OH)D at delivery Positive: 17.5 (15.0; 20.5), N = 55 P=.13 Positive: 17.2 (14.7; 20.1), N = 56 P =.02
Negative: 22.0 (17.1; 28.4), N = 21 Negative: 23.8 (18.9; 29.9), N = 26

1,25(OH),D at midgestation Positive: 121 (1115 131), N = 41 P =.08 Positive: 110 (101; 120), N = 42 P=.30
Negative: 104 (88.6; 120), N = 16 Negative: 119 (106; 133), N = 20

[,25(OH),D at delivery Positive: 110 (102; 118), N = 40 P =.007 Positive: 108 (98.0; 117), N = 39 P=.32

Negative: 88.3 (75.2; 101), N = 16

Negative: 99.4 (86.1; 113), N = 21

Abbreviations: Ln, natural log. Bold face indicates statistical significance (P < 0.05).
*Values are presented as the mean or geometric mean and (95% confidence interval).

positive for chlamydia at any point during pregnancy (141 ng/ml,
n=17vs88.1,n =103, P =0.04). The geometric mean IL-10
concentration in neonates whose mother tested positive for
rectovaginal GBS was significantly lower compared to those
testing negative for this infection (12.2 pg/mL, n = 41 vs
24.2 pg/mL, n = 53, P = .02).

Associations Between Inflammation and Vitamin D

Maternal mid-gestation 25(OH)D was significantly positively
associated with delivery TNF-a (P = 0.02). Teens with mid-
gestation 25(OH)D <12 ng/mL had a significantly higher geo-
metric mean hepcidin concentration (31.1 ng/mL, n = 16 vs
19.6 ng/mL, n = 129, P = .04). There was a significant positive
association between mid-gestation 1,25(OH),D and mid-
gestation TNF-a (P = .005, n = 100). At midgestation, the
mean 1,25(OH),D concentration was higher in teens with
mid-gestation IL-6 concentrations above the 75th percentile
(134 pg/mL, n = 25 vs 111 pg/mL, n = 75, P = .001) and
mid-gestation CRP concentrations >5 mg/L (127 pg/mL, n =
34vs 111 pg/mL, n = 52, P = .01), respectively. In contrast, at
delivery the mean 1,25(OH),D concentration was significantly
lower in teens with delivery IL-6 (96.6 pg/mL, n = 26 vs 111
pg/mL, n = 69, P = .04) and delivery TNF-o (85.6 pg/mL, n =
19 vs 112 pg/mL, n = 76, P = .0005) concentrations above the
75th percentile, respectively. Using multivariate modeling, a
significant interaction effect (P = .02, n = 55) was observed
between BV and 1,25(OH),D such that the inverse association

between 1,25(0OH),D and log IL-6 was only significant in those
that tested positive for BV.

In neonates, there was a positive correlation between cord
25(0OH)D and TNF-a (P = .04, n = 94). Cord 25(OH)D was
significantly positively associated with cord hepcidin
(P = .01). The 1,25(OH),D umbilical cord geometric mean
concentration was significantly lower in those with cord IL-6
(37.1 pg/mL, n = 16 vs 49.0 pg/mL, n = 50, P = .004) and
hepcidin (38.0 ng/mL, n = 20, vs 47.5 ng/mL, n = 54, P = .01)
above the 75th percentile, respectively.

Using data obtained from the bivariate analyses described
earlier, multivariate stepwise regression models were con-
structed to assess whether vitamin D remained a significant
predictor of inflammatory biomarkers while controlling for
other covariates. Predictors which best explained variability
in inflammatory biomarker concentrations are displayed in
Table 6.

Discussion

In these pregnant adolescents, a higher proportion of vitamin D
insufficiency was noted in teens who tested positive for BV and
candida. Adolescents with chlamydial infections exhibited
increased inflammation at delivery, a finding that was associ-
ated with decreased 1,25(OH),D. Temporal changes in the
associations between vitamin D and inflammatory outcomes
from mid-gestation to delivery may be a consequence of the
dynamic changes in inflammation and 1,25(OH),D that occur
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Table 6. Multivariate Models for Selected Inflammation Markers.?

Variables Pvalue  R?Adj. B
Ln midgestation IL-6 .33
Ln midgestation leptin .005 428
Ln midgestation IL-10 <.0001 259
Ln midgestation TNF-o <.0001 .660
Ln midgestation TNF-a 23
Midgestation 1,25(OH),D .02 .005
Ln midgestation IL-6 .03 .109
Ln midgestation IL-10 .06 .068
African American (ref: CA) .009 —.365
Ln midgestation CRP .37
Midgestation 1,25(OH),D .09 .005
Ln midgestation leptin .003 454
Ln ppBMI (kg/m?) .001 1.65
Ln delivery TNF-a 24
Delivery 1,25(OH),D .02 —.005
Ln delivery IL-6 .03 113
African American (ref: CA) .001 —.405
Ln cord hepcidin A7
Ln cord 25(OH)D .09 .320
Ln cord 1,25(CH),D <.0001 —1.16
Ln midgestation hepcidin .002 327
Ln cord IL-6 .02 123

Abbreviations: Ln, natural log; IL, interleukin; TNF, tumor necrosis factor;
1,25(0OH),D, 1,25-dihydroxyvitamin D; ref, reference; CA, Caucasian.
?Covariate predictors are indented below each inflammation biomarker.

across gestation. Maternal infection with chlamydia was
associated with elevated hepcidin and TNF-a in cord blood.
Because elevated inflammation has been associated with
increased risk of adverse birth outcomes, and maternal
nutritional status may attenuate inflammatory responses
across gestation, more normative data on maternal vitamin
D status and inflammation and its impact on the neonate at
birth are needed.

The mean mid-gestation IL-6 concentration observed in this
cohort at ~26 weeks of gestation was similar to mid-gestation
(22-24 weeks) values reported in a Texas study of 28
pregnant teens (<18 years) and 438 pregnant adult women
(~1.0 pg/mL),” whereas mean mid-gestation TNF-o, concen-
trations in our study population were significantly higher than
those previously noted in adult pregnant women from Texas
(~2 pg/mL).?*> The significant positive correlations we
observed between IL-6 and TNF-o at mid-gestation are consis-
tent with the positive correlations noted at 24 weeks of gesta-
tion in a study of over 100,000 pregnant European women
using a multiplex flow cytometric assay.

African American teens in our study exhibited significantly
lower TNF-a at both mid-gestation and delivery when com-
pared to the Caucasian adolescents. This finding is supported
by other reports in the literature that have reported genetic
differences in cytokine genes and receptors between Caucasian
and African Americans. For example, unique single-nucleotide
polymorphisms in TNF-o and its receptor have been reported
among Caucasians and African Americans for cytokines such
as TNF-o and their corresponding receptors.’®?” The

significantly lower soluble TNF-o concentrations in the Afri-
can American adolescents that we observed are also consistent
with a previous study of fetal membranes which showed that
the concentrations of soluble TNF receptors (measured using
a multiplex immunoassay) were significantly decreased in
culture media from African Americans but increased in cul-
ture media from Caucasians following in vitro lipopolysac-
charide (LPS) stimulation.?®Although we observed lower
concentrations of soluble TNF-a, African Americans have
been shown to have higher membrane-bound TNF-a concen-
trations (which we did not measure) as demonstrated in the
previous study by Menon et al.®

We observed significantly higher mid-gestation IL-6,
TNF-a, and CRP concentrations in teen mothers with higher
ppBMIs. These findings are consistent with the positive corre-
lation observed between ppBMI and IL-6 and CRP that we
previously reported in the larger cohort.? Similarly, other stud-
ies have demonstrated higher IL-6 in obese individuals,>® and
pregnant obese mice,”' compared to lean control groups. Ele-
vated TNF-o in nonpregnant adults has been hypothesized to
play a role in obesity-induced insulin resistance.**>*

In these pregnant adolescents, vitamin D status was inde-
pendently associated with clinical diagnosis of both a bacterial
(BV) and a fungal infection (candida). Similar to other research
findings conducted in pregnant women, we found an inverse
association between serum 25(OH)D at mid-gestation and
BV.>* In contrast, we observed higher serum 1,25(OH),D at
mid-gestation and at delivery in those with BV infection. These
findings are consistent with previously published findings in
the larger cohort which noted an inverse association between
midgestation 25(OH)D and delivery 1,25(0OH),D."'® The
inverse relationship between IL-6 and 1,25(OH),D evident at
delivery appeared to be moderated by the presence of BV
infection suggesting that the anti-inflammatory role of
1,25(0OH),D during pregnancy may be more pronounced in
those with infections. In addition, we found that lower maternal
25(0OH)D status during pregnancy and at delivery was associ-
ated with a positive diagnosis of candida infection which is
consistent with results from a study of hospitalized adults.*
Our results suggest that the immunomodulatory role of vitamin
D may be more evident during states of infection and that lower
vitamin D status may reduce one’s ability to clear infections
during pregnancy.

A significant positive association between 1,25(OH),D and
TNF-a was observed during pregnancy, but an inverse associ-
ation with TNF-o was observed at delivery. The shift from a
positive association to an inverse association may be explained
by the ability of pro-inflammatory cytokines to upregulate the
vitamin D CYP27B1 enzyme in cultured human placental
cells.>® Increased conversion of 25(OH)D to 1,25(0OH),D via
upregulation of the CYP27B1 enzyme may decrease the circu-
lating concentrations of proinflammatory biomarkers. Consis-
tent with this hypothesis, prior studies have found inverse
associations between 1,25(OH),D and TNF-« in cultured tro-
phoblasts obtained from placentas collected during uncompli-
cated and preeclamptic pregnancies.'®?’
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Temporal changes in 1,25(OH),D but not 25(OH)D across
pregnancy are important to take into account when evaluating
interactions between vitamin D and cytokines. While 25(OH)D
geometric mean concentrations did not significantly change
between pregnancy and delivery, mean 1,25(OH),D decreased
by ~9% from mid-gestation to delivery. Maternal 1,25(OH),D
is also dependent on 25(OH)D status, and a vitamin D supple-
mentation study conducted in 350 pregnant women found lin-
ear relationships between 25(OH)D and 1,25(OH),D up until
25(0OH)D concentrations of 40 ng/mL were achieved,*® a con-
centration that most teens did not achieve in our study. A recent
randomized controlled trial conducted in 57 US pregnant
women found that 2,000 IU of vitamin D supplementation was
more effective in increasing IL-10" regulatory CD4" T cells
later in pregnancy (36 weeks gestation) than 400 IU of vitamin
D.* Taken together with our findings which demonstrated an
inverse association between maternal 1,25(OH),D and proin-
flammatory cytokines IL-6 and TNF-«a at delivery, these results
suggest that the anti-inflammatory action of vitamin D may be
more critical later in pregnancy.

Both the pregnant adolescent and her fetus are capable of
independently synthesizing 1,25(OH),D and mounting inflam-
matory responses, but little is known about how maternal and
fetal cytokines may interact. Although we did not observe sig-
nificant correlations between maternal and fetal cytokines of
the same class, data on the ability of cytokines to cross the
placenta are conflicting. A previous study of 19 normal-term
placentas found that TNF-a, IL-1, and IL-6 did not cross the
placenta ex vivo suggesting that the inflammatory response
detected in cord blood is of fetal origin.** In contrast, an ex
vivo study of 10 normal-term placentas found that IL-6 was
transported across the placenta in a bidirectional manner.*' The
stage of gestation may impact findings as data obtained in a rat
model found that maternal IL-6 readily crossed the rat placenta
at mid-gestation but transfer was reduced by late gestation.*?

Chlamydia is a bacterial infection that the neonate is capa-
ble of contracting while passing through the birth canal at
delivery.** In neonates studied, maternal infection with chla-
mydia was associated with a significantly increased concen-
tration of TNF-a and hepcidin. A study conducted in newborn
mice demonstrated that the passive transfer of TNF-o from an
immunized adult mice to the fetus in utero was associated
with a significant decrease in postnatal chlamydial coloniza-
tion of the newborn murine lung.** In the present study,
neonatal hepcidin was found to be positively associated with
IL-10, IL-6, and TNF-o measured in cord blood. Therefore, it
is likely that increased hepcidin is indicative of an inflamma-
tory state and/or infection.

Several limitations in our study design were evident. Since
no normative data on mean serum cytokine concentrations are
available and there are no adjustment factors for normalizing
data to account for variable analytical approaches, we could not
directly compare our mean cytokine values to those reported in
other similar populations. An RIA was used to measure
25(OH)D because it was the preferred approach for vitamin
D analysis during the start of the study. However, liquid

chromatography—tandem mass spectrometry techniques are
capable of separating the biologically inactive 3-epi analogs
of 25(OH)D which could improve the accuracy in our measure-
ment of 25(OH)D and subsequently the observed associations
between 25(OH)D and inflammatory biomarkers.*> Although
we did detect several significant associations between maternal
biomarkers (inflammation and vitamin D status) and infection
status, our retrospective study design did not allow us to estab-
lish causality. In addition, there are other proinflammatory
cytokines linked to preterm labor and genitourinary infections,
such as IL-1f, which were not explored in the present study
which could have provided additional valuable insight.

Conclusions

Despite conflicting evidence describing the impact of vitamin
D status on inflammation during pregnancy, we observed sig-
nificant inverse associations between 1,25(OH),D and IL-6 and
TNF-a in the mother at delivery and between 1,25(0OH),D and
IL-6 and hepcidin in the neonate at birth. We also demonstrated
that the presence of BV impacted the association between IL-6
and 1,25(OH),D at delivery. Together, our results suggest that
1,25(0OH),D may influence changes in proinflammatory cyto-
kine production during pregnancy and infections may moderate
these relationships. Given that elevated inflammatory biomar-
kers have been linked to adverse pregnancy outcomes, more
research is needed to determine whether vitamin D supplemen-
tation can modify maternal inflammatory responses and pro-
mote healthy birth outcomes in pregnant populations,
particularly those at increased risk of infections and vitamin
D insufficiency.
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