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study question: Do women with recurrent pregnancy losses (RPL) and low vitamin D have increased prevalence of auto- and cellular
immune abnormalities when comparedwith women with RPL who have normal vitamin D, and does vitamin D haveanyeffect on cellular immunity
in vitro?

summaryanswer: A high proportion of women with RPL have vitamin D deficiency and the risk of auto- and cellular immune abnormal-
ities is increased in women with RPL and vitamin D deficiency.

what is known already: Vitamin D deficiency in pregnant women is associated with increased riskof obstetrical complications such as
pre-eclampsia, bacterial vaginosis associated preterm delivery, gestational diabetes mellitus and small-for-gestational age births.

study design, size, duration: A retrospective cross-sectional study of 133 women with RPL who were enrolled in a 2-year period,
together with laboratory experiments.

participants/materials, setting, methods: Women with three or more consecutive spontaneous abortions prior to 20
weeks of gestation who were enrolled at the University clinic. Serum vitamin D level, cellular activity and autoimmune parameters in vivo and
in vitro were measured.

main results and the role of chance: Sixty-three out of 133 women (47.4%) had low vitamin D (,30 ng/ml). The prevalence
of antiphospholipid antibody (APA) was significantly higher in low vitamin D group (VDlow) (39.7%) than in the normal vitamin D group (VDnl)
(22.9%) (P , 0.05) and the adjusted odds ratio (OR) for APA in VDlow was 2.22 with the 95% confidence interval (CI) of 1.0–4.7. The prevalence
of antinuclear antigen antibody (VDlow versus VDnl; 23.8% versus 10.0%, OR 2.81, 95% CI 1.1–7.4), anti-ssDNA (19.0% versus 5.7%, OR 3.76,
95% CI 1.1–12.4) and thyroperoxidase antibody (33.3% versus 15.7%, OR 2.68, 95% CI 1.2–6.1) was significantly higher in VDlow than those of
VDnl (P , 0.05 each). Peripheral blood CD19+ B and CD56+ NK cell levels and NK cytotoxicity at effector to target cell (E:T) ratio of 25:1 were
significantly higher in VDlow when compared with those of VDnl (P , 0.05 each). Reduction (%) of NK cytotoxicity (at E:T ratio of 50:1 and 25:1)
by IgG (12.5 mg/dl) wassignificantly lower in VDlow than those of VDnl (P , 0.05, P , 0.01, respectively).Therewereno differences in Th1/Th2
ratios between VDlow and VDnl. When vitamin D3 was added in NK cytotoxicity assay in vitro, NK cytotoxicity at E:T ratio of 50:1 was significantly
suppressed with 10 nMol/L (nM) (11.9+3.3%) and 100 nM (10.9+3.7%) of vitamin D3 when comparedwith controls (15.3+ 4.7%) (P , 0.01
each). TNF-a/IL-10 expressing CD3+/4+ cell ratios were significantly decreased with 100 nM of vitamin D3 (31.3+ 9.4, P , 0.05) when com-
pared with controls (40.4+11.3) in vitro. Additionally, INF-g/IL-10 expressing CD3+/4+ cell ratio was significantly decreased with 100 nM of
vitamin D3 (12.1+4.0, P , 0.05) when compared with controls (14.8+4.6). IFN-g and TNF-a secretion from NK cells were significantly
decreased (P , 0.01 each), and IL-10, IL-1b, vascular endothelial growth factor and granulocyte colony stimulating factor levels were significantly
increased (P , 0.01 each) with vitamin D3 100 nM when compared with those of controls.
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limitations, reasons for caution: The prevalence of vitamin D deficiency in women with RPL in this study is open to a possible
type I error since women with vitamin D supplementation were excluded from this study.

wider implications of the findings: Assessment of vitamin D level is recommended in women with RPL. Vitamin D supplemen-
tation should be explored further as a possible therapeutic option for RPL.

study funding/competing interest(s): This work was supported by the intramural funding from Department of Microbiology
and Immunology, Chicago Medical School at Rosalind Franklin University of Medicine and Science. None of the authors has any conflict of interest
to declare.

trial registration number: N/A.
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Introduction
Vitamin D, a steroid hormone, is well known to be involved in calcium-
phosphate homeostasis and bone metabolism (Halloran et al., 1990;
Yoshizawa et al., 1997; Panda et al., 2001). The biological activity of
vitamin D occurs via two pathways, a slow genomic response and a
rapid, non-genomic response (Mizwicki and Norman, 2009). The classic-
al action of vitamin D is a genomic response, and for this action, the
vitamin D receptor is localized in the cellular nucleus of various tissues
(Rajakumar, 2003; Christakos et al., 2007). In the past decade, non-
skeletal effects of vitamin D via non-genomic responses (Bikle, 2009)
have been reported in many organs (Reichel et al., 1989; Walters,
1992). The target organs for the non-classical actions of the vitamin D
include the adaptive and innate immune systems, pancreatic b-cells,
the heart and cardiovascular system, the brain and reproductive
tissues. Tissue responses to vitamin D include regulation of hormone se-
cretion, modulation of immune responses, and a control of cellular pro-
liferation and differentiation (Mizwicki and Norman, 2009). Vitamin D
was also reported to inhibit proliferation of T helper 1 (Th1) cells and
limit their production of cytokines, such as interferon gamma (IFN-g),
interleukin-2 (IL-2) and tumor necrosis factor-alpha (TNF-a). Converse-
ly, vitamin D induces T helper 2 (Th2) cytokines, such as IL-4, IL-5, IL-6,
IL-9, IL-10 and IL-13 (Lemire et al., 1984; Piccinni et al., 2000; Adams and
Hewison, 2008). Furthermore, in many studies vitamin D has been pre-
sented as a modifiable environmental factor for Th1-mediated auto-
immune disease and appears to be important for susceptibility to and
severity of the disease (Lemire et al., 1992; Cantorna et al., 1998; Can-
torna, 2000; Huisman et al., 2001; Zella et al., 2003; Kamen et al.,
2006; Arnson et al., 2007). Vitamin D also regulates B cell immunity. It
down-regulates the proliferation and differentiation of B lymphocytes
and inhibits IgG production (Lemire et al., 1984; Rigby et al., 1984;
Chen et al., 2007a,b; Adams and Hewison, 2008).

With these immune modulatory effects of vitamin D, it has been
speculated that vitamin D could act as an immune regulator during im-
plantation and play an important role in reproductive capacity. In early
pregnancy, trophoblasts produce and respond to vitamin D, and some
investigators have demonstrated that vitamin D influences local anti-
inflammatory responses and induces decidualization for successful preg-
nancy (Halhali et al., 1991; Stephanou et al., 1994; Du et al., 2005; Barrera
et al., 2007, 2008; Diaz et al., 2009). Others find that vitamin D sufficiency
is associated with increased IVF pregnancy rates (Ozkan et al., 2010;
Rudick et al., 2012). The role of vitamin D in human reproduction has
been increasingly recognized as important. However, the effect of
vitamin D in recurrent pregnancy losses (RPL) has not been studied yet.

A dominant Th2 immune response is important to maintain maternal–
fetal relationship for successful pregnancy (Wegmann et al., 1993). In con-
trast autoimmunity and dysregulated cellular immune reactions may be
responsible for immunological alterations leading to RPL (Souza et al.,
2002). On the basis of these immuno-pathological abnormalities of
RPL, we aim to investigate the relation of serum vitamin D level and per-
ipheral blood immune parameters, such as Th1 to Th2 cytokine produ-
cing CD3+/4+ cell ratio, peripheral blood immunophenotypes, natural
killer cell cytotoxicity (NK cytotoxicity) and autoantibodies in women
with a history of RPL. In addition, the in vitro effect of vitamin D on NK
cells, including NK cytotoxicity, perforin expression and cytokine produc-
tion, and Th1/Th2 cell ratios were investigated.

Materials and Methods

Study population
The study was designed as a retrospective cross-sectional study with labora-
tory experiments. Medical records of 186 women with a history of RPL
(defined as three or more consecutive spontaneous abortions prior to 20
weeks of gestation), who registered at the Reproductive Medicine Center,
Chicago Medical School at Rosalind Franklin University of Medicine and
Science from January 2011 to December 2012, were reviewed consecutively
as they registered. Among them, 53 were excluded due to uterine factor
(uterine anomaly, uterine synechia, endometrial pathology, n ¼ 9), endo-
crine factor (polycystic ovarian syndrome, diabetes, thyroid disease, abnor-
mal prolactin levels, n ¼ 19), genetic factors (parental chromosomal
abnormalities, n ¼ 1), infectious factors (Chlamydia trachomatis and Urea-
plasma urealyticum, n ¼ 3), a history of or active autoimmune disease
and/or connective tissue disease (n ¼ 7), pregnancy (n ¼ 5), medical treat-
ment (n ¼ 4), and vitamin D supplementation (n ¼ 15, 10 of them also had
endocrine factor). In total 133 women with RPL composed the study group.
None had positive findings for uterine, endocrine, genetic, infectious factors,
or a history of or active autoimmune disease and connective tissue disease.
No one was pregnant or on medical treatment when blood was drawn for
laboratory evaluation. Patients with vitamin D supplementation were
excluded from the study except patients with prenatal vitamins containing
vitamin D 400 units per day. Blood was drawn during early follicular phase
and vitamin D levels and immune parameters were tested on the same day.

The sample size calculation was made prior to the study. Type I error rate
(a) was 0.05 and the power was 0.80 for the two-sided test. To calculate
sample size, peripheral blood NK cell levels were utilized as the primary vari-
able since the first goal of the study was to detect the differences in NK cell
immunity in vitamin D normal and low groups. Expected sample size was 63
for each group. We collected the sample population consecutively, until we
reached the 63 vitamin D deficient population.
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Although there is no consensus on optimal serum levels of 25-hydroxy
vitamin D, most experts define vitamin D deficiency as a 25-hydroxy
vitamin D level of ,20 ng/ml (50 nmol/l) and insufficiency as between 20
and 30 ng/ml (50–75 nmol/l) (Dawson-Hughes et al., 2005; Chen et al.,
2007a,b; Holick et al., 2011). Therefore, in this study, study populations
were divided into two groups, normal and low vitamin D, depending on
their serum vitamin D level (testing was performed in a reference laboratory);
normal vitamin D was defined as ≥30 ng/ml and low vitamin D was ,30 ng/
ml. A total of 70 women composed the normal vitamin D group (VDnl) and
the rest (n ¼ 63) were included in the low vitamin D group (VDlow). There
were no differences in age, obstetrical and infertility history, body mass index
(BMI), blood testing season, interval from last spontaneous abortion or IVF to
blood testing and racial distribution between two groups (Table I).

Vitamin D level
Vitamin D levels were measured using the liquid chromatography/tandem
mass spectrometry (LC/MS/MS) method at the reference laboratory

(Shah et al., 2012). The average inter-assay coefficient of variation (CV) %
across the analytical range of the assay was 7%.

Analysis of autoantibodies in serum
Antiphospholipid antibodies were tested by enzyme-linked immunosorbent
assay (ELISA) as described previously (Gilman-Sachs et al., 1991). High
binding polystyrene microtiter 96 wells plates (Thermo Scientific, Rockford,
IL, USA) were coated with 20 ml of cardiolipin (45 mg/ml in ethanol) (Avanti,
Alabaster, AL, USA) or one of five other phospholipids (50 mg/ml in metha-
nol), that is phosphatidylserine, phosphatidylinositol, phosphatidylethanola-
mine, phosphatidylglycerol and phosphatidic acid (all from Avanti), or
diluents only to determine background values. The plates were allowed to
dry overnight at 48C. After one wash with phosphate buffered saline (PBS,
Thermo Scientific), 200 ml/well of PBS supplemented with 10% bovine
serum (Sigma, St Louise, MO, USA) was added to the wells for 2 h at
room temperature; then plates were washed once more. Serum from
patients and standards (known positive and negative controls) diluted 1:50

.............................................................................................................................................................................................

Table I Patient characteristics of women with three or more recurrent pregnancy losses (RPL) with normal vitamin D
(≥30 ng/ml, n 5 70) and low vitamin D (<30 ng/ml, n 5 63).

Characteristics Vitamin D Normal (≥30 ng/ml)
(n 5 70)

Vitamin D Low (<30 ng/ml)
(n 5 63)

P-value

Age (years) 37 (33.0–39.5) 35.5 (33.0–39.0) NS

Gravidity 3 (3–5) 3 (3–5) NS

Parity 0 (0–1) 0 (0–0.5) NS

Number of SABa 3 (3–4.5) 3 (3–5) NS

Primary aborter (n (%)) 49 (70.0) 50 (79.4) NSb

Secondary aborter (n (%)) 21 (30.0) 13 (20.6)

No. of IVF failure 0 (0-1.5) 0 (0–1) NS

IVF treatment history (n (%)) 19 (27.1) 15 (23.8) NS

IVF due to RPL 11 (15.7) 8 (12.7)

IVF due to infertility/subfertility 4 (5.7) 3 (4.8) NS

IVF due to advanced age 4 (5.7 4 (6.3)

BMI (kg/m2) 25.7 (23.5–29.5) 27.5 (23.5–29.7) NS

Vitamin D level (ng/ml) 41 (37–48) 25 (22–28) P,0.0001

Blood test

Summer seasonc (n (%)) 36 (51.4) 29 (46.0)

Winter seasond (n (%)) 15 (21.4) 13 (20.6) NSe

Other season (n (%)) 19 (27.1) 21 (33.3)

Prenatal vitamin usagef (n (%)) 27 (38.6) 22 (34.9) NS

Interval from last SAB (months) 9 (6–12) 8 (6–11) NS

Interval from last IVF cycle (months) 6 (4–9) 6 (5–9.8) NS

Race

Caucasian (n (%)) 61 (87.1) 57 (90.5)

Hispanic (n (%)) 6 (8.6) 4 (6.3) NSg

Asian (n (%)) 3 (4.3) 2 (3.2)

Data are median (quartiles) unless stated otherwise.
aSAB, spontaneous abortion. Primary aborters have never carried a pregnancy with their current partner beyond 20 weeks.
bNo differences in distribution of primary and secondary aborters in vitamin D normal and low groups.
cSummer season; from June to September.
dWinter season; from December to February.
eNo differences in distribution of blood testing seasons in vitamin D normal and low groups, either between summer versus winter, or summer, winter and other season.
fPrenatal vitamin containing vitamin D 400 IU per day.
gNo differences in racial distribution between vitamin D normal and low groups.
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in PBS with 10% bovine serum was added in duplicates at 50 ml/well. The
plates were incubated for 2 h at room temperature, and then washed
three times with PBS. Fifty microliters of alkaline phosphatase conjugated
antihuman immunoglobulin G (Southern BioTech, Birmingham, Al, USA),
IgM and IgA (Invitrogen, Eugene, OR, USA) at saturating concentrations
were added to the appropriate wells. After the 1 h incubation at room tem-
perature, the plates were washed three times with PBS and 50 ml of
4-nitrophenyl phosphate disodium salt hexahydrate (1 mg/ml, Sigma) was
added to each well. After 30 min the reaction was stopped by the addition
of 50 ml of 3 M sodium hydroxide (Sigma) to each well. The optical density
(OD) of each well was determined with a plate reader (Biotek, Winooski,
VT, USA) at 405 nm; then the average OD for all duplicate wells was com-
puted and background OD was subtracted. Cut-off values were determined
with sera from 60 non-pregnant healthy women between the ages of 20 and
45. An absorbance ≥3 SD above the mean of the controls for that phospho-
lipid and antibody isotype was considered positive.

Screening for anti-nuclear antibodies (ANA) was performed by indirect
immunofluorescence using a commercially available kit (Immunoconcepts,
Sacramento, CA, USA). Individual autoantibodies to dsDNA, ssDNA,
histone, Scl-70, thyroglobulin and thyroperoxidase (TPO) were tested by
ELISA using corresponding commercially available kits (Inova Diagnostic,
San Diego, CA, USA).

Immunophenotyping of peripheral blood
lymphocytes
For flow cytometry analysis whole blood samples were labeled using
fluorochrome-conjugated monoclonal antibodies (mAb) against CD45-PC5,
CD3-FITC and CD56-PE, or CD45-PC5 and CD19-FITC (Beckman
Coulter, Fullerton, CA, USA). After lyses of red blood cells with Immuno-Lyse
according to the manufacturer’s instructions and two washes with IsoFlow
(Beckman Coulter), samples were analyzed on a FC 500 flow cytometer
using CXP software (Beckman Coulter). Lymphocytes were gated based on
side scatter characteristic and CD45 expression. Within lymphocytes, T
cells were identified as CD3+ cells, NK cells as CD56+/32 cells and B cells
as CD19+ cells.

NK cell cytotoxicity assay
The assaywas performed as previously described (Gilman-Sachs et al., 1999).
Briefly, peripheral blood mononuclear cells (PBMCs) were isolated by
density gradient centrifugation using Ficoll-Paque Plus (GE Healthcare,
Uppsala, Sweden). The human erythromyelocytic leukemia cell line K562
(ATTC, Manassas, VA, USA) was used as the target cell. K562 cells were pre-
stained using PKH67 fluorescent cell linker kit (Sigma). PBMC and K562 cells
were mixed in 12 × 75 mm polystyrene test tubes at three different effector
to target cell (E:T) ratios (50:1,25:1and 12.5:1) in200 ml of RPMI-1640culture
medium (Gibco, Grand Island, NY, USA) with 10% heat inactivated fetal calf
serum (FCS, Gemini Bio-Products, Inc., Woodland, CA, USA). Following a
2 h incubation at 378C and 5% CO2, propidium iodide (PI, Sigma) was
added to the assay tubes at 10 mg/ml and specimens were analyzed on
FC500 flow cytometer. K562 cells (green fluorescence) were evaluated for
PI incorporation (red) to determine the percent of killed cells. The percent
of NK cytotoxicity was calculated after subtracting the background value
(percent of PI-positive K562 cells incubated alone which died due to spontan-
eous cell death) from the percent of target dead cells at each E:T ratio.

The NK cytotoxicity was also evaluated in the presence of IgG (final con-
centration, 12.5 mg/ml or 6.25 mg/ml, Gammagard liquid immune globulin,
Baxter, Weslake Village, CA, USA) following a 2 h incubation time for two
different E:T ratios (50:1 and 25:1). To evaluate the effect of vitamin D in
vitro on NK cytotoxicity, cholecalciferol (vitamin D3, Sigma) in 0.1% v/v
ethanol at either 10 or 100 nM final concentration (added as 1 ml per 1 ml
of culture solution), or 0.1% v/v ethanol only (vehicle only control), was

added to the assay tubes containing PBMC and target cells at E:T ratios of
50:1 and 25:1. Each tube was incubated for 2 h at 378C. Vitamin D3 was
used at 10 and 100 nM in this study since these concentrations have been
reported to be effective in other assays using peripheral blood cells
(Searing et al., 2010; Shifera et al., 2010), human osteoblasts (Ferlin et al.,
2011) and other cell lines (Agmon-Levin et al., 2011; He et al., 2013) and
reflect physiologically normal and deficient vitamin D levels.

Intracellular cytokine analysis for Th1/Th2
cytokine ratios
The assay was performed as previously described (Kwak-Kim et al., 2003).
Briefly, freshly isolated PBMCs were resuspended at 5 × 106/ml in
RPMI-1640 supplemented with 10% FCS and antibiotic-antimycotic solution.
One hundred microliters of the PBMC were incubated for 16 h at 378C and
5% CO2 in presence of 25 ng phorbol myristate acetate (PMA)/ml, 1 mM
ionomycin (both from Sigma) and 0.7 ml of GolgiPlug per 1 ml of cell suspen-
sion, containing Brefeldin A (BD Biosciences, San Jose, CA, USA). After
the incubation, cells were washed and labeled with anti-CD45-PC5,
anti-CD-ECD and anti-CD8-FITC to detect CD4 cells by negative selection
(CD3+CD82) (Beckman Coulter) since PMA and ionomycin down-regulate
CD4. Cytofix/Cytoperm and Perm/Wash buffer (BD Pharmingen, Franklin
Lakes, NJ, USA) were used according to manufacturer’s instructions to
fix and permeabilize cells. Next, to detect intracellular cytokines, cells
were stained with a PE-conjugated mAbs against cytokines including
anti-TNF-a, anti-IFN-g or anti-IL-10 (BD Immunosciences, San Jose, CA,
USA). Samples were analyzed using a FC500 flow cytometer (Beckman
Coulter). T cells were gated based on CD45 and CD3 expression. Percent
of cytokine-positive cells were determined within CD3+CD82 (CD4) and
CD3+CD8+ subpopulations. To calculate Th1/Th2 ratios, the percent
of TNF-a or IFN-g expressing CD3+CD82 T cells was divided by the
percent of IL-10 expressing CD3+CD82 T cells. To evaluate the effect of
incubation with vitamin D on cytokine secretion by T cells, cholecalciferol
(vitamin D3, Sigma) in 0.1% v/v ethanol, either at 10 nM or 100 nM final con-
centration (1 ml per 1 ml of culture solution), or ethanol only for controls was
added to PBMC along with PMA and ionomycin and incubated for 16 h.

Confocal microscopy and analysis of perforin
granule polarization
NK cells were isolated by positive selection via magnetically assisted cell
sorting (MACS, Miltenyi Biotech, Auburn, CA, USA) according to manufac-
turer’s instruction. Freshly isolated NK cells were incubated with K-562 cells
at 1:2 ratio for 24 h at 378C to form cell conjugates. Vitamin D3 (10 and
100 nM) was added to the cell suspension to evaluate its effect on effector-
target cell conjugation and perforin polarization. After the incubation, cells
were fixed and permeabilized with Cytofix/Cytoperm solution (BD Phar-
mingen) and stained with FITC-conjugated anti-perforin antibody (BD Bios-
ciences) (Orange et al., 2002). Next, cell suspension was transferred to
poly(L-lysine)-coated slides (Sigma) and allowed to adhere. Prolong Gold
containing 4,6-diamidino-2-phenylindole (DAPI) (Invitrogen) was used as a
nuclear counterstaining dye. Cell conjugates were visualized by using
FV10-LD748 (Olympus Corporation, Tokyo, Japan) laser-scanning confocal
microscope.

Cytokines and growth factors by multiplex
assays
NK cells were isolated by positive selection via MACS (Miltenyi Biotech).
Freshly isolated NK cells were incubated with vitamin D3 (10 nM and
100 nM) or control solution (0.1% v/v ethanol) in serum-free medium for
24 h at 378C in 5% CO2. After incubation, the supernatants were collected.
Pro-, anti-inflammatory cytokines, chemokine and growth factors were
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analyzed with Milliplex MAP kit (Millipore Crop, Bethesda, MD,USA)using the
MAGPIX instrument (Luminex, Madison, WI, USA) as per manufacturer’s
instructions. Data were analyzed with software (Milliplex Analystw, Viagene
Tech, Carlisle, CA, USA). Analytes were normalized to total protein concen-
tration which was estimated with BCA protein assay (Pierce Biotechnology,
Rockford, IL, USA). Eleven analytes were determined: IL-1b, IL-2, IL-4, IL-6,
IL-8, IL-10, IFN- g, TNF-a, granulocyte colony-stimulating factor (G-CSF),
granulocyte-macrophage colony-stimulating factor (GM-CSF) and vascular
endothelial growth factor (VEGF).

Statistical analysis
All statistical analyses were performed using SPSS Statistics version 20.0
(2011, SPSS, Inc., Chicago, IL, USA). The statistical comparisons among
groups for continuous variables were performed using the Mann–Whitney
U-test or Kruskal–Wallis one-way analysis of variance. The x2 test or
Fisher exact probability test was applied to analyze categorical frequency
data. Bonferroni’s correction was applied to avoid the errors from multiple
comparisons when applicable. AP-value of ,0.05 was considered significant.

Results

Prevalence of low vitamin D in women with
RPL
In the 133 women with RPL, 70 (52.6%) had a normal vitamin D level
(≥30 ng/ml) and 63 (47.4%) had low vitamin D levels (,30 ng/ml), in-
cluding 41 (30.8%) women with vitamin D insufficiency (20 to ,30 ng/
ml) and 22 (16.6%) with vitamin D deficiency (,20 ng/ml). The mean

and standard deviation of the serum vitamin D level in VDlow was
22.5+5.8 (ng/ml), whereas 42.2+9.8 (ng/ml) was found for VDnl
(Table I).

Prevalence of autoantibodies
The prevalence of total APA (IgG or IgM autoantibodies to cardiolipin
and/or anionic phospholipids) was significantly higher in VDlow than
VDnl (39.7% versus 22.9%, P , 0.05, OR 2.22, 95% CI 1.0–4.7)
(Table II). Nonetheless, there was no difference in prevalence of each
autoantibody to cardiolipin or anionic phospholipids (phosphatidyletha-
nolamine, phosphatidylinositol, phosphatidic acid, phosphatidylglycerol
and phosphatidylserine) between VDlow and VDnl.

The prevalence of ANA in VDlow (47.6%) was higher than VDnl
(34.3%). However, the difference did not reach a statistically significant
level. The prevalence of total anti-nuclear antigen antibody in VDlow (in-
cluding autoantibodies to dsDNA, ssDNA, histone and Scl70) (23.8
versus 10.0%, P , 0.05, OR 2.81, 95% CI, 1.1–7.4) was significantly
higher than that of VDnl. Furthermore, the prevalence of anti-ssDNA
antibody (19.0 versus 5.7%, P , 0.05, OR 3.76, 95% CI 1.1–12.4) in
VDlow was significantly higher than that of VDnl. There were no differ-
ences in prevalence of anti-dsDNA, anti-histone and anti-Scl70 anti-
bodies between VDlow and VDnl. The prevalence of TPO antibody in
VDlow was significantly higher than that of VDnl (33.3 versus 15.7%,
P , 0.05, OR 2.68, 95% CI 1.2–6.1). However, the prevalence of
anti-thyroglobulin antibody was not different between two groups. A
comparison of antibody levels in primary and secondary aborters is
shown in Supplementary data, Table SI.

.............................................................................................................................................................................................

Table II Prevalence of antiphospholipid antibody (APA), anti-nuclear antibody (ANA), anti-thyroid antibody and other
non-organ-specific autoantibodies in women with three or more recurrent pregnancy losses with normal vitamin D (≥30 ng/
ml, n 5 70) and low vitamin D (<30 ng/ml, n 5 63).

Autoantibodies Normal vitamin D
(≥30 ng/ml)
(n 5 70) (%)

Low vitamin D
(<30 ng/ml)
(n 5 63) (%)

Odds ratio (95% CI) P-value

APA (IgG, IgM)a 22.9 39.7 2.22 (1.0–4.7) P , 0.05

Anti-cardiolipin

IgG 5.7 11.1 2.06 (0.5–7.4) NS

IgM 4.3 7.9 1.93 (0.4–8.4) NS

Anti-anionic phospholipidsb

IgG 12.9 20.6 1.76 (0.7–4.5) NS

IgM 17.1 15.9 0.91 (0.4–2.3) NS

ANA 34.3 47.6 1.74 (0.9–3.5) NS

Anti-nuclear antigenc 10.0 23.8 2.81 (1.1–7.4) P , 0.05

Anti-dsDNA 1.4 3.2 2.26 (0.2–25.6) NS

Anti-ssDNA 5.7 19.0 3.76 (1.1–12.4) P , 0.05

Anti-histone 1.4 9.5 7.26 (0.8–62.1) NS

Anti-Scl70 2.9 3.2 1.11 (0.2–8.2) NS

Anti-thyroid antibody

Anti-thyroglobulin 8.6 9.5 1.12 (0.3–3.7) NS

Thyroperoxidase antibody 15.7 33.3 2.68 (1.2–6.1) P , 0.05

aAny IgG or IgM antibodies to phospholipids.
bAntibodies to anionic phospholipids including antibodies to phosphatidylethanolamine, phosphatidylinositol, phosphatidic acid, phosphatidylglycerol and phosphatidylserine.
cAny autoantibodies to dsDNA, ssDNA, histone and Scl70.
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Peripheral blood immunophenotypes
and NK cytotoxicity
There were significant differences in the peripheral blood CD56+NK cell
levels (%) (Mean+ SD, 11.7+ 4.5 versus 9.0+4.6, P , 0.05) and
CD19+ B cells (9.9+6.5 versus 8.1+4.8, P , 0.05) between VDlow
and VDnl. No difference was found in the proportion of CD3+ T cells
(76.6+1.6% versus 81.1+5.9%, P ¼ NS) or CD19+/5+ B-1 cell
levels (10.5+8.6% versus 10.6+ 8.5%) between VDlow and VDnl
(Fig. 1A). NK cytotoxicity at E:T ratio of 25:1 was significantly different
between VDlow and VDnl (15.5+1.5% versus 11.5+ 1.5%, P ,

0.05) (Fig. 1B). However, NK cytotoxicity was not significantly different
at E:T ratio of 50:1 (19.1+3.1% versus 20.5+ 3.1%) or 12.5:1 (10.4+
4.5% versus 8.7+ 2.5%) between VDlow and VDnl. To further investi-
gate whether the general trend of vitamin D and NK cytotoxicity of the
study groups is continuously present in the smaller groups, NK cytotox-
icity of vitamin D normal, insufficient and deficient patients was analyzed
(Table III). The vitamin D deficient group had significantly increased NK
cell cytotoxicity at embryo transfer ratios of 50:1 (22.2+ 2.8 versus
19.1+3.1, P , 0.05), 25:1 (14.3+ 2.4 versus 11.5+1.5, P , 0.05)
and 12.5:1 (11.2+2.2 versus 8.7+ 2.5, P , 0.05) when compared
with VDnl group. Vitamin D insufficiency group had significantly
increased NK cytotoxicity at E:T ratio of 1:25 only (13.8+2.6 versus
11.5+1.5, P , 0.05) when compared with VDnl group.

There was no significant difference in TNF-a/IL-10 (VDlow versus
VDnl; 35.2+10.6 versus 36.8+ 4.7) or INF-g/IL-10 (17.2+6.9

versus 14.6+ 8.4) expressing CD3+/CD4+ cell ratios between two
groups (Fig. 1C).

NK cytotoxicity with immunoglobulin
G in vitro
The reductions (%) of NK cytotoxicity at E:T ratio of 50:1 (9.5+2.5) and
25:1 (9.8+1.2) by IgG treatment (12.5 mg/dl) were significantly
greater in the VDnl group than those in the VDlow group (5.8+1.1,

Figure 1 Peripheral blood immunophenotype, Natural killer (NK) cell cytotoxicity and T helper (Th) 1/Th2 cell ratios of women with recurrent preg-
nancy loss comparing groups with low vitamin D (VDlow) (n ¼ 63) and normal vitamin D (VDnl) (n ¼ 70): (A) Proportions (%) of CD3+ T, CD19+ B,
CD32/56+ NK and CD19+/5+ B-1 cells in peripheral blood are plotted. VDlow have significantly higher CD56+ NK cell (P , 0.05) and CD19+ B
(P , 0.05) cell levels when compared with VDnl; (B) NK cytotoxicity at effector-to-target cell ratios (E:T) of 50:1, 25:1 and 12.5:1 is plotted. NK cytotox-
icity at E:T of 25:1 of VDlow was significantly higher than VDnl (P , 0.05); (C) TNF-a/IL-10 and IFN-g/IL-10 expressing CD3+/CD4+ T cell ratios are not
different between VDnl and VDlow. Values are mean+ SD (standard deviation). *P , 0.05.

........................................................................................

Table III The comparisons of NK cytotoxicity in women
with recurrent pregnancy losses and vitamin D normal,
insufficiency and deficiency levels.

NK
cytotoxicity

Vitamin D
Normal
(>30 ng/ml)
n 5 70

Vitamin D
Insufficiency
(30–20 ng/ml)
n 5 41

Vitamin D
Deficiency
(<20 ng/ml)
n 5 22

E:Ta ratio 50:1 19.1+3.1 19.9+3.1 22.2+2.8b

E:T ratio 25:1 11.5+1.5 13.8+2.6b 14.3+2.4b

E:T ratio 12.5:1 8.7+2.5 10.1+4.4 11.2+2.2b

Data are expressed as mean and SD of %target cells dead minus background.
aEffector to Target cell ratio.
bP , 0.05 when compared with vitamin D normal group.
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P , 0.05; 7.5+0.8, P , 0.01, respectively) (Fig. 2). When 6.25 mg/dl
of IgG was added, the reductions (%) of NK cytotoxicity at E:T ratio of
50:1 (6.3+ 1.9) and 25:1 (7.5+ 1.1) were significantly greater in the
VDnl group when compared with those in the VDlow group (4.9+
1.1, P , 0.05; 6.4+ 0.6, P , 0.05, respectively).

In vitro effect of vitamin D on NK cytotoxicity
and Th1/Th2 cytokine expression
PBMC containing NK effector cells and K562 targets were incubated for
2 h with vitamin D at two final concentrations, 10 or 100 nM, and con-
trols before testing for NK cytotoxicity in vitro (n ¼ 18 each). The NK
cytotoxicity at E:T ratio of 50:1 was significantly suppressed with
vitamin D at both 10 nM (11.9+ 3.3%, P , 0.01) and 100 nM
(10.9+3.7%, P , 0.01) when compared with controls (15.3+0.7%).
Again, vitamin D suppressed NK cytotoxicity in a dose-dependent
manner (vitamin D 10 nM versus 100 nM, P , 0.05) (Fig. 3A). NK cyto-
toxicity at E:T ratio of 25:1 was also suppressed significantly by 10 nM
vitamin D (10.1+ 3.9%, P , 0.01) and 100 nM of vitamin D (8.6+
4.4%, P , 0.01) when compared with controls (12.1+ 4.8%) in a dose-
dependent manner (vitamin D 10 nM versus 100 nM, P , 0.05) (Fig. 3B).

When 100 nM vitamin D was added to T cell cultures for 16 h, there
was a significant reduction in TNF-a/IL-10 expressing CD3+/CD4+ cell
ratios (31.3+ 9.4) when compared with controls (40.4+ 11.3, P ,

0.05). On the other hand, no statistically significant difference was

Figure 2 Reductions (%) of Natural killer (NK) cell cytotoxicity by im-
munoglobulin G (12.5 mg/dl and 6.25 mg/dl) were significantly lower in
low vitamin D (VDlow) when compared with those of normal vitamin D
(VDnl) at E:T ratio of 50:1 (P , 0.05 each) and 25:1 (P , 0.01 and
P , 0.05 each). Reduction of NK cytotoxicity was calculated as
follows: [NK cytotoxicity 2 NK cytotoxicity with IgG]/NK cytotox-
icity. In the box-and-whisker plots the boxes represent the quartiles, a
bar in the box represents the median and whiskers represents the
minimum and maximum of the data. *P , 0.05; **P , 0.01.

Figure 3 The effect of 10 and 100 nM vitamin D on Natural killer (NK) cell cytotoxicity in vitro (n ¼ 18 each): (A) NK cytotoxicity at E:T ratio of 50:1 was
significantly suppressed by vitamin D3 10 nM (11.9+3.3%) and 100 nM (10.9+3.7%) when compared with controls (15.3+ 4.7%) (P , 0.01 each). In
addition therewasa significant difference between NK cytotoxicity with vitamin D3 10 nM or 100 nM (P , 0.05); (B) NK cytotoxicity atE:Tratio of 25:1 was
significantly suppressed by 10 nM (10.1+3.9%) and 100 nM (8.6+4.4%) (P , 0.01 each) of vitamin D3 when compared with controls (12.1+4.8%). In
addition there was a significant difference between NK cytotoxicity with vitamin D3 10 nM and that with vitamin D3 100 nM (P , 0.05); (C) TNF-a/IL-10
expressing CD3+/4+ cell ratios were significantly decreased with 100 nM of vitamin D3 (31.3+9.4, P , 0.05) when compared with controls
(40.4+11.3) but not changed with 10 nM of vitamin D3 (37.2+ 12.2, P ¼ NS); (D) INF-g/IL-10 expressing CD3+/4+ cell ratio was significantly
decreased with 100 nM of vitamin D3 (12.1+4.0, P , 0.05) when compared with controls (14.8+ 4.6) but not changed with 10 nM of vitamin D3

(12.9+4.4, P ¼ NS). In the box-and-whisker plots the boxes represent the quartiles, a bar in the box represents the median and whiskers represents
the minimum and maximum of the data. *P , 0.05; **P , 0.01.
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found when T cells were treated with 10 nM vitamin D (37.2+ 12.2)
when compared with controls (Fig. 3C). When vitamin D 100 nM was
added, the INF-g/IL-10 expressing CD3+/CD4+ cell ratio (12.1+
4.0, P , 0.05) was also significantly reduced when compared with con-
trols (14.8+ 4.6) (Fig. 3D). However, there was no significant difference
with 10 nM vitamin D (12.9+4.4) when compared with controls.

In vitro vitamin D effect on perforin granules
polarization in NK cells
Confocal images of NK cell cytotoxicity against K562 cells revealed that
NK cells conjugated with K562 cells in media exhibit polarized expression
of perforin in the cytoplasm of NK cells towards the direction of target
K562 cells (Fig. 4). NK cells conjugated with K562 cells in 10 nM or
100 nM vitamin D3 demonstrate depolarized perforin expression in
the cytoplasm. Depolarization and restricted perforin expression was
more exaggerated with vitamin D3 100 nM than vitamin D3 10 nM.
These findings suggest that vitamin D inhibits perforin release and dis-
turbs the polarization usually found before killing occurs.

Cytokines and growth factor profiles derived
from NK cells treated with vitamin D
The concentrations of IFN-g (vitamin D3 10 nM, P , 0.05; 100 nM, P ,

0.01) and TNF-a (vitamin D3 10 nM, P , 0.05; 100 nM, P , 0.01) in the
NK cell culture supernatant incubated with vitamin D3 were significantly
decreased in a dose-dependent manner when compared with those of
controls (n ¼ 18 each) (Figs. 3B and 5A). In contrast, the concentrations
of IL-10, VEGF, G-CSF (Vitamin D3 10 nM, P , 0.05; 100 nM, P , 0.01,
respectively) and IL-1b (vitamin D3 10 nM, P , 0.01; 100 nM, P , 0.01)
were significantly increased when compared with controls in a dose-
dependent manner (Fig. 5C–F). IL-2, IL-4, IL-6, IL-8 and GM-CSF
were not detected in supernatant (below the sensitivity level of the
assay).

Discussion
It is well known that vitamin D deficiency is prevalent among pregnant
women (Dent and Gupta, 1975). Vitamin D deficiency in pregnant
women is associated with increased risk of obstetrical complications
such as pre-eclampsia (Bodnar et al., 2007), bacterial vaginosis asso-
ciated preterm delivery (Bodnar et al., 2009), gestational diabetes melli-
tus (Maghbooli et al., 2008) and small-for-gestational age births (Bodnar
and Simhan, 2010). We report a high proportion of women with RPL
have vitamin D deficiency, which is associated with increased cellular
and autoimmunity. Women with RPL have increased prevalence of
various autoantibodies, such as APA, ANA and TPO antibody
(Roussev et al., 1996). In this study, a low vitamin D level was associated
with increased odds of positive APA (OR 2.22), anti-nuclear antigen anti-
body (OR 2.81), anti-ssDNA (OR 3.76) and TPO antibody (OR 2.68) in
women with RPL. It has been reported that patients with antiphospho-
lipid antibody syndrome have increased prevalence of vitamin D defi-
ciency ( , 30 ng/ml) when compared with healthy controls (Orbach
et al., 2007; Agmon-Levin et al., 2011), which is in agreement with the
results of this study.

Hashimoto’s disease is the most common autoimmune thyroid
disease in women with RPL. We demonstrated that the prevalence of
TPO antibody in VDlow was significantly higher than that of VDnl. This
was consistent with previous study of Tamer et al. (2011). Vitamin D
levels have been reported to be inversely correlated with TPO antibody
titer (Bozkurt et al., 2012; Camurdan et al., 2012). In animal models,
vitamin D was shown to prevent autoimmune thyroiditis by inhibiting
lymphocyte proliferation and secretion of inflammatory cytokines (Li
et al., 2007). Therefore, we speculate that vitamin D deficiency might
be associated with the pathogenesis of Hashimoto’s disease. Although
prevalence of antibodies to nuclear antigens and anti-ssDNA antibody
were significantly higher in VDlow when compared with VDnl, there
was no difference in the prevalence of ANA between VDlow and
VDnl group.

Low vitamin D appears to be important for autoimmune disease sus-
ceptibility and severity (Arnson et al., 2007) and vitamin D deficiency was
associated with an increased presence of autoantibodies via B cell hyper-
activation and autoantibody production (Ritterhouse et al., 2011). In our
study, peripheral blood CD19+ B cell levels were significantly higher in
RPL women with VDlow than those with VDnl. Elevated 19+ B cell
levels in VDlow may reflect autoimmune activation since vitamin D
plays a regulatory role in autoantibody production by inhibiting the

Figure 4 Confocal images of Natural killer (NK) cell cytotoxicity
against K562 cells. NK and K562 cells were cultured with control
media containing EtOH (Control), 10 or 100 nM vitamin D. NK cells
were fixed, permeabilized and stained with anti-perforin mAbs. The
first row shows nuclear staining with DAPI. The second row demon-
strates confocal images of perforin with FITC staining. The third row is
overlay of DAPI and FITC staining. The last row shows a differential
interference contrast-overlay (DIC-O) of all images. NK cells attached
with K562 cells in control solution have polarized perforin expression
in the cytoplasm of NK cells and to the direction of K562 cells. NK
cells attached with K562 cells in vitamin D3 10 and 100 nM demonstrate
depolarized perforin expression mainly in the nucleus of NK cells.
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ongoing proliferation of activated B cells and inducing their apoptosis
(Chen et al., 2007a,b). From these findings, it can be inferred that
vitamin D plays a role in regulating B cell proliferation and function
during successful pregnancy.

Several studies have reported a link between RPL and altered cytotox-
icity and level of peripheral NK cells (Kwak-Kim et al., 2005). Preconcep-
tion evaluation of NK cell activity in women with RPL has been reported
to predict pregnancy outcome of the subsequent pregnancy (Aoki et al.,
1995; Kwak et al., 1995). Furthermore, elevated peripheral NK cells in
pregnant women predict spontaneous abortions with normal karyotype
in index pregnancy (Yamada et al., 2001; Kwak-Kim et al., 2010).
Recently, increasing evidence supports a novel immune-regulatory role
of vitamin D (Erkkola et al., 2009; Sandhu and Casale, 2010).
However, whether vitamin D has any regulatory role on NK cell has
not been investigated well. In this study, we demonstrated that the pro-
portion of NK cells in RPL women with VDlow was significantly higher

than that of RPL women with VDnl. Additionally, NK cytotoxicity at
E:T ratio of 25:1 was significantly higher in VDlow when compared
with that of VDnl.

It is possible that vitamin D levels are simply associated with general
Th1-biased autoimmune conditions and the low vitamin D levels are
not the major cause of elevated NK cytotoxicity, since immune mediated
RPL is associated with Th1 autoimmune condition. To elucidate this pos-
sibility, we further analyzed NK cytotoxicities (in vivo) in three subgroups,
vitamin D normal, insufficiency and deficiency. Women with vitamin D
deficiency (,20 ng/ml) had significantly increased NK cytotoxicity at
all E:T ratios when compared with those of VDnl and step-wise increases
in NK cytotoxicities were present among women with VDnl, vitamin D
insufficiency and deficiency. Therefore, vitamin D and NK cytotoxicity
seem to have a direct inverse relationship. Some might argue that the in-
crease in NK cytotoxicity observed in VDlow group might be actually an
indirect effect of increased systematic Th1 immunity, not of vitamin D’s

Figure 5 Concentrations of pro-, anti-inflammatory cytokines, and growth factor in culture supernatants from freshly isolated Natural killer (NK) cells
treated with vitamin D (10 nM and 100 nM) or control solution for 48 h (n ¼ 18, each). (A) IFN-g; (B) TNF-a; (C) IL-10; (D) IL-1b; (E) VEGF and (F)
G-CSF. In the box-and-whisker plots the boxes represent the quartiles, a bar in the box represents the median and whiskers represents the minimum
and maximum of the data. *P , 0.05; **P , 0.01.
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direct effect on perforin action in NK cells. With the confocal microscope
study, we found that vitamin D suppresses perforin secretion from the
cytoplasm and consequently affects the killing of the target cell. Hence,
vitamin D may be involved in regulation of both NK cell population
and cytotoxicity. As increased NK cell proportion and/or cytotoxicity
are known to be risk factors for reproductive failures, low vitamin D
level may have further implication in reproductive failure. IgG has been
reported to suppress NK cytotoxicity in vivo and in vitro (Kwak et al.,
1996; Ruiz et al., 1996). Additionally, we demonstrated that NK cell re-
sponse to IgG in VDnl was significantly greater than that of VDlow. NK
cells in decreased vitamin D micro milieu might have decreased response
to IgG possibly via either altered perforin degranulation process or signal
transduction pathways. This finding may explain the differences in
success rate of intravenous immunoglobulin G treatment in women
with RPL (Carp, 2007).

When vitamin D was added to in vitro assays, NK cytotoxicity was sig-
nificantly reduced in a dose-dependent manner in this study. We also
found that vitamin D suppressed secretion of type I cytokines such as
IFN-g and TNF-a, by NK cells and increased type II cytokine such as
IL-10. Hence, vitamin D induces a NK type 2 (NK2) shift. NK1 shift
over NK2 has been reported in preeclamptic women when compared
with normal pregnancy and non-pregnant healthy women (Borzy-
chowski et al., 2005). In addition, women with RPL also had NK1 shift
when compared with normal controls (Fukui et al., 2008). Consequently,
low vitamin D level may contribute to the NK1 shift in RPL women. In this
study, we used vitamin D3 as an in vitro treatment and not 25(OH)D or
1,25(OH)2D. Thus, we demonstrated that PBMCs have the ability to ac-
tivate vitamin D through its entire metabolic pathway, utilizing both a
vitamin D-25-hydroxylase and the 25-hydroxyvitamin D-1a-hydroxylase
that function in an autocrine fashion to affect the desired target cell.
Vitamin D has been reported to inhibit proliferation of Th1 cells and
limit their cytokine production, such as IFN-g, IL-2 and TNF-a. Converse-
ly, vitamin D induces T helper 2 (Th2) cytokines, such as IL-4, IL-5, IL-6,
IL-9, IL-10 and IL-13 from T cells (Adams and Hewison, 2008). From
our study and others, vitamin D induces a type 1 shift in both NK and T
cells. Taken together, an adequate level of vitamin D or supplementation
may be important to maintain proper innate and acquired immunity for
successful pregnancy.

In this study, we demonstrated that vitamin D induced VEGF and G-CSF
production in peripheral NK cells. Lower expression of VEGF has been
reported in women with pre-eclampsia or intrauterine growth restriction
(Dunk and Ahmed, 2001; Kalkunte et al., 2009). Molvarec et al. (2010)
reported that the percentage of VEGF-producing peripheral blood NK
cells was significantly lower in women with pre-eclampsia compared
with that of healthy pregnant women. Consequently, dysregulation of
VEGF production by NK cells at the feto–maternal interface may cause
poor angiogenesis and pregnancy complications such as RPL or pre-
eclampsia. G-CSF is produced by human decidual stromal cells and
endometrial glandular cells, and its receptor, c-fms, is present on the
trophoblast cells. It plays a role in autocrine and paracrine manners in
the decidua and placenta, and in a human trial, pregnancy loss rate was sig-
nificantly reduced by G-CSF (Scarpellini and Sbracia, 2009). Therefore,
vitamin D can be a potential therapeutic option to regulate angiogenesis
and prevent recurrent pregnancy losses.

It has been reported that dominant pro-inflammatory Th1 immune
response is associated with RPL or multiple implantation failures

(Raghupathy et al., 2000; Kwak-Kim et al., 2003). Vitamin D has been
reported to block the induction of Th1 cytokines in T cells, while promot-
ing Th2 responses (van Etten and Mathieu, 2005). In this study, the Th1/
Th2 cytokine-expressing CD3+/CD4+ Th cell ratio was not significantly
different between RPL women with VDlow and VDnl. However, in this
study we demonstrate that vitamin D has a dose-dependent effect on an
induction of a polarized Th2 shift in vitro. This result is consistent with pre-
vious studies which demonstrate that vitamin D skews the T cell com-
partment from a Th1 towards a Th2 type (Smolders et al., 2008;
Correale et al., 2009). It is possible that the mean difference in vitamin
D levels between VDlow and VDnl in this study (�20 ng/ml or
50 nM) may not be sufficient to shift the Th1/Th2 ratio in vivo, since an
in vitro effect of vitamin D on Th1/Th2 shift was only demonstrated at
100 nM of vitamin D3 concentration. Most of the differences in immuno-
logical biomarkers between VDnl and VDlow in this study are relatively
small and may not be clinically relevant in terms of vitamin D levels.
Indeed, vitamin D effect on Th1 to Th2 shift was induced when relatively
higher level of vitamin D3 was added. A prospective study evaluating sub-
sequent pregnancy outcome in the normal and low vitamin D groups is
needed to clarify the clinical relevance of low vitamin D levels in
women with RPL.

In summary, a high proportion of women with RPL have vitamin D de-
ficiency and the vitamin D deficiency has immunological implications in
RPL. Vitamin D is associated with B and NK cell immunity and Th1/
Th2 balance, and women with low vitamin D have a tendency to
develop APA and other autoantibodies, which are related to auto-
immune disease and poor reproductive outcome. Therefore, assess-
ment of vitamin D seems to be a high yield practice in women with
RPL and autoimmune or cellular immune abnormalities. Conversely,
women with low vitamin D level have significantly increased odds for
autoimmune abnormalities, which is a risk factor for reproductive
failure. NK cell cytotoxicity and Th1 polarization were significantly
reduced in vitro by vitamin D, and vitamin D reduced perforin secretion
and polarization in NK cells. In addition, vitamin D suppressed type 1
cytokine production and increased type 2 and growth factors from NK
cells. Therefore, these results raise the possibility that vitamin D could
be available as a new therapeutic option for reproductive failure.
Further study is needed to elucidate immune-regulatory role of vitamin
D, and whether supplemental vitamin D administration can prevent
the onset of pregnancy loss.
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Authors’ roles
J.K.-K. initiated and designed the study, and is responsible for the facility in
which the study is conducted. K.O. wrote the first draft of the manuscript
and was responsible for the analysis and interpretation of the data. A.H.
and S.D. assisted for the analysis and interpretation of the data. J.K.-K.,
A.G.-S. and K.B. helped in acquisition analysis and interpretation of
data. All authors have read the manuscript, critically revised it for import-
ant intellectual content, agreed that the work is ready for submission and
eventually accepted the responsibility for the manuscript’s content.

Vitamin D, immunity and recurrent pregnancy loss 217
D

ow
nloaded from

 https://academ
ic.oup.com

/hum
rep/article/29/2/208/625581 by guest on 25 April 2024

http://humrep.oxfordjournals.org/lookup/suppl/doi:10.1093/humrep/det424/-/DC1
http://humrep.oxfordjournals.org/lookup/suppl/doi:10.1093/humrep/det424/-/DC1


Funding
This work was supported by the intramural funding from Department of
Microbiology and Immunology, Chicago Medical School at Rosalind
Franklin University of Medicine and Science.

Conflict of interest
None declared.

References
Adams JS, Hewison M. Unexpected actions of vitamin D: new perspectives

on the regulation of innate and adaptive immunity. Nat Clin Pract
Endocrinol Metab 2008;4:80–90.

Agmon-Levin N, Blank M, Zandman-Goddard G, Orbach H, Meroni PL,
Tincani A, Doria A, Cervera R, Miesbach W, Stojanovich L et al. Vitamin
D: an instrumental factor in the anti-phospholipid syndrome by
inhibition of tissue factor expression. Ann Rheum Dis 2011;70:145–150.

Aoki K, Kajiura S, Matsumoto Y, Ogasawara M, Okada S, Yagami Y,
Gleicher N. Preconceptional natural-killer-cell activity as a predictor of
miscarriage. Lancet 1995;345:1340–1342.

Arnson Y, Amital H, Shoenfeld Y. Vitamin D and autoimmunity: new
aetiological and therapeutic considerations. Ann Rheum Dis 2007;
66:1137–1142.

Barrera D, Avila E, Hernandez G, Halhali A, Biruete B, Larrea F, Diaz L.
Estradiol and progesterone synthesis in human placenta is stimulated by
calcitriol. J Steroid Biochem Mol Biol 2007;103:529–532.

Barrera D, Avila E, Hernandez G, Mendez I, Gonzalez L, Halhali A, Larrea F,
Morales A, Diaz L. Calcitriol affects hCG gene transcription in cultured
human syncytiotrophoblasts. Reprod Biol Endocrinol 2008;6:3.

Bikle D. Nonclassic actions of vitamin D. J Clin Endocrinol Metab 2009;
94:26–34.

Bodnar LM, Simhan HN. Vitamin D may be a link to black-white disparities in
adverse birth outcomes. Obstet Gynecol Surv 2010;65:273–284.

Bodnar LM, Catov JM, Simhan HN, Holick MF, Powers RW, Roberts JM.
Maternal vitamin D deficiency increases the risk of preeclampsia. J Clin
Endocrinol Metab 2007;92:3517–3522.

Bodnar LM, Krohn MA, Simhan HN. Maternal vitamin D deficiency is
associated with bacterial vaginosis in the first trimester of pregnancy.
J Nutr 2009;139:1157–1161.

Borzychowski AM, Croy BA, Chan WL, Redman CW, Sargent IL. Changes in
systemic type 1 and type 2 immunity in normal pregnancy and
pre-eclampsia may be mediated by natural killer cells. Eur J Immunol
2005;35:3054–3063.

Bozkurt NC, Karbek B, Cakal E, Firat H, Ozbek M, Delibasi T. The association
between severity of obstructive sleep apnea and prevalence of
Hashimoto’s thyroiditis. Endocr J 2012;59:981–988.

CamurdanOM, DogerE,Bideci A, CelikN, Cinaz P.VitaminD status inchildren
with Hashimoto thyroiditis. J Pediatr Endocrinol Metab 2012;25:467–470.

Cantorna MT. Vitamin D and autoimmunity: is vitamin D status an
environmental factor affecting autoimmune disease prevalence? Proc Soc
Exp Biol Med 2000;223:230–233.

Cantorna MT, Hayes CE, DeLuca HF. 1,25-Dihydroxycholecalciferol inhibits
the progression of arthritis in murine models of human arthritis. J Nutr
1998;128:68–72.

Carp HJ. Intravenous immunoglobulin: effect on infertility and recurrent
pregnancy loss. Isr Med Assoc J 2007;9:877–880.

Chen S, Sims GP, Chen XX, Gu YY, Lipsky PE. Modulatory effects of
1,25-dihydroxyvitamin D3 on human B cell differentiation. J Immunol
2007a;179:1634–1647.

Chen TC, Chimeh F, Lu Z, Mathieu J, Person KS, Zhang A, Kohn N,
Martinello S, Berkowitz R, Holick MF. Factors that influence the
cutaneous synthesis and dietary sources of vitamin D. Arch Biochem
Biophys 2007b;460:213–217.

Christakos S, Dhawan P, Benn B, Porta A, Hediger M, Oh GT, Jeung EB,
Zhong Y, Ajibade D, Dhawan K et al. Vitamin D: molecular mechanism
of action. Ann N Y Acad Sci 2007;1116:340–348.

Correale J, Ysrraelit MC, Gaitan MI. Immunomodulatory effects of Vitamin D
in multiple sclerosis. Brain 2009;132:1146–1160.

Dawson-Hughes B, Heaney RP, Holick MF, Lips P, Meunier PJ, Vieth R.
Estimates of optimal vitamin D status. Osteoporos Int 2005;16:713–716.

Dent CE, Gupta MM. Plasma 25-hydroxyvitamin-D-levels during pregnancy
in Caucasians and in vegetarian and non-vegetarian Asians. Lancet 1975;
2:1057–1060.

Diaz L, Noyola-Martinez N, Barrera D, Hernandez G, Avila E, Halhali A,
Larrea F. Calcitriol inhibits TNF-alpha-induced inflammatory cytokines in
human trophoblasts. J Reprod Immunol 2009;81:17–24.

Du H, Daftary GS, Lalwani SI, Taylor HS. Direct regulation of HOXA10 by
1,25-(OH)2D3 in human myelomonocytic cells and human endometrial
stromal cells. Mol Endocrinol 2005;19:2222–2233.

Dunk C, Ahmed A. Vascular endothelial growth factor receptor-2-mediated
mitogenesis is negatively regulated by vascular endothelial growth factor
receptor-1 in tumor epithelial cells. Am J Pathol 2001;158:265–273.

Erkkola M, Kaila M, Nwaru BI, Kronberg-Kippila C, Ahonen S, Nevalainen J,
Veijola R, Pekkanen J, Ilonen J, Simell O et al. Maternal vitamin D intake
during pregnancy is inversely associated with asthma and allergic rhinitis
in 5-year-old children. Clin Exp Allergy 2009;39:875–882.

Ferlin A, Perilli L, Gianesello L, Taglialavoro G, Foresta C. Profiling insulin like
factor 3 (INSL3) signaling in human osteoblasts. PLoS One 2011;6:e29733.

Fukui A, Kwak-Kim J, Ntrivalas E, Gilman-Sachs A, Lee SK, Beaman K.
Intracellular cytokine expression of peripheral blood natural killer cell
subsets in women with recurrent spontaneous abortions and
implantation failures. Fertil Steril 2008;89:157–165.

Gilman-Sachs A, Lubinski J, Beer AE, Brend S, Beaman KD. Patterns of
anti-phospholipid antibody specificities. J Clin Lab Immunol 1991;35:83–88.

Gilman-Sachs A, DuChateau BK, Aslakson CJ, Wohlgemuth GP, Kwak JY,
Beer AE, Beaman KD. Natural killer (NK) cell subsets and NK cell
cytotoxicity in women with histories of recurrent spontaneous
abortions. Am J Reprod Immunol 1999;41:99–105.

Halhali A, AckerGM, Garabedian M. 1,25-Dihydroxyvitamin D3 induces in vivo
the decidualization of rat endometrial cells. J Reprod Fertil 1991;91:59–64.

Halloran BP, Portale AA, Lonergan ET, Morris RC Jr. Production and
metabolic clearance of 1,25-dihydroxyvitamin D in men: effect of
advancing age. J Clin Endocrinol Metab 1990;70:318–323.

He Q, Ananaba GA, Patrickson J, Pitts S, Yi Y, Yan F, Eko FO, Lyn D,
Black CM, Igietseme JU et al. Chlamydial infection in vitamin D receptor
knockout mice is more intense and prolonged than in wild-type mice.
J Steroid Biochem Mol Biol 2013;135:7–14.

Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA,
Heaney RP, Murad MH, Weaver CM. Evaluation, treatment, and
prevention of vitamin D deficiency: an Endocrine Society clinical practice
guideline. J Clin Endocrinol Metab 2011;96:1911–1930.

Huisman AM, White KP, Algra A, Harth M, Vieth R, Jacobs JW, Bijlsma JW,
Bell DA. Vitamin D levels in women with systemic lupus erythematosus
and fibromyalgia. J Rheumatol 2001;28:2535–2539.

Kalkunte S, Lai Z, Norris WE, Pietras LA, Tewari N, Boij R, Neubeck S,
Markert UR, Sharma S. Novel approaches for mechanistic understanding
and predicting preeclampsia. J Reprod Immunol 2009;83:134–138.

Kamen DL, Cooper GS, Bouali H, Shaftman SR, Hollis BW, Gilkeson GS.
Vitamin D deficiency in systemic lupus erythematosus. Autoimmun Rev
2006;5:114–117.

Kwak JY, Beaman KD, Gilman-Sachs A, Ruiz JE, Schewitz D, Beer AE.
Up-regulated expression of CD56+, CD56+/CD16+, and CD19+

218 Ota et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article/29/2/208/625581 by guest on 25 April 2024



cells in peripheral blood lymphocytes in pregnant women with recurrent
pregnancy losses. Am J Reprod Immunol 1995;34:93–99.

Kwak JY, Kwak FM, Ainbinder SW, Ruiz AM, Beer AE. Elevated peripheral
blood natural killer cells are effectively downregulated by immunoglobulin
G infusion in women with recurrent spontaneous abortions. Am J Reprod
Immunol 1996;35:363–369.

Kwak-Kim JY, Chung-Bang HS, Ng SC, Ntrivalas EI, Mangubat CP,
Beaman KD, Beer AE, Gilman-Sachs A. Increased T helper 1 cytokine
responses by circulating T cells are present in women with recurrent
pregnancy losses and in infertile women with multiple implantation
failures after IVF. Hum Reprod 2003;18:767–773.

Kwak-Kim JY, Gilman-Sachs A, Kim CE. T helper 1 and 2 immune responses
in relationship to pregnancy, nonpregnancy, recurrent spontaneous
abortions and infertility of repeated implantation failures. Chem Immunol
Allergy 2005;88:64–79.

Kwak-Kim J, Park JC, Ahn HK, Kim JW, Gilman-Sachs A. Immunological
modes of pregnancy loss. Am J Reprod Immunol 2010;63:611–623.

Lemire JM, Adams JS, Sakai R, Jordan SC. 1 alpha,25-dihydroxyvitamin D3
suppresses proliferation and immunoglobulin production by normal
human peripheral blood mononuclear cells. J Clin Invest 1984;74:
657–661.

Lemire JM, Archer DC, Khulkarni A, Ince A, Uskokovic MR, Stepkowski S.
Prolongation of the survival of murine cardiac allografts by the vitamin
D3 analogue 1,25-dihydroxy-delta 16-cholecalciferol. Transplantation
1992;54:762–763.

Li QP, Qi X, Pramanik R, Pohl NM, Loesch M, Chen G. Stress-induced
c-Jun-dependent Vitamin D receptor (VDR) activation dissects the
non-classical VDR pathway from the classical VDR activity. J Biol Chem
2007;282:1544–1551.

Maghbooli Z, Hossein-Nezhad A, Karimi F, Shafaei AR, Larijani B. Correlation
between vitamin D3 deficiency and insulin resistance in pregnancy.
Diabetes Metab Res Rev 2008;24:27–32.

Mizwicki MT, Norman AW. The vitamin D sterol-vitamin D receptor
ensemble model offers unique insights into both genomic and
rapid-response signaling. Sci Signal 2009;2:re4.

Molvarec A, Ito M, Shima T, Yoneda S, Toldi G, Stenczer B, Vásárhelyi B,
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