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Background: Vitamin D insufficiency is associated with an increased risk of
preeclampsia. However, the role of T helper cell type 1 (Th1)/Th2 and Thil7/
regulatory T cell (Treg) balance in this association is unclear.

Methods: We conducted a case—control study to explore the mediating
effects of immune balance on the relationship between the plasma vitamin
D concentration and preeclampsia. This study included 373 pregnant women
recruited between March 2016 and February 2019 (192 cases and 181 controls).
The cytokines as well as various T cell subsets were analyzed using ELISA and
flow cytometry, respectively. Spearman’s correlation was used to investigate
the association between vitamin D and cytokines as well as T cell subsets and
mediating analysis was performed to identify the modifying effects of immune
balance on this association.

Results: The Th1/Th2 and Th17/Treg ratios were negatively associated with the
plasma concentration of 25-hydroxyvitamin D, (25(OH)D,). Mediation analysis
found that the Th1/Th2 as well as Th17/Treg ratios mediated the effect of 25(0OH)
D, on the risk of preeclampsia, the mediating effects accounted for 59.59 and
40.45%, respectively.

Conclusion: Our results provided preliminary evidence for a potential mediating
role of the Th1/Th2 and Th17/Treg balance in the association between plasma
25(0OH)D, and preeclampsia. Keeping higher levels of vitamin D, especially
25(0OH)D, might help maintain the immune balance and decrease the risk of
preeclampsia.
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Introduction

Preeclampsia, defined as the presence of new-onset hypertension
and proteinuria or other end-organ damage occurring after 20 weeks
of gestation, is a leading complication of pregnancy. Approximately
4-5% pregnant women worldwide are affected by preeclampsia (1-3).
Preeclampsia is associated with elevated risks of eclampsia, liver
rupture and stroke, as well as cardiovascular disease later in life (4, 5).
Preeclampsia is also associated with fetal growth restriction and
preterm birth, which increases the risks of cerebral palsy and
bronchopulmonary dysplasia in offspring (6-8). Delivery and removal
of the placenta is the only definitive cure for preeclampsia (9).
Therefore, pregnancy is a critical window through which the future
health of both the mother and offspring can be elevated. Prevention
of preeclampsia is a highly important clinical goal (6, 10).

Immune imbalances, particularly between the Th1 and Th2 cell
subsets as well as the Th17 and Treg cell subsets, have been identified
as the main mechanism underlying preeclampsia (11, 12). In our
previous study, we identified an inverse association between vitamin
D and the risk of preeclampsia (13), consistent with findings from
other studies (14-16). Previous studies also found that immune
imbalance is independently associated with risk of preeclampsia (17),
while, it remains unclear whether vitamin D is related to the immune
status in preeclampsia and how vitamin D affects the preeclampsia by
regulating immune balance. Thus it is imperative to clarify the
mediating effects of immune imbalance between vitamin D and
preeclampsia in pregnant women.

To address this knowledge gap, this case—control study focused on
the epidemiological links between the plasma vitamin D concentration
and immune imbalance in pregnant women and examined the
potential mediating role of Th1/Th2 and Th17/Treg imbalance in the
association between vitamin D and preeclampsia.

Methods
Participants

This case—control study was conducted between March 2016 and
February 2019 at a large general hospital in central China. Pregnant
women aged >18 years with a singleton pregnancy and a gestational
age >28 weeks were included. Preeclampsia was diagnosed according
to Chinas Diagnosis and Treatment Guideline of Hypertensive
Disorders in Pregnancy (2015) (18). Details of the inclusion and
exclusion criteria are described elsewhere (19). This study included
373 participants (192 cases and 181 controls), and all participants
provided written informed consent. The study protocol was approved
by the Ethics Committee of Scientific Research and Clinical Trials at
the First Affiliated Hospital of Zhengzhou University (Approval No.
Scientific Research-2016-LW-34).

Cytokine measurement

Fasting peripheral blood (FPB) was collected from participants
into the sterile tubes containing EDTA on the day of delivery, which
were centrifuged (4 °C, 800 g, 10 min), the plasma was then collected
into tubes and stored at —80 °C. The concentrations of cytokines in
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plasma samples were measured using enzyme-linked immunosorbent
assays (ELISAs). As described previously, interferon (IFN)-y was
used to define a Thl response, while IL-4, IL-17A and IL-10 were
used to define Th2, Th17, and Treg responses, respectively (20-23).
The ELISAs were performed according to the instructions provided
by the kit manufacturer. Briefly, the samples and standards were
added to a microplate that was precoated with a specific mouse
monoclonal antibody and incubated at temperature for 2 h. Then,
wash and added to 100 pL diluted detection antibody solution to each
well, incubated at temperature for 1 h. Next, wash and added to
100 pL diluted Avidin-HRP solution to each well, incubated at
temperature for 30 min. Wash, and then 100 pL freshly mixed
substrate solution were added to each well and the plate was
incubated in the dark. Subsequently, 100 pL stop solution was added
to each well to stop the reaction. Finally, the absorbance at 450 nm
was read in each well using a spectrophotometer (Molecular Devices,
SpectraMax iD3, United States). All the ELISA kits were purchased
from BioLegend (San Diego, CA, United States). Cytokine
concentrations were detected in samples from 373 participants in
this study.

Flow cytometry

T cell subsets were analyzed by flow cytometry according to the
following procedure. First, FPB (the obtained time was on the day of
delivery) was collected from participants into the sterile tubes
containing EDTA, and then centrifuged (4 °C, 800 g, 10 min) to
remove the plasma. Next, sterile normal saline was added to
precipitate and mixed, which was added carefully to a sterile
centrifuge tube containing lymphocyte separation solution. The
mixture was subjected to density gradient centrifugation (4 °C, 800 g,
25 min). The peripheral blood mononuclear cells (PBMCs) were
collected and seeded into 24-well plates at a density of 2 x 10° PBMCs
per mL RPMI-1640 supplemented with 10% fetal bovine plasma
(Lonsera, United States) and 100 IU/mL penicillin/streptomycin. To
each well, 1 pL of 1 mg/mL phorbol myristate acetate (Sigma-
Aldrich), 50 ng/mL ionomycin (Sigma-Aldrich) and 5mg/mL
brefeldin A solution (BioLegend) were added, and the plate was
incubated for 4-6 h at 37 °C in 5% CO, and then harvested. The cells
were resuspended in phosphate-buffered saline containing 0.5%
bovine serum albumin and incubated with an Fc receptor blocking
regent for 15 min at 4 °C. The single-cell suspensions were then
incubated with fluorochrome-conjugated antibodies specific for CD3
(fluorochrome: PE-CY7), CD4 (APC-CY7), and CD25 (FITC) for
15min at 4 °C in the dark. Next, intracellular staining using
fluorochrome-conjugated antibodies specific for IL-17A (PE), IL-4
(FITC), and IFN-y (APC) and nucleoprotein staining to detect
FOXP3 (APC) were performed according to the manufacturer’s
instructions. Briefly, the cells were stained with antibodies against
intracellular cytokines after surface antibody staining, fixation, and
permeabilization. The Th1, Th2, Th17, and Treg subsets were defined
as CD3* CD4" IFN-y*, CD3* CD4" IL-4*, CD3* CD4" IL-17A" and
CD3* CD4" CD25* FOXP3* (24-27). All of the flow cytometry
antibodies were purchased from BioLegend (San Diego, CA,
United States). Flow cytometry was performed using FACS Canto II
flow cytometer (BD Biosciences, Franklin Lakes, NJ, United States).
A total of 65 samples (including 34 cases and 31 controls) were
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detected T cell subsets in this study. The distribution of 65 flow
cytometry samples between cases and controls showed in
Supplementary Table 1. Flow Jo software was used to analyze the data.

Variables

The information on demographic characteristics were collected
using our standardized interview questionnaires. Maternal age,
gestational week, parity (multiparous or primiparous), pre-pregnancy
BMI, education level (high school or below, university or above) and
monthly income (<4,000 RMB or >4,000 RMB) were included in the
adjusted model.

Statistical analysis

For normally distributed data, Student’s ¢ or Wilcoxon test were
used to compare continuous parameters between the cases and
controls, and chi-squared tests were conducted to compare differences
in qualitative variables between cases and controls. Spearman’s
correlation was used to analyze the correlations between vitamin D
concentrations and immune parameters.

The R package “mediation” (Version 4.5.0) was used to conduct a
mediation effect analysis of the potential modifying effect of immune
balance on the relationship between the vitamin D concentration and
the risk of preeclampsia (Y as outcome: preeclampsia or not, X as
exposure: 25(OH)D/25(0OH)D,/25(0OH)D;, M as mediator: immune
parameters). This analysis presented the direct effect of exposure on
preeclampsia as well as the indirect effect bypassing the mediator.
Other details of the mediation analysis were described previously (28).
A two-tailed p-value of <0.05 was regarded as significant. All statistical
analyses were performed using SPSS software, version 25.0 (SPSS Inc.,
Chicago, IL, United States).

Results

The characteristics of the participants are presented in Table 1.
There were no significant differences between the cases and controls
in terms of maternal age, gestational week, pre-pregnant BMI or
education. However, compared with controls, women with
preeclampsia had a higher SBP, DBP, greater weight gain during
pregnancy, a higher income level, and significantly lower serum
concentrations 25(OH)D,, 25(OH)D; and 25(OH)D. Additionally,
primiparous women were more likely to suffer from preeclampsia
than multiparous women.

The associations between vitamin D and preeclampsia had been
reported in our previous study. In brief, higher concentration of
25(OH)D was associated with a lower risk of preeclampsia, with
generally similar results observed for 25(OH)D, and 25(OH)D; (13).

The distributions of cytokines in the two groups are showed in
Figure 1. Women with preeclampsia had significantly higher
concentrations IFN-y (4.94 versus 3.72 pg/mL, p < 0.001), IL-17A
(3.31 versus 2.87 pg/mL, p = 0.016) and IL-4 (1.90 versus 1.74 pg/mL,
p = 0.018) than controls, whereas no significant difference in the IL-10
concentration was observed between the groups (5.12 versus 4.47 pg/
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TABLE 1 Characteristics of cases and controls.

Variables Cases Controls p
(n =192) (n = 181)
Maternal age (years) 31.25+5.48 31.78 + 4.61 0.310
Gestational week 33.83+2.97 3429 +2.27 0.092
(weeks)
Parity 0.006
Primiparous 78 (45.09) 54 (30.68)
Multiparous 95 (54.91) 122 (69.32)
SBP (mmHg) 156.77 + 18.26 11445 +11.17 <0.001
DBP (mmHg) 100.79 = 13.15 74.14+£9.23 <0.001
Pre-pregnancy BMI 23.51£3.96 22.96 +3.47 0.170
(kg/m?)
Weight gain (kg) 16.47 £7.08 1231 £5.21 <0.001
Monthly income 0.040
<4,000 RMB 103 (66.88) 93 (55.69)
>4,000 RMB 51 (33.12) 74 (44.31)
Education level 0.144
High school or below 104 (62.65) 96 (54.86)
University or above 62 (37.35) 79 (45.14)
GDM 0.502
No 161 (83.85) 147 (81.22)
Yes 31 (16.15) 34 (18.78)
25(0OH)D, (ng/mL) 0.79 (0.57, 1.05) 1.06 (0.82, 1.82) <0.001
25(0H)D; (ng/mL) 9.83 (6.04,15.90) | 12.50(8.70,19.30) = <0.001
25(0OH)D (ng/mL) 10.65 (7.25, 16.60) 14.00 (10.40, 20.70) <0.001

DBP, diastolic blood pressure; SBP, systolic blood pressure; BMI, body mass index; GDM,
gestational diabetes.

mL, p > 0.05). Furthermore, there were no statistically significant
differences in the ratio of IFN-y/IL-4 (3.57 versus 3.12, p > 0.05) and
IL-17A/IL-10 (0.85 versus 0.75, p > 0.05) between the groups.

Table 2 showed the correlations between vitamin D and cytokines,
while no significant associations were found. Supplementary Table 2
presented the correlations between cytokines and preeclampsia, and
IFN-y, IL-4 and IL-17A were significant correlated with preeclampsia.
Moreover, mediating analysis suggested that cytokines did not mediate
the relationship between vitamin D and preeclampsia. Detailed results
were presented in Supplementary Tables 3-5.

The T cell populations in the two groups were presented in
Figure 2. Women with preeclampsia had higher percentages of Th1l
(17.22% versus 10.21%, p = 0.006) and Th17 cells (3.15% versus 1.69%,
p=0.004), and lower percentages of Th2 (4.16% versus 6.54%,
p=0.008) and Treg cells (33.39% versus 51.05%, p = 0.001) than
controls. Additionally, the Th1/Th2 (3.83 versus 1.55, p < 0.001) and
Th17/Treg ratios (0.11 versus 0.04, p <0.001) were significantly
elevated in women with preeclampsia.

The correlations of the vitamin D concentration with T cell
subsets and the immune balance status are presented in Table 3. The
vitamin D concentration was associated with Thl cells, with
correlation coefficients of r=-0.399 (p=0.001), r=-0.282
(p=0.023), and r = —0.339 (p = 0.006) between Th1 and 25(OH)D,,
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FIGURE 1
Concentration of cytokines in plasma samples from pregnant women with preeclampsia (n = 192) and without preeclampsia (n = 181). The
concentration of interferon (IFN)-y (A), IL-4 (B), IL-17A (C), IL-10 (D) (pg/mL) were measured in both groups using ELISA, the ratio of IFN-y/IL-4 (E) and
IL-17A/IL-10 (F). *p < 0.05, **p < 0.01, ***p < 0.001, and "p > 0.05.

TABLE 2 Correlations between vitamin D forms and cytokines (n = 373).

Cytokines 25(OH)D, 25(OH)Ds 25(0OH)D

r p r p r p
IFN-y 0.060 | 0244 | —0025 0626 —0021 | 0.680
IL-4 —0.020 | 0704 0010 0848  —0.010 | 0.849
IL-17A —0012 | 0826 0016 0755  —0.005 0918
1L-10 —0015 | 0772 —0007 = 0891  —0017 | 0.740
IEN-y/IL-4 0017 | 0754 | —0030 0582  —0009 0.864
IL-17A/IL-10 0.004 | 0942 | —0008 0879 = —0022  0.684

25(OH)D; as well as 25(OH)D, respectively. In the correlation analysis
between vitamin D and immune balance of T cell subsets, only
25(0OH)D, was found to be associated with Th1/Th2 as well as Th17/
Treg, the correlation coeflicients for the associations 25(OH)D, with
the Th1/Th2 and Th17/Treg ratios were r = —0.321 (p = 0.009), and
r=—0.245 (p = 0.049), respectively. The correlations between T cell
subsets and preeclampsia were showed in Supplementary Table 6.
Figure 3 and Supplementary Tables 7-9 illustrated the model for
the mediating effects of T cell subsets, Th1/Th2 as well as Th17/Treg
ratios on the relationship between 25(OH)D,/25(OH)D,/25(OH)D
and preeclampsia. The Th1/Th2 partly mediated the relationship
between 25(OH)D, and preeclampsia, with the significant direct effect
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of 25(OH)D, on preeclampsia (fyiea: —0.084, 95% CI: —0.332, —0.010)
and significant indirect effect (fingirec: —0.124, 95%CI: —0.181, —0.050).
The Th1/Th2 weakened the correlation between 25(OH)D, and
preeclampsia, and the respective mediation effect proportion was
59.59%, indicating that lower 25(OH)D, could result in an imbalance
between Th1 and Th2 and further increased the risk of preeclampsia.
The similar mediation effects of Treg and Th17/Treg on 25(OH)D, and
preeclampsia were also found.

Discussion

This case—control study found that women with preeclampsia had
larger populations of Th1 and Th17 cells and lower levels of Th2 and
Treg cells than the controls. Furthermore, Th1/Th2 and Th17/Treg
ratios were negatively associated with the 25(OH)D, concentration.
The relationship between 25(OH)D, and preeclampsia was weakened
by the mediating effects of the Th1/Th2 and Th17/Treg ratio, a lower
level of 25(OH)D, may result in the imbalance between Th1/Th2 and
Th17/Treg, thus increasing the risk of preeclampsia.

We previously found that a lower vitamin D concentration was
associated with a higher risk of preeclampsia (OR: 0.26, 95% CI: 0.11,
0.60) (13). While, the mechanisms between vitamin D and
preeclampsia still further exploration. Immune balance, particularly
with respect to the Th1/Th2 and Th17/Treg balances, is considered an
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Distribution of T cell subsets in peripheral blood mononuclear cells from pregnant women with preeclampsia (n = 34) and without preeclampsia
(n = 31). The percentages of IFN-y* of CD4* T cells (A), IL-4* of CD4* T cells (B), IL-17A* of CD4* T cells (C), and CD25* FOXP3* of CD4* T cells
(D) were determined using flow cytometry, the ratio of Th1/Th2 (E) and Th17/Treg (F). **p < 0.01 and ***p < 0.001.
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TABLE 3 Correlations between vitamin D forms and T cell subsets
(n = 65).

T cell 25(OH)D, 25(0OH)D; 25(0OH)D
subsets

P r P r P
CD4 0.176 0.164 0.186 0.142 0.187 0.139
Thi —0.399 | 0.001 | —0282 0.023 —0.339  0.006
Th2 0.036 0777 | —0.195 | 0120 & —0.192  0.126
Th17 —0.097 = 0442 = —0.164 0245 = —0.09 | 0.449
Treg 0.237 0.057 0.073 0.565 0.105 0.464
Th1/Th2 —0.321  0.009 = —0.046 | 0718  —0.013 0916
Th17/Treg —0.245  0.049 | —0.162 | 0198  —0204 | 0.103

The bold values indicate that the correlation between vitamin D forms and T cell subsets is
statistically significant.

important immune mechanism underlying preeclampsia (12, 29).Ina
normal pregnancy, Th2 and Treg cells suppress the proliferation and
activity of Th1 and Th17 cells to promote maternal-fetal tolerance and
support a healthy pregnancy (30-33). However, in preeclampsia, the
populations of Th1 and Th17 cells increase significantly, which disrupt
maternal-fetal tolerance. These dominant of Th1 and Th17 cells further
suppress the populations and functions of Th2 and Treg cells,
exacerbating the immune imbalance of T cell subsets and contributing
to the development of preeclampsia (29). Vitamin D plays a crucial role
in modulating the immune system to promote a more tolerogenic
immune environment by promoting Treg function and modulating T
helper cell differentiation (17, 34, 35) and thus regulates the Th17/Treg
and Th1/Th2 balance in women with infertility and recurrent
pregnancy loss (36-38). While vitamin D deficiency can result in
dominance of Th1 and Th17, as well as inhibition of the development
and functions of Th2 and Treg cells, resulting in an imbalance between
Thl and Th2 as well as Th17 and Treg (39-41). Such imbalance
contributes to immune system dysfunction and can lead to conditions
such as hypertension, preeclampsia, and eclampsia. While, the
mediating effects of Th1/Th2 and Th17/Treg ratios on vitamin D and
preeclampsia were still unclear. In our study, we also observed that
Th17/Treg and Th1/Th2 imbalances in women with preeclampsia.
However, the concentration of cytokine in these two groups was not
entirely consistent with those in previous studies or our flow cytometry
results (40). This discrepancy may be attributable to various factors that
influence cytokine levels, such as the gestational age, diet, and other
environmental variables (40, 42).

Vitamin D exerts its biological effects by binding to vitamin D
receptors on immune cells to promote Treg differentiation, enhance
Th2 activity, and reduce Th17 and Th1l responses (43). It also has
been shown to suppress the secretion of pro-inflammatory cytokines,
such as TNF-a, IFN-v, IL-2, and IL-6, in experimental models (34,
44, 45). The results of the current study suggest that 25(OH)D, plays
a key role in regulating the balance between Th1/Th2 and Th17/Treg
balances and thereby influence the development of preeclampsia, as
far as we know, this is the first study to explore the mediating effect
of immune imbalance between 25(OH)D, and preeclampsia. This
effect may be due to the higher affinity of vitamin D receptors
expressed by immune cells for 25(OH)D, (46). This finding might
help explain our findings that Th1/Th2 and Th17/Treg balances
mediated the association between 25(OH)D,, but not 25(OH)D;,
and preeclampsia.
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Th1/Th2
PE=59.59%
25(0H)D, Preeclampsia
Lpe=-0.084(-0.332,-0.010)
C
Lacre=-0.081(-0.124,-0.020)
Th17/Treg
PE=40.45% \
25(OH)D, Preeclampsia
Pape=-0.119(-0.292,-0.010)
FIGURE 3

Model of the mediation effects of immune balance on the
correlation between 25(0OH)D, and preeclampsia. (A) The mediating
effect of Treg on the correlation between 25(0H)D, and
preeclampsia. (B) The mediating effect of Th1/Th2 balance on the
correlation between 25(0OH)D, and preeclampsia. (C) The mediating
effect of Th17/Treg balance on the correlation between 25(0OH)D,
and preeclampsia. Maternal age, gestational week, parity
(multiparous or primiparous), pre-pregnancy BMI, education level
(high school or below, university or above) and monthly income
(<4,000 RMB or >4,000 RMB).

Strengths and limitations

The major strength of this study is that it is the first study to assess
the mediating effect of Th1/Th2 as well as Th17/Treg imbalance on the
relationship between vitamin D and preeclampsia in pregnant women.
The results indicate that 25(OH)D, is negatively associated with the
Th1/Th2 and Th17/Treg immune balance, such that 25(OH)D,
deficiency increases the risk of preeclampsia by promoting Th1/Th2
and Th17/Treg immune imbalance. Second, we explored the mediating
effects of Th1/Th2 as well as Th17/Treg immune imbalance on
different forms of vitamin D and preeclampsia in this study. The
results offer insights regarding the use of different forms of vitamin D
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to regulate immune balance in pregnant women and providing clues
for regarding vitamin D, or vitamin D; supplementation to maintain
immune balance and prevent preeclampsia.

However, some limitations of this study warrant further
exploration. First, due to the case-control study design of our study,
our findings just provide a supportive evidence instead of a direct
causal evidence to support the mediating effect of Th1/Th2 and
Th17/Treg balance on association between 25(OH)D, and
preeclampsia. Second, T cell subsets are more accurate and objective
measure of immune status, while given its high cost and operational
complexity, flow cytometry is unsuitable for large-scale studies, the
relatively small sample size of T cell subsets from pregnant women
may introduce potential residual confounding, highlighting the
need for further replication in larger prospective studies to validate
the findings obtained from this study.

Conclusion

In summary, this study found inverse correlations between
25(0OH)D, and the Th1/Th2 and Th17/Treg ratios. Th1/Th2 and Th17/
Treg imbalances were also found to mediate the relationship between
the 25(OH)D, concentration and risk of preeclampsia. Future
prospective cohort studies and well-designed randomized controlled
trials with larger sample of pregnant women are needed to further
explore the mechanisms linking various forms of vitamin D, immune
status and the risk of preeclampsia.
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