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Maternal vitamin D deficiency impairs 
Treg and Breg responses in offspring mice 
and deteriorates allergic airway inflammation
Fei Huang1, Yang‑hua Ju2, Hong‑bo Wang2 and Ya‑nan Li2,3* 

Abstract 

Background: Vitamin D (VitD) can regulate immune responses and maternal VitD‑deficiency can affect immune 
responses in the offspring. This study aimed at investigating the effects of maternal VitD‑deficiency during pregnancy 
on Treg and Breg responses in offspring mice with house dust mite (HDM)‑induced allergic airway inflammation.

Methods: Female BALB/c mice were randomized and fed with normal chow or VitD‑deficient diet until their 
offspring weaned. The offspring mice were fed with normal chow and injected with vehicle or HDM to induce allergic 
airway inflammation. The levels of serum 25(OH)D, cytokines and infiltrate numbers as well as percentages of Tregs 
and Bregs in the bronchoalveolar lavage fluid (BALF) were analyzed. The relative levels of VitD receptor (VDR), VitD‑
binding protein (VDBP), Cytochromes P450 (CYP) 27b1, and CYP24A1 mRNA transcripts in the lungs of different 
groups of mice were measured.

Results: Maternal VitD‑deficiency significantly reduced serum 25(OH)D levels in offspring mice. VitD‑deficiency 
significantly increased the relative levels of VDR, VDBP and CYP27B1 mRNA transcripts, but decreased CYP24A1 
expression in the lungs of mice. In comparison with the control mice, significantly elevated levels of pro‑inflammatory 
cytokines, increased numbers of lymphocytes and eosinophils, but decreased levels of anti‑inflammatory cytokines 
were detected in the BALF of VitD‑deficient mice. VitD‑deficiency significantly increased the frequency of Th1, 
Th2, Th9, Th17 cells, but decreased regulatory T (Tregs) and B cells (Bregs) in the BALF of mice with allergic airway 
inflammation.

Conclusion: Maternal VitD‑deficiency lowed serum 25(OH)D levels and enhanced HDM‑induced allergic airway 
inflammation in the offspring by impairing Breg and Treg responses.
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Background
Asthma is a chronic disease and can affect million 
people yearly in the world, particularly for children. 
Pathologically, asthma is characterized by airway 
epithelial inflammation with different types of 
inflammatory infiltrates. These inflammatory infiltrates 

can secrete cytokines to damage the airway epithelium 
of the lung, leading to hard breath and hypoxia [1]. 
However, the molecular pathogenesis of allergic airway 
inflammation remains unclear. Previous studies have 
shown that allergen-specific inflammatory Th2, Th17 and 
Th1 cells are crucial for the pathogenesis of allergic airway 
inflammation [2] and deficiency in anti-inflammatory 
regulatory T (Tregs) and B cells (Bregs) also contributes 
to the development and deterioration of allergic airway 
inflammation. Actually, Tregs and Bregs can inhibit the 
pathogenic process of airway epithelial inflammation 
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in rodents [3, 4]. Hence, further understanding of 
the pathogenic process and its regulators will be of 
significance in discovering new therapeutic targets for 
intervention of allergic airway inflammation in humans.

A growing number of clinical studies have shown 
that maternal vitamin D (VitD) deficiency in women 
significantly increases the risk of allergic airway 
inflammation in later life of their offspring [5]. A recent 
study has shown a global epidemic of VitD deficiency in 
pregnant women and about 84% of pregnant women have 
lower serum VitD concentrations [6]. Maternal 25-(OH)
D can be transported to the fetus via the placenta during 
pregnancy and is the primary source of VitD to determine 
the levels of 25-(OH)D in umbilical cord blood of the 
fetus and newborn [7–9]. Previous studies have shown 
that maternal VitD deficiency in women may impair Treg 
responses. However, it is unclear whether the maternal 
VitD deficiency can impair Treg and Breg responses, and 
affect the expression of VitD regulators of VDR, VDBP, 
CYP24A1 and CYP27B1 in the offspring.

This study aimed to determine how maternal VitD 
deficiency affected serum 25-(OH)D levels in the 
offspring, allergic airway inflammation, Treg and Breg 
responses as well as the expression of VitD regulators of 
VDR, VDBP, CYP24A1 and CYP27B1 in mice following 
HDM-induced allergic airway inflammation.

Materials and methods
A mouse model of allergic airway inflammation
This study was conducted, according to the Animal 
Research and Care guidelines of the National Institutes of 
Health (NIH) and was approved by the Ethics Committee 
of Jilin University. Female BALB/c mice at 4–6 weeks of 
age (18–20 g) were obtained from the Animal Research 

Center of Jilin University, China, and housed in a specific 
pathogen-free facility with free access to food and water.

We established VitD deficient mice and a mouse 
model of allergic airway inflammation in the offspring, 
according to the protocol in Fig. 1. Briefly, the mice were 
randomized (20 mice per group) and fed with normal 
chow (1000 IU VitD3/kg) as the control or VitD deficient 
diet (lower than 25  IU VitD3/kg) as the (VitD-) for 
4 weeks before mating, throughout the gestational period 
and up to weaning (21  days after birth). Subsequently, 
all of the mice were fed with normal chow. The mother 
mice were sacrificed and their serum samples were 
prepared. Three days after weaning (day 0), ten mice 
from each group were subjected to induction of allergic 
airway inflammation using HDM, as reported previously 
[10, 11]. Individual mice were injected intraperitoneally 
with 6  µg HDM in 30  µL PBS (PBS) at days 0, 3, and 5 
for sensitization. The mice were injected with the same 
dose of HDM at days 10, 12 and 14 for activation of 
airway inflamamtion. The remaining 10 mice in each 
group were injected with the same volume of PBS and 
served as the PBS (Vit D−) and PBS (Vit D +) controls. 
Two days after the final injection, their peripheral venous 
blood samples were collected and serum samples were 
prepared, followed by stored at − 80  °C. The mice were 
sacrificed and they were subjected to the procedure 
of bronchoalveolar lavage (BAL). In addition, the 
lung tissues from individual mice were dissected and 
immediately frozen − 80 °C for homogenization and total 
RNA extraction.

BAL, cytology, and cytokine measurements
Individual mice were catheterized in their trachea and 
their lungs were lavaged with 1  mL of ice-cold PBS 
containing EDTA and protease inhibitors for twice, 

Fig. 1 The illustration of generating VitD deficient mice and inducing allergic airway inflammation in mice by HDM
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followed by centrifuging BAL fluids. The cell number in 
the BALF samples was evaluated using a hemocytometer 
after Tuerk solution staining (Sigma-Aldrich, St. Louis, 
MO,  USA). After cytospin, the cells were stained with 
May-Grünwald-Giemsa (Merck Millipore, Billerica, 
MA, USA) and the numbers of eosinophils, neutrophils, 
lymphocytes, and macrophages in the BALF samples 
were counted in a blinded manner. The levels of 
interleukin (IL)-4, IL-5, IL-13, IL-9, IL-10, IL-17A, IL-35, 
Interferon (IFN)-γ and tumor growth factor (TGF)-β1 
in individual BALF samples were measured by enzyme-
linked immunosorbent assay (ELISA) using specific kits 
(eBioscience, San Diego, CA, USA), according to the 
manufacturer’s instructions.

Flow cytometry
The frequency of Tregs  (CD4+CD25+Foxp3+), Bregs 
 (CD19+IL-10+) cells, Th1  (CD3+CD8−IFN-γ+), Th2 
 (CD3+CD8−IL-4+), Th9  (CD3+CD8−IL-9+), and Th17 
 (CD3+CD8−IL-17A+) in individual BALF samples 
was determined by flow cytometry using fluorescent 
antibodies (BD Biosciences, San Jose, CA, USA) 
and a specific software provided. Briefly, the cells 
from individual BALF samples were stimulated with 
ionomycin (1  mg/mL; Sigma-Aldrich), PMA (25  ng/
mL; Sigma-Aldrich) and monensin (2  nmol/mL) at 
37 °C for 4 h. Subsequently, the cells were re-suspended 
in staining buffer and stained with Allophycocyanin 
(APC)-conjugated anti-CD3 (BD Biosciences, 565,643), 
Fluorescein isothiocyanate (FITC)-conjugated anti-CD8 
(BD Biosciences, 553,031), followed by intracellularly-
stained with phycoerythrin (PE)-anti-IFN-γ (BD 
Biosciences, 554,412), PE-anti-IL-4 (BD Biosciences, 
554,389), PE-anti-IL-9 (BD Biosciences, 561,463), or 
PE-anti-IL-17A (BD Biosciences, 559,502), respectively. 
The control cells stained with a single antibody. 
After being washed, the cells were characterized by 
flow cytometry on a C6 Accuri flow cytometer (BD 
Biosciences). The cells were gated on living mononuclear 
cells and then on CD3 + CD8- cells. According to 
the single antibody staining, the frequency of Th1 
 (CD3+CD8−IFN-γ+), Th2  (CD3+CD8−IL-4+), Th9 
 (CD3+CD8−IL-9+), and Th17  (CD3+CD8−IL-17A+) cells 
in total  CD3+CD8− cells was analyzed. To measure the 
frequency of Tregs, the cells from each BALF sample 
were stained with APC-conjugated anti-CD4 (BD 
Biosciences, 561,091), FITC-conjugated anti-CD25 (BD 
Biosciences, 558,689). After fixed and permeabilized, the 
cells were, intracellularly-stained with PE-conjugated 
anti-Foxp3 (BD Biosciences, 563,101). The control cells 
were stained with a single antibody. The cells were gated 
on living mononuclear cells and then on  CD4+CD25+ 
cells. According to the single antibody-stained control 

cells, the frequency of  CD4+CD25+Foxp3+ cells in total 
 CD4+CD25+ cells in individual samples was analyzed.

To determine the frequency of IL-10+ Bregs, BALF 
cells were stained with FITC-conjugated anti-CD19 (BD 
Biosciences, 553,785) and then stimulated with PMA, 
ionomycin and monensin at 37 °C for 4 h. Subsequently, 
the cells were intracellularly stained with PE-conjugated 
anti-IL-10 (BD Biosciences, 554,467). Control cells 
were stained with a single antibody. The stained cells 
were gated on living mononuclear cells, then on  CD19+ 
cells. Based on the positivity of anti-IL-10 staining, the 
frequency of  CD19+IL-10+ Bregs in individual samples 
was determined.

Measurement of 25(OH)D
The levels of serum 25-(OH)D in individual mice were 
quantified by radioimmunoassay (RIA) using 125I-labelled 
25(OH)D and a specific kit (DiaSorin, Stillwater, MN, 
USA), according to the manufacturer’s instructions.

Quantitative real‑time PCR
We extracted total RNA from individual lung tissue 
samples using TRIzol Reagent (Invitrogen, Thermo 
Scientific, Waltham, MA, USA) and reversely transcribed 
1.5  μg RNA into cDNA using the RevertAid First 
Strand cDNA Synthesis Kit (Thermo Scientific). After 
qualification and quantification of cDNA, we measured 
the relative levels of VDR, VDBP, CYP24a1 and 
CYP27b1 to the control Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) by quantitative RT-PCR using 
the SYBR-Green PCR reaction system (iQ™  SYBR® 
Green, Bio-Rad, Hercules, CA. USA) and specific 
primers. The sequences of primers were sense, 5′-CCT 
CTG GAA AGC TGT GGC GTG-3′; antisense, 5′-GCC 
AGT GAG CTT CCC GTT CAG-3′ for GAPDH (119  bp); 
sense, 5′-TCC CCC ATC CCT AGA ACC AG-3′; antisense, 
5′-TCC TCA TTG CTT GGG CTC TG-3′ for VDR 
(83  bp); sense, 5′-GGG AAA CAG CAA GCC CAA AG-3′; 
antisense, 5′-GTA GCG TGA AAG CAG GGA CC-3′ for 
VDBP (96  bp); sense, 5′-CCC TTC TGC AAG AAA ACT 
GC-3′; antisense, 5′-CTC TTG AGG GCT CTGA TTGG-
3′ for CYP24a1 (99 bp) and sense, 5′-GGT TCT CCG GAG 
CTT GTC TG-3′; antisense, 5′-AAA CTG TGC GAA GTG 
TCC CA-3′ for CYP27b1 (164  bp) from Sangon Biotech 
(Shanghai, China). The data were normalized to GAPDH 
and analyzed by the  2−∆∆Ct method.

Statistical analysis
Statistical analyses were performed with SPSS version 
24.0 for Windows (SPSS, Chicago, IL, USA) or GraphPad 
Prism 6 software (GraphPad Software, San Diego, CA, 
USA). Data are present as mean ± SD. The difference 
between groups was analyzed by Student T-test or Fisher 
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exact test where applicable. The difference among groups 
was analyzed by ANOVA and post hoc Bonferroni 
test. Statistical significance was defined when a p-value 
of < 0.05.

Results
Feeding with low VitD3 diet in mothers lowers serum VitD3 
levels, but increases eosinophil and lymphocyte infiltrates 
in the lung of their offspring following inducing allergic 
airway inflammation
To understand how low serum VitD3 levels in mothers 
affect their offspring following induction of allergic 
airway inflammation, female BALB/c mice were fed with 
normal chow or low VitD3 diet for 4 weeks and duration 
of pregnancy, and they remained the same kind of diet 
until the offspring weaning. Analysis of serum 25(OH) D 
revealed that the levels of serum 25(OH)D in the mothers 
with continual low VitD3 supply and their offspring mice 
were significantly lower than those with normal chow 
(p < 0.001, Fig.  2a). Following HDM-induced allergic 
airway inflammation, the levels of serum 25(OH)D in 
the PBS (Vit D-) and HDM (Vit D-) groups were similar, 
and significantly lower than those in the PBS (Vit D +) 
and HDM (Vit D +) groups of mice (p < 0.001, Fig.  2b). 
There was no significant difference in the levels of serum 
25(OH)D between the PBS (Vit D +) and HDM (Vit D +) 
groups of mice (Fig. 2b). To understand the importance 
of VitD deficiency in the HDM-induced allergic airway 
inflammation, we collected BALF from individual mice 
and analyzed their inflammatory infiltrates. Although 
there was no significant difference in the numbers of 
total infiltrates, neutrophils and macrophages between 
the HDM (Vit D-) and HDM (Vit D +) groups of mice 
the numbers of eosinophils and lymphocytes in the 
HDM (Vit D-) were significantly greater than that in the 
HDM (Vit D +) group (p < 0.05, p < 0.01, Fig. 3). Such data 
indicated that feeding with low VitD3 diet in the mothers 
resulted in lower serum 25(OH)D in their offspring 
regardless of inducing allergic airway inflammation and 
increased eosinophil and lymphocyte infiltrates in the 
lung of offspring mice.

Lower serum VitD modulates the transcription of VDR, 
VDBP, CYP24A1 and CYP27b1 mRNAs in the lung of mice
Given that VitD3 is metabolized mainly by CYP27b1 
to form active 1.25 (OH)2 D or degraded by CYP24A1 
and its function depends on its receptor of VDR and 
VDBP-dependent intracellular transportation, we 
examined how lower serum 25(OH) D levels modulated 
the expression of VDR, VDBP, CYP27b1 and CYP24A1 
in the lungs of different groups of mice by qRT-PCR. 

We found that the relative levels of VDR, VDBP and 
CYP27b1 mRNA transcripts in the lungs of the PBS 
(Vit D −) and HDM (Vit D −) groups were significantly 
higher than that in the PBS (VIt D +) and HDM (Vit 
D +) groups of mice (p < 0.001, Fig. 4). In contrast, the 
relative levels of CYP24A1 mRNA transcripts in the 
VitD deficient mice were significantly lower than those 
with normal VitD levels (p < 0.001, Fig. 4). There was no 
significant difference in the relative levels of these gene 
mRNA transcripts between the mice with PBS injection 
and those with HDM injection. Such data indicated that 
lower serum VitD levels modulated the transcription of 
VDR, VDBP, CYP24A1 and CYP27b1 mRNAs in the 
lung of mice, independent of inducing allergic airway 
inflammation in mice.

Fig. 2 Maternal VitD deficiency reduces the levels of serum 25(OH) 
D in the mothers and offspring mice, regardless of inducing allergic 
airway inflammation. Female BALB/c mice at 4–6 weeks of age 
were randomized and fed with normal chow as the control or VitD 
deficient diet as the (VitD‑) for 4 weeks before mating, throughout 
the gestational period and up to the weaning of their offspring 
mice. a The levels of serum 25(OH) D were measured. The offspring 
mice were randomized and injected with PBS or HDM to induce 
allergic airway inflammation. b The levels of serum 25(OH) D in 
individual mice were measured. Data are expressed as the mean 
values of individual mice in each group (n = 8) from three separate 
experiments. *p < 0.05, **p < 0.01, ***p < 0.001
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VitD deficiency promotes inflammatory infiltration 
and decreases the frequency of regulatory cells 
in the lungs of the mice with allergic airway inflammation
To further understand the role of VitD deficiency 
in HDM-induced allergic airway inflammation, we 
characterized the frequency of different subsets of T 
cells in the BLAF of individual mice by flow cytometry. 

First, the frequency of Tregs and Bregs in the lung 
of the PBS (VitD +) group of mice were significantly 
higher than those in the PBS (VitD-) group (p < 0.01, 
p < 0.001, Fig.  5a–d). Similarly, the percentages of Tregs 
and Bregs in the lung of the HDM (VitD +) groups were 
also significantly higher than those of the HDM (VitD-) 
group (p < 0.001, p < 0.01), but significantly lower than 
that in the PBS (VitD +) group (p < 0.001 for both). Thus, 
the VitD deficiency decreased the frequency of Tregs 
and Bregs in the lung of mice, particularly in the mice 
with allergic airway inflammation. In comparison with 
that in the HDM (Vit D +) group of mice, significantly 
increased frequency of Th1, Th2, Th9 and Th17 cells were 
detected in the BALF samples of the HDM (Vit D-) group 
of mice (p < 0.05, p < 0.01, p < 0.001, Fig.  6). Therefore, 
VitD deficiency promoted allergic airway inflammation 
in the lungs of HDM mice by impairing Treg and Breg 
responses.

Lower serum VitD enhances inflammatory cytokine 
responses in the lungs of the mcie with allergic airway 
inflammation
Induction of allergic airway inflammation can accumulate 
promote inflammatory infiltrates in the lung, where the 
inflammatory infiltrates can secrete cytokines. Analysis 
of cytokines in the BALF samples displayed that the levels 
of IL-4, IL-5, IL-9, IL-13, IL-17A and IFN-γ in the HDM 
(Vit D −) group were significantly higher than that in the 
HDM (Vit D +) group while the levels of IL-10, IL-35 
and TGF-β1 were significantly lower than that in the 
HDM (Vit D +) group of mice (p < 0.05, p < 0.01, p < 0.001, 
Fig.  7). The increased levels of pro-inflammatory 
cytokines and decreased levels of inhibitory cytokines 
in the lungs suggest that VitD deficiency may induce the 
imbalance of pro-inflammatory and anti-inflammatory 
cytokine responses in the lungs, contributing to allergic 
airway inflammation in mice.

Discussion
Previous studies have shown that VitD, VitE, folic 
acid and other vitamins can regulate allergic airway 
inflammation during the pathogenic process of allergic 
asthma [12–14], but the precise role of maternal VitD 
deficiency in offspring has not been clarified. Our data 
highlighted that maternal female mice with long-term 
lower VitD diet not only caused VitD deficiency in the 
recipients, but also induced VitD deficiency in their 
offspring even after fed with normal chow for couple 
weeks. Such data extended previous observations and 
support the notion that maternal VitD deficiency affects 
the offspring [7–9]. These data also suggest that maternal 
VitD deficiency may not only affect her own health, but 

Fig. 3 VitD deficiency increases the number of eosinophil and 
lymphocyte infiltrates in the lung of mice with HDM‑induced allergic 
airway inflammation. Following inducing allergic airway inflammation 
by HDM injection, the numbers of different types of inflammatory 
infiltrates in in bronchoalveolar lavage fluid (BALF) samples were 
hematological stained and counted in a blinded manner. Data are 
shown as mean ± SD of each group (n = 6 mice per group) from 
three separate experiments, *p < 0.05, **p < 0.01 ***p < 0.001

Fig. 4 VitD deficiency modulates the transcription of VDR, VDBP, 
CYP27b1, and CYP24A1 mRNA in the lung of mice. The relative levels 
of VDR, VDBP, CYP27b1, and CYP24A1 mRNA transcripts to the control 
GAPDH in the lung tissues of individual mice were determined by 
quantitative RT‑PCR. Data are expressed as the mean ± SD of each 
group (n = 8 mice per group) from three separate experiments. 
*p < 0.05, **p < 0.01, ***p < 0.001



Page 6 of 11Huang et al. Allergy Asthma Clin Immunol           (2020) 16:89 

Fig. 5 VitD deficiency reduces the frequency of Tregs and Bregs in the lungs of the mice. The offspring mice were randomized and injected with 
PBS or HDM to induce allergic airway inflammation. The percentages of  CD4+CD25+Foxp3+ Tregs (a, c) and  CD19+IL‑10+ Bregs (b, d) in individual 
BALF samples were determined by flow cytometry. Data are representative flow cytometry charts and expressed as the mean values of individual 
mice in each group (n = 8 mice per group) from three separate experiments. *p < 0.05, **p < 0.01, ***p < 0.001
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may also have short-term and long-term adverse effects 
on her offspring’s development and health.

VitD metabolism can epigenetically regulate gene 
expression during the fetal development, which may 
explain why VitD deficiency is associated with increased 
susceptibility to chronic diseases throughout life, such 
as autoimmune, metabolic, and infectious diseases [15, 
16]. Previous studies have shown that maternal VitD 
deficiency increases the risk of asthma in the offspring 
[2, 5, 15]. Interestingly, we found that young mice with 
VitD deficiency had significantly higher levels of VDR, 
VDBP, CYP27b1, but lower CYP24A1 mRNA transcripts 
in the lung regardless of the development of allergic 
airway inflammation, relative to that in the mice with 
normal levels of VitD. The altered expression levels of 
VitD regulators may stem from compensative responses 
to defend against VitD deficiency in mice because VDBP 
functions to transport VitD, and CYP27b1 and CYP24A1 
are crucial for maintenance of VitD levels [11, 17, 18]. It is 
possible that VitD deficiency may promote VDR, VDBP 
and CYP27b1 expression and down-regulate CYP24A1 
expression to maintain serum 1.25(OH)2D3 levels and its 

function [19–24]. Such data also indicated that allergic 
airway inflammation did not affect the expression of 
these VitD regulators in mice. We are interested in 
further investigating how VitD deficiency regulates 
the expression of these VitD metabolic and functional 
regulators.

In this study, we found that VitD deficiency in young 
mice induced by maternal VitD deficiency deteriorated 
HDM-induced Th2-related allergic airway inflammation. 
Evidently, young VitD deficient mice with allergic airway 
inflammation had significantly greater lymphocyte 
and eosinophil infiltrates in their lungs. Those mice 
had significantly higher levels of IL-4, IL-5, IL-13, IL-9, 
IL-17A and IFN-γ, but lower levels of inhibitory IL-10, 
IL-35 and TGF-β1 in their BALF, indicating that VitD 
deficiency deteriorated the HDM-induced allergic airway 
inflammation in mice. Flow cytometry analyses revealed 
significantly higher frequency of Th1, Th2 and Th17 
cells, but lower percentages of Th9 cells in the BALF of 
HDM mice with VitD deficiency. More importantly, 
significantly lower frequency of Tregs and Bregs was 
detected in the BALF of HDM mice with VitD deficiency. 

Fig. 5 continued

(See figure on next page.)
Fig. 6 VitD deficiency increases inflammatory infiltrates in the lung of mice. The percentages of CD3 + CD4 + IFN‑γ + Th1, CD3 + CD4 + IL‑4 + Th2 
cells, CD3 + CD4 + IL‑9 + Th9 cells, and CD3 + CD4 + IL‑17A + Th17 cells in the individual BALF samples were determined by flow cytometry. Data 
are representative flow cytometry charts and expressed as the mean values of individual mice in each group (n = 8 mice per group) from three 
separate experiments. a Representative flow cytometry charts. (b–e) Quantitative analysis. *p < 0.05, **p < 0.01, ***p < 0.001
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These novel data indicated that VitD deficiency altered 
the balance of pro-inflammatory T cell and regulatory 
cell responses to deteriorate the pathogenesis of allergic 
airway inflammation in mice. Hence, our findings may 
provide new insights into the pathogenesis of VitD 
deficiency-related allergic airway inflammation and 
theoretically, correction of VitD deficiency may be 
valuable in inhibiting the pathogenic process of allergic 
airway inflammation.

It is well known that activated CD4 + T cells can 
differentiate into IFNγ-secreting Th1, IL-4/IL-5/IL-13-
secreting Th2, IL-17A-secreting Th17, IL-9-secreting 
Th9 and IL-10/TGFβ1-secreting Tregs, dependent 
on cytokines in the environment [2, 25]. In addition, 
CD4 + FoxP3 + nature Tregs exist in the body. HDM 
is one of the most significant environmental allergens 
and can induce potent Th2 responses and allergic 
airway inflammation [26–28]. In addition, allergen-
specific Th1 and Th17 cells also contribute to the 
pathogenesis of allergic airway inflammation [29]. These 
inflammatory cells through their secreted cytokines 
promote eosinophil and neutrophil infiltration, activate 
mast cells, increase IgE production, stimulate mucus 
production and aggravate smooth muscle contraction [2, 
30, 31]. Th9 can stimulate mucus secretion and increase 
the expression of Th2 cytokines. These inflammatory 
cells and their cytokines work together to eventually 
induce and exacerbate the HDM-induced allergic airway 
inflammatory [2]. In contrast, Tregs can effectively inhibit 
the pathogenic process of HDM-induced allergic airway 
inflammation by secreting inhibitory IL-10 and TGFβ1 
[3, 25, 31]. Actually, our previous studies and those of 

others have shown that Tregs can inhibit the activation of 
effector T cells and their cytokine secretion, and reduce 
mast cell, eosinophil, basophil and neutrophil infiltration 
in the lung [25, 32]. Therefore, the imbalance of 
inflammatory cells and Tregs caused by VitD deficiency 
may be crucial for the development and progression of 
HDM-induced allergic airway inflammation.

We detected significantly lower levels of IL-35 in the 
HDM mice with VItD deficiency. Although IL-35 has 
been thought to be secreted by iTr35 cells, a unique kind 
of regulatory T cells, IL-35 can be also secreted by Tregs 
and Bregs. Functionally, IL-35 can effectively inhibit 
Th17 and Th1 responses and promote the proliferation 
of nTregs [33, 34]. The VitD deficiency may induce defect 
iTr35 development, contributing to impaired Treg and 
Breg responses during the development and progression 
of allergic airway inflammation.

CD19+IL-10+ Bregs are important for maintenance of 
peripheral tolerance and the deficiency in Breg responses 
contributes to the development and progression of 
some inflammatory autoimmune diseases [35, 36]. 
Functionally, Bregs can, through their secreting IL-10, 
inhibit inflammatory T cell responses in animal models of 
infection and autoimmune disease [37, 38]. Furthermore, 
Bregs can also promote Treg proliferation, and the 
functional transformation of  CD4+CD25− effector T 
cells into  CD4+CD25+Foxp3+ Tregs [39]. In this study, 
we found that VitD deficiency not only decreased the 
frequency of Tregs, but also reduced the percentages of 
Bregs in the lungs of HDM mice although these mice 
were fed with normal chow during the induction of 
allergic airway inflammation. Although the decreased 
frequency of both Tregs and Bregs was moderate the 
decreased frequency of Tregs and Bregs may promote the 
expansion of inflammatory Th1, Th2, Th9 and Th17 cells 
in the lungs of HDM-injected mice with VitD deficiency, 
contributing to the development of airway inflammation. 
Such data also indicated that VitD supplement could 
correct VitD deficiency, but did not correct the imbalance 
of inflammatory and inhibitory responses during the 
pathogenic process of allergic airway inflammation in 
mice. Therefore, combination of VitD supplement with 
other reagents to inhibit inflammation and promote 
regulatory cell responses may be valuable in control of 
allergic airway inflammation in individuals with VitD 
deficiency.

Conclusion
In summary, our data indicated that maternal VitD 
deficiency resulted in lower serum 25(OH)D in the 
offspring mice and following induction of HDM-
based allergic airway inflammation, VitD deficiency 

Fig. 7 VitD deficiency modulates the levels of cytokines in 
the BALF from the mice with allergic airway inflammation. The 
concentrations of IL‑4, IL‑5, IL‑13, IFN‑γ, IL‑9, IL‑17A, IL‑10, TGF‑β1, and 
IL‑35 in individual BALF samples were determined by ELISA. Data 
are expressed as the mean ± SD of each group (n = 6) from three 
separate experiments. *p < 0.05, **p < 0.01, ***p < 0.001
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significantly increased informatory lymphocyte and 
eosinophil infiltration, accompanied by elevating 
pro-inflammatory cytokines and reducing inhibitory 
cytokines in the lung of HDM-injected mice. VitD 
deficiency significantly enhanced pro-inflammatory 
Th1, Th2, Th9, Th17 cell responses, but attenuated Treg 
and Breg responses. Hence, VitD deficiency impaired 
inhibitory Treg and Breg responses, contributing to the 
pathogenesis of allergic airway inflammation in mice. 
Our findings may shed new lights in the mechanisms 
underlying the role of VitD deficiency in the development 
of allergic airway inflammation and uncover therapeutic 
targets for intervention of allergic airway inflammation.

Abbreviations
VitD: Vitamin D; HDM: House dust mite; BALF: Bronchoalveolar lavage fluid; 
VDR: VitD receptor; VDBP: VitD‑binding protein; Tregs: Regulatory T cells; Bregs: 
Regulatory B cells; NIH: The National Institutes of Health; ELISA: Enzyme‑
linked immunosorbent assay; APC: Allophycocyanin; FITC: Fluorescein 
isothiocyanate; PE: Phycoerythrin.

Authors’ contributions
FH and YL conceived and designed the study; YJ and HW collected samples 
and whole data; FH, YJ, HW, and YL prepared the samples; YL conducted 
statistical analysis; FH wrote the first manuscript; YJ, HW, and YL edited and 
finalized the manuscript. All authors read and approved the final manuscript.

Funding
This study was supported in part by the National Natural Science Foundation 
of China (No. 81770026 for Yanan Li) and Natural Science Foundation of Jilin 
Province (No. 20180101157JC).

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
This study was conducted, according to the Animal Research and Care 
guidelines of the National Institutes of Health (NIH) and was approved by the 
Ethics Committee of Jilin University.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Orthopedics, China‑Japan Union Hospital of Jilin University, 
Changchun 130033, Jilin, China. 2 Department of Pediatrics, the First Hospital 
of Jilin University, Changchun 130021, Jilin, China. 3 Institute of Pediatrics, the 
First Hospital of Jilin University, Changchun 130021 Jilin, China. 

Received: 22 February 2020   Accepted: 6 October 2020

References
 1. Dharmage SC, Perret JL, Custovic A. Epidemiology of asthma in children 

and adults. Front Pediatr. 2019;7:246.
 2. Hirahara K, Nakayama T. CD4+ T cell subsets in inflammatory diseases: 

beyond the Th1/Th2 paradigm. Int Immunol. 2016;28(4):163–71.
 3. Boks MA, Kager‑Groenland JR, van Ham SM, ten Brinke A. IL‑10/IFNγ 

co‑expressing CD4(+) T cells induced by IL‑10 DC display a regulatory 

gene profile and downmodulate T cell responses. Clin Immunol. 
2016;162(1):91–9.

 4. Hussaarts L, van der Vlugt LE, Yazdanbakhsh M, Smits HH. Regulatory 
B‑cell induction by helminths: implications for allergic disease. J Allergy 
Clin Immunol. 2011;128(4):733–9.

 5. Chawes BL, Bønnelykke K, Stokholm J, Vissing NH, Bjarnadóttir E, 
Schoos AM, Wolsk HM, Pedersen TM, Vinding RK, Thorsteinsdóttir S, 
et al. Effect of vitamin D3 supplementation during pregnancy on risk 
of persistent wheeze in the offspring: a randomized clinical trial. JAMA. 
2016;315(4):353–61.

 6. Sachan A, Gupta R, Das V, Agarwal A, Awasthi PK, Bhatia V. High 
prevalence of vitamin D deficiency among pregnant women and their 
newborns in northern India. Am J Clin Nutr. 2005;81:1060–4.

 7. Dawodu A, Wagner CL. Prevention of vitamin D deficiency in mothers 
and infants worldwide a paradigm shift. Paediatr Int Child Health. 
2012;32(1):3–13.

 8. Ginde AA, Sullivan AF, Mansbach JM, Camargo CA. Vitamin D insufficiency 
in pregnant and nonpregnant women of childbearing age in the United 
States. Am J Obstet Gynecol. 2010;202(5):436.

 9. Bowyer L, Catling‑Paull C, Diamond T, Homer C, Davis G, Craig ME. Vitamin 
D, PTH and calcium levels in pregnant women and their neonates. Clin 
Endocrinol. 2009;70:372–7.

 10. O’Brien RM, Clarke AH, Thomas WR. Immunologic responses following 
respiratory sensitization to house dust mite allergens in mice. Immunol 
Cell Biol. 1996;74:174–9.

 11. Cates EC, Fattouh R, Wattie J, Inman MD, Goncharova S, Coyle AJ, 
Gutierrez‑Ramos JC, Jordana M. Intranasal exposure of mice to house 
dust mite elicits allergic airway inflammation via a GM‑CSF‑mediated 
mechanism. J Immunol. 2004;173:6384–92.

 12. Harb H, Amarasekera M, Ashley S, Tulic MK, Pfefferle PI, Potaczek DP, 
Martino D, Kesper DA, Prescott SL, Renz H. Epigenetic regulation in 
early childhood: a miniaturized and validated method to assess histone 
acetylation. Int Arch Allergy Immunol. 2015;168(3):173–81.

 13. Cui H, Huang J, Lu M, Zhang Q, Qin W, Zhao Y, Lu X, Zhang J, Xi Z, Li R. 
Antagonistic effect of vitamin E on nAl2O3‑induced exacerbation of Th2 
and Th17‑mediated allergic asthma via oxidative stress. Environ Pollut. 
2019;252(Pt B):1519–31.

 14. Peh HY, Ho WE, Cheng C, Chan TK, Seow AC, Lim AY, Fong CW, Seng KY, 
Ong CN, Wong WS. Vitamin E isoform γ‑tocotrienol downregulates house 
dust mite‑induced asthma. J Immunol. 2015;195(2):437–44.

 15. Hossein‑nezhad A, Holick MF. Vitamin D for health: a global perspective. 
Mayo Clin Proc. 2013;88(7):720–55.

 16. Potaczek DP, Harb H, Michel S, Alhamwe BA, Renz H, Tost J. Epigenetics 
and allergy: from basic mechanisms to clinical applications. Epigenomics. 
2017;9(4):539–71.

 17. Ge L, Trujillo G, Miller EJ, Kew RR. Circulating complexes of the vitamin 
D binding protein with G‑actin induce lung inflammation by targeting 
endothelial cells. Immunobiology. 2014;219:198e207.

 18. Navas‑Nazario A, Li FY, Shabanova V, Weiss P, Cole DE, Carpenter TO, 
Bazzy‑Asaad A. Effect of vitamin Debinding protein genotype on the 
development of asthma in children. Ann Allergy Asthma Immunol. 
2014;112(6):519–24.

 19. Hollis BW. Circulating 25‑hydroxyvitamin D levels indicative of vitamin D 
sufficiency: implications for establishing a new effective dietary intake 
recommendation for vitamin D. J Nutr. 2005;135:317–22.

 20. Raby BA, Lazarus R, Silverman EK, Lake S, Lange C, Wjst M, Weiss ST. 
Association of vitamin D receptor gene polymorphisms with childhood 
and adult asthma. Am J Respir Crit Care Med. 2004;170(10):1057–65.

 21. Carlberg C. Mechanisms of nuclear signalling by vitamin D3. Interplay 
with retinoid and thyroid hormone signalling. Eur J Biochem. 
1995;231:517–27.

 22. Jones G, Prosser DE, Kaufmann M. 25‑Hydroxyvitamin D‑24‑hydroxylase 
(CYP24A1): its important role in the degradation of vitamin D. Arch 
Biochem Biophys. 2012;523(1):9–18.

 23. Jones G, Prosser DE, Kaufmann M. Cytochrome P450‑mediated 
metabolism of vitamin D. J Lipid Res. 2014;55(1):13–311.

 24. Tsiaras WG, Weinstock MA. Factors influencing vitamin d status. Acta 
Derm Venereol. 2011;91:115–24.

 25. Zuśka‑Prot M, Maślanka T. Effect of inhaled and systemic glucocorticoid 
treatment on CD4+ regulatory and effector T cells in a mouse model of 
allergic asthma. Int Immunopharmacol. 2017;45(1):98–109.



Page 11 of 11Huang et al. Allergy Asthma Clin Immunol           (2020) 16:89  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 26. Miller MH, Shehat MG, Alcedo KP, Spinel LP, Soulakova J, Tigno‑Aranjuez 
JT. Frontline science: RIP2 promotes house dust mite‑induced allergic 
airway inflammation. J Leukoc Biol. 2018;104(3):447–59.

 27. Tibbitt CA, Stark JM, Martens L, Ma J, Mold JE, Deswarte K, Oliynyk G, 
Feng X, Lambrecht BN, De Bleser P, et al. Single‑Cell RNA sequencing of 
the T helper cell response to house dust mites defines a distinct gene 
expression signature in airway Th2 cells. Immunity. 2019;51(1):169–84.

 28. Wang YT, Liu HC, Chen HC, Lee YC, Tsai TC, Chen HL, Fan HC, Chen CM. 
Oral immunotherapy with the ingestion of house dust mite extract 
in a murine model of allergic asthma. Allergy Asthma Clin Immunol. 
2018;14:43.

 29. Fuseini H, Yung JA, Cephus JY, Zhang J, Goleniewska K, Polosukhin VV, 
Peebles RS Jr, Newcomb DC. Testosterone Decreases house dust mite‑
induced type 2 and IL‑17A‑mediated airway inflammation. J Immunol. 
2018;201(7):1843–54.

 30. Yun C, Chang M, Hou G, Lan T, Yuan H, Su Z, Zhu D, Liang W, Li Q, Zhu 
H, et al. Mangiferin suppresses allergic asthma symptoms by decreased 
Th9 and Th17 responses and increased Treg response. Mol Immunol. 
2019;114:233–42.

 31. Tumes DJ, Papadopoulos M, Endo Y, Onodera A, Hirahara K, Nakayama 
T. Epigenetic regulation of T‑helper cell differentiation, memory, and 
plasticity in allergic asthma. Immunol Rev. 2017;278(1):8–19.

 32. Huang F, Qiao HM, Li YN, Gao Y, Ju YH, Li YN. Early‑life exposure to 
clostridium leptum causes pulmonary immunosuppression. PLoS ONE. 
2015;10(11):e0141717.

 33. Wang RX, Yu CR, Dambuza IM, Mahdi RM, Dolinska MB, Sergeev YV, 
Wingfield PT, Kim SH, Egwuagu CE. Interleukin‑35 induces regulatory B 
cells that suppress autoimmune disease. Nat Med. 2014;20(6):633–41.

 34. Hasegawa H, Mizoguchi I, Chiba Y, Ohashi M, Xu M, Yoshimoto T. 
Expanding diversity in molecular structures and functions of the IL‑6/
IL‑12 Heterodimeric Cytokine Family. Front Immunol. 2016;7:479.

 35. Fillatreau S. Regulatory roles of B cells in infectious diseases. Clin Exp 
Rheumatol. 2016;34(4):1–5.

 36. Han J, Sun L, Fan X, Wang Z, Cheng Y, Zhu J, Jin T. Role of regulatory b 
cells in neuroimmunologic disorders. J Neurosci Res. 2016;94(8):639–701.

 37. Yoshizaki A, Miyagaki T, DiLillo DJ, Matsushita T, Horikawa M, Kountikov EI, 
Spolski R, Poe JC, Leonard WJ, Tedder TF. Regulatory B cells control T‑cell 
autoimmunity through IL‑21‑dependent cognate interactions. Nature. 
2012;491(7423):264–8.

 38. Stanic B, van de Veen W, Wirz OF, Rückert B, Morita H, Söllner S, Akdis 
CA, Akdis M. IL‑10‑overexpressing B cells regulate innate and adaptive 
immune responses. J Allergy Clin Immunol. 2015;135(3):771–80.

 39. Kessel A, Haj T, Peri R, Snir A, Melamed D, Sabo E, Toubi E. Human 
CD19(+)CD25(high) B regulatory cells suppress proliferation of CD4(+) 
T cells and enhance Foxp3 and CTLA‑4 expression in T‑regulatory cells. 
Autoimmun Rev. 2012;11(9):670–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Maternal vitamin D deficiency impairs Treg and Breg responses in offspring mice and deteriorates allergic airway inflammation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	A mouse model of allergic airway inflammation
	BAL, cytology, and cytokine measurements
	Flow cytometry
	Measurement of 25(OH)D
	Quantitative real-time PCR
	Statistical analysis

	Results
	Feeding with low VitD3 diet in mothers lowers serum VitD3 levels, but increases eosinophil and lymphocyte infiltrates in the lung of their offspring following inducing allergic airway inflammation
	Lower serum VitD modulates the transcription of VDR, VDBP, CYP24A1 and CYP27b1 mRNAs in the lung of mice
	VitD deficiency promotes inflammatory infiltration and decreases the frequency of regulatory cells in the lungs of the mice with allergic airway inflammation
	Lower serum VitD enhances inflammatory cytokine responses in the lungs of the mcie with allergic airway inflammation

	Discussion
	Conclusion
	References




