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Abstract
Background: Asthma is a chronic inflammatory airway dis-
ease, and Th2 cells play an important role in asthma. WDFY4 
(WDFY family member 4) is a susceptibility gene in several 
autoimmune diseases. Objective: In this study, the roles of 
WDFY4 in Th2 cell differentiation and Th2-dependent asth-
ma were investigated. Methods: Naïve CD4+ T cells were iso-
lated from wild-type and WDFY4-deficient mice and induced 
to differentiate in vitro. Subsequently, a mouse model of 
asthma was established by sensitization with ovalbumin. Re-
sults: Study results showed that WDFY4 deficiency could 
promote the differentiation of Th2 cells and the production 
of Th2 cytokines. WDFY4-deficient asthmatic mice showed 
higher levels of Th2 cytokines in the lungs and bronchoal-
veolar lavage fluid than wild-type mice. Moreover, infiltra-
tion of inflammatory cells, hyperplasia of goblet cells, pro-
duction of mucus, and deposition of collagen were en-
hanced in WDFY4-deficient asthmatic mice. Conclusions: 
Our study demonstrates the pivotal role of WDFY4 in the 
pathogenesis of asthma and in Th2 cell differentiation.

© 2021 The Author(s)
Published by S. Karger AG, Basel

Introduction

Asthma is a chronic disease characterized by airway 
inflammation, airway hyperresponsiveness and airway 
remodeling [1]. It affects more than 300 million people 
worldwide [2]. A variety of immune cells and their cor-
responding cytokines are involved in the development of 
asthma. The important role of Th2 cells in asthma has 
been confirmed by previous studies [3].

Inhaled allergens can induce the differentiation of Th2 
cells, which leads to the production of allergen-specific 
IgE by B cells, activation of mast cells, and the recruitment 
of eosinophils to the lungs; all these processes eventually 
cause persistent airway inflammation along with symp-
toms of asthma [4, 5]. Th2 cells are involved in the devel-
opment of asthma mainly via the secretion of Th2 cyto-
kines, such as IL-4, IL-5 and IL-13 [6]. IL-4 is involved in 
the synthesis of the immunoglobulin IgE, activation of 
eosinophils, production of mucus, and remodeling of the 
airways [7]. IL-5 is important for the differentiation, mat-
uration and survival of eosinophils [6]. As a major regula-
tor of asthma, IL-13 can be involved in the regulation of 
eosinophilic inflammation, mucus secretion and airway 
hyperresponsiveness [6].
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WDFY4 (WDFY family member 4) is the fourth mem-
ber of the WDFY family and is conserved among multiple 
species. Several studies have revealed associations be-
tween WDFY4 and autoimmune diseases, such as system-
ic lupus erythematosus (SLE), rheumatoid arthritis, juve-
nile idiopathic arthritis and clinically amyopathic derma-
tomyositis [8–11]. These studies imply an important role 
for WDFY4 in the immune system. Recently, two studies 
revealed the involvement of WDFY4 in cross-presenta-
tion of cell-associated antigens [12] and maintenance of B 
cells [13]. Global knockout mice showed that WDFY4 had 
no influence on the development of conventional type 1 
dendritic cells (cDC1s). However, deficiency in WDFY4 
could impede the cross-presentation of cell-associated an-
tigens by cDC1s and result in an impaired antigen-specif-
ic immune response [12]. Moreover, WDFY4 could mod-
ulate B cell fate via noncanonical autophagy. Selective de-
ficiency in WDFY4 in B cells could lead to impaired 
antibody responses; thus, SLE phenotypes induced by 
pristane were effectively alleviated in WDFY4 conditional 
knockout mice [13]. A new method based on two linked 
approaches to speculate on gene function and connect 
genes with biological processes was developed by Li et al. 
[14]. In this way, they found that WDFY4 is associated 
with antigen processing, T-cell activation and the immune 
response in humans, rats and mice. However, this work 
was a mathematical study rather than a biological study. 
The specific effects of WDFY4 on T cells remain unclear 
and need to be explored in further biological studies.

Here, we demonstrated that lack of WDFY4 could en-
hance the differentiation of Th2 cells and the production 
of Th2 cytokines. As a result, WDFY4-deficient mice 
showed more severe airway inflammation and airway re-
modeling than wild-type mice. Our findings contribute 
to the understanding of the involvement of WDFY4 in 
Th2 cell differentiation and establish a link between 
WDFY4 and asthma.

Materials and Methods

Mice
The genetic background of the mice was C57BL/6. WDFY4-

deficient mice were constructed based on the LoxP-Cre system as 
described previously [13]. Lck-Cre+/− transgenic mice were crossed 
with Wdfy4loxp/loxp mice to generate conditional knockout (re-
ferred to as CKO) mice with selective deficiency in WDFY4 in T 
cells and Wdfy4loxp/loxp mice (referred to as WT mice) in the same 
litter were used for comparison. All mice were maintained under 
specific-pathogen-free conditions. All experiments involving mice 
were approved by the Animal Experiment Ethics Review Commit-
tee of Shandong University School of Medicine.

Isolation of Splenocytes and Naïve CD4+ T Cells
Spleens were processed through nylon mesh cell strainers (BD 

Biosciences, USA) to obtain single-cell suspension. Naïve CD4+ T 
cells were purified from splenocytes using the Naïve CD4+ T-Cell 
Isolation Kit (Miltenyi Biotec, Germany) according to the manu-
facturer’s protocol.

Differentiation in vitro
Splenocytes and naïve CD4+ T cells were cultured with plate-

bound anti-CD3 (10 μg/mL) and soluble anti-CD28 (6 μg/mL) to 
differentiate the cells into Th1, Th2, and Th17 cells. For Th2 po-
larization, naïve CD4+ T cells were cultured with plate-bound an-
ti-CD3, soluble anti-CD28, IL-4 (10 ng/mL), and anti-IFN-γ (10 
μg/mL). Cells were cultured for 44 h and then treated with Cell 
Stimulation Cocktail. After 4 h, the cells were collected for flow 
cytometry. Anti-CD3 and anti-CD28 were purchased from BioLe-
gend (USA). Murine IL-4 was obtained from PeproTech (USA). 
Anti-IFN-γ was obtained from BD Biosciences. Cell Stimulation 
Cocktail was from eBioscience (USA).

Flow Cytometry
Cultured cells were stained with anti-CD4 and then fixed with 

paraformaldehyde. Triton X-100 was used for permeabilization, 
and then the cells were stained with anti-IFN-γ, anti-IL-4 and an-
ti-IL-17a. Data were analyzed by using FlowJo (TreeStar, USA). 
Anti-CD4, anti-IFN-γ and anti-IL-17a were purchased from Bio-
Legend. Anti-IL-4 was purchased from BD Biosciences.

Establishment of Ovalbumin-Induced Asthmatic Mice
Mice aged 6–8 weeks were sensitized by intraperitoneal injec-

tion of 200 μg ovalbumin (OVA)/1 mg Al(OH)3 in 200 μL PBS on 
days 0 and 10. From days 21 to 81, the mice were challenged by 
atomization with 1% OVA for 40 min twice every week. Mice were 
sacrificed on day 82. OVA and Al(OH)3 were obtained from Sig-
ma-Aldrich (USA) and Thermo Fisher (USA), respectively.

RNA Extraction and Quantitative RT-PCR
RNA extraction, reverse transcription and quantitative RT-

PCR were performed as described previously [15]. Relative expres-
sion of the target gene was normalized to the level of Gapdh, cal-
culated by the 2−∆∆Ct method. The sequences of the primers (5ʹ–3ʹ) 
were as follows: Gata3 TCCCGTCCTACTACGGAAAC/CCGC-
CAGAGAAGAGGATGAA; c-Maf GGAGACCGACCGCAT-
CATC/TCATCCAGTAGTAGTCTTCCAGG; IL-4 GTTGT-
CATCCTGCTCTTCTTTCTC/CTGTGGTGTTCTTCGTTGCT; 
IL-5 GACAAGCAATGAGACGATGAG/AATAGCATTTCCA-
CAGTACCC; IL-13 TGAGCAACATCACACAAGACC/GGC
CTTGCGGTTACAGAGG; and Col1a1 AGGGCGAGTGCTGT-
GCTTT/CCCTCGACTCCTACATCTTCTGA.

Western Blot Analysis
Western blotting was performed to detect the expression of 

GATA3 in Th2 cells. The details were described previously [15]. 
Antibodies against mouse GATA3 and GAPDH were purchased 
from Proteintech (USA).

ELISA
The concentration of IL-4 in the medium supernatant and 

bronchoalveolar lavage fluid (BALF) was detected by using the 
Mouse IL-4 Precoated ELISA Kit (DAKEWE, China) according to 
the manufacturer’s protocol.
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Fig. 1. a–c Splenocytes from WT mice and CKO mice were treated 
with anti-CD3 (10 μg/mL) and anti-CD28 (6 μg/mL) for 48 h. In-
tracellular cytokine staining was performed to assess the propor-
tions of Th cells by flow cytometry. The numbers in the FACS 
pseudocolour images indicate the percentages of Th cells in the 
CD4+ T-cell population. d–f Statistical results for a–c. Data are 
shown as the mean ± SEM (n = 4:4). *p < 0.05, Mann-Whitney U 
test. g–i Naïve CD4+ T cells were purified and treated with anti-

CD3 (10 μg/mL) and anti-CD28 (6 μg/mL) for 48 h. Intracellular 
cytokine staining was performed to assess the proportions of Th 
cells by flow cytometry. In the FACS pseudocolour images, the 
numbers adjacent to the outlined areas indicate the percentages of 
CD4+ T cells or Th cells. j–l Statistical results for g–i. Data are 
shown as the mean ± SEM (n = 2:2). Every mouse was evaluated in 
2–3 replicates. *p < 0.05, Mann-Whitney U test. Only statistically 
significant results are marked.
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Histopathological Analysis
The lungs of asthmatic mice were fixed with paraformaldehyde 

and dehydrated with an alcohol series. Subsequently, the samples 
were embedded in paraffin and cut into 5-μm sections. Then, the 
sections were stained with hematoxylin and eosin (HE), periodic 
acid-Schiff or Sirius red. Images were captured with a microscope 
(Olympus, Japan).

Statistical Analysis
All data were recorded as the mean ± SEM. GraphPad Prism 

(GraphPad Software, USA) was used to generate graphs. Data were 
analyzed by using Student’s t test or the Mann-Whitney U test, and 
p < 0.05 was considered statistically significant. All experiments 
were repeated independently at least three times.

Results

Lack of WDFY4 Promotes Th2 Cell Differentiation
To explore the influences of WDFY4 on T cells,  

WDFY4-deficient mice were constructed based on the 
LoxP-Cre system as described previously [13]. Mice with 
selective deficiency in WDFY4 in T cells were constructed 
by crossing Lck-Cre+/− mice and Wdfy4loxp/loxp mice. Con-
ditional knockout mice were referred to as CKO mice, 
and Wdfy4loxp/loxp mice (referred to as WT mice) were 
used as controls.

Splenocytes from WT mice and CKO mice were treat-
ed with plate-bound anti-CD3 and soluble anti-CD28 for 
activation and cultured in vitro for 48 h. Then flow cy-

tometry was performed to detect the proportions of Th 
cells. As shown in Figure 1, cells treated with anti-CD3 
and anti-CD28 showed higher percentages of Th cells 
than cells treated with PBS. After activation, more Th1 
cells and Th2 cells and fewer Th17 cells were observed in 
WDFY4-deficient T cells (Fig. 1a–f).

To further confirm the above results, naïve CD4+ T 
cells were isolated from WT mice and CKO mice using 
magnetic beads and activated in vitro. Consistently, defi-
ciency in WDFY4 promoted the differentiation of naïve 
CD4+ T cells into Th2 cells (Fig. 1h, k). However, there 
were no significant differences in the proportions of Th1 
cells or Th17 cells between WT T cells and WDFY4-defi-
cient T cells (Fig. 1g, i, j, l). Overall, lack of WDFY4 pro-
motes the differentiation of Th2 cells.

WDFY4-Deficient Th2 Cells Express Relatively High 
Levels of Th2 Cytokines
Naïve CD4+ T cells from WT mice and CKO mice were 

purified and cultured under Th2 polarization conditions 
to clarify the involvement of WDFY4 in Th2 cell differ-
entiation. Quantitative RT-PCR results showed upregu-
lated expression of Gata3 and c-Maf, important tran-
scription factors for Th2 cell differentiation, in WDFY4-
deficient Th2 cells compared with WT Th2 cells (Fig. 2a). 
GATA3 is defined as the specific transcription factor for 
Th2 cell differentiation. Western blotting was performed 
to detect the expression of GATA3, and higher levels of 
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Fig. 2. Naïve CD4+ T cells were cultured 
with plate-bound anti-CD3 (10 μg/mL), 
soluble anti-CD28 (6 μg/mL), IL-4 (10 ng/
mL) and anti-IFN-γ (10 μg/mL). After 48 
h, the cells were collected for studies.  
a Representative mRNA levels of Gata3 
and c-Maf were confirmed by quantitative 
RT-PCR. Student’s t test. b Western blot-
ting was performed to detect the level of 
GATA3 in cultured Th2 cells. c The relative 
expression of IL-4, IL-5 and IL-13 was ex-
amined by quantitative RT-PCR. *p < 0.05, 
Student’s t test. d The medium supernatant 
of cultured Th2 cells was collected and the 
concentration of IL-4 was measured by 
ELISA. Mann-Whitney U test. All data are 
shown as the mean ± SEM (n = 2:2). For 
quantitative RT-PCR, every mouse was 
evaluated in 4 replicates, and for ELISA, ev-
ery mouse was evaluated in 2 replicates. 
Only statistically significant results are 
marked.
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GATA3 were observed in WDFY4-deficient Th2 cells 
(Fig. 2b).

Th2 cells participate in immune responses mainly by 
secreting cytokines, such as IL-4, IL-5 and IL-13. We 
found that deficiency in WDFY4 could promote the pro-
duction of Th2 cytokines (Fig. 2c). The medium superna-
tant of cultured Th2 cells was collected, and the concen-
tration of IL-4 in the medium supernatant was measured 
by ELISA. The result showed higher level of IL-4 in the 
medium supernatant of WDFY4-deficient Th2 cells than 
in that of WT Th2 cells (Fig. 2d). The above data indicate 
the important roles of WDFY4 in the differentiation of 
Th2 cells and production of Th2 cytokines.

Deficiency in WDFY4 Promotes the Production of Th2 
Cytokines in Asthmatic Mice
To determine whether WDFY4 is involved in asthma 

by influencing the differentiation of Th2 cells, an OVA-
induced asthmatic mouse model was established (Fig. 3a). 
After challenge, the mice treated with OVA showed head 
and face itching, fidgeting, and crouching. The expres-
sion of Gata3 and c-Maf in the lungs was detected by 
quantitative RT-PCR, and upregulated expression of 
Gata3 and c-Maf was observed in WDFY4-deficient asth-
matic mice (Fig. 3b). Moreover, the BALF was collected, 
and the level of IL-4 was higher in the BALF of WDFY4-
deficient asthmatic mice than in that of WT asthmatic 
mice (Fig. 3c). These data reveal that deficiency in WDFY4 
promotes the production of Th2 cytokines in asthmatic 
mice.

Aggravated Airway Inflammation Was Observed in 
WDFY4-Deficient Asthmatic Mice
Airway inflammation is the pathological basis of bron-

chial asthma [16]. Hematoxylin and eosin (HE) staining 
was performed to evaluate airway inflammation in asth-
matic mice. As shown in Figure 4a, infiltration of inflam-
matory cells was observed in asthmatic mice, and inflam-
matory cell infiltration was increased in WDFY4-defi-
cient asthmatic mice compared with WT asthmatic mice 
(Fig.  4a). Goblet cell hyperplasia and increased mucus 
production are the characteristic features of allergic in-
flammation [6]. Mucus overproduction and goblet cell 
hyperplasia were observed in asthmatic mice, and  
WDFY4-deficient asthmatic mice exhibited more severe 
phenotypes (Fig. 4b). These results suggest that deficien-
cy in WDFY4 can aggravate airway inflammation in asth-
matic mice.

Deficiency in WDFY4 Promotes Airway Remodeling 
in Asthmatic Mice
Airway remodeling is one of the common features of 

chronic asthma, and collagen deposition is an important 
feature of airway remodeling. Sirius red staining was per-
formed, and we found that the collagen deposition in 
WDFY4-deficient asthmatic mice was more serious than 
that in WT asthmatic mice (Fig. 4c). Consistently, quan-
titative RT-PCR result showed upregulated expression of 
Col1a1 in WDFY4-deficient asthmatic mice (Fig. 4d). In 
general, deficiency in WDFY4 promotes airway remodel-
ing in asthmatic mice.
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Discussion

The first report on WDFY4 was a genome-wide as-
sociation study that identified variants in WDFY4 as-
sociated with SLE in Asian populations [8]. Subse-
quently, the association between WDFY4 and SLE has 

been confirmed in several populations [17–19]. Zhao et 
al. [20] revealed the mechanism by which WDFY4 leads 
to SLE susceptibility. They found that the functional 
variant rs877819 of WDFY4 could specifically bind to 
the transcription factor YY1 and that the affinity be-
tween rare gene A and YY1 was significantly lower than 
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that of allele G, thus downregulating the transcription-
al activity of rare gene A. In addition to SLE, other au-
toimmune diseases, such as rheumatoid arthritis, juve-
nile idiopathic arthritis and clinically amyopathic der-
matomyositis, have been reported to be associated with 
WDFY4 [9–11]. As a susceptibility gene in various au-
toimmune diseases, WDFY4 must be important for im-
mune cells and immune responses. Although Li et al. 
[14] found that WDFY4 is associated with T-cell activa-
tion and the immune response in humans, rats and 
mice, the detailed effects of WDFY4 on T cells remain 
unclear. Th2 cells are involved in humoral immunity, 
allergic reactions and chronic inflammation. In this pa-
per, we generated CKO mice with selective deficiency 
in WDFY4 in T cells. We found that compared to WT 
cells, WDFY4-deficient T cells were more likely to dif-
ferentiate into Th2 cells after activation or under Th2 
polarization conditions.

Transcription factors play an important role in regu-
lating the differentiation of Th cells. GATA3 is defined 
as the main regulator of Th2 cell differentiation and is 
upregulated during Th2 cell differentiation [21]. Knock-
out or inhibition of GATA3 can not only suppress the 
differentiation of Th2 cells but also inhibit the produc-
tion of Th2 cytokines and airway hyperresponsiveness 
[22–24]. c-Maf, another transcription factor involved in 
Th2 cell differentiation, is a potential target of GATA3 
[25]. We found that WDFY4-deficient Th2 cells ex-
pressed higher levels of Gata3 and c-Maf than WT Th2 
cells. It has been reported that GATA3 and c-Maf can 
promote the production of IL-4, IL-5 and IL-13 [24, 26, 
27]. Consistently, higher levels of Th2 cytokines were ob-
served in WDFY4-deficient Th2 cells and WDFY4-defi-
cient asthmatic mice than in the corresponding WT con-
trols.

Previous studies have shown that Th2 cells play an 
important role in asthma. Inhaled allergens can induce 
the differentiation of Th2 cells, which leads to the pro-
duction of allergen-specific IgE by B cells, activation of 
mast cells, and recruitment of eosinophils to the lungs; 
all these processes eventually cause persistent airway in-
flammation along with symptoms of asthma [4, 5]. Air-
way inflammation is the pathological basis of asthma 
[16]. Inflammatory cell infiltration, goblet cell hyperpla-
sia and increased mucus production are the characteris-
tic features of airway inflammation in asthma. Histo-
pathological analysis showed that the amounts of infil-
trating inflammatory cells and goblet cells in 
WDFY4-deficient asthmatic mice were greater than 
those in WT asthmatic mice.

Unlike in most studies, a mouse model of chronic 
asthma, not acute asthma, was established in this study. 
In addition to airway inflammation, airway remodeling 
was observed in the mouse model of chronic asthma. 
Airway remodeling is defined as changes in the constitu-
ents, structure and amount of airway wall cells and extra-
cellular components [28] and is induced by repeated in-
jury/repair processes [29]. Collagen deposition is one of 
the characteristic features of airway remodeling. Pro-
longed and repeated allergen stimulation can lead to col-
lagen deposition, which can result in structural altera-
tions. As a consequence, airway contraction is restricted 
and airway hyperresponsiveness occurs [30]. Consistent-
ly, we observed more severe collagen deposition in  
WDFY4-deficient asthmatic mice than in WT asthmatic 
mice.

In this study, we demonstrate that lack of WDFY4 can 
promote the differentiation of Th2 cells and the produc-
tion of Th2 cytokines, thus aggravating OVA-induced 
asthma. Our results establish a link between WDFY4 and 
asthma and provide a novel idea for the study of disease 
pathogenesis and treatment.
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