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Abstract 

Background: Glucocorticoid-induced tumor necrosis factor receptor family-related protein ligand (GITRL) plays an 
important role in tumors, autoimmunity and inflammation. However, GITRL is not known to modulate the pathogen-
esis of allergic asthma. In this study, we investigated whether regulating GITRL expressed on dendritic cells (DCs) can 
prevent asthma and to elucidate its mechanism of action.

Methods: In vivo, the role of GITRL in modulating house dust mite (HDM)-induced asthma was assessed in adeno-
associated virus (AAV)-shGITRL mice. In vitro, the role of GITRL expression by DCs was evaluated in LV-shGITRL bone 
marrow dendritic cells (BMDCs) under HDM stimulation. And the direct effect of GITRL was observed by stimulating 
splenocytes with GITRL protein. The effect of regulating GITRL on  CD4+ T cell differentiation was detected. Further, 
GITRL mRNA in the peripheral blood of asthmatic children was tested.

Results: GITRL was significantly increased in HDM-challenged mice. In GITRL knockdown mice, allergen-induced 
airway inflammation, serum total IgE levels and airway hyperresponsiveness (AHR) were reduced. In vitro, GITRL 
expression on BMDCs was increased after HDM stimulation. Further, knocking down GITRL on DCs partially restored 
the balance of Th1/Th2 and Th17/Treg cells. Moreover, GITRL stimulation in vitro inhibited Treg cell differentiation and 
promoted Th2 and Th17 cell differentiation. Similarly, GITRL mRNA expression was increased in the peripheral blood 
from asthmatic children.

Conclusions: This study identified a novel role for GITRL expressed by DCs as a positive regulator of  CD4+ T cells 
responses in asthma, which implicates that GITRL inhibitors may be a potential immunotherapy for asthma.
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Introduction
Asthma is one of the most prevalent chronic respira-
tory diseases and affects more than 300 million people 
worldwide [1]. It is characterized by airway inflamma-
tion and airway hyperresponsiveness (AHR). It is caused 
by immune dysfunction that is predominantly affected by 
increased effector T cell subsets and decreased regulatory 
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T cells (Tregs) [2]. T helper 2 (Th2) cells are thought to 
mediate eosinophilic asthma by secreting cytokines, such 
as IL-4, IL-5, IL-13 [3]. In contrast, Th1 cells mainly act as 
negative regulators of allergic inflammation by inhibiting 
Th2 responses [4]. Th17 cells are thought to be associated 
with severe, steroid-resistant asthma [5], which is often 
characterized by neutrophilic infiltration. However, Tregs 
downregulate the immune responses and are considered 
to be important for maintaining immune homeostasis 
[6]. Therefore, decreasing effector T cells while increas-
ing Tregs may restore the immune balance of asthmatics.

Dendritic cells (DCs) are professional antigen-pre-
senting cells (APCs) that play an important role in the 
development of immune responses to environmental 
triggers [7]. Costimulatory molecules and cytokines of 
DCs and its surrounding cells affect the outcome of Th 
cell differentiation in asthma [8]. Glucocorticoid-induced 
tumor necrosis factor receptor-related receptor (GITR) 
is a member of the TNF receptor superfamily [9]. Its 
ligand, GITRL, is mainly expressed on various APCs, 
such as DCs, B cells, macrophages and endothelial cells 
[10, 11]. GITR/GITRL plays a critical role in diverse 
immune processes including inflammation, transplanta-
tion, allergy, and autoimmunity [12]. Studies have sug-
gested that the GITR/GITRL interaction can inhibit the 
suppressive function of Tregs and promote the prolifera-
tion of effector T cells [13–18]. A study also showed that 
vaccination with bone marrow dendritic cells (BMDCs) 
overexpressing GITRL can significantly inhibit tumor 
growth accompanied by a significant decrease in Tregs 
[19]. Furthermore, another study suggested that treat-
ment with soluble GITRL can reduce the inhibitory 
effect of tumor-infiltrating Tregs and restore the prolif-
eration of  CD4+CD25− T cells [20]. Thus, GITR/GITRL 
can regulate inflammation and immunity by inhibiting 
the suppressive function of Tregs. On the other hand, a 
study showed increased GITR/GITRL expression in lung 
tissues of ovalbumin-induced asthmatic mice [21]. In 
addition, GITR activation aggravates AHR and serum IgE 
responses in asthmatic mice and increases the produc-
tion of Th2 cytokines [22, 23]. These findings imply that 
GITR/GITRL signaling may play a role in asthma by reg-
ulating immunity. However, limited data exist regarding 
the mechanism of GITRL in allergen-mediated asthma 
and the therapeutic effect of blocking GITRL on DCs in 
asthma.

In our study, we mainly use adeno-associated virus 
(AAV)-shGITRL and LV-shGITRL to knockdown the 
expression of GITRL on the surface of DCs in vivo and 
in  vitro, and then detect the differentiation of  CD4+ 
T cells and its effect on the asthma phenotype, which 
provides a basis for immunotherapy of asthma and has 
important clinical significance.

Materials and methods
Mice
Female C57BL/6 mice were purchased from the Experi-
mental Animal Center of Chongqing Medical Univer-
sity (Chongqing, China) and maintained under specific 
pathogen-free conditions. For experiments, age-matched 
mice 4 to 6  weeks of age were used. This study was 
approved by the Institutional Animal Care and Com-
mittee (IACUC), which is accredited by the Association 
for Assessment and Accreditation of Laboratory Ani-
mal Care International, China and Experimental Animal 
Committee of the Chongqing Medical University (license 
numbers: SYXK (Yu) 2017–0012). All animal experi-
ments were performed in accordance with the guidelines 
of Chinese Council on Animal Care and Use.

GITRL knockdown by a recombinant AAV delivery 
approach
AAV6-green fluorescent protein (GFP) and AAV6-
shGITRL were constructed (GeneChem, Shanghai, 
China). The administration procedures were performed 
according to previous studies [24, 25]. In brief, 5 × 1010 
physical particles of AAV6 in 60 μl of normal saline were 
administered to 4-week-old C57BL/6 mice by the intra-
nasal route. Two weeks later, the transfected mice were 
used to establish the allergic asthma model.

HDM sensitization and challenge model
For house dust mite (HDM)-induced asthma, mice were 
sensitized by 20  μg of HDM intranasally (Greer, Los 
Angeles, CA, USA) on day 0 and day 14 and then chal-
lenged by intranasal HDM (20 μg) on days 21, 23, 25, 27 
and 29. Mice in the control group were sensitized and 
challenged with normal saline instead of HDM. End-
points were analyzed on day 31.

Lung histopathology and immunohistochemistry
Left lung tissues were fixed in 4% buffered formalin and 
embedded in paraffin. Sagittal sections were cut at a 
thickness of 4  μm for hematoxylin–eosin staining and 
immunohistochemical (IHC) analyses. The severity of 
inflammation in lung tissues was evaluated on a 0–3 scale 
defined as follows: 0 points for no inflammatory reaction; 
1 point for mild inflammatory reaction, punctate inflam-
matory cells infiltration in bronchial or vascular walls 
and alveolar septum; 2 points for moderate inflammatory 
reaction, patchy inflammatory cells infiltration in bron-
chial or vascular walls and alveolar septum with a wet-
ted area that is less than 1/3 of the cross-sectional area 
of lung; and 3 points for a severe inflammatory reaction, 
diffuse inflammatory cell infiltration in the bronchial or 
vascular walls and alveolar septum with an infiltration 
area of 1/3–2/3 of the cross-sectional area of the lung. 
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For IHC staining, rabbit anti-GITRL (1:200; GeneTex, 
Irvine, CA, USA) primary antibody was used. GITRL-
positive cells were stained brown with DAB. The integral 
optical density (IOD) of the positive areas was analyzed 
using Image-Pro Plus 6.0 software.

Bronchoalveolar lavage and cell counting
The left bronchus of the mice was ligated, and the right 
lung was rinsed three times with sterile phosphate buff-
ered saline (PBS; 0.5 ml) to collect bronchoalveolar lav-
age fluid (BALF). After centrifugation of the BALF, the 
obtained cells were lysed with red blood cell lysis buffer 
and then counted with a cell counter. For the eosinophil 
count, the remaining cells were stained with Wright-
Giemsa stain (Jiancheng Techno Co, Nanjing, China) 
according to the protocol. The proportion of eosinophils 
was obtained by counting at least 200 cells, and the total 
number of eosinophils was calculated.

Detection of total IgE
Blood samples were obtained and centrifuged at 
2500 rpm for 15 min at room temperature. The superna-
tants were used for IgE determinations. Total serum IgE 
levels were detected with a murine IgE ELISA kit (Neo-
Bioscience, Shenzhen, China) according to the protocol.

Measurement of AHR
Mice were anesthetized with 2% pentobarbital sodium, 
and lung resistance to different doses of methacho-
line was measured using an invasive pulmonary func-
tion instrument (EMKA Technologies, Paris, France) 
within 24  h after the last HDM challenge. Mice were 
mechanically ventilated following tracheal cannulation 
in whole-body plethysmography chambers with a con-
stant inspiratory flow before nebulization with increasing 
doses of methacholine (0–50 mg/ml). Lung resistance at 
each concentration was calculated.

Western blotting
Total proteins from lung tissues or BMDCs were 
extracted using the total protein extraction kit (KeyGen 
BioTECH, Jiangsu, China). Protein concentrations were 
routinely determined by the bicinchoninic acid protein 
assay reagent. Equal amounts of protein were subjected 
to 10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis and then transferred to polyvinylidene fluo-
ride membranes. Membranes were blocked with 5% 
skimmed milk powder solution and then incubated with 
1:1000 rabbit anti-GITRL antibody (GeneTex, Irvine, CA, 
USA) as a primary antibody and 1:5000 diluted goat anti-
rabbit IgG as a secondary antibody (ProteinTech, Wuhan, 
China). Band intensities were quantified using Image Lab 
6.0 software, and values were normalized to β-actin.

Generation of BMDCs
Bone marrow (BM) cells were obtained by flushing the 
femurs and tibias of C57BL/6 mice with RPMI 1640 
medium as previously described [26, 27]. Briefly, BM 
cells were cultured in RPMI 1640 medium supplemented 
with GM-CSF (20 ng/ml) and IL-4 (10 ng/ml), 10% FBS, 
glutamine, and penicillin–streptomycin for 6 days. At day 
7, nonadherent cells were collected as BMDCs, and more 
than 80% of the cells expressed characteristic DC-specific 
markers as determined by flow cytometry.

Transduction of BMDCs with lentiviral vectors (LV)
BMDCs were transfected with control or GITRL-specific 
shRNAs (GeneChem, Shanghai, China). The sequences 
targeted by shRNAs were as follows: shGITRL-1, 
5′-ccCTT CGT AGT ACA GAT ATA T-3′; shGITRL-2, 
5′-gcCAA GTG ATT CCT GTG GAT A-3′; and shGITRL-3, 
5′- gtTTG AAC TAT CAT CCT CAA A-3′. Shcontrol, which 
did not target any known gene, was used as control. BM 
cells were seeding in RPMI-1640 medium supplemented 
with GM-CSF and IL-4 for 2  days and then transduced 
with shcontrol or shGITRL at a multiplicity of infec-
tion of 100. After 24  h of transduction, transduced BM 
cells were washed and seeded for DC differentiation 
in the presence of GM-CSF and IL-4 and used at least 
4–6 days later. GFP expression in the transduced BMDCs 
was observed by fluorescence microscopy 4–6 days after 
transduction, and GFP-positive cells were detected by 
flow cytometry.

Coculture of BMDCs and splenocytes
BMDCs were collected on days 7–8 and adjusted to 
a concentration of 5 × 104 cells/ml. Splenocytes were 
obtained from the spleens of C57BL/6 mice by mechani-
cal disruption, 300 mesh stainless steel screen filtration 
and Ficoll density gradient purification. Splenocytes and 
BMDCs were mixed at a ratio of 10:1 and cocultured in 
24-well plates for 72 h with or without HDM (25 μg/ml) 
stimulation. Th1, Th2, Th17 and Treg cells were deter-
mined by flow cytometry based on surface markers and 
intracellular cytokine expression. The culture superna-
tant was harvested for cytokine detection.

Immunofluorescence detection
Frozen 10-µm lung tissue sections were used for immu-
nofluorescence. Lung tissue sections and BMDCs were 
fixed with 4% paraformaldehyde, permeabilized with Tri-
ton X100, and blocked with 5% bovine  serum  albumin. 
Lung tissue sections and BMDCs were then stained with 
rabbit anti-GITRL (1:200; GeneTex, Irvine, CA, USA) 
as a primary antibody and stained with cy3-conjugated 
goat anti-rabbit (1:200; Proteintech, Wuhan, China) as 
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a secondary antibody. Nuclei were counterstained with 
40, 6-diamidino-2-phenylindole (Beyotime, Shang-
hai, China). Images were captured under a fluorescence 
microscope (Nikon, Tokyo, Japan) and analyzed with 
ImageJ software.

Stimulation of splenocytes with GITRL in vitro
Splenocytes from C57BL/6 mice were stimulated with 
anti-CD3 (1 μg/ml, BioLegend, USA) or anti-CD3 (1 μg/
ml, BioLegend, USA) plus GITRL (1  μg/ml, MedChem-
Express, China) for 48  h before harvesting. Th1, Th2, 
Th17 and Treg cells were determined by flow cytom-
etry based on surface markers and intracellular cytokine 
expression. The culture supernatant was harvested for 
cytokine detection.

Flow cytometry
Mouse lung tissue was digested with collagenase to gen-
erate a single-cell suspension. Lung cells or cultured cells 
were stained with CD11c (anti-CD11c-PE-Cy5.5, e Bio-
science, USA), MHCII (anti-MHCII-PE, BD Pharmingen, 
USA) and GITRL (anti-GITRL-BV421, BD Pharmingen, 
USA) to identify  CD11c+MHCII+GITRL+ DCs. For the 
analysis of Tregs, lung cells or cultured cells were first 
stained for CD4 (anti-CD4-APC-Cy7, BD Pharmin-
gen, USA) and CD25 (anti-CD25-PE, BD Pharmingen, 
USA) and then fixed and permeabilized for intracellular 
Foxp3 (anti-Foxp3-APC, e Bioscience, USA) staining. 
For detecting Th1, Th2 and Th17 cells, lung cells or cul-
tured cells were stimulated with phorbol 12-myristate 
13-acetate (50  ng/ml) and ionomycin (1  μg/ml) for 6  h 
in the presence of Golgi Stop solution. After stimula-
tion, cells were incubated with surface markers for CD4 
(anti-CD4-FITC, BD Pharmingen, USA), permeabi-
lized and stained for the intracellular cytokines IL-4 
(anti-IL-4-APC, BD Pharmingen, USA), IFN-γ (anti-
IFN-γ-BV421, BD Pharmingen, USA) and IL-17 (anti-IL-
17-PE, BD Pharmingen, USA). Data were acquired using 
FACS Canto II (BD Biosciences, USA) and analyzed with 
FlowJo software.

Asthma patients and sample collection
Twelve children with asthma admitted to the Children’s 
Hospital of Chongqing Medical University (Chong-
qing, China) were enrolled in this study. Patients were 
selected based on the inclusion and exclusion crite-
ria for the diagnosis of childhood asthma. The asthma 
patients we included were first diagnosed with asthma 
and did not receive glucocorticoid treatment. Children 
without respiratory diseases were enrolled as a con-
trol group. Peripheral blood samples were collected and 
used to prepare total RNA. The study was approved by 
the Human Research Ethics Committee of Chongqing 

Medical University (permit number: 2018-148), and writ-
ten informed consent was obtained from guardians of all 
subjects before participation.

Quantitative RT‑PCR
Total RNA from peripheral blood samples and lung tis-
sues were extracted and reverse transcribed into cDNA 
using a PrimeScript RT Reagent Kit (Takara, Otsu, 
Japan). β-actin or GAPDH was used as a reference con-
trol to normalize the gene expression values. Gene 
expression was analyzed using SYBR Green Master 
mix. The following primer sequences were used: mouse 
GITRL, forward 5′-CAA GTC CTC AAA GGG CAG AG-3′, 
reverse 5′-GGC AGT TGG CTT GAG TGA A-3′; mouse 
Foxp3, forward 5′-AAG AAT GCC ATC CGC CAC AACC-
3′, reverse 5′-GGC GTT GGC TCC TCT TCT TGC-3′; 
mouse GATA3, forward 5′-ATT ACC ACC TAT CCG CCC 
TAT-3′, reverse 5′-CGG TTC TGC CCA TTC ATT TTAT-
3′; mouse RORγt, forward 5′-ACA AAT TGA AGT GAT 
CCC TTGC-3′, reverse 5′-GGA GTA GGC CAC ATT ACA 
CTG-3′; mouse T-bet, forward 5′-AAG TTC AAC CAG 
CAC CAG ACA GAG -3′, reverse 5′-GCC ACG GTG AAG 
GAC AGG AATG-3′; mouse β-actin, forward 5′-GTG 
CTA TGT TGC TCT AGA CTTCG-3′, reverse 5′-ATG 
CCA CAG GAT TCC ATA CC-3′; human GITRL, for-
ward 5′-GTG AAT AAG GTG TCT GAC TGGA-3′, reverse 
5′-GTC CCC AAC ATG CAA TTC ATAA-3′; and human 
GAPDH: forward 5′-CAG CGA CAC CCA CTC CTC CAC 
CTT -3′, reverse 5′-CAT GAG GTC CAC CAC CCT GTT 
GCT -3′. The relative expression of genes was calculated 
using the 2-∆∆Ct analysis method.

Statistical analysis
Data were analyzed using Graph Pad Prism version 5.0. 
Statistical comparisons among groups were performed 
using Student’s t-test, one-way ANOVA or two-way 
ANOVA with the Bonferroni post hoc test. Data are pre-
sented as the mean ± SEM, and a P value < 0.05 was con-
sidered significant.

Results
GITRL expression is increased on lung DCs 
from HDM‑induced asthmatic mice
We used a murine model to assess whether sensitiza-
tion and challenge with HDM modifies the cell surface 
expression of GITRL on lung DCs. The asthma modeling 
method used in this study is illustrated in Fig. 1a. Quan-
titative RT-PCR (Fig.  1b), western blot (Fig.  1c, d) and 
immunohistochemical (Fig. 1e, f ) analyses confirmed that 
the level of GITRL in the lung was increased significantly 
in HDM-induced asthmatic mice compared with those in 
the normal saline group (P < 0.05). Furthermore, immu-
nohistochemistry revealed strong expression of GITRL in 
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cells close to the alveolar region. This was consistent with 
the normal location of DCs and alveolar macrophages in 
the lung. Furthermore, we found that the percentage of 
 CD11c+MHCII+GITRL+ DCs in the lung increased sig-
nificantly after HDM sensitization and challenge (Fig. 1g, 
h, P < 0.01).

Allergen‑induced airway inflammation and AHR are 
reduced in HDM‑challenged GITRL knockdown mice
Having shown that GITRL is increased in asthmatic 
mice, experiments were next conducted to verify the role 
of GITRL in HDM-induced allergic asthma. To address 
this, we knocked down GITRL in the lung using AAV-
shGITRL. Immunofluorescence (Fig.  2a, b) and western 
blot (Fig. 2c, d) demonstrated that the GITRL expression 
was significantly knocked down in the lung (P < 0.01). 
Flow cytometry analyses showed that GITRL on the sur-
face of DCs was successfully knocked down after HDM 
sensitization and challenge (Fig. 2e, f, P < 0.05). We next 
examined the effects of GITRL knockdown on airway 
inflammation and AHR. As shown in Fig.  3a–f, HDM-
challenged AAV-shGITRL mice had less inflammatory 
cells infiltration around the bronchus than AAV-GFP 
mice, and the total number of BALF cells, eosinophils 
and serum total IgE were significantly reduced (P < 0.05). 
Furthermore, lung resistance was decreased in HDM-
challenged AAV-shGITRL mice compared with AAV-
GFP mice (Fig.  3c, P < 0.01). Collectively, these data 
demonstrate that HDM-challenged AAV-shGITRL mice 
have a phenotype of decreased allergic airway inflamma-
tion and AHR.

The balance of Th1/Th2 and Th17/Treg cells is partially 
restored in HDM‑challenged GITRL knockdown mice
In view of the role of GITRL expressed on DCs in  CD4+ 
T cell differentiation, we asked whether GITRL could 
impact the differentiation of  CD4+ T cells in asthma. 
Flow cytometry demonstrated a significant reduc-
tion in the percentage of  CD4+CD25+Foxp3+ T cells 
(Tregs) in the lung of HDM-challenged mice compared 
with normal saline mice (Fig.  4a, b, P < 0.01). However, 
the percentage of Tregs was upregulated in the lungs of 
HDM-challenged AAV-shGITRL mice compared with 
HDM-challenged AAV-GFP mice (Fig. 4a, b, p < 0.05). In 

addition, the percentage of Th2 and Th17 cells in HDM-
challenged mice was increased compared with normal 
saline mice (Fig.  4c–e, P < 0.05). Compared with HDM-
challenged AAV-GFP mice, GITRL knockdown markedly 
decreased the percentage of Th2 and Th17 cells under 
HDM challenge (Fig. 4c–e, P < 0.01). There was no differ-
ence in the percentage of Th1 cells in each group (Fig. 4c, 
f, P > 0.05). Thus, these data suggest that the upregulated 
expression of GITRL by lung DCs might in part con-
tribute to the Th1/Th2 and Th17/Treg cell imbalance in 
HDM-challenged mice.

Cell surface GITRL expression is increased on mouse 
BMDCs stimulated by HDM in vitro
In vitro experiments were conducted to further verify 
the role of GITRL on the DC surface in HDM-induced 
asthma. BMDCs were extracted from mice and stim-
ulated with HDM. More than 80% of the BMDCs 
expressed CD11c as determined by flow cytometry 
(Fig.  5a). After HDM stimulation, western blot (Fig.  5b, 
c), immunofluorescence (Fig.  5d, e) and flow cytometry 
(Fig.  5f, g) showed that GITRL on BMDCs increased 
(P < 0.05), which is consistent with the results of the 
animal model.

The balance of Th1/Th2 and Th17/Treg cells is partially 
restored by knocking down GITRL on BMDCs cocultured 
with splenocytes under HDM stimulation
To further explore the role of GITRL in  CD4+ T cell 
differentiation in  vitro, we knocked down GITRL on 
BMDCs using LV-shGITRL. GFP was visualized by flu-
orescence microscopy (Fig. 6a). The percentage of GFP-
positive cells was approximately 50% by flow cytometry 
(Fig. 6b). Subsequently, we tested the efficacy of GITRL 
shRNA transfection in downregulating GITRL by west-
ern blot. As shown in Fig. 6c–e, LV-shGITRL-3 had the 
best knockdown effect on GITRL, which was approxi-
mately 50% lower (P < 0.05). Therefore, LV-shGITRL-3 
was used for our experiment. Furthermore, immunofluo-
rescence showed that after HDM stimulation, GITRL on 
the surface of LV-shGITRL BMDCs decreased compared 
with that on the surface of LV-GFP BMDCs (Fig.  6f, g, 
P < 0.01). Next, we examined the effect of knocking down 
GITRL on the surface of BMDCs on the differentiation 

Fig. 1 Increased GITRL expression on lung dendritic cells from HDM-induced asthmatic mice. a Mice were sensitized by intranasal house dust mite 
(HDM) administration (20 μg) on day 0 and day 14 and challenged by intranasal HDM (20 μg) administration on days 21, 23, 25, 27 and 29 before 
sacrifice on day 31. b GITRL mRNA expression in the lung tissues of normal saline and HDM-challenged mice. c Representative western blots of 
GITRL protein in the lung tissues of normal saline and HDM-challenged mice. d Quantification of western blots data from (c) (n = 8 per group). e 
Immunohistochemical staining for GITRL in the lung tissues of normal saline and HDM-challenged mice (× 200 magnification, scale bars = 500 μm). 
f The total integral optical density (IOD) for GITRL (n = 9 per group). g Flow cytometry analysis of the percentage of  CD11c+MHCII+GITRL+ cells in 
the lung tissues of normal saline and HDM-challenged mice. h Statistical analysis of (g) (n = 8 per group). *P < 0.05, **P < 0.01

(See figure on next page.)
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of  CD4+ T cells. BMDCs were cocultured with spleno-
cytes with HDM stimulation. Then, the cells were ana-
lyzed by flow cytometry for  CD4+ T cell subsets. Flow 

cytometry demonstrated a significant reduction in the 
percentage of Tregs in cells treated with HDM compared 
with PBS-treated cells (Fig.  6h, i, P < 0.01). However, 

Fig. 2 In vivo GITRL is successfully knocked down by intranasal delivery of the AAV vector. a Immunofluorescent staining for GITRL in AAV-GFP- and 
AAV-shGITRL-transduced mice (× 200 magnification, scale bars = 50 μm). b Quantification of the GITRL mean fluorescent intensity (MFI) in the lung 
(n = 5 per group). c Representative western blots of GITRL protein in the lungs of AAV-GFP- and AAV-shGITRL-transduced mice. d Quantification of 
western blot data from (c) (n = 5 per group). e Flow cytometry analysis of the percentage of  CD11c+MHCII+GITRL+ cells in the lung tissues from 
HDM-challenged AAV-GFP and AAV-shGITRL mice. f Statistical analysis of (e) (n = 4 per group). *P < 0.05, **P < 0.01
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under HDM stimulation, the percentage of Tregs with 
GITRL knockdown was markedly increased compared 
with the LV-GFP group (Fig. 6h, i, P < 0.001). In addition, 
the percentages of Th2 and Th17 cells in HDM-treated 
cells were increased compared with those in PBS-treated 
cells (Fig.  6j–l, P < 0.01). Compared with the LV-GFP 
group, the percentages of Th2 and Th17 cells were mark-
edly decreased with GITRL knockdown under HDM 
stimulation (Fig.  6j–l, P < 0.05). There was no difference 
in the percentage of Th1 cells in each group (Fig. 6j, m, 
P > 0.05). These results were consistent with the results 
of the in  vivo experiments. We next addressed whether 
GITRL knockdown could affect the amount of Foxp3, 
GATA3, RORγt and T-bet in cocultured cells. Quantita-
tive RT-PCR showed that Foxp3 expression decreased 
significantly, while GATA3 and RORγt mRNA increased 
in cells treated with HDM compared with PBS-treated 
cells (Fig.  6n–p, P < 0.01). After GITRL knockdown, 
Foxp3 mRNA expression increased, while GATA3 and 
RORγt decreased (Fig.  6n–p, P < 0.05). However, there 
was no significant difference in T-bet mRNA expression 
in each group (Fig. 6q, P > 0.05). Collectively, these exper-
iments further show that GITRL on DCs might modulate 
the differentiation of  CD4+ T cells and in part contribute 
to the imbalance of Th1/Th2 and Th17/Treg cells.

GITRL stimulation inhibits Treg differentiation 
and promotes Th2 and Th17 cell differentiation
To determine whether CD4 + T cell differentiation was 
affected directly by GITRL, we stimulated murine sple-
nocytes with anti-CD3 alone or anti-CD3 plus GITRL. 
As shown in Fig.  7a, b, flow cytometry demonstrated a 
significant reduction in the percentage of Tregs in cells 
stimulated with anti-CD3 plus GITRL compared with 
cells treated with anti-CD3 alone (P < 0.05). Moreover, 
in the presence of GITRL, the percentages of Th2 and 
Th17 cells were increased (Fig.  7c–e, P < 0.05). There 
was no difference in the percentage of Th1 cells (Fig. 7c, 
f, P > 0.05). We next addressed whether GITRL stimula-
tion could affect the amount of Foxp3, GATA3, RORγt 
and T-bet mRNA in splenocytes. Quantitative RT-PCR 
showed that Foxp3 mRNA expression decreased sig-
nificantly, while GATA3 and RORγt mRNA expression 
increased after GITRL stimulation (Fig.  7g–i, P < 0.05). 
There was no significant difference in T-bet mRNA 

expression between the two groups (Fig.  7j, P > 0.05). 
These experiments further confirmed that GITRL may 
directly modulate the differentiation of  CD4+ T cells, 
leading to the imbalance of Th1/Th2 and Th17/Treg cells.

GITRL mRNA expression is increased in peripheral blood 
from asthmatic children
In view of the essential role of GITRL in allergy, com-
bined with our results in animal model in  vivo and 
in  vitro, we further enrolled 12 children with asthma 
and eleven children without respiratory diseases or auto-
immune  diseases and then examined the expression of 
GITRL in peripheral blood. As we expected, quantitative 
RT-PCR showed that the GITRL mRNA level was higher 
in asthmatic children than in the healthy control group 
(Fig.  8, P < 0.05). Thus, GITRL is increased in asthmatic 
children.

Discussion
DCs are considered professional APCs as a result of 
their essential roles in immune responses. Lung DCs are 
located throughout the respiratory tract and have signifi-
cant roles in lung homeostasis and in the pathogenesis of 
pulmonary diseases. Lung DCs have become an impor-
tant cellular therapeutic target of new vaccine strategies 
for a variety of human lung diseases, including asthma 
[28]. GITRL, a member of the tumor necrosis factor 
superfamily (TNFSF), is mainly expressed on DCs, B cells 
and macrophages [10, 11]. TNFSF members not only reg-
ulate cellular differentiation, survival, and programmed 
death but also play a critical role in the immune system 
[29]. Previous studies have shown that TNFSF members 
such as OX40L, TRAIL, and LIGHT play important roles 
in asthma [30–32]. However, limited data exist regarding 
the function of GITRL in allergen-mediated asthma. It 
was reported that GITRL was positively correlated with 
group 2 innate lymphocyte (ILC2)-associated molecules, 
thus exacerbating ovalbumin (OVA)-induced asthma 
[21]. Furthermore, mice treated with GITRL blockers or 
GITR-deficient mice exhibited reduced inflammatory 
symptoms in models of lung and gut inflammation, pan-
creatitis, diabetes, allograft rejection, spinal cord injury 
and other diseases [33–36]. These findings suggest that 
blocking the GITR–GITRL interaction may be suitable 

Fig. 3 AAV-mediated GITRL knockdown reduces allergen-induced airway inflammation and airway hyperresponsiveness. a Representative 
hematoxylin and eosin (H&E) staining of lung sections in each group (× 200 magnification, scale bars = 500 μm). b Inflammation score in the 
airways and lungs (n = 5–6 per group). c Lung resistance to inhaled methacholine in each group (n = 4–6 per group). d Serum total IgE levels 
(n = 6–8 per group). e Total cells in bronchoalveolar lavage fluid (BALF) (n = 4–8 per group). f Total eosinophils in BALF (n = 4–8 per group). *P < 0.05, 
**P < 0.01, ***P < 0.001, HDM group versus Saline group; ^^P < 0.01, ^^^P < 0.001, HDM-challenged AAV-shGITRL group versus HDM-challenged 
AAV-GFP group

(See figure on next page.)
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for the treatment of inflammatory diseases. Thus, in this 
study, we explored whether regulating GITRL expressed 
on lung DCs can prevent asthma and its mechanism of 
action.

Since HDM is the most common allergen implicated 
in human allergic asthma, we used HDM to establish 
an asthma mouse model. Similarly, we found that HDM 
stimulation promotes GITRL expression on the lung DCs 
of mice. This is similar to prior reports demonstrating the 
upregulation of cell surface GITRL expression on DCs 
in response to proinflammatory stimuli [37, 38]. It has 
been shown that AAV6 is one of the most efficient sero-
types used for lung gene transfer [39, 40]. To confirm the 

role of GITRL in asthma, we established a mouse model 
of GITRL knockdown in the lung using AAV6 vectors 
to characterize the role of GITRL in regulating HDM-
induced asthma. After GITRL on the lung DCs was suc-
cessfully knocked down, we found that HDM-challenged 
AAV-shGITRL mice display decreased airway inflamma-
tion, serum total IgE levels and AHR. This suggests that 
GITRL, as a positive regulator, promotes airway inflam-
mation and AHR in HDM-induced asthma. Knockdown 
of GITRL can effectively alleviate lung inflammation and 
AHR in asthmatic mice.

Furthermore, we sought to elucidate the mechanism 
by which GITRL aggravates asthma. It is known that 

Fig. 4 The balance of Th1/Th2 and Th17/Treg cells is partially restored in HDM-challenged GITRL knockdown mice. a Flow cytometry analysis of 
the percentage of  CD4+CD25+Foxp3+ T cells (Tregs) in the lung tissues of mice. b Statistical analysis of (a) (n = 4–6 per group). c Flow cytometry 
analysis of the percentage of  CD4+IL-4+ T cells (Th2),  CD4+IFN-γ+ T cells (Th1) and  CD4+IL-17+ T cells (Th17) in the lung tissues of mice. d–f 
Statistical analysis of (c) (n = 5 per group). *P < 0.05, **P < 0.01, ***P < 0.001
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the balance of Th1/Th2 and Th17/Treg cells plays a cen-
tral role in the pathogenesis of allergic asthma. It was 
reported that GITR activation leads to an exacerbation 
of murine allergic airway inflammation with elevated 
production of OVA-specific Th1 and Th2 cytokines [22]. 

In  addition, previous studies have shown that GITR/
GITRL can abrogate the immunosuppressive functions 
of Tregs [13, 36]. Furthermore, treatment with soluble 
GITRL reduces the suppression of Tregs and restores the 
proliferation of  CD4+CD25− T cells in cancer [20]. In 

Fig. 5 GITRL is increased on mouse bone marrow-derived dendritic cells stimulated by HDM in vitro. a Flow cytometry analysis of the percentage 
of  CD11c+ cells. b Representative western blots of GITRL protein in PBS or HDM-treated BMDCs. c Quantification of western blots data from 
(b) (n = 4–5 per group). d Immunofluorescent staining for GITRL in PBS or HDM-treated BMDCs (× 200 magnification, scale bars = 50 μm). e 
Quantification of the GITRL mean fluorescent intensity (MFI) in PBS- or HDM-treated BMDCs (n = 6 per group). f Flow cytometry analysis of the 
percentage of  CD11c+MHCII+GITRL+ cells in PBS- or HDM-treated BMDCs. g Statistical analysis of (f) (n = 4–5 per group). *P < 0.05, ***P < 0.001
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other studies, GITRL could aggravate autoimmune dis-
eases by promoting Th17 cell expansion [41, 42]. This led 
us to conjecture that GITRL might promote the devel-
opment of asthma by modulating the differentiation of 
 CD4+ T cells. Therefore, we measured the proportion of 
Th1, Th2, Th17 and Treg cells and the cytokines secreted 
by Th1, Th2, Th17 and Treg cells in HDM-challenged 
AAV-shGITRL mice. Here, we showed that GITRL 
knockdown markedly decreased the percentages of Th2 
and Th17 cells and increased the percentage of Tregs, 
while the percentage of Th1 cells did not change signifi-
cantly. Our results are consistent with those of another 
study, which mentioned that GITR stimulation costim-
ulates Th2 cytokine production but has no effect on 
Th1 cytokine production [23]. Although another study 
showed that recombinant mouse GITRL (rmGITRL) 
promoted the proliferation of Th1 cells at low concen-
trations, it did not at high concentrations [15]. However, 
the effect of rmGITRL on the proliferation of Th2 cells 
increased with the increase of rmGITRL concentration. 
Therefore, we did not observe the change of Th1 cells 
in our study, which may be caused by different intensity 
of antigen stimulation. This suggests that GITRL may 
mainly affect Treg, Th2 and Th17 cells. Thus, GITRL may 
promote the development of asthma by modulating the 
differentiation of  CD4+ T cells and disturbing the balance 
of Th1/Th2 and Th17/Treg cells.

Since we failed to specifically knock down GITRL on 
DCs in vivo, we conducted in vitro experiments to con-
firm the role of GITRL in the differentiation of  CD4+ T 
cells. First, we cultured BMDCs and stimulated them 
with HDM. We found that GITRL expression on BMDCs 
was upregulated after HDM stimulation, which is con-
sistent with our findings in animal model. Then, we 
knocked down GITRL on BMDCs with LV-shGITRL and 
coculture BMDCs with splenocytes to characterize the 
role of GITRL expression in the balance of Th1/Th2 and 
Th17/Treg cells. We showed that Th1/Th2 and Th17/Treg 
cells balances are partially restored by knocking down 
GITRL on BMDCs. Since Foxp3, GATA3, RORγt and 
T-bet are the “master regulator” transcription factors for 
Treg, Th2, Th17 and Th1 cell differentiation, respectively, 

we tested the impact of GITRL on them. We showed that 
Foxp3 increased, while GATA3 and RORγt expression 
decreased after knocking down GITRL on BMDCs. To 
further determine whether  CD4+ T cells differentiation 
was affected directly by GITRL, we stimulated spleno-
cytes with GITRL protein in vitro. Interestingly, we found 
that after stimulating splenocytes with GITRL, the pro-
portion of Tregs decreased, and the proportion of Th2 
and Th17 cells increased, accompanied by a decrease in 
Foxp3 and an increase in GATA3 and RORγt. Collec-
tively, these results confirm the conclusion that GITRL 
on DCs may promote asthma by modulating  CD4+ T cell 
differentiation and disturbing the balance of Th1/Th2 and 
Th17/Treg cells. In the future, we can use mixed bone 
marrow chimera to detect which  CD4+ T cell subsets are 
directly mediated by GITRL in a cell-intrinsic manner, 
and study the effect of GITRL on the apoptosis or prolif-
eration of different  CD4+ T cell subsets.

To determine whether the above findings are related to 
human beings, we used quantitative RT-PCR to measure 
the expression of GITRL mRNA in the peripheral blood 
of asthmatic children. We found that asthmatic children 
have increased GITRL mRNA expression compared with 
nonasthmatic subjects. This change is consistent with 
our results in animal experiments and in  vitro experi-
ments, which further indicates the importance of GITRL 
in the pathogenesis of asthma and may provide new ways 
of clinical treatment. Many treatment approaches target-
ing TNFSF/TNFRSF members have been applied to vari-
ous cancers. Agents targeting GITR are currently under 
investigation in clinical trials. It has been found that 
MK-4166, a human GITR agonist, can reduce the expres-
sion of Foxp3 mRNA in human tumor infiltrating Tregs 
[43]. The safety and tolerability of MK-4166 antibody 
in the treatment of advanced solid tumors are currently 
being evaluated in a phase I study (NCT02132754) [43]. 
Moreover, a recent study screened drugs that can inhibit 
the binding of GITR and GITRL from nearly 10,000 
drugs approved by FDA. It was found that minocycline 
can inhibit the proliferation of T lymphocytes stimu-
lated by GITRL and regulate the expression of IL-17 and 
RORγt in T lymphocytes [44]. Moreover, other studies 

(See figure on next page.)
Fig. 6 Knockdown of GITRL on BMDCs partially restored the balance of Th1/Th2 and Th17/Treg cells. a Expression of GFP and the morphologic 
characteristics of BMDCs were observed under a fluorescence microscope (× 100 magnification, scale bars = 100 μm). b Flow cytometry 
analysis of the percentage of  GFP+ cells in BMDCs. c Representative western blots of GITRL protein in LV-GFP-, LV-shGITRL-1-, LV-shGITRL-2-, 
and LV-shGITRL-3-transduced BMDCs. d Quantification of western blot data from (c) (n = 4—5 per group). e GITRL mRNA expression in each 
group (n = 6—7 per group). f Immunofluorescent staining for GITRL in HDM-treated LV-GFP and LV-shGITRL BMDCs (× 200 magnification, scale 
bars = 50 μm). g Quantification of the GITRL mean fluorescent intensity (MFI) in HDM treated LV-GFP and LV-shGITRL BMDCs (n = 6 per group). h 
Flow cytometry analysis of the percentage of  CD4+CD25+Foxp3+ T cells (Tregs) in splenocytes cocultured with BMDCs. i Statistical analysis of (h) 
(n = 6 per group). j Flow cytometry analysis of the percentage of  CD4+IL-4+ T cells (Th2),  CD4+IFN-γ+ T cells (Th1) and  CD4+IL-17+ T cells (Th17) in 
splenocytes cocultured with BMDCs. k–m Statistical analysis of (j) (n = 6 per group). n–q Foxp3, GATA3, RORγt and T-bet mRNA expression in each 
group (n = 6 per group). *P < 0.05, **P < 0.01, ***P < 0.001
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have found that minocycline can reduce the symptoms 
of asthma [45, 46]. As blocking GITRL showed a protec-
tive effect for asthma in our research and other research 
on GITRL-associated clinical trials and blocking or ago-
nist drugs of GITR are relatively mature, GITRL may 
be a therapeutic target for asthma in the future, which 
has important clinical significance. Although the main 
concern about the use of GITRL inhibitors is that theo-
retically GITRL inhibition may be beneficial to the devel-
opment of immunosuppression and infectious diseases 
[34], further clinical trials are needed to confirm this. 
GITRL inhibitors still have broad application prospects 
in the treatment of allergic diseases and autoimmune dis-
eases. We should balance the benefits and risks of GITRL 
inhibitors.

Conclusions
In summary, the present study for the first time dem-
onstrated a role for GITRL on the surface of DCs in 
the pathogenesis of immune responses in experimental 
HDM-induced asthma. We demonstrated that GITRL 
promotes allergic airway inflammation and AHR by mod-
ulating  CD4+ T cell differentiation and disturbing the 
balance of Th1/Th2 and Th17/Treg cells. Furthermore, 
we found that GITRL expression is increased in periph-
eral blood from asthmatics, which suggests a possible 
role for GITRL in the development of asthma in humans. 
This study further suggests that GITRL inhibitors may be 
a potential immunotherapy for asthma, which provides 
new insights for asthma treatment.
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Fig. 7 GITRL stimulation inhibits Treg cell differentiation and promotes Th2 and Th17 cell differentiation. a Flow cytometry analysis of the 
percentage of  CD4+CD25+Foxp3+ T cells (Tregs) in splenocytes stimulated with anti-CD3 or anti-CD3 plus GITRL. b Statistical analysis of (a) (n = 5 
per group). c Flow cytometry analysis of the percentage of  CD4+IL-4+ T cells (Th2),  CD4+IFN-γ+ T cells (Th1) and  CD4+IL-17+ T cells (Th17) in 
splenocytes stimulated with anti-CD3 or anti-CD3 plus GITRL. d–f Statistical analysis of (c) (n = 5 per group). g–j Foxp3, GATA3, RORγt and T-bet 
mRNA expression in each group (n = 5 per group). *P < 0.05, ***P < 0.001

(See figure on previous page.)

Fig. 8 Increased expression of GITRL mRNA in asthmatic children. 
GITRL mRNA expression in the peripheral blood from healthy children 
(n = 11) and asthmatic children (n = 12). *P < 0.05
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