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Abstract. The activation of monocytes and macrophages is 
associated with steroid-resistant (SR) asthma. Interleukin-35 
(IL‑35) is an important anti‑inflammatory cytokine, but its 
regulatory effects on monocytes in patients with SR asthma 
is not fully understood. Based on clinical response to oral 
prednisolone, 34 patients with steroid-sensitive (SS) asthma 
and 20 patients with SR asthma were enrolled in the present 
study. Serum IL-35 levels were analyzed using the Luminex 
200 platform. Monocytes from patients with asthma were 
pretreated with IL‑35 followed by dexamethasone (DEX) and 
lipopolysaccharide (LPS), then corticosteroid sensitivity was 
evaluated according to the half‑maximal inhibitory concen-
tration of DEX with respect to LPS-induced IL-6 maximal 
production in monocytes (DEX-IC50). The percentage of 
maximal inhibition of IL‑6 by DEX was presented as Emax. 
Phosphorylated-P38 mitogen activated kinase (p-p38 MAPK) 
and mitogen-activated protein kinase phosphatase-1 (MKP-1) 
were examined by flow cytometry and reverse transcrip-
tion-quantitative PCR analysis, respectively. Glucocorticoid 
receptor (GR) binding to the glucocorticoid response element 
(GRE) was assessed by chromatin immunoprecipitation. 
Compared with patients with SS asthma, patients with SR 
asthma had lower IL-35 expression levels (P<0.05). Correlation 

analysis results demonstrated that the expression levels of 
IL-35 showed a weak negative correlation with log DEX-IC50 
(r=-0.351; P<0.01) and a moderate positive correlation with 
Emax value (r=0.4501; P<0.01) in all patients with asthma. 
Moreover, IL-35 enhanced DEX-suppressed IL-6 production 
and the DEX-induced upregulation of the MKP-1 mRNA 
expression level in monocytes from both patient groups 
(P<0.01). In addition, IL‑35 inhibited p‑p38 MAPK expression 
in monocytes, and these effects were mediated via an increase 
in DEX‑induced GR binding to GRE. Therefore, IL‑35 may be 
involved in the corticosteroid enhancing effects in monocytes 
of patients with SR and SS asthma, suggesting potential 
benefits of IL‑35 supplementation in asthmatics with DEX.

Introduction

Despite the demonstrable benefit of inhaled glucocorticoids 
(GCs) for improving asthma symptoms and lung function 
in patients with asthma, referred to as steroid-sensitive (SS) 
asthma, it is estimated that ≤5% of asthma cases are relatively 
insensitive to steroid therapy (1). Aside from Th17-induced 
airway inflammation, it is apparent that activation of mono-
cytes and macrophages is associated with steroid-resistant 
(SR) asthma (2,3). Macrophage‑induced airway inflammation 
in mice is associated with SR airway inflammation and airway 
hyperresponsiveness (AHR) (4). Mechanistically, monocytes 
contribute to the amplification of inflammation in an asthma 
mouse model, including generation of cytokines and accelera-
tion of the T helper cell 2 (Th2)-mediated immune response 
via their differentiation into dendritic cells and inflammatory 
macrophages (5-7). Clinical studies have also revealed that 
monocytes from patients with SR asthma show functional acti-
vation compared with those from patients with SS asthma (8). 
Thus, modulation of monocyte activation may be an effective 
therapeutic approach for SR asthma.

GCs exert a wide range of anti‑inflammatory effects on 
monocytes after binding to their glucocorticoid receptors 
(GR), which translocate into the nucleus from cytoplasm (9). 
GRs then bind to glucocorticoid response elements (GRE) 
and regulate the transcription of related genes, including 
mitogen-activated kinase phosphatase (MKP-1) (10). MKP-1, 
a phosphatase, selectively inactivates phosphorylated-p38 
mitogen activated kinases (p-p38 MAPK), thus suppressing 
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the production of pro‑inflammatory cytokines (11). It has been 
reported that p38 MAPK pathway activation in peripheral 
blood mononuclear cells (PBMCs) is significantly increased 
in patients with SR asthma compared with patients with SS 
asthma (8). In addition, previous studies showed that inhibi-
tion of p38 MAPK pathway activation using vitamin D or 
p‑p38 MAPK inhibitor significantly enhanced dexamethasone 
(DEX)‑induced inhibition of cellular responsiveness to GCs 
in patients with SR asthma (3,12,13). Therefore, targeting the 
GRE‑based signaling pathway may be a novel therapeutic 
strategy for SR asthma.

Interleukin (IL)-35 is an important anti-inflammatory 
cytokine formed by IL‑12α and Epstein-Barr virus-induced 
gene 3 (EBI3), and underpins the pathogenesis of asthma (14). 
In a mouse model, administration of recombinant IL‑35 
(AdIL-35) reversed IL-17-dependent AHR and suppressed the 
severity of airway inflammation (15,16). Histological analysis 
shows that AdIL‑35 reduces the number of pro‑inflammatory 
cells and levels of pro-inflammatory cytokines, including 
IL‑17, IL‑4 and IL‑5, in bronchoalveolar lavage fluid (17,18). 
Interleukin-35-induced regulatory T cells (iTr35) are known 
to suppress the proliferation of Th17 cells and to inhibit the 
inflammatory response of immune cells (16,19). However, it 
is still unknown whether IL‑35 can efficiently enhance the 
inhibitory effect of DEX on monocytes in patients with SR 
asthma.

Therefore, the present study investigated the percentage of 
iTr35 cells and the expression levels of serum IL-35 in periph-
eral blood from patients with SR or SS asthma. In addition, 
the effects of IL-35 on cellular responses to glucocorticoids 
in vitro were examined in the monocytes of these patients. 
Furthermore, the present study analyzed the effects of IL-35 
on the induction of mitogen-activated protein kinase phospha-
tase-1 (MKP-1) expression and the recruitment of GR to the 
GRE in monocytes. It was found that decreased IL-35 expres-
sion levels in peripheral blood from patients with SR asthma 
were involved in the corticosteroid insensitivity of monocytes, 
suggesting potential benefits of IL‑35 supplementation in 
patients with asthma with DEX.

Materials and methods

Study population. The present study was carried out under 
ethical approval from the Ethics Committee of Binhai 
Hospital (approval no. 2017/05). After detailed explanation, 
informed consent was provided by all patients. The sample 
size was determined using a calculation for two-samples 
t-test and it was expected that a difference of 0.2 ng/ml 
would be detected in serum IL‑35 between patients with SR 
or SS asthma. To have a study with a power of 1-β=0.90 and 
a statistical difference of P<0.05, a sample of 18 patients in 
each group was required.

A total of 392 adults with asthma (172 women and 220 
men; mean age, 39.1±8.3 years) were enrolled at the respira-
tory clinic of Binhai County People's Hospital (Jiangsu, China) 
between August 2017 and November 2018. No patients had 
received oral glucocorticoids for >1 month before enrollment 
in the present study. Patients who had a history of infection, 
who had received immunotherapy or who had smoked in the 
previous month were excluded.

All 392 asthmatic patients received oral prednisolone 
(40 mg/1.73 m2/d; Wockhardt, Ltd.) for 14 days. The clinical 
response of patients to corticosteroid therapy was measured 
with a PC‑based spirometer (WinspiroPRO; Medical 
International Research). Patients with asthma were defined 
as SR if they experienced <10% improvement, or as SS if 
they experienced ≥10% improvement in baseline forced 
expiratory volume (FEV) in 1 sec after a 14-day course of 
oral prednisolone (20). In total, 20 patients were diagnosed 
with SR asthma and 372 patients were diagnosed with SS 
asthma. According to the SR group, 34 sex and age-matched 
SS asthma controls were selected from 372 hormone therapy 
sensitive patients. Patient characteristics are presented in 
Table I.

Peripheral blood sample preparation. A total of 20 ml periph-
eral venous blood was collected from each patient. Then, 
1 ml was collected into a tube containing heparin sodium 
(10 IU/ml; Sigma-Aldrich; Merck KGaA) for iTr35 cell and 
intracellular p‑p38 MAPK flow cytometric analysis within 
24 h, and another 1 ml was centrifuged at room temperature 
for 10 min at 840 x g to prepare serum, which was stored at 
‑80˚C for later cytokine IL‑35 determination. The remaining 
18 ml was used for monocyte isolation and culture.

Flow cytometric detection of iTr35 cells. For iTr35 cell analysis, 
100 µl venous blood was activated with ionomycin (1 µg/ml), 
monensin (1 µg/ml) and phorbol‑12‑myristate‑13‑acetate 
(50 ng/ml; all from Sigma-Aldrich; Merck KGaA) for 5 h at 
37˚C. After erythrocytes were lysed in fluorescence‑activated 
cell sorting lysing solution (BD Biosciences), the remaining 
cells were stained with PerCP-cy5.5-conjugated anti-CD4 
antibodies (1:10; cat. no. 4291864; ebioscience; Thermo Fisher 
Scientific, Inc.) for 30 min at room temperature. Next, cells 
were fixed and permeabilized using the BD cytofix/cytoperm 
kit according to the manufacturer's protocol (BD Biosciences), 
before staining with phycoerythrin‑conjugated anti‑IL‑27 
EBI3 (1:10; cat. no 4329546), eFluor 660 labeled anti‑IL‑12P35 
(1:10; cat. no 4323861), and FITC-conjugated anti-forkhead 
box P3 (Foxp3) antibodies (1:10; cat. no E15373‑103) (all from 
ebioscience; Thermo Fisher Scientific, Inc.) for 20 min at room 
temperature. Then, cells were analyzed by a flow cytometer 
(Becton, Dickinson and Company).

iTr35 cell were identified as follows: i) Forward and side 
scattering was used to gate lymphocytes; ii) CD4-positive 
and Foxp3-negative cells were detected in gated lympho-
cytes; and iii) IL‑12P35 and IL‑27EBI3 double positive 
cells were detected in CD4+FoxP3- lymphocytes. The 
iTr35 cell percentage was measured as the percentage of 
CD4+FoxP3-IL-12P35+IL-27EBI3+ cells among the CD4+ 
T cells.

Isolation and treatment of monocytes. PBMCs were isolated 
by two‑step gradient centrifugation (21). PBMCs were 
obtained by Ficoll‑Hypaque density gradient centrifugation (at 
room temperature for 20 min at 800 x g) and resuspended in 
Percoll solution 1 (ρ=1.123 g/ml). Then, the cells were overlaid 
with Percoll solution 2 (ρ=1.064 g/ml) and Percoll solution 3 
(ρ=1.032 g/ml; all, Beijing Solarbio Science & Technology 
Co., Ltd.) at room temperature for 5 min. Monocytes were 
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obtained from the RPMI/Percoll interface after centrifugation 
at 1,000 x g for 90 min at 20˚C. The purity of monocytes was 
80‑85% as measured by flow cytometric analysis of the CD14+ 
cells as previously described (6). Isolated monocytes were 
resuspended in RPMI 1640 (Gibco; Thermo Fisher Scientific, 
Inc.) containing 10% FBS (Sigma‑Aldrich; Merck KGaA) for 
in vitro culture.

To examine the cellular responses to IL-35 treatment, 
monocytes were seeded at a density of 5x105 cells/ml in 24-well 
plates (Corning, Inc.) and treated with RPMI 1,640 containing 
20 ng/ml rIL‑35 (PeproTech, Inc.) for 4 h at 37˚C. This was 
followed by cell stimulation by 10 nM DEX (Sigma‑Aldrich; 
Merck KGaA), with or without 1 ng/ml LPS (Sigma-Aldrich; 
Merck KGaA) for 3 h at 37˚C. Cells were collected for MKP‑1 
mRNA reverse transcription-quantitative PCR (RT-qPCR) or 
chromatin immunoprecipitation (ChIP) assay. The expression 
level of p-p38 MAPK in CD14+ cells was analyzed by flow 
cytometric analysis.

Corticosteroid sensitivity assay. Monocytes were seeded at 
a density of 1x104 cells/ml in 96-well plates (Corning, Inc.) 
and pre‑incubated with different concentrations of DEX 
(10-11-10-6 M) for 1 h prior to stimulation with 1 ng/ml LPS at 
37˚C. After 24 h in culture, the cell supernatant was collected 
via centrifugation at a speed of 800 x g for 5 min at room 
temperature and stored at ‑80˚C for IL‑6 analysis using the 
Bio-plex 200 suspension array Luminex system (Bio-rad 
Laboratories, Inc.). Corticosteroid sensitivity was evaluated 
according to the half‑maximal inhibitory concentration of 
DEX with respect to LPS-induced IL-6 maximal production 
in monocytes (DEX-IC50). The percentage of maximal 
inhibition of IL‑6 by DEX was presented as Emax. The values 
for individual patients were presented as log (DEX-IC50) and 
compared among groups.

Cytokine assay. Serum IL-35 and IL-6 concentrations in 
the culture supernatant were detected via the Luminex 200 
platform based on the manufacturer's protocol (Bio‑rad, 
Laboratories, Inc.). Each experiment was performed twice. 
The minimum detectable levels of cytokines IL‑35 and IL‑6 in 
the assay were 0.15 ng/ml and 1.34 pg/ml, respectively.

p‑p38 MAPK detection by flow cytometric analysis. For intra-
cellular p-p38 MAPK staining, 100 µl heparin- anticoagulated 
venous blood was stained with phycoerythrin‑conjugated 
anti‑CD14 monoclonal antibodies for 20 min at room 
temperature (1:10; cat. no 1543861; BD Biosciences). Cell 
fixation and permeabilization were performed using the BD 
cytofix/cytoperm kit according to the manufacturer's protocol 
(BD Biosciences). Subsequently, the cells were stained with 
FITC‑conjugated anti‑p‑p38 MAPK monoclonal antibodies 
for 20 min at room temperature. (1:10; cat. no 127841; BD 
Biosciences). Then, the expression levels of p-p38 MAPK in 
CD14+ cells from patients were analyzed using a FACScaliber 
instrument (BD Biosciences).

MKP‑1 mRNA detection by RT‑qPCR analysis. After mono-
cytes were treated with rIL‑35 followed by DEX with or 
without LPS, cells were collected and total RNA was extracted 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). cDNA synthesis was carried out using the cDNA RT 
kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
temperature protocol was as follows: 10 min at 25˚C, followed 
by 50˚C for 20 min. Next, qPCR was carried out using the 
QuantiTect SYBR Green PCR kit (Invitrogen; Thermo Fisher 
Scientific, Inc.). The thermocycling conditions for PCR were 
as follows: 95˚C for 5 min; followed by 40 cycles of 95˚C for 
15 sec, 55˚C for 25 sec, 72˚C for 30 sec and final extension at 
72˚C for 5 min. The following primer sequences were used: 
MKP-1 sense, 5'-GTC GGT AGA GAG TCT ACG CT-3' and anti-
sense, 5'-TCG TGT GGA ACA TTC ATT C-3'; and β-actin sense, 
5'-TGG CAC CCA GCA CAA TGA A-3' and antisense, 5'-CTA 
AGT CAT AGT CCG CCT AGA AGC A-3'. PCR was performed 
using the ABI 7500 PCR system (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). Relative MKP‑1 mRNA expression 
levels were calculated by the 2-ΔΔCq method and normalized 
against β-actin expression levels (22).

ChIP assay. To examine the effect of IL-35 on GR 
binding to the GRE, a GR‑binding site in the MKP‑1 gene 
promoter, a ChIP assay was performed using the ChIP-IT 
Express kit (Zhonghong Boyuan Biotechnology Co., Ltd.), 
according to the manufacturer's instructions. Monocytes 
were pre‑incubated with 20 ng/ml rIL‑35 for 4 h at 37˚C, 
followed by 10 nM DEX for 3 h at 37˚C. DNA was precipi-
tated by rabbit polyclonal anti‑GR antibodies (1:20; cat. no 
172832; Zhonghong Boyuan Biotechnology Co., Ltd.) and 
measured by RT‑qPCR. The primers used to detect MKP‑1 
promoter were synthesized as described previously (23) 
using the same protocol as listed above. The quantity of 
anti‑GR antibody‑precipitated DNA was calculated after 
normalization to input DNA.

Statistical analysis. Statistical analyses were performed using 
GraphPad Prism 7.0 software (GraphPad Software, Inc.). 
Mann-Whitney U test was used for the skewed data expressed 
as the median (25‑75th percentile). Normally distributed data 
are presented as the mean ± SD. Statistical significance was 
analyzed by Student's t‑test or one‑way ANOVA followed by 
Tukey's test. Spearman correlation analysis was used to deter-
mine the linear correlation coefficients. P<0.05 was considered 
to indicated a statistical significance difference.

Table I. Clinical characteristics of patients with asthma.

 SR asthma SS asthma
Characteristics (n=20)  (n=34) 

Age, years 37.4±6.2 38.6±6.4
Sex, male/female 10/10 17/17
BMI, kg/m2 27.4±2.3 27.1±2.4
Baseline predicted FEV1%  62.5±5.7a 73.1±6.3
IgE, U/ml  180.6±55.2a 129.6±43.2
Change in FEV1% after    2.5±0.9a 25.6±8.2
prednisone burst

aP<0.05 vs. SS asthma. BMI, body mass index; IgE, immunoglobulin 
E; SS, steroid-sensitive; SR, steroid-resistant; FEV1, forced expira-
tory volume in 1 sec.
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Results

Clinical characteristics of study population. The clinical 
characteristics of the 20 patients who were hormone therapy 
resistant and the 34 sex and age-matched patients who were 
hormone therapy sensitive are presented in Table I.

Patients with SR asthma show lower IL‑35 concentration 
and iTr35 cell proportion. By gating for CD4+T lympho-
cytes (Fig. 1A), CD4+FoxP3- T cells were classified (Fig. 1B) 
and then the percentage of iTr35 cells was analyzed in the 
peripheral blood (Fig. 1C). The percentage of iTr35 cells was 
significantly lower in patients with SR asthma (median, 0.83%; 
range, 0.73‑1.24%) compared with patients with SS asthma 
(median, 1.18%; range, 0.95‑1.44%; Fig. 1D).

In addition, the present study measured the expression 
levels of IL-35 in serum. The concentration of IL-35 was 
significantly lower in patients with SR asthma (median, 
1.32 ng/ml; range, 0.91-1.59 ng/ml) compared with patients 
with SS asthma (median, 1.63 ng/ml; range, 1.17-1.93 ng/ml; 
Fig. 1E). Correlation analysis results demonstrated a weak 
positive correlation between the percentage of iTr35 cells 
(r=0.386; P<0.01; Fig. 1F) and IL-35 concentration in all 
patients with asthma.

IL‑35 displays a positive correlation with corticosteroid sensi‑
tivity in monocytes from patients with asthma. Monocytes 
from 34 patients with SS asthma and 20 patients with SR 
asthma were treated with different concentrations of DEX 
followed by LPS stimulation for 24 h. A higher log (DEX‑IC50) 
was found for patients with SR asthma (median, -7.1; range, 
-6.5- -7.5) compared with patients with SS asthma (median, 
-8.1; range, -7.7- -8.2; P<0.05; Fig. 2A). In addition, the Emax 
value was significantly lower in patients with SR asthma 
(median, 40.6%; range, 37.2‑41.8%) compared with patients 
with SS asthma (median, 60.3%; range, 51.3‑67.1%; P<0.01; 
Fig. 2B). Therefore, the present results suggested that mono-
cytes in patients with SR asthma were less sensitive to steroid 
treatment compared with those from patients with SS asthma.

Correlation analysis results identified that the expression 
levels of IL-35 showed a weak negative correlation with log 
(DEX-IC50; r=-0.351; P<0.01; Fig. 2C) and a moderate posi-
tive correlation with Emax value (r=0.4501; P<0.01; Fig. 2D) 
in all patients with asthma. In addition, the FEV1% predicted 
had a moderate negative correlation with log (DEX-IC50; 
r=-0.4302; P<0.01; Fig. 2E) and a moderately positive correla-
tion with IL-35 (r=0.4424; P<0.001; Fig. 2F). Collectively, the 
present results indicated that the decreased IL-35 expression 
levels may be involved in the corticosteroid insensitivity of 
monocytes from all patients with asthma.

IL‑35 shows a negative correlation with p‑p38 MAPK in 
CD14+ monocytes of patients with asthma. The present study 
analyzed the mean fluorescence intensity (MFI) of p-p38 
MAPK (p‑p38 MFI) in monocytes by flow cytometry (Fig. 3A). 
Compared to the level in patients with SS asthma (median, 2.7; 
range, 1.8‑4.0), p‑p38 MAPK was significantly increased in 
CD14+ monocytes of patients with SR asthma (median, 12.7; 
range, 10.4-15.1; P<0.01; Fig. 3B). Furthermore, the concentra-
tion of IL-35 showed a weak negative correlation with p-p38 

MAPK in all patients with asthma (r=0.352; P<0.01; Fig. 3C). 
In addition, there was a strong negative correlation between 
p‑p38 MAPK and FEV1% (r=‑0.718; P<0.001; Fig. 3D). 
Moreover, p38 phosphorylation was found to be moderately 
positively correlated with log(DEX-IC50) (r=0.594; P<0.001; 
Fig. 3E) and moderately negatively correlated with the Emax 
value in patients (r=-0.631; P<0.001; Fig. 3F). Therefore, the 
present results suggested that IL‑35 may be involved in p38 
phosphorylation in monocytes.

IL‑35 enhances corticosteroid responses and inhibits p‑p38 
MAPK activation in monocytes. To examine the effects of 
IL-35 on corticosteroid responses, monocytes were treated 
with 20 ng/ml IL-35 and various concentrations of DEX for 
4 h followed by 1 ng/ml LPS stimulation for 24 h. The value 
of log(DEX-IC50) was decreased (P<0.05; Fig. 4A and B), 
and Emax values were increased (P<0.05; Fig. 4C and D) by 
pretreatment with IL‑35 in monocytes from both patients with 
SS and SR asthma. Thus, IL-35 may improve corticosteroid 
sensitivity in monocytes from both patient groups.

The present study also assessed the effects of IL-35 on 
suppression of p-p38 MAPK activation. Monocytes were 
treated with 20 ng/ml IL‑35 for 4 h followed by 10 nM 
DEX, with or without subsequent treatment with 1 ng/ml of 
LPS for 24 h. It was found that LPS significantly enhanced 
the percentage of p-p38+CD14+ cells in monocytes from 
patients with SS (P<0.01) and SR asthma (P<0.01; n=14; 
Fig. 4E and F). However, DEX treatment significantly reversed 
the LPS-induced p-p38 MAPK activation in monocytes from 
patients with SS asthma (P<0.01; n=14), but no significant 
suppression was observed in monocytes from patients with 
SR asthma (P=0.423; n=14). Furthermore, it was demonstrated 
that IL‑35 pretreatment significantly suppressed LPS‑induced 
p-p38 MAPK activation in monocytes from patients with 
SS (P<0.01, n=14) and SR asthma (P<0.01; n=14). In addi-
tion, the inhibition achieved with IL‑35 + DEX treatment 
was significantly higher compared with the inhibitory effect 
caused by DEX or IL‑35 alone in monocytes of patients with 
SS asthma (P<0.01; n=14). However, IL-35 + DEX treatment 
did not further increase the inhibition caused by IL‑35 alone 
in monocytes from patients with SR asthma (P=0.442; n=14).

IL‑35 enhances DEX‑induced MKP‑1 expression in monocytes. 
A previous study showed that DEX can suppress LPS-induced 
p38 MAPK activation in monocytes via MKP-1 (13). To inves-
tigate the mRNA expression of MKP-1 in response to IL-35 
or IL-35 + DEX treatment, monocytes were pretreated with 
IL‑35 for 4 h followed by DEX treatment for 3 h. Then, cells 
were collected to examine the mRNA expression of MKP-1 
by RT‑qPCR.

Compared to media control treatment, DEX pretreatment 
significantly increased the expression of MKP‑1 mRNA in 
monocytes from both patients with SS (P<0.01; n=14) and SR 
asthma (P<0.01; n=14). Furthermore, IL-35 treatment alone 
did not significantly increase the MKP‑1 mRNA expression 
level in monocytes from both patients with SS (P=0.576; n=14) 
and SR asthma (P=0.881; n=14). However, IL-35 co-treatment 
did significantly increase the DEX‑induced upregulation of 
MKP‑1 mRNA expression levels in monocytes from both 
patients with SS (P<0.01; n=14) and SR asthma (P<0.01, n=14; 
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Fig. 5A). However, it was found that the mRNA expression 
level of MKP‑1 was significantly higher in monocytes from 
patients with SS asthma compared with those with SR asthma 
(P<0.01; n=14; Fig. 5A).

IL‑35 enhances GR binding to the GRE in the MKP‑1 promoter. 
GRE, a GR‑binding site in the MKP‑1 gene promoter, is located 
in 4.6 kb upstream of the MKP‑1 gene transcriptional start 
site (Fig. 5B) (23). The present results suggested that IL-35 + 
DEX differentially upregulated MKP-1 expression levels in 

monocytes from patients with SS and SR asthma. ChIP assays 
were performed to further investigate whether this effect was 
due to differential GR binding to the GRE.

The ChIP assay results found that DEX significantly 
enhanced GR binding to GRE compared with the media 
control treatment in monocytes from both patients with 
SS (P<0.01; n=12) and SR asthma (P<0.01; n=12; Fig. 5C). 
However, this GR binding to GRE induced by DEX treatment 
was significantly higher in monocytes from patients with SS 
asthma compared with those with SR asthma (P<0.01; n=6; 

Figure 1. Determining the percentage of iTr35 cells and IL‑35 expression levels. iTr35 cell were identified by flow cytometry as follows: R2 contains CD4+T 
cells; R3 contains CD4+FoxP3- T cells; and R4 contains CD4+FoxP3-IL-12P35+IL-27EBI3+ cells. (A) Plots of CD4+ T cells (R2) in gated lymphocytes. (B) Plots 
of FoxP3- (R3) cells in gated CD4+ cells. (C) Plots of IL-27EBI3+ IL-12P35+ (R4) cells in gated CD4+FoxP3- cells. Comparisons of the percentages of (D) iTr35 
cells and (E) expression levels of IL‑35 in serum between patients with SS or SR asthma. Dots represent outliers and box plots represent median (25‑75th 
percentiles). Statistical significance was analyzed by Mann‑Whitney U test. (F) Correlation analysis between the percentage of iTr35 cells and IL‑35 concentra-
tion in peripheral blood samples from all patients with asthma. The ‘r’ denotes the Spearman's correlation coefficient. IL, interleukin; SR, steroid‑resistant; 
SS, steroid‑sensitive; FoxP3, forkhead box P3; iTr35, induced regulatory T cells by IL‑35; SSC‑H, side scatter height; EBI3, Epstein‑Barr virus‑induced gene 3; 
PE, phycoerythrin.
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Fig. 5C). Moreover, IL-35 treatment did not enhance GR 
binding to the GRE in monocytes from either patients with 
SS (P=0.749; n=6) or SR asthma (P=0.776; n=6; Fig. 5C). 

Furthermore, IL‑35 pre‑treatment significantly enhanced the 
DEX‑induced increase in GR binding to GRE in monocytes 
from both patients with SS (P<0.01; n=6) and SR asthma 

Figure 2. Analysis of corticosteroid sensitivity in peripheral blood monocytes from patients with asthma. Monocytes were preincubated with various concen-
trations of DEX for 1 h followed by 1 ng/ml LPS stimulation for 24 h. Corticosteroid sensitivity was measured as the inhibition rate of IL‑6 by DEX. 
(A) DEX-IC50 and (B) Emax were calculated. Dots represent outliers and box plots represent the median (25‑75th percentiles). Statistical significance was 
analyzed by Mann‑Whitney U test. Correlation analysis between the levels of IL‑35 with (C) log (DEX‑IC50) and (D) Emax. Correlation between predicted 
FEV1% and (E) log(DEX‑IC50), and (F) Emax and FEV1%. The ‘r’ denotes the Spearman's correlation coefficient. DEX, dexamethasone; LSP, lipopolysaccha-
ride; DEX-IC50, half‑maximal inhibitory concentration of DEX; Emax, percentage inhibition at maximal concentration; IL, interleukin; FEV1, forced expiratory 
volume in 1 sec; SR, steroid-resistant; SS, steroid-sensitive.
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(P<0.01; n=6; Fig. 5C). However, it was found that in response 
to IL‑35 + DEX, the amount of GR bound to GRE was signifi-
cantly increased in monocytes from patients with SS asthma 

compared with those with SR asthma (P<0.01; n=6; Fig. 5C). 
Collectively, the present results suggested that there may be 
a regulatory signaling pathway by which IL‑35 enhanced the 

Figure 3. MAPK phosphorylation in CD14+ monocytes from patients with SR or SS asthma. (A) Plots of p-p38 MAPK MFI in gated CD14+ monocytes. 
(B) p-p38 MAPK MFI in CD14+ monocytes from patients with SR or SS asthma. Correlations between p‑p38 MAPK MFI and (C) IL‑35 level, (D) predicted 
FEV1%, (E) log(DEX‑IC50) and (F) Emax were analyzed by Spearman correlation test. Statistical significance was analyzed by Mann‑Whitney U test. DEX, 
dexamethasone; DEX-IC50, half‑maximal inhibitory concentration of DEX; Emax, percentage inhibition at maximal concentration; IL, interleukin; FEV1, 
forced expiratory volume in 1 sec; SR, steroid‑resistant; SS, steroid‑sensitive; p‑p38 MAPK, phosphorylated P38 mitogen activated kinase; MFI, mean fluo-
rescence intensity.
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binding of GR to the GRE and induced MKP‑1 expression, 
thus suppressing LPS-induced p-p38 MAPK activation and 
enhancing corticosteroid sensitivity in monocytes (Fig. 6).

Discussion

The present study provided several novel findings. First, the 
percentage of iTr35 cells and the level of IL-35 in the periph-
eral blood of patients with SR asthma were significantly lower 

compared with those in SS asthma. Second, IL-35 enhanced the 
corticosteroid sensitivity and inhibition of LPS‑induced p‑p38 
MAPK in monocytes treated with DEX from both patients 
groups. Moreover, it was found that IL-35 may enhance effect 
of DEX by increasing the MKP‑1 mRNA expression level and 
GR binding to GRE.

The present results, indicating a significant decrease in 
the percentage of iTr35 cells and expression level of IL-35 in 
peripheral blood from patients with SR, are consistent with 

Figure 4. Effect of IL-35 on monocytes from patients with SR or SS asthma. IL-35 decreased the log(DEX-IC50) in monocytes from patients with (A) SS (n=14) 
or (B) SR (n=14) asthma. IL-35 increased Emax in the cells of (C) SS (n=14) and (D) SR (n=14) asthma groups. Effects of IL-35 pretreatment (20 ng/ml; 24 h) on 
LPS- (1 ng/ml) and DEX- (10 nM) induced p-p38 MAPK expression level in CD14+ monocytes from (E) SS and (F) SR asthma groups. DEX, dexamethasone; 
DEX-IC50, half‑maximal inhibitory concentration of DEX; Emax, percentage inhibition at maximal concentration; IL, interleukin; FEV1%, forced expiratory 
volume; SR, steroid-resistant; SS, steroid-sensitive; p-p38 MAPK, phosphorylated P38 mitogen activated kinase.
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previous studies showing that decreased IL-35 protein and 
mRNA expression levels in peripheral blood are significantly 
related to disease severity, as evidenced by the predicted 
FEV1% (24,25). Furthermore, SR asthma is associated 
with Th1 and Th17-mediated responses, and monocytic or 

neutrophilic‑mediated airway inflammation, most of which 
are involved in severe asthma, with lower levels of anti‑inflam-
matory cytokines and regulatory immune cells compared 
with SS asthma (26). In addition, the present study identified 
a positive correlation between the iTr35 cell percentage and 

Figure 5. IL-35 enhances DEX-induced MKP-1 expression and recruitment of GR to the GRE in monocytes. (A) MKP-1 mRNA expression level was analyzed 
by reserve transcription‑quantitative PCR. SR, n=12; SS, n=12. (B) Schematic of GR binding to GRE upstream of the TSS of the human MKP‑1 gene. 
(C) Amount of GR bound to GRE as measured by chromatin immunoprecipitation analysis. SR, n=6; SS, n=6. Data are presented as the mean ± SD. TSS, 
transcriptional start site; SR, steroid-resistant; SS, steroid-sensitive; IL, interleukin; DEX, dexamethasone; GR, glucocorticoid receptor; GRE, glucocorticoid 
response element; MKP-1, mitogen-activated protein kinase phosphatase-1.
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IL-35 expression level. Therefore, the present results suggested 
that reductions in IL‑35 and iTr35 cells may be involved in the 
pathogenesis of asthma.

It was found that the expression level of serum IL-35 
was negatively correlated with corticosteroid insensitivity in 
monocytes. In in vitro cell culture, it was demonstrated that 
IL-35 may improve corticosteroid sensitivity in monocytes 
from patients with asthma. In addition, IL-35 increased 
the Emax of corticosteroids, suggesting that a smaller dose 
of corticosteroids may be required for asthma treatment. 
Similarly, it has been demonstrated that vitamin D treat-
ment enhances corticosteroid sensitivity in monocytes from 
patients with asthma (27). Vitamin D and IL-35 are known for 
their anti‑inflammatory effects in the healthy population and 
patients with asthma (17,24,27). The present results suggested 
that anti‑inflammatory substances and cytokines may act 
synergistically with corticosteroid to inhibit the activation of 
monocytes.

The present study investigated the role of IL-35 in p38 
MAPK phosphorylation, which regulates the production of 
pro‑inflammatory cytokines, such as IL‑6, IL‑8 and tumor 
necrosis factor-α (28). Activated p38 MAPK in alveolar macro-
phages of patients with asthma show a positive correlation with 
the disease severity (12). Activated p38 MAPK in peripheral 
blood monocytes can be detected by flow cytometric analysis, 
western blotting or immunohistochemical analysis (8,27). In 
the present study, flow cytometric detection was chosen due 

to the small amount of protein in the specimen. It was found 
that IL-35 was negatively correlated with p38 phosphorylation 
in peripheral blood CD14+ monocytes of patients with asthma. 
In addition, IL‑35 pretreatment inhibited LPS‑induced p38 
phosphorylation in monocytes from both patients with SS and 
SR asthma. Similarly, using a mouse model of LPS-induced 
acute inflammation, a previous study demonstrated that 
IL‑35 inhibits endothelial cell activation by suppressing the 
MAPK-AP1 pathway and attenuating the secretion of proin-
flammatory cytokines (29).

Glucocorticoid receptor-mediated MKP-1 signaling is a 
key process in the regulation of steroid resistance and sensi-
tivity (30). The MKP‑1 gene promoter region contains binding 
sites for several transcription factors, such as activator protein 
1 (AP-1), AP-2, vitamin D receptor element and GRE (31). In 
the present study, IL‑35 + DEX induced a significantly higher 
MKP-1 mRNA expression level in patients with SS asthma 
compared with those with SR asthma, which is consistent 
with the present p-p38 MAPK data. The ChIP assay results 
also indicated that IL‑35 enhanced binding of GR to GRE in 
monocytes from patients with SS asthma compared with those 
with SR asthma, indicating higher MKP-1 gene transcriptional 
activation in patients with SS asthma.

The present study has limitations that should be consid-
ered. First, iTr35 cells can only be detected after activation 
and permeabilization, and thus they could not be sorted for 
investigation of their function. Second, the present results 

Figure 6. Regulatory model of IL‑35 sensitizing monocytes of patients with asthma to the effects of dexamethasone. IL‑35 enhanced the binding of GR to 
the GRE and induced MKP-1 expression, thus suppressing LPS-induced p-p38 MAPK activation and enhancing corticosteroid sensitivity in monocytes. IL, 
interleukin; LPS, lipopolysaccharide; MKP-1, mitogen-activated protein kinase phosphatase-1; GR, glucocorticoid receptor; GRE, glucocorticoid response 
element; GC, glucocorticoids; TLR, Toll like receptor.
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suggested that IL-35 alone significantly decreased p-p38 
MAPK expression in monocytes stimulated by LPS, but did 
not increase MKP‑1 protein expression and GR binding to 
GRE. Several previous studies have reported that multiple 
signaling pathways regulate p-p38 MAPK activation at 
the epigenetic, transcriptional and post-transcriptional 
levels (32,33). Therefore, IL‑35 may inhibit p‑p38 MAPK 
activation via a variety of pathways, thus further research 
is required. Moreover, the present results indicated that the 
levels of IL‑35 and iTr35 cells in peripheral blood of patients 
with SR asthma are at a low basal expression, suggesting that 
modulation of IL‑35 and iTr35 levels may be an effective ther-
apeutic approach, such as antigen‑specific immunotherapy 
and intestinal probiotic immunity (34).

In summary, the present results suggested that the 
percentage of iTr35 cells and the expression level of IL-35 in 
the peripheral blood of patients with SR asthma were signifi-
cantly lower compared with those with SS asthma. In addition, 
it was found that IL-35 had a positive correlation with corti-
costeroid sensitivity in monocytes from patients with asthma, 
suggesting potential benefits of IL‑35 supplementation with 
corticosteroids for asthma treatment. Mechanistically, it was 
demonstrated that IL‑35 enhanced the binding of GR to the 
GRE and induced MKP-1 expression, resulting in suppression 
of LPS-induced p-p38 MAPK activation and enhanced corti-
costeroid sensitivity in monocytes from both patient groups.
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