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respiratory failure and even acute respiratory distress syn-
drome (ARDS) or death[1]. The main treatments for ALI/
ARDS are antibacterial drugs, corticosteroids, lung protec-
tive ventilation strategy (LPVS) and extracorporeal mem-
brane oxygenation (ECMO). Unfortunately, all of these 
approaches have some limitations, as they have no beneficial 

Introduction

Acute lung injury (ALI) is characterized by alveolar and 
capillary endothelial damage and an increase in the perme-
ability of the alveolar-capillary membrane, which are non-
cardiac pathological processes that can result in hypoxic 

	
 Yi Zhang
czzhangyi1985@126.com

	
 Qingyuan Zhan
drzhanqy@163.com

1	 Department of Pulmonary and Critical Care Medicine, 
Center of Respiratory Medicine, China-Japan Friendship 
Hospital, No 2, East Yinghua Road, Chaoyang District, 
100029 Beijing, P. R. China

2	 Graduate School of Peking Union Medical College, Chinese 
Academy of Medical Sciences, No 9, Dongdan Santao, 
Dongcheng District, 100730 Beijing, P. R. China

3	 National Center for Respiratory Medicine, No 2, East 
Yinghua Road, Chaoyang District, 100029 Beijing, P. R. 
China

4	 Institute of Respiratory Medicine, Chinese Academy of 
Medical Sciences, No 2, East Yinghua Road, Chaoyang 
District, 100029 Beijing, P. R. China

5	 National Clinical Research Center for Respiratory Diseases, 
No 2, East Yinghua Road, Chaoyang District,  
100029 Beijing, P. R. China

6	 WHO Collaborating Centre for Tobacco Cessation and 
Respiratory Diseases Prevention, No 2, East Yinghua Road, 
Chaoyang District, 100029 Beijing, P. R. China

Abstract
Background  Interleukin 35 (IL35) has been reported to play a role in acute lung injury (ALI); however, the current results 
regarding the relationship between IL35 and ALI are inconsistent. Therefore, we aimed to further determine the function of 
IL35 in ALI in mice and the potential mechanism in this paper.
Materials and methods  Hematoxylin-eosin (HE) staining and Masson staining were used to evaluate lung injury in mice. 
Immunohistochemical staining was used to evaluate the expression of IL35 p35, TLR4 and MD2 and the Bax/Bcl2 and 
p-P65/P65 ratios. The expression levels of IL35 EBi3, CD68, CD206 and MPO were assessed by immunofluorescence stain-
ing. RT–PCR was used to examine the expression levels of IL1β and IL6. Terminal deoxynucleotidyl transferase-mediated 
dUTP nick end labeling (TUNEL) staining was performed to detect apoptotic cells.
Results  Overexpression of IL35 alleviated LPS-induced ALI in mice. IL35 overexpression decreased the expression of 
CD68 and increased the expression of CD206 in mice with ALI. Furthermore, upregulation of IL35 expression obviously 
reduced the expression of MPO, IL1β and IL6 in the lung tissues of mice with ALI. Mechanistically, IL35 suppressed the 
TLR4/NFκB-P65 pathway, leading to the promotion of the M1 to M2 macrophage transition and alleviation of inflammation 
in mice with ALI.
Conclusions  IL35 relieved LPS-induced inflammation and ALI in mice by regulating M1/M2 macrophage polarization and 
inhibiting the activation of the TLR4/NFκB-P65 pathway.
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Materials and methods

Animal studies

Male C57BL/6 mice (aged 8–10 weeks, body weight 
22 ± 3 g) were purchased from Beijing SiPeiFu Biotechnol-
ogy Co., Ltd (China). All mice were housed conventionally 
at 22 °C under a 12-h light-dark cycle with access to water 
and food ad libitum. All animal experiments were performed 
in compliance with the National Institutes of Health (NIH) 
policies in the Guide for the Care and Use of Laboratory 
Animals and were approved by the Experimental Animal 
Ethics Committee of CHINA-JAPAN Friendship Hospital.

Eighteen mice were randomly divided into three groups 
of 6 mice each, including the control group, the LPS group 
and the LPS + plasmid DNA containing the IL35 gene 
(pcDNA-IL35) group. pcDNA-IL35 was purchased from 
Gene Pharma (Shanghai, China) and administered to the 
mice by intravenous (i.v.) injection into the tail according 
to the manufacturer’s instructions[19]. The experimental 
procedures are described below (Supplementary Fig.  1). 
Mice from the control group were given 2 ml of PBS by i.v. 
injection and received an intraperitoneal (i.p.) injection of 
normal saline after 7 days. Mice from the LPS group were 
given 2 ml of PBS by i.v. and received an i.p. injection of 
LPS (10 mg/kg, Sigma, USA) after 7 days. Mice from the 
LPS + pcDNA-IL35 group were given 2 ml of PBS contain-
ing 100 µg of pcDNA-IL35 by i.v. injection and received an 
i.p. injection of LPS (10 mg/kg) after 7 days. All mice were 
anesthetized by i.p. injection of an overdose of sodium pen-
tobarbital at 12 h postinjury. Subsequently, the lungs were 
perfused and isolated for preparation of paraffin sections for 
histological examination and PCR analyses.

Hematoxylin-eosin (HE) staining

Lung tissues were collected and fixed in 4% paraformalde-
hyde. Then, 5-µm sections cut from paraffin tissue blocks 
were stained with HE and observed under an optical micro-
scope (Olympus, Japan). The lung injury score was calcu-
lated by two researchers blinded to the group information 
as described previously[20]. Five independent variables, 
including neutrophils in the alveolar space, neutrophils in 
the interstitial space, the existence of hyaline membranes, 
proteinaceous debris filling the airspaces and alveolar septal 
thickening, were used to generate a lung injury score[20].

Masson staining

Lung tissues were stained with Ponceau-fuchsin solution, 
rinsed with glacial acetic acid and then immersed in phos-
phomolybdic acid. After the excess liquid was absorbed 

in some cases, have side effects or are expensive, and the 
morbidity and mortality rates of ALI/ARDS may still be 
high even when these methods are used [2, 3]. Therefore, 
exploration and elucidation the physiological and molecular 
mechanisms of ALI/ARDS are urgently needed.

An increasing number of studies have confirmed that 
inflammation plays a crucial role in the initiation and devel-
opment of ALI[4, 5]. With the increase in the proinflam-
matory response and the decrease in the anti-inflammatory 
response in ALI, a large number of inflammatory cytokines, 
such as interleukin (IL)6 and TNF-α, are secreted, and 
resulting in the development of the cytokine storm, in which 
causes respiratory failure and ARDS[6]. Macrophage acti-
vation is considered the critical initial stage of the inflam-
matory response[7, 8]. Macrophages have high plasticity 
and can be polarized toward distinct functional phenotypes 
depending on the presence of different stimuli[7]. In particu-
lar, many studies have found that macrophages are polarized 
toward the M1 (proinflammatory) phenotype rather than the 
M2 (anti-inflammatory/reparative) phenotype in ALI, lead-
ing to aggravation of lung inflammation[9, 10]. Therefore, 
acceleration of the M1/M2 macrophage switching is the key 
to improving inflammatory lung damage.

Interleukin 35 (IL35), a newly identified cytokine of 
the IL12 heterodimeric cytokine family, is composed of 
Epstein–Barr virus-induced gene 3 (EBi3) and the IL12 
p35 subunit (IL-12 A)[11, 12]. IL35 is primarily secreted 
by T cells and B cells and plays an important role in inflam-
matory and immune responses[11, 13]. In recent years, an 
increasing number of studies have provided insight into the 
relationship between IL35 and pulmonary inflammatory 
diseases and have found that IL35 can protect the lung from 
inflammation and autoimmune diseases, including asthma 
and respiratory infections[14, 15]. However, the results 
related to the role of IL35 in ALI/ARDS are inconsistent. 
Cao observed that IL35 was elevated in sepsis and medi-
ated inflammation[16]. Pan and his colleagues reported that 
IL35 was downregulated in ALI and that overexpression of 
IL35 reduced inflammation[17]. Wang and his colleagues 
showed that IL35 expression was upregulated and allevi-
ated endothelial injury in ALI[18]. However, whether IL35 
regulates macrophage polarization in ALI remains unclear. 
Thus, we further explicated the role of IL35 and explored 
whether IL35 exerts its effect by regulating macrophage 
polarization in ALI.

In this study, we observed the expression and function of 
IL35 in an in vivo mouse model of ALI. Next, we detected 
the markers of M1 and M2 macrophages using immunofluo-
rescence staining to determine the potential mechanism of 
IL35 in ALI. Our findings may provide a novel basis for the 
development of therapies for ALI/ARDS.
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Germany) following the manufacturer’s instructions. The 
sections were observed with a fluorescence microscope 
(Olympus, Japan) with 10 fields of view randomly selected, 
and the rate of cell apoptosis was determined using ImageJ 
(Bethesda, MD, USA). Green nuclei were considered posi-
tive-apoptotic cells. The cells with blue nuclei were deemed 
to be normal, and the average value was determined accord-
ingly. The ratio of the number of green cells to that of blue 
cells was regarded as the rate of cell apoptosis.

Quantitative real-time PCR

Total RNA was extracted from lung tissues using TRIzol 
reagent (Invitrogen Life Technologies, Carlsbad, CA), and 
cDNA synthesis was performed using random hexamer 
primers and a reverse transcription kit (TaKaRa, Japan) 
according to the manufacturer’s protocol[11]. RT–PCR was 
performed using a SYBR® PremixEx Taq II Kit (TaKaRa, 
Japan) on a 7500 Fast Real Time PCR system from Applied 
Biosystems (Bio–Rad, USA). The relative gene expression 
levels were determined by the comparative critical thresh-
old (ΔΔCT) method. Primer sequences for mouse genes 
were in Supplementary Table 1.

Statistical analysis

The data are presented as the means ± S.E.M.s. One-way 
ANOVA followed by the Dunnett or Bonferroni test was 
used to analyze statistical significance as appropriate. 
P < 0.05 was considered statistically significant. The statisti-
cal analyses were performed using Statistical Product and 
Service Solutions 19.0 (SPSS, Systat Software, San Jose, 
CA, USA).

Results

IL35 alleviates LPS-induced ALI

IL35 has been reported to play immunosuppressive 
and anti-inflammatory effects in the context of infections, 
inflammation, and autoimmune diseases[11]. We examined 
whether IL35 alleviated LPS-induced ALI in our study. The 
expression of IL35 p35 was first assessed by immunohis-
tochemical staining. The results showed that LPS-induced 
ALI resulted in upregulation of IL35 p35 expression and 
that the expression of IL35 p35 was further overexpressed 
after pcDNA-IL35 transfection (P < 0.05, Fig. 1 A-B). HE 
staining and lung injury scores were then used to evalu-
ate the severity of lung injury. As shown in Fig. 1 C, LPS 
treatment increased alveolar collapse and thickened the 
alveolar wall and septa; however, overexpression of IL35 

with filter paper, the sections were stained with aniline blue 
solution, soaked in glacial acetic acid, washed with water, 
air‐dried, treated with xylene three times and then mounted. 
An optical microscope (Olympus, Japan) was used to detect 
collagen deposition on the airway walls in lung tissues.

Immunofluorescence and immunohistochemical 
staining

Lung tissues were collected and fixed in 4% paraformal-
dehyde, and immunofluorescence staining was performed 
according to the manufacturer’s protocol[8]. Briefly, tissue 
specimens were cut into 5-µm serial sections and blocked 
with 10% blocking serum in PBS. The sections were then 
incubated with primary antibodies against IL35 EBi3 
(Abclonal, A19613, China) and CD68 (Abcam, ab53444, 
USA) or CD206 (Santa Cruz, sc-58986, USA), MPO 
(Abcam, ab208670, USA) at 4 °C overnight. Next, the sec-
tions were incubated with Alexa Fluor 488-conjugated goat 
anti-rabbit IgG secondary antibody or Alexa Fluor Plus 
555-conjugated goat anti-rabbit IgG secondary antibody or 
Alexa Fluor 488 -conjugated goat anti-rat IgG secondary 
antibody or Alexa Fluor 488 -conjugated goat anti-mouse 
IgG secondary antibody (Molecular Probes, Invitrogen, 
USA) for 1 h at room temperature. DAPI (Invitrogen, USA) 
was used for nuclear staining. The sections were observed 
with a fluorescence microscope (Olympus, Japan), and the 
images were analyzed using ImageJ (Bethesda, MD, USA).

Immunohistochemical staining was used to evaluate 
IL35 p35, Bax, Bcl2, TLR4, MD2 and p-P65/P65 expres-
sion in lung tissues according to the manufacturer’s proto-
col[21]. Briefly, tissue specimens were cut into 5-µm serial 
sections, deparaffinized, rehydrated, blocked and incubated 
with primary antibodies against IL35 p35 (R&D Systems, 
MAB6688, USA), Bax (Abcam, ab32503, USA), Bcl2 
(Abcam, ab182858, USA), TLR4 (Abcam, ab13867, USA), 
MD2 (Abcam, ab24182, USA), p-P65 (Abclonal, AP0475, 
China) or P65 (Abcam, ab16502, USA) at 4 °C overnight. 
Next, the sections were incubated with biotinylated IgG 
(1:250) for 1 h and then with streptavidin-HRP for 30 min 
at room temperature. DAB was then added to each section 
for 5 min. The sections were observed with a microscope 
(Olympus, Japan), and the images were analyzed using 
Image-Pro Plus 6.0 (Media cybernetics, USA).

TUNEL staining

Lung tissues were collected and fixed in 4% paraformalde-
hyde, and tissue specimens were cut into 5-µm serial sec-
tions. Terminal deoxynucleotide transferase-mediated dUTP 
nick end-labeling (TUNEL) staining was performed using 
an In Situ Cell Death Detection Kit (Roche, Mannheim, 
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IL35 regulates macrophage polarization in mice 
with ALI

Some studies have found that IL35 ameliorates tissue 
injury by stimulating macrophage polarization[22, 23]. 
Therefore, we hypothesized that IL35 reduced ALI by regu-
lating macrophage polarization. To explore whether IL35 
decreased the levels of M1 macrophages and increased the 
levels of M2 macrophages in mice with ALI, we detected 
the expression of IL35 EBi3, the other subunit of IL35, 

obviously relieved LPS-stimulated lung tissue injury 
(P < 0.05, Fig.  1 C). A similar trend was observed for the 
lung injury score (P < 0.05, Fig. 1D). We next detected col-
lagen deposition in lung tissues by Masson staining. As 
expected, LPS increased collagen deposition in lung tis-
sues, and upregulation of IL35 expression inhibited colla-
gen deposition in mice with ALI (P < 0.05, Fig. 1E-F). The 
above data suggested that IL35 may alleviate LPS-induced 
ALI.

Fig. 1  IL35 alleviates LPS-induced ALI in mice
A Immunohistochemical staining for IL35 p35 in each group (original magnification ×10 and ×40). B Quantification of positive staining of IL35 
p35 in each group. C Hematoxylin and eosin (HE) staining of lung tissues (original magnification ×10 and ×40). D Quantification of the lung 
injury score. E Masson staining of lung tissues (original magnification ×10 and ×40). F Quantification of collagen deposition. *P < 0.05 vs. Control. 
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These results demonstrated that IL35 may mitigate inflam-
mation by regulating macrophage polarization.

IL35 reduces apoptosis in mice with ALI

To further confirm whether IL35 improved lung injury, 
TUNEL staining and immunohistochemical staining were 
used to assess apoptosis in the lung tissues of mice with ALI. 
The results showed that IL35 overexpression decreased the 
rate of cell apoptosis induced by LPS (P < 0.05, Fig. 4 A-B). 
Consistently, upregulation of IL35 expression reduced the 
ratio of Bax/Bcl2 in the lung tissues of mice, which was 
high after LPS treatment (P < 0.05, Fig. 4 C-D).

IL35 regulates macrophage polarization by the 
TLR4/NFκB-P65 pathway

A compelling body of evidence has shown that the 
TLR4/NFκB-P65 pathway is a critical signal involved in 
macrophage polarization[10, 25, 26]. However, whether 

and markers of M1/M2 macrophages (CD68 and CD206) 
in lung tissues by immunofluorescence staining. The results 
showed that IL35 overexpression led to a decrease in the 
levels of CD68 and an increase in the levels of CD206 in 
mice with ALI (P < 0.05, Fig. 2 A-E).

IL35 mitigates inflammation in mice with ALI

An imbalance between the activation and regulation of 
macrophage polarization may accelerate the development 
of ALI/ARDS[10, 24]. We observed that IL35 may regulate 
macrophage polarization in mice with ALI. We then explored 
whether IL35 reduced inflammation in ALI. As expected, 
the expression levels of MPO protein in lung tissues of mice 
with LPS intervention were found to be higher than those in 
the LPS + pcDNA-IL35 group (P < 0.05, Fig. 3 A-B). RT–
PCR was used to check the levels of inflammatory cyto-
kines. Similarly, the levels of IL1β and IL6 were decreased 
in the lung tissues from the LPS + pcDNA-IL35 group com-
pared with those in the LPS group (P < 0.05, Fig. 3 C-D). 

Fig. 2  IL35 regulates macrophage polarization in mice with ALI
A-B Immunofluorescence staining for IL35 EBi3 and CD68 or CD206 in each group (original magnification ×10 and ×40). C Quantification of 
positive staining for IL35 EBi3 in each group. D Quantification of positive staining for CD68 and CD206in each group. E Quantification of the 
ratio of CD206/CD68 in each group. *P < 0.05 vs. Control. #P < 0.05 vs. LPS + pcDNA-IL35
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polarization by the TLR4/NFκB-P65 pathway in mice with 
LPS-induced ALI.

Discussion

ALI/ARDS is an acute and life-threatening pulmonary 
inflammatory disease with a mortality rate of up to 40–60% 
[10, 27]. An imbalance in macrophage polarization is cru-
cial for initiating the inflammatory response in ALI. IL35 is 
a novel cytokine of the IL12 family and has been reported 
to reduce the progression of some inflammatory diseases 
[11–13]. Here, we observed that the expression of IL35 
in lung tissues was upregulated in mice with ALI and that 
IL35 overexpression promoted the transformation of M1 

IL35 regulates macrophage polarization in ALI by inhibit-
ing the TLR4/NFκB-P65 pathway remains unclear. To gain 
insight into the mechanism by which IL35 alleviated ALI, 
we detected the expression of TLR4, MD2 and p-P65/P65 
by immunohistochemical staining. High levels of TLR4 
and MD2 expression were observed in LPS group, but 
IL35 overexpression stopped them from rising (P < 0.05, 
Fig. 5 A-D). The same trend was observed for the ratio of 
p-P65/P65 expression (P < 0.05, Fig.  5E-F). Furthermore, 
we found that the expression of TLR4 and MD2 and the 
ratio of p-P65/P65 in pulmonary macrophages were higher 
in the LPS group than in the control group, and that over-
expression of IL35 prevented the increases in these mea-
sures in pulmonary macrophages in mice with ALI. All 
these results suggested that IL35 may regulate macrophage 

Fig. 3  IL35 mitigates inflammation in mice with ALI
A Immunofluorescence staining for MPO in each group (original magnification ×10 and ×40). B Quantification of positive staining for MPO in 
each group. C RT–PCR analysis for IL1β. D RT–PCR analysis for IL6. *P < 0.05 vs. Control. #P < 0.05 vs. LPS + pcDNA-IL35
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revealed that overexpression of IL35 reduced inflamma-
tion and ameliorated ALI[17, 18]. However, Ju and his col-
leagues observed lower bacterial loads in septic mice after 
treatment with anti-IL35 p35 antibodies [16]. This is in line 
with a previous report showing that IL23 p35 knockout 
enhanced the acute immune response during Staphylococ-
cus aureus infection [32]. IL12 p35 is a mutant subunit of 
IL35 and regulates the activity of IL35 [11, 12, 16]. Ye et al. 
observed obvious differences in the expression of IL12 p35 
in macrophages, B lymphocytes, T lymphocytes and DCs 
after stimulation by harmful substances [13]. The differen-
tial expression of IL12 p35 in different cells may indicate 
that it plays different roles in inflammatory diseases. The 
conflicting findings regarding whether IL35 mediates or 
alleviates inflammation in ALI suggest that more research 
is needed to confirm the current results and potential 
mechanism[16–18].

M1/M2 macrophage polarization contributes to the 
development of ALI[8, 33]. A growing amount of data has 
verified that macrophage polarization toward the M1 pheno-
type leads to aggravation and progression of ALI/ARDS[8, 

microphages to M2 macrophages and relieved inflamma-
tion, resulting in alleviation of LPS-induced ALI in mice. 
Our results and previous studies consistently suggest that 
IL35 has a protective effect and may be a key therapeutic 
target for ALI/ARDS [17, 18].

Accumulating evidence has shown that IL35 may be pro-
duced by T cells, dendritic cells (DCs), B cells and even 
nonimmune cells [28–30]. However, IL35 is not constitu-
tively expressed in normal tissues [28]. The expression of 
IL35 is low or undetectable in some immune cells and can 
be triggered under inflammatory conditions [28, 31]. Thus, 
IL35 constitutes an important mediator of inflammation and 
contributes to regulating inflammatory disease progression. 
For example, Li et al. confirmed that IL35 suppressed aller-
gic airway inflammation in asthma [15]. Hu suggested that 
IL35 alleviates LPS-induced acute kidney injury in mice 
by inhibiting proinflammatory cytokine production [19]. 
Pan and his colleagues reported that IL35 protected against 
cigarette smoke-induced lung inflammation in mice [11]. In 
addition, researchers have recently gained insight into the 
role of IL35 in ALI/ARDS. Our study and previous reports 

Fig. 4  IL35 reduces apoptosis in mice with ALI
A TUNEL staining of apoptotic cells (original magnification ×10 and ×40). B Quantification of apoptotic ALI cells in each group. C Immunohis-
tochemical staining for Bax and Bcl2 in each group (original magnification ×10 and ×40). D Quantification of the ratio of Bax/Bcl2 in each group. 
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LPS-induced ALI by promoting the M1 to M2 macrophage 
switch.

We further explored how IL35 regulated macrophage 
polarization to ameliorate pulmonary inflammatory dam-
age in mice with ALI. LPS is an important component of 
gram-negative bacteria and a ligand of TLR4[25]. TLR4, 
an important transmembrane pattern-recognition receptor of 
the innate immune system, is recruited and activated after 
LPS stimulation, leading to the activation of the NFκB-P65 
signaling pathway and the release of proinflammatory cyto-
kines, such as IL1β and IL6[26, 35]. In our study, upregula-
tion of IL35 expression obviously suppressed the expression 
of TLR4 and MD2, as well as p-P65/P65. This trend was 
also observed in pulmonary macrophages in mice with ALI. 
Previous studies have shown that IL35 responds to TLR4 

33, 34]. Li revealed that HSF1 attenuates LPS-induced ALI 
by suppressing macrophage infiltration and CCR2 expres-
sion[8]. Cui found that lncRNA Malat1 knockdown attenu-
ated LPS-induced M1 macrophage activation and enhanced 
M2 differentiation, resulting in alleviation of lung injury 
[33]. Zhang showed that MCP-induced protein 1 attenuated 
sepsis-induced ALI by decreasing the M1/M2 macrophage 
ratio[34]. In this study, our results showed that IL35 over-
expression decreased the expression of the M1 phenotype-
specific marker CD68 and increased the expression of the 
M2 phenotype-specific marker CD206, leading to relief 
of inflammation and pulmonary injury in mice with ALI. 
Our data are in line with previous results showing that 
overexpression of IL35 protects pulmonary tissue from 

Fig. 5  IL35 regulates the TLR4/NFκB-P65 pathway
A Immunohistochemical staining for TLR4 or MD2 in each group (original magnification ×10 and ×40). B Quantification of positive staining for 
TLR4 in each group. C Immunohistochemical staining for MD2 in each group (original magnification ×10 and ×40). D Quantification of positive 
staining for MD2 in each group. E Immunohistochemical staining for p-P65 or P65 in each group (original magnification ×10 and ×40). F Quan-
tification of the ratio of p-P65/P65 in each group. *P < 0.05 vs. Control. #P < 0.05 vs. LPS + pcDNA-IL35
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