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Abstract
Background Interleukin 35 (IL35) has been reported to play a role in acute lung injury (ALI); however, the
current results on the relationship between IL35 and ALI are inconsistent. Therefore, we will further
determine the function of IL35 in mouse ALI and its potential mechanism in this paper.

Materials and Methods HE staining and Masson staining were used to evaluate lung injury in mice.
Immunohistochemical staining was used to calculate the expression of IL35 p35, TLR4 and MD2 and the
ratio of Bax/Bcl2 and p-P65/P65. The expression levels of IL35 EBi3, CD68, CD206 and MPO were
detected by immuno�uorescence staining. RT–PCR was used to examine the expression levels of IL1β
and IL6. TUNEL staining was performed to detect apoptotic cells.

Results Overexpression of IL35 alleviated LPS-induced acute lung injury in mice. IL35 overexpression
decreased the expression of CD68 and increased the expression of CD206 in ALI mice. Furthermore,
upregulation of IL35 expression obviously reduced the expression of MPO, IL1β and IL6 in lung tissues of
mice with ALI. Mechanistically, IL35 suppressed the TLR4/NFκB-P65 pathway, leading to the promotion
of M1 to M2 macrophage transition and in�ammation relief in ALI in mice.

Conclusions IL35 relieved LPS-reduced in�ammation and ALI in mice by regulating M1/M2 macrophage
polarization and inhibiting the activation of the TLR4/NFκB-P65 pathway.

Introduction
Acute lung injury (ALI) is characterized by alveolar and capillary endothelial damage and a permeability
increase in the alveolar-capillary membrane, which are noncardiac pathogenic causes that progress to
hypoxic respiratory failure and even acute respiratory distress syndrome (ARDS) and death[1]. The main
treatments for ALI/ARDS are antibacterial drugs, corticosteroids, lung protective ventilation strategy
(LPVS) and extracorporeal membrane oxygenation (ECMO). Unfortunately, all of these approaches have
some problems, particularly no bene�ts in some cases or side effects or high costs, and may still result in
high morbidity and mortality of ALI/ARDS [2, 3]. Therefore, it is urgent to explore and elucidate the
physiological and molecular mechanisms of ALI/ARDS.

An increasing number of studies have con�rmed that in�ammation plays a crucial role in the initiation
and development of ALI[4, 5]. With the increase in proin�ammation and the decrease in the anti-
in�ammatory response in ALI, a large number of in�ammatory cytokines, such as IL6 and TNF-α, are
secreted, and cytokine storms form, resulting in respiratory failure and ARDS[6]. Macrophage activation is
considered to be the critical initial stage of the in�ammatory response[7, 8]. Macrophages have high
plasticity and can polarize into distinct functional phenotypes depending on different stimuli[7]. In
particular, many studies have found that macrophages are polarized to the M1 phenotype
(proin�ammatory effect) rather than the M2 phenotype (anti-in�ammatory/reparative effect) in ALI,
leading to aggravated lung in�ammation[9, 10]. Therefore, accelerated M1/M2 macrophage switching is
the key to improving lung in�ammatory damage.
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Interleukin 35 (IL35) is a newly identi�ed cytokine coming from the IL12 heterodimeric cytokine family
composed of Epstein–Barr virus-induced gene 3 (EBi3) and the IL12 p35 subunit (IL-12A)[11, 12]. IL35 is
primarily secreted by T cells and B cells and plays an important role in in�ammatory and immune
responses[11, 13]. In recent years, a growing number of studies have provided insight into the relationship
between IL35 and pulmonary in�ammatory diseases and found that IL35 could protect the lung from
in�ammation and autoimmune diseases, including asthma and respiratory infection[14, 15]. However, the
results on the role of IL35 in ALI/ARDS are inconsistent. Cao observed that IL35 was elevated in sepsis
and mediated in�ammation[16]. Pan and his colleagues reported that IL35 was downregulated in ALI and
that overexpression of IL35 reduced in�ammation[17]. Wang and his colleagues showed that IL35 was
upregulated and improved endothelial injury in ALI[18]. In addition, whether IL35 regulates macrophage
polarization in ALI remains unclear. Thus, we further explicated the role of IL35 and explored whether IL35
had an effect by regulating macrophage polarization in ALI.

In this study, we observed the expression and function of IL35 in an in vivo model of mouse ALI. Next, we
detected the markers of M1 and M2 macrophages using immuno�uorescence staining to determine the
potential mechanism of IL35 in ALI. Our �ndings may provide a novel basis for the development of
therapies targeting ALI/ARDS.

Materials And Methods

Animal studies
Male C57BL/6 mice (aged 8–10 weeks, body weight 22 ± 3 g) were purchased from Beijing SiPeiFu
Biotechnology 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 a control group, an
acute lung injury (ALI) group and an ALI+ plasmid DNA containing the IL35 gene (pcDNA-IL35) group.
pcDNA-IL35 was purchased from Gene Pharma (Shanghai, China) and injected into mice by tail
intravenous injection (i.v.) according to the manufacturer's instructions[19]. The experimental procedures
are described below (Fig. 1). Mice from the control group were given 2 ml of PBS by i.v. and received an
intraperitoneal injection (i.p.) of normal saline after 7 days. Mice from the ALI 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
ALI+IL35 group were given 2 ml of PBS containing 100 µg of pcDNA-IL35 by i.v. and received an i.p.
injection of LPS (10 mg/kg) after 7 days. All mice were anesthetized intraperitoneally with an overdose of
sodium pentobarbital at 12 h postinjury. Subsequently, the lungs were perfused and isolated for collection
of para�n sections for histological examination and PCR analyses.

Hematoxylin-eosin (HE) staining
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Lung tissues were collected and �xed in 4% paraformaldehyde. Then, 5-µm sections from the para�n
blocks of tissues were stained with hematoxylin-eosin (HE) and observed under an optical microscope
(Olympus, Japan). The lung injury score was calculated by two researchers without 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 �lling the
airspaces and alveolar septal thickening, were used to generate a lung injury score[20].

Masson staining
Lung tissues were stained with a Ponceau-fuchsin solution, rinsed with glacial acetic acid and then
immersed in phosphomolybdic acid. After the excess liquid was absorbed by the �lter paper, the sections
were stained with an 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 appearing on the airway walls of lung tissues.

Immuno�uorescence and immunohistochemical staining
Lung tissues were collected and �xed in 4% paraformaldehyde, and immuno�uorescence staining was
performed according to the manufacturer’s standard protocol[8]. Brie�y, 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 sections
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 hour at room temperature. DAPI (Invitrogen, USA) was used for
nuclear staining. The sections were observed with a �uorescence 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 in
lung tissues according to the manufacturer’s standard protocol[21]. Brie�y, tissue specimens were cut into
5-µm serial sections, depara�nized, 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 hour 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 �xed in 4% paraformaldehyde, and tissue specimens were cut into 5-µm
serial sections. Terminal deoxynucleotide transferase-mediated dUTP nick end-labeling (TUNEL) staining
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was performed using an In Situ Cell Death Detection Kit (Roche, Mannheim, Germany) following the
manufacturer’s instructions. The sections were observed with a �uorescence microscope (Olympus,
Japan) with 10 �elds of view randomly selected, and the rate of cell apoptosis was determined using
ImageJ (Bethesda, MD, USA). Green nuclei were considered positive-apoptotic cells. The cells with blue
nuclei were deemed to be normal, and the average value was determined accordingly. 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 threshold
(ΔΔCT) method. Primer sequences of mouse genes were in Table 1.

Table 1
Primer sequences used for RT-PCR analysis

Genes Sequences

IL1β forward 5′-GCATCCAGCTTCAAATCTCGC-3′

  reverse 5′-TGTTCATCTCGGAGCCTGTAGTG-3′

IL6 forward 5′-AGTTGCCTTCTTGGGACTG-3′

  reverse 5′-AGGTCTGTTGGGAGTGGTATC-3′

GAPDH forward 5′-AAGAAGGTGGTGAAGCAGGCATC-3′

  reverse 5′-CGGCATCGAAGGTGGAAGAGTG-3′

Statistical analysis
Data are presented as the means ± S.E.M. One-way ANOVA with Dunnett or Bonferroni tests was used to
analyze statistical signi�cance as appropriate. P < 0.05 was considered statistically signi�cant. The
statistical analyses were performed using Statistical Product and Service Solutions 19.0 (SPSS, Systat
Software, San Jose, CA, USA).

Results

IL35 alleviates LPS-induced acute lung injury
IL35 has been reported to play immunosuppressive and anti-in�ammatory roles in infections,
in�ammation, and autoimmune diseases[11]. We examined whether IL35 alleviated LPS-induced ALI in
our study. The expression of IL35 p35 was �rst detected by immunohistochemical staining. The results
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showed that LPS-induced ALI promoted IL35 p35 up regulation and the expression of IL35 p35 was
further overexpression after pcDNA-IL35 transfection (P < 0.05, Fig. 2A-B). HE staining and lung injury
scores were then used to evaluate the severity of lung injury. As shown in Fig. 2C, LPS treatment
increased alveolar collapse and thickened the alveolar wall and septa; however, overexpression of IL35
obviously reduced LPS-stimulated lung tissue injury (P < 0.05, Fig. 2c). A similar trend appeared in the
lung injury score (P < 0.05, Fig. 2D). We next detected collagen deposition in lung tissues by Masson
staining. As expected, LPS increased collagen deposition in lung tissues, and upregulation of IL35
inhibited collagen deposition in ALI (P < 0.05, Fig. 2E-F). The above data suggested that IL35 may
alleviate LPS-induced acute lung injury.

IL35 regulates macrophage polarization in ALI in mice
Some studies have found that IL35 ameliorates tissue injury by stimulating macrophage polarization[22,
23]. Therefore, we hypothesized that IL35 reduced ALI by regulating macrophage polarization. To explore
whether IL35 decreased the levels of M1 macrophages and increased the levels of M2 macrophages in
ALI, we detected the expression of IL35 EBi3, the other subunit of IL35, and markers of M1/M2
macrophages (CD68 and CD206) by immuno�uorescence staining in lung tissues. The results showed
that IL35 overexpression led to a decrease in the levels of CD68 and an increase in the levels of CD206 in
ALI in mice (P < 0.05, Fig. 3A-E).

IL35 mitigates in�ammation in ALI in mice
The 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 ALI in
mice. We then explored whether IL35 reduced in�ammation in ALI. As expected, the expression levels of
MPO protein in lung tissues of mice with ALI were found to be higher than those in the ALI+ pcDNA-IL35
group (P < 0.05, Fig. 4A-B). RT–PCR was used to check the levels of in�ammatory cytokines. Similarly, the
levels of IL1β and IL6 were decreased in the lung tissues from the ALI+ pcDNA-IL35 group compared with
those in the ALI group (P < 0.05, Fig. 4C-D). These results demonstrated that IL35 may mitigate
in�ammation by regulating macrophage polarization.

IL35 lessens apoptosis in ALI in mice
To further con�rm whether IL35 improved lung injury, TUNEL staining and immunohistochemical staining
were used to assess apoptosis in 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. 5A-B). Consistently,
upregulation of IL35 reduced the rate of Bax/Bcl2 in the lung tissues of mice, which was high after LPS
treatment (P < 0.05, Fig. 5C-D).

IL35 regulates macrophage polarization by the TLR4/NFκB-
P65 pathway
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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 IL35 regulates macrophage polarization in ALI
by inhibiting the TLR4/NFκB-P65 pathway remains unclear. To gain insight into the mechanism by which
IL35 improved ALI, we detected the expression of TLR4, MD2 or p-P65/P65 by immunohistochemical
staining. High levels of TLR4 and MD2 expression were observed in ALI in mice, but IL35 overexpression
stopped them from rising (P < 0.05, Fig. 6A-D). The same trend was observed for the rate of p-P65/P65
expression (P < 0.05, Fig. 6E-F). Furthermore, we found that the expression of TLR4 and MD2 and the rate
of p-P65/P65 were also higher in ALI group than in control group in pulmonary macrophages,
overexpression of IL35 prevented them from increasing in pulmonary macrophages of ALI. All these
results suggested that IL35 may regulate macrophage polarization by the TLR4/NFκB-P65 pathway in
LPS-induced ALI.

Discussion
ALI/ARDS is an acute and life-threatening pulmonary in�ammatory disease with a high mortality rate of
up to 40–60% [10, 27]. An imbalance in macrophage polarization is crucial to initiate the in�ammatory
response in ALI. IL35 is a novel cytokine from the IL12 family and has been reported to reduce the
progression of some in�ammatory diseases [11–13]. Here, we observed that the expression of IL35 in
lung tissues was upregulated in ALI in mice and that IL35 overexpression promoted the transformation of
M1 to M2 macrophages and relieved in�ammation, resulting in improved LPS-induced ALI in mice. Our
results and previous studies consistently suggested that IL35 has a protective effect and may be a key
therapeutic target in ALI/ARDS in the future [17, 18].

Accumulating evidence has shown that IL35 may be produced by T cells, dendritic cells (DCs), B cells and
even nonimmune cells [28–30]. However, the constitutive nature of normal tissues is not a characteristic
of IL35 [28]. The expression of IL35 is low or even not examined in some immune cells and can be
triggered under in�ammatory conditions [28, 31]. Thus, IL35 constitutes an important mediator of
in�ammation and contributes to regulating in�ammatory disease progression. For example, Li et al.
con�rmed that IL35 suppressed allergic airway in�ammation in asthma [15]. Hu suggested that IL35
alleviates LPS-induced acute kidney injury in mice by inhibiting proin�ammatory cytokine production [19].
Pan and his colleagues reported that IL35 protected against cigarette smoke-induced lung in�ammation
in mice [11]. In addition, researchers have recently gained insight into the role of IL35 in ALI/ARDS. Our
study and former reports agreed that overexpression of IL35 reduced in�ammation and improved ALI[17,
18]. However, Ju and his colleagues observed lower bacterial loads after treating septic mice with anti-
IL35 p35 antibodies [16]. This is in line with a previous report that IL23 p35 knockout enhanced the acute
immune response against Staphylococcus aureus infection [32]. IL12 p35 is a mutant subunit of IL35
and regulates the activity of IL35 [11, 12, 16]. Ye et al. observed that there was obviously different
expression of IL12 p35 in macrophages, B lymphocytes, T lymphocytes and DCs after stimulation by
harmful substances [13]. The differential expression of IL12 p35 in different cells may represent different
roles in in�ammatory diseases. The con�icting �ndings that IL35 mediates or reduces in�ammation in
ALI suggest that more research is needed to con�rm the current results and potential mechanism[16–18].
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M1/M2 macrophage polarization contributes to the development of ALI[8, 33]. A growing amount of data
veri�ed that the M1/M2 macrophage pro�le toward M1 leads to aggravation and deterioration of
ALI/ARDS[8, 33, 34]. Li suggested that HSF1 attenuates LPS-induced ALI by suppressing macrophage
in�ltration and CCR2 expression[8]. Cui found that lncRNA Malat1 knockdown attenuated LPS-induced
M1 macrophage activation and enhanced M2 differentiation, resulting in diminished 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 overexpression decreased the
expression of the M1 phenotype-speci�c marker CD68 and increased the expression of the M2
phenotype-speci�c marker CD206, leading to relief of in�ammation and pulmonary injury in ALI mice. Our
data are in line with previous results showing that overexpression of IL35 protects pulmonary tissue from
LPS-induced ALI by promoting M1 to M2 macrophage polarization.

We further explored how IL35 regulated macrophage polarization to reduce pulmonary in�ammatory
damage 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 initiation of the NFκB-P65 signaling
pathway and the release of proin�ammatory cytokines, such as IL1β and IL6[26, 35]. In our study,
upregulation of IL35 obviously suppressed the expression of TLR4 and MD2, as well as p-P65/P65. This
trend also existed in pulmonary macrophages of ALI. Previous studies have shown that IL35 responds to
TLR4 agonists [30]. Thus, we suspected that IL35 may interact with TLR4 to inhibit the TLR4/NFκB-P65
pathway, reducing in�ammatory lung injury. More studies are needed to further con�rm the underlying
mechanism in the future.

In conclusion, IL35 relieved LPS-reduced in�ammation and ALI in mice by regulating M1/M2 macrophage
polarization and inhibiting the activation of the TLR4/NFκB-P65 pathway (Fig. 7). Our �ndings may
provide new insight into ALI/ARDS treatment by targeting the regulation of IL35 expression.
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Figures

Figure 1

Experimental procedure.

Mice from the control group were given 2 ml of PBS by i.v. and received an intraperitoneal injection (i.p.)
of normal saline after 7 days. Mice from the ALI 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 ALI+IL35 group were given 2 ml of
PBS containing 100 μg pcDNA-IL35 by i.v. and received an i.p. injection of LPS (10 mg/kg) after 7 days.
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Figure 2

IL35 alleviates LPS-induced ALI in mice.

A Immunohistochemical staining for IL35 p35 in ALI in mice (original magni�cation ×10 and ×40). B
Quanti�cation of positive staining of IL35 p35 in ALI in mice. C Hematoxylin and eosin (HE) staining of
lung tissues (original magni�cation ×10 and ×40). D Quanti�cation of the lung injury score. E Masson
staining of lung tissues (original magni�cation ×10 and ×40). F Quanti�cation of collagen deposition. * P
< 0.05 vs. Control. # P < 0.05 vs. ALI+pcDNA-IL35.
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Figure 3

IL35 regulates macrophage polarization in ALI in mice.

A-B Immuno�uorescence staining for IL35 EBi3 and CD68 or CD206 in ALI in mice (original magni�cation
×10 and ×40). C Quanti�cation of positive staining for IL35 EBi3 in ALI in mice. D Quanti�cation of
positive staining for CD68 and CD206 in ALI in mice. E Quanti�cation of the ratio of CD206/CD68 in ALI
in mice. * P < 0.05 vs. Control. # P < 0.05 vs. ALI+pcDNA-IL35.
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Figure 4

IL35 mitigates in�ammation in ALI in mice.

A Immuno�uorescence staining for MPO in ALI in mice (original magni�cation ×10 and ×40). B
Quanti�cation of positive staining for MPO in ALI in mice. C RT–PCR analysis for IL1β. D RT–PCR
analysis for IL6. * P < 0.05 vs. Control. # P < 0.05 vs. ALI+pcDNA-IL35.
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Figure 5

IL35 lessens apoptosis in ALI in mice.

A TUNEL staining of apoptotic cells (original magni�cation ×10 and ×40). B Quanti�cation of apoptotic
ALI cells in mice. C Immunohistochemical staining for Bax and Bcl2 in ALI in mice (original magni�cation
×10 and ×40). D Quanti�cation of the ratio of Bax/Bcl2 in ALI in mice. * P < 0.05 vs. Control. # P < 0.05 vs.
ALI+pcDNA-IL35.
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Figure 6

IL35 regulates TLR4/NFκB-P65 pathway.

A Immunohistochemical staining for TLR4 or MD2 in ALI in mice (original magni�cation ×10 and ×40). B
Quanti�cation of positive staining for TLR4 in ALI in mice. C Immunohistochemical staining for MD2 in
ALI in mice (original magni�cation ×10 and ×40). D Quanti�cation of positive staining for MD2 in ALI in
mice. E Immunohistochemical staining for p-P65 or P65 in ALI in mice (original magni�cation ×10 and
×40). F Quanti�cation of the ratio of p-P65/P65 in ALI in mice. * P < 0.05 vs. Control. # P < 0.05 vs.
ALI+pcDNA-IL35.
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Figure 7

Schematic illustration of the role of IL35 in ALI.

IL35 relieved LPS-reduced in�ammation and ALI in mice by regulating M1/M2 macrophage polarization
and inhibiting the activation of the TLR4/NFκB-P65 pathway.


