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Background: Acute lung injury (ALl) and acute respiratory distress syndrome (ARDS) are severe inflammatory lung
diseases. Methylprednisolone (MP) is a common drug against inflammation in clinic. In this study, we aim to investi-
gate the protective effect of MP on ALl and potential mechanisms.

Methods: Male BABL/c mice were injected through tail vein using lipopolysaccharide (LPS, 5 mg/kg) with or without
5 mg/kg MP. Lung mechanics, tissue injury and inflammation were examined. Macrophage subsets in the lung were
identified by flow cytometry. Macrophages were cultured from bone marrow of mice with or without MP. Then, we
analyzed and isolated the subsets of macrophages. These isolated macrophages were then co-cultured with CD4T T
cells, and the percentage of regulatory T cells (Tregs) was examined. The expression of IL-10 and TGF-{3 in the superna-
tant was measured. The Tregs immunosuppression function was examined by T cell proliferation assay. To disclose the
mechanism of the induction of Tregs by M2c¢, we blocked IL-10 or/and TGF-{3 using neutralizing antibody.

Results: Respiratory physiologic function was significantly improved by MP treatment. Tissue injury and inflamma-
tion were ameliorated in the MP-treated group. After MP treatment, the number of M1 decreased and M2 increased

in the lung. In in vitro experiment, MP promoted M2 polarization rather than M1. We then induced M1, M2a and M2c
from bone marrow cells. M1 induced more Th17 while M2 induced more CD4TCD25%Fxop3™ Tregs. Compared with
M2a, M2c induced more Tregs, and this effect could be blocked by anti-IL-10 and anti-TGF-{3 antibodies. However, M2a
and M2c have no impact on Tregs immunosuppression function.

Conclusion: In conclusion, MP ameliorated ALl by promoting M2 polarization. M2, especially M2c, induced Tregs
without any influence on Tregs immunosuppression function.
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Background

Methylprednisolone (MP), as a potent long-lasting syn-
thetic glucocorticoid, is widely used in clinical settings.
MP inhibits inflammatory cascade in various patho-
physiological conditions. Therefore, it is widely used to
treat a variety of acute and chronic inflammatory dis-
eases including acute lung inflammation, asthma, and
rheumatoid arthritis [1]. A number of studies have been

*Correspondence: luo.zhe@zs-hospital.sh.cn

1Guo-wei Tu, Yi Shi and Yi-jun Zheng contributed equally to this work
! Department of Critical Care Medicine, Zhongshan Hospital, Fudan
University, Shanghai 200032, People’s Republic of China

Full list of author information is available at the end of the article

( ) BiolVled Central

reported for the anti-inflammatory properties of MP [2—
4]. For instance, MP induces anti-inflammatory cytokines
expression such as IL-10. MP also suppresses pro-inflam-
matory cytokines expression such as IL-6, IL-8, TNEF-q,
and cell adhesion molecules, which are involved in the
migration of leucocytes into the extravascular space [5].
Acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS) are severe inflammatory lung diseases
due to lung injury from a variety of precipitants. Both of
them might result from severe trauma or sepsis. Patho-
physiologically, ALI is characterized by disruption of the
alveolar-capillary interface, pro-inflammatory cytokines
secretion, and pro-inflammatory cells infiltration. In
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addition, destruction of pneumocytes during ALI or
ARDS causes subsequent fibrosis and hyalinization of the
lung membrane [6]. Despite many research and thera-
peutic trials, no effective therapies are available for ALI
in clinic. As so far, glucocorticoid treatment in the early
phase of lung inflammation appears to resolve ALI and
ARDS [7]. A larger clinical study is currently trying to
determine the parameters for more effective glucocor-
ticoid treatment and to develop appropriate guidelines
(clinical trial NCT01731795).

Alveolar macrophages, as a prominent subset of innate
immunocytes, play a key role in lung inflammation ini-
tiation, resolution and tissue repair [8]. Nowadays, dif-
ferent subsets of macrophages have been identified. The
classically activated or M1 are pro-inflammatory mac-
rophages, in response to bacterial components or IFN-y
and TNF-a. However, macrophage can also assume a
variety of alternatively activated or M2 phenotypes [9].
This unique M2 subset owns different markers compared
to M1, and contributes to inflammation resolution and
tissue repair. Subsequently, additional stimuli that were
previously considered to be macrophage deactivators are
also shown to produce distinct macrophages activation
phenotypes in vitro. The M2 macrophages are divided
three new phenotypes, now frequently referred to as
M2a/b/c. It has been reported that IL-4-mediated thera-
peutic macrophage reprogramming to M2 could accel-
erate resolution and lung repair following experimental
ALI [10]. A recent study showed that adoptively transfer
M2a or M2c into LPS-induced ALI mice significantly
reduced lung inflammation and injury including a reduc-
tion of neutrophil influx into the lung and an augmenta-
tion of apoptosis [11]. Furthermore, in vivo depletion of
CD206" M2 macrophages exaggerates acute lung injury
in mice model [12]. These results proved that M2 mac-
rophages ameliorate inflammation and promote tissue
repair in ALL

Since M2 can be considered as a kind of regulatory cells
in the innate immunity, it cannot ignore the effects in that
involved regulatory T cells (Tregs) in ALL Many effective
therapeutic strategies for ALI are involved in expansion
or induction Treg in vivo. For instance, transplantation of
human umbilical cord mesenchymal stem cells enhanced
the diminished levels of alveolar Treg and ameliorated
ALI in mice [13]. Using an epigenetic regulation method,
DNA methyltransferase inhibition augmented Treg num-
ber and function, and accelerated repair of experimental
lung injury [14].

Despite glucocorticoid and M2 macrophages are ben-
eficial for ALI therapy, the influence of glucocorticoid
on macrophage differentiation is unclear, especially for
M2. In the current study, we investigated the therapeutic
effects of MP on lipopolysaccharide (LPS)-induced ALI,
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and whether MP regulates macrophages differentiation.
At last, we revealed the mechanism that M2c induction
Treg in vitro.

Results

MP improved lung function and ameliorated tissue injury
We detected lung function at 6, 18 and 36 h in ALI model
with or without MP treatment. Compared to the LPS
group, MP significantly increased the peak expiratory
flow (PEF) (Fig. 1a), maximal mid-expiratory flow (MMF)
(Fig. 1b) and forced expiratory volume 0.2 (FEV,,)/
forced vital capacity (FVC) (Fig. 1d) at 18 and 36 h. At
18 h after ALI, H&E staining showed interstitial edema,
interalveolar septal thickening and intra alveolar and
interstitial patchy hemorrhage in the LPS group (Fig. 2a).
After MP treatment, the tissue injury was significantly
attenuated (Fig. 2b). As for pulmonary edema evaluation,
lung weight and dry ratio (W/D) was employed. The mice
received LPS injection showed higher W/D than that in
the MP group (Fig. 2¢). In addition, MP treatment signifi-
cantly improved acid—base disturbance, increased PaO,
and reduced PaCO, (Fig. 2d).

MP ameliorated inflammation in vivo

To determine the inflammation level, we detected typi-
cal pro-inflammatory cytokines and chemokines in BAFL
at 18 h after ALIL. The expression of TNF-q, IL-2, IL-6,
IL-12p40, CCL4 and CCL5 decreased in the MP-treated
group. However, MP treatment increased the level of
IL-4, IL-10, IL-13 and TGEF-f (Fig. 3). These results sug-
gested that MP inhibited the pro-inflammatory response,
and reconstituted inflammatory microenvironment.

MP regulated the ratio of macrophage subsets in vivo
Next, we investigated the ratio of M1/M2 in the lung
by flow cytometry (Fig. 4a). At 18 h after LPS injection,
F4/80TiNOS"™ M1 was significantly increased. Cmaf
is an appropriate marker of M2 [15], so we gated Cmaf
from F4/80" cells. In the LPS group, F4/80"Cmaf™ M2
was decreased. However, MP treatment reduced M1 and
increased M2 in the lung. No difference was observed
between the control and MP treatment groups at 6 and
36 h (Fig. 4b), suggesting MP administration restored the
balance of macrophage subsets at the middle stage after
ALL

MP promoted M2 differentiation in vitro

Since MP increased the M2 percentage in vivo, we then
further investigated whether MP directly regulates mac-
rophage differentiation in vitro. It has been demonstrated
that adoptively transfer M2a or M2c into LPS-induced
ALI mice reduced ALI [11]. We, therefore, detected
the M2a and M2c percentage with different dose of MP
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Fig. 1 Lung function and ameliorated tissue injury. After the tracheostomy, we detected lung function at 6, 18 and 36 h in ALI model. Compared
to the LPS group, a MP significantly increased the peak expiratory flow (PEF), b maximal mid-expiratory flow (MMF) and d forced expiratory volume
0.2 (FEV,,)/forced vital capacity (FVC) at 18 and 36 h. ¢ No significant difference was observed in forced expiratory volume 0.1 (FEV, ;)/forced vital
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(Fig. 5a). In the presence of IL-4 and IL-13, MP increased
the CD206" M2a percentage in a dose-dependent way
(Fig. 5b). After stimulation by IL-10 and TGEF-p, the per-
centage of CD163" M2c was also increased in the MP-
treated group. The trend presented in a dose-dependent
way (Fig. 5b). This result indicated that MP promoted
M2a and M2c differentiation.

M2c induced more Tregs than M2a

Tregs play an important role in inflammation res-
olution in ALI [16, 17]. We assumed M2 induce
Tregs and ameliorated inflammation. Therefore,
these induced-M2a and M2c were isolated by flow
cytometry and co-cultured with CD4" naive T cells
under Tregs induction environment. We detected
CD4*tCD25%Foxp3™ Tregs and CD4"IL-17aRORyt"t
Th17 (Fig. 6a). As expected, the pro-inflammatory
M1 induced much more percentage of Th17. Com-
pared to MO and M1, both M2a and M2c significantly
induced Tregs and inhibited Th17. Intriguingly, M2c
induced more Tregs than M2a (Fig. 6b). To clarify the
impact on Tregs immunosuppression function by M2,
we further isolated Tregs that were induced by M2c.
Compared to the normal Tregs, the expression of
IL-10 and TGF-P in supernatant has no difference in
M2c-induced Tregs (Fig. 6¢). At last, mix lymphocyte

reaction was performed to compare the immunosup-
pression function between the two groups of Tregs.
The result further confirmed that M2c did not influ-
ence on Tregs immunosuppression function although
increased their number (Fig. 6d).

M2c induced Tregs through IL-10 and TGF-f3 secretion

To elucidate the mechanism that M2c induces Tregs, we
added anti-IL-10 and/or anti-TGF-f} antibodies in the co-
culture system (Fig. 7a). Either anti-IL-10 or anti-TGF-$
antibody significantly reversed Tregs induction. In the
mixed antibodies group, the number of Tregs is the low-
est (Fig. 7b). The result indicated that IL-10 or TGF-$
pathway is the key mechanism that involved in the induc-
tion of Tregs by M2c.

Discussion
In this study, we found that MP significantly improved
respiratory function after LPS insult. MP also prompted
macrophage toward M2 polarization. Furthermore, M2c
was the dominant subset that induced by MP treatment.
In addition, M2c could induce Treg in vitro in terms of
increased number but without any influence on immune
suppression function.

Glucocorticoid treatment is an effective therapy for ALI
and ARDS. In our clinical study, methylprednisolone was
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Fig. 2 Tissue injury, lung weight/dry and arterial blood gas analysis. a At the 18 h after ALI, the lung was harvest and histologic damage was
assessed in H&E-stained sections. b The semi-quantitative analysis of tissue injury indicated that MP treatment significantly attenuated tissue injury
in the lung. € The severity of pulmonary edema was assessed by the wet to dry ratio (W/D ratio). MP treatment significantly reduced the W/D
compared to that in the LPS group at 6 and 18 h. d Arterial blood gas analysis showed MP treatment significantly improved acid-base disturbance,
increased PaO, and reduced PaCO,. Data were shown as mean =+ S.D,; n = 5 mice per group

used routinely for renal transplant recipients with severe
ALI or ARDS. All immunosuppressants were discontin-
ued at admission to ICU and methylprednisolone (1 mg/
kg every 12 h) was initiated followed by gradual tapering
[18, 19]. We found over-reactive inflammation cascade in
these ALI/ARDS patients was inhibited by MP treatment.
We also found that moderate-dose MP played an impor-
tant role as salvage therapy for these patients [20].

Since MP therapy is effective in clinical settings,
we further investigated whether MP regulated innate
immunity in ALI/ARDS. In the present study, we found
the significant change of M1/M2 ratio in ALL In detail,
M1 increased and M2 decreased during the pathologic

process, which suggested a break of balance between
M1 and M2. Interestingly, at the very early stage, the
ratio between M1 and M2 did not have any remarkable
change, however, the M1/M2 ratio increased at 18 h post-
ALL The result was in keeping with pulmonary function
and inflammatory cytokines expression profile. After MP
treatment, the percentage of M2 increased accompanied
by decreased M1, suggested MP helped to reconstituted
balance between M1 and M2.

Recent studies have focused on the diverse role of
macrophages and, in particular, their ability to regulate
inflammation and tissue repair in various disease includ-
ing autoimmunity, atherosclerosis, microbial infection,
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Fig. 3 Cytokines and chemokines in (Bronchoalveolar lavage fluid) BAFL. The BALF supernatant was collected after centrifugation at 18 h after ALI.
The expression of TNF-a, IL-2, IL-4, IL-6, IL-10, IL-12p40, IL-13, TGF-B, CCL4 and CCL5 in BAFL was measured by ELISA. The expression of TNF-q, IL-2,
IL-6, IL-12p40, CCL4 and CCL5 decreased in the MP-treated group. However, MP treatment increased the level of IL-4, IL-10, IL-13 and TGF-. Data
were shown as mean £ S.D; n = 5 mice per group. ELISA enzyme-linked immuno sorbent assay

parasitic infection, and cancer [10, 21]. Although mac-
rophage could be divided into M1 and M2, M2 can fur-
ther be classified into three subsets based on their in vitro
response to stimuli: M2a incubated with IL-4 and IL-13,
M2b with immune complexes, and M2c with IL-10 and
TGEF-B. A study by Nelson et al. indicated that experi-
mental polarization of naive alveolar macrophages to
M2a resulted in more efficient killing of P murina com-
pared with untreated alveolar macrophages, which was
further enhanced by the addition of IL-33 [22]. Recently,
Tang et al. investigated different M2 subsets therapeutic
effects on experimental ALL. M2a and M2c were adop-
tively transferred into LPS-induced ALI mice model.
Both subsets significantly reduced lung inflammation and
injury including a reduction of neutrophil influx into the
lung and an augmentation of apoptosis [11]. Interestingly,
M2c macrophages more effectively suppressed indices of
lung injury than M2a macrophages. M2c macrophages
were also more effective than M2a in the reduction of
lung fibrosis. M2c but not M2a macrophages increased
IL-10 level in lung tissues of the recipient ALI mice. After
blocking IL-10, these superior effects of M2c over M2a
were abolished [11]. In our study, we found that M2c
induced significant more Tregs than M2a, which might
partially explain that M2c was more effective in ame-
lioration tissue injury in ALI in Tang’s study. Treg dif-
ferentiation needs the third signal by cytokines in the
microenvironment. TGE- is a well-known cytokine that

promotes naive CD4 T cell to differentiate into Treg [23].
Although IL-10 is the dominant secreting cytokine by
Treg, it is also able to promote Treg differentiation. For
instance, IL-10 secreted by HO-1-expressing DCs at a
high level may enhance type 1 Treg (Tr1) differentiation,
which has a critical role in controlling peripheral toler-
ance [24]. CD11c*CD11b*CD8~ DCs produce elevated
levels of IL-10 after P. yoelii infection. Conditional knock-
out of I/-10 in DCs interfered with the induction of Tregs
[25]. Therefore, by blocking IL-10 and TGF-f, we dem-
onstrated that induction of Treg by M2c was through
IL-10 and TGF-f pathway (Fig. 8). These induced-Tregs
participate in inflammation resolution and tissue repair
after ALI [26, 27].

In conclusion, MP treatment ameliorates acute lung
injury and inflammation in LPS-induced ALI model. MP
also regulates and reconstitutes the balance between M1
and M2. In mechanism, these induced M2a and M2c by
MP secret IL-10 and TGF-p, which could then induce
Treg. In addition, M2c induced more Treg than M2a.

Methods

Animals

All animal use procedures were approved by the Com-
mittee on the Ethics of Animal Experiments of Zhong-
shan Hospital, Fudan University. This investigation was
carried out in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory
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Animals of the National Institutes of Health. All sur-
gery was performed under sodium pentobarbital anes-
thesia, and all efforts were made to minimize suffering.
Six weeks old specific pathogen-free male BALB/c mice
(16-20 g) were maintained under specific pathogen-free
conditions in the facilities of the animal center. The mice
were kept in a temperature controlled room with 12 h
dark/light cycles, and allowed food and water ad libitum.
Animals underwent an acclimatization period of at least
14 days before use in our study.

ALI model

A total of 35 BALB/c mice were randomly divided into
three main groups, control group (n = 5), LPS (Sigma,
St. Louis, MO, USA) group (n = 15), MP (Pfizer, New
York, NY, USA) treatment group (n = 15). For LPS and
MP groups, the mice were subdivided into six subgroups
(n = 5). Mice were sacrificed at 6, 18 and 36 h. ALI was
induced by LPS via intravenous injection as previously
described [28-32]. The mice in control group were
administrated the sterile saline instead. Ten minutes after
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LPS injection, MP was given by intraperitoneal injection
at 5 mg/kg in a single dose.

Measurement of lung mechanics

Each mouse was weighed, anesthetized by an intraperi-
toneal injection of pentobarbital sodium (40 mg/kg).
Tracheostomy was performed and the trachea was can-
nulated with an 18-gauge intravenous catheter. After
the tracheostomy, mice were placed in a body plethys-
mograph and connected to a computer-controlled ven-
tilator. Lung mechanics were analyzed by the system of
AniRes2005 (Bestlab High-Tech Co., Ltd, Beijing, China).

Lung wet/dry weight ratio

The severity of pulmonary edema was assessed by the wet
to dry ratio (W/D ratio). The right lower lungs weighed
and then dehydrated at 60 °C for 72 h in an oven.

Tissue injury score and arterial blood gas analysis

The left lower lung from each mouse was fixed in 10%
formalin, embedded in paraffin, cut into 5 mm sections,
stained with H&E. Lung injury score was measured by
a blinded pathologist with a 0—4 point scale according
to combined assessments of inflammatory cell infiltra-
tion in the airspace or vessel wall, alveolar congestion,
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Fig. 6 Influence on Tregs differentiation and function by macrophages. a Induced-M2a and M2c were isolated by flow cytometry and co-cultured
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M1, both M2a and M2c significantly induced Tregs and inhibited Th17. Intriguingly, M2c induced more Tregs than M2a. € These M2c-induced Tregs
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hemorrhage, alveolar wall thickness and hyaline mem-
brane formation. A score of 0 represented no damage; |
represented mild damage; 2 represented moderate dam-
age; 3 represented severe damage and 4 represented very
severe histological changes. We collected blood from
the abdominal aorta and performed arterial blood gas
analysis.

Cytokines expression in bronchoalveolar lavage fluid

Bronchoalveolar lavage fluid (BALF) was collected at
18 h after LPS injection by cannulating the upper part of
the trachea, by lavage three times with 1.0 ml PBS (pH
7.2). The fluid recovery rate was more than 90%. Lavaged
sample from each mouse was kept on ice. BALF was cen-
trifuged at 700g for 5 min at 4 °C. The BALF supernatant
was collected after centrifugation (for 4 min at 4000 rpm)
and stored at —80 °C before cytokine assay. TNF-a, IL-2,
IL-4, IL-6, IL-10, IL-12 (p40), IL-13, TGF-B, CCL4 and

CCL5 were measured by ELISA (R&D Systems, Minne-
apolis, MN, USA) as previously described [33].

Flow cytometry

The single cell suspension of lung was prepared as previ-
ously described [34]. Thereafter all single cells were resus-
pended in staining buffer (BD Bioscience, San Diego, CA,
USA). The following monoclonal antibodies were added
into the single-cell suspension according to manufactur-
ers’ protocols: F4/80, CD163, CD206, Cmaf (eBioscience,
San Jose, CA, USA). For Th17 and Treg detection, cells
were stained with surface markers, fixed and permeabi-
lized with fixation buffer [Dulbecco’s phosphate-buffered
saline (pH 7.4) with 4% w/v paraformaldehyde (0.22 pm
pore-filtered)]/permeabilization buffer [PBS, 1% fetal calf
serum, 0.1% sodium azide, 0.1% saponin (0.2 pm pore-
filtered; pH7.4-7.6); eBioscience] and then stained with
RORyt and Foxp3 antibodies (eBioscience).
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Cytokines in cell culture supernatant

The supernatant was collected and stored at —80 °C until
further analysis. The level of IL-10 and TGEF- was meas-
ured using Mouse IL-10 and TGF-f ELISA Kit (Abcam,
Cambridge, UK) in accordance with the manufacturer’s
protocol respectively as previously described [35].

Macrophage culture and differentiation

BALB/c mice splenocytes were harvested and triturated
with sterile syringes, and the resulting cell suspension
was filtered through 40 mm nylon mesh and was incu-
bated at 37 °C for 40 min, and then the culture superna-
tant that contained floating cells (T cells, natural killer
cells, and dendritic cells) was discarded. The adherent
spleen-derived macrophages were rinsed three times in
RPMI-1640 medium and cultured for 48 h with the nor-
mal medium to be MO (resting macrophages), with IL-4/
IL-13 (10 ng/ml each) to become M2a and with IL-10/
TGEF-B (10 ng/ml each) to become M2c macrophages.
IL-4, IL-13, IL-10, and TGF-p were purchased from Invit-
rogen (Mount Waverly, Australia).

Mixed lymphocyte reaction

Mononuclear cells (MNCs) of spleens from mice were
obtained by Ficoll density gradient centrifugation. CD4"
T cells were magnetically purified from MNCs according
to the manufacturer’s recommendations (Miltenyi Biotec,
Auburn, CA, USA). The purity of sorted cells in this study
was consistently more than 95%. Tregs with or without
M2c induction were lethally irradiated (30 Gy). The Tregs
were then cultured in graded doses with CD4" T cells
(3 x 10° cells/well) in RPMI 1640 medium for 5 days.
[*H] Thymidine (1 pCi/well, Shanghai Institute of Applied
Physics, Chinese Academy of Sciences, China) was added
18 h before the end of the culture period. The cells were
then harvested onto glass fiber mats for the measurement
of [*H]thymidine incorporation.

Statistical analysis

Results are expressed as the mean + standard deviation
(S.D.). Statistical analysis was performed using the Stu-
dent’s ¢ test (between two groups) and one-way ANOVA
(among three or more groups) by SPSS 19.0 software
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Fig. 8 Schematic picture of the mechanism. In ALI model, MP treatment restores the balance between M1 and M2. MP promotes M2 differentiation
in terms of M2a and M2c. Compared to M2a, MP-induced M2c induces more Tregs. Regulation innate and adaptive immune response by MP might

(SPSS, Inc., Armonk, NY, USA). The Scheffe test was
used for post hoc analysis. P < 0.05 was recognized as sta-
tistically significant.

Abbreviations

ALl: acute lung injury; ARDS: acute respiratory distress syndrome; MP: meth-
ylprednisolone; Tregs: regulatory T cells; LPS: lipopolysaccharide; PEF: peak
expiratory flow; FEV,, ,: forced expiratory volume 0.2; FVC: forced vital capacity;
W/D: weight and dry ratio.

Authors’ contributions

GT wrote the main manuscript text and prepared all figures. YS and YZ
performed the animal model and collected the samples. HH performed flow
cytometry. MJ, GM and GH helped to revise the manuscript. YS and ZL con-
ceived the study and revised the manuscript. GT and LZ provided the funding
support. All authors reviewed the manuscript. All authors read and approved
the final manuscript.

Author details

! Department of Critical Care Medicine, Zhongshan Hospital, Fudan University,
Shanghai 200032, People’s Republic of China. ? Biomedical Research Center,
Zhongshan Hospital, Fudan University, Shanghai, People’s Republic of China.

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Consent for publication
Not applicable.

Ethics approval and consent to participate

Not applicable for patients. All animal use procedures were approved by
the Committee on the Ethics of Animal Experiments of Zhongshan Hospital,
Fudan University.

Funding

This study was supported by grants from the National Natural Science
Foundation of China (81500067), Natural Science Foundation of Shang-

hai (16ZR1405600), Health and Family Planning Commission of Shanghai
(20154Y011 and 201440333) and the research funds of Zhongshan Hospital
(2015ZSYXGG-01 and 2016ZSQN23).




Tu etal.J Transl Med (2017) 15:181

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 18 June 2017 Accepted: 22 August 2017
Published online: 29 August 2017

References

1. Gibbison B, Lopez-Lopez JA, Higgins JP, Miller T, Angelini GD, Lightman
SL, Annane D. Corticosteroids in septic shock: a systematic review and
network meta-analysis. Crit Care. 2017,21:78.

2. Ozturk O, Tezcan AH, Adali Y, Yildirim CH, Aksoy O, Yagmurdur H, Bilge A.
Effect of ozone and methylprednisolone treatment following crush type
sciatic nerve injury. Acta Cir Bras. 2016;31:730-5.

3. ChengsS, GaoW, Xu X, Fan H, Wu, Li F, Zhang J, Zhu X, Zhang Y. Meth-
ylprednisolone sodium succinate reduces BBB disruption and inflam-
mation in a model mouse of intracranial haemorrhage. Brain Res Bull.
2016;127:226-33.

4. Royse CF, Saager L, Whitlock R, Ou-Young J, Royse A, Vincent J, Devereaux
PJ, Kurz A, Awais A, Panjasawatwong K, Sessler DI. Impact of methylpred-
nisolone on postoperative quality of recovery and delirium in the steroids
in cardiac surgery trial: a randomized, double-blind, placebo-controlled
substudy. Anesthesiology. 2017;126:223-33.

5. Marik PE, Meduri GU, Rocco PR, Annane D. Glucocorticoid treatment in
acute lung injury and acute respiratory distress syndrome. Crit Care Clin.
2011;27:589-607.

6. Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl J
Med. 2000;342:1334-49.

7. Yang ZG, Lei XL, Li XL. Early application of low-dose glucocorticoid
improves acute respiratory distress syndrome: a meta-analysis of rand-
omized controlled trials. Exp Ther Med. 2017;13:1215-24.

8. Belchamber KBR, Donnelly LE. Macrophage dysfunction in respiratory
disease. Results Probl Cell Differ. 2017,62:299-313.

9. DAlessio FR, Craig JM, Singer BD, Files DC, Mock JR, Garibaldi BT, Fallica J,
Tripathi A, Mandke P, Gans JH, et al. Enhanced resolution of experimental
ARDS through IL-4-mediated lung macrophage reprogramming. Am J
Physiol Lung Cell Mol Physiol. 2016;310:L733-46.

10. Liu G, Yang H. Modulation of macrophage activation and programming
in immunity. J Cell Physiol. 2013;228:502-12.

11. Tang L, Zhang H, Wang C, Li H, Zhang Q, Bai J. M2A and M2C macrophage
subsets ameliorate inflammation and fibroproliferation in acute lung
injury through interleukin 10 pathway. Shock. 2016;48:119-29.

12. Kambara K, Ohashi W, Tomita K, Takashina M, Fujisaka S, Hayashi R, Mori H,
Tobe K, Hattori Y. In vivo depletion of CD206+ M2 macrophages exagger-
ates lung injury in endotoxemic mice. Am J Pathol. 2015;185:162-71.

13. Sun J, Han ZB, Liao W, Yang SG, Yang Z, Yu J, Meng L, Wu R, Han ZC.
Intrapulmonary delivery of human umbilical cord mesenchymal stem
cells attenuates acute lung injury by expanding CD4+ CD25+ Forkhead
Boxp3 (FOXP3)+ regulatory T cells and balancing anti- and pro-inflam-
matory factors. Cell Physiol Biochem. 2011;27:587-96.

14. Singer BD, Mock JR, Aggarwal NR, Garibaldi BT, Sidhaye VK, Florez MA,
Chau E, Gibbs KW, Mandke P, Tripathi A, et al. Regulatory T cell DNA meth-
yltransferase inhibition accelerates resolution of lung inflammation. Am J
Respir Cell Mol Biol. 2015;52:641-52.

15. Barros MH, Hauck F, Dreyer JH, Kempkes B, Niedobitek G. Macrophage
polarisation: an immunohistochemical approach for identifying M1 and
M2 macrophages. PLoS ONE. 2013;8:80908.

16. Kapur R, Kim M, Aslam R, McVey MJ, Tabuchi A, Luo A, Liu J, LiY, Shan-
mugabhavananthan S, Speck ER, et al. T regulatory cells and dendritic
cells protect against transfusion-related acute lung injury via IL-10. Blood.
2017;129:2557-69.

17. LiG,CaoY,SunY, XuR, Zheng Z, Song H. Ultrafine particles in the airway
aggravated experimental lung injury through impairment in Treg func-
tion. Biochem Biophys Res Commun. 2016;478:494-500.

18. Tu G, JuM, Zheng, Xu M, Rong R, Zhu D, Zhu T, Luo Z. Early- and late-
onset severe pneumonia after renal transplantation. Int J Clin Exp Med.
2015;8:1324-32.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34.

35.

Page 11 of 11

. TuGW, Ju MJ, Zheng YJ, Zhu DM, Xu M, Rong RM, Zhu TY, Luo Z. An

interdisciplinary approach for renal transplant recipients with severe
pneumonia: a single ICU experience. Intensive Care Med. 2014,40:914-5.
Tu GW, Ju MJ, Han'Y, He HY, Rong RM, Xu M, Xue ZG, ZhuTY, Luo Z.
Moderate-dose glucocorticoids as salvage therapy for severe pneumonia
in renal transplant recipients: a single-center feasibility study. Ren Fail.
2014;36:202-9.

Mosser DM. The many faces of macrophage activation. J Leukoc Biol.
2003;73:209-12.

Nelson MP, Christmann BS, Werner JL, Metz AE, Trevor JL, Lowell CA,
Steele C. IL-33 and M2a alveolar macrophages promote lung defense
against the atypical fungal pathogen Pneumocystis murina. J Immunol.
2011;186:2372-81.

Zhou L, Chong MM, Littman DR. Plasticity of CD4+ T cell lineage differen-
tiation. Immunity. 2009;30:646-55.

Levings MK, Gregori S, Tresoldi E, Cazzaniga S, Bonini C, Roncarolo MG.
Differentiation of Tr1 cells by immature dendritic cells requires IL-10 but
not CD25+ CD4+ Tr cells. Blood. 2005;105:1162-9.

Loevenich K, Ueffing K, Abel S, Hose M, Matuschewski K, Westendorf AM,
Buer J, Hansen W. DC-derived IL.-10 modulates pro-inflammatory cytokine
production and promotes induction of CD4+ IL-10+ regulatory T cells
during Plasmodium yoelii infection. Front Immunol. 2017;8:152.

Arpaia N, Green JA, Moltedo B, Arvey A, Hemmers S, Yuan S, Treuting PM,
Rudensky AY. A distinct function of regulatory T cells in tissue protection.
Cell. 2015;162:1078-89.

Kapur R, Kim M, Aslam R, McVey MJ, Tabuchi A, Luo A, Liu J, Li Y, Shan-
mugabhavananthan S, Speck ER, et al. T regulatory cells and dendritic
cells protect against transfusion-related acute lung injury via IL-10. Blood.
2017;129:2557-69.

ZhuT, Wang DX, Zhang W, Liao XQ, Guan X, Bo H, Sun JY, Huang NW, He
J,Zhang YK, et al. Andrographolide protects against LPS-induced acute
lung injury by inactivation of NF-kappaB. PLoS ONE. 2013;8:e56407.

Liu S, Feng G, Wang GL, Liu GJ. p38MAPK inhibition attenuates LPS-
induced acute lung injury involvement of NF-kappaB pathway. Eur J
Pharmacol. 2008;584:159-65.

Hou S, Ding H, Lv Q, Yin X, Song J, Landen NX, Fan H. Therapeutic effect of
intravenous infusion of perfluorocarbon emulsion on LPS-induced acute
lung injury in rats. PLoS ONE. 2014;9:e87826.

. Stephens RS, Johnston L, Servinsky L, Kim BS, Damarla M. The tyrosine

kinase inhibitor imatinib prevents lung injury and death after intravenous
LPS in mice. Physiol Rep. 2015;3:212589.

Ghosh S, Wilson MR, Choudhury S, Yamamoto H, Goddard ME, Falusi B,
Marczin N, Takata M. Effects of inhaled carbon monoxide on acute lung
injury in mice. Am J Physiol Lung Cell Mol Physiol. 2005;288:L1003-9.
Wang S, Zhang C, Li J, Niyazi S, Zheng L, Xu M, Rong R, Yang C, Zhu

T. Erythropoietin protects against rhabdomyolysis-induced acute

kidney injury by modulating macrophage polarization. Cell Death Dis.
2017,8:2725.

Lancelin W, Guerrero-Plata A. Isolation of mouse lung dendritic cells. J Vis
Exp. 2011;57:3563.

Yang C, Xu Z, Zhao Z, Li L, Zhao T, Peng D, Xu M, Rong R, Long YQ, Zhu

T. A novel proteolysis-resistant cyclic helix B peptide ameliorates kidney
ischemia reperfusion injury. Biochim Biophys Acta. 2014;1842:2306-17.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolMed Central




	Glucocorticoid attenuates acute lung injury through induction of type 2 macrophage
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Results
	MP improved lung function and ameliorated tissue injury
	MP ameliorated inflammation in vivo
	MP regulated the ratio of macrophage subsets in vivo
	MP promoted M2 differentiation in vitro
	M2c induced more Tregs than M2a
	M2c induced Tregs through IL-10 and TGF-β secretion

	Discussion
	Methods
	Animals
	ALI model
	Measurement of lung mechanics
	Lung wetdry weight ratio
	Tissue injury score and arterial blood gas analysis
	Cytokines expression in bronchoalveolar lavage fluid
	Flow cytometry
	Cytokines in cell culture supernatant
	Macrophage culture and differentiation
	Mixed lymphocyte reaction
	Statistical analysis

	Authors’ contributions
	References




