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Abstract
Background: Mesenchymal stem cell have shown therapeutic effect on acute lung injury, MSC could be
activated when added to inflammatory environment and in turn suppress inflammation, yet the
mechanism is complex and not understood.
Methods: To determine the effect of MSC on ALI and alveolar macrophage activation, MSCs were
administered to ALI mice and co-cultured with activated MH-S cells (alveolar macrophage cell line). To
find the genes critical for MSC’s immunosuppressive effects, rest and activated MSCs induced by
inflammatory MH-S cells were harvested for RNA-seq. To prove that PGE2 participates in the
immunosuppressive effects of MSC, COX2 inhibitor and PGE2 receptor antagonist were added to the coculture system and administrated to ALI mice.
Results: The intratracheal administration of MSCs attenuated ALI and suppressed alveolar macrophages
activation in vivo, the activation of MH-S cells was also significantly reduced after co-culturing with MSCs
in vitro. The RNA-seq data of rest and activated MSCs suggested that the Ptgs2 gene may play an
important role in MSC exerting immunosuppressive effects. Correspondingly, we found that the COX2
protein and PGE2 released by activated MSCs were increased dramatically after co-culturing with MH-S.
The use of COX2 inhibitor NS-398 restrained the secretion of PGE2 and reversed the suppressive effect on
macrophages activation of MSCs in vitro. Furthermore, GW627368X, a selective antagonist of PGE2
receptor (EP4 receptor), also reversed the inhibitory effects of MSCs on alveolar macrophages and their
protective effects on ALI mice.
Conclusions: MSC attenuate ALI partly through suppressing alveolar macrophage activation via PGE2
binding to EP4 receptor.

Background
Acute lung injury (ALI) and its clinical form, acute respiratory distress syndrome (ARDS), are characterized
by the abrupt occurrence of significant hypoxemia accompanied by diffuse pulmonary infiltration,
manifesting as excessive pulmonary and even systemic inflammation [1, 2]. Despite the progress made in
supportive therapy and pharmaceutical research, such as extracorporeal membrane oxygenation (ECMO)
and updated guidance on appropriate drug interventions, the morbidity of ALI/ARDS remains high [3].
Alveolar macrophages (AMs) are the predominant immune cells in the alveoli and act as the first line of
defense of innate immunity there [4, 5]. Like other tissue macrophages, AMs are considered to maintain
homeostasis by clearing endogenous waste and invading exogenous pathogens. AMs can also be
activated, secreting proinflammatory cytokines that recruit neutrophils and other immune cells [6, 7].
However, in ALI, the excessive activation of AMs triggers uncontrollable inflammatory cascade, causing
tissue damage. Given their strong ability to suppress immune cells activation, stem cells may provide an
effective way to resolve ALI [8, 9].
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Mesenchymal stem cells (MSCs) are multipotent stem cells derived from different tissues, including bone
marrow, umbilical cord, and placenta. A growing number of studies had identified that MSCs can exert
immunosuppressive effect [10–12], in addition, reports also had pointed out that rest MSCs do not
inherently own this power [13, 14], which can be gained by inflammatory cytokines stimulation and
reversely suppressed immune cells activation, forming a negative feedback. For example, in ALI model,
the engrafting MSCs were activated by strong inflammatory stimuli in lungs and acquired
immunosuppressive capacity. Hence, analysis of gene expression alteration of rest and activated MSCs
may shed light on their immunosuppressive mechanisms.
Based on the above background, we hypothesized that MSCs attenuate ALI by suppressing AM activation
and attempted to explore the potential immunosuppressive mechanisms of MSCs by bulk RNA-seq.

Methods
Mouse Bone Marrow-Derived Mesenchymal Stem Cells (MSCs) and MH-S Cells
Mouse bone marrow-derived mesenchymal stem cells (MSCs) were purchased from Cyagen Biosciences
(Guangzhou, China) and identified by cytometry (Fig.1A). The passage number of MSCs used in the
experiment was under 15. MSCs were cultured in DMEM/F12 medium (Meilunbio, Dalian, China) with 8%
fetal bovine serum (Cellmax, Beijing, China) and 1% penicillin/streptomycin (Meilunbio). MH-S cells were
obtained from Otwo Biotech (Shenzhen, China) and cultured in DMEM medium (Gibco, Masschusets,
USA) with 8% fetal bovine serum and 1% penicillin/streptomycin. All cells grew in a humidified 5% CO2
sterile incubator at 37°C.
In Vivo ALI Mouse Model
Male C57BL/6 mice, 8–10 weeks of age, were purchased from Zhejiang Academy of Medical Sciences
(Hangzhou, China). The mice were kept in Sir Run Run Shaw Hospital (Hangzhou, China) with a 12-h
light/dark cycle and free access to food and water. The mice were anesthetized and instilled with
Lipopolysaccharide (LPS, 5 mg/kg for most experiments or 10 mg/kg for the survival experiment)
(Escherichia coli, 0111:B4; Sigma-Aldrich, USA) in 50 ml of PBS through a 24G catheter inserted into the
trachea, establishing the ALI model. Control mice were instilled with 50 ml of PBS in the same way. All
experiments were performed in conformity to Institutional Animal Care and Use Committee-approved
protocols.
Experimental Design
The experimental protocol is shown in Fig. 1B. The mice were divided into three groups: PBS+PBS group,
LPS+PBS group, and LPS+MSC group. MSCs (2×106 cells per mouse) in 50 ml of PBS or PBS alone were
instilled intratracheally (IT) at 4 h after LPS instillation in the LPS+MSC group and the other groups,
respectively. The mice were euthanized 48 h after ALI model establishment for further experiments or
observed for 2 weeks to record their body weight and survival rate
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Mouse in Vivo imaging
Luc-PGK-Puro lentivirus was transfected to MSCs following the manufacture’s instructions, the stable
luciferase expression MSCs were obtained after puromycin filtration (named Luc+MSC). The mice were
divided into PBS instilled group (control group) and LPS instilled group (ALI model group). Luc+ MSC
(2×106 cells per mouse) in 50 ml PBS was instilled intratracheally (IT) at 4 h after model establishment.
D-luciferin(15mg/ml) was injected intraperitoneally (10ul/g) at 2h, 24h and 48h after Luc+ MSC
instillation. Fluorescence signal was detected at 30 min after D-luciferin injection with imaging system
(PerkinElmer, Caliper IVIS Lumina II, USA).
Arterial Oxygenation Analysis
For arterial oxygenation analysis, mice were first anesthetized and the carotid artery was adequately
exposed. The distal end was ligatured with silk while the proximal end was occluded. A PE-10 catheter
was then inserted through a V notch and arterial blood was collected using a 1 ml heparinized syringe
through the catheter after removing the occlusion. The mice were then euthanized for other experiments.
A blood gas analyzer was used to determine arterial oxygenation.
Bronchoalveolar Lavage Fluid
For the collection of bronchoalveolar lavage fluid (BALF), mice were euthanized, after which the trachea
was exposed quickly and then cannulated using a 24G catheter. This catheter was fixed using silk
ligature. A total of 0.8 ml of cold PBS-EDTA solution (2 mM) was infused, which was maintained for 1
min to collect BALF. This was repeated five times and the collected BALF was temporarily stored on ice.
Pulmonary Capillary Permeability Measurement
For measurement of the permeability of pulmonary capillaries, the right upper lobe of the lungs was
removed and its wet weight was recorded. Then, its dry weight was measured after placing the lungs in a
70°C incubator for 24 h. The wet/dry weight ratio was then calculated. The collected BALF was filtrated
with a 40 μm strainer and then centrifuged at 300g for 5 min. The resulting supernatant was collected,
the protein content of which was measured by BCA assay.
Histology
For histological analysis, the right lobe of the lungs was excised, fixed with 10% formalin for 24 h,
embedded in paraffin, cut into 5 μm slices, and finally stained with hematoxylin and eosin.
Flow Cytometry
For flow cytometry, the centrifuged cells in BALF were suspended in PBS, incubated for 10 min with FcR
blocking reagents, and then incubated for 15 min with APC-CY7 fixable viability dye, followed by another
20 min with PE-F4/80, FITC-CD11b, and PE-CY7-CD86 antibodies (Biolegend, USA). After incubation, the
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cells were washed with PBS twice, after which R-PE IMag particles (BD Pharmingen, USA) were added
and incubated for 30 min on ice, followed by enrichment of the PE-labeled cells by magnetic cell sorting
with a magnetic frame. The remaining cells were then washed twice and fix/perm treatment was
performed, after which the cells were incubated with APC-CD206 (Biolegend, USA) antibody for 20 min.
The stained cells were washed and suspended in 300 ml of buffer for flow cytometry (BD LSRFortessa,
USA). The cultured MH-S cells were incubated with FcR blocking reagents, APC-CY7 fixable viability dye,
FITC-CD11b, and PE-CY7-CD86 antibodies for flow cytometry. The results were analyzed by FlowJo
software.
Co-culture of MSCs and MH-S Cells
For the co-culture of MSCs and MH-S cells, a six-well transwell co-culture system (0.4 μm pores; Corning,
USA) was applied. MSCs (2×105 cells/well) were seeded in the six-well plates and MH-S cells (5×105
cells/well) were grown in the upper wells of the six-well transwell co-culture system overnight. Then, the
upper wells were transferred to the lower wells that contained MSCs, establishing a co-culture system,
and the medium was changed to DMEM/F12 complete medium with LPS (200 ng/ml) and IFN-γ (20
ng/ml), which were used for activating MH-S cells. NS-398 (10 μM; APExBIO, USA) or GW627368X (10
μM; MCE MedChemExpress, China) was added to the medium as needed. The cells were harvested after
24 h for subsequent experiments.
Western Blotting
For western blotting, the cells were lysed in cell lysis buffer (Beyotime, China) with protease inhibitor.
Proteins were separated by SDS-PAGE and transferred to PVDF membranes, after which the membranes
were blocked with 5% nonfat milk in TBST for 1 h at room temperature. These membranes were then
incubated with the primary antibodies overnight at 4°C on a rotator. Membranes were then incubated with
HRP-conjugated secondary antibody (Beyotime) at room temperature for 2 h, enhanced
chemiluminescence reagents were added to visual bands, and the grayscale value was quantified using
ImageJ software. The primary antibodies used were for iNOS, GAPDH (CST, USA), and COX2 (Bioworld,
China).
Quantitative Real-time PCR (qPCR)
For quantitative real-time PCR, total RNA was isolated from cells using a Total RNA Isolation Kit (Vazyme,
China) and measured for optical density at 260 nm. Subsequently, total RNA was reverse-transcribed to
cDNA with a reverse transcription kit (Vazyme). qPCR was carried out with a two-stage program. Primers
used for qPCR were for mouse TNF-α, Ccl2, Ccl3, Ccl5, Cxcl2, and GAPDH (Tsingke Biotechnology, China).
The sequences were as follows: mouse TNF-α: 5’-CCCTCACACTCAGATCATCTTCT-3’(F), 5’-

GCTACGACGTGGGCTACAG-3’(R), Ccl2: 5’-TTAAAAACCTGGATCGGAACCAA-3’(F), 5’GCATTAGCTTCAGATTTACGGGT-3’(R), Ccl3: 5’-TTCTCTGTACCATGACACTCTGC-3’(F), 5’CGTGGAATCTTCCGGCTGTAG-3’(R), Ccl5: 5’-GCTGCTTTGCCTACCTCTCC-3’(F), 5’TCGAGTGACAAACACGACTGC-3’(R), Cxcl2:5’- CCAACCACCAGGCTACAGG-3’(F), 5’Page 5/24

GCGTCACACTCAAGCTCTG-3’(R), and GAPDH: 5’-AGGTCGGTGTGAACGGATTTG-3’(F), 5’TGTAGACCATGTAGTTGAGGTCA-3’(R).
Enzyme-Linked Immunosorbent Assay (ELISA)
The concentrations of TNF-α, Ccl2 and PGE2 factors were measured using ELISA with mouse TNF-α and
Ccl2 ELISA kits (Elabscience, China) and PGE2 ELISA kits (R&D, USA), following the manufacturers’
instructions.
Bulk RNA-seq and Data Analysis
Rest MSCs before co-culture and activated MSCs after co-culture were collected (Fig. 5A), after which
their total RNA was extracted, quantified, and qualified. RNA sequencing was performed with an Illumina
platform. Raw reads were first processed using in-house Perl scripts. Then, clean reads were obtained by
removing reads containing an adapter, reads containing a poly(N) region, and low-quality reads from the
raw reads. A reference genome and gene model annotation files were directly downloaded from a
genome website. The reference genome index was built and paired-end clean reads were aligned to the
reference genome by Hisat2 v2.0.5. Then, featureCounts v1.5.0-p3 was applied to count the reads
mapped to each gene. Analysis of differentially expressed genes (DEGs) between two groups was
performed using the DESeq2 R package (1.16.1). Genes with an adjusted p-value <0.05 found by DESeq2
were considered to be differentially expressed. A cluster heatmap of the DEGs was created using the
ComplexHeatmap R package (2.6.2). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses were performed with the web-based Gene SeT AnaLysis Toolkit
(http://www.webgestalt.org). To construct a transcription factor (TF)–target gene (TG) network, we
collected mouse TF-TG interactions from TRED and KEGG databases, resulting in a list of TF-TG pairs
(Supplemental S1). Screening was performed to identify the target genes and transcription factors
among the DEGs and the network was visualized using Cytoscape software.
Statistical Analysis
All statistical analyses were performed using SPSS 23.0 software and the data were visualized using
GraphPad Prism 7.0. Kaplan-Meier test was applied for survival curve comparison. Comparisons between
multiple groups were performed using one-way analysis of variance (ANOVA). Comparisons between two
groups were performed using T test. The data are expressed as the mean ± SD and a value of p<0.05 was
considered significant.

Results
Identification of MSCs and their Ability to Attenuate ALI
MSCs were identified by flow cytometry. As expected, these cells expressed the MSC markers CD29, CD44,
Sca-1, and CD34, but not CD117 (Fig. 1A). The mouse in vivo imaging suggested that MSCs engrafted to
Page 6/24

both lungs and resided more than 48h in ALI mouse, while instilled Luc+ MSCs in control mouse were
almost undetected after 24h and entirely disappeared after 48h (Fig. 1C), these indicated MSCs could be
attracted to inflammation.
The survival rate of ALI mice treated with MSCs was significantly higher than that of mice treated with
PBS alone (Fig. 2A). After LPS instillation, MSC treatment reversed the weight reduction on the 5th day,
while mice in the LPS + PBS group continued losing weight until the 11th day; on the 14th day, the weight
in this latter group was significantly lower than that in the LPS + MSC group (Fig. 2B). Similarly, the P/F
ration in the LPS + PBS group declined, while that in the LPS + MSC group was significantly higher,
approaching the normal value in the PBS + PBS group (Fig. 2C). MSC treatment also altered lung
permeability, with the total protein in BALF and the lung wet/dry ratio being clearly improved in the LPS +
MSC group (Fig. 2D, 2E). The TNF-α concentration in BALF also showed a statistically significant
difference between LPS + MSC group and LPS + PBS group (Fig. 2F). The extent of pulmonary
pathological injury was determined by H&E staining. The lungs in the LPS + PBS group exhibited the
greatest damage, alveolar epithelium cells were widely broken, resulting extensive collapse alveolar and
invalid cavity, while the profile of alveoli in LPS + MSC group was still clear with less collapse alveolar
(Fig. 3A). Taken together, these results indicate that MSCs effectively attenuated the LPS-induced ALI.
MSCs Suppress AM Activation In Vivo and In Vitro
According to the designed gate strategy in Fig. 3B, the AM cluster was isolated by the presence of F4/80
and CD206 double positivity (Fig. 3B). CD11b and the costimulatory molecule CD86, which were
expressed at low levels on the rest AM surface, exhibited increases in expression after LPS treatment (Fig.
2E), suggesting the activation of AMs and their adoption of a proinflammatory state. The MSC treatment
significantly suppressed this AM activation. As further research, cells of the mouse AM cell line MH-S
were used for an in vitro experiment. Co-culture of MSCs and activated MH-S cells (activated by LPS plus
IFN-γ) led to the inhibition of macrophage activation, manifesting as dramatic declines in the mRNA and
protein levels of TNF-α and chemokines (Fig. 4A, 4B), decreased inducible nitric oxide (iNOS) protein (Fig.
4C), and reduced CD11b and CD86 expression on the cell surface (Fig. 4D). These findings suggested the
inhibition of AM activation by MSCs.
MSC RNA-seq Data Analysis
Rest MSCs before co-culture and activated MSCs after co-culture were harvested and total RNA was
extracted for RNA-seq (Fig. 5A). As shown in Fig. 5B, 2754 DEGs (differential expression genes) were
upregulated and 2514 DEGs were downregulated of activated MSCs compared with the levels in the rest
MSCs. All DEGs were classified into four clusters according to the gene expression pattern (Fig. 5C). To
further investigate the potential roles of upregulated genes in clusters 1 and 4, GO enrichment and KEGG
pathway analyses were implemented. The top 10 GO terms and pathways shown in Fig. 5D and 5E were
significantly enriched (p < 0.001). The enriched terms and pathways in cluster 1, such as response to
cytokines, amide biosynthetic process, ribosome biogenesis, and TNF/IL-17/NOD-like signaling pathway,
Page 7/24

indicated the identified genes function in inflammatory response and protein metabolism. In addition, the
analysis of cluster 4 strongly indicated the genes function in increasing protein metabolism. These
results indicated the effects of activated MSCs in enhancing metabolism and reactions to inflammatory
stimuli.
To explore the intracellular signaling, target genes of upregulated DEGs were ranked by the total number
of upstream transcription factors. The top 10 target genes and the molecules acting upstream of them
were used to construct a network (Fig. 5F). Ptgs2, Nos2, Hmox1, and Tnfaip3 are generally considered to
be genes related to immunosuppression; among these, Ptgs2 was modulated by the most transcription
factors, meaning that it was more finely regulated and participated more widely in the
immunosuppressive process. Hence, the Ptgs2 gene was chosen for further study.
PGE2 Secreted by MSCs Contributes to Suppressing AM Activation
The Ptgs2 gene encodes the COX2 protein, which is the key enzyme in PGE2 synthesis. The expression of
COX2 protein in MSCs was shown to be time-dependently induced after co-cultured with activated
macrophages (Fig. 6A); at the same time, the level of PGE2 in both cell supernatants and BALF
dramatically increased after adding MSCs (Fig. 6B, 6C). To clarify the role of PGE2 in regulating
macrophage activation, the COX2 inhibitor NS-398 was used. The amount of PGE2 secreted by MSCs
decreased significantly in the presence of this inhibitor (Fig. 6B). Meanwhile, NS-398 eliminated the
suppressive effect of MSCs on TNF-α release (Fig. 6D) and the CD86 expression of MH-S cells (Fig. 6E).
The above results demonstrated that activated MSCs secreted a large amount of PGE2, which
contributed to the suppression of AM activation.
MSCs- PGE2- E-Prostanoid Receptor 4 Axis Participate in Suppressing AM Activation and Relieving ALI
There are four PGE2 receptors, E-Prostanoid receptors 1–4 (EP1–4), on the surface of AM. Previous
studies indicated that PGE2 exerts its anti-inflammatory effects through EP4. To further characterize the
role of PGE2 in the suppression of AM activation, a selective EP4 antagonist, GW627368X, was applied.
In an in vitro experiment, GW627368X significantly reversed the inhibitory effect of MSCs on the TNF-α
secretion of MH-S cells (Fig. 7A). In an in vivo experiment, GW627368X was IT administered along with
MSCs, which significantly reversed the protective effect of MSCs on the survival rate (Fig. 7B), and the
suppression of TNF-α release (Fig. 7C). These findings revealed that the inhibitory effects of MSCs were
facilitated through the binding of PGE2 to the EP4 receptor on AMs.

Discussion
ALI is a serious inflammatory disease, characterized by uncontrollable, excessive inflammatory damage
to the alveolar epithelium [1]. We investigated the effect of MSCs on ALI and explored the
immunosuppressive mechanisms of MSCs by RNA-sEq. In our experiment, we drew the following
conclusions from findings upon the IT administration of MSCs in vivo or co-culture with alveolar
macrophages in vitro: (1) MSCs alleviated ALI, (2) MSCs suppressed AMs activation both in vivo and in
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vitro, and (3) MSCs facilitated immunosuppression by secreting PGE2, which bound to EP4 receptor.
Finally, the evidence suggested that MSCs attenuate ALI by suppressing the activation of AMs in a PGE2dependent manner.
The beneficial effects of MSCs on activated macrophages have been described in many studies, such as
regulating Kupffer cell polarization in acute liver injury [12, 16], inhibiting intestine-resident macrophages
inflammation in colitis [11, 17], and suppressing microglial activation in the nervous system [18, 19].
However, to date, there has been little research on MSCs acting on alveolar macrophages in ALI [10, 20–
22].
In our studies, MSCs clearly attenuated ALI and inhibited alveolar macrophage activation both in vivo and
in vitro. Macrophage activation is well known to include proinflammatory M1 activation and antiinflammatory M2 activation [15]. However, our research showed the significant suppression of M1-like
activation of AMs after treatment with MSCs, while there was no meaningful change toward M2-like
polarization, described as increased secretion of anti-inflammatory cytokines (IL-10, TGF-β) and high
expression of CD206 and Arg-1. We attempted to explain this situation, firstly, the polarization of
macrophages varies with the inflammatory process. They are activated to the M1 type at the beginning of
inflammation, helping to build an inflammatory microenvironment, later or accepting new stimuli, they
may switch to M2 type to facilitate tissue repair [20, 23]. This conversion may take several days, which
varies depending on the severity and localization of inflammation. MSC treatment can accelerate this
process. In our research, we euthanized ALI mice 48 h after LPS instillation, it may be too early to observe
the M2 activation. Secondly, the familiar M1/M2 classification is not absolutely definitive and arguments
about its validity have regularly been reported since it was first suggested [24, 25]. Owing to
macrophage’s plasticity, different tissue-resident macrophage presents variable morphology, function,
and response; as such, it is not appropriate to apply a single, simple classification system to all
macrophages. Alveolar macrophages originate from fetal liver monocytes or are quickly supplemented by
hematopoietic stem cells when exhausted. They are long-lived and self-sustaining macrophages
populating in alveoli, which are characterized as CD45hi, CD11c+, CD11b−, SiglecF+, CD206+, and F4/80int
[6, 26]. Unlike spleen macrophages or peritoneal macrophages, CD206 is constantly expressed on AMs,
rather than being a symbol of M2 polarization. Meanwhile, AMs exhibit high expression of CD200R,
which can negatively regulate the inflammatory response by binding to the ligand CD200L on the
epithelium [27]. These findings indicate that AMs may exhibit different anti-inflammatory phenotypes
after MSC treatment, rather than the well-known M2 type, the detailed mechanisms of this require further
study.
Similar to macrophages, MSCs also possess high plasticity[28], the immunosuppressive ability of MSCs
is induced by inflammatory mediators rather than being inherent. This was proven by the finding that
MSCs pretreated by exposure to inflammatory conditions had a better anti-inflammatory effect [29, 30]. In
ALI mouse model, instilled LPS and inflammatory cytokines secreted from damaged epithelium firstly
activated alveolar macrophage, then activated AMs worked as a trigger evoking more damage, forming a
vicious circle, when rest MSCs engrafted to lungs, they would be soon activated by inflammatory stimuli
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from immune cells or injured tissues and suppressed excessive AM activation by secreting antiinflammatory cytokines (Fig. 8). To figure out the anti-inflammatory cytokines from activated MSCs, we
performed bulk RNA-seq of rest and activated MSCs. Known from RNA-seq data, 2754 upregulated genes
of activated MSCs were classified into two clusters according to the gene expression pattern. Based on
GO enrichment and KEGG pathway analyses, functional annotation indicated genes in cluster1 involved
in inflammatory response and protein metabolism, and genes in cluster 4 involved in protein metabolism.
The gene expression alteration suggested that activated MSCs respond to inflammation and enhance
metabolism. According to the transcription factor–target gene network, the included target genes are
under complex regulation by upstream transcription factors, suggesting that these genes play critical
roles in MSCs inflammation response. The top 10 target genes in network could be divided into five
categories according to gene function: (1) angiogenesis-related gene (Vegfa) [31, 32]; (2)
proinflammatory genes (Ccl2, Cxcl10, and Il-6); (3) immunosuppression-related genes (Ptgs2, Nos2,
Hmox1, and Tnfaip3); (4) coagulation-related gene (Serpine1); and (5) cell cycle and metabolism-related
genes (Cdkn1a, Mt1, and Mdm2). This list of genes provides an overview, albeit a somewhat limited one,
of the whole signaling network of MSCs. As we had discovered in network, activated MSCs could secrete
both proinflammatory and anti-inflammatory cytokines, accumulating evidence had indicated the
bilateral immunomodulatory capacity of MSCs, the direction of their effects was largely affected by the
inflammatory context. For example, in early inflammatory stage or chronic inflammation, without
sufficient stimuli, MSCs release proinflammatory cytokines, such as chemokines and IL-6, to induce
immune response. On the other hand, MSCs could be activated immediately by intense inflammation and
then release anti-inflammatory bioactive substances [33, 34].
According to network, Ptgs2 may play important role in MSC’s anti-inflammatory capacity. Our experiment
also proved that the expression of COX2 of MSCs was induced by inflammation, leading to the release of
an enormous amount of PGE2. The use of NS-398 confirmed the precise suppressive role of PGE2 on
macrophage activation, just as the RNA-seq data had suggested. The interaction between PGE2 and
macrophages is established through EP1–4 receptors on the surface of macrophages. Previous studies
demonstrated that the anti-inflammatory effects of PGE2 are mediated through the EP4 receptor [35].
Application of the selective EP4 antagonist GW627368X significantly reversed the immunosuppressive
effects of MSCs both in vivo and in vitro, which further confirmed the important role of the MSC-PGE2EP4 axis in restraining alveolar macrophage activation and relieving ALI. The MSCs and immune cells
interaction network is complex, macrophage bulk RNA-seq and alveolar immune cells scRNA-seq will be
further completed to explain the immunosuppressive mechanisms of MSCs in a more comprehensive
way.
This study has some limitations. First, the long-term effect of MSCs on alveolar macrophage activation in
ALI remains unclear. Longer observation or repeated administration of MSCs may promote the M2
activation of alveolar macrophages and enhance the clinical significance of MSC therapy for ALI.
Second, the immune cells in ALI mice comprised several types, including alveolar macrophages,
neutrophils, lymphocytes, and recruited monocytes, all of which influence ALI development. However, we
cannot explain the immunosuppressive effects of MSCs on all of these cell types. Finally, the
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mechanisms by which PGE2 acts to suppress the activation of alveolar macrophages and other possible
mechanisms concerning the immunosuppressive properties of MSCs need further study.

Conclusion
In conclusion, the administration of MSCs was shown to attenuate ALI, partly by suppressing the
activation of alveolar macrophages by increasing the synthesis of PGE2, which binds to the EP4 receptor
on these macrophages. The results of our study demonstrated that MSC therapy may provide more
effective therapeutic options for acute lung injury and ARDS.
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Figure 1
MSC identification and in vivo location. (A) MSC identification by flow cytometry. (B) In vivo experimental
protocol. PBS+PBS group: IT instillation of PBS at 0 h and PBS at 4 h. LPS+PBS group: IT instillation of
LPS at 0 h and PBS at 4 h. LPS+MSC group: IT instillation of LPS at 0 h and MSCs at 4 h. (C) Mouse in
vivo imaging. Luc+ MSCs were detected in lungs.
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Figure 2
MSCs attenuated of ALI. (A) MSC administration significantly improved the 14-day survival rate of ALI
mice (n=16-17 per group). (B) Intratracheal administration of MSCs reduced the body weight decline of
ALI mice from the 5th day (n=3-6 per group). (C) The P/F was improved by MSC treatment at 48 h after
ALI instillation (n=4-8 per group). (D) Intratracheal administration of MSCs significantly decreased total
protein in BALF (n=7 per group), (E) lung wet/dry ratio (n=6–7 per group), and (F) TNF-α concentration in
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BALF after ALI instillation compared with the findings in the LPS+PBS group (n=5 per group). Data are
presented as mean ± SD; *, p<0.05; **, p<0.01; ***, p<0.001.

Figure 3
Effects of MSCs on pulmonary inflammation and alveolar macrophage activation. (A) MSCs improved
lung injury as assessed by histology 48 h after ALI instillation. H&E staining of lung sections in the
LPS+PBS group showed that the alveolar epithelium was broken and thick without a complete alveolar
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profile, while MSC treatment protected the epithelium after LPS instillation. (B) The alveolar macrophages
in BALF were defined as F4/80+ and CD206+. MSC treatment suppressed the expression of CD11b and
CD86 on alveolar macrophages after ALI instillation. Data are presented as mean ± SD; *, p<0.05; **,
p<0.01.

Figure 4
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MSCs inhibited MH-S cell activation. (A) TNF-α in supernatants and TNF-α mRNA of activated MH-S cells
significantly decreased after co-culturing with MSCs for 24 h (n=5 per group). (B) The chemokine Ccl2 in
supernatants and Ccl2, Ccl3, and Cxcl2 mRNA of activated MH-S cells co-culturing with MSCs declined
after 24 h (n= 5 per group). (C) Co-culturing with MSCs suppressed the iNOS protein synthesis of
activated MH-S cells after 24 h (n=5 per group). (D) Activated MH-S cells expressed more CD11b and
CD86 molecule than rest MH-S cells, but the expressions were suppressed by co-culturing with MSCs
after 24 h. Data are presented as mean ± SD; *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 5
DEG profiling by RNA-seq. (A) RNA-seq protocol. (B) The upregulated and downregulated DEGs number of
activated MSCs vs rest MSCs. (C) Heatmap of DEGs. (D) The GO enrichment and KEGG pathway
analyses of cluster 1. (E) The GO enrichment and KEGG pathway analyses of cluster 4. (F) Transcription
factor (TF)–target gene (TG) network. The nodes with different shapes represent TFs (rhombus) or TGs
(circle), the color depth represents the gene expression level, the size of nodes represents regulated
upstream number or regulating downstream number, the unbroken line and arrow represent activation,
while the dotted line and segment represent repression.
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Figure 6
PGE2 secreted by MSCs contributed to the suppression of MH-S cell activation. (A) COX2 protein of MSCs
was time-dependently induced. (B) The addition of MSCs dramatically increased the PGE2 level in
supernatants after 24 h compared with that in the absence of MSCs and the COX2 inhibitor NS-398 (10
μM) significantly suppressed PGE2 secretion (n=5 per group). (C) Intratracheal administration of MSCs
increased the PGE2 level in BALF at 48 h after LPS instillation (n=3-6 per group). (D) Co-culturing with
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MSCs suppressed TNF-α secretion of activated MH-S cells, while the addition of NS-398 (10 μM) reversed
this suppression after 24 h. NS-398 had no effect on MH-S cells without MSCs (n=5 per group). (E) Coculturing with MSCs suppressed CD86 expression of activated MH-S cells, while NS-398 (10 μM)
abolished this suppression after 24 h. NS-398 had no effect on MH-S cells without MSCs. Data are
presented as mean ± SD; *, p<0.05; **, p<0.01; ***, p<0.001.

Figure 7
MSCs relieved ALI through secreting PGE2, which bound to EP4 receptor on alveolar macrophages. (A)
Co-culturing with MSCs suppressed TNF-α secretion of MH-S cells, while the addition of the EP4 receptor
antagonist GW627368X (10 μM) reversed this suppression after 24 h. GW627368X had no effect on MHS cells without MSCs (n=5 per group). (B) Intratracheal administration of MSCs significantly improved the
14-day survival rate of ALI mice compared with that in the LPS+PBS group. The addition of GW627368X
significantly reversed this protective effect (n=16–17 per group). (C) The addition of GW627368X
significantly reversed the inhibitory effect of MSCs on TNF-α level in BALF at 48 h after LPS instillation
(n=3 per group). Data are presented as mean ± SD; *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 8
In ALI mouse model, the rest AMs were firstly activated by damaged tissues. The engrafting MSCs were
subsequently activated by inflammatory cytokines from macrophages and secreted abundant
immunosuppressive factors, like PGE2, NO. These immunosuppressive factors in turn suppressed
macrophages activation and reduced further tissue damage. Activated MSCs could both exert anti- or proinflammatory capacity by releasing different cytokines which decided by inflammation degree and type.
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