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Mesenchymal Stromal Cells Attenuate
Infection-Induced Acute Respiratory
Distress Syndrome in Animal
Experiments: A Meta-Analysis

Wang Fengyun1,* , Zhou LiXin1,*, Qiang Xinhua1, and Fang Bin1

Abstract
Mesenchymal stromal cell (MSC) therapy is a potential therapy for treating acute lung injury (ALI) or acute respiratory distress
syndrome (ARDS), which was widely studied in the last decade. The purpose of our meta-analysis was to investigate the
efficacy of MSCs for simulated infection-induced ALI/ARDS in animal trials. PubMed and EMBASE were searched to screen
relevant preclinical trials with a prespecified search strategy. 57 studies met the inclusion criteria and were included in our
study. Our meta-analysis showed that MSCs can reduce the lung injury score of ALI caused by lipopolysaccharide or bacteria
(standardized mean difference (SMD)¼�2.97, 95% CI [�3.64 to�2.30], P < 0.00001) and improve the animals’ survival (odds
ratio ¼ 3.64, 95% CI [2.55 to 5.19], P < 0.00001). Our study discovered that MSCs can reduce the wet weight to dry weight
ratio of the lung (SMD ¼ �2.58, 95% CI [�3.24 to�1.91], P < 0.00001). The proportion of the alveolar sac in the MSC group
was higher than that in the control group (SMD¼ 1.68, 95% CI [1.22 to 2.13], P < 0.00001). Moreover, our study detected that
MSCs can downregulate the levels of proinflammatory factors such as interleukin (IL)-1b, IL-6, and tumor necrosis factor-a in
the lung and it can upregulate the level of anti-inflammatory factor IL-10. MSCs were also found to reduce the level of
neutrophils and total protein in bronchoalveolar lavage fluid, decrease myeloperoxidase (MPO) activity in the lung, and
improve lung compliance. MSC therapy may be a promising treatment for ALI/ARDS since it may mitigate the severity of lung
injury, modulate the immune balance, and ameliorate the permeability of lung vessels in ALI/ARDS, thus facilitating lung
regeneration and repair.
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Introduction

Acute respiratory distress syndrome (ARDS) is a heteroge-

neous disease caused by a variety of intrapulmonary/extra-

pulmonary factors1. The main pathophysiological

characteristics of ARDS are diffused inflammatory lung

injury, increased permeability of the pulmonary blood and

gas barrier, lung edema, leukocytes infiltration, and gas

exchange and oxygenation impairments in the acute phase,

which all together cause refractory hypoxia. ARDS has high

morbidity and mortality with regard to critically ill patients.

Though the understanding of ARDS and its diagnostic and

therapeutic approaches have advanced significantly, the

mortality rate of severe ARDS patients is still around

40%2. Acute lung injury (ALI)/ARDS induced by infection

can be well simulated in other common mammals such

as rats, mice, or pigs by cecal ligation and perforation or

tracheal lipopolysaccharide (LPS) instillation. Thus, the sys-

tematic review of preclinical studies may help us to compre-

hend better the features and treatment of ALI/ARDS in

humans.

1 Department of Critical Care Medicine, The First People’s Hospital of

Foshan, Foshan, China
* Both the authors contributed equally to this article

Submitted: August 6, 2020. Revised: October 3, 2020. Accepted: October 7,

2020.

Corresponding Author:

Fang Bin, Department of Critical Care Medicine, The First People’s Hospital

of Foshan, Lingnan Avenue North 81, Shiwan, Chancheng, Foshan 528000,

China.

Email: dr_fangbin@163.com

Cell Transplantation
Volume 29: 1–18
ª The Author(s) 2020
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0963689720969186
journals.sagepub.com/home/cll

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0
License (https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further
permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://orcid.org/0000-0002-9447-2599
https://orcid.org/0000-0002-9447-2599
mailto:dr_fangbin@163.com
https://sagepub.com/journals-permissions
https://doi.org/10.1177/0963689720969186
http://journals.sagepub.com/home/cll
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage


To date, there is yet no effective medical remedy for

ARDS. Medications such as surfactants, low-dose glucocor-

ticoids, n-acetylcysteine, statins, and b-adrenergic agonists

are not supported by evidence-based studies for treating

ARDS, because they do not decrease mortality, shorten

mechanical ventilation time, or improve the life quality of

ARDS patients3. MSCs are of stromal origin and have the

capability of self-renewal and differentiation into cells of

mesodermal origin, including chondrocytes, osteocytes, and

adipocytes4,5. In experimental ALI/ARDS, MSC is lung pro-

tective and exerts its therapeutic benefit mainly through a

paracrine activity. These data suggest MSC as a promising

therapy to reduce the severity of ALI/ARDS. To date, MSCs

are available from several tissues, such as umbilical cord

blood, placenta, adipose tissue, lung, and bone marrow6,7.

With antibacterial, immunomodulatory, and tissue and

organ repair and regeneration characteristics, MSCs are

expected to be new hope for the treatment of ARDS8. Since

the efficacy investigation of MSC for ARDS in humans is

still in the preliminary phase, a summary of evidence from

animal experiments is very necessary. We hope to sum up

the animal MSC therapeutic studies for treating ALI/ARDS

through meta-analysis. By systematical and quantitative

analysis, we may be able to confirm the efficacy of MSCs

for ALI/ARDS on large sample size, sort out the character-

istics of the current research, and provide some reference for

future research.

Materials and Methods

Data Sources

PubMed and EMBASE (up to October 18, 2019) were

searched to screen relevant preclinical trials with a prespe-

cified search strategy, which was revised appropriately

through databases. Search terms included “acute respiratory

distress syndrome,” “acute lung injury,” “mesenchymal stem

cell,” and “mesenchymal stromal cell.” The search strategy

is as follows: (((((Acute Respiratory Distress Syndrome[Ti-

tle/Abstract]) OR ARDS[Title/Abstract]) OR acute lung

injury[Title/Abstract]) OR ALI[Title/Abstract])) AND

((((((mesenchymal stem cell[Title/Abstract]) OR mesenchy-

mal stem cells[Title/Abstract]) OR mesenchymal stromal

cell[Title/Abstract]) OR mesenchymal stromal cells[Title/

Abstract]) OR msc[Title/Abstract]) OR MSC’s[Title/

Abstract]))).

Study Selection

Two authors (WFY and ZLX) searched and assessed the

relevant literature independently and checked the title and

abstract of every retrieved article to decide which required

further evaluation. Full articles were retrieved if the infor-

mation given in the titles and abstracts indicated the inclu-

sion of a prospective design for the purpose of investigating

the therapeutic effects of MSCs for ALI/ARDS in animal

models. When there were disagreements, the two authors

discussed them thoroughly with the third author (FB) to

reach a consensus.

The inclusion criteria: (1) any controlled preclinical stud-

ies investigated MSCs for ALI/ARDS, which should include

data for at least one of the predefined outcomes that can be

extracted for meta-analysis; (2) any animal models of LPS/

bacteria-induced ALI/ARDS, of any species, age, or gender;

(3) MSCs administered with any approach or any dosage—

of note, wild-type MSCs were preferred to be included in our

meta-analysis. MSCs were defined using the minimal cri-

teria set out in the International Society for Cellular Therapy

(ISCT) consensus statement9,10.

The exclusion criteria: (1) noninterventional studies were

excluded; (2) studies that only investigated extracellular

vesicles or exosomes derived from MSCs, without an MSC

control group, were excluded; (3) studies that only investi-

gated an MSCs-conditioned medium, without an MSC con-

trol group, were excluded.

Qualitative Assessment and Risk of Bias

Two review authors (WFY and ZLX) independently

extracted data according to a prespecified data extraction

form specifically designed for this review. Study character-

istics were extracted if they were related to the construct

and external validity. Risk of bias was evaluated by two

reviewers (WFY and ZLX), for each included study, using

SYRCLE’s Risk of Bias tool (an adaptation of the

Cochrane Risk of Bias Tool) for animal studies11. For con-

struct validity, we included the following: age, sex, strain,

and animal species; type of ALI/ARDS model; timing,

dose, and mode of MSC administration; and the use of any

cointerventions.

As most of the data in the literature were presented as

figures and not in numerical form, we used a validated gra-

phical digitizer (WebPlot-Digitizer, version 4.2), an open-

source program, to extract data from figures. The manual of

WebPlot-Digitizer can be found on its website (https://auto

meris.io/WebPlotDigitizer/).

Data Analysis and Statistical Methods

Data analyses of this review were performed by Review

Manager 5.3. Statistical heterogeneity was assessed with

the I2 with 95% CIs, and data were visualized using forest

plots. A funnel plot was applied to check for publication

bias, and I2 was applied to estimate the total variation

attributed to heterogeneity among studies. Values of I2 less

than 25% were considered as having low heterogeneity, and

a fixed-effect model for meta-analysis was used. Values of

I2 bigger than 25% represented moderate or high levels of

heterogeneity existing between studies, and a random-

effects model was applied. For dichotomous variables, odds

ratio (OR) was used for statistical calculation, whereas for

continuous variables, mean and standardized mean differ-

ence (SMD) were used. All statistical tests were two-sided,
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and a P value of less than 0.05 was considered statistically

significant.

Primary and Secondary Outcomes

Our primary outcomes are lung injury score and survival.

The ultimate goal of investigating a potential therapeutic for

ARDS is to reduce mortality, and hence the mortality rate is

one of the primary outcomes. Because the importance of

mortality in preclinical studies was not comparable to that

of human trials, and therefore the lung injury score, a patho-

logical scoring scale that directly reflects the severity of lung

injury is an appropriate equivalent. Secondary outcomes are

inflammatory factors IL-1b, IL-6 and TNF-a; anti-

inflammatory factor IL-10; lung wet weight to dry weight

ratio (W/D ratio); lung alveolar sac percentage; total protein

in BALF; neutrophils in BALF; MPO activity in the lung;

partial pressure of oxygen (PaO2); and lung compliance.

These variables are important pathophysiological para-

meters in ARDS and participate in the pathogenesis of

ARDS, all of which are essential and meaningful to be

included in our study.

Results

Study Selection Process

The flow diagram in Fig. 1 shows the whole screening and

selection process. A total of 572 articles were found by

means of electronic database searches. After deleting the

duplicates, 497 articles were retained to read the title and

abstract. The full text of 105 articles was then retrieved for

further review after scanning. Finally, 57 of the 105 articles

met the inclusion criteria12–68.

The Characteristics of the Included Literatures

The detailed characteristics of the studies included in the

meta-analysis are listed in Table 1.

Risk of Bias and Study Validity

Risk of bias was evaluated for the primary outcome: lung

injury score in 29 included studies using 10 domains. The

SYRCLE’S Risk of Bias contains 10 entries related to selec-

tion bias, performance bias, detection bias, attrition bias,

reporting bias, and other biases. SYRCLE’s Risk of Bias was

adapted to include sample size calculation, source of fund-

ing, and conflict of interests. The results were presented in

Fig. 2. Overall, none of the included studies met the criteria

for low risk of bias across all 10 domains. The detailed

summary of biases of each study can be found in the Sup-

plementary files. The funnel plots and subgroup meta-

analyses of primary outcomes and secondary outcomes can

also be found in the Supplementary files.

Primary Outcomes: Lung Injury Score and Survival

Lung injury score. Twenty-nine of the included studies

reported a lung injury score (Fig. 3a). Based on these, the

pooled results indicated that MSCs could reduce the

lung injury score, SMD ¼ �2.97, 95% CI (�3.64 to

�2.30), P < 0.00001, I2 ¼ 79%. The result of lung injury

score subgroup meta-analysis reported a similar result

(Fig. 3b), SMD ¼ 2.67, 95% CI (�3.26 to �2.09), P <

0.00001, I2 ¼ 73%.

Survival. Twenty studies reported a survival rate (Fig. 3c),

the synthesis of results for which indicated that MSCs could

improve the short-term survival of lung injury animals,

odds ratio (OR) ¼ 3.64, 95% CI (2.55 to 5.19), P <

0.00001, I2 ¼ 0%.

Secondary Outcomes

Inflammatory and anti-inflammatory factors. A large number of

studies investigated the levels of IL-1b, IL-6, TNF-a, and

IL-10 in lung tissue or BALF of lung injury animal models.

The results of the meta-analysis are as follows: the synthesis

of 18 studies (Fig. 4a) suggested that the level of IL-1 b
could be reduced by MSC therapy, SMD ¼ �3.26, 95%
CI (�4.30 to �2.23), P < 0.00001, I2 ¼ 86%. For 21 studies

(Fig. 4b), the synthesis of results revealed that the level of

IL-6 could be reduced by MSC therapy, SMD¼�3.43, 95%
CI (�4.34 to �2.51), P < 0.00001, I2 ¼ 87%. Twenty-nine

studies’ (Fig. 4c) pooled result pointed out that MSCs could

A particular search
strategy was formulated.

PubMed and EMBASE
were searched, and 572
records were identified.

After duplicates were
removed, 497 records

were kept.
392 records were excluded.

Full text of 105 articles
were retrieved and

assessed.

57 studies were included
in the analysis.

A total of 48 articles were
excluded.
25 were not in the primary
research.
11 were focused on extracellular
vesicles or exosomes.
3 were about the conditioned
medium.
9 had no extractable data.

Figure 1. Study flow diagram for selecting relevant preclinical
trials.
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Table 1. The characteristics of the studies included in the meta-analysis.

References
Animal,
gender Injury model MSCs source

MSCs dose, method
of administration

Time of
assessment

Monsel et al.12 Male C57BL/
6 mice

Escherichia coli (2 or 3
� 106 CFUs), IT

Human BM MSCs 8 � 105 cells, IV 18, 24, or 72 h after
modeling

Cai et al.13 Male C57BL/
6 mice

LPS (100 mg), IT Mice BM MSCs 5 � 105 cells, IT 3, 7, or 14 days after
modeling

Chailakhyan
et al.14

Male Wistar
rats

LPS (25 mg/kg), IP Rat BM MSCs 2 � 106 cells, IV 6 h after modeling

Chen CH et al.15 Adult male
SD rats

LPS (1.5 mg/kg), IP Rat AD MSCs 1.2 � 106 cells, IV 48 and 72 h after
ARDS induction

Chen J et al.16 C57BL/6
male mice

LPS (10 mg/kg), IT Mice BM MSCs 5 � 105 cells, IV 6, 24, 72, or 168 h
after MSC
injection

Chen X et al.17 Male ICR
mice

Vibrio vulnificus, IP Mouse BM MSCs 4 � 105 cells, IV 6, 12, 24, or 48 h
after modeling

Chen X et al.18 Wistar rats LPS (24 mg)
nebulization

Rat BM MSCs 0.5 � 106 cells, IV 1, 3, and 7 days after
modeling

Masterson et al.19 Adult male
SD rats

E. coli (2 � 109

CFUs), IT
Human BM MSCs 1 � 107 cells/kg 48 h after MCS

injection
Kim et al.20 Male ICR

mice
E. coli at 107 CFUs, IT Human UC MSCs 1 � 105 cells, IT 1, 3, and 7 days

postinjury
Jerkic et al.21 Adult male

SD rats
E. coli (2 to 3 � 109

CFUs), IT
Human UC MSCs 1 � 107 cells/kg, IV 48 h after injection

Fang et al.22 C57BL/6
male mice

LPS (5 mg/kg), IT Human MSCs 5 � 105 cells, IT 48 or 72 h after
modeling

Gao et al.23 Adult SD
rats

LPS (6 mg/kg), IP Human AD MSCs 5 � 105 cells, IV 24, 48, and 72 h after
MSC injection

Curley et al.24 Male SD rats E. coli (1.5 to 2 � 109

CFU/kg), IT
Human UC MSCs 1 � 107 cells, IV 24 or 48 h after

modeling
Han et al.25 Male C57BL/

6 mice
LPS, IT Mice BM MSCs 5 � 105 cells, IV 24 or 72 after MSC

injection
Hao et al.26 Male C57BL/

6 mice
LPS (4 mg/kg), IT Human BM MSCs 7.5 � 105 cells, IT 48 h after modeling

He et al.27 Male C57BL/
6 mice

LPS (100 mg), IT Mice BM MSCs 5 � 105 cells, IV 24 or 72 h after MSC
treatment

Huang R et al.28 C57BL/6
mice

LPS (4 mg/kg), IT Human AD MSCs 1 � 106 cells, IV 24 h or 48 h after
modeling

Huang ZW
et al.29

Male SD rats LPS (10 mg/kg), IP Human UC MSCs 5 � 105 cells, IV 6, 24, 48 h, or 15 days
after modeling

Hu et al.30 C57BL/6
mice

LPS (5 mg/kg), IP Human AD MSCs 1 � 106 cells, IV 6, 24, 48 h after
modeling

Devaney et al.31 Adult male
SD rats

E. coli (2� 109 cfu), IT human MSCs 1 � 107 cells/kg, IV 48 h after MSC
treatment

Silva et al.32 C57BL/6
mice

LPS (2 mg/kg), IT Mice BM MSCs 1 � 105 cells, IV 24 h after modeling

Ionescu et al.33 C57BL/6
mice

LPS (4 mg/kg), IT Mice BM MSCs 2.5 � 105 cells, IT 48 h after modeling

Pedrazza et al.34 Male C57BL/
6 mice

LPS (200 mg), IT Mice AD MSCs 5 � 105 cells, retro-orbital injection 12 h after modeling

Liang et al.35 Wistar rats LPS (8 mg/kg), IV Rat BM MSCs 1 � 106 cells, IV 6, 24 h, 1, or 3 weeks
postinjection

Li D et al.36 Female SD
rats

LPS (10 mg/kg), IP Human UC MSCs 5 � 105 cells, IV 1, 7, and 14 days
postinjection of
LPS

Li JW et al.37 Male SD rats LPS (10 mg/kg), IV Rat BM MSCs 5 � 105 cells, IV 2, 24, and 72 h after
MSC treatment

Li J et al.38 Male SD rats LPS (10 mg/kg), IP Human UC MSCs 5 � 105 cells, IV 48 h after MSC
treatment

Lang et al.39 Male C57BL/
6 mice

LPS (100 mg), IT Mouse BM MSCs 5 � 104 cells, IT. 3, 7, and 14 days after
modeling

(continued)
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Table 1. (continued)

References
Animal,
gender Injury model MSCs source

MSCs dose, method
of administration

Time of
assessment

Liu et al.40 Male BALB/c
mice

LPS (5 mg/kg), IT Human UC MSCs 1 � 106 cells, IV 30 min, 1, 3, and 7
days postinjection

Liu et al.41 Male C57BL/
6 mice

LPS (up to 5 mg/kg),
IT

Mice BM MSCs 5 � 105 cells, IV 1, 3 and 7 days post-
injection

Soliman et al.42 Male albino
rats

LPS (40 mg),
intranasal

Rat BM MSCs 1 � 106 cells, IP 48 h after modeling

Khatri et al.43 Duroc
crossbred
pigs

LPS (1 mg/kg), IT Porcine BM MSCs 2 � 106 cells/kg, IT 48 h after MSC
administration

Maron-Gutierrez
et al.44

C57BL/6
mice

LPS (2 mg/kg), IT Mice BM MSCs 1 � 105 cells, IV 1, 2, and 7 days after
modeling

Dezfouli et al.45 Male rabbits LPS (400 mg/kg), IT Rabbits BM MSCs 1 � 1010 cells, IT 12, 24, 72, and 168 h
post-transplant

Gupta et al.46 Male C57BL/
6 mice

LPS (5 mg/kg), IT Mice BM MSCs 7.5 � 105 cells, IT 24 and 72 h after
modeling

Gupta et al.47 Male C57BL/
6 mice

E. coli (1 � 106

CFUs), IT
Mice BM MSCs 5 � 105 cells, IT 12 to 48 h after MSC

injection
Gupta et al.48 Male C57BL/

6 mice
E. coli (1 � 106

CFUs), IT
Mice BM MSCs 5 � 105 cells, IT 24, 72 h, and 1 week

after modeling
Qin et al.49 Male SD rats LPS (7 mg/kg), IT Rat BM MSCs 2 � 106 cells, intrapleural 1, 3, and 7 days after

modeling
Ren et al.50 Male ICR

mice
LPS (2 mg/kg), IT Human UC/BM

MSCs
1 � 106 cells, IV 72 h post-MSC

transplantation
Shalaby et al.51 Male BALB/c

mice
E. coli (107 CFUs), IT Mice BM MSCs 5 � 105 cells, IV 48 h after modeling

Mei et al.52 Male C57BL/
6 mice

LPS (800 mg), IT Mice MSCs 2.5 to 3 � 105 cells, IV 3 days after MSC
treatment

Song et al.53 Adult BALB/
c mice

LPS (10 mg/g),
intranasal

Mice BM MSCs 5 � 105 cells, IV 0, 3, 7, and 14 post-
transplantation

Sun et al.54 Male BALB/c
mice

LPS (5 mg/kg), IT Human UC MSCs 1 � 106 cells, IT 1, 3, and 7 days after
modeling

Asmussen et al.55 Adult sheep Pseudomonas
aeruginosa, IT

Human BM MSCs 5 to 10 � 106 cells/kg, IV 24 h after modeling

Danchuk et al.56 Female
BALB/C
mice

LPS (1 mg/kg), IT Human BM MSCs 5 � 105 cells, IT 24 or 48 h after LPS
instillation

Tai et al.57 Kunming
mice

LPS, intranasal Mice BM MSCs 5 � 106 cells, IV 24 h after MSC
administration

Tang et al.58 Male C57BL/
6 mice

LPS (4 mg/kg), IT Human BM MSCs 5 � 105 cells, IT 48 h after MSC
injection

Wang et al.59 Male C57BL/
6 mice

LPS (5 mg/g), IT Mice BM MSCs 1 � 106 cells, IV 24, 48, 72, and 96 h
after modeling

Xu J et al.60 Male C57BL/
6 mice

LPS (12 mg/day)
nebulized for 7
days

Mice BM MSCs 1 � 105 cells, IV 3, 7, and 14 days after
modeling.

Xu M et al.61 Male C57BL/
6 mice

LPS (2.5 mg/kg), IT Human P MSCs 1 � 106 cells, IV 24 h after MSC
administration

Xu XP et al.62 Male C57BL/
6 mice

LPS, IT Human BM MSCs 1 � 105 cells, IV 24 and 72 h after
MSC injection

Yang JX et al.63 SD rats LPS (10 mg/kg), IP Rat BM MSCs 1 � 106 cells, IV 72 h after modeling
Yang Y et al.64 Male wild-

type SD
rats

LPS (2 mg/kg), IT Rat BM MSCs 5 � 106 cells, IV 1, 6, and 24 h after
MSC infusion.

Zhang S et al.65 Male C57BL/
6 mice

LPS (100 mg), IT Human A MSCs 1 � 106 cells, IV 3, 7, or 14 days post-
treatment

Zhang X et al.66 Male C57BL/
6 mice

LPS (5 mg/kg), IT Mice BM MSCs 5 � 105 cells, IT 7 or 14 days after
MSC injection

(continued)
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reduce the level of TNF-a, SMD¼�3.00, 95% CI (�3.82 to

�2.18), P < 0.00001, I2 ¼ 88%. Data concerning IL-10 was

extracted from 27 studies (Fig. 4d), the pooled results of

which indicated that the level of IL-10 could be increased

by MSC therapy, SMD ¼ 2.43, 95% CI (1.63, 3.22), P <

0.00001, I2 ¼ 87%.

Wet to dry weight ratio of lung. Twenty-six studies were

enrolled (Fig. 5a) in the synthesis; their result indicated that

MSC treatment could reduce the W/D ratio of the lung, SMD

¼ �2.58, 95% CI (�3.24 to �1.91), P < 0.00001, I2 ¼ 83%.

Alveolar sac percentage. The percentage of the alveolar sac

was investigated in seven studies (Fig. 5b). The synthesis

of their results revealed that MSCs could improve the pro-

portion of air alveoli, SMD ¼ 1.68, 95% CI (1.22 to 2.13), P

< 0.00001, I2 ¼ 83%.

Total protein level in BALF. Total protein level in BALF was the

subject of 26 studies (Fig. 5c), and their pooled result

demonstrated that MSCs could reduce the protein level in

BALF, SMD ¼ �2.92, 95% CI (�3.65 to �2.19), P <

0.00001, I2 ¼ 84%.

Neutrophil level in BALF. The pooled results of 24 studies (Fig.

5d) highlighted that MSC therapy could reduce the infiltra-

tion of neutrophils in alveoli, SMD¼�3.06, 95% CI (�3.88

to �2.24), P < 0.00001, I2 ¼ 84%.

Physiological Parameters and Lung Compliance

PaO2. Five studies (Fig. 6a) were included in the synthesis

and yielded a result that MSCs could improve oxygenation

of the lung injury model, SMD ¼ 1.70, 95% CI (0.81 to

2.59), P ¼ 0.0002, I2 ¼ 61%.

Lung compliance. Four studies presented data about lung com-

pliance (Fig. 6b), and their synthesized results revealed that

MSCs can improve lung compliance in ALI models, SMD¼
1.10, 95% CI (0.65 to 1.54), P < 0.00001, I2 ¼ 0%.

Table 1. (continued)

References
Animal,
gender Injury model MSCs source

MSCs dose, method
of administration

Time of
assessment

Zhang Z et al.67 Female
C57BL/6
mice

LPS (10 mg/kg), IT Human UC MSCs 2 � 105 cells, IV After 48 h or 7 days

Zhu et al.68 Female
BALB/C
mice

LPS (5 mg/kg) , IT Human UC MSCs 0.5 � 106 cells, IV 120 h after LPS
exposure

ALI: acute lung injury; AD: adipose-derived; ARDS: acute respiratory distress syndrome; BM: bone marrow; CFU: colony-forming unit; ICR: Institute of
Cancer Research; IT: intratracheal; IV: intravenous; LPS: lipopolysaccharide; MSCs: mesenchymal stem cells; SD: Sprague–Dawley; UC: umbilical cord.

Figure 2. Risk of bias graph: review authors’ judgments about each risk of bias item presented as percentages across all included studies.
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Figure 3. Main outcomes meta-analyses of MSCs comparing with ALI control group: (a) lung injury score; (b) lung injury score subgroup;
and (c) survival. The size of each square represents the proportion of information given by each trial. Crossing with the vertical line suggests
no difference between the two groups. ALI: acute lung injury; MSCs: mesenchymal stem cells.
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MPO activity in lung. Thirteen studies reported MPO activity

(Fig. 6c); results of the synthesis showed that MSC therapy

could reduce MPO activity in lung, SMD ¼ �2.89, 95% CI

(�4.23 to �1.54), P < 0.0001, I2 ¼ 89%.

Discussion

This study presents an updated meta-analysis of Lauralyn

McIntyre et al.’s work69 but with an entirely new design and

conception. In Lauralyn McIntyre et al.’s study, they only

did meta-analysis for mortality rate, far more solid evidence

that can manifest MSC’s efficacy on lung injury, such as

lung injury score, lung wet to dry weight ratio (W/D ratio),

and protein in BALF, were not pooled for meta-analysis. In

our study, not only did we include three times plus more

studies (57 vs. 17), but we also did far more meta-analyses

for different data, such as the lung injury score, W/D ratio,

total protein in BALF, and PaO2, all of which are crucial,

from different angles, for demonstrating the efficacy of

MSC’s for ALI/ARDS. Thus, these data are not derivative

but are unique and important. In brief, this is a more com-

prehensive meta-analysis of preclinical studies to sum up

the treatment of ALI/ARDS caused by simulated infectious

factors with MSCs. If the evidence of MSCs’ efficacy for

treating ARDS in animals is robust and concrete, it will

give clinicians more confidence to investigate it in the clin-

ical field.

Our meta-analysis showed that MSCs can reduce the

severity of ALI caused by LPS or bacteria and improve the

animal models’ survival. Our study discovered that in animal

experiments, MSCs can reduce the ratio of wet to dry weight

of the lung, and the amount of extravascular lung water

intuitively; also, from the perspective of pathophysiology,

they can improve oxygenation and lung compliance. Mor-

phologically, after the treatment of MSCs, the proportion of

air alveolar sac in the MSC group was higher than that in the

control group, and this may be another important factor for

improving oxygenation and survival.

Moreover, our study detected that MSCs can reduce the

levels of proinflammatory factors, such as IL-1 b, IL-6, and

TNF-a, in the lung and can promote the level of the anti-

inflammatory factor IL-10, which may alter the balance of

inflammation, play a role in immunomodulation, and avoid

the aggravation of lung function or the functioning of other

important organs. MSCs were also found to reduce the level

of neutrophils in BALF, which was important to reducing the

pulmonary inflammatory response. In addition, MSCs

reduced the activity of MPO, perhaps signifying that MSCs

can attenuate oxidative stress and ischemia-reperfusion

injury. Additionally, our meta-analysis also revealed that

MSCs can reduce the protein content in BALF. With regard

to lung compliance, we extracted data from four studies, the

meta-analysis of which yielded that MSCs can improve lung

compliance of ALI/ARDS animal models, but the included

studies are too few to draw a creditable conclusion.

Figure 3. (continued).
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In order to reduce the amount of heterogeneity among the

studies, the wild-type MSC group was preferred for compar-

ison with the ALI control group for meta-analysis. However,

some studies indicated that the effect of gene-modified or

preconditioned MSCs is better than that of the wild type.

Diana Islam et al. noted that the impact of MSCs can be

either favorable or harmful, depending on the microenviron-

ment at the time of intervention; so, identification of poten-

tially beneficial lung local-microenvironment may be

critical to guide MSC therapy in ARDS70. With genetic

modification or preconditions, we may guide MSCs and

adjust the microenvironment in the lung for better efficacy.

Hepatocyte growth factor (HGF) can function in epithelial

cells and restrain the generation of the fibroblast phenotype,

which is beneficial in the treatment of pulmonary fibrosis71.

One particular study demonstrated that HGF gene mod-

ification not only can improve the survival of MSCs but also

can ameliorate lung injury induced by IRI72. In another ani-

mal trial, KGF gene therapy, which was proved to promote

type II lung epithelial cell proliferation and enhance

Figure 4. The meta-analyses of inflammatory and anti-inflammatory factors compare MSCs with ALI control group: (a) IL-1b, (b) IL-6, (c)
TNF-a, and (d) IL-10. The size of each square represents the proportion of information given by each trial. Crossing with the vertical line
suggests no difference between the two groups. ALI: acute lung injury; IL: interleukin; TNF-a: tumor necrosis factor-a; MSCs: mesenchymal
stem cells.
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Figure 4. (continued)
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surfactant synthesis, may be a promising strategy for ALI

treatment16. Qiao W et al. demonstrated that pretreatment of

human MSCs with N-acetylcysteine in mice can improve

cell transplantation and the treatment of lung injury73. Jerkic

et al. proved that IL-10 overexpression in UC-MSCs can

enhance their effects in E. coli-induced pneumosepsis and

improve macrophage function21 and may also have potential

in treating infection-induced ARDS. Human angiopoietin-1

maintains the normal quiescent phenotype of vascular ECs,

protecting vessels against inflammation74. Mei et al. estab-

lished that angiopoietin-1 transfected MSCs can reduce

LPS-induced acute pulmonary inflammation further and

improve alveolar inflammation and permeability in mice52.

MSCs and prostaglandin E2 combination gene therapy can

markedly facilitate MSC homing to areas of inflammation,

representing a novel strategy for MSC-based gene therapy

in inflammatory diseases25. From the intriguing results of

the above animal studies, either the growth and differentia-

tion promotion factor or antioxidative agent or anti-

inflammatory gene therapy in combination with MSCs may

enhance the therapeutic effects of both for ALI/ARDS.

MSCs can be engrafted onto the injured lung after gene

modification; in this way, it may promote the concentration

of the above agents in the lung as well as lengthen the

effective time for lung repair, where MSC treatment may

have a better therapeutic effect.

Figure 5. The meta-analyses of (a) W/D ratio, (b) alveolar sac percentage, (c) total protein, and (d) neutrophils in BALF compare MSCs with
the ALI control group. The size of each square represents the proportion of information given by each trial. Crossing with the vertical line
suggests no difference between the two groups. ALI: acute lung injury; BALF: bronchoalveolar lavage fluid; MSCs: mesenchymal stem cells;
W/D: wet to dry ratio.
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To date, there are three published studies that are focused

on the safety of MSCs for treating ARDS75–77. The clinical

study of Zheng et al. showed that MSC with a dose of

1 � 106 cells/kg of body weight is safe for the treatment

of moderate and severe ARDS75. Nevertheless, because of

its small sample size (only 12 patients were included), the

power of Zheng’s study was rather limited75. Another phase

1 clinical trial indicated that 1� 106 to 1� 107cells/kg MSC

therapy was well tolerated in nine patients with moderate to

severe ARDS76. Recently, a phase 2a safety randomized

Figure 5. (continued)
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controlled trial, which admitted 60 patients revealed that no

patient in the MSC group experienced any of the predefined

MSC-related hemodynamic or respiratory adverse events,

and the 28-day mortality did not differ between the groups77.

However, the researchers discovered that concentrations of

angiopoietin-2 in plasma were significantly reduced at 6 h in

MSC recipients, suggesting a biological effect of the MSC

treatment, as angiopoietin-2 is a widely recognized mediator

and biomarker of pulmonary and systemic vascular injury77.

The meta-analyses of the primary and secondary out-

comes revealed that the heterogeneity among the studies was

highly substantial, and the heterogeneity may have origi-

nated from multiple aspects. First, some suspicious publica-

tion bias was detected in some meta-analysis by running a

funnel chart. After excluding the related studies, the sub-

group analysis showed that heterogeneity decreased to

within the acceptable range. Though the overall

effectiveness of MSC decreased slightly, the difference in

related comparison still had statistical significance. Second,

MSCs were derived from different species, and both human

and animal MSCs were included. Additionally, tissue ori-

gins, bone marrow, umbilical cord, and adipocyte-derived

MSCs were used, respectively, in different studies. Differ-

ent species or different tissue sources of MSCs may have

different therapeutic effects. Thus, the standardization of

the species and tissue origin of MSCs in preclinical trials is

a matter of great importance. Third, LPS in different stud-

ies were manufactured by different factories, which may

have created differentiation in virulence; plus, the dose of

LPS was also different. The end result is that the severity

of lung injury may differ significantly among studies.

Finally, criteria for the lung injury score may not be com-

pletely consistent among studies; additionally, different

brands of ELISA reagents may also be sources of

Figure 6. The meta-analyses of (a) PaO2, (b) lung compliance, and (c) MPO activity in lung compare MSCs with the ALI control group. The
size of each square represents the proportion of information given by each trial. Crossing with the vertical line suggests no difference
between the two groups. ALI: acute lung injury; MPO: myeloperoxidase; MSCs: mesenchymal stem cells; PaO2: partial pressure of oxygen.
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heterogeneity. Indeed, subgroup analyses may help us

decipher which tissue-origin, dose, route, and such are

more efficacious, for the sake of facilitating future studies.

But after the reduction of I2 less than 75% by subgroup

analyses, most of the P values were still less than 0.001,

giving us a good reason to believe that the results of these

further subgroup analyses won’t make a difference.

Though our study proved that MSCs can reduce the sever-

ity of lung injury and animal mortality and potentially reg-

ulate the balance of inflammation, our main purpose was not

to verify the effectiveness of MSCs in animal models but to

analyze the possible deficiencies of MSCs in ALI/ARDS

basic research through comprehensive analysis and to opti-

mize future basic research methodology to serve the interests

of future clinical research. In general, MSC therapy is a

potentially effective therapy for ALI/ARDS. However, in

the future, more attention should be paid to large animals

in basic research; the oxygenation index should be used to

standardize the effect of MSCs on oxygenation; the para-

meters of mechanical ventilation or evaluation of MSCs

impact on lung compliance and other such variables should

be recorded and reported; and the duration of research

should be lengthened to make it possible to evaluate the

impact of MSCs on long-term survival.

The main limitation of our meta-analysis is that

although 57 animal studies were included, the total num-

ber of animal cases included in the meta-analysis was

limited due to the small sample size of animal experi-

ments. Second, models that use endotoxin to cause injury

are included in this analysis; however, these are sterile

models of sepsis and do not fully replicate the complexity

of live bacterial infection. Third, 54 of the studies

involved research conducted on rodents; only three of

them which met the inclusion criteria were conducted

on relatively larger animals. In addition, although the

research topic is the possible therapeutic effect of MSCs

for ALI/ARDS, only a few studies used mechanical ven-

tilation, and only a few studies have reported physiologi-

cal parameters such as lung compliance/oxygenation

index, which were highly different from the clinical set-

tings. The length of the study, the dose, and the origins of

MSCs also greatly diverged; curiously, this contradicts

the clinical need for a consistent treatment standard. A

considerable portion of the included studies was carried

out before the publication of the Berlin definition of

ARDS. Unlike with clinical research, after the publication

of the Berlin definition, a lot of basic research still did

not refer to it in the trials. Without a uniform diagnostic

standard, it is difficult to judge the severity of lung

injury, which generated significant heterogeneity among

studies and made it impossible to convincingly quantify

MSCs’ efficacy. Finally, none of the included studies

evaluated the safety of MSCs in animals, and no relevant

meta-analysis was conducted, which may be another lim-

itation of our study.

Conclusion

According to the results from our meta-analyses, MSCs may

improve survival and mitigate the severity of lung injury via

modulating the immune balance and ameliorating the oxida-

tive stress and permeability of the lungs in ALI/ARDS.

Looking toward the future, the optimization and standardi-

zation of future MSC research are paramount.
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