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ARTICLE INFO ABSTRACT

Keywords: Background: Over the years, mesenchymal stromal (stem) cells (MSCs) have been pre-clinically applied in the treat-
Mesenchymal stromal (stem) cell (MSC) ment of variety kinds of diseases including asthma and chronic lung diseases. Aim of the current study was to sys-
Asthma

tematically review and to conduct meta-analysis on the published studies of MSC treatment in asthma animal models.
Methods: Publications on the MSC and asthma treatment was thoroughly searched in the electronic databases.
Statistical analysis was then performed using the Comprehensive Meta-Analysis software (Version 3). Effect of
MSC therapy on asthma model was assessed by Hedges's g with 95% confidence intervals (95% ClIs). Random
effect model was used due to the heterogeneity between the studies.

Results: Meta-analysis of the 32 included studies showed that MSC transplantation was significantly in favor of at-
tenuating lung injury and remodeling (Hedges's g = —9.104 = 0.951 with 95% CI: —10.969 ~ —7.240, P < 0.001)
and airway inflammation (Hedges's g = —4.146 + 0.688 with 95% CLI: —5.495 ~ —2.797, P < 0.001). The me-
chanism of MSC therapy in asthma seems to be regulating the balance of Thl cytokine and Th2 cytokines (IFN-y:
Hedges's g = 4.779 *+ 1.408 with 95% CI: 1.099-2.725, P < 0.001; IL-4: Hedges's g = —10.781 + 1.062 with 95%

Systematic review
Meta-Analysis

CL. —12.863 ~ —8.699, P < 0.001; IL-5: Hedgess g = —10.537 * 1.269 with 95% CI. —13.025 ~ —8.050,
P < 0.001; IL-13: Hedges's g = —6.773 = 0.788 with 95% CI: —8.318 ~ —5.229, P < 0.001).

Conclusion: Findings of the current systemic review suggested a potential role for MSCs in asthma treatment
although it is still challenging in clinical practice. The mechanisms of MSCs in pre-clinical asthma treatment may
be associated with attenuating airway inflammation through regulating Th1 and Th2 cytokines.

1. Introduction

Asthma is a chronic respiratory disease that affects millions of
people worldwide, and its prevalence varies among countries from 1
to 18% [1]. Asthma is characterized by chronic airway inflammation,
which is associated with the accumulation and activation of in-
flammatory cells including type 2 T-helper (Th2) cells, eosinophils,
and mast cells within small airways [2]. Chronic airway inflammation
leads to small airway narrowing and remodeling as well as bronchial
hyper-reactivity. Over the years, studies have been focused on dis-
covering effective treatments of asthma and preventive approaches for
asthma including new strategies to reduce severe asthma attack and to
improve the quality of life. In this regard, recently, substantial studies
have been interested in using mesenchymal stromal (stem) cells
(MSCs) to treat variety kinds of chronic inflammatory diseases and
immune disorders including asthma [3-9].

Mesenchymal stromal (stem) cells (MSCs) are multi-potent stem

cells that can be induced to differentiate into variety kinds of cells in-
cluding chondrocytes, osteoblasts, adipocytes and muscle cells [10,11].
Besides their regenerative properties, many studies have demonstrated
that MSCs modulate host immunity and suppression of chronic in-
flammation. These unique properties of MSCs render the cells being
used as a treatment option for variety kinds of diseases including acute
myocardial infarction [12], liver cirrhosis [13], crohn's disease [14],
and graft-versus-host disease (GHVD) [15] in phase III clinical trials,
and type I diabetes [16], arthritis [17] and lung diseases such as COPD
[18,19] in phase II clinical trials.

Following hematopoietic stem cell transplant, a variety of adverse
events have been reported including allergic reactions to cyclopho-
sphamide, fever, infection, nausea, vomiting and elevations in liver
enzymes [20]; macrophage activation syndrome [21,22]; and GVHD
following allogeneic transplants [23,24]. Following mesenchymal
stromal (stem) cell transplant, however, serious adverse effects have not
been reported.
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MSCs can be isolated from various tissues including bone
marrow, adipose, or cord blood. The MSCs have been used for allo-
geneic or autologous cellular therapy due to the lack of im-
munogenicity of MSCs. In this content, studies have demonstrated
that MSCs have anti-inflammatory and immune-modulatory effects
in diverse types of tissue injury and allergic inflammation [25,26].
Specifically, MSCs have the capacity to protect lungs from variety
kinds of injury including ovalbumin-induced allergic asthma [3,7],
cigarette smoke-induced or elastase-induced COPD/emphysema
[27-29], bleomycine-induced fibrosis [30,31], bronchopulmonary
dysplasia [32,33], ventilator-induced lung injury [34], and bacterial
pneumonia [35,36].

While substantial studies of MSC transplantation in asthma animal
models have been reported [3-9], clinical trials of MSC administration
in the treatment of asthma have not been reported. Therefore, here we
conducted systematic review and meta-analysis on studies of MSC ad-
ministration in the experimental models of asthma and examined the
pooled effect of MSCs in protecting lungs from injury and its potential
mechanism.
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2. Materials and methods
2.1. Data sources

The Preferred Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) criteria was applied in this review and meta-analysis
[37]. Associated publications were searched in the sites of PubMed,
Embase and Web of Science with the following phrases: “mesenchymal
stem cell(s)” and “asthma”, or “mesenchymal stem cell(s)” and “asth-
matic”. Only English articles were selected, and literature search was
performed by LZ and MH.

2.2. Inclusion criteria and data extraction

Followings were inclusion criteria for the current systematic review
and meta-analysis study: 1). Studies on the effect of MSCs on the
asthmatic models induced by ovalbumin or other antigens. 2). Studies
with full text articles in English.

Duplicated publications and non-English or non-Chinese reports
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Fig. 1. Flow diagram of literature search and eligible publication selection.
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were excluded from this review and meta-analysis.

The following information was extracted from the included litera-
ture: the first author's name, year of publication, country of the corre-
sponding author, source and species of MSCs, recipient animal species,
total number of cases or replication of the experiment, study design and
parameters including lung histology, lung inflammation, total and dif-
ferential cell numbers in the bronchoalveolar lavage fluid (BALF),
serum IgE, IL-4, IL-5, IL-13, IFN-y, and pro-inflammatory cytokines
such as IL-1p and IL-6.

2.3. Statistical analysis

The following data formats were used to perform meta-analysis: 1).
Mean, standard deviation (SD), number of asthma model animals
treated with or without MSC administration; 2). Sample size of asthma
models treated with or without MSC transplantation, and P value of
comparison between the two groups. The strength of MSC effect on
asthma tissue injury and remodeling (histological alteration), airway
inflammation or Thl and Th2 cytokine synthesis was measured by
Hedges's g. A random or fixed effect model was applied depending on
the significance of data heterogeneity. The heterogeneity between
studies was assessed by the Q-test and I? statistics, and P < 0.10 and
I? > 50% was considered as heterogeneous between the studies [38].
All meta-analysis was performed using the Comprehensive Meta-ana-
lysis software (Version 3, NJ, USA).

Table 1
Characteristics of included 32 papers.
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3. Results
3.1. General information of the included studies

As shown in Fig. 1, total 128 studies were screened and total 61 full-
text articles were retrieved after careful reading “abstract” of the pub-
lications. The full-text articles were then independently assessed by the
authors (LZ and MH). Thirty-two articles were finally included in the
current systematic review and meta-analysis. As shown in Table 1, of
the 32 studies included in this review, 6 studies tested effect of human
bone marrow derived MSCs [7,39-43], 3 studies tested human adipose
stromal cells [4,7,44], 4 studies tested human umbilical cord blood cell
derived MSCs [7,45-47] and two studies tested effect of human iPSC
derived MSCs [40,48], 3 studies tested rat bone marrow derived me-
senchymal stem/stromal cells [49-51], 17 studies examined the effect
of mice bone marrow or adipose-derived MSCs or lung tissue MSCs
[3,5,6,8,9,41,52-62], and one study tested cat adipose-derived MSCs
[63]. Among the 32 articles, most of the studies were from USA and
China (8 articles from each country) followed by Korea (4 articles),
Brazil (2 articles), Iran (2 articles), and Turkey (2 articles). In addition,
one article from each of the following countries was also included:
Australia, Canada, Spain, Italy, and France.

3.2. Overall systematic review

While 3 clinical trials on the effect of MSC in asthma therapy were

First author Country Year MSC source Recipients MSC dose Delivery Infla. Mediators
Bonfield USA 2010 hBM-MSC BALB/c mice 106/100 pL v 1L-1B, IL-5, IL-13
Nemeth USA 2010 mBM-MSC C57/Blk mice 0.75 x 106/300 pL. v IL-4, IL-5, IL-13
Firinci Turkey 2011 mBM-MSC BALB/c mice 106/100 uL. I\
Goodwin USA 2011 mBM-MSC C56/Blk mice 2 X 106/200 pL v IL-4, IL-5, IL-6, IL-13
Lee Korea 2011 rBM-MSC SD rat 105/100 pL v
Sun China 2012 iPS-MSC BALB/c mice 5 x 106/200 uL v 1L-4, IL-5, IL-13
hBM-MSC
Abreu Brazil 2013 mBM-MSC C57/Blk mice 2 x 106/50 uL IT IL-4, IL-13
Ge China 2013 mBM-MSC BALB/c mice 5 x 105/100 uL. IT IL-4, IL-13
Mathias Australia 2013 hBM-MSC BALB/c mice 106/200 pL v 1L-4, IL-5, IL-13
hU-MSC
hAD-MSC
Cho Korea 2014 mAD-MSC C57/Blk mice 106/100 pL v 1L-4, IL-5, IL-13
Lathrop USA 2014 mBM-MSC C57/Blk mice 106/200 L v IL-4, IL-5, IL-6, IL-13
Marinas-Pardo Canada 2014 mAD-MSC BALB/c mice 3 x 105/200 uL. v
Martinez-Gonzalez Spain 2014 hAD-MSC BALB/c mice 106/250 uL v
Ogulur Turkey 2014 mBM-MSC BALB/c mice 2.5 X 105/100 pL. v
Trzil USA 2014 cat BM-MSC Cat 1.4 x 107/200 uL v
Cruz USA 2015 hBM-MSC C57/Blk mice 106/200 pL I\ IL-4, IL-5, IL-6, IL-13
mBM-MSC
Lin China 2015 rBM-MSC SD rat 106/200 pL v IL-1B, IL-6
Song China 2015 hBM-MSC NOD/SCID mice 106/200 uL I\
Xu China 2015 mBM-MSC C57/Blk mice 106/200 uL v 1L-4, IL-13
Zeng China 2015 mBM-MSC BALB/c mice 106/200 pL v IL-4, IL-5, IL-13
Ahmadi Iran 2016 rBM-MSC Rat 2 X 106/200 uL. v
Braza France 2016 mBM-MSC BALB/c mice 106/200 pL v 1L-4, IL-5, IL-13
Chan China 2016 hU-MSC BALB/c mice 106/200 uL v IL-4, IL-5, IL-13
Cruz USA 2016 mBM-MSC C57/Blk mice 106/200 pL v IL-4, IL-5, IL-6, IL-13
Mohammodian Iran 2016 mBM-MSC BALB/c mice 106/200 uL v
Tang China 2016 hBM-MSC BALB/c mice 5 X 106/200 pL v IL-4, IL-5, IL-13
Trzil USA 2016 cat AD-MSC cats 2 x 106-107 v
Urbanek Italy 2016 mBM-MSC BALB/c mice 5 X 104/50 yL IT 1L-4, IL-5, IL-13
Abreu Brazil 2017 mBM-MSC C57/Blk mice 105/50 uL IT 1L-4, IL-13
mAD-MDC
m Lung-MSC
Hong Korea 2017 hU-MSC BALB/c mice 3/6 x 105/200 pL v 1L-13
Kang Korea 2017 hU-MSC BALB/c mice 5 X 105/100 pL. v IL-4, IL-5, IL-13
Wang China 2017 hiPS-MSC BALB/c mice 106/200 pL v IL-4, IL-13
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Study name Statistics foreach study
Hedges's Standard Lower Upper
g error Variance limit limit
Nemeth 2010 -12.842 2.319 5377 -17.387 -8.297
Finnci2011 SMC thick -3.136 0.904 0.818 -4909 -1.363
Finnci2011 Gobletcell -5.586 1.373 1.886 -8.278 -2.894
Lee 2011 -34726 7.108 50.528 -48.658 -20.793
Abreu 2013 BM-MSC * -5.677 1.275 1627 -8.177 -3177
Abreu 2013 MSC * -3.537 0.897 0805 -5295 -1.778
Ge 2013 Trichrom -28.926 4594 21.101 -37.929 -19.923
Ge 2013 PAS staining -54.516 8.630 74.483 -71.431 -37601
Sun 2013 iPS-MCS -13.445 3.060 9.364 -19.443 -7.447
Sun 2013 hBM-MSC -14.429 3.276 10.735 -20.850 -8.007
Cho 2014 -16.040 3.632 13.191 -23.159 -8.922
Marinas-Pardo 2014 -3.239 0.742 0551 -4694 -1783
Ogulur2014 -2.205 0.826 0682 -3.824 -0.587
Tral 2014 -13.456 3.420 11695 -20.159 -6.754
Mohamm odian 2016 -6.386 171 2927 -9.740 -3.033
Tang 2016 -7.515 1.624 2637 -10698 -4.332
Tral 2016 -8.340 1.954 3.818 -12.170 -4.511
Urbanek 2016 -3.911 0.565 0319 -5.018 -2.805
Kang 2017 -9.337 1.979 3916 -13.216 -5.458
Wang 2017 -11.261 2.464 6.070 -16.090 -6.432
Abreu 2017 Collagen -19.385 3.993 15.941 -27.210 -11.559
Abreu 2017 Est -5.714 1.282 1645 -8228 -3.201
-9.104 0.951 0.905 -10.969 -7.240

Hedges's gand 95% ClI

p-Value

0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.008
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000 “
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Fig. 2. Forest plot for the MSC effect on histological alteration in asthma model. A random effect model was used due to significant heterogeneity of publications
(I = 88.3, P < 0.01). Effect size was assessed by Hedges's g and 95% CI, and the effect on histological alteration was in favor of MSC treatment (Hedges's

g = —9.104 = 0.951 with 95% CI: —10.969 ~ —7.240, P < 0.001).

found in the official site (www.clinicaltrials.gov), none of them was
completed. Thus, in the current study, only pre-clinical studies on an-
imal models of asthma were included. While Bonfield et al. from USA
reported the first study on human bone marrow derived MSC trans-
plantation into mice asthma model in 2010 [39], most studies on MSC
transplantation in animal model of asthmatics were published in the
last couple of years (2016, n = 7; 2015, n = 5; 2014, n = 6). Most of
these studies demonstrated that transplantation of MSCs into asthma
models resulted in significant improvement in both structural and
functional outcomes, regardless in mice or rats in response to oval-
bumin or other allergen challenge. MSCs used in the transplantation
were from variety kinds of species including human, mouse, rat or cat
as well as organs or tissues including bone marrow, adipose or umbi-
lical cord blood. These MSCs were delivered to the recipient animals
through either intravenous (IV, n = 28) injection or intra-tracheal (IT,
n = 4) instillation. One study compared the efficiency of MSCs isolated
from human or mice [41], and three studies compared the efficiency of
MSCs isolated from different tissues, that is, bone marrow, adipose,
iPSC, umbilical cord blood or lung tissue [3,7,40]. It was found that
human bone marrow derived MSCs seemed more effective than that
from mouse bone marrow [41], and that bone marrow derived MSCs
were more effective than that from other sources [3,7,40].

42

3.3. Effect of MSC transplantation on lung histology and inflammation in
asthma models

Effect size of MSC transplantation on airway injury and remodeling
was evaluated by histological examinations including trichrom
staining, PAS staining and goblet cell hyperplasia etc. Airway in-
flammation was evaluated by counting inflammatory cells infiltrated
into the lung tissues or inflammatory index. Due to the high hetero-
geneity of the studies (I> = 88.3 for histological alteration and
I? = 87.7 for inflammation, P < 0.01), effect of MSCs on structural
restoration and regulation on airway inflammation was assessed by the
random effect model. Effect of MSC transplantation on lung histological
alteration was statistically significant (Hedges's g = —9.104 = 0.951
with 95% CI: —10.969 ~ —7.240, P < 0.001, Fig. 2) with in favor of
MSC treatment. Similarly, the effect of MSC transplantation on sup-
pression of airway inflammation was also significant (Hedges's
g = —4.146 + 0.688 with 95% CI: —5.495 ~ —2.797, P < 0.001,
Fig. 3) with in favor of MSC treatment.

Effect of MSC on airway inflammation was further evaluated by the
number of total inflammatory cell number and eosinophil number in the
bronchoalveolar lavage fluid (BALF). Effect of MSC on the reduction of
BALF inflammatory cells was significant (Hedges's g = —8.218 + 0.857
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Study name Statistics for each study
Hedges's Standard Lower
g error Variance limit

Bonfield 2010 -3.977 0.971 0.943 -5.880
Goodwin 2011 -6.468 1.237 1531 -8.893
Lee 2011 -10.029 2115 4475 14175
Ge 2013 -59.665 9.444 89.180 -78.174
Sun 2013 iPSC-MSC -1.867 0.708 0501 -3.254
Sun 2013 hBM-MSC -1.961 0.720 0.519 -3.373
Cho 2014 -0.030 0.571 0326 -1.149
Lathrop 2014 -3.948 0.549 0.302 -5.024
Cruz 2015 mBM-MSC -2.855 0.790 0.624 -4.403
Cruz 2015 hBM-MSC -6.269 1.386 1.921 -8.985
Song 2015 -4.878 1.129 1276 -7.092
Braza 2016 -49.387 11.656 135862 -72.233
Cruz 2016 -4.939 0.892 0.796 -6.687
Mohammodian 2016 -4.088 1.084 1175  -6.212
Kang 2017 -1.635 0.629 0.395 -2.867
Wang 2017 -2.713 0.801 0.641 4282
-4.146 0.688 0474 5495

Hedges's g and 95% CI

Upper
limit p-Value
-2.073 0.000
-4.043 0.000
-5.883 0.000
-41.156 0.000
-0.480 0.008
-0.550 0.006
1.090 0.959
-2.872 0.000
-1.307 0.000
-3.552 0.000
-2.665 0.000
-26.542 0.000 —_—
-3.191 0.000
-1.963 0.000
-0.402 0.009
-1.143 0.001
-2.797 0.000
-80.00 -40.00 0.00 40.00 80.00
MSC Control

Meta Analysis

Fig. 3. Forest plot for the inhibitory effect of MSCs on airway inflammation in the asthma models. A random effect model was used due to significant heterogeneity of
publications (I> = 87.7, P < 0.01). Effect size was assessed by Hedges's g and 95% CI, and the inhibitory effect on airway inflammation was in favor of MSC
treatment (Hedges's g = —4.146 + 0.688 with 95% CI: —5.495 ~ —2.797, P < 0.001).

with 95% CI: —9.897 ~ —6.538, P < 0.001, Fig. 4) with in favor of
MSC treatment, and effect of MSC on the reduction of BALF eosinophil
was also significant (Hedges's g = —8.552 = 0.866 with 95% CI:
—10.240 ~ —6.865, P < 0.001, Fig. 5) with in favor of MSC treatment.

Effect size of MSC administration on the production of pro-in-
flammatory cytokines (IL-13 and IL-6) was then evaluated. MSC ad-
ministration resulted in significant inhibition of pro-inflammatory cy-
tokine release in the animal models of asthma, and the effect was
statistically significant (Hedges's g = —6.805 = 1.307 with 95% CL:
—9.366 ~ —4.244, P < 0.001, Fig. 6) with significant heterogeneity
(12 = 91.9, P < 0.01). In contrast, MSC administration resulted in up-
regulation of anti-inflammatory cytokine (IL-10), which was reported in
few studies [3,54] but did not performed meta-analysis due to limited
number of studies.

3.4. Effect of MSC transplantation on Th1, Th2 cytokines and IgE
production

Next, effect of MSC on asthma model was evaluated by examining the
regulatory effect of MSC on the production of Th1, Th2 cytokines and IgE.
As shown in Fig. 7, MSC administration resulted in significant up-regula-
tion of Thl cytokine, IFN-y, with Hedges's g = 4.779 + 1.408 with 95%
CIL: 1.099-2.725, P < 0.001. In contrast, production of Th2 cytokines (IL-
4, IL-5, and IL-13) and IgE was significantly down-regulated in the animals
treated with MSCs. IL-4 (Fig. 8): Hedges's g = —10.781 = 1.062 with
95% CI: —12.863 ~ —8.699, P < 0.001; IL-5 (Fig. 9): Hedges's g =
—10.537 * 1.269 with 95% CI: —13.025 ~ —8.050, P < 0.001; IL-13
(Fig. 10): Hedges's g = —6.773 = 0.788 with 95% CI: —8.318 ~
—5.229, P < 0.001; IgE (Fig. 11): Hedges's g = —9.798 = 1.645 with
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95% CI: —13.022 ~ —6.573, P < 0.001.
3.5. Publication bias

Publication bias was examined by the funnel plot of standard error
versus Hedges's g. As shown in the Supplemental Fig. S1 through S10,
distribution of the funnel plot was asymmetric in all of the plots.

4. Discussion

Over the past decade, development to cellular therapies for lung
diseases has rapidly progressed. In this regard, studies have reported
that MSCs can prevent or have therapeutic effect in asthma animal
models. While pre-clinical animal studies demonstrated that MSCs
could significantly reduce asthma symptoms and improve lung tissue
remodeling, clinical trials of MSC application in asthma has not been
reported although three clinical trials had been registered at the official
site of www.clinicaltrials.gov. Here, we systematically reviewed 32
publications of MSC administration in the treatment of asthma animal
models, and further performed meta-analysis to examine the pooled
effect of MSC in asthma therapy. We demonstrated that MSC adminis-
tration either by intravenous injection or intra-tracheal instillation re-
sulted in significant reduction of airway inflammation and abnormal
tissue remodeling in the animal models of asthma, which were induced
by ovalbumin or other allergens. MSCs could also significantly at-
tenuate the number of total white blood cells and eosinophils, and
significantly suppressed production of Th2 cytokines (IL-4, IL-5, IL-13),
pro-inflammatory cytokines (IL-1f and IL-6) and IgE; and significant
up-regulation of Thl cytokine (IFN-y). These findings suggested
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Study name Statistics for each study Hedges's g and 95% CI
Hedges's Standard Lower Upper
g error Variance limit limit p-Value
Nemeth 2010 -4.774 0.967 0936 -6.670 -2.878 0.000 [ |
Lee 2011 -18.619 3.838 14.728 -26.140 -11.097 0.000 ——
Ge 2013 -38.807 6.151 37.834 -50.863 -26.752 0.000 ——
Sun 2013 iPS-MCS -3.986 1.059 1.121 -6.060 -1.911 0.000 |
Sun 2013 hBM-MSC -4.342 1.127 1269 -6.550 -2.134 0.000 ]
Lathrop 2014 -2.632 0.436 0.191 -3.488 -1.777 0.000
Marinas-Pardo 2014 -3.075 0.720 0519 -4.487 -1.663 0.000
Martinez-Gonzalez 2014 -1.753 0.645 0.417 -3.018 -0.488 0.007
Cruz 2015 mBM-MSC -8.327 1.781 3.173 -11.819 -4.836 0.000 »
Cruz 2015 hBM-MSC -15.179 3.144 9.884 -21.341 -9.017 0.000 -
Lin 2015 -11.194 2570 6.605 -16.231 -6.157  0.000 -
Xu 2016 -7.808 1.681 2.824 -11.102 -4514 0.000 B
Ahmadi 2016 -5.957 1.328 1.763 -8.559 -3.355 0.000 ]
Chan 2016 -12.845 2.076 4308 -16.913 -8.777 0.000 . o
Cruz 2016 -20.106 3.137 9.840 -26.254 -13.958 0.000 -l
Mohammodian 2016 -3.067 0.983 0.966 -4.993 -1.141 0.002 |
Tang 2016 -8.679 1.850 3.423 -12.305 -5.053 0.000 L 3
Urbanek 2016 -3.466 0.523 0.273 -4.490 -2.442 0.000 B
Hong 2017 -40.174 6.711 45034 -53.327 -27.022 0.000 —
Kang 2017 -13.965 2.900 8.410 -19.649 -8.281 0.000 -
Abreu 2017 -11.186 2.345 5.498 -15.781 -6.590 0.000 E =
-8.218 0.857 0.734 -9.897 -6.538 0.000 L 3
-50.00 -25.00 0.00 25.00 50.00

MSC Control

Meta Analysis

Fig. 4. Forest plot for the inhibitory effect of MSCs on BALF total cell number in the asthma models. A random effect model was used due to significant heterogeneity
of publications was observed (I> = 90.5, P < 0.01). Effect size was assessed by Hedges's g and 95% CI, and the inhibitory effect on BALF total cell number was in
favor of MSC administration (Hedges's g = —8.218 + 0.857 with 95% CI: —9.897 ~ —6.538, P < 0.001).

intravenous or intra-tracheal administration of MSCs could be an ef-
fective approach to treat asthma.

Recently, focus of MSCs studies have been on the im-
munomodulatory function and paracrine action of MSCs, which was
considered as potent modulators of disease-associated tissue micro-
environments [64]. In this regard, effect of MSCs on the damaged and
diseased tissues [65] as well as the anti-inflammatory and im-
munomodulatory properties of MSCs have been extensively studied
[25,26,66,67]. Specifically, MSCs have been used to treat variety kinds
of diseases associated with immunity including asthma, emphysema,
graft-versus-host disease (GHVD), myocardial infarction, liver cirrhosis
and crohn's disease [12-15,19]. However, currently, application of
MSCs in the treatment of asthma is still on the preclinical stage al-
though three studies had been registered in the official site of clinical
trials (www.clinicaltrials.gov). Therefore, the current study was de-
signed to systematically review and analyze recent publications of
preclinical studies of MSCs and asthma treatment in animal models, but
not clinical trials.

MSCs have been shown to have the therapeutic potential for lung
injury [68]. MSCs can be isolated from different tissues including bone
marrow, adipose tissue and organs including lung. Studies on animal
models of asthma have demonstrated that intravenous injection or
intra-tracheal instillation of human bone marrow MSCs (hBM-MSCs),
human adipose derived MSCs (hAD-MSCs), mouse bone marrow MSCs
(mBM-MSCs) or mouse adipose derived MSCs (mAD-MSCs) were safe
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and effective in attenuating airway injuring by ameliorating airway
inflammation [3,7,40,41]. In this regard, Mathias et al. reported that
administration of MSCs isolated from human bone marrow (hBM-
MSCs), umbilical cord blood (hUM-MSCs) or adipose tissue (hAD-MSCs)
provoked a pronounced increase in alveolar macrophage, and through
which mechanism, MSCs significantly inhibited hallmark features of
asthma including airway hyper-responsiveness, eosinophilic accumu-
lation, and Th2 cytokine production [7]. Cruz and colleagues compared
the efficacy of hBM-MSCs and mBM-MSCs as well as the extracellular
vesicles released by these MSCs [41]. They found that both conditioned
medium and extracellular vesicles from hBM-MSCs were generally more
potent than those from mBM-MSCs in most of the outcome measures in
Aspergillus Hyphal Extract-induced allergic airway inflammation an-
imal models [41]. These preclinical studies provided important evi-
dence of safety, toxicity, therapeutic efficacy and mechanism of MSC
action for future clinical use in the asthma therapy.

Comparing to other cells, MSCs are poorly immunogenic, and thus,
human BM-MSCs, AD-MSCs, iPSCs, and umbilical cord blood derived
MSCs had been tested and evaluated in the experimental models of
asthma [7,40-43] 2017, [45,47,48]. Human MSCs were delivered to
rodent recipients either by intravenous injection or by intra-tracheal
instillation. Administration of these human source MSCs resulted in
significant reduction of airway inflammation, number of inflammatory
cells and eosinophils, and Th2 cytokines in the animal models of
asthma. These findings suggest that the preclinical studies provide
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Study name Statistic s for each study Hedges's g and 95% CI
Hedges's Standard Lower Upper
g error Variance limit limit p-Value
Bonfield 2010 IL-1beta -1.968 0.587 0345 -3.118 -0.818 0.001 .
Goodwin 2011 IL-6 -18.520 3.308 10.942 -25.004 -12.037 0.000 ——
Lathrop 2014 IL-6 -3.184 0.481 0232 -4127 -2240 0.000 .
Cruz 2015 IL-6 -1.395 0.604 0.365 -2580 -0.211 0.021 [ |
Lin 2015 IL-1beta -13.601 2827 7.992 -19.142 -8.060 0.000
Lin 2015IL-6 -11.724 2.452 6.011 -16.530 -6.919 0.000 i
Cruz 2016 IL-6 -8.663 1.415 2.002 -11.436 -5.890 0.000 E
-6.805 1.307 1707 -9.366 -4.244  0.000 ’

-25.00 -12.50 0.00 12.50 25.00

MSC Control

Meta Analysis

Fig. 6. Forest plot for the inhibitory effect of MSCs on the release of pro-inflammatory cytokines in lung or blood. A random effect model was used due to significant
heterogeneity of publications (I = 91.9, P < 0.01). Effect size was assessed by Hedges's g and 95% CI, and the inhibitory effect on the release of pro-inflammatory
cytokines was in favor of MSC administration (Hedges's g = —6.805 = 1.307 with 95% CL: —9.366 ~ —4.244, P < 0.001).

Study name Statistics for each study Hedges's g and 95% CI
Hedges's Standard Lower Upper
g error Variance limit limit p-Value
Sun 2013 iPS-MCS -2.065 0.735 0.540 -3.505 -0.626 0.005 [ |
Sun 2013 hBM-MSC 19.232 4.338 18.820 10.729 27.735 0.000 -
Cho 2014 9.946 2.296 5273 5446 14.447 0.000 —
Lathrop 2014 0.522 0.324 0.105 -0.113  1.158 0.107 [ |
Marnas-Pardo 2014 5.853 1.308 1712 3289 8417 0.000 .
Cruz 2015 mBM-MSC 4.222 1.013 1.027 2236 6.207 0.000 =
Cruz 2015 hBM-MSC 4.954 1.143 1.307 2713 7194 0.000 L 3
Xu 2015 9.833 2.077 4313 5763 13.903 0.000 —
Zeng 2015 15.981 2.864 8.204 10.367 21.594 0.000 -
Braza 2016 -2.509 0.840 0.705 -4.155 -0.863 0.003 ]
Cruz 2016 7.965 1.088 1.183 5.832 10.097 0.000 s
Abreu 2017 4.464 1.056 1.114 2395 6.533 0.000 L 3
Hong 2017 -0.347 0.453 0.205 -1.234 0.540 0.443 T
4779 1.048 1.099 2725 6.834 0.000 &

-25.00 -12.50 0.00 12.50 25.00

Control MSC

Meta Analysis

Fig. 7. Forest plot for the stimulatory effect of MSCs on IFN-y synthesis. A random effect model was used due to significant heterogeneity of publications (I> = 94.3,
P < 0.01). Effect size was assessed by Hedges's g and 95% CI, and the stimulatory effect on IFN-y was in favor of MSC administration (Hedges's g = 4.779 + 1.408
with 95% CI: 1.099-2.725, P < 0.001).

46



Pulmonary Pharmacology & Therapeutics 54 (2019) 39-52

L.-B. Zhang, M. He

(1000 > d ‘669'8— ~ €98'CT— :ID %S6 UMM Z90'T F 18401 — = 8 5,598paH) uonemnsIuIupe DS JO I0AR] UI SeM (-] UO 3O AI0)qIyul 3y} pue ‘1)
%S6 Pue 3 5,598paH Aq passasse sem 9z1s 199 (100 > d ‘T'T6 = ,I) suonedrqnd jo £119ua801939Y JURIPIUSIS 03 INP PISn SBM [9POU 10933 WOPURI Y "SISSYIUAS {-T] UO SDSIA JO 309332 A1031qIyut 9y 10j J0[d 153104 8 811

sishjeuy e3apy

jo53uo)d JOSN

00°0S 00'SZ 000 00'SZ- 00'05-

L 0000 669~ €982~ 9ZL'L 290°L 18201
- 0000 0¥6'6- L9P'EC- 606'LL ISP'E €0L°91- 2102 Suep,
- 0000 S¥S'e-  $520C- €268 186C 66E 71~ £10Z buey
B 0000 9EEy- L0401~ 1$9C S29'L YA WA 2102 naJqy
= 0000 1296~ 185SL- ZIET 025') 10921 9102 ¥2ueqin
—i— 0000 #L00L- 6€9€C- <2807CI 9Lv'E 12891~ 910z Suer
—— 0000 809'02- €99'%€- SS87TI S85'E S€9'L2- 9102 zn1)
. 0000 205}~  €18¢ $9€0 090 069°¢C- 9102 uey)
E o 0000 02% 06021~ #90°F 1102 erl'e- 9102 ezeig
—— 0000 90991~ €9€¥%E- 025°0C 0ESy S8¥'Se- 5102 Buaz
- 0000 €60°'L- 8269~ S629 605°C 102 5102 NX
' 3 0000 ceLe- SS€6-  S90°C LEV'L 6€S'9- JISW-N8Y SLoZ Znid
|| 0000 6.2€- L6E9S  POLL S0E'L €86~ JSH-MEW 5102 Zn1D
. 0000 Q€T vilv €20 18%°0 18L'e- #10zZ doJyje
5B 0000 PETE  PLVLL LIPE 192l S8l 102 04D
—i1 0000 1850~ #.l€.2- 0%E8l a7 4 18681~ JISW-MBY €102 ung
— 0000 $9¥°L-  ¥8¥6L- $0V'6 290°€ PLVEL- SON-Sd! €102 ung
—_— 0000 S90°.2- 2069 8¥99lLlL 00801 €ETeP JISW-avy €102 selyiep
. cL00 1010 PPeC-  68€0 290 v N JSH-NY €10Z seryien
. 0000 2002- 129 €8l 8801 6EL' ¥ JSH-N8Y €10 selyiep
- 0000 PEQOL- TLL02- L2999 S€S'T €08'S1- 4Iv8 €102 99
- 0000 SES0L- 01202 1609 89%'C cLES)L wnas €102 29
i 0000 6¥89- 8r2Ll- 88L¢E 98L') 6¥€'8- €102 n2Jqy
- 0000 SPP'LL- €6L'EC- ¥C6'6 0SLE 619°LL- LLOZ uimpoo)
[ | 0000 glee- 66¥'L-  8ELL 290°) 20¥'S- 0102 yiswaN

anep-d puwi aosueuep 10112 5}
1addpn  1amon piepuels s,sabpay

D %56 pue b s,sabpay Apn}s yoea 10} sosnes “aweu Apnjs

47



Pulmonary Pharmacology & Therapeutics 54 (2019) 39-52

L.-B. Zhang, M. He

(100°0 > d ‘0S0'8— ~ STO'ST— ‘ID %S6 WM 69C'T F £E£S°0T— = 3 s598paH) uonensiuIwpe DSIA JO I0ARY UL Sem G-T[ UO 399)39 AI03IqIyul 3y} pue ‘I
%G6 pue 3 5,593paH Aq passasse sem 9zIS 19JH (100 > d ‘b'¥6 = 1) suonedrqnd jo A)1pusdoIajay JudYIUSS 0} SNP PISN SEM [SPOWL }I3Jd WOPURI Y "SISIYIUAS G-T[ UO SDSIAl JO 10932 A1031qIyur Y3 10§ J0[d 1s2104 °6 814

sisAjeuy elap

jojuoy OSSN

00°0S 00'sZ 000 00°6Z- 00°0S-

‘ 0000 050°8- S2oeL- L9l 6921 LESOL-

- 0000 s’ v08't- 1020 L€8°0 €aL’e- 210z buep
B 0000 £€€G0- 15961~ LIPS 92ee 260°LL- 2102 buey
. 0000 9¥8'G- S06LL- 06€C 9vsL G188 210Z buoH

E » 0000 8¥2'GlL- €2S¥Z- 66SS 99€C 98861~ al0Z ¥sueaqin
—i— 0000 8SE0L- ¥EVYPC- €687CL L6GE 96€°LL- 910z bue|
] 0000 L9€V- 0€L'L- 9€L0 8580 8v0'9- 9102 znid
. 0000 02s¢- G256 8850 29270 €20y 9L0Z ueyd
L 3 0000 LEEY- 1Z¥2L- 6SCY ¥90C 28¢e'8- 9lL0¢ ezelg
A 0000 188v0L- €LL'9LZ- 002608 9.€'8C L6v°091L- GlLog buaz
B 0000 ov0v- €500L- €5£7C yESL av0'L- OSW-8Y sLog zniD
. 0000 €vec- €9 LE0'L SLo'L €eTY- OSW-N8gw §L0Z ZniD
. LEVO SLE0 088°0- €010 02€0 25z o ¥10zZ dosyien
| | 0000 6€9°C- 889/ 6591 88C'L €91°G- 102 0yd
—i— 0000 S¥0'6- 69¥€C- LPGEL 089°¢ LG29L- OSW-W8uY €Log ung
—— 0000 L¥9°8- 6¥vcc- 60¥ClL [ XAR SPGGL- SOW-Sd! €102 ung
— 0000 8€E8L- L0L.y- GO98ES 6EE°L €eLeE- OSW-avu €102 seiyiep
- 0000 L6L'8L- 2EL9P- ELOES 18C°L L9¥2E- OSW-NY €L0C selyiew
—_—t 0000 LPL'8L- G099¥- 92.7CS 192°L €LE°CE- OSW-8Y €102 Selyiep]
B 0000 €626 60¥6L- 6599 1862 LSEPL- L 10T umpooo
E o 0000 208'L- ¥8E9L- V6LV 68LC £€607CIL- 01L0Z WiswaN
[ | 0000 L18°¢- 1 158 vev'L 8611 v2T 9 0L0Z plsyuog
anep-d i ywn  @dueuwep  10u1d 6

Jaddn 189m0 piepuels s,sabpaH

1D %56 pue b s,sabpaH Apn}s yoea 10} SoNSNeIS “aweu Apms

48



L.-B. Zhang, M. He

Pulmonary Pharmacology & Therapeutics 54 (2019) 39-52

Study name Statistics for each study
Hedges's Standard Lower Upper
g error Variance limit limit
Bonfield 2010 -11.520 2.091 4371 -15618 -7.423
Nemeth 2010 -12.058 2.183 4767 -16337 -7.779
Goodwin 2011 -0.031 0.473 0.224 -0.957 0.89%6
Abreu 2013 -16.887 3.488 12167 -23724 -10.051
Ge 2013 Serum 0.632 0.440 0.193 -0.230 1.494
Ge 2013 BALF -1.263 0.473 0.223 -2.189 -0.337
Mathias 2013 hBM-MSC -50.730 11.358 129.004 -72991 -28.469
Mathias 2013 hU-MSC -25.365 5.701 32496 -36538 -14.192
Mathias 2013 hAD-MSC -49.336 11.047 122.027 -70987 -27.685
Sun 2013 iPS-MCS -8.457 1.975 3903 -12329 -4585
Sun 2013 hBM-MSC -8.912 2.073 4297 -12974 -43849
Cho 2014 -15.596 3.534 12488 -2252 -8.670
Lathrop 2014 -1.630 0.368 0.136 -2.353 -0.908
Cruz 2015 mBM-MSC -1.654 0.631 0.398 -2.880 -0.417
Cruz 2015 hBM-MSC -3.594 0.907 0.822 -5.3711 -1.816
Xu 2015 -59.903 12239 149.799 -83891 -35.914
Zeng 2015 -91.214 16.131 260.223 -122.831 -59.597
Braza 2016 -5.941 1.522 2317 -8.925 -2958
Chan 2016 -0.695 0.442 0.196 -1.5%62 0172
Cruz 2016 -1.343 0.395 0.156 -2118 -0.568
Tang 2016 -34.251 7.012 49165 -4799%4 -20.508
Urbanek 2016 -4.841 0.657 0.432 -6.129 -3.553
Abreu 2017 -8.207 1.758 3091 -11653 -4.762
Kang 2017 -11.092 2.326 5411 -15651 -6533
Wang 2017 -48.423 9.899 97.982 -67823 -29.022
8.773 0.788 0.621 -8.318 -5.229

Hedges's g and 95% CI

p-Value

0.000
0.000
0.948
0.000
0.151
0.008
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.008
0.000
0.000 »
0.000
0.000
0.116
0.001
0.000
0.000
0.000
0.000
0.000
0.000

n

Yun

i

'o-
S

-100.00 -50.00 50.00

MSC Control

Meta Analysis

Fig. 10. Forest plot for the inhibitory effect of MSCs on IL-13 synthesis. A random effect model was used due to significant heterogeneity of publications (I* = 93.5,
P < 0.01). Effect size was assessed by Hedges's g and 95% CI, and the inhibitory effect on IL-13 was in favor of MSC administration (Hedges's g = —6.773 + 0.788

with 95% CI: —8.318 ~ —5.229, P < 0.001).

valuable information regarding mechanisms of MSC action, im-
munogenicity, and safety of therapeutically administered MSCs.

While the mechanisms of immune modulation by MSC remains to be
defined, it is believed that MSCs are adapted to their microenvironment
through either the release of soluble factors such as PGE,, kyneurnine,
IL-10, TNF-stimulated gene 6 protein (TSG-6), nitric oxide (NO), and
transforming growth factor (TGF-B1) [9,69-73], or context-dependent
modification of T helper (Th1/Th2) balance or pro-inflammatory
Th17 cell differentiation [9,74,75]. Consistent with these concepts, in
the experimental models of asthma, MSCs could not only modulate
release of inflammation-associated factors including IL-13 and IL-6
[8,39,50,56], but also regulate the balance of Th1/Th2 cytokines by
stimulating INF-y while inhibiting IL-4, IL-5, and IL-13
[3,5,7-9,39-41,43,46,53-56,58-60,62].

While the current meta-analysis was carried out after careful
screening and systematic review that can avoid publication bias, po-
tential publication bias may still exist in the current study [76,77]. In
this regard, funnel plots of lung histology, airway inflammation, BALF
inflammatory cell accumulation, inflammatory cytokine production,
Th1/Th2 cytokine levels were asymmetrically distributed, suggesting
publication bias might exist in these analysis.

There are limitations in this review and meta-analysis. First, sub-
analysis of stem/stromal cell sources, that is, bone marrow, adipose
tissue, lung tissue, and umbilical cord blood, were not performed due to
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limited number of cases in each kind of MSCs. Second, various spices of
rodent animals including mouse, rat, and cat, were used as asthma
models in response to variety kinds of allergens including ovalbumin,
fungus, ragweed, and toluene diisocyanate. These heterogeneities may
cause publication bias in the current review, and thus, a random model
of meta-analysis was used to examine the effect size of MSC therapy on
asthma models. Third, two different routes of MSC administration, in-
travenous or intra-tracheal, were used by different investigators, but the
efficacy of these two different routes of MSC administration was not
compared. Fourth, the animal models of asthma induced by variety
kinds of allergens were in acute phase or sub-acute phase, and thus,
MSC effect on long-term or chronic asthma may not be included in this
review. Fifth, only funnel plot was used to assess the publication bias,
which remained to be examined by other methods such as Egger's re-
gression.

5. Conclusion

Recent studies of MSC administration in asthma animal models
provided valuable information regarding in vivo safety,
munogenicity, pharmacokinetics, and mechanisms of asthma treatment
by MSCs. These preclinical studies demonstrated that intravenous in-
jection or intra-tracheal delivery of MSCs (regardless derived from bone
marrow, adipose tissue, umbilical cord blood or lung tissue) is safe and

im-
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Study name Statistics for each study
Hedges's Standard Lower Upper
g error Variance  limit limit
Bonfield 2010 -33.480 4.337 18.810 -41.980 -24.979
Nemeth 2010 -7.935 1.480 2191 -10.836 -5.034
Sun 2013 iPS-MCS -27.370 6.147 37.782 -39.417 -15.323
Sun 2013 hBM-MSC -21.371 4813 23.162 -30.803 -11.938
Cho 2014 -13.665 3.108 9.663 -19.757 -7.572
Marnas-Pardo 2014 -2.005 0.672 0451 -3.322 -0.688
Martinez-Gonzalez 2014 -9.863 2.083 4337 -13945 -5781
Trzil 2014 -16.005 3.310 10957 -22492 -9.517
Chan 2016 0.718 0.443 0.196 -0.150 1.587
Tang 2016 -3.406 0.876 0767 -5.123 -1.689
Kang 2017 -3.184 0.841 0707 -4832 -1.537
-9.798 1.645 2706 -13.022 -6.573

Hedges's g and 95% CI

p-Value

0.000
0.000
0.000
0.000
0.000
0.003
0.000
0.000
0.105
0.000
0.000
0.000

+
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Fig. 11. Forest plot for the inhibitory effect of MSCs on IgE release. A random effect model was used due to significant heterogeneity of publications (I* = 94.8,
P < 0.01). Effect size was assessed by Hedges's g and 95% CI, and the inhibitory effect on IgE was in favor of MSC administration (Hedges's g = —9.798 + 1.645
with 95% CI: —13.022 ~ —6.573, P < 0.001).

effective in the treatment of allergic asthma models. These advances in
MSC biology and preclinical studies need to be incorporated in clinical
trials of asthma treatment, especially, in the allergic asthmatics.
Administration of MSCs may be a safe and feasible clinical approach
and may become an effective cell therapy for asthma patients.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.pupt.2018.11.007.
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Fig S1. Histology
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Fig S2. Airway inflammation
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Fig S3. BALF total cell number
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Fig S4. BALF Eosinophil
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Fig S5. Pro-inflammatory cytokines
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Fig S6. IFN-y
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Fig S9. IL-13
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Fig S10. IgE
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