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Abstract

Mesenchymal stromal/stem cells (MSCs) have a great potential to proliferate,
undergo multi-directional differentiation, and exert immunoregulatory effects.
There is already much enthusiasm for their therapeutic potentials for respira-
tory inflammatory diseases. Although the mechanism of MSCs-based therapy
has been well explored, only a few articles have summarized the key advances
in this field. We hereby provide a review over the latest progresses made on
the MSCs-based therapies for four types of inflammatory respiratory diseases,
including idiopathic pulmonary fibrosis, acute respiratory distress syndrome,
chronic obstructive pulmonary disease, and asthma, and the uncovery of their
underlying mechanisms from the perspective of biological characteristics and
functions. Furthermore, we have also discussed the advantages and disadvan-
tages of the MSCs-based therapies and prospects for their optimization.
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1 | INTRODUCTION

The respiratory system plays a significant role in gas
exchange, immune function, metabolism, and endocrine
functions. However, owing to air pollution, smoking,
population aging, and other factors, the incidence rate of
respiratory diseases, especially respiratory inflammatory
diseases, has increased, imposing a great financial burden
on both national healthcare systems and citizens.

Respiratory inflammatory diseases include idiopathic
pulmonary fibrosis (IPF), acute respiratory distress syn-
drome (ARDS), chronic obstructive pulmonary disease
(COPD), and asthma,'* which are usually characterized
by inflammatory cell infiltration, cytokine release, epithe-
lial cell damage, airway remodeling, and pulmonary tissue
fibrosis.””” Dysregulation of the inflammatory response
in the respiratory system, which is a significant cause
of these diseases, is mediated by a complex intercellu-
lar interaction with concentration-dependent regulation of
various cytokines (especially inflammatory factors). With
increasing cytokine concentrations, especially inflamma-
tory cytokines, a devastating response can negatively affect
the respiratory system.

Traditional drug intervention does not exert significant
effects on the destructed airway and pulmonary epithelial
cells or other pathological damages of the respiratory sys-
tem caused by the inflammatory response. However, stem
cells, especially mesenchymal stem cells (MSCs), have
shown great potential in treatments, owing to their capac-
ity to proliferate, undergo multidirectional differentiation,
and exert immunoregulatory effects. Several preclinical
studies have shown the significant therapeutic effects of
systemic or endotracheal MSCs on a number of respiratory
inflammation diseases. In some of these diseases, major
breakthroughs have been made in the clinical application
of stem cell therapy, thereby increasing our understand-
ing of its therapeutic mechanisms and safety evaluation.
Not only did Wei Jiang and Erin N Worthington®® demon-
strated the clinical safety of stem cell therapy, but also
showed a statistically significant increase in the cure rate
among patients receiving MSCs-based therapy. As MSCs-
based therapy is being actively explored, the MSC char-
acteristics and functions, which play key roles during the
treatment, need to be summarized, and clarified in the con-
text of therapeutic applications of MSCs.

A total of 397 articles, including 83 preclinical studies,
and 28 clinical trials that included using MSCs to treatment
respiratory immunological disorders, such as IPF, ARDS,
COPD, and acute lung injury (ALI), were screened for this
review. We summarized the properties and key functions of
MSCs to clarify the corresponding treatment mechanism.
Finally, we put forward the major challenges to the appli-
cation of MSCs-based therapy in respiratory inflammation

diseases and further conclude appropriate improvement
methods for its expansion.

2 | THE CORE MECHANISMS
UNDERLYING MSC THERAPY IN
RESPIRATORY DISEASES

The properties of MSCs enable them to be used in the
treatment of various diseases, including typical inflam-
matory diseases in the respiratory system. For example,
immune compatibility allows MSC transplantation
across histocompatibility barriers, which seldom causes
immune response.'°"'? Furthermore, like endogenous
MSCs, exogenous imported MSCs can migrate to dam-
aged tissues through the SDF-1-CXCR4 axis, in which
stromal cell-derived factor-1 (SDF-1) produced by the
damaged lung tissue can bind to its receptor C-X-C motif
chemokine receptor 4 (CXCR4) on the MSC to mediate the
migration.*> Moreover, MSCs can differentiate into type II
alveolar epithelial (ATII)-like cells through the activation
of canonical and noncanonical Wnt pathways, thereby
promoting the regeneration of damaged lung tissue.'* ™1
However, MSC differentiation potential has not been
fully studied and, as MSCs can also differentiate into
myofibroblasts and exacerbate pulmonary fibrosis under
certain experimental conditions, the appropriate culture
conditions should be found to allow MSCs to differentiate
in the right direction.'*”'® Additionally, the secretome of
MSCs plays an important role in tissue regeneration and
immunomodulation, which is believed to be the main
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FIGURE 2 Properties of MSCs in typical inflammatory diseases in respiratory system. Exogenous imported MSCs can migrate to

damaged tissues through the SDF-1-CXCR4 axis. MSCs can differentiate into ATII-like cells and inhibit immune cells by cellular interactions
and secret a variety of bioactive molecules which have immunomodulation abilities and can promote regeneration of the damaged tissue. The

molecules associated with immunomodulation can shift macrophages from M1 to M2 phenotype, inhibit the migration of macrophages,

neutrophil, and monocytes, inhibit the differentiation of TH1 and TH17 cells, and promote the formation of Treg cells. The growth factors can

protect alveolar epithelial cells and pulmonary vascular endothelial cells from damage. MSCs can transport proteins, nRNAs/miRNAs, and

mitochondria to other cells through EVs to exert its functions in immunomodulation and regeneration. The function of EVs is determined by

its contents

mechanism by which MSCs can function in lung injury
(Figure 1).

Additionally, MSCs can regulate cell proliferation and
control the secretion of various immune cells through cell-
cell contact. In this section, we discuss in detail how MSCs
perform roles in tissue regeneration and immunomodula-
tion through the MSC secretome and cellular interactions
between MSCs and immune cells (Figure 2).

2.1 | MSC secretome
Currently, several studies have found that the paracrine
function involving the secretion of soluble molecules
and extracellular vesicles (EVs) by MSCs, rather than
migration capability, and differentiation potential of MSCs,
can promote the regeneration of damaged tissues and con-
fer immunomodulatory capabilities, which may be the
main mechanism by which MSCs play a beneficial role.
The soluble molecules produced by MSCs include
growth and anti-inflammatory factors, which mediate
most MSC functions in inflammatory diseases of the res-
piratory system. MSCs can secrete a variety of growth
factors to promote the repair of alveolar epithelial cells and
pulmonary vascular endothelial cells. Under the stimula-
tion of proinflammatory cytokines, such as tumor necrosis
factor-alpha (TNF-«r) and IL-13, the mRNA levels of growth
factors produced by MSCs (including HGF, EGF, KGF, and

VEGF) increased both in vivo'®?° and in vitro.?’*** More-
over, the anti-inflammatory factors produced by MSCs can
interact with a variety of immune cell types in lung tissue®
and, after being stimulated by proinflammatory factors,
MSCs produce various anti-inflammatory factors, such as
IDO and TSG6, to relieve inflammation. The exact mecha-
nisms of action of these growth and anti-inflammatory fac-
tors are shown in Table 1.

EVs are naturally occurring, cell-derived, membrane-
bound spherical structures that are shed or secreted from
most cell types under various physiological and pathologi-
cal conditions.’ The proteins, RNA (including mRNA and
miRNA), and mitochondria contained in the exosomes and
microvesicles (MVs) produced by MSCs may explain the
beneficial effects of MSCs in typical inflammatory diseases
of the respiratory system.

To some degree, the delivered components decide the
function of EVs. First, it was indicated that exosomes
may function at the protein level,”* as western blotting
detected TSG6 (an anti-inflammatory factor) in the exo-
somes secreted by MSCs. The exosomes isolated from
TSG6 siRNA-transfected MSCs lost their ability to reduce
lung inflammation and protect tissues from damage in
a mouse model of hyperoxia-induced bronchopulmonary
dysplasia.’* Second, Zhu et al. found that in a mouse model
of endotoxin-induced ALI, inflammation was alleviated,
while KGF level was significantly elevated in lung tis-
sue after administration of MSC MVs. After assessing the
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TABLE 1 The factors involved in the MSCs-based therapy for inflammatory diseases in the respiratory system

Factors

Growth factors

Anti-
inflammatory
factor

Open Access,

Epidermal growth
factor (EGF)

Keratinocyte
growth factor
(KGF)

Hepatocyte growth
factor (HGF)

Vascular
endothelial
growth factor
(VEGF)

Indoleamine
2,3-dioxygenas
(IDO)

Inducible NO
synthase (iNOS)

TNF-stimulated
gene 6 (TSG6)

Transforming
growth factor
beta (TGF-)

Insulin-like growth
factor I (IGF-I)
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Mechanism analysis

1.

2. Exert antibacterial effect in E. coli-induced ALI mice model.

3. Attenuate lung damage by promoting the proliferation of pulmonary vascular
endothelial cells, inhibit their apoptosis, or reduce the expression of caveolin-1
protein to maintain the integrity of the injured endothelial monolayer and
restores lung vascular permeability.

Produce high concentration of NO and suppress the IL-2 pathways by inhibiting
phosphorylation of signal transducer and activator of transcription 5 (STAT5)
thereby resulting in T-cell proliferation and function inhibition in lung tissue.

Decrease lung inflammation and protect lung tissue by promoting the polarization
of macrophages from M1 phenotype to M2 phenotype.

Promote the proliferation of epithelial cells.

2. Protect lung tissues from injuries by interacting with epithelial cells to make the
epithelial cells produce secretory leukocyte protease inhibitor (SLPI), which is
responsible for protecting local tissues against inflammation and acts by
inhibiting proteases, such as elastase.

. Prevent the damage of alveolar type epithelial(ATII) cells, cells treated with
proinflammatory factors by activating the phosphoinositide 3-kinase (PI3K)
pathway of ATII cells to promote cell proliferation.

2. Restore normal alveolar epithelial fluid transport.

. Facilitate repair of radiation-induced DNA damage in alveolar epithelial cells.

. Exert an immunosuppressive effect by inducing monocytes to express IL-10 and
inhibiting T helper 1 (TH1) cells and dendritic cells (DCs) activity in many

studies.

. VEGF produced by MSCs or alveolar epithelial cells (under the stimulation of
MSCs) can promote angiogenesis, which is essential for tissue repair because an
adequate vascular network is required to supply blood and growth factors to

injured tissues.

. Inhibit the apoptosis of pulmonary endothelial cells under pathological
conditions to maintain the normal microcirculation.

. Relieve inflammation and significantly reduce lung neutrophil infiltration by
catalyzing tryptophan, an important essential amino acid, into different
metabolites, resulting in tryptophan depletion which can lead to T cell arrest by
switching the metabolic pathway from glycolysis to oxidative phosphorylation.

. IDO metabolite KYNA can promote the expression level TSG6 in human MSCs
by activating aryl hydrocarbon receptor (AhR) signaling in MSCs.

Reduce the proliferation of neutrophil and promote the formation of regulatory
T (Tyeg) cells in injury lung tissue.

Shift macrophages from a proinflammatory (M1) to an anti-inflammatory (M2)
phenotype in lung tissue by inhibiting the association of TLR2 with MYDS88 and
subsequently impairs NF-kB-dependent activation of proinflammatory gene
transcription in macrophages.

Promote the formation of T, cells, which is responsible for the production of

IL-10.

Suppress Ty 2-driven allergic responses in the mice model of ragweed-induced

asthma.

Play an antifibrosis role by activating IL-6/STAT3 signaling, thereby increasing
the expression level of antifibrotic chemokine IFN-y-inducible protein 10 (IP-10,

also called CXCL10).

References
20,131,208

209-212

8,18,72,74,213,214

74,76,77

39,40,75

78,79

26,36,38,80,81

83-85

83,164

(Continues)
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TABLE 1 (Continued)
Factors Mechanism analysis References
Interleukin-1 1. Reduce the mRNA level of IL-1x in lung, thereby blocking the proliferation of i
receptor IL-1a-dependent T cells.
antagonist 2. Inhibit production of TNF-« by activated macrophages.
(IL-1ra)
Soluble tumor Through the activation of NFxB pathway, MSCs may produce sSTNFRI to decreasea
necrosis factor panel of inflammatory cytokines and inflammatory infiltration of macrophages
receptor 1 and neutrophils in lung tissue.
(STNFR1)
Prostaglandin E2 Interacts with EP2 and EP4 receptors expressed on the surface of immune cells and 3%
(PGE2) exerts its anti-inflammatory effects by promoting immune cells to express
anti-inflammatory cytokines such as IL-10 and shift the macrophages into M2
phenotype.
Heme oxygenase-1 ~ Relieve lung inflammation by inhibiting the production of proinflammatory 86,89

(HO-1)
oxidative damage.

contents of MVs, there was not enough KGF protein to
account for the level found in the lung tissue, indicating
that MVs may function at the RNA level, perhaps by trans-
ferring KGF mRNA to the injured alveolar epithelium,
which subsequently express the protein.> Furthermore,
microRNAs (miRNAs) are crucial components of EVs. The
exosomes secreted by MSCs can prevent hypoxia-induced
pulmonary inflammation, and high expression levels of
miRNA-16 and miRNA-21 were detected in these exosomes
compared with those of the control group.”’ These miR-
NAs have been shown to mediate the therapeutic effects of
exosomes in different models.?>?° Aliotta et al. performed
miRNA microarray analysis on exosome-based miRNAs
and some miRNAs associated with anti-inflammatory and
antiproliferative effects, including miRs-34a,-122,-124, and
-127, were uniquely expressed or upregulated in exosomes
secreted by MSCs.?

MSCs can also transport mitochondria to other cells
through EVs.””"? MSCs can modulate primary human
macrophages through EV-mediated transfer of functional
mitochondria, which enhances macrophage oxidative
phosphorylation. In a mouse model of LPS-induced ALI,
modulated macrophages expressed the M2 marker CD206
and reduced TNF-a production.”” Mitochondria in EVs
produced by MSCs can also be transferred into the alveolar
epithelium, increasing ATP production in the epithelium
and subsequently stabilizing the epithelium, and reducing
lung inflammation.?’

Through mass spectrometry and array analysis, more
than 850 unique gene products and more than 150 miRNAs
were identified in the cargo of MSC-derived EVs.>’ Some
of them may mediate the protective effects of MSCs, but
much remains unknown. Importantly, the content of EVs
can change in response to cell activation, such as hypoxia,

cytokines and protect human pulmonary microvascular endothelial cells from

irradiation, injury, and cellular stress.>**! Thus, EVs pro-
duced under appropriate conditions may have better ther-
apeutic value in cell-free therapy.

The therapeutic effects of MSCs-derived exosomes have
been evaluated in several completed or ongoing clinical
trials. Harrell et al. prepared an inhalation agent from
exosome-derived proteins, including sTNFRI, sTNFRII,
IL-1Ra, and sRAGE. Thirty adult COPD patients received
this exosome-derived protein inhalation agent and the
treatment significantly improved their pulmonary status
and quality of life.*> In an ongoing clinical phase I/II
trial, 169 ARDS patients have been administered 2.0x10%,
8.0x108, or 16.0x10® exosome particles or normal saline
per day for 7 consecutive days to test the efficacy of MSC
exosomes (NCT04602104). Some other ongoing clinical
trials are using exosomes in healthy volunteers to test
their safety (NCT04313647). Sengupta et al. tested the effi-
cacy of MSC exosomes in ARDS caused by SARS-CoV-
2 infection. Reversal of hypoxia, immune reconstitution,
and downregulation of cytokine storm was observed in
patients who received a single intravenous dose of bone
marrow (BM) MSCs-derived exosomes, with no adverse
effects attributable to the treatment.’® In a randomized
double-blind clinical trial conducted in Russia, COVID-19
patients received exosomes (0.5x10'°-2.0x10'°) or placebo
(solution without exosomes). Although this trial was com-
pleted in November 2020, the results have not been pub-
lished yet (NCT04491240).

2.2 | Cells regulated by MSCs

Both innate and adaptive immune cells play important
roles in the pathogenesis of inflammatory lung diseases.
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Immune cells, including eosinophils, macrophages,
neutrophils, and T lymphocytes, among other immune
cells, recruited by chemokines produced by the damaged
lung tissue, may contribute to pulmonary inflammation.
MSCs can interact with these inflammatory immune
cells through their complex paracrine effects and surface
molecules to attenuate lung inflammation.

Innate immune cells, including macrophages, neu-
trophils, dendritic cells, and natural killer cells, can
be regulated by MSCs. For example, several factors
released by MSCs, such as TSG6 and PGE2, can mod-
ulate macrophages, shifting them from a proinflamma-
tory phenotype to an anti-inflammatory phenotype.?%-**=7
Macrophages can also engulf the EVs produced by MSCs,
which contain functional mitochondria that enhance
oxidative phosphorylation, thereby enhancing their anti-
inflammatory abilities.”” MSCs can also inhibit the infil-
tration of neutrophils in different ways; for example,
indoleamine-2, 3-dioxygenase (IDO)-dependent manner
has been shown in several preclinical lung disease
models.** 40

By modulating innate immune cells, MSCs can exert
indirect regulatory effects on adaptive immune cells.?® For
example, MSCs can switch the mature DCs into a sup-
pressive immature phenotype and promote IL-10-positive
pDC (plasmacytoid DC) differentiation, which results in
the inhibition of effector T-cells and the formation of Ty,
cells.®*! MSCs can secrete a variety of anti-inflammatory
molecules, such as IDO, IL-1ra, and PD-L1, to inhibit effec-
tor T-cells directly.’***4>~** Moreover, proinflammatory
cytokine stimulated MSCs can produce ligands for CXC-
chemokine receptor 3 (CXCR3) and CC-chemokine recep-
tor 5 (CCR5), including CCL5, CXCL9, and CXCL11. These
chemokines recruit T cells to the proximity of MSCs and,
at the same time, MSCs secrete IDO/iNOS, inhibiting T
cells in their vicinity.’* By contrast, immunosuppressive
factors secreted by MSCs can promote the formation of
CD4"CD25"FOXP3* Ty, cells (e.g., transforming growth
factor-beta [TGF-£]) and inhibit the differentiation of T},1
and T,17 cells (e.g., PGE2).

However, MSCs are not always immunosuppressive and
do show proinflammatory properties under certain condi-
tions. For example, MSCs can promote the infiltration of
monocytes, macrophages, and neutrophils into tumorsin a
chemokine-dependent manner.*® Studies have shown that
an inflammatory environment with high levels of inter-
feron gamma (IFNy) and TNF is crucial for MSCs to exert
anti-inflammatory function. Low levels of IFNy and TNF
can endow MSCs with immunostimulatory potential.*
This characteristic of MSCs may explain why when MSCs
are used to treat pulmonary fibrosis, they are only useful
in the early stage of inflammation. However, when fibrosis
has already occurred, MSCs cannot relieve inflammation

because of the low inflammatory environment. This fea-
ture of MSCs emphasizes the necessity of using MSCs for
treatment at the right stage. Additionally, for diseases with
a low inflammatory environment,*’ pretreatment of MSCs
with proinflammatory factors before administration may
improve their anti-inflammatory effects.

3 | SYSTEMATIC REVIEW OF
MSCS-BASED THERAPY FOR
INFLAMMATION RESPIRATORY
DISEASES

In this section, we have reviewed the application of MSCs
for the treatment of respiratory inflammatory diseases,
including IPF, ARDS, COPD, and asthma, with an empha-
sis on the significant breakthroughs made in the therapy
and advances in our understanding of the mechanisms
underlying MSC therapy (Tables 2-5).

3.1 | Idiopathic pulmonary fibrosis

IPF is an unexplained and chronic progressive pulmonary
fibrosis disease,*® predominantly occurring in middle-
aged and elderly men with long-term smoking history.*’
Moreover, its prevalence and mortality has been steadily
yearly,”” and its etiology and clinical manifestations
remain unclear.”! As a significant pathological feature,
it causes diffuse alveolar inflammation, characterized
by fibroblast proliferation and transformation in the
lungs, extracellular matrix expansion, and extensive lung
parenchyma refactor.’>>* Pulmonary fibrosis is closely
related to immune disorders. Inflammatory stimulation
leads to the proliferation of inflammatory cells, releases a
large number of cytokines, such as TNF-a, platelet-derived
growth factor (PDGF), TGF-p, insulin-like growth factor
1 (IGF-1), interleukin (IL)-4, ET-1, and connective tissue
growth factor, and then stimulates fibroblast pathogenesis
and collagen accumulation.’* As the mechanism is being
gradually unraveled, the IPF model construction has
constantly improved and the application scope of stem
cell therapy in IPF has expanded.

Regarding preclinical research, the bleomycin-induced
fibrosis model is most commonly applied to evalu-
ate the potential therapeutic effect of MSCs on IPF,”
showing MSC treatment to have a remarkable effect
(Table 2). Intravenous (IV) injection of human BM MSCs
is more effective than traditional drugs in improving
bleomycin-induced pulmonary fibrosis and the feasibility
of combination therapy.”® Furthermore, administration
of BM- or umbilical cord (UC)-MSCs early in the initial
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TABLE 2 The preclinic research of IPF over last decade
Year Model Animal Cell source Route Outcome References
2012 BLM induced mice ES iv. Reduced inexpression of ECM and profibrotic 8
genes.
2014 BLM induced mice BM-MSC (STC1 i.t. STCI plasmid transfected to MSCs/STC1 =8

plasmid)
2015 BLM induced mice BM-MSC iv.
2016 BLM/orally mice BM-MSC iv.
induced

2018 BLM induced mice BM-MSC with iwv.

G-CSF

2018 BLM induced mice BM-MSC i.t.

inflammatory phase can have a protective effect, reducing
the levels of proinflammatory cytokines and deposition of
activated fibroblasts and collagen, while improving
epithelial repair. Moreover, several well-designed clinical
trials of MSC treatment for IPF patients have been steadily
carried out. The most relevant research projects focused
on allogeneic BM-MSCs,” and placental-derived MSCs>®
have also been used in clinical trials. Only minor adverse
events have been reported, and there is no evidence of
worsening fibrosis.*® In addition, high-dose MSCs are safe
for IPF treatment and can delay disease progression to a
certain extent.””

3.2 | ARDS

ARDS is an acute progressive respiratory failure caused by
changes in lung tissue structure owing to various factors. It
can be caused by infectious factors, such as bacteria, viral
infections, and noninfectious factors, such as inhalation
of toxic gases and massive blood transfusions. Severe
cases can further develop non-ARDS. The mortality rate
can be as high as 30—40%, and morbidity and mortality
increase with age.’%-°! ALI can cause alveolar epithelium
and vascular endothelial cell damage, as well as increased
pulmonary vascular permeability. The main -clinical
manifestations are low oxygenation, low lung compliance,
and high physiological dead space. Its pathogenesis is
complicated and the currently recognized mechanism
involves various causes leading to increased production of
proinflammatory factors in the lungs, followed by massive
release and activation of inflammatory factors drive the
inflammation in the lungs out of control.®” Whether the
inflammatory response subsides effectively or not is key in
the treatment of ARDS patients. Current treatment mainly
focuses on the regulation of inflammatory response by

inhalation as promising treatments for IPF

Exhibited fibrosis (MMP-2) activity, oxidative 131
stress, apoptosis.

Immunomodulation and anti-fibrotic effect at

IPF early stage.

90

Promoted BM-MSCs homing via upregulating
CXCR4, increasing antifibrotic effects of
BM-MSCs.

BM-MSCs from IPF patients are senescent,
inducing inflammation and senescence in
the neighboring cells

91

stimulating nuclear factor-kappa B and inhibiting the
glucocorticoid receptor-mediated signal transduction
cascade.

Regarding preclinical research, the experimental results
obtained by different models have their own advantages
and disadvantages, but all have shown the advantages
of MSC therapy in ARDS treatment (Table 3). Meth-
ods used in these models mainly include treatment with
lipopolysaccharide/cefpodoxmine proxetil (CLP)/hypoxia
pretreatment and live virus infection, whereas in vivo
models have been based on animals, including mice and
rats (small animal-based models), and sheep® and pigs,®*
among others(large animal-based models). Although the
underlying mechanism remains unclear, results have
shown that MSCs can reduce inflammation significantly
and restore lung functions.

To date, 13 clinical trials of MSC therapy in ARDS
patients have been registered. Although all of them are in
the early phase and are limited by small sample size, they
still successfully assessed the safety of MSC administration
and treatment efficiency in clinical outcomes, for exam-
ple, respiratory and systemic parameters, inflammation,
and hemodynamics. Several recent clinical studies have
confirmed that MSC injection relieves ARDS symptoms in
patients with COVID-19.9>%° However, as most experimen-
tal studies, these clinical investigations present substantial
heterogeneity concerning inclusion and exclusion criteria,
follow-up length, MSC dose, source, route of administra-
tion, and treatment frequency.®’

3.3 | Chronic obstructive pulmonary
disease

COPD is one of the most common chronic lung diseases
in humans. Its high prevalence is one of the leading
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TABLE 3

Year
2010

2010

2010

2010

2011

2011

2011

2012

2012

2012

2012

2012

2013

2013

2013

2013

2014

Model
E. coli

BLM induced

CLP induced

LPS induced

LPS induced

E. colii.t.

LPS induced

CLP induced

E. colii.t.

LPS induced

P. aeruginosa
ip.

hyperoxia

VIL1

LPS induced

LPS induced

LPS induced

P. aeruginosa

Open Access,

Animal
mice

rat

mice

mice

mice

mice

mice

mice

mice

rat

mice

mice

mice

mice

rat

mice

sheep
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The preclinic research of ARDS over last decade

Cell source
hBM-MSC

BM-MSC

BM-MSC

hBM-MSC

hBM-MSC

hUC-MSC

hUC-MSC

BM-MSC

BM-MSC

hUC-MSC

hBM-MSC

BM-MSC

BM-MSC

BM-MSC

BM-MSC

hAT-MSC
(IL-33/IL-1
RL1)

BM-MSC

Route
it.

iv.

iv.ori.t.

it.

it.

it.

iv.

it.

iv.

ip.

i.t&i.v.

iv.

iv.

i.t.

Outcome

Improve 1L-37 level and decreased
bacteremia and MIP-2 level

Suppressed inflammation and fibrosis,
decreased IL-6, IL-10, IL-13, JE,
TNF-a, VEGF, TGF-$

Reduced cytokine levels in sepsis,
prevented acute lung injury and
organ dysfunction, down-regulated
inflammation (IL-10, IL-6) and

swiftly up-regulated phagocytosis and

bacterial killing.

ANG-1 secretion prevented actin stress
fiber formation and claudin 18
disorganization through NF-xB
suppression.

Anti-inflammatory properties with
secreting TSG-6

Attenuated E. coli-induced ALI
primarily by down-modulating the

inflammatory process and enhancing

bacterial clearance.

Ameliorated ALI by diminishing
CD4+CD25+ Foxp3+Treg and
balancing anti- and
pro-inflammatory.

Increased complementary activities in
host cell metabolism and
inflammatory response.

Enhanced survival and bacterial
clearance in Gram-negative
pneumonia

Increased survival rate and reduced
inflammation

Increased survival in part by a
monocyte-dependent increase in
bacterial phagocytosis

Produced soluble bioactive factors then

regulated pathogenesis of
inflammation and fibrosis

Enhanced recovery via a paracrine
mechanism

Improved lung function via
inflammatory and remodeling

Improved gas exchanges, alleviated the
lung injury, and reduced mortality

Reduced protein content, differential
neutrophil counts, TNF-a, IL-6, and
macrophage inflammatory proteins
in bronchoalveolar lavage fluid

Improved oxygenation, decreased
pulmonary oedema
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TABLE 3 (Continued)

Year  Model Animal  Cell source Route Outcome

2014 Hyperoxia rat hUC-MSC it VEGF attenuated hypertoxic lung
injuries

2014 CLP induced rat hBM-MSC iv. Increased circulating

hUC-MSC CD3+CD4+CD25+ Treg cells,
enhanced suppressive function, and
decrease serum levels of IL-6 and
TNF-a

2014 E. colii.p. mice AT-MSC Retro-orbital ~ Ameliorated immune response with
inflammatory cytokines decreasing
and IL-10 increasing, inhibited
apoptosis and tissue damage

2014 LPS induced mice hBM-MSC iv. Regulated inflammatory response and
inhibited lymphocyte proliferation

2014 CLP induced mice hUCB-MSC iv. Poly(I:C) improved MSCs

(pew immunosuppressive abilities
poly(L:C))

2015 CLP induced mice hMens-MSC i.t.&i.p. Enhanced survival by acting on

(with multiples targets
antibiotics)

2015 E. colii.t. rat hBM-MSC iv. Decreased injury and reduced bacterial
burden potentially via enhanced
macrophage phagocytosis and
increased alveolar LL-37
concentrations

2015 CLP induced mice hBM- iv. EPC-EXP+MSC-HUMAN yielded

MSC/murine better lung function and reduced
BM-MSC histologic damage

2015 VILI rat BM-MSC iv. Diminished injury and restoring lung
structure, function

2015 E. colii.t. mice hBM-MSC/EV- i.t&i.v. MVs were as effective as the MSCs

MSC

2015 CLP induced mice Demal-MSC iv. Specific anti-inflammatory effect on
sepsis

2015 BLM induced mice BM-MSC (pc it. Hypoxia-preconditioned MSCs exerted

hypoxia) better therapeutic effects and
enhanced the survival rate, partially
due to the upregulation of hepatocyte
growth factor

2016 influenza A mice hBM-MSC iv. Prevented or reduced injury in vitro and

H5N1 in vivo

2016 CLP induced rat hWJ-MSC i.p. Klotho protein expression was higher in
WIJ-MSCs than in hAD-MSCs

2016 E. colii.t. mice hBM-MSC/EV- i.t&i.v. Innate immune cells enhanced

MSC phagocytic activity

2016 E. colii.t. mice hUC-MSC i.t. BD2 secreted then ensued acute lung
injury through anti-inflammatory
and antibacterial effects

2016 LPS induced rat BM-MSC iv.

Restored the lung permeability and
attenuated lung injury by
maintaining VEGF level
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TABLE 3 (Continued)
Year Model Animal
2017 CLP induced rat
2017 LPS induced mice
2017 LPS induced mice
2017 LPS induced mice
2018 LPS induced mice
2018 LPS induced rat
2018 LPS induced rabbit
2019 HCI/VILI mice
2018 LPS induced mice
2018 LPS induced mice
2019 LPS induced rat
2019 LPS induced rat
2019 HCI/VILI/both mice
2019 E. colii.t. rabbit
2019 LPS induced mice
2019 LPS induced mice
2019 CLP induced mice
2019 LPS induced mice

WANG ET AL.
Cell source Route Outcome References
hUC-MSC iv. Reduced rodent mortality after induced 242
ARDS-SS
AT-MSC Retro-orbital ~ Modulated inflammatory response and 28
oxidative damage
hMens-MSC iv. Upregulated PCNA, KGF and 244
down-regulated caspase-3, then
improved BEAS-2B cells viability and
inhibited LPS-induced apoptosis
hUC-MSC (with  iv. Showed higher survival and attenuated 288
FTY720) lung injuries
Huc-MSC (with iv. Mitigated LPS-induced inflammatory 246
FTY720) lung injury
BM-/AT-/lung- iv. BM-MSCs and AT-MSCs yielded greater %7
derived effects than lung tissue MSCs
MSC
BM-MSC it. Reduced inflammatory cells, pulmonary 248
hemorrhage and edema infiltration
BM-MSC i.t&i.v. Retained protective effects in small 120
airway epithelial cells
BM-MSC (oe it. IL-10-MSCs offered superior protection 249
IL-10) against LPS-induced ALI
hAM-MSC (oe iv. Nrf2 overexpression reduced lung 250
Nrf2) injury, fibrosis, and inflammation
Lung-derived iv. Upregulated the balance of Tregs and s
MSC Th17 cells
BM-MSC (oe iv. MSCs-HO-1 enhanced protective effect &)
HO-1)
BM-MSC (oe it. Effects depending on 120
HGF/IL-10) micro-environment at the time of
administration
hUC-MSC (oe iv. IL-10 overexpression in UC-MSCs 22
IL-10) enhanced their effects in E. coli
pneumosepsis and increased
macrophage function
BM-MSC (kd it. Inhibited Hippo by Latsl knockdown 253
Lats) improved the protective effects
against epithelial damage and the
therapeutic potential
hBM-MSC/EVs iv. EPA-preconditioned AT-MSCs yielded )
(pdw serum further reductions in injury, resulting
from injured in greater improvement and higher
mice) survival rate
AT-MSC (pdw iv. MSCs yielded greater overall 255
EA) improvement in ARDS in comparison
to EVs
BM-MSC (oe it. Over-expressing p130 or E2F4 in 256
p130/E2F4) BM-MSCs could further improve the

injured structure and cells function



WANG ET AL.

MedComm

361

e

TABLE 4 The preclinic research of COPD over last decade

Year Model Animal Cell source

2010  papain induced rat BM-MSC

2011 cigarette smoke rat BMC vs. BM-MSC
induced

2013 cigarette smoke rat BM-MSC
induced

2014  elastase or cigarette mice BM-MSC,
smoke induced AT-MSC,

LT-MSC

2015 elastase or cigarette mice hAT-MSC
smoke induced

2016 elastase induced mice hBM-MSC

2016  cigarette smoke mice hBM-MSC,
induced UCB-MSC

2017 cigarette smoke mice hBM-MSC/Ipsc
induced

2018 elastase induced mice LT-MSC

2018  elastase induced mice BM-MSC

2019  elastase induced mice hwJ

2019  overlap syndrome (OS) rat BM-MSC

causes of morbidity and mortality worldwide. COPD is
characterized by persistent respiratory symptoms and air-
flow obstruction, which is caused by chronic bronchitis
and destruction of the lung parenchyma (emphysema).
Changes in the function of immune cells infiltrating the
lungs, oxidative stress, and imbalance in the activity of pro-
teases and their inhibitors are the main causes of major
pathological changes in COPD patients.®®

For preclinical research on COPD, a COPD rat/mouse
model induced by elastase or cigarette smoke (CS) is most
commonly used. These studies have shown that MSCs
can alleviate emphysema and inflammation symptoms
and have a good therapeutic effect in experimental COPD
(Table 4). MSCs from different sources can reduce the
mean linear intercept, neutrophil infiltration, and cell
apoptosis; increase elastic fiber content, reduce alveo-
lar epithelial and endothelial cell damage, and decrease

Open Access,

Route Outcome References

iv Protected pulmonary emphysema by 77
secretion of reparative growth factors

iv. BMC better induced AT2 cells and 200
pulmonary vascular endothelial cells
proliferation; BM-MSC and BMC both
alleviate emphysema

i.t. Down-regulated COX2 and E-2 by p38 7
and ERK MAP kinase activity
inhibition in macrophages

iv. Decreased keratinocyte-derived 10

i.t. chemokine and TGF-g levels in all
sources, i.v. with better cardiovascular
function and phenotype change from
M1 to M2.

iv. AT-MSC decreased mean linear intercept 2%’
and reduced caspase-3 activity

iv. Reduced fibrosis, reduced inflammation 2%

iv. Reduced inflammation, increased 259
regeneration

iv. Reduced inflammation 29

it. Activated HGF/c-Met system, by 261
promoting survival and proliferation of
alveolar epithelial cells

it. Attenuated pulmonary arterial 262
hypertension

iv. Promoted regenerative effect, 263
pathomechanism not investigated

iv. Inhibited emphysema progression by 264

differentiating into endotheliocytes,
suppressing the apoptosis of
endotheliocytes and oxidative stress

keratinocyte-derived chemokine, that is, a mouse analog
of IL-8, and TGF-S levels in lung tissue.®'

In terms of alleviating emphysema, the role of MSCs
has been mainly reflected in three aspects: reducing the
damage of lung tissue, promoting the transformation of
macrophages toward the M2 phenotype, and promoting
the transfer of mitochondria to airway epithelial cells. In
addition, preclinical studies have highlighted that differ-
ent MSC sources and administration routes can reduce
elastase-induced lung injury to different degrees.

In recent years, clinical trials have shown that the
combination of endobronchial valve insertion and intra-
bronchial stromal cells (i.e., MSCs) is relatively safe for
treating critically ill patients, providing support for MSC
therapy as a companion therapy.!! A phase I pilot clinical
study showed that systemic MSC infusion may help reduce
inflammation in patients with COPD." In a subsequent
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TABLE 5 The preclinic research of Asthma over last decade
Year Model Animal Cell source Route Outcome References
2010  ragweed induced mice BM-MSC iv. BM MSC suppressed Th2-driven allergic 84
responses by TFG- 8 production
2012  ovalbumin induced mice h iPSC vs. iv. iPSC-MSC owned same therapeutic effect as 26>
BM-MSC BM MSC
2015  house dust mite mice BM-MSC iv. Reduced eosinophilia, Th2 response and 266
induced activated dendritic cells
2015 ovalbumin induced mice BM-MSC iv. Reduced lymphocytes and eosinophils 27
attraction, suppressed lung dendritic cell
maturation and Th2 responses
2016  ovalbumin induced mice BM-MSC iv. Reduced neutrophils and eosinophils 268
recruitment, goblet cell hyperplasia and
lung fibrosis
2016  house dust mite mice BM-MSC iv. Expressed high levels of COXZ (MSCs), IL-10 2%
induced and TGF-3 (M2 macrophages) and low level
of IL-6
2017 house dust mite mice BM-MSC it Reduced inflammation, remodeling, and 135
induced improved lung functions
2017  ovalbumin induced mice hUCB-MSC iv. Reduced allergic inflammation which 270
mediated by regulatory I cells
2018  ovalbumin induced mice BM-MSCvs. it Therapeutic efficiency only after BM-MSC 136
AT-MSC treated
2018  ovalbumin induced rat hPD-MSC iv. Shifted from Notch-1, -2 and jagged-1 to an
Notch-3, -4 and delta-like ligand-4 signaling
2018 ovalbumin induced mice mASC- it Alleviated airway inflammation, improved 16
airway remodeling, and relieved airway
hyper-responsiveness with the restoration
of Th1/Th2 cell balance
2019  ovalbumin induced mice BM-MSC iv. Simvastatin and BMSCs affected serum IgE, 272
lung IL-13 and TGF-{ levels more than
BMSC. Simvastatin increased BMSCs
migration into the lung tissue
2019 Th2-mediated rats rBM-MSC i.t. Ameliorated pathological changes presumably ~ **
inflammation by targeting ICAM-1 and VCAM-1
induced

phase 1 and 2 clinical study, four doses of umbilical cord
tissue source-MSC treatment were shown to significantly
alleviate the severity of COPD symptoms.'®

3.4 | Asthma

Asthma is a chronic inflammatory disease of the air-
ways caused by endogenous (such as chronic inflamma-
tion and oxidative stress) and exogenous factors (such as
exposure to CS and air pollution), involving multiple cells
and cellular components.”” The pathological process of
asthma mainly involves lung structural cells and effector
cells. Effector cells can secrete inflammatory factors that
cause inflammation, mediate peripheral tissue destruc-

tion, induce high secretion of airway mucus, hypertro-
phy of smooth muscle, and increase of goblet cell lev-
els. Asthma mainly features airway inflammation, hyper-
responsiveness, and remodeling.”" Repeated damage and
repair of airway and lung tissue accelerate the process of
airway remodeling, which will cause continuous damage
and inflammation of the airway, aggravating asthma.

In preclinical research on asthma, asthmatic rats/mouse
models induced by ovalbumin are generally used. These
studies have shown that therapy based on MSCs has a
good effect in experimental asthma models (Table 5). In
the treatment of asthma, MSCs have been shown to revert
pathological changes and intratracheal inflammation."
In asthmatic animals, MSCs can effectively reduce patho-
logical changes observed in lungs, such as basement
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membrane epithelial thickness, subepithelial smooth
muscle thickness, and increase goblet cell number, to
reduce airway inflammation, hyper-responsiveness, and
remodeling, thereby improving lung function and showing
therapeutic potential for use in clinical settings.'*""’

3.5 | Autoimmune lung diseases
Autoimmunity is a misdirected immune response in
which the immune system attacks its own body. Systemic
autoimmune diseases, such as systemic lupus erythe-
matosus, systemic sclerosis, Crohn’s disease, and rheuma-
toid arthritis, are often complicated by autoimmune lung
injury like interstitial lung disease (ILD), causing fibro-
sis and inflammation in the lung parenchyma.'®’> These
autoimmune diseases usually occur in genetically suscep-
tible individuals and thus, external antigens could trig-
ger a misdirected immune response in lungs or other
organs.” Supporting this, Xiao-Jun Guan et al.”* observed
that the presence of ILD is related to human leuko-
cyte antigen class II HLA-DRB1*03-DQA1*05-DQB1*02
but not anti-Jo-1 auto-antibodies or myositis subtype for
myositis patients. Although immunosuppressive and anti-
inflammatory drugs like corticosteroids and therapy for
modulating cytokines, such as 1L-153, have been widely
used, there is a lack of effective treatment for autoimmune
lung diseases.

MSCs-based therapy appears to be a potential
approach to treat lung disorders. Liu et al.”” defined
the immunopathology involved in lung exacerbation
during autoimmunity and determined the role of MSCs in
reversing the pathological changes associated with these
disorders. They found that the addition of MSCs isolated
from BM of normal individuals (HBMSCs) increased
the number of regulatory T cells and concomitantly
reduced the cytotoxic T cell count. Moreover, HBMSCs
also decreased proinflammatory chemokine/cytokine
secretion, which would help to block IPF progression. Due
to the immunomodulatory and regenerative properties of
MSCs, their clinical efficacy and safety has been tested
in a range of autoimmune disorders. Currently, over 49
ongoing trials are evaluating the efficacy of MSCs in
autoimmune diseases.”” Generally, no unwanted side
effects are observed in MSC-treated patients and 7 of the 11
trials have demonstrated the potent immunomodulatory
effects of MSCs.””

3.6 | Lungcancer

Lung cancer is a malignant tumor of lung tissues charac-
terized by uncontrolled cell growth. Globally, 1.8 million

people are diagnosed with lung cancer and 1.6 million die
of the disease every year. Despite commendable progress
in cancer detection and therapy, prognosis of patients with
lung cancer remains poor.”* MSCs-based therapy has been
recognized as a promising approach to treat lung cancer.
The antitumor capacity of MSCs has been proven effective
in different tumors, including lung cancer.**7°-%! Further-
more, MSCs have the ability to migrate to both primary
tumors and metastatic sites, which helps them exert effec-
tive tumor-suppressing effects.®*%

MSCs have been found to have diverse effects on
tumor cells. Some studies have reported contrasting
effects of MSCs with pro and antitumor properties. For
example, Nemeth et al.** reported contradictory effects of
human MSCs (hMSCs) on tumor growth. They found that
hMSCs and hMSC-conditioned media (CM) reversed the
invasion and proliferation of human A549 lung adenocar-
cinoma and Eca-109 esophageal cancer cells and induced
apoptosis. However, they also observed that hMSCs pro-
moted tumor formation by enhancing vessel formation.
Moreover, human UC MSC-CM can promote epithelial-
mesenchymal transition (EMT), migration, and invasion,
but also inhibited proliferation and promoted apoptosis
of lung cancer cells at the same time.® This study showed
that the contrasting effects of MSCs are mediated by
exosomes. Therefore, tumor-promoting effects can be
inhibited by blocking the release of exosomes. Besides,
knockdown of TGF-f1 expression in MSCs can reverse the
EMT and enhance the antiproliferative and proapoptotic
effects. Collectively, these observations suggest MSCs to
be a potentially safe therapy for lung cancer.®

The inherent property of MSCs to migrate to tumor
sites makes them suitable to deliver anticancer drugs.*®
Several studies have provided evidence that MSCs can
be used to deliver antitumor drugs, such as PTX*’ and
DOX,* as well as immunomodulatory factors like IL-
12,%° 1L-24,°° TFN-B,”! IFN-y,”> TRAIL® to target cells.
Hence, modified MSCs can target tumors and accumu-
late in neoplastic tissues, thereby inhibiting the tumor
growth and lung tumor metastasis. Based on the results
of the preclinical studies, an ongoing phase I/II clinical
trial is evaluating the antitumor efficacy and safety of
TRAIL-expressing MSCs with the combination of cisplatin
and pemetrexed in NSCLC (ClnicalTrial.gov’® Identifier:
NCT03298763).

Notably, administered MSCs also show bi-directional
effects on the treatment of lung cancer. Therefore, there
is a need to be cautious about the prospects of MSCs-
based therapy for lung cancer. It is necessary to under-
stand the biology of different types of MSCs and their
function in various tumor environments to reduce the
adverse effects while carefully harnessing their beneficial
effects.
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3.7 | The H7N9 avian influenza
In the spring of 2013, a novel avian-origin influenza A
(H7N9) virus appearednd spread in China. H7N9 viruses,
the product of reassortment of viruses that are of avian ori-
gin, can quickly spread between mammalian hosts” and
confer the risk of human-to-human transmission.”*> The
novel H7N9 virus binds to host cell receptors through its
surface hemagglutinin to infect cells, but the key molec-
ular basis of virus transmission has not yet been fully
elucidated.”® The novel H7N9 virus can cause severe ill-
ness, including acute pneumonia and ARDS, it can also
cause the extrapulmonary diseases, including rhabdomy-
olysis and encephalopathy, through cytokine storms.’”*®
In terms of treatment, a universal influenza vaccine is
not available, though several influenza types -, subtype-
, and strain-specific vaccines are available and provide
protection.”” Antiviral therapy cannot improve the sur-
vival rate of severely patients, such as ARDS patients
caused by H7N9. A study has shown® that MSC ther-
apy is a safe and effective therapy for patients with severe
lung diseases induced by H7N9, and can significantly
improve lung injury and fibrosis caused by ARDs. MSCs
have the ability to reduce inflammatory effects and defend
against cytokine storm. Its good adjuvant treatment effect
may be related to the significant reduction of procal-
citonin, serum creatinine, and creatine kinase levels in
patients. In order to understand the potential of MSCs for
treating H7N9-induced ARDS, further elucidation of the
pathogenic mechanism of H7N9 is still needed.

3.8 | The COVID-19

SARS-CoV-2 virus is a new coronavirus that has a
5% genetic association with SARS and is a subset of
Sarbecovirus.!’ And the name “COVID-19,” given by
the World Health Organization (WHO), refers to the
disease (particularly the pneumonia) associated with
the SARS-CoV-2 virus. Several studies have shown that
Angiotensin-converting enzyme 2 (ACE2) is the main
host cell receptor for SARS-CoV-2 entry.'?'9? The cellular
protease TMRRSS?2 is also necessary for the entry of coro-
navirus into host cells, by which the virus use to prime the
S protein.'> Many human cells, especially alveolar type
2 (AT2) and capillary epithelium, are angiotensin I con-
verting enzyme 2 (ACE-2) receptor-positive cells.'”>This
is why the respiratory system is the main system through
which viruses infect the human body.The inflammatory
response caused by SARS-CoV-2 infection is the main
mechanism for the body to eliminate the virus, while is
also the main mechanism for SARS-CoV-2 to cause tissue
damage and dysfunction to the body and the severity of the

response is proportional to the expression of ACE-2.104105
The invasion of the virus will cause the secretion of a
variety of inflammatory factors, including IL-2, IL-6, IL-7,
IL-17, TNF-a, and INF-y. Cytokine-induced storm results
in pulmonary edema, dysfunction of air-exchange, ARDS,
even acute cardiac injury, and leading to death.!%%1%7

Aiming at the pathogenic mechanism of SARS-CoV-
2, MSCs possess the potential to treat COVID-19 as a
cell therapy. As mentioned, following the COVID-19,
the patient’s immune system will produce an excessive
immune response, causing tissue damage. And MSC ther-
apy can revert the complex cytokine storm, which reduces
the level of many inflammatory factors including TNF-a'%®
and promotes the endogenous repair of damaged tissues
through its stem cell repair properties.’®!"” Specifically,
MSCs could recover the pulmonary microenvironment,
protect alveolar epithelial cells, inhibit the process of pul-
monary fibrosis, and cure lung dysfunction and COVID-
19 pneumonia.''’ There have been many case reports and
clinical studies confirming that MSCs are safe and effec-
tive for the treatment of COVID-19 patients, especially
acute patients, to improve their clinical symptoms and
immune function levels.!'’*!'%!l Shi Land his colleagues
have performed a phase 2 trial that proved the efficacy and
safety of human UC-MSCs for severe COVID-19 patients’
treatment.''”> However, current research has also high-
lighted many urgent problems to be solved, which include
but are not limited lacking unified source of MSCs, dose,
and dosing strategies, such as the number and timing of
administrations.

4 | DISCUSSION
4.1 | Strengths and weaknesses of
MSCs-based therapy

In the last 20 years, several immunomodulatory therapies
have been investigated for inflammatory diseases in the
respiratory system, although only a few have progressed
to clinical application. Several immunomodulation-based
therapies, such as mechanical nebulization, and drug treat-
ment have weak treatment effects combined with side
effects, such as diabetes, cataracts, gastrointestinal toxic-
ity, and growth impairment."*"'> MSCs-based therapy is
considered a promising treatment for acute and chronic
respiratory diseases. Thus, the application of MSCs-based
therapy is expected to reduce side effects and improve ther-
apeutic effect.'

MSCs-based therapy has obvious advantages. From a
therapeutic point of view, the unique advantages of MSCs-
based therapy include the homing, migration, and regen-
erative properties of MSCs, which allow them to be
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automatically recruited to the injury site and replace dam-
aged tissue through differentiation and regeneration when
systemically administering drugs to patients."'>'"” Addi-
tionally, MSCs can regulate the inflammation of lung
tissues by stimulating the reduction of proinflammatory
marker cytokines and increasing anti-inflammatory ones
to restore the balance of cytokine network."®!°

In ALIL lung injury, fibrosis, and inflammatory reac-
tions usually occur jointly. Treatment with modified MSCs
can reduce the characteristic lung injury, fibrosis, and
inflammation. As these injures are usually interrelated,
inhibition of one pathway may affect another, which is
also a strength of MSCs.'?9?2 MSCs-based therapy has
been proven effective in multiple lung injury models, such
as acid injury, E. coli endotoxin-induced ALI, ventilator-
induced lung injury, hypoxia-induced lung injury, sys-
temic sepsis, and respiratory virus infection.'?%12-12% From
a management point of view, owing to its inherent low
immunogenicity and limited tumorgenicity risk and ease
of management, MSCs can be easily isolated and expanded
in culture,'?”'*° promoting their clinical application.

However, the efficacy of MSCs-based therapies varies
significantly, which may be attributed to significant dif-
ferences in protein profile of the lung microenviron-
ment during different stages of lung cancer. The lung
microenvironment determines the beneficial and harm-
ful effects of MSCs. For example, when the IL-6 and
fibronectin content is high and the antioxidant capacity is
low, using MSCs may lead to adverse results.'?’ Therefore,
it is necessary to check the adaptability and contraindica-
tions before administration of MSCs. For chronic diseases,
such as asthma, IPF, and COPD, MSCs have shown anti-
inflammatory effects and repair function in animal-based
experiments.?®!31-133 Clinical studies have also reported
their safety and few adverse effects, as well as improve-
ment of the clinical condition and quality of life in such
patients.*>"13* However, the MSC perfusion cannot signif-
icantly improve lung function and quality of life in patients
with moderate to severe disease.'”” In some diseases, owing
to the low level of specific biomolecules and growth fac-
tors, MSCs exert a weaker inhibitory effect on the remod-
eling process, which is more apparent in asthma.'3>!36
This also implies the importance of screening patients for
assessing their responsiveness to MSC treatment before
metastasis.*’

However, despite the commendable advances made in
the field of MSC therapy, there are several obstacles in the
clinical application of MSCs related to the cell preparation,
fitness, and functionality of MSCs, as these characteristics
are significantly affected by their source, cell culture
method, expansion level, dosage of administration, stor-
age, and transportation conditions.”*®'3° Transplanted
MSCs have a low survival rate in the recipient tissue,

Open Access,

which may be mainly affected by the culture conditions or
may cause cell death owing to the lack of proper intercon-
nection, which restricts their application.'*” Meanwhile,
as the mechanism of action of MSCs has not been eluci-
dated and knowledge of immunobiology is not yet perfect,
the results of clinical trials often cause controversy.'??:37
In addition, the long-term benefits of MSCs are currently
unclear, and results are highly dependent on differences
among patients.'*! These uncertainties hinder the clinical
application of MSCs.

4.2 | Perspectives on current research in
MSC-based therapy

421 | Preclinical trials

Several preclinical studies based on MSCs have demon-
strated the enormous potential of MSCs as treatment for
acute respiratory diseases, such as ALI, and chronic respi-
ratory diseases, such as asthma, COPDs, and IPF.?6:131:133,142
In these studies, the choice of source and animal model has
asignificant influence on the experimental results. In addi-
tion to efficacy, the safety issue is also key to determine if
the method can be clinically used on a large scale. There-
fore, in this section, we will discuss the sources, animal
model, and safety in preclinical trials.

4.2.2 | Sources
MSCs can be obtained from several sources, such as BM-
MSC, AT-MSC, UC-MSC, menstrual blood (MB-MSC),
and UC tissue, that is, Wharton’s Jelly-MSC, and each
MSC type has its own characteristics. For instance, BM-
MSCs have excellent properties, and are currently the
most widely used MSCs.'** However, they require invasive
acquisition and have relatively limited applicability. Mean-
while, AT-MSCs are also promising for anti-inflammatory
and regeneration purposes,'** and these cells are eas-
ily obtained. Importantly, AT-MSCs can achieve auto-
transplantation.'*> UC-MSCs-based therapy has no risk for
ethical issues and is isolated in a noninvasive method.
Regarding physiological properties, UC-MSCs show lower
immune rejection and significantly higher growth kinetics
and clonal index than those of other MSCs. 46147

As mentioned earlier, MSCs often cause controversy in
clinical trial results, which have a certain degree of rela-
tionship with the MSC source. Although all MSCs have
similar general characteristics, cells from different sources
may show significant differences in anti-inflammatory or
regenerative potential, depending on the specific injury at
a specific location.'*® Several studies have analyzed the
differences among cells from different sources regarding
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their mechanisms, #014%150 put clinical data are still lack-
ing. Therefore, there is an urgent need to evaluate the
therapeutic effects of MSCs from different sources for dif-
ferent diseases. For example, Antunes et al.'” tested the
effects of three MSC sources and different administration
routes on lung inflammation and remodeling in experi-
mental emphysema. They found that MSCs from different
sources variably improved elastase-induced lung damage,
but only IV administration of BM-MSCs resulted in better
cardiovascular function. Additional preclinical and clini-
cal research on MSCs from different sources will help us
standardize the research procedure and treat them symp-
tomatically.

In addition, age and health issues of MSC donors also
need to be considered. For example, AT-MSCs from young
mice rather than old mice can prevent bleomycin-induced
pulmonary fibrosis in old mice.""

423 | Safety

Manoj M Lalu et al.®”> used meta-analysis to evaluate
immediate adverse reactions, including acute injection
toxicity, fever, and adverse events in multiple organ sys-
tems, to first-generation MSC product clinical trial secu-
rity, and showed acceptable safety of MSC-based therapy.
However, the mechanism of action and clinical efficacy of
MSC-based therapy is still poorly understood,*1>>1>* and
safety studies need to be precise at the disease level. In vitro
experiments have observed genetic instability in the pas-
sage of MSCs,>>% which has also caused concern about
the risk of malignant proliferation and differentiation of
MSCs. Therefore, we need high-resolution genetic analysis
to determine the possibility of MSC transformation after
long-term cultivation, including single-nucleotide poly-
morphism, copy number variation, and insertion/deletion
changes. It is also necessary to consider mutations without
survival and growth advantages, which may be difficult to
detect.””” Although MSC-based therapy is generally safe,
large-scale animal experiments and clinical experiments
are still needed to tackle the safety issues of MSCs-based
therapy.

4.2.4 | Animal model

Our understanding of the mechanisms of action of MSCs
mainly comes from animal models represented by mice.
Although several peer-reviewed scientific reports have
demonstrated the adoptive transfer of MSCs in preclinical
mouse disease models, MSCs impact on mouse outcomes
has not yet been converted to an equivalent in human
phase III clinical trials. The inconsistency between mouse
experimental results and human clinical results may be

explained by (1) immunocompatibility, (2) administra-
tion, and (3) significant fitness differences in cultured
adapted MSCs."*® Whether the mouse models themselves
can effectively and accurately fit the disease model also
remains a problem. For example, bleomycin-induced
pulmonary fibrosis is still considered to be the best animal
model available in preclinical testing for IPF.**>° How-
ever, the treatment given in the first 7 days after exposure
to bleomycin may work mainly by preventing the inflam-
matory cascade rather than reversing fibrosis, thereby
limiting its applicability to human IPF.!C In addition,
current research lacks an animal model that can represent
chronic IPF,°81%! which adds additional obstacles to IPF
research. Moreover, the mice modeling method brings
uncertainty to the experimental results. For example,
lung injury has several models, such as the acid injury
model, E. coli endotoxin-induced, ventilator-induced,
and hypoxia-induced lung injury model, systemic sepsis
model, and respiratory virus infection model.!?0-123-127.162
The performance of MSCs-based therapies differs among
these models, indicating that a single animal model can-
not be used to represent a class of diseases. Thus, animal
models need to be further standardized to the disease, with
as much detail as possible, that is, we need more accurate
and standardized mouse models to help us build acute and
chronic disease models with different stages and different
pathogenic factors, and tightly integrate animal models
with clinical experiments to improve preclinical studies.

In the past decade, the exploration of MSC-based
therapies has gradually evolved into a standardized devel-
opment, and an increasing number of preclinical research
results have advanced to clinical research. Therefore, it is
particularly critical to reassess the safety and effectiveness
of preclinical studies of MSCs-based therapy through
regulatory means,>*!%* considering details, such as cell
expansion conditions, medium composition, cell treat-
ment protocols, administration dosage, MSC source, and
animal model.

4.2.5 | Clinical trials

As MSCs-based therapies have made considerable break-
throughs in preclinical research, several of them have pro-
gressed to clinical studies with more than 800 registered
clinical studies being conducted on MSCs-based treatment
approaches worldwide,'>* according to Clinical Trails Data
Bank at the National Institutes of Health clinical trials
(Table 6).

Owing to the difference between the animal model and
the actual clinical scenario,'*® while conducting clinical
research based on preclinical studies, regulatory issues,
such as cell source, dosage, and disease stage, should be
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considered, since these factors can directly lead to differ-
ent results under the same therapy regimen. For example,
a large part of IPF research has explored the therapeutic
effects of MSC-based therapy during the early stages of
inflammation rather than the late stage of fibrosis, which
implies that MSC administration only prevents IPF and
cannot be used as a late-stage treatment.'** Given the
limitations of current clinical research regarding the sam-
ple size and variable control, more high-quality clinical
research studies are warranted that are based on large
samples, are randomized and double-blinded, and control
variables to help clinical frontline workers understand
MSC-based therapy and improve its efficacy in the future.
Moreover, we need to classify and stage the disease in
patients, so that they can receive targeted and precise treat-
ment. Unfortunately, MSCs-based therapy is not devoid of
ethical issues, and double-blinded clinical research may be
difficult. However, we advocate the introduction of opti-
mized procedures to standardize the variables in MSCs-
based therapies, such as cell culture conditions and MSC
sources.

4.3 | Improvement of MSCs-based
therapy
4.3.1 | Combination therapy

To maximize the therapeutic effect, the combination of
MSC and traditional drug therapy to produce a synergistic
effect is a frequently used solution in clinical practice.
For example, for IPF treatment, the two pharmacological
targets approved by the US Food and Drug Adminis-
tration are TGF-3 (pirfenidone) and PDGF/VEGF/FGF
(nintedanib). The efficacy of pirfenidone is impressive.
Compared with those in the placebo group, pirfenidone
can significantly reduce inflammation and prolong sur-
vival, but cannot reproduce the normal structure of lung
tissue.!> MSCs-based therapy has the function of tissue
repair, which can make up for the defects of targeted drug
therapy to a certain extent. In addition, because the patho-
genesis of these lung diseases, especially chronic diseases,
involves multiple coactivation pathways, targeted therapy
is unlikely to be effective in isolation.'®® Combining
traditional and MSCs-based therapy may improve therapy
efficacy.'°”1%® However, there are still insufficient clinical
data to support the effectiveness of this therapy.

4.3.2 | Improve the effectiveness of MSCs

Modifying MSC homing, migration, and regenerative
properties through biochemical means, gene-editing com-

bined with computational modeling, or with material sci-
ence can improve MSCs-based therapy efficiency. In clin-
ical applications, MSCs may have different administra-
tion modes: systemic administration (IV or intra-arterial
[IA] injection) or local administration (intracoronary [IC]
injection or direct injection to the target tissue). Among
these, IV injection is the most widely used because it has a
minimally invasive effect, is easy to repeat infusion, and
the cells will remain close to oxygen-rich and nutrient-
rich blood vessels after infiltrating the target tissue.'®’
Although MSCs have homing ability, this process does
not seem to be very efficient. Therefore, it is vital to
deliver MSCs to target tissues accurately. A large num-
ber of preclinical studies have shown that the transplan-
tation rate is very low, close to 5%, which is attributed
to the low expression level of homing molecules, loss of
expression of such molecules during amplification, and
MSC heterogeneity.!”’ Several research teams are trying
to improve the homing efficiency of MSCs, including
changing the method of administration, changing MSC
culture conditions to optimize the expression of homing
molecules, modifying cell surface receptors, and modi-
fying target tissues to enhance MSC attraction. Regard-
ing administration method, Sakar D et al.'®” combined
MSC administration with the use of heparin, significantly
reducing the capture of MSCs in the lung and increas-
ing the capture rate of targeted sites. Considering culture
methods, as MSCs downregulate the expression of hom-
ing molecules during amplification, adding cytokines to
the amplification system can increase CXCR4 expression
on the membrane, thereby upregulating the expression of
homing molecules. These cytokines include, but are not
limited to, flt3 ligand, stem cell factor, hepatocyte growth
factor, IGF-1, TNF-a, IL-18, and IFNy."”"-17> Additionally,
hypoxic conditions can also increase the expression of
CXCR4.'7

To improve homing efficiency, as MSCs are heteroge-
neous cell populations, a single-cell sequencing method
can be used to find specific subsets with a robust hom-
ing ability for separation. Cell surface engineering, that is,
the transient modification of the cell surface, also improves
the homing ability of MSCs,'”” and several research groups
have developed different techniques for MSC surface
modification.'”*'3Y In addition, the target tissue can be
modified by chemical, magnetic field, or radiotherapy to
improve the homing efficiency of MSCs.'8!:182

Regarding the migration and localization of MSCs in
vivo, current research is mainly based on experimental
measurements and clinical observations. These experi-
ments attempt to elucidate the processes involved in migra-
tion from statistical results, including cell signaling and
protein interactions.'®> However, this process is compli-
cated, mainly owing to the low frequency of stem cells
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and the lack of quantitative tracking experimental tech-
niques for stem cell migration in vivo. Different mechani-
cal/physical stimuli (such as shear flow, compressive force,
stiffness, tension, and geometry) and various biochemi-
cal factors (such as the concentration and distribution of
chemokines) are difficult to study through controlled vari-
ables using experimental methods.

In recent years, computational modeling has become
a compelling method, making up for the lack of exper-
imental methods, to understand the migration process
of stem cells and help them accurately migrate to target
tissues. When applying computational modeling to MSC
research, the model should address the differences in
migration kinetics between stem cells and other cells, and
those between MSCs and other stem cells, considering
whether they differentiate or not and the diversity of stem
cells, respectively. Simulations of MSC migration kinetics
in the local microenvironment in vitro'®*!®> showed how
numerical simulation can help us obtain unknown cell
behaviors and tissue functions of small samples, study the
process of MSCs to target damage sites, and design mecha-
nisms to increase the number of cells targeted to damaged
tissues.!®® While the migration process of a single cell is
relatively easy to understand, in a real situation, the migra-
tion of multiple cells should be considered. Understanding
the protein expression and signaling network in migrating
cells will help to model and analyze collective migration.

In general, the development of computational modeling
is still insufficient, mainly owing to data scarcity and
uncertainty about the MSC mechanism caused by the
lack of physical and biochemical sensor technologies and
basic research, respectively. Stem cell models are roughly
divided into deterministic models, stochastic models, and
hybrid models. Deterministic models are mainly based
on the concept that stem cells respond to differentiation
stimuli in a dose-dependent manner and therefore have
deterministic behaviors. Contrastingly, stochastic meth-
ods use probability functions to describe events, such as
differentiation and diffusion.'®” Therefore, understanding
the MSC mechanism can help improve deterministic
models, and data collection can help improve random
and hybrid models. Meanwhile, the explosion of data
and the improvement of computing power can also bring
about essential changes in these models based on the
concept of big data. We believe that in the near future,
with the continuous collection of MSC in vivo data and
increased understanding of MSC-related mechanisms,
computational modeling will be significantly strength-
ened and improved to assist us enhancing MSC migration
activities.

In addition to strengthening the homing and migration
functions of MSCs, it is also necessary to regulate their dif-
ferentiation and regeneration ability and immunological

characteristics. Under normal culture conditions, MSCs
usually proliferate through cell division, unless induced
by special differentiation conditions. Moreover, through
high-density inoculation of MSCs, the expression of some
genes related to immunosuppressive properties can be
increased.'®®'®” Combined with the rapid development
of gene-editing technology in recent years, we can now
easily genetically modify MSCs. Using CRISPR-Cas9
technology,'**!”! additional available MSC editing tech-
nologies have been developed. For example, by combining
nanotechnology, we can design an exosome-liposome
hybrid nanoparticle to easily provide the CRISPR/Cas9
system in MSCs.'°? Furthermore, with the development of
gene therapy, the combination of genetic modification and
MSC-based therapy has become a trend. For example, ALI
can be treated by UC-MSCs with a modified Angiopoietin-
1 gene.'”® Besides, the combination of MSC-based therapy
and tissue engineering technology can also enhance MSC
repair and regeneration functions. For example, Yang
et al. combined MSCs with allogeneic cartilage tissue
engineering to discuss the proliferation, differentiation,
and secretion of various soluble factor functions of MSCs
in a three-dimensional environment to inspire scaffold
design and achieve the required tissue regeneration.'**
Moreover, gene-editing technology can also be used to
adapt the existing two-dimensional environment-adapted
MSCs to the three-dimensional environment, promote
tissue generation, and reduce immune rejection.195 Addi-
tionally, modeling the lungs of patients and implement
in vitro 3D-tissue culture is a promising strategy for
some diseases with severe lung necrosis that require
transplantation, such as advanced IPF. Hence, it is nec-
essary to establish a highly integrated 3D network of
different lung cell types, including mesenchymal, epithe-
lial, fibroblast, endothelial, inflammatory, and neuronal
cells.

433 | Cell-free therapy

In clinical trials, MSCs-based therapies usually display
a low migration rate and low survival rate of MSCs
in the recipient tissues.'*’ However, this does not seem
to have a significant impact on MSC function, which
supports the hypothesis that their secretions may medi-
ate the regenerative capacity. As mentioned above, MSC
paracrine effects have been widely studied; their secre-
tions are mainly responsible for the interaction between
MSCs and target cells.””®!'”7 On this basis, research on
MSC-CM and EV has gradually received attention. Sev-
eral studies have used different animal models to prove
that CM can mimic the anti-inflammatory mechanism of
parental MSCs. For example, in acute and chronic asthma,
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intranasal infusion of BM-MSC-CM can reduce the levels
of inflammatory cytokines IL-4 and IL-13 in the lungs and
increase the level of IL-10."”® Shen and colleagues stud-
ied the protective effect of BM-MSC-CM on bleomycin-
induced lung injury and fibrosis in vitro (A549 alveolar
epithelial cells) and in vivo (rat model). After treatment
with MSC-CM, A549 cells were significantly protected
from bleomycin-induced apoptosis, while lung inflam-
mation, fibrosis scores, collagen deposition, and apopto-
sis in rats challenged with bleomycin were reduced.'”’
In a rat model of COPD, MSC-CM administration can
reduce emphysema caused by CS and increase the num-
ber of small pulmonary vessels and MSCs.?° However,
the main limitation of MSCs-CM is the relatively rapid
degradation of biologically active molecules. Additionally,
as MSC-based therapies, it lacks standard procedures for
regulations.”"!

EVs provide another popular cell-free therapy. They
can stably transport biologically active substances without
being hydrolyzed or mutated, and several teams have
demonstrated the anti-inflammatory effects of EVs in
ALL?® asthma,??? IPF,2%203 and other diseases. In the
neonatal rat model, MSC-derived EVs are as effective as
parental MSCs, which can confer VEGF-mediated pro-
tection against activated macrophages, proinflammatory
cytokines, and increased cell death.””* In the neonatal
rat model, EVs derived from MSCs are as effective as
parental MSCs. This protective effect is mainly mediated
by the transfer of VEGF contained within EVs.”** Recent
evidence shows that EVs derived from MSCs can carry
miRNAs with antiapoptotic properties and can promote
the reduction of lung inflammation,?>?°° thus being a
promising method to reduce inflammation. Compared
with traditional MSCs-based therapies, EVs are more
stable, easily enter the systemic circulation, and maintain
long-lasting high concentrations.?”” Moreover, cell-free
therapy also reduces the risk of tumor formation and
has advantages similar to those of traditional medicine
in terms of transportation, storage, and standardization.
However, EVs have a high degree of heterogeneity, and
the content of stored bioactive compounds varies greatly,
which adds to the challenge of their dosage. In general,
cell-free therapy is safer, and has advantages over cell ther-
apies in variable control and standardization, with a strong
potential for immunomodulation and anti-inflammatory
effects in lung diseases.

5 | CONCLUSION

All in all, the effectiveness of MSC-based therapy for res-
piratory diseases has been proven by preclinical studies
and clinical trials. However, limitations of related research

Open Access,

need to be worked out to explore their clinical applications.
In conclusion, MSC-based therapy has provided a promis-
ing strategy for the treatment of respiratory diseases.
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