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Abstract: Chronic lung diseases pose a tremendous global burden. At least one in four people suffer
from severe pulmonary sequelae over the course of a lifetime. Despite substantial improvements
in therapeutic interventions, persistent alleviation of clinical symptoms cannot be offered to most
patients affected to date. Despite broad discrepancies in origins and pathomechanisms, the important
disease entities all have in common the pulmonary inflammatory response which is central to lung
injury and structural abnormalities. Mesenchymal stem cells (MSC) attract particular attention due
to their broadly acting anti-inflammatory and regenerative properties. Plenty of preclinical studies
provided congruent and convincing evidence that MSC have the therapeutic potential to alleviate
lung injuries across ages. These include the disease entities bronchopulmonary dysplasia, asthma
and the different forms of acute lung injury and chronic pulmonary diseases in adulthood. While
clinical trials are so far restricted to pioneering trials on safety and feasibility, preclinical results point
out possibilities to boost the therapeutic efficacy of MSC application and to take advantage of the
MSC secretome. The presented review summarizes the most recent advances and highlights joint
mechanisms of MSC action across disease entities which provide the basis to timely tackle this global
disease burden.

Keywords: mesenchymal stem cells; MSC; chronic lung disease; lung repair; extracellular vesicles;
bronchopulmonary dysplasia; asthma; chronic obstructive pulmonary disease; idiopathic pulmonary
fibrosis; inflammation; lung injury

1. Introduction

Together with cardiovascular diseases and cancer, lung diseases across all ages are one of the three
leading causes of acute and chronic morbidity and mortality in the world. More than 500 million people
from low- and middle-income countries suffer from chronic respiratory diseases with tremendous
negative impact on health status, economic situation of the family, socioeconomic costs and quality of
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life. For chronic obstructive pulmonary disease (COPD) alone, total annual costs in the United States
(in 2000) are estimated to outreach $32 billion per year [1]. Despite all preventive measures, incidences
are increasing steadily, and children and older people are particularly affected. Moreover, chronic
lung diseases account for more than four million annual deaths worldwide. Only 20% of cases with
chronic diseases have regular access to specialized care services within the industrialized world [2].
Despite the tremendous progress in mechanistic understanding of disease pathogenesis, for most of
them no curative approach is available. So far, therapeutic interventions have the goal to alleviate
clinical symptoms and to delay disease progression. During the recent years, cell-based therapies
have attracted particular attention. Research results triggered an unforeseen enthusiasm about this
new approach [3]. This review summarizes the major results of mesenchymal stem cell (MSC) based
therapies to the lung. It points out common mechanisms of MSC action across disease entities which
represent particularly well-suited approaches to tackle this tremendous global disease challenge. It is
dedicated to highlighting the important advances during the last five years. Furthermore, it gives a
perspective on future research directions based on the latest research advances which have the power
to accelerate therapy access and to improve therapeutic safety and efficiency.

2. The Therapeutic Potential of MSC

Not only during development but throughout the whole life span, stem cells are critical for
physiologic maintenance and organ repair in case of injury. This has also been studied extensively for
the lung. Phenotype distortion and rarefication of pulmonary stem cells represent key features of any
lung pathology and central drivers to lung injury in amongst others including bronchopulmonary
dysplasia (BPD), acute lung injury (ALI) and COPD, as well as towards aging. Therefore, the idea of
restoration of physiologic cell function fascinates researchers around the world [4-8]. Organ repair
is not restricted to resident stem cells. Stem cells from the bone marrow and other tissues can be
attracted to the site of injury to contribute to organ repair and have the capability to foster endogenous
progenitor cell function in the lung [9].

For this reason, the therapeutic potential of MSC to recover the injured lung has been the subject
of extensive research efforts during the last decade [3]. MSC possess multipotent and reparative
functions and can be accessed from nearly every postnatal tissue. Their easier accessibility, improved
safety profile and nonexistent ethical concerns makes them a superior candidate for stem cell therapy
compared to embryonic stem cells and induced pluripotent stem cells [3]. Special attractiveness arises
from the immunoprivileged status of MSC. They do not trigger a host response or cell rejection response
because they are less sensitive to pro-inflammatory IFN-y-induced HLA-II expression [10].

To date, studies on MSC therapies involved cells from the bone marrow, peripheral blood, umbilical
cord, Wharton's jelly, placenta and adipose tissue and cells from newborns and adults [11]. MSC
comprise plenty of lung regenerative and repair functions that are highlighted within the subsequent
sections and are summarized in Figure 1.

Initially, MSC action was attributed to cell transdifferentiation and replacement of resident
cells at the site of injury. The beneficial effects of cell differentiation were proven e.g., in ALI, but
overexpression of certain microRNAs (e.g., microRNA-615-3p or microRNA-155-5p) in the recipient
lung prevents the differentiation of MSC into type II cells attenuating therapy efficacy and leading to
disease progression [12,13].
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Figure 1. Multiple lung repair and regenerative functions of mesenchymal stem cells (MSC). Autologous
or allogenic MSC from different rodent species and humans proved therapeutic efficacy in different
preclinical lung disease models mostly studied in rodents. The graphic summarizes the multiple
actions of MSC transplantation to the injured lung including cell transdifferentiation, secretion of
paracrine factors, antimicrobial activity, immunomodulation, EV secretion, promotion of lung fluid
clearance, nanotube formation and cell component transfer. MSC immunomodulation comprises T-cell,
macrophage and NK cell function resulting in the augmented release of anti-inflammatory cytokines
and beneficial factors, such as the inhibition of proteases as well as attenuation of pro-inflammatory
cytokine releases. IL—interleukin; MCP-1—monocyte chemoattractant protein-1; MIP-2—macrophage
inflammatory protein-2; CXCL—C-X-C motif ligand; TNF-x—tumor necrosis factor alpha; MMP—matrix
metallopeptidase; ANGPT-1—angiopoietin 1, KGF—keratinocyte growth factor; HGF—hepatocyte growth
factor; VEGFA—Vascular endothelial growth factor A; EGF—epidermal growth factor; NK—natural
killer cell; Treg—regulatory t cell; Th—t helper cell; MSC—mesenchymal stem cell; TGFi—transforming
growth factor beta; PGE2—prostaglandin E2; IDO—indoleamine-pyrrole 2,3-dioxygenase NO—nitric
oxide; LXA4—lipoxin A4; EV—extracellular vesicle.

Due to the overwhelming data on MSC paracrine functions, this concept as primary action of MSC
has been omitted and research directions were focused towards the paracrine effects of MSC. Paracrine
efficacy was supplemented by the observation that MSC only sparsely and temporarily engraft in the
injured lung, although better MSC engraftment was observed in the injured lung and engraftment rates
increased with the extent of tissue injury [14]. Moreover, MSC secrete plenty of growth promoting and
regeneration stimulating factors amongst others, such as angiopoetin 1 (ANGPT1), keratinocyte growth
factor (KGF), hepatocyte growth factor (HGF), epidermal growth factor (EGF) and vascular endothelial
growth factor alpha (VEGFA), which were identified to centrally drive repair and regeneration. On a
molecular level, KGF and HGF secretion directly protect alveolar epithelial cells from apoptosis under
hypoxic conditions by stabilization of endogenous Bcl-2, inhibition of HIF1x protein expression and
reactive oxygen species (ROS) production [15]. Further identified factors comprise a heterogeneous
group including Lipoxin A4 and the epithelial protection factor secretory leukocyte protease inhibitor
(SLPI) reduced elastin breakdown by proteases [16,17]. Besides the release of lung growth stimulating
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factors, the paracrine activity of MSC was mainly traced back to the inhibition of immune cell attraction
to the site of injury and to their immunomodulatory properties by both inhibiting the innate and
adaptive immune response. In addition, the functionality of exogenous MSC on immunomodulation
of lung diseases is much better understood than the interaction of lung resident MSC with the immune
system. MSC exert direct interaction with immune cells and execute paracrine modulation of the
immune response by the release of cytokines like TGF-f3, IL-10 and IL-1RA and the production of
nitric oxide and indoleamine 2,3 dioxygenase (IDO) [18]. These two main mechanisms modulate the
proliferation and activation of naive and effector T cells, NK cells and mononuclear cells towards
an anti-inflammatory phenotype. Modulation of T cell function includes the inhibition of the Th17
response, the induction of CD4+CD25+FoxP3+ Treg cells and the shift from a Thl to the Th2 cell
phenotype. This process is regulated context-specifically by anti-inflammatory cytokines including
IL-10 and TGEF-f3, growth factors such as HGF, further soluble factors like PGE2 and the inhibition of
disease-driving cytokines like IL-4 and IL-13 [19,20]. Likewise, MSC shift the phenotype and function of
antigen-presenting cells and includes dendritic cells, B lymphocytes and macrophages and prevention
of neutrophil extracellular trap formation [21]. The phenotype change in macrophages leads to a
switch back from the M1 state to the “anti-inflammatory” M2 status. This switch is induced by the
inflammatory milieu and bacterial infection and fosters inflammation by the release of a plenty of
pro-inflammatory factors including cytokines and proteolytic enzymes. Reversely, the M2 macrophages
have important functions in limiting inflammation and myeloperoxidase activity, and in phagocytosis
and tissue repair. The long-lasting induction of immune tolerance in lung macrophages seems to
occur independent of Treg function but is ascribed towards induction of adaptive innate tolerance
mediated by TNF-stimulated gene 6 protein [19,21]. As the result of immunomodulation, MSC shift
inflammation from an overwhelming release of pro-inflammatory cytokines including IL-13, IL-6,
MCP-1, MIP-2, CXCL-1, CXCL-2, TNF-«, IL-12, IL-17 or type II IFN-y and proteases like MMP-2,
MMP-9 and MMP-12 to an anti-inflammatory status with overweight of IL-4, IL-10, TGF-§3, CCL18,
prostaglandin E2, IDO, nitric oxide and inflammation resolving lipoxin A4 (LXA4), which enable the
resolution of inflammation and endogenous tissue repair [22,23].

MSC display further disease limiting capacities. These include antimicrobial activity, inhibition of
epithelial-mesenchymal transition and lung fluid clearance; during infection, MSC secret antimicrobial
factors like peptide LL-37 and lipocalin-2, stimulate the phagocytosis activity of macrophages in
the lung and improve the clearance of bacteria [24-26]. MSC possess the capability to prevent
epithelial-mesenchymal transition of alveolar epithelial cells which is regulated by inhibition of TGF-1
gene transcripts including ZEB1, TWIST1 and CTGF and is partly mediated by KGF [27]. Promotion of
alveolar fluid clearance by MSC depends on claudin-4 which belongs to a family of proteins centrally
involved in tight junction formation [28].

Impaired energy supply is a further key feature of acute lung injury. Formation of gap junctional
channels and direct transfer of cytoplasmic organelles via connexin 43, especially mitochondria,
stabilizes cell energetics and has been identified as another mechanism of MSC action. This transfer
increases alveolar epithelial ATP and attenuates vascular permeability and influx of inflammatory
cells [29]. In this context Miro 1 was identified as the crucial nanotube connector between lung
epithelial cells and MSC [30]. Underlining the importance, transfer of extracellular vesicle (EV)
defective mitochondria was unable to alleviate lung injury and to improve survival. Cell-cell contact
and transfer of cellular material can take place to structural lung cells or immune cells and intercellular
transfer to macrophages prevented the accumulation of inflammatory macrophages and the production
of inflammatory and pro-fibrotic cytokines like TNF-oc and TGF-f3 [31].

Last but not least, MSC action has been ascribed to intercellular communication via extracellular
vesicle release, which comprises the so-called exosomes and microvesicles which can be differentiated
by size, the mechanisms of excretion and the content of cellular components [32]. This mechanism
comprises the exchange of proteins including growth factors and anti-inflammatory cytokines, lipids,
DNA, mRNA, microRNA and cell membrane components including surface receptors and molecules
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and thereby shapes the phenotype and functional properties of recipient cells. Several cytokines and
growth factors including KGF, ANGPT1, EGE, HGF and SDF-1 have been identified as main drivers of
EV action. To confirm this central role, transfection experiments with siRNA against KGF were carried
out before vesicle harvest which resulted in reduced anti-inflammatory and lung protective activity
during acute lung injury [33]. Due to its special therapeutic importance, the function and therapeutic
application of EV is described in detail within the second last paragraph of this review.

Within recent years, there has been tremendous progress in understanding the similarities and
inhomogeneities of MSC from different tissues and the important role of aging on oxidative stress
and DNA damage response. Besides MSC from the bone marrow, the research focus was directed
towards “young” MSC from umbilical cord blood and the Wharton’s Jelly which possess superior
anti-inflammatory and immunomodulatory properties [11]. Due to the limitations in space, these
discrepancies will not be presented in detail. They will be tackled within the specific disease area
sections where concise data were retrieved during the recent years.

3. Therapeutic Efficacy of MSC Application in Preclinical Lung Disease Models

3.1. Bronchopulmonary Dysplasia

Bronchopulmonary dysplasia (BPD) is characterized by distortion of further alveolar, mesenchymal
and vascular lung development in the saccular stage. This developmental derangement is caused
by the deleterious insults of infection, mechanical ventilation and oxygen toxicity which induce a
pulmonary inflammatory response in the immature lung [5]. In the preclinical model of BPD with
exposure of rodent pups to hyperoxia, MSC was effective in reverting lung injury by attenuating the
influx of inflammatory cells to the lung, pro-inflammatory cytokine accumulation and by improving
alveolar and vascular lung structure and function [34,35]. Comparable reversal of pathologic features
is described for the intratracheal and systemic route of MSC application [34,35]. Even retarded MSC
application two weeks after injury prevailed in reverting tissue distortion which underlines the central
contribution of paracrine cytokine and growth factor secretion to lung repair and regeneration [36]. Of
interest, MSC from female donors displayed a stronger effect on vascular remodeling [37]. Within the
detailed investigations of disease-driving pathologies, macrophage shifts towards an anti-inflammatory
phenotype were identified as one of the key features following MSC application [38]. The available
studies on rodent BPD models were recently summarized in a meta-analysis and the authors came to
the conclusion that MSC impacted on all relevant outcome parameters including lung inflammation,
fibrosis and apoptosis, alveolarization, angiogenesis and pulmonary hypertension. Therapeutic efficacy
was similar for the preventive and the rescue application and improvements in lung structure persisted
until adulthood [39,40]. Neither the timing, the source or amount of MSC applied nor the route of
administration determined the effect size [39]. Of special notice, effects of intratracheal application
were not restricted to the lung but led to a reduction of brain injury. As for the lung, the main action in
the brain was attributed to attenuation of inflammation and apoptosis induction [41]. A compilation of
pioneering studies is provided in Table 1 which presents all details on model species, MSC source,
route and timing of MSC application [42,43].

3.2. Asthma

Asthma is a chronic inflammatory disorder of the airways provoked by endogenous (e.g., chronic
inflammation and oxidative stress) and exogenous factors (e.g., exposure to cigarette smoke and air
pollution) leading to airway hyperresponsiveness, airflow limitations and finally persistent changes
in airway structure. In contrast to most other lung diseases, different disease subtypes are well
acknowledged that can be separated by different inflammatory disease patterns. The first descriptions
of MSC therapy in allergic asthma models revealed attenuation of all areas of pathology including
airway hyperresponsiveness, mucus production, immunologic response, inflammatory cell infiltration,
lung function, remodeling and serum IgE levels [44,45]. Central actions of MSC are the reduction
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of eosinophilia and neutrophil infiltration, a Th1/Th2 shift with modulation of the adaptive arm
of Th2 immunity, the inhibition of TH2 cytokine release including IL-4, IL-5 and IL-13 and Treg
cell induction. MSC action is not restricted to T cell function but as well restricts the number of
activated dendritic cells [45-51]. Likewise, MSC suppress dendritic cell function by arresting them
in an immature state, unable to be used for antigen presentation and T cell activation [49]. MSC
fundamentally alter airway inflammatory cell pathology with the recruitment of CCR2+ monocytes
but reduce attraction of neutrophils thereby opening a therapeutic option also for the steroid-resistant
asthma phenotype [52,53]. The M2 macrophages centrally account for the MSC effects in experimental
asthma due to their anti-inflammatory properties, immunosuppressive functions with high levels of
IL-10 and TGF-p and high phagocytosis capacity, especially in situations where T cells are already
activated and thereby prohibit Treg cell expansion [54,55]. The conflicting data on Treg cell activation
and functionality by MSC might be explained by the different experimental settings and the different
sources of MSC from rodents and humans applied. Downstream action of MSC on inflammation
and airway remodeling was traced back to inhibition of PI3 kinase/AKT and modulation of Notch
signaling [56,57].

Recent investigations showed better or exclusive therapeutic efficiency by bone marrow-derived
(BM) MSC but not adipose tissue-derived MSC in the ovalbumin model where structural and functional
outcome parameters were redirected towards the physiologic situation only by bone marrow MSC [58].
Combined application together with simvastatin with the aim to foster the migration of MSC to the
site of inflammation and lung injury proved superior compared to each treatment alone [50].

Taken together, MSC therapy in experimental asthma addresses all disease-relevant pathologies
which are compiled for selected pioneering studies in Table 2.

3.3. Acute Lung Injury

Acute lung injury is caused by plenty of different acute insults to the lung including bacterial
and viral infections, inhalation of toxic agents but also systemic causes leading to an acute and
mostly dramatic deterioration or failure of gas exchange [59]. Local or systemic MSC treatment
markedly reduced alveolar permeability and lung inflammation in acute lung injury induced by
Lipopolysaccharides (LPS). The results were reproduced for a human lung perfusion model [60,61].
MSC therapy following acute lung injury attenuated inflammation and lung tissue remodeling and
functional relevance was confirmed by lung function testing [62,63]. ANGPT1 was identified as one
central factor which promoted endothelial cell survival and reduced vascular permeability. In addition,
KGF was determined as the second driver of MSC action [64,65]. Furthermore, Lipoxin A4 plays a
central role in the resolution of inflammation by inhibition of TNF-a and MIP-2 production. Vice
versa, inhibition of Lipoxin A4 prohibits its anti-inflammatory effects, offsetting the increased survival
in ALI[16]. While TLR3 is counterproductive, the activation of TLR4 on MSC enhances lipocalin-2
activity, suppresses bacterial growth and promotes bacterial clearance [66]. Described so far only for
AL neutrophil extracellular trap formation was prohibited by MSC [21]. In addition, beneficial effects
of MSC were attributed to bacterial growth inhibition, promotion of phagocytosis of gram-positive
and gram-negative bacterial strains and increased expression of the alveolar cathelicidin antimicrobial
peptide LL-37, a host defense peptide with a wide range of immunomodulatory activities and modest
direct antimicrobial properties [24,25,67].

EV-mediated mitochondrial transfer to alveolar epithelial cells was first identified to ameliorate
acute lung injury. CD44 expressing EV mediated mitochondrial transfer and promoted an
anti-inflammatory and phagocytic phenotype of macrophages which was centrally attributed to
the amelioration of lung injury [29,68,69]. Blockade of mitochondrial nanotube transfer abrogated
improved macrophage bioenergetics and MSC effects including promotion of phagocytosis capacity [68],
but MSC action displays some specific differences between different pathogens. For pseudomonas
aeruginosa infection, the beneficial effects were specifically ascribed towards a systemic IGF-1 mediated
inhibition of COX-2 and prostaglandin E2 production and promotion of 15-hydroxyprostaglandin
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dehydrogenase activity while lung lavage levels of known beneficial factors like KGF, ANGPT-1 and
IGF-1 were not changed [23]. In ALI after E. coli ingestion, the beneficial effects of MSC were specifically
assigned to the population of CD362+ MSC [70]. Despite these specificities, broadly comparable
beneficial effects on inflammatory cytokine response, influx of inflammatory cells, lung histopathology
and survival were evident in mice and rats and for different MSC cell preparations from mice and men.
Routes of administration or time points of therapeutic intervention before and after LPS injury did
not relevantly impact therapeutic efficacy [33,60,67,71,72]. The secretome of cryopreserved human
MSC was less effective in an E. coli rat model, underlining the need for application of freshly isolated
cells for maximum benefit at least in some ALI situations. Then, cell dosages as low as 5x10° cells per
kilogram body weight were effective [66].

Besides bacterial pneumonia, MSC application proved therapeutic efficiency during influenza
infection resulting in reduced impairment of alveolar fluid clearance and lung injury. This was
attributed towards attenuation of pro-inflammatory cytokine secretion, inflammatory cell recruitment
and increased alveolar macrophages content [73,74]. Again, ANGPT-1 and HGF were identified as
key mediators of MSC action. Paracrine factor release was more efficient for MSC from the umbilical
cord than from the bone marrow [75]. The beneficial effects were detectable for simultaneous or one
day delayed MSC application. The universal beneficial effects for different influenza strains are not in
accordance with the underlying pathomechanisms as ANGPT-1 and KGF regulation was restricted to
the H5N1 species [73]. These discrepancies might be deducted to the highly inflammatory phenotype
provoked by H5N1 but not HIN1, making H5N1 a better candidate for MSC based interventions [76].

A summary of pioneering studies on different ALI models is compiled in Table 3 which includes
details on differences between disease models, species, MSC source, route and timing of MSC
application [77].



J. Clin. Med. 2020, 9, 682 8 of 45
Table 1. Summary of important preclinical studies in rodents examining the efficacy of MSC to prevent/treat bronchopulmonary dysplasia.
Experimental Lung . . Dose Application Time Point of Repeated Biological Function Molecular
Disease Model Species Cell Source MSC Species (Cells) Route Application Application In Vivo Changes/Results Reference
higher HGF and VEGFA
production in BM MSC,
UC MSC better only BM MSC attenuate
. UCBvs. AT 5 . preserve lung impaired angiogenesis, cell )
hyperoxia rat vs. MNC human 5x10 Lt d5 no structure than AT or death induction, (421
MNC MSC macrophage influx and
pro-inflammatory cytokine
production
5 . . intratracheal application
hyperoxia rat UCB human 53X 106 L. d5 no re'ductlon of'lung more efficient than [43]
2x10 iv. inflammation . L
intravenous injection
improved MSC from female donors
prov stronger impact on vascular
alveolarization and development, mavbe the
hyperoxia rat BM rat 1x10° it d7 no vascular density, P /may [37]
most potent MSC
reduced pulmonary lation for I .
hvpertension popu e'ltlon or lung repair
YP in severe BPD
attenuated structural shift in macrophage
hyperoxia mice BM human 2.5x10° it d4 no da’T‘age -and h_mg populgtllons towards an [38]
fibrosis until anti-inflammatory
adulthood phenotype
paracrine MSC reaction via
. the release of
cytoprotective effects immunomodulatory factors
hyperoxia mice BM mice 5 x 10 iv. d4 no and attenuation of . M [34]
1 . to ameliorate the
ung injury hvmal and 1
parenchymal and vascular
injury
improved survival
and exercise tolerance BM MSC prevent arrested
while attenuating alveolaf and vascular
. 5 . -
hyperoxia rat BM rat 1x10 it d4 no alveolar and lung growth in part through [35]

vascular injury and
pulmonary
hypertension

paracrine activity

i.v.—intravenous; i.t.—intratracheal; MSC—mesenchymal stem cell; BPD—bronchopulmonary dysplasia; UCB—umbilical cord blood-derived MSC; BM—bone marrow-derived MSC;
AT—adipose tissue-derived MSC; MNC—umbilical cord blood mononuclear cells; d—day; HGF—hepatocyte growth factor; VEGFA—vascular endothelial growth factor A.
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Table 2. Summary of decisive preclinical studies in rodents examining the therapeutic potential of MSC to treat asthma.
Experimental lung Speci Cell MSC Dose Application Time Point of Repeated Biological Function Molecular Referen
Disease model pecies Source Species (Cells) Route Application Application In Vivo Changes/Results ererence
reduced airwa reduction of eosinophilia,
house dust mite mice BM mice 1x10° iv. d14 no hvperres Onsiver}lless Th2 response and activated [48]
P P dendritic cells
reduced attraction of
lymphocytes and
ovalbumin mice BM mice 1x10° iv. d19 no reduced pulmonary inflammation eosmophll§ to the lung, [49]
suppression of lung
dendritic cell maturation
and Th2 response
combination therapy of MSC plus .
simvastatin potentiates ne;if;mﬁﬁsrz;?:é:gg O}fﬂs
ovalbumin mice BM mice 1x10° iv. de67 no anti-inflammatory effects and obletpcell hyper lasiapan d, [50]
suppression of lung airway 8 1 }1:}1)) P
remodeling ung Horosis
. . MSC express high levels of
decreased airway responsiveness, COX. M2 macronh
house dust mite mice BM mice 5x10° iv. d27 no reduced eosinophil and neutrophil high i 1 afcn(j_% Oage; [55]
influx, normalized lung function 150 ‘evels 0 an
TGEF- and low level of IL-6
decreased airway
hyperresponsiveness, Nallslg trjiiﬁﬁiﬁﬁiﬁﬁs
ovalbumin mice UCB human 5x 10° iv. di4 no inflammatory cell infiltration and which cgul d be mediate d, b [51]
Th2 cytokine production while regulatory T cells y
percentage of Tregs was increased su y
BM reduction of lung parenchymal therapeutic efficiency only
ovalbumin mice ATVS' mice 1x10° it d22 no inflammation and inflammatory after treatment with BM [54]
profile of alveolar macrophages MSC
inflammatory cell infiltration and shift from Notch-1, -2 and
ovalbumin rat PD human 1% 10%/kg iv. a7 no goblet cell hyperplasia were jagged-1 to Notch-3, -4 and [57]
markedly decreased delta-like ligand-4 signaling
inhibition of inflammatory cell
iPSC vs do infiltration and mucus production, {PSC-MSC same therapeutic
ovalbumin mice : human 1 x 10° iv. (iMR90-iPSC) + yes reduction in eosinophil infiltration, P [44]
BM g effect as BM MSC
d20 (all) and a decrease in inflammatory

cell infiltration
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Table 2. Cont.
Experimental lung Speci Cell MSC Dose Application Time Point of Repeated Biological Function Molecular Referen
Disease model pecies Source Species (Cells) Route Application Application In Vivo Changes/Results ererence
inhibition of eosinophil infiltration,
decreased levels of Th2 cytokines BM MSC suppress
. . . and immunoglobulins, IL-4 and/or Th2-driven allergic i
ragweed pice BM pice n-a LY di4 no IL-13 activate the STAT6 pathway responses by TFG- (3 (4]
in the BMSCs resulting in an production
increase of their TGF-f3 production
reducing levels of IL-4, IL-13, and
eotaxin, increased mRNA reduction of inflammation
house dust mite mice BM mice 1% 10° it a2 no expressions of TGF-31, IFN-y, and remodeling, as well as 58]

IL-10, TSG-6, IDO-1, and IL-1RN
and induced M2 macrophage
polarization

improvement in lung
function

i.v.—intravenous; i.t.—intratracheal; MSC—mesenchymal stromal cell; UCB—umbilical cord blood-derived MSC; BM—bone marrow-derived MSC; AT—adipose tissue-derived MSC;
PD—placenta-derived MSC; iPSC—induced pluripotent stem cells; d—day; IL—interleukin; COX—cyclooxygenase; TGF-8—transforming growth factor beta; IFN-y—interferon gamma;
TSG-6—tumor necrosis factor-inducible gene 6 protein; IDO-1—indolamin-2,3-dioxygenase; Th2—t helper cell type 2.
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Table 3. Summary of key preclinical studies in rodents on the treatment of acute lung injury with MSC.
Experimental lung Speci Cell MSC Dose Application Time Point of Repeated Biological Function Molecular Referen
Disease Model pecies Source Species (Cells) Route Application Application In Vivo Changes/Results ererence
RNA interference against
LPS rat BM rat 5x 105 iv. 4hpi. no reduction of lung edema KGF abrogated the [65]
MSC effect
. . . 5 . . . attenuated neutrophil, T
Klebsiella mice (PxS) BM mice 1x10 iv. 4hpi. no reduced alveolitis and lung edema cell and dendritic cell influx [77]
protective effects only be
achieved at high dose
reduced inflammation, neutrophil instillation, inhibition of
Pseudomonas ; ; 1% 10° vs. : ; : : P prostaglandin E2
. mice AT mice 5 it lhp.i no accumulation, bacterial burden ¢ [23]
aeruginosa 1x10 . production by IGF-1,
and lung injury . .
improved bacterial
properties and phagocytosis
activity in macrophages
1% 107 vs. intratracheal application as
2 x 107 . effective as intravenous .
vs LV application, reduced efficiency of increased macrophage
E. coli rat BM human 5% 1'06 vs. 30 min p.i. no cryoiareserve d cells, phagc;f]zztg;is capa'cify and [67]
vs. Lt best balance between efficacy and -37 secretion
2% 10°/kg dose was seen at 1 x 107 hMSCs/kg
effects were mediated by
reduced impairment of alveolar infected cells’ release of
Influenza mice BM human 5% 10° iv. 5dp.i. no fluid clearance and attenuated soluble factors that [73]
lung injury down-regulate the sodium
and chloride transporters
reduced lung injury,
Influenza mice BM mice 1x10° iv. 30 min p.i. no pro-mﬂamr_natory cytokine reduction of JNK qnd ERK [74]
production, inflammatory cell phosphorylation
recruitment and lung edema
beneficial effects centrally exerted hage depleti
) by enhanced alveol h macrophage depletion
y enhanced alveolar macrophage .
E. coli mice BM human 1% 10° LY VS 4hpi no phagocytosis which is stipulated abolished the beneficial [68]
' in. o MSC effects, i.v. route could

by mitochondria transfer via
nanotube structures

be more beneficial




J. Clin. Med. 2020, 9, 682

Table 3. Cont.

12 of 45

Experimental lung Speci Cell MSC Dose Application Time Point of Repeated Biological Function Molecular Referen
Disease Model pecies Source Species (Cells) Route Application Application In Vivo Changes/Results ererence
reduction in bacterial load and
. . S lung inflammation, attenuated CD362+ MSC account for
7 & 4
E. coli rat BM human 1x107/kg Ly 30 min p.i no lung injury, potential to enhance the therapeutic efficiency 70l
epithelial wound repair
umbilical cord MSC
. . UCB vs. 5 . . improved outcome for umbilical improved growth factor -
influenza ice BM human 5x10 Ly 5dpd no cord MSC compared to BM MSC release of ANGPT-1 and 73]
HGF
_down-regulation of BM MSC decrease the
proinflammatory responses, severity of
. . . 4 . . . ) g
E. coli mice BM mice 75 % 10 it 4hpi. no reducing TNF-« and MIP-2 and endotoxin-induced ALI and [60]

increasing the anti-inflammatory
cytokine IL-10

improve survival

i.v.—intravenous; i.t.—intratracheal; i.n.—intranasal; p.i.—post infection; MSC—mesenchymal stem cell; ALI—acute lung injury; UCB—umbilical cord blood-derived MSC; BM—bone
marrow -derived MSC; (P«S) BM—double positive PDFGRx+ SCA1+ bone marrow-derived MSC; h—hours; min—minutes; d—day; KGF—keratinocyte growth factor; IGF—Insulin-like
growth factor; ANGPT-1—angiopoietin 1; TNF-a—tumor necrosis factor alpha; MIP-2—macrophage inflammatory protein-2; IL—interleukin; JNK—c-JUN-N-terminal kinase;
ERK—extracellular signal-regulated kinase.
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3.4. Chronic Obstructive Pulmonary Disease

COPD constitutes one of the most frequent chronic lung diseases of mankind with manifold
morbidities and high mortality. Pathogenesis is dominated by airway inflammation and lung fibrosis
leading to airway obstruction and emphysema. The multifactorial origin including genetic and
gender predisposition is dominated by smoke exposure [78]. Nowadays, immunosuppression by
corticosteroids is standard of therapy and attenuates disease severity. The dual anti-inflammatory and
regenerative action of MSC together with their ability of attraction to the site of lung injury makes them
a highly promising future candidate for efficient therapy of COPD. First results from the smoke model
demonstrated impressive reversal of lung architecture destruction which stipulated a large number of
subsequent preclinical trials [79-81]. MSC therapy in COPD models of both elastase or cigarette smoke
exposure in mice and rats reduced tissue destruction and emphysematic changes. This was mediated
by decreasing the inflammatory response with attenuated M1 macrophage cytokine release including
IL-1B, IL-6, TNF-ox and MCP-1 and protease activity responsible for elastic fiber degradation and
tissue remodeling. The parallel increase in HGF, EGF, SLPI, VEGFA, nuclear factor erythroid 2-related
factor (Nrf 2) and TGF-3 activity and superoxide dismutase led to decreased tissue changes and lung
cell apoptosis [56,82,83]. Endothelial cell dysfunction constitutes a key feature of COPD. A specific
preventive function has been described for VEGFA [84]. Recent findings hint towards a central role
of cyclooxygenase-2 mediating prostaglandin E2 production by p38 and ERK MAP kinase signaling
and airway inflammation in alveolar macrophages which shift the balance towards an M2 state [85].
Besides transdifferentiation into type Il cells, the prevention of AT II cell apoptosis was identified as
another key feature of action which was attributed to the overexpression of antiapoptotic proteins and
suppression of caspase activity [14,85,86]. Furthermore, mitochondrial transfer via nanotube formation
seems to constitute another mode of MSC action which is hampered by injury due to cigarette smoke
exposure [87].

As for BPD and ALI, different origins of MSC cell preparations, variations in the timing and dosing
of MSC, route of application and studies in various rodent models resulted in congruent results of
mechanistic action with primary impact on inflammation and airway enlargement. Therapeutic efficacy
and systemic effects varied between different cell preparations and routes of administration [17,83,85,88].
Despite the observed congruencies, disparities were observed for the important outcome measures
of macrophage polarization and cardiovascular function with superiority of bone marrow-derived
MSC compared to adipose tissue MSC [88]. MSC were only effective during the acute stage of
lung inflammation. In the chronic situation of established emphysema, no beneficial effects of MSC
application were recorded [89]. Repeated application proved superiority with respect to immunologic
cell pathology in the lung and pulmonary arterial hypertension [90]. For overview purposes pivotal
studies on different COPD models are assorted in Table 4 [91-93].

3.5. Idiopathic Pulmonary Fibrosis

Within the heterogeneous category of interstitial lung diseases, idiopathic pulmonary fibrosis
(IPF) represents the most frequent disease which is characterized by excess fibrosis and remodeling. Its
low incidence qualifies it as a rare disease, but the global disease burden is immense [6,94]. Initiation
and progression of disease pathogenesis are characterized by inflammation and fibroblast dysfunction
which results in lung fibrosis. In contrast to other lung diseases, M2 macrophages, TH17 and Th2
cells play a dominant role during disease evolution. The Th2 cells centrally release cytokines such
as IL-4, IL5 and IL-13. IL-13 constitutes the central driver of myofibroblast activation and tissue
remodeling. Further complexity arises from the fact that immune cells like Treg cells provide harm
if they preferably secrete TGF-3 but exert a protective function if IL-10 is primarily secreted [94].
Moreover, CD4+ T cells were identified as another central target of MSC action leading to attenuated
inflammation and lung fibrosis [95]. In the preclinical rodent model, MSC application in the acute phase
of disease suppressed proinflammatory cytokine production, the release of nitric oxide and TGF-f
from immune cells and resident alveolar macrophages and suppressed the production of profibrotic
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and inflammatory genes [96-98]. In this experimental context, the interleukin 1 receptor antagonist
expressing MSC subpopulation was identified to exert all beneficial effects observed and specifies
the MSC fraction of action [99]. Besides abrogation of TGF-§ signaling, inhibition Wnt/3-catenin
signaling and thereby inhibition of myofibroblast differentiation of lung resident MSC and inhibition of
pro-fibrotic mir-199-3p upregulation were identified as further central mechanisms of action [100,101].
The therapeutic efficiency depends on the age of MSC applied and old donor cells were not able
to impact on key regulations like MMP-2, IGF receptor and AKT activation [102]. However, MSC
application proved more efficient than the actual clinical standard therapy with pirfenidone [98]. Early
application of MSC during the initiation of lung inflammation is the decisive factor as this approach has
the potential not only to alleviate lung inflammation but also lung fibrosis, while retarded application
after disease establishment was only capable to attenuate inflammation but failed to reduce lung
fibrosis [103]. The important insights on MSC action in IPF are detailed in Table 5 and display the
congruencies and disparities to other pulmonary diseases [104].

MSC therapy has been extended to a number of further lung diseases including radiation-induced
lung injury and ischemia reperfusion damage during lung transplantation. Due to the limitations in
space these diseases were not included in the detailed presentation but key beneficial effects of MSC
therapy have been summarized elsewhere [94,105,106].

Due to the still limited therapeutic options in lung diseases, the high therapeutic efficiency of MSC
in preclinical lung disease models across all ages to attenuate inflammation and fibrosis raises great
enthusiasm. Comparability of results is still hampered by the broad heterogeneity of published results
with respect to preventive or rescue MSC therapy, the cell type, dosage and route of MSC application
as displayed in Tables 1-5, but congruency of efficacy argues towards a broad range of therapeutic
options. Future research efforts need to be directed towards the optimal therapy conditions and the
window of therapy is directed to the acute phase of lung injury. Abnormal alveolar epithelial cell
function and immunologic dysregulation with the release of cytokines and proteinases leads to lung
injury, abnormal wound repair, lung fibrosis and rarefication, and myofibroblastic differentiation of
lung MSC which can all be reverted by exogenous MSC. Most of the studies were performed in rodents
and within established animal disease models that usually display a severe phenotype but do not
reflect genetic or inter-strain variability or do not mimic the origins of lung disease as, for example, for
the bleomycin IPF model [107,108]. Surprising only at the first site, the mechanisms of MSC action are
largely homologous. This underlines the potential for unique approaches and the option for common
study readouts across disease entities to speed up the dissemination of this promising therapy into
clinical trials.
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Table 4. Summary of important preclinical studies in rodents studying the therapeutic potential of MSC for COPD.
Experimental Lung . . Dose Application Time Point of Repeated Biological Function Molecular
Disease Model Species Cell Source MSC Species (Cells) Route Application Application In Vivo Changes/Results Reference
downregulated COX2 and
yes alleviated airway prostaglandin E production
cigarette smoke rat BM rat 6 x 10° it beginning 7th (2xweek for 5 inflammation and suggest'e(.:l to be mediated [85]
week weeks) dem by inhibition of p38 and
edema ERK MAP kinase activity in
macrophages
only the repeated
3hopi reduced inflammation  application one week apart
1x10° ( p-c.l and collagen fiber reduced neutrophil counts
elastase mice BM mice vs. it a S‘iicco;ion yes content, improved and T cell pathology [90]
2x10° PP VEGFA secretion and resulting in attenuation of
after 7 days) ) . .
ung mechanics pulmonary arterial
hypertension
BMC and MSC
increased pulmonary
vaseularity, cell BMC better induced
5 P proliferation of AT2 cells
6 x 10 number of small
. BMC vs. . and pulmonal vascular
cigarette smoke rat rat vS. iv. 6 month a.t. no vessels. BMC reduce . [81]
BM 6% 10° apoptotic cell death endothelial cells, BM MSC
poptotic cell death, and BMC both alleviate
attenuate mean
. emphysema.
pulmonary arterial
pressure and
muscularization
enhancement of
compensatory selective delivery of HGF
elastase rat AT rat 5x 107 local (PGAF) 1 week a.t. no growth, restoration of by AT MSC with alveolar [79]
pulmonary function, regenerative and
alveolar and vascular angiogenic effects
regeneration
protective effecton gy \15C increase VEGF-A
. ¢ BM t 4% 10 . Shat pu}l1monaryb expression by TNF-« 180]
papain a a x Ly at no emphysema by release with inhibition of
secretion of reparative apoDtosis
growth factors pop
WJ MSC deliver pulmonary
elastase mice WJ human 5 x 10* iv. 7dat. no reduced degree of regenerative effect, [91]

alveolar emphysema

pathomechanism not
investigated
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Table 4. Cont.
Experimental Lung . . Dose Application Time Point of Repeated Biological Function Molecular
Disease Model Species Cell Source MSC Species (Cells) Route Application Application In Vivo Changes/Results Reference
. activation of HGF/c-Met
partially restored svstem. by promotin
elastase mice LT mice 5x10* it 21dat. no lung elasticity and th 14 (};p i & [92]
alveolar architecture survival and proliteration
of alveolar epithelial cells
 reduced AT MSC abrogated the
inflammatory hosphorvlati 38
during last 8 s infiltration, decreased phosphorylation of p
. . human vs 5 . & (4x/last 8 weeks 4 MAPK and attenuated
cigarette smoke mice AT N 3x10 iv. weeks of cell death and A [93]
mice of treatment, . JNK1 and AKT1 activities,
treatment . airspace enlargement .
biweekly) and restored murine and human ASC
. have same effects
weight loss
BM, AT and LT MSCs
decreased mean linear decreased
intercept, neutrophil keratinocyte-derived
BM vs infiltration, and cell chemokine and TGF-f3
elastase mice AT vs mice 1% 10° iv. vs. Shat no apoptosis, increased levels in all sources, i.v. 88]
IT it o elastic fiber content, administration of BM MSC
reduced alveolar with better cardiovascular
epithelial and function and phenotype
endothelial cell change from M1 to M2
damage
elastase or 7dat. vs improved alveolar AT MSC decrease mean
. mice AT human 1x10° iv. o no p X linear intercept and reduce [109]
cigarette smoke 6-month a.t. regeneration

caspase-3 activity

i.v—intravenous; i.t—intratracheal; a.t.—after treatment; MSC—mesenchymal stem cell; COPD—chronic obstructive pulmonary disease; BM—bone marrow-derived MSC; AT—adipose
tissue- derived MSC; BMC—bone marrow-derived mononuclear cells; PGAF—polyglycolic acid felt sheet; W]—whartons’s jelly-derived MSC; LT—lung tissue-derived MSC; h—hours;
d—day; COX2—cyclooxygenase-2; ERK—extracellular signal-regulated kinase; MAP—mitogen-activated protein kinase; HGF—hepatocyte growth factor; VEGF-A—vascular endothelial
growth factor A; TNF-a—tumor necrosis factor alpha; ATII—alveolar epithelial type II; JNK1—c-Jun N-terminal kinase 1; AKT1—AKT serine/threonine kinase 1; TGF-f—transforming
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