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Abstract
Acute respiratory distress syndrome (ARDS) is a devastating hypoxemic respiratory failure, characterized by
disruption of the alveolar-capillary membrane barrier. Current management for ARDS remains supportive, including
lung-protective ventilation and a conservative fluid strategy. Mesenchymal stem cells (MSCs) have emerged as a
potentially attractive candidate for the management of ARDS through facilitating lung tissue regeneration and
repair by releasing paracrine soluble factors. Over the last decade, a variety of strategies have emerged to optimize
MSC-based therapy. Among these, the strategy using genetically modified MSCs has received increased attention
recently due to its distinct advantage, in conferring incremental migratory capacity and, enhancing the antiinflammatory, immunomodulatory, angiogenic, and antifibrotic effects of these cells in numerous preclinical ARDS
models, which may in turn provide additional benefits in the management of ARDS. Here, we provide an overview
of recent studies testing the efficacy of genetically modified MSCs using preclinical models of ARDS.
Keywords: Acute lung injury (ALI), Acute respiratory distress syndrome (ARDS), Mesenchymal stem cells (MSCs),
Gene therapy, Genetic modification

Background
Acute respiratory distress syndrome (ARDS) is a rapid onset of diffuse lung injury arising from a variety of insults,
along with refractory hypoxemia ranging from mild to severe [1]. Currently, the Berlin criteria are considered a
gold-standard for clinically defining ARDS [2]. Although
findings gleaned from numerous studies in the past decade have provided more information about the biological
basis of ARDS, there is a long way to reach a holistic understanding of the pathogenesis of ARDS. In terms of
management, lung-protective ventilation, prone positioning, and conservative fluid strategies have been attempted
to halt or reverse the course of ARDS [3–5]. Pharmacological interventions mainly target the inflammatory response to reverse the course of ARDS. Despite the
encouraging results of preclinical studies, to date, no
pharmacological-based therapies have been successfully
translated to widely applicable interventions to manage
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ARDS in clinical settings [6–9]. Consequently, there is an
urgent demand for more innovative and effective approaches to the management of ARDS. Mesenchymal
stem cell (MSC) therapy is being considered as a promising intervention for treating ARDS due to the ability of
MSCs to secrete a pool of trophic factors associated with
anti-inflammation, angiogenesis, anti-fibrosis, and antiapoptosis [10, 11]. Several favorable changes in the physiological and pathological features of acute lung injury (ALI)
were observed in MSC-treated mice, including reduced
lipopolysaccharide (LPS)-induced pulmonary inflammation and lung permeability compared to untreated mice
[12, 13]. In addition, the human lung ex vivo model has
also been tested, showing the therapeutic effects of MSCs
in ALI.

The general characteristics and identification of
MSCs
MSCs, first termed osteogenic stem cells, were initially obtained from bone marrow by Friedenstein and colleagues
in the 1960s and were shown to exhibit plastic-adherent,
nonphagocytic, and fibroblastic characteristics [14]. In
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addition to the bone marrow, MSCs can also be isolated
from various other sources, such as umbilical cord blood,
amniotic fluid, placenta, dental pulp, liver, lung, thymus,
synovium, and adipose tissues, offering various choices for
their application [15]. Another feature of MSCs is their
paracrine property of secreting various trophic factors and
extracellular vesicles. Notably, there is overwhelming evidence that MSCs are a type of heterogeneous cell [16]. To
solve this inconsistency with respect to the terminology
and biologic properties, the International Society for Cellular Therapy (ISCT) suggests that researchers use mesenchymal stromal cells (MSCs) as the uniform nomenclature
in all reports and proposes a minimal set of standard criteria for defining MSCs: primarily, MSCs have to adherence to plastic when in vitro cultured under standard
condition; next, MSCs have to express CD105, CD73, and
CD90 surface markers, and absence of CD45, CD34,
CD14, CD11b, CD79, and CD19 on the cell surface; finally, MSCs have the capacity to differentiate into osteoblasts, adipocytes, and chondrocytes in the induction
culture media [17, 18]. The ISCT proposed guidelines
have been updated and now include changes in cell
markers in response to activation [19].

The mechanisms of action of MSCs in ARDS
Emerging studies support that the mechanism of action
of MSCs responsible for injured tissue repair mainly
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depends on their paracrine property rather than
differentiation [20]. MSCs secrete a plethora of paracrine soluble factors including keratinocyte growth factor (KGF), angiopoietin-1 (Ang-1), prostaglandin E2
(PGE2), interleukin-10 (IL-10), and other trophic cytokines. These paracrine factors can increase alveolar
fluid clearance, regulate lung epithelial and endothelial
permeability, facilitate endothelial repair, and reduce
inflammation [21]. MSCs can also release a great quantity of extracellular vesicles (EVs), which envelop
cytokines, growth factors, signaling lipids, functional
mRNAs and microRNAs [22]. EVs participate in cellto-cell communication, cellular signal transduction, cellular metabolism, and immune modulation both locally
and at a distance in the body [23]. Furthermore, Islam
et al. demonstrated that MSCs transferred mitochondria to the injured alveolar epithelium gave rise to
increased alveolar ATP concentrations, thereby restituting alveolar bioenergetics and improving organ function [24]. In the in vitro and in vivo models of ARDS,
the phagocytic activities of macrophages were enhanced
after acquiring mitochondria from MSCs through tunneling nanotubes (TNT)-like structures, indicating that
mitochondrial donation accounts for the bacterial clearance effect of MSCs in the setting of ARDS [25]. The
mechanisms by which MSCs improve lung injury are illustrated in Fig. 1.

Fig. 1 The mechanisms by which mesenchymal stem cells (MSCs) improve lung injury. MSCs secrete an abundance of paracrine soluble factors
increase as well as releasing a great quantity of extracellular vesicles (EVs), exerting beneficial effects against lung injury. MSCs can also transfer
mitochondria to the injured alveolar epithelium and macrophage, thereby restituting alveolar bioenergetics and enhancing phagocytic activity,
respectively. KGF, keratinocyte growth factor; Ang-1, angiopoietin-1; PGE2, prostaglandin E2; IL-10, interleukin-10; HGF, hepatocyte growth factor;
RNA, ribonucleic acid; DNA, deoxyribonucleic acid
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Application of MSCs in patients with ARDS
Preclinical ARDS models using mice, rats, and sheep all support the safety and efficacy of MSC transplantation for the
treatment of lung injury [26–28]. Of note, Lee et al. demonstrated the efficacy of MSCs in an ex vivo perfused human
lung ALI model injured by E. coli endotoxin, as evidenced
by restored alveolar fluid clearance and reduced extravascular lung water [29]. To date, MSC therapy in ARDS patients
remains in its infancy, and there are two published phase I
clinical trials that evaluated the safety of MSCs in patients
with ARDS [30, 31]. Zheng et al. revealed that no patient
suffered serious adverse events related to allogeneic adiposederived MSC infusion during the 28-day study period [30].
Furthermore, Wilson et al. conducted a multi-center, openlabel, dose-escalation phase I clinical trial of allogeneic bone
marrow-derived human MSC administration for the treatment of patients with moderate-to-severe ARDS, and none
of the MSC-related serious adverse effects were observed in
this trial [31]. Recently, a prospective, double-blind, multicenter, randomized trial involving 60 participants also demonstrated that intravenous administration of MSCs was safe
in patients with moderate to severe ARDS [32]. However,
this study demonstrated that the 28-day mortality of the
MSC group was numerically but not statistically higher than
that of the placebo group, this tendency toward harm may
correlated with MSCs viability [32]. It is worth noting that
there are some limitations to these clinical trials. Firstly, the

findings of these clinical studies are unreliable to assess efficacy due to the small sample size. Thus, it is very hard to
distinguish whether the primary and secondary outcomes
are correlated with MSC therapy or underlying critical illness. Moreover, all these clinical studies lacked data with respect to the time-response relationship of MSC therapy. It is
still unclear about the frequency of MSCs administration
should be performed in ARDS. Finally, there were no results
related to the effect of MSC therapy on co-existing morbidities of the patients with ARDS. Registered clinical studies
regarding the application of MSCs in patients with ARDS
are summarized in Table 1.

Genetic modification strategy to improve
therapeutic potential of MSCs
Due to the lack of randomized phase III/IV clinical trials, we cannot draw any definitive conclusions concerning the therapeutic effects of MSCs in patients with
ARDS at present. To provide incremental benefits in the
management of ARDS, MSCs genetically engineered to
produce desirable trophic cytokines or other beneficial
gene products have been explored to further optimize
the therapeutic efficacy of MSCs in numerous preclinical
models [33–35]. Genetic modification of MSC is commonly carried out with viral or non-viral transfection
methods.

Table 1 Registered clinical studies regarding the application of MSCs in patients with ARDS
ClinicalTrials. Study title
gov identifier

Study
phase

Cell
Actual/
estimated source
enrollment

Cell does

Primary
outcome

Location Status

NCT01775774 Human mesenchymal stem cells for acute
respiratory distress syndrome (START)

Phase
1

9
Bone
participants marrow
MSCs

1 × 106,5 ×
106, and
10 × 106
cells/kg

Infusion
associated
adverse events

USA

Completed

NCT03608592 Human umbilical cord-derived mesenchymal stem cells therapy in acute respiratory
distress syndrome

Phase
1

12
Umbilical
participants cordderived
MSCs

1 × 106 cells

Infusion
associated
events

China

Not yet
recruiting

NCT02804945 Mesenchymal stem cells (MSCs) for
treatment of acute respiratory distress
syndrome (ARDS) in patients with
malignancies

Phase
1

20
Bone
participants marrow
MSCs

3 × 106/cells/ Adverse events USA
kg

Active, not
recruiting

NCT01902082 Adipose-derived mesenchymal stem cells in Phase
acute respiratory distress syndrome
1

20
Adiposeparticipants derived
MSCs

1 × 106/cells/ Adverse events China
kg

Completed

NCT02444455 Human umbilical-cord-derived mesenchymal stem cell therapy in acute lung injury
(UCMSC-ALI)

Phase
1/2

20
Human
participants umbilical
cord
MSCs

5 × 105/cells/ Major adverse
kg
events

China

Recruiting

NCT02112500 Mesenchymal stem cell in patients with
acute severe respiratory failure (STELLAR)

Phase
2

10
Bone
participants marrow
MSCs

Unclear

Oxygen index
at 3 days after
MSCs infusion

Korea

Unknown

NCT03042143 Repair of acute respiratory distress
syndrome by stromal cell administration
(REALIST)

Phase
1/2

75
Umbilical
participants cordderived
MSCs

Unclear

Oxygenation
index, serious
adverse events

UK

Recruiting
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Viral transduction

Viral transduction is the most efficient way to integrate
exogenous genes into MSCs, while not compromising
the self-renewal and differentiation capacity of the progeny [36]. Experienced research personnel can commonly obtain 90% transfection efficiency of target gene
in MSCs via viral transfection [37]. Lentiviral vector,
adenoviral vector, and adeno-associated virus (AVV) are
the most common viral vectors. Lentiviral transfection
can enable stable transgene expression levels in the target cells. Adenoviral vector affords merely transient expression of targeting genes on MSCs. AAV is the
absence of immunogenic in murine models and generates sustained transgene expression. However, there are
some concerns related to viral transfection technique.
First and foremost, viral transfection carries a risk of activation of oncogenes and results in tumorigenesis. Furthermore, viral vectors may trigger adverse immune
reactions and weaken the stability of transgene after administration [38]. For instance, a great proportion of the
population with pre-existing neutralizing antibodies
against AAV, which result in a decline in gene transfer
efficacy in vivo [39].
Non-viral transfection

Non-viral transfection techniques are divided into physical methods and chemical methods [40]. Although nonviral transfection methods have many advantages, including easy to scale up, low production cost, low risk of
adverse immune reactions, and are versatile with a variety of experimental protocols, there are drawbacks to
these techniques [41]. Physical methods contain electroporation and ultrasound sonoporation. Electroporation
can transfer the nucleic acid into the cytoplasm through
the cellular pores opened by electrical pulse, but this
handling procedure results in considerable cell death.
Otani et al. have shown that the combination of ultrasound and microbubbles (US-MB) can deliver small
interfering RNA (siRNA) into MSCs, whereas the highintensity supersonic markedly decreased the viability of
MSCs [42]. Liposomes are the most commonly used
chemical methods, but the transfection efficiency is low,
typically transfecting merely 2–35% of MSCs [43].

Application of gene-modified MSCs in preclinical
ARDS models
As mentioned above, the genetically modified MSC approach is particularly valued due to its ability to target
genes of interest within injured tissues, displaying promise for clinical translation.
Genetically modified MSCs to improve homing

MSCs have the ability to home to the site of damage so
systemic delivery of MSCs is the most prevalent route
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and is widely used in clinical practice [44]. However,
MSCs express a relatively low levels of homing molecules and extensive expansion means the homing receptors can be lost, thus the in vivo homing of MSCs to the
target tissue is not sufficient, which in turn hampers
their therapeutic efficacy [45]. Accordingly, genetically
modified MSCs with candidate gene is considered a
promising way to improve their homing ability. A study
demonstrated that MSCs preferably migrated to the
damaged tissue after administration [46], thereby contributing to the restoration of pulmonary structure and
function. The efficacy of MSC therapy is critically
dependent on efficient cell delivery [47]. Extensive expansion is required to harvest a great quantity of MSCs
for systemic administration. However, culture-expanded
MSC loose an abundance of homing receptor. Therefore,
the low homing rate of MSCs is a common occurrence
after systemic infusion; this phenomenon has been observed in many disease models [48, 49]. The most crucial
issue is to ensure that adequate numbers of transplanted
cells reach the target tissue by enhancing their migratory
ability while minimizing the risk of embolism. MSCs migrate to sites of injury through the mechanism of mimicking leukocyte recruitment in an inflammatory setting,
and chemokines are believed to play a pivotal role in
promoting the homing of injected MSCs to target tissues
[49]. In particular, stromal cell-derived factor-1 (SDF-1),
a ligand for the chemokine receptor (CXCR4), is a critical chemokine of cellular migration, attracting CXCR4expressing cells to the site of tissue injury [50]. Moreover, there was an increase in the level of SDF-1a following lung injury. However, the surface levels of the
receptor CXCR4 gradually decreased as MSCs expanded,
ultimately limiting the efficacy of MSCs [51, 52]. Therefore, it may be expected that CXCR4 genetically modified MSCs can improve the homing efficiency. To test
this hypothesis, Yang et al. overexpressed CXCR4/GFP
or GFP in MSCs using a lentiviral vector and subsequently investigated them in a rat model of ALI injured
by LPS, demonstrating that CXCR4-MSCs showed improved homing and colonization of injured lung tissue
compared with the control GFP-MSCs, which resulted
in a decrease in the levels of pro-inflammatory cytokines
and neutrophil numbers in bronchoalveolar lavage fluid
(BALF) [53]. A similar study manipulated the homing
property of MSCs through lentiviral-mediated modification of the E-prostanoid 2 (EP2) receptor, and the immunofluorescence staining showed that more EP2-MSCs
were observed in the site of lung injury than control
MSCs [54]. However, these preliminary results were obtained from mouse models of lung injury induced by
LPS, which cannot fully recapture the pathophysiological
characteristics of patients with ARDS. Thus, the implementation of genetic modification to facilitate MSC
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homing to the site of the damaged lung tissue should be
validated in ARDS models induced by a variety of causative origins before translation into clinical ARDS
settings.

Genetically modified MSCs to facilitate anti-inflammation

To date, two distinct sub-phenotypes of ARDS have been
reported, including hyperinflammatory sub-phenotype and
hypoinflammatory sub-phenotype, respectively [55, 56].
ARDS patients with hyperinflammatory sub-phenotype are
featured by exuberant inflammation [56]. Another attractive feature of MSCs relates to their anti-inflammatory properties [57]. Genetic engineering is also used to further
enhance the inherent anti-inflammatory action of MSCs.
IL-1 receptor-like-1 (ST2) is known to be a decoy receptor
for interleukin-33 (IL-33), which is released after epithelial
or endothelial injury [58]. Growing evidence suggests that
the IL-33/ST2 axis plays a role in tissue damage and innate
airway inflammation via initiating and enhancing both the
Th1 and Th2 immune responses [59]. Human MSCs overexpressing sST2 via lentiviral transfection have demonstrated incremental therapeutic benefits in a murine model
of ALI [60]. In this study, overexpression of sST2 provided
additional anti-inflammatory effects, evidenced by a considerable reduction in the numbers of inflammatory cells and
neutrophils in the lung airspace, along with a significant decrease in the concentrations of pro-inflammatory cytokines
(TNF-α and IL-6) in the BALF [60]. Angiotensin II (Ang II)
is known to participate in the development of ARDS via initiating the lung inflammatory response [61]. Angiotensinconverting enzyme 2 (ACE2) can facilitate the degradation
of AngII into Ang1–7, thereby alleviating the proinflammatory effect of AngII in ARDS [62]. Thus, the antiinflammatory property of MSCs was also manipulated via
overexpression of the ACE2 gene. He et al. used lentiviral
transduction of ACE2 in MSCs followed by intravenous delivery of MSCs-ACE2 in a mouse model of ALI induced by
LPS [63]. Their findings suggested that mice treated with
MSCs-ACE2 demonstrated a significant reduction in neutrophil influx and pro-inflammatory cytokine levels when
compared to mice treated with unmodified MSCs. These
incremental anti-inflammatory effects were deemed related
to the accelerated degradation of Ang II as a consequence
of the increased level of ACE2 in injured lung tissues. However, it is noteworthy that inflammation is not always detrimental; inflammation also plays a vital role in the repair
process and resolution of ARDS. Accordingly, antiinflammatory properties enhanced by genetically modified
MSCs might be deleterious in the late stage of ARDS,
leading to immunosuppression or immunoparalysis. Additionally, genetically modified MSCs to facilitate antiinflammation may be harmful for patients with ARDS
hypoinflammatory sub-phenotype.
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Genetically modified MSCs to repair the alveolar-capillary
barrier

Disruption of the alveolar-capillary barrier is partly related to non-cardiogenic pulmonary edema following
ARDS [64]. Alveolar epithelial fluid transport is critical
for the recovery of pulmonary function [65]. For this
reason, accelerating alveolar epithelial recovery has been
reviewed as a target in the treatment of ARDS. Keratinocyte growth factor (KGF) is one of the most powerful cytokines that participates in the process of pulmonary
epithelial healing by promoting alveolar type II cell proliferation and stimulating surfactant synthesis, thereby
contributing to edema clearance [66]. In a murine model
of LPS-induced ALI, the intravenous application of
MSCs overexpressing KGF led to a significant decrease
in pulmonary edema compared to the vehicle control, as
quantified by measuring the total protein in bronchoalveolar lavage fluid [67].
In addition, ARDS is characterized by bilateral pulmonary edema resulting from disruption of the endothelial barrier [68], highlighting the need for novel
therapeutic strategies targeting the pulmonary endothelium. MSCs display substantial pro-angiogenic
properties mainly via the secretion of angiogenic factors, such as vascular endothelial growth factor
(VEGF), hepatocyte growth factor (HGF), and insulinlike growth factor 1 (IGF-1), and these cytokines can
act individually or synergistically to promote the recovery of the pulmonary vasculature [69]. Although it
is widely accepted that MSCs participate in angiogenic
processes during tissue repair and regeneration by
producing multiple soluble factors, including VEGF
and HGF, the level of these angiogenic factors secreted
by MSCs in vitro is too low to be detected and thus
cannot rapidly promote the angiogenic response after
lung injury [70]. HGF was originally considered a potent mitogen for hepatocytes; however, emerging evidence suggests that HGF also actively participates in
angiogenesis [71]. Adenoviral vectors were used to
make MSCs overexpress HGF offered an incremental
potential in promoting revascularization following
radiation-induced lung injury [72]. A recent study suggested that VEGF produced by MSCs synergized with
HGF in stabilizing endothelial cell barrier function in
an in vitro co-culture model [73]. Furthermore, VEGF
gene knockdown in MSCs reduced the protective effect of MSCs on lung vascular permeability in a rat
model of LPS-induced ALI, indicating that VEGF is
required for MSCs to exert the angiogenesis effect
[74]. In addition, the Angiopoietin-1 (Ang-1) is also
considered a target to enhance the pro-angiogenic
properties of MSCs. McCarter et al. assessed the
therapeutic potential of Ang-1 overexpression in a rat
model of ALI injured by LPS [75]. Their results
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showed that fibroblast cells transfected with plasmid
vector containing human Ang-1 resulted in marked
improvement in endothelial integrity. In addition, they
also reported that the Ang-1/Tie2 axis plays a crucial
role in maintaining pulmonary vascular stabilization
following lung injury, as demonstrated in Ang-1overexpressing or Tie2-deficient transgenic mice. As a
ligand of endothelial Tie2, Ang-1 is a strong proangiogenic mediator with the capacity to protect vascular endothelium against plasma leakage [76–78].
Karmpaliotis et al. demonstrated that downregulation
of Ang-1 was associated with decreased capillary leakage and neutrophil infiltration [79]. Considering the
anti-permeability and endothelial-protective features
of the Ang-1 gene, MSCs were engineered to overexpress Ang-1 using a lentivirus vector and were used to
treat LPS-induced lung injury, demonstrating a further
improvement in pulmonary vascular endothelial permeability [80]. Moreover, Mei et al. demonstrated that
MSCs transfected with the Ang-1 gene were significantly more effective than MSCs alone in a murine
model of LPS-induced ALI, providing additive benefits
in both pulmonary vascular permeability and alveolar
inflammation, as evaluated by reductions in albumin
and pro-inflammatory cytokine levels in BAL, respectively [81]. Taken together, these findings imply that
genetic modification of MSCs may be beneficial to further attenuate permeability of the alveolar-capillary
barrier and subsequently improve arterial oxygenation
for critically ill patients with ARDS. Nevertheless, the
therapeutic potential of MSCs depends largely on passage, as extended handing of MSCs and genetic modification in vitro may significantly diminish their ability
to protect the pulmonary alveolar-capillary barrier due
to cellular senescence.
Genetically modified MSCs enhance anti-apoptosis

Abundant reactive oxygen species are generated during
the pathophysiological process of ARDS, subsequently
facilitating the process of cell apoptosis, ultimately leading to deterioration in pulmonary function [82]. Accordingly, another transgenic expression strategy to augment
the efficacy of MSCs is to overexpress genes with protective effects against apoptosis. Manganese superoxide
dismutase (MnSOD) is the chief reactive oxygen species
(ROS) scavenging enzyme that counteracts ROS overproduction, by degrading superoxide radicals into oxygen and hydron peroxide, consequently protecting cells
from the deleterious action of ROS overproduction [83].
It is noteworthy that MSCs overexpressing MnSOD
could protect against apoptosis induced by tert-butyl hydroperoxide [84]. In mouse models of radiation-induced
lung injury (RILI), MSCs overexpressing MnSOD significantly facilitate the improved recovery of RILI, mainly
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attributable to MnSOD-MSCs protecting the lung cell
from apoptosis, as measured by terminal deoxynucleotidyl transferase-mediated nick-end labeling (TUNEL) immunohistochemical staining [85]. Heme oxygenase-1
(HO-1) is a cytoprotective enzyme with anti-apoptotic
property. The study performed by Chen et al. demonstrated that HO-1-modified bone-marrow-derived MSCs
have an additional protective effect against lung injury
than MSCs delivery alone [86]. It is worth noting that a
dysfunction in neutrophil apoptosis in the inflammatory
phase of ARDS paradoxically can damage host tissues
[87]; therefore, the strategy with genetically modified
MSCs to enhance anti-apoptosis may be detrimental. Research regarding the application of gene-modified MSCs
in preclinical ARDS models are summarized in Table 2.

Concerns regarding MSC-based gene therapy in
ARDS
Although the genetically modified MSC strategy has
shown promising results in preclinical animal models of
ARDS, the application of genetically modified MSCs for
translational purposes appears much more hypothetical
and uncertain; there are still some concerns that need to
be addressed in the near future. First, there is a concern
that genetic manipulation may have an impact on the
functional characteristics of MSCs, including their trilineage differentiation capability, immunosuppressive
properties, and cell surface receptor phenotype. Second,
the therapeutic use of genetically modified MSC therapy
exposes the genetic instability that can be induced by
the genetic manipulation of MSCs, and little information
is available regarding the long-term behavior of genetically modified cells in vivo after systematic or local administration. Additionally, it is important to note that
diverse vectors have been applied to transfect MSCs, a
variety of MSC sources have been used, various models
of preclinical ARDS have been studied, and different
methods have been used to evaluate the therapeutic efficacy in these studies, so caution should be used when
interpreting these findings. Moreover, from the clinical
application perspective, it may be difficult to rapidly generate enough genetically modified MSCs within a few
days to transplant following the onset of ARDS. In the
vast majority of the published studies, researchers investigated only the overexpression of a pre-selected gene of
interest to improve MSC therapy; however, it is justifiable to suppose that the expression of certain genes can
blunt the therapeutic effects of MSCs; therefore, it might
be interesting to knockdown/knock out genes in MSCs
to enhance the therapeutic potency of MSCs in ARDS.
Conclusions
In conclusion, MSCs are being exploited as a gene delivery vehicle to manage ARDS due to their low
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Table 2 Research regarding application of gene modified MSCs in preclinical ARDS models
Candidate
gene

Engineering vector

Animal
species

ARDS model

MSC source

MSC
species

MSC
dose

Administration
route

References

CXCR4

Lentiviral vector

Rat

LPS-induced

Bone
marrow

Rat

1 × 106

Tail vein

[53]

EP2

Lentiviral vector

Mice

LPS-induced

Bone
marrow

Mice

5 × 105

Tail vein

[54]

sST2

Lentiviral vector

Mice

LPS-induced

Adipose
tissue

Human

1 × 106

Tail vein

[60]

ACE2

Lentiviral vector

Mice

LPS-induced

Bone
marrow

Mice

5 × 105

Tail vein

[63]

KGF

Lentiviral vector

Mice

LPS-induced

Bone
marrow

Mice

5 × 105

Tail vein

[67]

HGF

Adenoviral vector

Mice

radiationinduced

Bone
marrow

Human

1 × 106

Tail vein

[72]

Ang-1

Lentiviral vector

Mice

LPS-induced

Bone
marrow

Mice

1 × 105

Jugular vein

[79]

Ang-1

Nuclear-targeting
electroporation

Mice

LPS-induced

Bone
marrow

Mice

2.5 × 105 Jugular vein

[80]

MnSOD

Lentiviral vector

Mice

radiationinduced

Bone
marrow

Human

1 × 106

Tail vein

[85]

HO-1

Lentiviral vector

Rat

LPS-induced

Bone
marrow

Rat

5 × 105

Tail vein

[86]

ARDS acute respiratory distress syndrome, CXCR4 chemokine receptor 4, LPS lipopolysaccharide, EP2 E-prostanoid 2, sST2 soluble IL-1 receptor-like-1, ACE2
angiotensin-converting enzyme 2, KGF keratinocyte growth factor; HGF, hepatocyte growth factor, Ang-1 angiopoietin-1, HO-1 heme oxygenase-1, MnSOD
manganese superoxide dismutase

immunogenicity, their pleiotropic effects, and their
preferential migration to the site of damage. Although
a genetic engineering strategy aimed at improving the
therapeutic efficacy of MSCs by either increasing cell
delivery or the effective dose of trophic factors to the
damaged host tissue is showing promise in preclinical
studies, challenges remain. Lacking specific surface
markers to assess the quality of MSCs obtained from
different origins, paracrine factor profiles of MSCs
vary with their tissue origin, and functional heterogeneity of MSCs exists between individuals are obstacles
faced by clinical translation. In addition, no standardized protocol is established for genetic modification of
MSCs may result in a high degree of variability in their
proliferation and differentiation potential. Accordingly, genetic modification of MSC may accompany
safety concern and result in unpredictable clinical
consequences. Particularly, patients with ARDS in different stages or sub-phenotypes may have different
treatment responses to genetically modified MSC therapy. Future studies are needed to overcome these
scientific hurdles before genetically modified MSC
therapy can be translated into clinical practices for patients with ARDS.
Abbreviations
ACE2: Angiotensin-converting enzyme 2; ALI: Acute lung injury; Ang
II: Angiotensin II; Ang-1: Angiopoietin-1; ARDS: Acute respiratory distress
syndrome; BALF: Bronchoalveolar lavage fluid; CXCR4: Chemokine receptor 4;
EP2: E-prostanoid 2; HGF: Hepatocyte growth factor; HO-1: Heme oxygenase-

1; IGF: Insulin-like growth factor 1; IL-10: Interleukin-10; KGF: Keratinocyte
growth factor; MnSOD: Manganese superoxide dismutase;
MSCs: Mesenchymal stem cells; PBW: Predicted body weight;
PGE2: Prostaglandin E2; ROS: Reactive oxygen species; SDF-1: Stromal cellderived factor-1; sST2: Soluble IL-1 receptor-like-1; TUNEL: Terminal
deoxynucleotidyl transferase-mediated nick-end labeling; VEGF: Vascular
endothelial growth factor
Acknowledgements
Not applicable.
Authors’ contributions
JH and YL conceived the conception of this manuscript. JH and YL wrote
the manuscript. JH, HL, and YL drafted and revised the manuscript. All
authors read and approved the final manuscript.
Funding
The work is funded by the National Natural Science Foundation of China
(number 81800619).
Availability of data and materials
Not applicable.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Critical Care Medicine, First Hospital of Shanxi Medical
University, No. 85, Jiefangnan Road, Taiyuan 030001, Shanxi, China. 2Shanxi
Medical University, No.56, Xinjiannan Road, Taiyuan 030001, Shanxi, China.

Han et al. Stem Cell Research & Therapy

(2019) 10:386

Page 8 of 9

Received: 2 June 2019 Revised: 20 November 2019
Accepted: 3 December 2019
26.
References
1. Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl J
Med. 2000;342:1334–49.
2. Definition Task Force ARDS, Ranieri VM, Rubenfeld GD, Thompson BT,
Ferguson ND, Caldwell E, Fan E, Camporota L, Slutsky AS. Acute respiratory
distress syndrome: the Berlin Definition. JAMA. 2012;307(23):2526–33.
3. The Acute Respiratory Distress Syndrome Network. Ventilation with lower
tidal volumes as compared with traditional tidal volumes for acute lung
injury and the acute respiratory distress syndrome. N Engl J Med. 2000;342:
1301–8.
4. Wiedemann HP, Wheeler AP, Bernard GR, et al. Comparison of two fluidmanagement strategies in acute lung injury. N Engl J Med. 2006;354:2564–75.
5. Cannon JW, Gutsche JT, Brodie D. Optimal strategies for severe acute
respiratory distress syndrome. Crit Care Clin. 2017;33(2):259–75.
6. Hough C, Gundel S, Hudson L, et al. Rosuvastatin for sepsis-associated acute
respiratory distress syndrome. N Engl J Med. 2014;370:2191–200.
7. Kor DJ, Carter RE, Park PK, et al. Effect of aspirin on development of ARDS in
at-risk patients presenting to the emergency department: the LIPS-A
randomized clinical trial. JAMA. 2016;315:2406–14.
8. Fan E, Brodie D, Slutsky AS. Acute respiratory distress syndrome: advances in
diagnosis and treatment. JAMA. 2018;319(7):698–710.
9. Tongyoo S, Permpikul C, Mongkolpun W, et al. Hydrocortisone treatment in
early sepsis-associated acute respiratory distress syndrome: results of a
randomized controlled trial. Crit Care. 2016;20:329.
10. Cárdenes N, Cáceres E, Romagnoli M, et al. Mesenchymal stem cells: a
promising therapy for the acute respiratory distress syndrome. Respiration.
2013;85:267–78.
11. Curley GF, Scott JA, Laffey JG. Therapeutic potential and mechanisms of
action of mesenchymal stromal cells for acute respiratory distress syndrome.
Curr Stem Cell Res Ther. 2014;9:319–29.
12. Maron-Gutierrez T, Laffey JG, Pelosi P, et al. Cell-based therapies for the
acute respiratory distress syndrome. Curr Opin Crit Care. 2014;20:122–31.
13. Lalu MM, Moher D, Marshall J, et al. Efficacy and safety of mesenchymal
stromal cells in preclinical models of acute lung injury: a systematic review
protocol. J Cell Mol Med. 2013;17:927–35.
14. Friedenstein AJ, Chailakhjan RK, Lalykina KS. The development of fibroblast
colonies in monolayer cultures of Guinea-pig bone marrow and spleen
cells. Cell Tissue Kinet. 1970;3(4):393–403.
15. Prockop DJ. Marrow stromal cells as stem cells for nonhematopoietic
tissues. Science. 1997;276:71–4.
16. Charbord P. Bone marrow mesenchymal stem cells: historical overview and
concepts. Hum Gene Ther. 2010;21(9):1045–56.
17. Horwitz EM, Le Blanc K, Dominici M, et al. Clarification of the nomenclature
for MSC: the International Society for Cellular Therapy position statement.
Cytotherapy. 2005;7:393–5.
18. Dominici M, Le Blanc K, Mueller I, et al. Minimal criteria for defining
multipotent mesenchymal stromal cells. The International Society for
Cellular Therapy position statement. Cytotherapy. 2006;8(4):315–7.
19. Galipeau J, Krampera M, Barrett J, et al. International Society for Cellular
Therapy perspective on immune functional assays for mesenchymal stromal
cells as potency release criterion for advanced phase clinical trials.
Cytotherapy. 2016;18(2):151–9.
20. Khubutiya MS, Vagabov AV, Temnov AA, et al. Paracrine mechanisms of
proliferative, anti-apoptotic and anti-inflammatory effects of mesenchymal
stromal cells in models of acute organ injury. Cytotherapy. 2014;16(5):579–85.
21. Lee JW, Fang X, Krasnodembskaya A, et al. Concise review: Mesenchymal
stem cells for acute lung injury: role of paracrine soluble factors. Stem Cells.
2011;29(6):913–9.
22. Abreu SC, Weiss DJ, Rocco PR. Extracellular vesicles derived from
mesenchymal stromal cells: a therapeutic option in respiratory diseases?
Stem Cell Res Ther. 2016;7(1):53.
23. Phinney DG, Pittenger MF. Concise review: MSC-derived Exosomes for cellfree therapy. Stem Cells. 2017;35(4):851–8.
24. Islam MN, Das SR, Emin MT, et al. Mitochondrial transfer from bone-marrowderived stromal cells to pulmonary alveoli protects against acute lung
injury. Nat Med. 2012;18(5):759–65.
25. Jackson MV, Morrison TJ, Doherty DF, et al. Mitochondrial transfer via
tunneling nanotubes is an important mechanism by which Mesenchymal

27.

28.

29.

30.

31.
32.

33.
34.

35.
36.
37.
38.
39.

40.
41.

42.

43.

44.

45.
46.
47.

48.
49.

50.

51.

stem cells enhance macrophage phagocytosis in the in vitro and in vivo
models of ARDS. Stem Cells. 2016;34(8):2210–23.
Gupta N, Su X, Popov B, et al. Intrapulmonary delivery of bone marrow-derived
mesenchymal stem cells improves survival and attenuates endotoxin-induced
acute lung injury in mice. J Immunol. 2007;179(3):1855–63.
Curley GF, Hayes M, Ansari B, et al. Mesenchymal stem cells enhance
recovery and repair following ventilator-induced lung injury in the rat.
Thorax. 2012;67(6):496–501.
Asmussen S, Ito H, Traber DL, et al. Human mesenchymal stem cells reduce
the severity of acute lung injury in a sheep model of bacterial pneumonia.
Thorax. 2014;69(9):819–25.
Lee JW, Fang X, Gupta N, et al. Allogeneic human mesenchymal stem cells
for treatment of E. coli endotoxin-induced acute lung injury in the ex vivo
perfused human lung. Proc Natl Acad Sci U S A. 2009;106(38):16357–62.
Zheng G, Huang L, Tong H, et al. Treatment of acute respiratory distress
syndrome with allogeneic adipose-derived mesenchymal stem cells: a
randomized, placebo-controlled pilot study. Respir Res. 2014;15:39.
Wilson JG, Liu KD, Zhuo H, et al. Mesenchymal stem (stromal) cells for
treatment of ARDS: a phase 1 clinical trial. Lancet Respir Med. 2015;3(1):24–32.
Matthay MA, Calfee CS, Zhuo H, et al. Treatment with allogeneic
mesenchymal stromal cells for moderate to severe acute respiratory distress
syndrome (START study): a randomised phase 2a safety trial. Lancet Respir
Med. 2019;7(2):154–62.
Wagner J, Kean T, Young R, et al. Optimizing mesenchymal stem cell-based
therapeutics. Curr Opin Biotechnol. 2009;20(5):531–6.
Myers TJ, Granero-Molto F, Longobardi L, et al. Mesenchymal stem cells at
the intersection of cell and gene therapy. Expert Opin Biol Ther. 2010;10(12):
1663–79.
Porada CD, Almeida-Porada G. Mesenchymal stem cells as therapeutics and
vehicles for gene and drug delivery. Adv Drug Deliv Rev. 2010;62:1156–66.
Mosca JD, Hendricks JK, Buyaner D, et al. Mesenchymal stem cells as
vehicles for gene delivery. Clin Orthop Relat Res. 2000;379:S71–90.
Park JS, Suryaprakash S, Lao YH, et al. Engineering mesenchymal stem cells
for regenerative medicine and drug delivery. Methods. 2015;84:3–16.
Nayak S, Herzog RW. Progress and prospects: immune responses to viral
vectors. Gene Ther. 2010;17(3):295–304.
Hareendran S, Balakrishnan B, Sen D, et al. Adeno-associated virus (AAV)
vectors in gene therapy: immune challenges and strategies to circumvent
them. Rev Med Virol. 2013;23(6):399–413.
Wang W, Xu X, Li Z, et al. Genetic engineering of mesenchymal stem cells
by non-viral gene delivery. Clin Hemorheol Microcirc. 2014;58(1):19–48.
Wiehe JM, Kaya Z, Homann JM, et al. GMP-adapted overexpression of
CXCR4 in human mesenchymal stem cells for cardiac repair. Int J Cardiol.
2013;167(5):2073–81.
Otani K, Yamahara K, Ohnishi S, et al. Nonviral delivery of siRNA into
mesenchymal stem cells by a combination of ultrasound and microbubbles.
J Control Release. 2009;133(2):146–53.
Santos JL, Pandita D, Rodrigues J, et al. Non-viral gene delivery to
mesenchymal stem cells: methods, strategies and application in bone tissue
engineering and regeneration. Curr Gene Ther. 2011;11(1):46–57.
Nowakowski A, Walczak P, Lukomska B, et al. Genetic engineering of
Mesenchymal stem cells to induce their migration and survival. Stem Cells
Int. 2016;2016:4956063.
De Becker A, Riet IV. Homing and migration of mesenchymal stromal cells: how
to improve the efficacy of cell therapy? World J Stem Cells. 2016;8(3):73–87.
Sordi V. Mesenchymal stem cell homing capacity. Transplantation. 2009;87:
S42–5.
Maijenburg MW, van der Schoot CE, Voermans C. Mesenchymal stromal cell
migration: possibilities to improve cellular therapy. Stem Cells Dev. 2012;
21(1):19–29.
Karp JM, Leng Teo GS. Mesenchymal stem cell homing: the devil is in the
details. Cell Stem Cell. 2009;4(3):206–16.
Honczarenko M, Le Y, Swierkowski M, et al. Human bone marrow stromal
cells express a distinct set of biologically functional chemokine receptors.
Stem Cells. 2006;24(4):1030–41.
Askari AT, Unzek S, Popovic ZB, et al. Effect of stromal-cell-derived factor 1
on stem-cell homing and tissue regeneration in ischaemic cardiomyopathy.
Lancet. 2003;362(9385):697–703.
Rombouts WJ, Ploemacher RE. Primary murine MSC show highly efficient
homing to the bone marrow but lose homing ability following culture.
Leukemia. 2003;17(1):160–70.

Han et al. Stem Cell Research & Therapy

(2019) 10:386

52. Wynn RF, Hart CA, Corradi-Perini C, et al. A small proportion of
mesenchymal stem cells strongly expresses functionally active CXCR4
receptor capable of promoting migration to bone marrow. Blood. 2004;
104(9):2643–5.
53. Yang JX, Zhang N, Wang HW, et al. CXCR4 receptor overexpression in
mesenchymal stem cells facilitates treatment of acute lung injury in rats. J
Biol Chem. 2015;290(4):1994–2006.
54. Han J, Lu X, Zou L, et al. E-Prostanoid 2 receptor overexpression promotes
Mesenchymal stem cell attenuated lung injury. Hum Gene Ther. 2016;27(8):
621–30.
55. Shankar-Hari M, Fan E, Ferguson ND. Acute respiratory distress syndrome
(ARDS) phenotyping. Intensive Care Med. 2019;45(4):516–9.
56. Calfee CS, Delucchi KL, Sinha P, et al. Acute respiratory distress syndrome
subphenotypes and differential response to simvastatin: secondary analysis
of a randomised controlled trial. Lancet Respir Med. 2018;6(9):691–8.
57. Xu F, Hu Y, Zhou J, et al. Mesenchymal stem cells in acute lung injury: are
they ready for translational medicine? J Cell Mol Med. 2013;17:927–35.
58. Yagami A, Orihara K, Morita H, et al. IL-33 mediates inflammatory responses
in human lung tissue cells. J Immunol. 2010;185(10):5743–50.
59. Sweet MJ, Leung BP, Kang D, et al. A novel pathway regulating
lipopolysaccharide-induced shock by ST2/T1 via inhibition of toll-like
receptor 4 expression. J Immunol. 2001;166(11):6633–9.
60. Martínez-González I, Roca O, Masclans JR, et al. Human mesenchymal stem
cells overexpressing the IL-33 antagonist soluble IL-1 receptor-like-1
attenuate endotoxin-induced acute lung injury. Am J Respir Cell Mol Biol.
2013;49:552–62.
61. Imai Y, Kuba K, Penninger JM. Angiotensin-converting enzyme 2 in acute
respiratory distress syndrome. Cell Mol Life Sci. 2007;64(15):2006–12.
62. Li Y, Zeng Z, Cao Y, et al. Angiotensin-converting enzyme 2 prevents
lipopolysaccharide-induced rat acute lung injury via suppressing the ERK1/2
and NF-κB signaling pathways. Sci Rep. 2016;6:27911.
63. He H, Liu L, Chen Q, et al. Mesenchymal stem cells overexpressing
angiotensin-converting enzyme 2 rescue lipopolysaccharide-induced lung
injury. Cell Transplant. 2015;24(9):1699–715.
64. Han S, Mallampalli RK. The acute respiratory distress syndrome: from
mechanism to translation. J Immunol. 2015;194(3):855–60.
65. Lopez-Rodriguez E, Pérez-Gil J. Structure-function relationships in pulmonary
surfactant membranes: from biophysics to therapy. Biochim Biophys Acta.
2014;1838(6):1568–85.
66. Shyamsundar M, McAuley DF, Ingram RJ, et al. Keratinocyte growth factor
promotes epithelial survival and resolution in a human model of lung
injury. Am J Respir Crit Care Med. 2014;189:1520–9.
67. Chen J, Li C, Gao X, et al. Keratinocyte growth factor gene delivery via
mesenchymal stem cells protects against lipopolysaccharide-induced acute
lung injury in mice. PLoS One. 2013;8:e83303.
68. Pittet JF, Mackersie RC, Martin TR, et al. Biological markers of acute lung
injury: prognostic and pathogenetic significance. Am J Respir Crit Care Med.
1997;155(4):1187–205.
69. Liang X, Ding Y, Zhang Y, et al. Paracrine mechanisms of mesenchymal
stem cell-based therapy: current status and perspectives. Cell Transplant.
2014;23:1045–59.
70. Chen QH, Liu AR, Qiu HB, et al. Interaction between mesenchymal stem
cells and endothelial cells restores endothelial permeability via paracrine
hepatocyte growth factor in vitro. Stem Cell Res Ther. 2015;6:44.
71. Matsumoto K, Nakamura T. Hepatocyte growth factor (HGF) as a tissue
organizer for organogenesis and regeneration. Biochem Biophys Res
Commun. 1997;239(3):639–44.
72. Wang H, Yang YF, Zhao L, et al. Hepatocyte growth factor gene-modified
mesenchymal stem cells reduce radiation-induced lung injury. Hum Gene
Ther. 2013;24(3):343–53.
73. Yang Y, Chen QH, Liu AR, et al. Synergism of MSC-secreted HGF and VEGF
in stabilising endothelial barrier function upon lipopolysaccharide
stimulation via the Rac1 pathway. Stem Cell Res Ther. 2015;6:250.
74. Yang Y, Hu S, Xu X, et al. The vascular endothelial growth factors-expressing
character of Mesenchymal stem cells plays a positive role in treatment of
acute lung injury in vivo. Mediat Inflamm. 2016;2016:2347938.
75. McCarter SD, Mei SH, Lai PF, et al. Cell-based angiopoietin-1 gene therapy
for acute lung injury. Am J Respir Crit Care Med. 2007;175(10):1014–26.
76. Davis S, Aldrich TH, Jones PF, et al. Isolation of angiopoietin-1, a ligand
for the TIE2 receptor, by secretion-trap expression cloning. Cell. 1996;
87(7):1161–9.

Page 9 of 9

77. Thurston G, Rudge JS, Ioffe E, et al. Angiopoietin-1 protects the adult
vasculature against plasma leakage. Nat Med. 2000;6(4):460–3.
78. Baffert F, Le T, Thurston G, et al. Angiopoietin-1 decreases plasma leakage
by reducing number and size of endothelial gaps in venules. Am J Physiol
Heart Circ Physiol. 2006;290(1):H107–18.
79. Karmpaliotis D, Kosmidou I, Ingenito EP, et al. Angiogenic growth factors in
the pathophysiology of a murine model of acute lung injury. Am J Physiol
Lung Cell Mol Physiol. 2002;283(3):L585–95.
80. Xu J, Qu J, Cao L, et al. Mesenchymal stem cell-based angiopoietin-1 gene
therapy for acute lung injury induced by lipopolysaccharide in mice. J
Pathol. 2008;214:472–81.
81. Mei SH, McCarter SD, Deng Y, et al. Prevention of LPS-induced acute lung
injury in mice by mesenchymal stem cells overexpressing angiopoietin 1.
PLoS Med. 2007;4(9):e269.
82. Galani V, Tatsaki E, Bai M, et al. The role of apoptosis in the pathophysiology
of acute respiratory distress syndrome (ARDS): an up-to-date cell-specific
review. Pathol Res Pract. 2010;206(3):145–50.
83. Halliwell B. Free radicals and antioxidants: updating a personal view. Nutr
Rev. 2012;70(5):257–65.
84. Yang C, Chen HX, Zhou Y, et al. Manganese superoxide dismutase gene
therapy protects against irradiation- induced intestinal injury. Curr Gene
Ther. 2013;13(5):305–14.
85. Chen HX, Xiang H, Xu WH, et al. Manganese superoxide dismutase genemodified Mesenchymal stem cells attenuate acute radiation-induced lung
injury. Hum Gene Ther. 2017;28(6):523–32.
86. Chen X, Wu S, Tang L, et al. Mesenchymal stem cells overexpressing heme
oxygenase-1 ameliorate lipopolysaccharide-induced acute lung injury in
rats. J Cell Physiol. 2019;234(5):7301–19.
87. Grommes J, Soehnlein O. Contribution of neutrophils to acute lung injury.
Mol Med. 2011;17(3–4):293–307.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

