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Abstract

Regenerative medicine (RM) is an interdisciplinary field that aims to repair, replace or regenerate damaged or missing tissue or
organs to function as close as possible to its physiological architecture and functions. Stem cells, which are undifferentiated cells
retaining self-renewal potential, excessive proliferation and differentiation capacity into offspring or daughter cells that form
different lineage cells of an organism, are considered as an important part of the RM approaches. They have been widely
investigated in preclinical and clinical studies for therapeutic purposes. Extracellular vesicles (EVs) are the vital mediators that
regulate the therapeutic effects of stem cells. Besides, they carry various types of cargo between cells which make them a
significant contributor of intercellular communication. Given their role in physiological and pathological conditions in living
cells, EVs are considered as a new therapeutic alternative solution for a variety of diseases in which there is a high unmet clinical
need. This review aims to summarize and identify therapeutic potential of stem cells and EVs in diseases requiring acute
emergency care such as trauma, heart diseases, stroke, acute respiratory distress syndrome and burn injury. Diseases that affect
militaries or societies including acute radiation syndrome, sepsis and viral pandemics such as novel coronavirus disease 2019 are
also discussed. Additionally, featuring and problematic issues that hamper clinical translation of stem cells and EVs are debated

in a comparative manner with a futuristic perspective.
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Introduction

Regenerative medicine (RM) is an emerging interdisciplinary
field aiming to repair, replace or regenerate damaged or
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missing tissue or organs to function as close as possible to
its physiological architecture and functions. There have been
tremendous advancements in this evolving discipline in the
past decades including small molecule drugs, cell and gene
therapies, and tissue and organ engineering. However, the
main focus of RM has been human cells particularly stem cells
for years, which may be somatic, adult stem, embryo-derived
or reprogrammed cells [1].

Stem cells, which are defined as undifferentiated cells
retaining self-renewal potential, excessive proliferation and
differentiation capacity into offspring or daughter cells that
form different lineage cells of an organism, are considered
among landmark steps in the evolution of cell-based RM ap-
proaches. Their distinctive characteristics make them an ideal
source for replacing and/or regenerating damaged tissues [1,
2]. Briefly, they are classified according to their tissue of or-
igin and differentiation ability. Embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs) are considered as
pluripotent, which means that they can differentiate into all
cell types from ectodermal, endodermal, and mesodermal or-
igin, whereas hematopoietic stem cells (HSCs) and mesenchy-
mal stem cells (MSCs) are examples of multipotent cells that
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can differentiate into various cell types of a single germ layer
[2].

The main goal of stem cell therapies can be summarized as
the replacement of dysfunctional or dead cells and tissues with
physiologically functioning cells, prevention of further dam-
age, microenvironment modification of the tissue such as anti-
inflammatory and immunosuppressive activity, and activation
of self-regenerative and reparative mechanisms [2, 3]. For
these reasons, they have been investigated extensively in var-
ious experimental studies and in phase-1/3 clinical trials of
cancer, cardiovascular diseases, immune system disorders,
neurological diseases, liver, lung, kidney, orthopedic, ocular,
urological, skin diseases, etc. [3—5]. Although most preclinical
studies have demonstrated encouraging results, translation of
stem cell therapies into clinics and success in clinical trials
have not been at the desired level yet. Except for a few well-
established indications such as hematological cancers, stem
cell therapies have not exactly improved patient outcomes
and cured the disease. Unfortunately, evidence mostly coming
from small, uncontrolled trials and a few well-controlled, ran-
domized clinical studies have still been somewhat not fully
satisfactory [6].

Extracellular vesicles (EVs) are small sized, lipid mem-
brane enclosed, heterogenous membrane vesicles secreted
from all cell types, and they comprise three subgroups accord-
ing to their biogenesis namely exosomes, microvesicles and
apoptotic bodies. Briefly, exosomes are 40-120 nm sized ves-
icles resulting from intraluminal budding of multivesicular
bodies and fusion of these multivesicular bodies with cell
membrane via the endolysosomal pathway. Microvesicles
are 50-1000 nm sized vesicles secreted from cell surface by
budding of the cell membrane. Apoptotic bodies, which are
out of scope of this review, are 50-2000 nm sized vesicles and
released from the cell surface through outward budding of
apoptotic cell membrane [7]. There are various isolation
methods for EVs with their inherent principles, advantages
and disadvantages, which are reviewed in detail elsewhere
[8]. In addition, lack of individual markers for EV subtypes
and their overlapping characteristics regarding size, density
and composition make the nomenclature problematic. In this
context, the term “extracellular vesicle” is suggested for use as
a generic nomenclature to describe vesicles isolated from
body fluids and cell cultures by the International Society for
Extracellular Vesicles [9]. However, nomenclature issue is
still a matter of debate in the scientific community and
exosomes, microvesicles and EVs have been frequently used
interchangeably in the biomedical literature since years [10].
Therefore, we chose not to strictly distinguish them and pre-
ferred to use the definition “extracellular vesicle” in this re-
view unless otherwise stated in the related article.

EVs carry various types of cargo between cells which make
them vital mediators of intercellular communication. EV car-
go encapsulated within a lipid membrane consists diverse

combinations of proteins, lipids, peptides, carbohydrates and
nucleic acids including DNA, mRNA, microRNA (miRNA)
and long noncoding RNA, allowing transmission of biological
signals between cells. They represent the native characteristics
of donor cell resulting with de novo gene expression, post-
translational modification or new transcript translation in the
recipient cell [11]. Not only they regulate the physiological
processes in cells, they are tightly linked to various disease
pathogenesis. EVs are secreted by all cell types in the organ-
ism and can be detected in all body fluids, which make them
an attractive source for biomarker investigations. Because
they carry cargo between cells, they can be ideal candidates
to be utilized as carriers for drug delivery [7, 12]. In addition,
their inherent role in pathological conditions highlight their
potential role as novel targets for therapeutic interventions as
cell-free therapies in various diseases [7, 11, 12].

Given the prolonged human life and survival expectancy,
the number of people requiring emergency care and emergen-
cy department admissions are increasing all over the world
[13, 14]. These mostly include trauma patients, cardiovascular
disease, neurological disease patients and patients suffering
from organ failures such as acute respiratory failure or thermal
burns. In addition, biological or chemical threats causing mass
casualty situations such as pandemics, sepsis, and radiation
related incidents are significant issues for communities, mili-
taries and local medical systems. Although RM approaches
including stem cell applications and EV based therapies are in
their infancy hitherto, they promise as novel therapeutic tar-
gets from a futuristic perspective (Fig. 1). In this context, this
review aims to summarize and discuss the therapeutic poten-
tial of stem cells and EVs in patients suffering from diseases
requiring acute emergency care.

Trauma

Trauma related injury is a significant cause of mortality and
disability all over the world. Despite the reductions in mortal-
ity from cancer and cardiovascular diseases in the last years,
death rates from trauma have remained constant. However,
there have been significant achievements in the management
of trauma patients including timely prehospital care, rapid
diagnostic tests, hemorrhage control, transfusion and surgical
approaches. Traumatic brain injury (TBI), spinal cord injury
(SCI), chest trauma, abdominal trauma and musculoskeletal
injuries are among subtypes of traumatic injuries. The most
common causes of death from traumatic injuries include TBI
and hemorrhagic shock [15, 16]. Besides being an important
civilian health issue, trauma related injuries are also a signif-
icant concern for militaries in time of war [17].

In general, trauma causes structural damage to tissues, dis-
rupts perfusion and provokes inflammation subsequently
resulting with irreversible tissue damage, loss of organ
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function and finally death. Host defense response, which in-
volves local and systemic release of acute phase proteins, pro-
inflammatory cytokines, metabolites and hormonal mediators,
plays major role in the clinical outcomes including mortality
after trauma [18]. Optimal healing in a tissue after a traumatic
injury can be provided by the reversal to preinjury situation
and function without scarring and is associated with the nature
and degree of the traumatic injury, intrinsic biological activity
and regenerative capacity of the affected tissues.
Theoretically, optimal healing can be accomplished by opti-
mizing the healing process through augmenting patient biolo-
gy. Due to their abilities to modulate inflammation, cell death,
vascular dysregulation and tissue damage, which also under-
lies the complex and heterogeneous pathogenesis of traumatic
injury, stem cell therapies may hold a promise for promoting
organ and tissue repair after a traumatic process including
civilian as well as military populations [19-21]. For these
purposes, the therapeutic potential of stem cells have been
widely investigated in various preclinical models of trauma
such as TBI, SCI, musculoskeletal injury, circulatory-
pulmonary tissue injury, skin injury, postinjury organ failure
and ocular-auditory injuries with encouraging results [19-24].
MSCs from various tissue sources and donor types have been
the most investigated cell type in animal models of trauma.
Their beneficial effects in trauma can be summarized as
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migration and integration into the site of injury and respond
to immunostimulatory molecules defined as damage-
associated molecular patterns. Besides, they generate an
anti-inflammatory and pro-regenerative microenvironment
through secreting factors that activate the growth and differ-
entiation of adjacent cells, stimulate angiogenic activity, reg-
ulate functions of endothelial cells and fibroblasts, and inhibit
fibrosis [25]. A previous systematic review and meta-analysis
study investigating the efficacy of MSC transplantation in
animal models of TBI suggested that MSCs might have ben-
eficial effects on locomotor recovery [26]. Likewise, systemic
and local administration of allogeneic bone marrow (BM)-
MSCs promoted fracture healing in rats [27]. Percutaneous
intraspinal injection of autologous neurogenically-induced
BM-MSCs provided clinical benefits in paraplegic dogs lack-
ing deep pain perception after spinal trauma in a study per-
formed by our research team previously [28]. Our research
group also demonstrated that MSC infusion is associated with
improved local inflammation and histological findings in rats
subjected to polytrauma model comprising bone fracture and
liver trauma [29].

Clinical data of stem cell therapies in trauma patients
mostly come from TBI and SCI patients. A phase-1 clinical
trial investigating autologous BM-derived mononuclear cell
(BM-MNC) infusion in pediatric TBI patients indicated that
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harvesting and infusion of stem cells is safe in children with
no infusion related toxicity or death [30]. A retrospective
analysis of this study with age- and severity-matched control
group demonstrated that stem cell therapy is associated with
lower treatment intensity required to manage TBI in children
[31]. Another phase-1/2a trial conducted by the same group
evaluated the safety and efficacy of autologous BM-MNC
infusion in adult TBI patients and demonstrated the safety
and feasibility of cell treatment. There was a potential signal
of treatment effect regarding structural preservation and
down-regulation of inflammatory biomarkers after cell infu-
sion [32]. Autologous BM-MSC therapy was also proven to
be safe and effective when administrated through lumbar
puncture in the subacute stage of TBI [33]. There are also
ongoing clinical trials evaluating the therapeutic effects of
stem cells in TBI patients in which the results are highly
anticipated and briefly summarized in the related papers
[34, 35].

There have been numerous clinical studies testing stem
cells for neuronal repair in SCI patients. Human ESC-
derived oligodendrocyte progenitor cells were transplanted
to SCI patients into the site of injury in a phase-1 trial spon-
sored by Geron Corp., but the study was halted. Although
complete results have not been published, it was announced
that there were no safety issues regarding cell treatment. The
study has been in progress under the direction of another com-
pany [4, 36]. Besides, BM-MSCs have been investigated in
many clinical trials of SCI with diverse study designs and
outcomes. Although no adverse reactions or side effects were
reported, favorable outcomes were limited in these studies
compared to expectations. Among these studies, few of them
appeared to encourage cell therapy in SCI patients. There are
also ongoing clinical trials which will probably improve our
knowledge about the clinical effects of stem cells in SCI treat-
ment [37].

Increasing line of evidence suggests that beneficial effects
of stem cell therapies are mediated through EVs and their
miRNAs released from the transplanted cells. This evidence
raises the possibility that instead of cell transplantation, EVs
can be used for the treatment of several traumatic injuries as
cell-free agents. Evidence demonstrating that severe traumatic
injury is associated with elevation of circulating procoagulant
and proinflammatory EVs underlies the significance of EVs in
trauma patients [38]. However, our understanding about their
therapeutic role in trauma comes from animal model studies.
For example, a recent study showed that administration of
exosomes derived from human BM-MSCs improve functional
recovery of injured animals after TBI [39]. Likewise,
exosomes from BM-MSCs improved fracture healing in a
rat model of femoral nonunion through enhancing osteogene-
sis and angiogenesis [40]. Due to encouraging preclinical data
coming from several works, they have been suggested as an
alternative cell-free treatment in several subtypes of trauma

including bone fractures [41] and neurotraumas [42, 43].
The mechanisms underlying the beneficial effects of EVs in
trauma may be the modulation of immune system and system-
ic inflammatory response that occurs in the acute phase of
trauma. Besides, increased angiogenesis and vascular density,
prevention of cell death, transfer of their cargo between cells,
stimulating endogenous reparative mechanisms might medi-
ate their therapeutic functions [43]. However, lack of clinical
data especially in polytrauma patients hampers to make a clin-
ical judgement about possible therapeutic applications of EVs
in traumatic injuries.

Heart Diseases

Coronary heart diseases including acute myocardial infarction
(AMI) and the leading heart failure (HF) are the main causes
of mortality all over the world and constitute a major problem
of global health causing frequent acute hospital admissions
and hospitalizations. Although long term survival of AMI
and HF patients has improved thanks to improvements in
coronary interventions, medical treatments and surgical ther-
apies, prognosis is still poor and admission to emergency de-
partments, hospitalization rates and economic costs are high
[44, 45]. The main pathophysiological mechanism of poor
outcomes in AMI and HF patients is the lack of adequate
cardiomyocyte renewal capacity in the failing heart and for-
mation of a fibrotic scar tissue in the infarcted myocardium
with progressive cardiomyocyte death subsequently resulting
with pump failure. Besides, none of the current treatment
strategies except heart transplantation can reverse these mech-
anisms back and induce a true regeneration in the heart [46,
47].

In recent decades, cell-based therapies including skeletal
myoblasts, BM-derived stem cells, MSCs, cardiac progenitor
cells and PSCs have been investigated in order to generate
new and functional myocardial tissue and/or activate endoge-
nous repair mechanisms in the heart. After encouraging pre-
clinical studies with small and large animal models, the regen-
erative potential of these cells have been tested in multiple
clinical trials with miscellaneous results and heterogenous
outcomes which may be attributed to diversities in study de-
signs such as cell types, cell preparation techniques, delivery
route, dose, timing of application, study endpoints and follow-
up methods of patients. In brief, there have been no safety
issues regarding these cell therapies, but their efficacy has
mostly been neutral or at most marginally positive outcomes
[46-48].

Among adult tissue sources, MSCs preferably obtained
from BM or adipose tissue might be promising due to their
high secretory profile and paracrine effects. In addition, car-
diac cells derived from PSCs may provide superior benefits
when compared to other cell types although comparative
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studies are needed to support this hypothesis. It should also be
kept in mind that the use of PSCs are restricted due to ethical
issues and/or teratoma formation risk although they have a
robust differentiation potential than other cell types [48, 49].
Evidence mostly coming from large animal models also points
to arrthythmogenic potential of cardiomyocytes derived from
PSCs [50]. A recent phase-1 study investigated the safety of
fibrin patch embedded cardiac progenitor cells derived from
human ESCs in six severe HF patients. The results of the study
demonstrated short- and medium-term safety and technical
feasibility of the surgical procedure pioneering future efficacy
studies [51].

Initially, the hypothesis that the transplanted stem cells
reach their target tissue, differentiate into cardiomyocytes, en-
graft into the host myocardium electromechanically and im-
prove cardiac functions was thought to be the main mecha-
nism for therapeutic effects of stem cells. However, subse-
quent researches demonstrated that cardiac differentiation
and engraftment of stem cells into the myocardial tissue are
very rare [52, 53]. The recognition that stem cells secrete a
variety of EVs that act in a paracrine manner and these EVs
mediate the beneficial effects of stem cells has shifted the stem
cell paradigm into a new concept defined as “paracrine hy-
pothesis” [54]. Exosomes, specifically secreted from PSCs
and MSCs, were shown to exert regenerative effects in the
heart and vasculature by modulating apoptosis, inflammation,
fibrosis and angiogenesis [55]. Besides, beneficial effects of
these secretomes released from other stem cell populations
such as cardiac and endothelial progenitor cells (EPCs) in
the cardiovascular system were demonstrated. Accordingly,
they have been suggested as a potential cell-free therapy to
regenerate the diseased heart instead of stem cell applications
[54, 55].

Cardioprotective effects of EVs and exosomes have been
investigated in several preclinical models including MI
[56-58] and chronic HF [59, 60] rendering the potential of
these cell-free agents as therapeutic biological medications.
Besides, a recent study compared the cardiac regenerative
effects of intramyocardially-injected iPSCs and iPSC-
derived EVs in a murine MI model and demonstrated that
iPSC-derived EVs are safer than iPSC injection in regard to
teratoma formation. On the other hand, iPSC-derived EVs
exhibited superior cardiac repair effects than iPSCs in terms
of'left ventricular function, angiogenesis, reduction of apopto-
sis and hypertrophy [58]. An immunocompetent mouse MI
model study to investigate the immunological effects of EVs
obtained from human cardiac progenitor cells demonstrated
that intramyocardial delivery of these EVs does not induce an
allogenic immune response and likely to have a systemic anti-
inflammatory effect. However, the hypothesis that whether
the systemic delivery of EVs would trigger similar anti-
inflammatory effects with positive outcomes on heart func-
tions needs to be tested in future studies which might intensify
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and accelerate the clinical translation of therapeutic EV appli-
cations [61].

Accumulating evidence suggests that cardioprotective ef-
fects of EVs are mostly mediated through specific miRNAs
[62]. They carry information and mediate the cross-talk be-
tween cells in tissue of interest such as cardiomyoctes, stem
cells, endothelial cells, smooth muscle cells, fibroblasts and
others to modulate cellular changes and disease phenotypes.
There are numerous cardiac-related miRNAs in the heart,
which are secreted from various sources of cells with varying
functions such as enhanced cardiomyocyte survival and func-
tions, attenuation of cardiac fibrosis, induction of angiogene-
sis, inhibition of apoptosis and oxidative stress, and regulation
of sarcomeric genes and ion channel/automaticity genes
[62-65].

Stroke

Stroke is a serious neurological condition with high mortality
and disability rates worldwide [66]. Ischemic stroke, which
occurs suddenly due to thromboembolic occlusion of a major
artery that supplies blood to the brain, represents the most
common type and requires restoration of blood flow immedi-
ately. Thrombolytic agents and endovascular mechanical
thrombectomy are the only treatment options to achieve re-
canalization with their limited therapeutic time window and
side effects such as risk of hemorrhage [67]. On the other
hand, hemorrhagic stroke occurs secondary to rupture and
bleeding of a vessel in the brain and requires immediate sur-
gery to remove clots and blood and decrease intracranial pres-
sure [68]. Irrespective of stroke origin, the integrity of
neurovascular unit, which includes numerous cellular compo-
nents and tissue-related proteins, is impaired in the early times
of stroke leading to disruption of blood-brain barrier (BBB)
and ischemic cell damage. From a pathophysiological per-
spective, a series of molecular and cellular pathways are acti-
vated during this process such as inflammation, apoptosis and
oxidative stress-related pathways subsequently resulting with
neuroinflammation, neurodegeneration and irreversible tissue
injury. The aforementioned therapies can improve neurologi-
cal functions and mortality in the acute phase of stroke but
their therapeutic effects are limited in the subacute and chronic
stages [69].

It is known that some stroke patients show spontaneous
recovery owing to limited plasticity and remodeling capacity
of the brain. Therefore, activation of intrinsic reparative pro-
cesses in the brain may promise as a therapeutic strategy for
stroke theoretically. There is also increasing evidence that
stem cells, particularly neural stem cells located in the brain
niches, contribute to remodeling and recovery processes by
activating angiogenesis, neurogenesis and neuroprotection af-
ter stroke, subsequently provoking improved neurological
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outcomes [69, 70]. In this context, stem cell therapies with
their wider therapeutic window may represent a new treatment
paradigm to ameliorate the subacute and chronic phases of
stroke. Beyond stem cells, exosomes are known to regulate
intercellular communication between neurovascular system
and other system cells and contribute to brain repair processes
after stroke putting forward them as promising cell-free agents
in stroke therapy [42, 70, 71].

The regenerative potential of various types of stem cells,
with different sources, dosages, delivery routes, application
times and end-points has been investigated in preclinical ani-
mal models and human clinical trials with the expectation that
these cells would successfully engraft into the damaged brain
tissue, differentiate into functional neuronal and vascular sys-
tem cells and promote full recovery after stroke. A recently
published systematic review of 76 studies testing stem cells in
rodent ischemic stroke models and 4 randomized human clin-
ical trials encompassing ischemic stroke patients treated with
autologous stem cells with at least one year follow-up period
demonstrated that stem cell therapies show beneficial effects
in terms of behavior and histological outcomes in rodents.
Pooled data of 4 human clinical trials failed to show functional
recovery although there were some improvements in terms of
neurological outcomes [72]. Likewise, translational deficien-
cy was observed from animal models to clinical studies in a
systematic review and meta-analysis study investigating the
efficacy of MSCs in subacute or chronic ischemic stroke [73].

Therapeutic applications of EVs for stroke may confer
some pros when compared to stem cell applications, which
are discussed in detail in the subsequent sections of this paper
and related review articles. Emerging evidence indicates that
the neurorestorative effects of stem cells are mediated through
release of exosomes and their miRNA cargo instead of inte-
gration into neural networks [42, 70, 71]. Besides, exosomes
mediate dynamic cross-talk between neural system cells and
endothelial cells [42]. Comparative studies of stem cells and
EVs in stroke treatment mostly come from animal models. A
previously published study demonstrated that MSC-derived
EVs have similar functional tissue regeneration capacity as
MSCs in mice subjected to stroke [74]. Another rat stroke
model study indicated that MSC-derived EVs possess better
rehabilitation effects than MSC treatment in stroke repair
which might be due to higher BBB permeability of EV's com-
pared to MSCs [75]. In a recent study, systemic application of
MSC-derived exosomes loaded with miRNA-124 was shown
to stimulate cortical neural progenitors to obtain neuronal
identity and ameliorate ischemic injury by cortical
neurogenesis in mice subjected to stroke suggesting a great
potential for clinical translation [76]. Accordingly, a phase 1-2
clinical trial (NCT03384433) aims to investigate the safety
and efficacy of allogenic BM-MSC-derived exosomes genet-
ically enriched with miRNA-124 in ischemic stroke patients.
The primary endpoint is safety including treatment-related

adverse events in 12 months such as deteriorating or recurrent
stroke, brain edema, seizures and hemorrhagic transformation.
The secondary endpoint is efficacy measured by the improve-
ment in the modified Rankin Score at 12 months. The results
of the study have not been posted yet and are awaited.

Acute Respiratory Distress Syndrome

Acute respiratory distress syndrome (ARDS), in other words
acute respiratory failure, is a life-threatening acute lung injury
characterized by diffuse alveolar damage and hypoxemia in
the lungs with high morbidity and mortality rates [77]. Among
several inciting events such as toxic substance inhalation, trau-
ma, burns and pneumonia, sepsis is the most common cause of
ARDS. A complex interaction between the immune system
and the alveolar-capillary barrier, and widespread uncon-
trolled inflammation in the lungs underlies the pathophysiol-
ogy of the disease. Treatment of ARDS patients relies on
supportive strategies such as mechanical ventilation, fluid
management, neuromuscular blockade and prone positioning,
because there is no specific pharmacological therapy proven
to be effective and reduce mortality in this patient group [78,
79]. In fact, numerous pharmacological agents such as surfac-
tant, nitric oxide, corticosteroids, antifungals, phosphodiester-
ase inhibitors, antioxidants and immune modulating agents
have been attempted in acute lung injury and/or ARDS with
unfavorable outcomes and no effect in mortality [80—-82].
Therefore, novel therapies for treating or preventing ARDS
are highly needed.

Stem cells yield substantial promise as a novel treatment
strategy for ARDS patients due to their differentiation abilities
to various cells, immune system modulation and anti-
inflammatory characteristics [83]. For this purpose, various
type of stem cells such as MSCs, EPCs, ESCs, iPSCs have
been investigated in preclinical models with encouraging re-
sults. Among all cell types, MSCs obtained from different
sources mostly BM and umbilical cord (UC) have attracted
much more attention than other cell types. MSCs have been
shown to modulate anti-inflammatory and antiapoptotic path-
ways, ameliorate epithelial and endothelial cell recovery, and
increase microbial and alveolar fluid clearance in several an-
imal models of ARDS. These beneficial effects of MSCs
resulting with improved lung and distal organ functions and
survival have moved MSC therapies to a clinical stage [79, 83,
84].

A previous case report of an ARDS patient demonstrated
short term beneficial effects of UC-MSC treatment although
the patient could not survive in the long-term period [85].
Likewise, allogeneic BM-MSCs were demonstrated to im-
prove hemodynamic status and multiorgan failure of two se-
vere ARDS patients who did not respond to treatments such as
mechanic ventilation and extracorporeal membrane
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oxygenation. Besides, clinical improvement of these patients
was shown to be mediated through reduction of several pul-
monary and systemic inflammatory markers [86]. A previous
phase-1 trial of allogeneic adipose tissue-derived MSC treat-
ment in ARDS patients demonstrated safety of systemic infu-
sion with limited efficacy [87]. According to the results of
another phase-1 dose escalation trial, allogeneic BM-MSC
infusion was well-tolerated and there were no infusion related
adverse events in moderate to severe ARDS patients [88].
Subsequently performed phase-2a trial by the same group
with a single intravenous infusion dose (10x10° cells/kg) of
allogeneic BM-MSCs demonstrated safety of the treatment.
When it comes to efficacy, there were no differences between
the placebo and cell-treated groups in terms of clinical out-
comes. However, there was a tendency for improvement in
oxygenation index in cell-treated group. According to bio-
marker measurements, endothelial injury was significantly
improved in cell-treated patients, and MSC viability after
thawing emerged as a potentially important factor for the ef-
ficacy of cell treatment [89].

Although stem cells promise an emerging role for ARDS
treatment, it is known that secretion of soluble mediators act-
ing in a paracrine manner such as EVs, which are also highly
abundant in the conditioned medium of stem cells, mediate the
therapeutic effects of these cells. Besides, EVs secreted from
various type of cells are closely linked with the pathogenesis
of ARDS. Therefore, in recent years there has been a growing
interest in exploring the effects of EVs specifically derived
from MSCs in ARDS treatment. The biological rationale for
the therapeutic use of these cell-free agents is comparable to
stem cells including immune modulation and anti-
inflammatory effects, promoting alveolar epithelium and en-
dothelium repair, alveolar fluid clearance improvement, anti-
microbial effects and inhibition of lung fibrosis [90, 91].
Preclinical studies investigating EVs in ARDS as a therapeutic
approach are in their infancy yet but several encouraging re-
ports indicate that EVs derived from stem cells confer similar
beneficial effects when compared to administration of stem
cells themselves [90-92].

Management and treatment of ARDS has attracted much
more interest than previous times because of the pandemic of
novel coronavirus disease 2019 (COVID-19) pneumonia,
which has spread worldwide in a very short time. Clinical
course of this viral infection may progress to ARDS and death,
and there is no effective pharmacological therapy or vaccine
yet. Increased inflammatory situation with cytokine activation
named as cytokine storm underlies the pathogenetic mecha-
nism of infection. Due to close intersection between the dis-
ease pathogenesis and mechanism of action of stem cells re-
garding immune modulation and anti-inflammatory activity,
stem cells and/or their secretomes have been considered as a
possible therapeutic agent for COVID-19 pneumonia [93, 94].
A recent case study of a severe COVID-19 pneumonia patient
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reported improved clinical course and inflammatory biomark-
er levels after human UC-MSC infusion [95]. Likewise, clin-
ical grade MSC infusion was reported to be safe and effective
in a pilot study including seven COVID-19 pneumonia pa-
tients. Laboratory tests of these patients demonstrated im-
proved inflammatory status and according to in-vitro tests
infused MSCs were not infected with the virus [96]. In addi-
tion to these reports, there are several registered clinical stud-
ies to test stem cells, specifically MSCs obtained from diverse
sources, in COVID-19 pneumonia patients. Among these re-
corded studies, two of them (ChiCTR2000030484 and
NCT04276987) aim to investigate therapeutic potential of
exosomes [97, 98]. The results of these studies are highly
anticipated.

In parallel with ARDS, treatment of sepsis and septic shock
is an unmet medical need. Despite intensive efforts to decrease
morbidity and mortality associated with sepsis, there is no
specific therapy yet and management includes symptomatic
approaches. In addition, it is the most common cause of
ARDS. Altered immune homeostasis with a hyper-
inflammatory response and subsequent immune suppression
are the main pathophysiological processes during the initia-
tion and progression of the disease [99]. MSCs have been
supposed to have beneficial effects in sepsis through different
ways depending on the origin such as bacterial or viral sepsis.
Their immune and inflammation modulating capacity, anti-
bacterial actions and organ protective effects, which have been
demonstrated in various animal models of sepsis with varying
outcomes, yield MSC therapies as an attractive cure for sepsis
and septic shock [100]. A recent pilot clinical trial showed that
single dose MSC administration was safe and well-tolerated in
neutropenic patients with septic shock. Although MSC thera-
py was associated with improved outcomes such as faster
hemodynamic stabilization, vasodepressor withdrawal, im-
provement in respiratory failure and decrease in neutropenic
period, it did not prevent death from the sepsis related organ
failure [101]. However, a meta-analysis study evaluating the
efficacy of MSC therapies in animal models of sepsis demon-
strated lower mortality rates underlining the potential thera-
peutic effects of MSCs in sepsis and the need for future studies
[102]. On the other hand, EVs as cell-free agents and/or drug
carriers may have therapeutic functions in sepsis. Animal
model studies are promising but the need for further preclin-
ical and clinical data comes to the fore [103].

Acute Radiation Syndrome

Radiation-related nuclear accidents or weapons have been a
growing concern worldwide since the past century due to the
fact that they are associated with high morbidity and mortality
rates in affected societies [104]. Acute radiation syndrome
(ARS) refers to a wide spectrum of clinical conditions
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occurring in stages during hours to weeks after a large portion
of the body is exposed to a high dosage of ionizing radiation
thereby altering organ and tissue functions at varying levels.
Although BM toxicity and myelosuppression have been con-
sidered as the major causes of morbidity and mortality, ARS is
also accompanied by gastrointestinal failure, neurological
damage and multiorgan dysfunction. From a pathophysiolog-
ical point of view, acute ionizing radiation exposure disrupts
physiological recovery of cellular systems through the deple-
tion of radiosensitive stem cells and genotoxic damage [105,
106]. It is also a challenging issue for health care providers to
identify and appropriately treat highly exposed victims in a
real-life situation where a large number of community are
exposed to high doses of radiation and exceed the limited
capacity of local medical systems [105]. Management of
ARS generally includes prophylaxis and therapy of infections,
detoxification, parenteral nutrition, topical and surgical thera-
pies for damaged skin, correction of secondary toxic metabol-
ic disturbances, and BM transplantation including growth fac-
tors and HSC transplantation in selected patients [107]. Given
that exposure to high doses can be fatal in hours to weeks,
palliative care may also be required. Prognosis mostly de-
pends on recovery of the BM and cell transplantation should
only be considered if growth factors fail to reconstitute the
hematopoietic system [106].

Beyond the preclinical animal model studies demonstrating
favorable effects of stem cell therapies in ARS [108—110], our
understanding about the clinical outcome of stem cell trans-
plantation in ARS patients mostly comes from previous tragic
nuclear accidents and natural disasters. Clinical data of these
victims concluded that the survival benefit of cell transplanta-
tion is limited probably due to late administration time, graft
rejection, accompanying organ failures and inhomogeneous
radiation exposures [111, 112]. Therefore, HSC transplanta-
tion is only recommended if severe aplasia persists despite
cytokine treatment in ARS patients [106, 113]. Despite these
limitations, stem cells have an immense potential to combat
the early and late complications of radiation exposure. Besides
taking a role in hematopoietic system reconstitution, they can
also impact the recovery of neurological, pulmonary, gastro-
intestinal system organs and cutanecous wounds, which are
highly affected after radiation exposure in acute and long
term. MSCs isolated from the BM and UC have been at the
forefront of investigations [111, 112]. Local autologous BM-
MSC administration was associated with a favorable clinical
outcome and no recurrence of radiation inflammatory waves
during eight month follow-up of a patient suffering from ARS
with very severe radiation burns [114]. Currently, there is not
any stem cell product approved by the regulatory authorities
for radiation injuries to use in the context of a mass casualty
incident. However, intramuscular injection of human
placenta-derived PLX-R18 cells developed by Pluristem
Therapeutics, Inc. was associated with improved survival in

mice after radiation injury suggesting that PLX-R18 cells may
be beneficial for ARS treatment [115]. Similarly, CLT-008
cells derived from myeloid progenitors and developed by
Cellerant Therapeutics, Inc. improved survival in irradiated
mice suffering from hematopoietic and gastrointestinal
subsyndromes of ARS even cell treatment initiated days after
irradiation [116]. These two “off-the-shelf” products devel-
oped by different companies appear to be promising for future
clinical applications of ARS after a mass casualty radiological
or nuclear incident.

Our knowledge about the therapeutic role of EVs in ARS is
limited yet and entirely origins from preclinical studies.
However, there is a growing body of evidence that these
cell-free agents play role in radiation-induced genomic insta-
bility and bystander effects suggesting a possible pathogenetic
effect of these molecules in radiation injury [117-119].
Exosomes derived from BM-MSCs and endometrial regener-
ative cells were demonstrated to increase proliferation of
thymidine-incorporated HSCs in a previous experimental
work [120]. Human neural stem cell-derived microvesicles
were able to reverse or prevent radiation-induced cognitive
dysfunction in brain-irradiated mice suggesting a possible
therapeutic effect of microvesicles for radiation-induced inju-
ry in the brain [121]. Culturing macrophages with exosomes
derived from lipopolysaccharide-primed MSCs was shown to
improve survival through hematopoietic system recovery in a
mouse model of ARS [122]. In the light of these data, it might
be reasonable to suggest that EVs may be an attractive ap-
proach in ARS treatment with the help of future studies as
discussed in a workshop held in France in July 2015
cosponsored by National Institute of Allergy and Infectious
Diseases and Institut de Radioprotection et de Streté
Nucléaire [111].

Burn Injury

Burns exert significant consequences in the community in-
cluding death, disability, economic and social loss. A signifi-
cant portion of burn cases occur in low-to middle-income
countries. There are various types of burns according to the
origin, but thermal burns are the most common type of burn
injuries [123]. In addition, thermal burns are a significant
cause of morbidity during war time accounting approximately
5% to 20% of conventional war casualties [124]. Appropriate
wound healing of the damaged skin constitutes an important
part of the healing process in acute full-thickness burns. Skin
grafts and skin substitute products containing somatic cells are
widely used for this purpose with their inherent limitations
such as lack of enough skin to cover the burns and/or effec-
tiveness. Considering the challenges of available therapies and
systemic consequences of burns, it is evident that RM ap-
proaches to treat acute burn injuries are essential [20].
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Cutaneous tissue maintains robust regeneration capacity
and various stem cell types such as interfollicular epidermal
stem cells, hair follicle stem cells, sebaceous gland stem
cells, melanocyte stem cells and neural progenitor cells that
reside in different compartments of the skin [125]. Skin
wound healing includes coordinated complex series of over-
lapping events occurring in four phases namely hemostasis,
inflammation, proliferation and remodeling. Stem cells of
the skin and other organs play role at all these stages in a
coordinated fashion to regenerate the skin. However, several
factors influence this process such as the degree and size of
burn, patient related conditions such as age, immune status
and comorbid situations, and materials covering the burn
wounds [125, 126]. In this context, autologous or allogenic
stem cell therapies might emerge as a promising and effec-
tive treatment strategy both for wound healing and systemic
effects of the burns such as inflammation, hypermetabolism
and immune suppression. Various stem cell types from dif-
ferent sources, especially MSCs have been investigated for
this purpose [127]. A phase-1 clinical trial (NCT02104713)
collaborated by United States Department of Defense aims to
investigate the safety of allogenic MSC application to second
degree burn wounds. In addition, the study aims to investi-
gate maximum safe dose that will be used in phase-2 inves-
tigations. The estimated study completion date is February
2020 and the results have not been posted yet. Another phase
1-2 clinical trial (NCT01443689) aimed to investigate the
safety and efficacy of allogeneic human UC-MSCs and hu-
man cord blood MNCs in patients with acute moderate-
severe full thickness burn but the results have not been pub-
lished although the estimated study completion date was
July 2013. In addition to these studies, there are several clin-
ical trials evaluating therapeutic effects of stem cells in cu-
taneous burn injury patients recorded in the National
Institute of Health clinical trials website with various study
protocols, cell types and outcomes, in which the results are
highly anticipated.

EVs and their related miRNAs are known to modulate
therapeutic effects of stem cells. Therefore, they have been
suggested as alternative cell-free agents for the treatment of
burn injuries. Similar to stem cells, various EVs have been
demonstrated to play role in the pathophysiological process-
es of burn wound healing at all stages. Their therapeutic role
has also been tested successfully in various animal model
studies, being MSC-derived exosomes or EVs the prevailing
source of origin [128, 129]. A phase-1 clinical trial
(NCT02565264) aiming to investigate the beneficial effect
of plasma-derived exosomes in cutaneous wound patients
with ulcer is currently in enrollment status. Although the
study protocol does not specifically include acute burn injury
patients, the results of this study may shed light on our
knowledge about possible therapeutic potential of EVs in
cutaneous burn injury patients.
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Outstanding Issues for Clinical Applications

RM holds an immense potential for a variety of diseases in
which there is a high unmet clinical need. Despite the relative-
ly slow rate of translational success from laboratory to clinics,
expectations, optimism and excitement surrounding this field
remain great. RM involves cell and gene therapies, and tissue
engineering applications, however stem cells have been at the
center of interest for years because of their biological potential
[1, 3, 130]. On the other hand, secretomes of cells namely EV's
have attracted great attention as therapeutics in recent years
and have been suggested as alternative to stem cell therapies
as cell-free agents [7, 12]. There are many challenges that
need to be addressed in order to improve translation of stem
cell therapies and EVs into clinical practice with sustainable
and clinically significant benefits. However, it is obvious that
both stem cell therapies and EV therapies are in their infancy
ages with their inherent and/or similar pros and cons which are
briefly summarized in Table 1.

Autologous versus Allogeneic Source

Bioprocessing of stem cells for transplantation relies on suc-
cessful isolation from the donors and this can be achieved by
either an autologous or allogeneic source. In autologous trans-
plantation, stem cells are obtained from the patients” own tis-
sue which does not carry a risk for immune rejection but need
sufficient time in order to obtain high quality cells with ade-
quate numbers. In addition, isolation procedure involves an
invasive and painful procedure and obtaining cells with high
quality may be problematic because of impaired stem cell
functions in patients with comorbid diseases and genetic alter-
ations. This limitation might be specifically evident in aged
and frail patients. On the other hand, allogeneic stem cells are
isolated from healthy individuals and expanded in large num-
bers and efficient quality. They can be stored and administered
as “off-the-shelf” products, which make them an attractive
option for acute emergency conditions and mass casualty set-
tings and enable diverse and multiple dosing strategies (Fig.
2). However, allogeneic cell transplantation requires immuno-
logical matching between host and donor [131].

It is reasonable to question which stem cell source is supe-
rior to another. For example, comparison of autologous and
allogeneic stem cells in large animal models of ischemic heart
disease showed similar effect size [132]. Likewise, allogeneic
and autologous BM-MSCs compared in randomized clinical
trials demonstrated no significant difference in terms of safety
and improvement in left ventricular ejection fraction in ische-
mic cardiomyopathy and nonischemic HF patients [133, 134].
A preclinical meta-analysis study of stem cells for experimen-
tal stroke showed that autologous cells were better than allo-
geneic cells to ameliorate infarct volume, whereas allogeneic
cells were better for improving functional outcomes [135].



Stem Cell Rev and Rep (2021) 17:390-410

399

Tablel  Advantages and disadvantages of stem cell and extracellular vesicle therapies
Advantages Disadvantages
Stem cells -Living cells -Risk of malign transformation

-Potency to differentiate and/or regenerate into the tissue of

interest.
-Ability to be reprogrammed into pluripotent cells
-Well-defined isolation,

characterization and expansion procedures
-Potential for bioengineering and/or conditioning

-Fabrication as “off-the-shelf” products in large quantities

-Availability of clinical trials

-Approved by federal agencies for the treatment of certain

diseases
-Cell-free agents
-Minimal risk of malign transformation
-Minimal risk of trap in lungs
-Ability to pass blood-brain barrier
-Minimal risk of vascular obstruction
-Non-immunogenic profile
-Secreted by all cell types
-Detected in all body fluids
-Availability as biomarkers
-Ideal candidates for drug delivery
-Potential for bioengineering and/or conditioning

Extracellular
vesicles

-Fabrication as “off-the-shelf” products in large quantities
-Presence of databases to provide information about their

composition and functions

-Demonstrated efficacy in case studies of certain diseases

-Trap in lungs and elimination from the vasculature

-Risk for vascular obstruction

-Minimal homing, migration and differentiation capacity
-Risk for immune rejection

-Insufficient therapeutic effects in clinical trials

-Lack of optimal dosage, route of administration, and timing
-Necessity for fabrication under GMP conditions

-Risk for altered viability during cryopreservation

-Inability to differentiate into any cell

-Lack of understanding of mechanism of action

-Systemic and diverse effects of miRNAs

-Lack of standardization regarding nomenclature

-Risk of tumor growth, autoimmunity, neurodegenerative diseases,
prion diseases or viral infections

-Lack of standardization for fabrication procedures

-Very short half-life in the blood after application

-Lack of well-designed clinical trials

-Lack of optimal dosage, route of administration, and timing

-Necessity for fabrication under GMP conditions

According to another meta-analysis study investigating MSCs
in locomotor recovery of rat models of SCI, cell source was a
significant predictor of improved outcome as autologous and
allogeneic cells performed better than xenogeneic and synge-
neic cell sources [136].

Such comparative studies have not been performed with
regards to EV therapies yet. Although first clinical studies
tested autologous dendritic cell-derived exosomes in cancer
patients [137, 138], the field has shifted to allogeneic sources
and most companies are developing allogeneic products be-
cause of difficulties of harvesting autologous EVs in sufficient
quantities [11, 139]. In this context, a previous clinical case of
a Graft-versus-host disease patient refractory to steroid thera-
py indicated promising outcomes after allogeneic MSC-
derived EV administration [140].

Stem Cell Type

Stem cells are a group of heterogeneous cells that have the
ability to self-renew and differentiate into mature cells through
asymmetric cell division [3]. Among all stem cell types,
MSCs are numerically the most used cell type in preclinical
and clinical settings. They are considered as the ideal cell type
for transplantation. This may be due to their pleiotropic prop-
erties such as antiapoptotic, antifibrotic, anti-inflammatory
and angiogenic activities, growth factor production, and im-
mune system modulation in addition to their differentiation

capacity to various cells of lineages. Their immune privileged
abilities also render MSCs an ideal source for allogeneic ap-
plications [4, 5].

MSCs can be obtained from various sources of tissues in
the body including but not limited to BM, adipose tissue and
UC. When compared among themselves, adipose tissue-
derived MSCs seem to be ahead because of higher number
of cells per gram of tissue, higher cell proliferation rate com-
pared to others and technical convenience to obtain cells
[141]. In the light of these advantages, it is reasonable to
suggest that adipose MSCs may be an ideal source for acute
emergency conditions as well as autologous applications.
However, tissue source of MSCs may be a challenging task
for translational activity. For example, a recent study demon-
strated that MSCs obtained from adipose tissue are more effi-
cient than those obtained from UC and endometrial tissue in
terms of in-vitro and in-vivo angiogenic activity [142].
Likewise, neuro-regenerative potential of MSCs derived from
human BM, adipose tissue and Wharton’s jelly was shown to
be non-equal in a recent study. Although BM-MSCs were
inefficient than other cell types in terms of neurotrophic
growth factor secretion and gene expression, secretome of
all cell lines had pronounced neurotrophic potential regarding
composition and in-vitro paracrine activity [143].

PSCs, namely ESCs and iPSCs, hold the potential to dif-
ferentiate into all cells in the organism and are considered as
the future of cell transplantation. However, they possess two
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Fig. 2 Scheme demonstrating the
major options and sources of stem
cells and extracellular vesicle
products for potential
therapeutics.
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problematic issues which slow down their clinical translation.
Despite the fact that ESCs are obtained from an embryo, there
remain ethical problems and restrictions with their use. In fact,
iPSCs were generated to overcome ethical issues surrounding
ESCs but both of these cell types also carry a risk for teratoma
formation which limit their translation into clinics [1-3].
Preclinical data suggest that MSCs derived from iPSCs have
superior effects than BM-MSCs to attenuate lung disease in
rats [144].

The first human clinical trial using iPSCs focused on mac-
ular degeneration, but the trial was suspended because of legal
issues after the first patient was treated with autologous iPSC-
derived retinal pigment epithelium cell sheet. In addition, ge-
netic alterations were detected in the iPSCs of the second
patient and transplantation was canceled. There was no safety
concern including tumor formation and immune rejection at
25 months of follow-up of the treated patient [145]. However,
the study group revised the study protocol and announced that
they implanted iPSC-derived retinal pigment epithelial cells
obtained from an allogeneic donor to a man first time [146].

When it comes to acute emergency situations such as crit-
ical organ injuries including MI, stroke, trauma, or mass ca-
sualty settings including radiation injury, burns, pandemics
and combat injuries, iPSC biobanking can be an alternative
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solution to obtain sufficient numbers of cells in short times.
Biobanking of allogeneic stem cells may also help to reduce
costs, by eliminating the need to prepare limited doses of cells
for each patient. However, immunogenicity still remains as a
drawback tried to be solved through donors who are homozy-
gous at human leukocyte antigen alleles namely “super do-
nors”. Fortunately, encouraging efforts have come from the
United States, European Union, and Japan in recent years in
order to expedite approval processes for translation of stem
cell therapies into the clinics including PSCs [147, 148].

Dosage, Route of Administration and Timing

Significant limitations exist while considering the optimal
dose, transplantation route and timing of administration for
stem cell therapies and EV-based therapeutics. For example,
a dose of four million cells is considered as effective for intra-
venous transplantation in a stroke rat weighing 250 g, which
corresponds to 840 million cells in a 75 kg man suffering from
stroke. If cells are transplanted through stereotaxic route, 200k
cells in a 250 g rat is considered as effective dose, which is
equivalent to 56 million cells in a 75 kg stroke patient [149].
However, most of the clinical trials investigating stem cells in
stroke patients use cells below these doses and vary among
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each other [150]. It should also be kept in mind that higher
number of cell transplantation does not mean more improved
outcomes. For instance, the lowest number of
transendocardially injected MSCs were associated with the
greatest improvements in left ventricular volume and ejection
fraction in a dose escalation study of ischemic cardiomyopa-
thy patients [133].

There are a wide range of transplantation routes for stem
cells and EVs varying according to disease characteristics but
the optimal route for a specific disease is not fully known yet.
According to a previous rat study of ventilator-induced lung
injury, intratracheal MSC application was found to be as ef-
fective as intravenous MSC therapy [151]. On the other hand,
MSC transplantation through intravenous route was found to
be more effective compared to intraperitoneal route for im-
proving liver injury in a rat polytrauma model [29].
Although intravenous injection is the most common way of
transplantation, it is evident that stem cells are trapped in lungs
and eliminated from circulation, which is named as “pulmo-
nary first-pass effect”. In a previous rat TBI model study, a
significant proportion of MSCs were localized into the lungs
at 48 hours of intravenous infusion and less than 4% of the
cells reached the arterial system. Moreover, this study demon-
strated that very few proportion of cells (0.0005%) reached
into the cerebral tissue [152]. However, this problem might be
achieved through multiple infusions instead of single bolus
administration [5, 153].

Despite the fact that EVs can easily cross the BBB and they
do not carry a risk for vascular obstruction, they promise for
systemic applications in neurological diseases such as stroke
and TBI compared to stem cells [42, 70, 71, 75]. A recent
study found that biodistribution of EVs can be affected by
varying dosages, routes of injection, and cellular origin of
EVs [154]. Organ specific applications such as intracoronary
route for cardiac diseases or intratracheal and inhalation route
for lung diseases may be an alternative solution regarding the
limitations of systemic infusions. In addition, topically applied
allogeneic MSC-derived EVs are being planned to be tested in
a phase-1/2a trial of a rare genetic skin disorder
(NCT04173650) [139]. Combination of stem cells and EVs
with tissue engineering modalities such as scaffold-based
technologies, cell sheets and injectable biomaterials might be
promising strategies for local or percutaneous applications
specifically in cardiac diseases [155, 156].

Optimal time window for application is not well-de-
fined, however it may depend on disease characteristics
and availability of donors. For example, delivery of
stem cells at early times may be beneficial to decrease
proinflammatory processes which occur at the first days
of TBI [35]. Likewise, a clinical study testing allogeneic
multipotent adult progenitor cells in acute stroke pa-
tients showed that patients treated before 36 hours were
more likely to benefit from cell therapy [157]. One

potential limitation of early treatment is the harsh mi-
croenvironment at the injury region surrounded by toxic
and inflammatory cells that may attenuate the therapeu-
tic effects of cells. In addition, if cell treatment is
planned at early times as in such diseases exemplified
in this paper, use of autologous sources may not be
possible because of time needed for harvesting proce-
dure [20, 35].

Methodological and Interpretative Issues

Beside the invaluable contribution of animal model studies to
understand disease pathogenesis, and stem cell and EV biol-
ogy, an important aspect is the ability to test the efficacy of the
products before moving to clinical trials. However, it is evi-
dent that translational success obtained from clinical trials has
been modest despite the encouraging data coming from ani-
mal models [158]. Several reasons exist for this discrepancy
mostly regarding methodological and interpretative issues ob-
served in preclinical and clinical studies. Lack of animal
models that exactly match phenotypically and physiologically
with the related human disease with similar organ size is a
significant limitation. It is known that cellular functions of
stem cells such as homing and niche activities, intercellular
contact, cytokine and growth factor secretion may differ
among various species [158, 159]. Likewise, biological func-
tions of EVs obtained from MSCs of different species such as
human and murine may vary [160].

Publication bias is a significant problem for both preclini-
cal and clinical studies, which may result with inaccurate in-
terpretation of efficacy and decelerate the translational process
[161, 162]. The most relevant example of this effect comes
from animal stroke studies leading to overstatement of effica-
cy [161]. In fact, registration to public databases such as
ClinicalTrials.gov are encouraged to reduce bias in clinical
studies in line with the Declaration of Helsinki-Ethical
Principles for Medical Research Involving Human Subjects,
but publication and reporting of results are not at desired
levels [162, 163]. Similarly, there are now public based plat-
forms for preclinical studies including PreclinicalTrials and
Animal Study Registry in order to reduce bias. However, it
should be noted that neutral or negative results do not impress
researchers, sponsors, authors, peer reviewers and editors, and
such papers are most likely to be rejected by the journals
[163].

Diversities in study protocols, outcomes, patient popula-
tions and interpretation may be another significant hurdle of
clinical translational in RM therapies. For instance, according
to an analysis of autologous BM-derived stem cell clinical
studies for ischemic heart disease, a significant proportion of
studies contain factual discrepancies regarding the enhance-
ment in ejection fraction [164]. Fortunately, strategies for
standardization of clinical trials of stem cells and EVs are
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being developed [165, 166]. Such efforts are also being per-
formed to standardize design, organization and reporting of
in-vitro research and animal model studies [167, 168].

Strategies to Improve Efficacy

Stem cells tend to lose their biological functions after isolation
and long term culture in-vitro. Furthermore, when they are
injected into the body, they challenge with a harsh microenvi-
ronment accompanying death signals because of the inadequate
interaction between the cells and surrounding extracellular ma-
trix (ECM). Therefore, various strategies have been developed
in order to enhance survival, engraftment rate, immunosuppres-
sive, immunomodulatory and regenerative functions of stem
cells, and improve their efficacy. Preconditioning with physical,
chemical and biological factors, genetic modification, and op-
timization of culture conditions are the prevailing strategies
[169]. Combinatory approaches using tissue engineering and
biotechnology applications might also enhance the therapeutic
activity of stem cells. For example, in a study performed by our
research group, encapsulation of BM-MSCs in platelet rich
plasma-derived fibrin microbeads yielded accelerated regener-
ation period with better myofiber orientation in volumetric mus-
cle loss injury of rats [170]. Furthermore, MSCs seeded on
decellularized bovine small intestinal submucosa contributed
healing process of a critical-sized full-thickness skin defect in
rodents [171].

Similar approaches can also have beneficial effects on EVs
such as increased production in numbers or improved func-
tions [172]. For instance, a TBI rat model demonstrated that
cultivating human MSCs in three-dimensional collagen scaf-
folds yielded enhanced exosome number and therapeutic out-
comes compared to exosomes derived from MSCs cultured in
two-dimensional conventional conditions [39]. Besides, over-
expression of specific miRNAs and transcription factors, or
gene editing may be a feasible approach to improve beneficial
effects of EVs. MSCs overexpressing particular miRNAs
were shown to have neuroprotective and cardioprotective ef-
fects in animal models [172]. Indeed, cultivation of macro-
phages with exosomes obtained from lipopolysaccharide-
treated MSCs increased secretion of cytokines and expression
of growth factors. These macrophages improved survival in
mouse with ARS [122].

Genetically modified cell lines such as NT2N, CTX0E03
and SB623 have been widely investigated in preclinical and
clinical studies of stroke. There were no safety concerns in
clinical trials of these cell lines but genetic stability including
ectopic tissue formation and tumorigenesis are potential ca-
veats before moving into clinics [69]. On the other hand, ge-
netically engineered EVs in contrast to naive EVs may allow
for production of more potent and disease-specific subset of
EVs with specific therapeutic effects. These engineered EVs
may be translated into novel strategies for effective use in
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clinics and may be the treatment choice of future [91].
However, genetic modification of EVs by using viral capsids
may provoke an adverse immunological reaction, which can
be avoided by using chemically synthesized peptides [42]. For
example, modification of MSC-derived exosome surface by a
functional chemically synthesized cyclopeptide provided
more efficiently targeting of ischemic region compared to un-
modified exosomes in a mouse model of cerebral ischemia
[173]. Furthermore, genetically modified allogeneic MSC-
derived exosomes enriched with miRNA-124 are being tested
in acute ischemic stroke patients in a phase-1/2 clinical study
(NCT03384433).

Extracellular Vesicles and Looking Forward

The recognition that homing and migratory effects of stem
cells are limited, and paracrine mediators secreted from cells
constitute their major regenerative functions has highlighted a
new perspective into RM therapeutics. Subsequently, there
has been a shift of interest from cell transplantation to condi-
tioned medium and/or EV-based therapeutics. Conditioned
medium from BM-MSCs overexpressing Akt mediated
cardioprotective effects both in-vitro and in-vivo [174].
Multidimensional protein identification technology and cyto-
kine antibody array analysis of the conditioned medium of
MSCs derived from ESCs demonstrated various gene prod-
ucts associated with cardiovascular biology, bone develop-
ment and hematopoiesis suggesting a therapeutic potency of
conditioned medium without cell transplantation [175].
Moreover, microvesicles derived from human MSCs were as
effective as their parent stem cells in mice suffering from
severe bacterial pneumonia [176].

Cell-free therapies may have several advantages in contrast
to cell applications. There is a thrombogenic potential of stem
cells in the vasculature as well as arrythmia in the heart, ossi-
fication and calcification. In addition, cryopreservation may
decrease viability of stem cells. On the other hand, cell-free
applications do not require robust and expensive strategies for
isolation and expansion, which make them an attractive source
in acute conditions or military applications. In general, there
are two types of cell-free products namely conditioned medi-
um concentrates, which also contain EVs, and EVs free from
soluble factors such as growth factors [177]. At this point, one
can ask whether conditioned medium or EVs have more ther-
apeutic potential. Although it is difficult to give a definite
answer, a previous study of hyperoxia-induced
bronchopulmonary dysplasia demonstrated that EV deficient
conditioned medium has no therapeutic effect, whereas both
EVs and conditioned medium containing EVs improved lung
inflammation and morphologic alterations [178]. In addition,
utilization of EVs as biomarkers and their abilities as drug
delivery systems put EVs a step forward in RM [7, 12].
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When compared to stem cells, EV transplantation seem to
be less risky than live stem cells. They cannot replicate and the
risk of transformation into malign cells is less. Due to the fact
that they are smaller in size, the risk of elimination in the
vasculature is less and they can easily pass the BBB, a prop-
erty which makes them an ideal source for drug carrying and/
or transplantation in neurological diseases. Besides, they do
not evoke an immune response after transplantation, so there
is no need for immunosuppression [7, 12, 42]. They can also
display systemic beneficial effects even in local applications
as demonstrated in a recent mouse MI model study [61].
Although they have similar functional effects, their content
such as mRNA, miRNA and proteins may vary compared to
their parent cells. For example, comparative analyses of adi-
pose tissue-derived MSCs and their EVs demonstrated diverse
genetic cargo including mRNA and miRNA, and protein con-
tents that play role in angiogenesis, adipogenesis, apoptosis,
regulation of inflammation, blood coagulation and ECM re-
modeling [179, 180]. Moreover, protein levels and surface
markers also differ between EVs and their parent cells [181,
182]. A rat MI model study showed superior beneficial effects
of MSC-derived exosomes in contrast to MSCs in cardiac
repair. This superiority was attributed to differences in expres-
sion profiles of several miRNAs from that of MSCs detected
through miRNA sequence analysis, raising the possibility that
EVs can be used alone and are superior to MSCs in promoting
cardiac repair [183]. A recent cutaneous wound model study
reported that intradermal injection of EVs derived from adi-
pose and BM-MSCs were superior to stem cell injection in-
vivo. Furthermore, adipose MSC-derived EVs enhanced
wound closure better than their BM-derived counterparts sug-
gesting diverse therapeutic effects of EVs obtained from dif-
ferent sources in an organism [184]. At this point, it is reason-
able to speculate that one size does not fit all in EV-based
therapies.

Among diverse cell sources, EVs derived from MSCs are
the most investigated type of EVs compared to other cell
sources such as PSCs. For example, comparison of exosomes
obtained from iPSC-derived MSCs and synovial membrane-
derived MSCs yielded greater therapeutic effect of iPSC-
derived MSC exosomes in an osteoarthritis model [185].
However, EVs derived from PSCs may be tumorigenic de-
spite their high regenerative capacity because they carry the
characteristics of their parent cells. On the other hand, superior
safety profile regarding teratoma formation and therapeutic
effect of iPSC-derived EVs in contrast to iPSCs were shown
in terms of cardiac repair [58]. Given their inherent role in
pathological processes and systemic effects, EV applications
can induce spreading of tumor growth, autoimmunity, neuro-
degenerative diseases, prion diseases or viral infections be-
cause they are able to transfer their contents to recipient cells.
Exosomes derived from MSCs of multiple myeloma patients
had decreased tumor suppressor miRNA-15a expression

levels compared to normal MSC-derived exosomes. Besides,
exosomes derived from multiple myeloma patients expressed
higher levels of oncogenic proteins, cytokines, and adhesion
molecules, and promoted tumor growth, whereas exosomes of
normal MSCs inhibited the growth of multiple myeloma cells
[186]. Actually, it should be kept in mind that this feature of
EVs makes them highly suitable candidates for drug delivery,
particularly therapeutic nucleic acid delivery. However, risk
of tumorigenesis remains as a concern because of systemic
and diverse effects of their cargo though their acellular nature
[7].

The mechanism of action of EVs has not been well-
understood yet but it is thought that they perform their func-
tions through miRNAs. The proportion of miRNAs accounts
for less than 1% of total RNA cargo in EVs but they are
considered as the leading molecules in regulating functions
of EVs. It is also evident from multiple knockdown experi-
ments that diverse miRNAs might take role for the same effect
in different tissues. Indisputably, there may be contribution of
other components such as proteins and lipids, which are high-
ly abundant in the EV cargo [177]. On the other hand, the
content and function of EVs may depend on the metabolic
properties of the donors and/or conditioned medium, which
might make donor selection and manufacturing process more
problematic [166, 177, 187]. In addition, systemic effects of
miRNAs should be kept in mind if systemic therapy is the
preferred route. For example, miRNA-126 regulates brain-
heart interaction after ischemic stroke [188]. miRNAs in-
volved in cancer pathogenesis should also be kept in mind
[189]. These limitations highlight the significance of tissue
specific applications. Furthermore, short half-life, off-target
effects and insufficient endocytosis remain as major limita-
tions of EVs that need to be improved during clinical transla-
tion process [154, 190].

There exist significant limitations while considering the
isolation, characterization, tracking procedures and clinical
grade production of EV-based therapeutics. There are various
isolation and characterization methods of EVs such as ultra-
centrifugation, density gradient, filtration, size exclusion chro-
matography, precipitation, magnetic based capture or combi-
natory methods, while ultracentrifugation is the most com-
monly used technique for isolation according to a worldwide
survey. Techniques for characterization also vary but Western
blotting is the most preferred method [191]. However, it is not
surprising that the other techniques are also widely used in
different studies all over the world [8, 190, 191]. On the other
hand, efforts to standardize these procedures and confusions
regarding the nomenclature are ongoing [9]. Likewise, data-
bases built up to provide information about the composition
and functions of EVs such as ExoCarta, Evpedia, and
Vesiclepedia will likely to contribute to clinical translation
process [190]. When it comes to clinical-grade large scale
production, EVs must be produced and stored under current
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Good Manufacturing Practice (cGMP) conditions in order to
meet market demands. This includes a strict workflow includ-
ing manufacturing through bioreactors, quality analyses and
screening, and preservation in appropriate conditions in order
to maintain the stability and integrity of EVs. Similar strict
production flows are also relevant for clinical-grade stem cell
production but EVs have a simplified cold chain process when
compared to stem cells. Because of the acellular nature of
EVs, lower risk of spontaneous DNA transformation might
be an advantage during cryopreservation [192].

Despite limitations discussed above, EVs have moved to
clinical studies rapidly. Results coming from oncological pa-
tients were encouraging in terms of safety and shed light on
future studies [137, 138]. Moreover, administration of EVs
derived from UC-MSCs was safe and ameliorated the inflam-
matory immune status and improved the kidney functions in a
clinical study [193]. Clinical case report of a Graft-versus-host
disease patient also demonstrated improved outcomes after
EV therapy [140]. In addition, several clinical trials have been
designed and conducted in order to investigate therapeutic
potential of EVs in various diseases including cancer, type 1
diabetes, pleural effusion, ulcers, ischemic stroke,
bronchopulmonary dysplasia, etc. However, there is an inev-
itable need for well-designed, well-conducted clinical trials in
order to expedite clinical translation of EV-based therapeutics
for acute emergency and/or mass casualty situations.

Conclusions

RM with personalized biologics are the future of medicinal
sciences. Although they are not considered as a drug or phar-
macologic agent yet, stem cells promise a potential for the
treatment of various diseases with unmet clinical needs. On
the other hand, their secretomes namely EVs have been the
new therapeutic target due to the fact that they are the prom-
inent components that regulate functions of stem cells. Both
stem cells and EVs have demonstrated their therapeutic po-
tential in preclinical models of various diseases but there are
many limitations and caveats that need to be considered and
improved during the translational process. They are also in
their infancy ages and well-designed clinical trials will help
to identify their therapeutic activity in human beings. This
review aimed to summarize and understand the therapeutic
potential of stem cells and EVs in diseases requiring acute
emergency care such as trauma, heart diseases, stroke,
ARDS and burn injury. Diseases that affect militaries or soci-
eties including ARS, sepsis, and viral pandemics such as
COVID-19 have also been discussed. In addition, featuring
and problematic issues which hamper clinical translation of
stem cells and EVs have been debated with a futuristic per-
spective. Their advantages and disadvantages have been
discussed in a comparative manner by keeping in mind the
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need for future studies and with the belief that these RM ther-
apies will help to prolong human life and improve quality of
life in the near future.
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