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Abstract

The recent pandemic situation transpired due to coronavirus novel strain SARS-CoV-2 has become a global concern. This human
coronavirus (HCov-19) has put the world on high alert as the numbers of confirmed cases are continuously increasing. The world
is now fighting against this deadly virus and is leaving no stone unturned to find effective treatments through testing of various
available drugs, including those effective against flu, malaria, etc. With an urgent need for the development of potential strategies,
two recent studies from China using Mesenchymal Stem Cells (MSCs) to treat COVID-19 pneumonia have shed some light on a
potential cure for the COVID-19 infected patients. However, MSCs, despite being used in various other clinical trials have
always been questioned for their tendency to aggregate or form clumps in the injured or disease microenvironment. It has also
been reported in various studies that exosomes secreted by these MSCs, contribute towards the cell’s biological and therapeutic
efficacy. There have been reports evaluating the safety and feasibility of these exosomes in various lung diseases, thereby
proposing them as a cell-free therapeutic agent. Also, attractive features like cell targeting, low-immunogenicity, safety, and
high biocompatibility distinguish these exosomes from other synthetic nano-vesicles and thus potentiate their role as a drug
delivery nano-platform. Building upon these observations, herein, efforts are made to give an overview of stem cell-derived
exosomes as an appealing therapeutic agent and drug delivery nano-carrier. In this review, we briefly recapitulate the recent
evidence and developments in understanding exosomes as a promising candidate for novel nano-intervention in the current
pandemic scenario. Furthermore, this review will highlight and discuss mechanistic role of exosomes to combat severe lung
pathological conditions. We have also attempted to dwell into the nano-formulation of exosomes for its better applicability,
storage, and stability thereby conferring them as off the shelf therapeutic.
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Introduction

In December 2019, cases of pneumonia of unknown causes
were reported in Wuhan, Hubei Province, China which was
later confirmed to be caused by novel coronavirus SARS-
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CoV-2 [1]. Later, since its occurrence in the year 2019, it
was referred to as COVID-19 [2]. With the outbreak of the
COVID-19, it has become a major health concern all over the
world as the rate of mortality has been rising each day [3]. At
the beginning of the twenty-first century, the world was
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already introduced to two highly pathogenic CoVs called se-
vere acute respiratory distress syndrome coronavirus (SARS-
CoV) and Middle East respiratory syndrome coronavirus
(MERS-CoV) [4]. These caused global epidemics with
alarming morbidity and mortality at a rate of 10% and 34%
respectively [5]. COVID-19 is the third type of pathogenic
CoV identified in December 2019 in Wuhan, China. The sit-
uation is intensifying and the ultimate effect of this outbreak is
unclear in the present scenario [6]. Globally, there are over
7,761,609 confirmed cases with about 430,241 deaths as re-
ported by the World Health Organization (WHO) on 15
June 2020. COVID-19 has affected 216 countries and the
mortality rate is around 3.4% of the total reported COVID-
19 cases worldwide [7]. Currently, there is no proper medica-
tion available and the disease poses a new challenge to respi-
ratory medicine.

Patients infected with COVID-19 experience various
symptoms, ranging from the mild common cold to severe
respiratory illness and death [8, 9]. As per the reports, the virus
has an incubation period of ~5 days (range 2—14 days) [10].
The probability of dying, if infected by the virus, differs de-
pending on the age group. Individuals with a previous case
history of hypertension, diabetes, respiratory system disease,
and cardiovascular disease, are at a higher risk of infection
[11]. The vaccine is the most attractive approach to combat
SARS viruses and treat infected patients. Scientists and phy-
sicians are relentlessly working together worldwide to inves-
tigate and decode the exact source of infection, structure,
modes of transmission, and immunopathogenic characteristics
as well as the most effective treatment strategy [12]. Thus,
given the current scenario, where we lack an effective and
approved vaccine, and the available potential drugs are still
under trials, it is important to look for all possible treatment
strategies to cure the infected populations.

COVID-19 Pathogenesis in Lungs

Novel Coronaviruses (nCoVs) are large, enveloped viruses,
belonging to the family Coronaviridae in the Nidovirales
order [13]. It contains non-segmented positive-sense single-
stranded RNA, size ranging from 26 to 32 kb in length. Its
structural protein consists of a spike(S), envelope (E), mem-
brane (M), and nucleocapsid (N) protein, which plays a ma-
jor role in virus entry and replication in the host cell [14].
Various findings have identified COVID-19 to be closely
related to two bats derived SARS coronavirus (88% similar),
while it was only 70% and 50% related to SARS and MERS-
CoV [15]. The structural analysis and pathological insights
suggest that the virus enters the lungs and binds to the
angiotensin-converting enzyme 2 (ACE-2) receptors which
are abundantly expressed on the surface of lungs and intes-
tinal epithelial cells. ACE2 receptors are also expressed by
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myocardial cells, cholangiocytes, proximal tubular cells of
the kidney, etc. [16]. The virus uses the host machinery to
replicate itself and infect other cells possessing these recep-
tors. Primarily, these viruses severely affect the lungs caus-
ing massive alveolar damage due to imbalanced and exces-
sive immune response which may cause pneumonia and
thus, leading to progressive respiratory failure [17]. Some
of the major histological changes of the nCOV infected lungs
are interstitial inflammation, alveolar damage, intra-alveolar
edema, granular tissue formation, fibrin and collagen depo-
sition, bronchiolitis and leukocyte infiltration. These histo-
logical changes in the infected patients show clinical mani-
festations such as fever, cough, fatigue, and shortness of
breath and thus need immediate hospitalization [18]. There
are still limited data available on nCOV pathogenesis and
associated cellular changes, however, understanding the as-
sociated changes in the lung is important for diagnosis and
management of COVID-19.

Potential Treatment

At present, the treatment is mostly symptomatic and support-
ive, though anti-inflammatory and antiviral treatment have
been employed [19]. Several efforts are underway to make
vaccines for this deadly disease, COVID-19, however, it will
take approximately 18 months, as estimated by WHO to
achieve this goal [20]. Currently, there is no promising and
definitive treatment available around the world. The support-
ive treatment for complicated patients includes invasive me-
chanical ventilation, continuous renal replacement therapy
(CRRT), and even extracorporeal membrane oxygenation
(ECMO) [21]. Currently, there are several clinically ap-
proved antiviral drugs under consideration to find effective
treatments targeting viral entry and replications. These in-
clude an oral drug called EIDD-2801, anti-malarial drug
hydroxychloroquine, remdesivir -a failed Ebola drug, and
kaletra which is a combination of HIV drug lopinavir and
ritonavir [22-25]. Not just anti-viral drugs, but immunosup-
pressants like sarilumab and tocilizumab are also being test-
ed for the patients, where not only the virus but the patient’s
immune overreaction worsens the situation ultimately killing
them [26]. Furthermore, dexamethasone which is a generic
steroid widely used to reduce inflammation is the latest in the
fray and is emerging as another lifesaving drug in this pan-
demic [27]. Plasma Therapy has also given some hope for
severely ill patients where it has been reported to improve
their survival rate [28]. Moreover, several studies have
shown a shorter hospital stay and lower mortality rates in
patients treated with convalescent plasma. Despite these
drug modalities under consideration, the question remains
the same: Do we have a definitive treatment available for
this infection?
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Are Mesenchymal Stem Cells Capable of Mitigating
the Effect of COVID-19 in Patients, until an Effective
Vaccine is Developed?

In the present condition of grim and disparity due to the
COVID-19 outbreak, an initial study from China has given
us a hope for treating these critically ill patients to combat the
virus-induced damages. This study was published in
March 2020 and it investigated the potential of MSCs trans-
plantation to improve the outcome of COVID-19 pneumonia
patients [29]. It was observed that after a single dose of MSCs
intervention, there was a significant improvement in the func-
tional conditions of these patients without any adverse effects.
Within 2 days of MSCs transplantation, there was a drastic
improvement in the pulmonary function of these patients.
Thus, the transplantation of MSCs was found to be effective.
Similarly, other clinical trials have been registered for evalu-
ating the efficacy and safety of MSCs isolated from a range of
allogenic sources like Bone Marrow, adipose tissue,
Wharton’s jelly, and placenta for COVD-19. More than 20
clinical trials are registered tilldate [30].

Such findings using MSCs should not be surprising as they
have been well known for their high regenerative and immu-
nomodulatory properties. MSCs can secrete IL-10, hepatocyte
growth factor, keratinocytes growth factor, and VEGF to al-
leviate ARDS, regenerate and repair lung damage and resist
fibrosis [31, 32]. MSCs have the potential to inhibit the ab-
normal activation of T lymphocytes and macrophages, and
induce their differentiation into regulatory T cells (Treg) sub-
sets and anti-inflammatory macrophages. These functional as-
pects of MSCs, make them an ideal candidate amongst other
available cellular therapies for the treatment of COVID-19
[30]. Their low immunogenicity due to absence of HLA-
Class II antigen, makes them an ideal candidate for allogeneic
transplantation. MSCs regenerative and repair mechanisms
usually lie in their potential to replace the damaged cells,
release anti-inflammatory cytokines, promote angiogenesis,
etc. MSCs are the most common andwidely investigated cell
type used amongst the other available cell-based therapies in
various diseases [33]. Various preclinical studies have already
investigated the mechanistic approach of the MSCs to treat
respiratory diseases. Based on these studies, the first
AETHER trial, published in 2016, evaluated the safety of a
single infusion of bone marrow-derived MSCs in nine patients
with mild to moderate idiopathic pulmonary fibrosis. No se-
vere adverse events were reported in the next 60 weeks after
the infusion of the MSCs. Such studies have formed the base
for using MSCs in treating patients with respiratory disorders
and have shown to be effective [34].

Despite these clinical reports satisfying the safety and effi-
cacy of using MSCs for respiratory diseases, there are certain
challenges and controversies which cannot be neglected at this
point considering the COVID-19 situation. Some of these

include, high cost of maintenance, long term homing poten-
tial, transient survival after transplantation, disturbed differen-
tial capacities thus contributing to further adversity of the dis-
ease condition, difficult to store and reuse after revival, etc.
[35]. Rapid progress in the understanding mechanisms under-
lying MSCs based cellular therapy has shown profound and
significant influence of host inflammatory environment effect
on transplanted cells fate. These MSCs are phagocytosed by
resident macrophages, and exosomes derived from them can
replicate their therapeutic effect. This has paved the way to the
paracrine hypothesis which is emerging as one of the most
advanced and beneficial therapies over MSCs themselves
[36]. The existing literature strongly evidences that the
transplanted MSCs when encounter the harsh environment
at the target site, they undergo autophagy and apoptosis to
release growth factors and cytokine rich exosomes which in
turn results in alleviating the disease pathophysiology [37].
Thus, this has brought our attention to new methodologies
and approaches concerning these stem cell-derived exosomes
as emerging modality, thereby, overcoming the limitations
and challenges with that of the parent cells.

Therapeutic Role of MSC Derived Exosomes in Lung
Diseases

Exosomes are small nanovesicles of size 30 nm —150 nm
secreted by all cell types and known for their role in cell-to-
cell communication [38]. These exosomes carry various bio-
logically active molecules like miRNA and proteins. The type
of content of these exosomes depends on the parent cell from
which they are secreted. These exosomes have cell adhesion
molecules present on their surface which help them in binding
with the target cell [39]. Since the discovery of exosomes as a
mode of the paracrine effect of the MSCs, various studies have
investigated their role in deciphering the regenerative and
mechanistic aspects in treating various diseases. The use of
MSC-derived exosomes as cell-free therapeutics offers several
advantages compared to their cellular counterparts such as
high stability, low immunogenicity, easy storage, and ability
to cross the blood-brain barrier [40]. These exosomes have
bilipid membrane composition, potential for off the shelf
availability, and biocompatibility that make these exosomes
an ideal candidate as a drug delivery vehicle [41]. Thus, these
interesting features about exosomes have gained enough in-
terest in evaluating their potential role as a therapeutic and
pharmacological intervention in dealing with the present
COVID-19 pandemic. Probably, Exosomes therapy can pre-
vent the cytokines stormelicitedby the immune system as the
mechanistic approach shown in (Fig. 1; Panel B) and promote
endogenous repair by reparative properties of the exosomes.
Emerging evidence support the possibility of using MSCs
derived exosomes as a new form of therapy for treating dif-
ferent diseases. The initial reports suggesting exosomes as
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Fig. 1 Schematic representation showing the potential role of MSCs
derived Exosomes in combating COVID-19 Infection. Panel (a)
Synergistic effect of the drug and exosomes may be utilized as an eftec-
tive approach against the virus. Various hydrophobic and hydrophilic

potential therapeutics were in 2009 when identified for their
cardio protective role [42]. Later detailed investigations into
these MSCs derived exosomes revealed their similar or supe-
rior functional capacity like MSCs themselves. A first report
in 2012 by Lee et al. demonstrated the cytoprotective effect of
exosomes from MSCs in hypoxia-induced pulmonary hyper-
tension mice model [43]. This led to multiple studies investi-
gating exosomes cargo and mechanistic role in various lung
diseases including asthma, chronic obstructive pulmonary dis-
ease (COPD), idiopathic pulmonary fibrosis (IPF), pulmonary
arterial hypertension (PAH), and Acute Respiratory distress
syndrome (ARDS) [44].

Further, the present pandemic renewed the interest of many
researchers towards the applicability of exosomes as an effec-
tive and safe therapeutics for combating COVID-19 associat-
ed diseases. Recently, bone marrow-derived exosomal based
product, EXOFlo was tested in a non-randomized open-label
cohort study for the treatment of severe COVID-19. Twenty-
four patients were treated with these exosomes and no adverse
events were observed within 72 h of treatment. It was ob-
served that exosomes treatment resulted in significant im-
provement in these patients by restoring oxygen storage ca-
pacity, downregulating cytokine storm, and enhancing immu-
nity. However, this study is first of its kind evaluating MSCs
derived exosomes therapeutic potential for COVID-19 [45].
Similar studies are warranted to investigate the regenerative

@ Springer

drugs with anti-viral properties can be packaged into exosomes for its
delivery to the target site. Panel (b) The therapeutic cargo present in
Exosomes aids in the reduction of inflammation, cellular repair, alveolar
fluid clearance, and other damage caused to the lung during viral infection

and reparative potential of exosomes to further validate the
vast pre-clinical observations in non-COVID-19 model sys-
tems sharing the same pathologies as that of COVID-19.
Based on these studies, the putative role of MSCs derived
exosomes in lung pathogenesis can be described as follows:

a) Protection and proliferation of lung epithelial cells:
The bronchial and lung epithelial cells represent a primary
target during lung infection. During infection, a complex
cascade of inflammatory signaling results in the activation
of innate and adaptive immune systems against the invad-
ing pathogen by these lung epithelial cells [46]. Epithelial
cell injury and damage may influence disease risk and
thus their protection and proliferation during infection
are vital. Different groups have evidence of the potential
protective role of these exosomes in various pre-clinical
studies. In one study, it was demonstrated that miR-21-5p
delivery by the MSC-exosomes protected lung epithelial
cells against oxidative stress-induced cell death [47]. In
another study, by Bari et al., MSC- exosomes were shown
to express Alpha-1-antitrypsin (AAT) on its surface. AAT
is a potent inhibitor of neutrophil-derived proteolytic en-
zymes and has a key role in protecting lung epithelial cells
by anti-inflammatory and immunomodulatory effects in
the lungs [48]. Kim et al. have also reported that the ad-
ministration of MSC- exosomes in the animal model of
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b)

¢)

emphysema, increased the proliferation of lung epithelial
cells. These exosomes contain growth factor FGF2, which
hasthe regenerative capacity and is important in lung de-
velopment [49].

Reversal of Lung inflammation: Cytokines play an im-
portant role in immunopathology during viral infection,
where the rapid innate immune response is needed as the
first line of defense against infection. Deregulated and
excessive immune response may be responsible for im-
mune damage to the human body [50, 51]. There is evi-
dence from severely ill patients with CoVs that suggest
that proinflammatory response plays a major role in the
pathogenesis. In the earlier stages of nCoV infection, re-
spiratory epithelial cells, dendritic cells, and macrophages
shows a delayed release of pro-inflammatory cytokines
and chemokines [52, 53]. However, in the later stages,
these cells secrete low levels of antiviral factors
(interferons-IFNs) and high levels of pro-inflammatory
cytokines (interleukin -1L-1(3, and IL-6) and chemokines
(CCl-2, CCL-3, and CCLS). This delayed but elevated
levels of pro-inflammatory factors results in cytokine
storm which may induce organ damage and therefore, is
one of the major concerns contributing to the severity of
the disease [54]. These patients are administered immu-
nosuppressive medications, which is inevitably associat-
ed with increased risk of infection [55]. MSCs and their
derivative exosomes have long been known for their
immune-modulatory potential and thus have been evalu-
ated in various pre-clinical and clinical settings. A note-
worthy, similar condition is observed in Graft versus host
disease (GvHD) associated pulmonary disease [56, 57].
In a preliminary clinical study, MSC- exosomes were
shown to alleviate the symptoms of grade IV GvHD pa-
tients [58]. Although there is limited data available for
exosomes potent immunomodulatory role in the clinical
setup. This preliminary study gains confidence in the po-
tential role of exosomes in dealing with the cytokine
storm induced lung damage.

Polarization of lung macrophages: As previously men-
tioned, during viral infection, cytokine storm is generated
due to the impaired immune response leading to further
lung damage. This is largely mediated by pro-
inflammatory macrophages in the lungs [59]. The regula-
tion of these pro-inflammatory macrophages (producing
inflammatory cytokines such as IL-8, IL-6, IL-1[3, and
TNF-«) to anti-inflammatory macrophages (producing
immunosuppressive cytokines like IL-10 and TGF-{3)
by exosomes may aid in the further reversal of the disease
pathophysiology. Some of the pre-clinical studies evalu-
ating the effect of MSC derived exosomes on lung mac-
rophages in various lung injury models have provided

insights into the exosome derived approach as a new strat-
egy for treating nCOV associated pathogenicity. These
studies have demonstrated that the presence of several
miRNAs like miR-145 and proteins in exosomespromote
lung tissue repair and regeneration [60]. Additionally,
MSC- exosomes may also modulate phenotype and func-
tion of lung-infiltrating dendritic cells (DCs) by inducing
the expression of immunosuppressive cytokines like IL-
10 and TGF- 3 and thus preventing the lungs from the
detrimental macrophage and DC-driven systemic immune
response [61].

d) Reduction in pulmonary edema and lung protein
permeability: The disruption of lung endothelial and ep-
ithelial barrier during infection causes increased lung pro-
tein permeability and alveolar flooding causing pulmo-
nary edema [62]. This in turn disrupts the lung function
of air exchange. In a recent study conducted, authors have
assessed the effects of systemically administered MSC-
exosomes in E. coli endotoxin-induced acute lung injury
in mice model. It was found that these exosomes reduced
extravascular lung water by 43% with a reduction in pul-
monary edema and lung protein permeability [63]. The
group later demonstrated the ability of these exosomes in
restoring alveolar fluid clearance (AFC) in an ex-vivo
lung perfusion model using human donor lungs that were
not suitable for transplantation. This ability of MSC-
exosomes was in part by a CD-44 dependent mechanism
of exosomes for internalization into the damaged host
cells [64].

Thus, the administration of MSC- exosomes has high po-
tential to restore the damaged lungs of the patient through
various mechanisms, and therefore, could be a possible ther-
apeutic nanomedicine intervention for severely ill patients.

Exosomes as Novel Drug Delivery Nano-Platforms

Exosomes therapeutic efficacy and safety for the delivery of
cellular biological components to the target cell has now
drawn considerable interest for their potential as drug deliv-
ery vehicles. These are emerging as ideal biological nano-
carriers for clinical applications owing to their capability of
escaping immune recognition and premature degradation,
slightly negative zeta potential for longer period of circula-
tion in the body and small size for deeper penetration into the
tissues [65]. The idea of using exosomes as a drug delivery
system was first reported in 2011 and thereafter has gained
increasing attention [66]. Many more studies have been re-
ported, investigating the potential of this biological modality
for drug packing and targeted delivery to the sites where cells
or synthetic vesicles cannot reach, like a blood-brain barrier.
Although, most of the reported studies have evaluated
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different mechanistic approaches for loading drugs with high
efficiency into these vesicles. Two major approaches for
loading the therapeutic cargo into the exosome mimetics
includes active and passive encapsulation. The passive cargo
loading methods are relatively simple and uses the drug load-
ing through diffusion method along the concentration gradi-
ent, which further depends on the hydrophobicity of the drug
molecule. Different drugs or nano-formulations like
curcumin, paclitaxel, etc. have been loaded using this meth-
odology [67]. In contrast, active cargo loading involves
methods involving temporary disruption of the exosome-
membrane such as sonication, freeze-thaw cycles, electropo-
ration, etc. Various chemotherapeutic drugs, siRNAs, etc.
have been loaded into exosomes isolated from various cell
sources using this approach [68]. Further modifications in
the exosome surface molecules have resulted in enhanced
targeted delivery in the damaged tissues [69]. However,
there are limited studies available with respect to MSCs
(Table 1). Also, combining the therapeutic properties of
MSC-exosomes and loading drugs will aid in enhanced re-
generative potential (Fig. 1; Panel A). MSCs are known to
produce a large number of exosomes, suggesting that these
cells may be efficient for exosome production in a clinically
applicable scale as compare to other cell sources [65]. As
reported in the studies, specifically designed bioreactors
can also be utilized for exosome production scale-up [77].
Nevertheless, the idea of using MSC derived exosomes is
promising and encouraging as next-generation therapy for
combating COVID-19. The regenerative immunomodulato-
ry cargo of these exosomes along with that of anti-viral drugs
makes them a novel intervention of treatment and prevention
of the disease.

Challenges with Exosomes Therapeutics

Exosomes are gaining attention as a rising star due to their
multifaceted role from therapeutics to drug delivery vehicles
and diagnostics. However, despite these advantages, there
are only a handful of clinical studies available using these
nano-vesicles (Table 2). This is due to several challenges
associated with exosomes, thereby requiring further

Table 1

investigations [77, 78]. One of the major challenges that
need to be addressed is to maintain their stability and func-
tionality over a period of time [79]. Unlike MSCs, exosomes
are much more stable and viable at —80 °C for a longer period
of time. However, after storage, the freeze-thaw cycles result
in the exosome clustering. Furthermore, maintaining low
temperature during handling and transportation also causes
hindrance in their translational application [80]. Thus, alter-
native strategies for their storage needs to be evaluated to
improve their stability and transportation [81]. To overcome
these challenges, several studies have evaluated the applica-
bility of freeze-dried exosomes to preserve them at room
temperature. Freeze drying formulations are one of the most
reliable methodologies for highly unstable molecules like
proteins, nucleic acids, etc. This enhances their practicality
by increasing shelf life, lowering storage demands, reducing
costs by curtailing cold chain maintenance during transpor-
tation [82, 83]. However, clumping of exosomes and degra-
dation of their cargo might be a problem during the freeze-
drying process. This can be overcome by adding various
stabilizers like sucrose, trehalose, glucose, etc. which aid
by replacing the hydration sphere around the exosomes dur-
ing the freeze-drying process, thus preventing their aggrega-
tion and maintaining their membrane integrity [84, 85].
Keeping the aforementioned challenges and applicability of
the freeze-dried method in mind, we compared the freeze-
dried formulation of exosomes with that of non-freeze-dried
formulation. We chose Wharton’s Jelly derived MSCs as a
source for exosomes owing to their high immuno-
modulatory properties and applicability in COVID-19 like
situations [86]. We presented that the freeze-dried formula-
tion maintained the exosome integrity as evident by their
size, morphology, and specific surface marker expression
(Fig. 2; unpublished data). Furthermore, functional assess-
ment of these exosomes at day7 showed freeze-dried
exosomes faring better than the non-freeze-dried exosomes
(Fig. 3; unpublished data). Thus, demonstrating the advan-
tage of this methodology in enhancing the availability and
applicability of exosomes. These results further validate the
fundamental basis for exosome application in biomedical
research.

Pre-clinical studies on exosomes isolated from different cell sources for drug loading and treatment of various diseases

Source of Exosome Drug Drug Loading Techniques  Disease Type Administration Route ~ Ref
Cow Milk Celastrol Dissolved in ethanol Lung cancer Subcutaneous [70]
Macrophage Paclitaxel Sonication Pulmonary metastases  Intravenous [71]
Panc-1 and lung cancer cell line A549  Gemcitabine Incubation and sonication ~ Pancreatic cancer Subcutaneous [72]
Umbilical Cord MSC Taxol Incubation Breast Cancer Intravenous [73]
Human bone marrow MSC Phosphate &Tensin  Incubation Spinal cord injury Intranasal [74]
Rat MSC Collagen sponge Incubation Rat periodontal defect ~ Implanted [75]
Mice bone marrow MSC DOPE-RVG Incubation Alzheimer’s disease Intravenous [76]
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Table2 Registered National Institutes of Health (NIH) Clinical Trials Involving Exosomes as therapeutic interventions

NCT Numbers MSCs Source Disease condition Country Status Started in
NCT04313647 Adipose MSC Healthy Volunteers China Recruiting 2020
NCT04276987 Adipose MSC Severe Novel Coronavirus Pneumonia China Not Yet Recruiting 2020
NCT04213248 Umbilical MSC Dry eye in Patients with cGVHD China Recruiting 2019
NCT04202783 Neonatal MSC Craniofacial Neuralgia USA Recruiting 2019
NCT03437759 Umbilical cord Macular Degeneration China Recruiting 2018
NCT03384433 Allogenic MSC Acute Ischemic Stroke Iran Completed 2017

- Umbilical Cord Chronic Kidney Disease Egypt Completed 2016
NCT02138331 Umbilical cord Type I Diabetes Egypt Unknown 2014

Concluding Remarks and Outlook
for the Future

The vast advantages of using exosomes over MSCs have
shifted the focus on these nano-platforms. The MSCs derived
exosomes can be a novel intervention for treating the current
COVID-19 pandemic situation due to their regenerative, im-
munomodulatory, and anti-microbial properties. With upcom-
ing reports and clinical studies using these proposed novel
therapeutic interventions, exosomes can be established as
cell-free therapeutics and drug delivery modality worldwide.
This is the need of the hour and must be looked into as a
potential nano-intervention for treating critically ill patients.

a Non-Freeze Dried Exosomes

Concentration (particles / mi)

W W w0 w0 e T &0
Size (nm)

Concentration (particles / mi)

w2 W

o w0 e T &0
Size (nm)

Fig. 2 Characterization of exosomes (a-b) The size and morphology of
freeze-dried exosomes were similar to non-freeze-dried exosomes.
Nanoparticle Tracking Analysis (NTA) showed bell-shaped particle size
distribution, peaking at mode 117 nm +5 nm and 129 nm £8 nm for
freeze-dried exosomes and non-freeze-dried exosomes respectively.
There was no aggregation of exosomes observed as indicated by

This review intended to encourage various clinicians/ scien-
tists worldwide working in this area to understand and explore
this emerging area of research. Displaying such a diverse
range of advantageous properties including their spectral cur-
ability, and their capability to be used as a drug carrier, make
exosomes an ideal candidate for clinical applications, and as
an off the shelf therapeutics.

Even after considering every advancement of utilizing
exosomes as a therapeutic aid and a drug delivery vehicle,
ultimately the question that still stands is if we are overlooking
the efficacy of MSCs derived exosomes in resolving the ques-
tion of finding a cure to combat COVID-19, or is there no
convincing data available in terms of pre-clinical/clinical

€ Western blotting for exosomal
protein expression (CD63 and Alix )

Exosomes
Non- Freeze Dried

Freeze -Dried

Alix (90kDa)

CD63 (55-70 kDa)

d Freeze- Dried Exosomes

Transmission Electron Microscopy (TEM) (Scale bar-100 nm,
Magnification-15000X); (¢) Western Blot image showing that freeze-
drying method did not alter the exosomal membrane integrity and its
protein content as evident by the expression of exosomal specific surface
protein CD 63 and cytoplasmic protein Alix; (d) Representative image
showing the powdered form of exosomes after freeze-drying
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Fig. 3 Evaluation of the angiogenic potential of exosomes by in-vitro
Matrigel tube formation assay. Exosomes (non- freeze-dried and freeze-
dried) stored at various temperatures (RT, 4 °C, —20 °C & —80 °C for 7
days) were evaluated for its tube formation potential at a concentration of
50 pg/ml. (a)Representative Phase-contrast images of the tube formation

No of Junction

results to consider the application of these exosomes as a
potential treatment for COVID-19 in the current situation?
Are we still missing out on the relevant information available
with the scientists/ clinicians? There are many such doubts
which are hindering the involvement of MSC derived
exosomes as a mainstream therapeutic player which may in-
spire future research in this field. MSCs have been shown to
possess the ability to fight against the pathogenesis of
COVID-19, yet it is debatable if exosomes derived by them
replicate their abilities. Another matter of concern is that de-
spite the similar characterization of MSCs isolated from vari-
ous tissue sources, there are subtle differences in their re-
sponse to various disease conditions, so it is unclear whether
tissue specificity of MSCs also results in differential modula-
tion in the therapeutic efficacy of the exosomes shed by them.
Another application of MSC derived exosomes has been pre-
sented in drug delivery, which has made these nano-vesicles
an attractive clinical tool. Extensive research is required to
modulate their implementation from being mediators of bio-
interactions to being drug delivery vehicles. Future, prelimi-
nary clinical studies are warranted in this area, as they will also
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in each group (Scale bar- 100 um; Magnification-4X). (b) Quantitative
analysis of tube formation for the total number of junctions and total
branching length using Image J software *, p < 0.01; **, p < 0.005.
Blue dots represent the junctions and red lines represent the branches

resolve issues inferred by cell-based therapy and put forward
an ‘all-in-one’ autonomously therapeutic drug delivery
modality.
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