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Abstract The unprecedented COVID-19 pandemic situation forced the scientific community to explore all the possibilities

from various fields, and so far we have seen a lot of surprises, eureka moments and disappointments. One of the approaches

from the cellular therapists was exploiting the immunomodulatory and regenerative potential of mesenchymal stromal cells

(MSCs), more so of MSC-derived extracellular vesicles (EVs)—particularly exosomes, in order to alleviate the cytokine

storm and regenerate the damaged lung tissues. Unlike MSCs, the EVs are easier to store, deliver, and are previously

shown to be as effective as MSCs, yet less immunogenic. These features attracted the attention of many and thus led to a

tremendous increase in publications, clinical trials and patent applications. This review presents the current landscape of

the field and highlights some interesting findings on MSC-derived EVs in the context of COVID-19, including in silico,

in vitro, in vivo and case reports. The data strongly suggests the potential of MSC-derived EVs as a therapeutic regime for

the management of acute lung injury and associated complications in COVID-19 and beyond.

& Naresh Kasoju

naresh.kasoju@sctimst.ac.in

1 Department of Applied Biology, Biomedical Technology

Wing, Sree Chitra Tirunal Institute for Medical Science and

Technology, Thiruvananthapuram 695012, Kerala, India

2 Department of Biomaterial Science and Technology,

Biomedical Technology Wing, Sree Chitra Tirunal Institute

for Medical Science and Technology,

Thiruvananthapuram 695012, Kerala, India

123

Tissue Eng Regen Med (2022) 19(4):659–673 Online ISSN 2212-5469

https://doi.org/10.1007/s13770-022-00441-9

http://orcid.org/0000-0002-8700-0729
http://crossmark.crossref.org/dialog/?doi=10.1007/s13770-022-00441-9&amp;domain=pdf
https://doi.org/10.1007/s13770-022-00441-9


GRAPHICAL ABSTRACT

Keywords COVID19 � Viral pneumonia � Acute lung injury � Exosomes � Cell therapy � Regenerative medicine

1 Introduction

Reporting more than 5.7 million deaths currently, COVID-

19 (coronavirus disease 2019) a viral disease characterized

by its high contagion caused by the severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) has had a major

impact on health systems worldwide (WHO Coronavirus

(COVID-19) Dashboard [1]). COVID was first reported

from a cluster of pneumonia of unknown origin in Wuhan,

China in December 2019 [2]. A 13-fold increase in cases

over the preceding timeline provoked WHO action and on

March 11, 2020, WHO took the historic step of declaring

this disease as a global pandemic [3]. Subsequently, the

unbiased sequencing of pathogenic samples [4] from

pneumonia-affected populations isolated a novel coron-

avirus signature [5]. The 2019-nCoV demonstrates a dis-

tinct difference from MERS CoV, SARS CoV and two

other coronaviruses that infect humans. Common strains of

Coronaviruses when infective to humans demonstrate

common cold symptoms with no severe sequelae [6].

During the last 2003 SARS-CoV outbreak there were no

traces of disease transmission before symptom onset [7].

Incisive detective work by several groups of researchers

has determined that 40–80% of transmission of novel

coronavirus disease happens before symptoms are

demonstrated. This window may range from two to four

days [8]. This has complicated public health measures

aimed at the control of disease transmission necessitating

debilitating lockdown measures in most parts of the world.

In turn, it has precipitated the unprecedented spreading of

the disease [9].

Therapeutic options that are currently available are

antivirals, monoclonal antibodies, anti-inflammatory

agents, immunomodulators with more on the way. Anti-

viral or antibody-based treatments are most effective dur-

ing the early or replicative state of the disease. With later

phases of the disease, it is ideal to seek control over

inflammation, provide modulation as required and combine

as required to achieve required endpoints [10]. A relatively

new field, regenerative medicine has gained much popu-

larity in the exploratory management of COVID-19.

Regenerative medicine is accepted to be the culmination of

multidisciplinary research and development that aims to be

a definitive branch of medicine that will generate approa-

ches to regenerate/repair defective tissues. A keystone of

regenerative medicine is the application of mesenchy-

mal stem cells (MSCs) derived from multifarious sources

[11]. Adult stem cells are being commoditized for appli-

cation in immunomodulation, angiogenesis, signaling and

tissue remodeling applications [12]. The observation that
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during stem cell infusions effects are observed that are

plausible only via secreted bioactive factors has been

accepted [13, 14]. Deployment to address Graft versus Host

Disease [15] also reveals that most effects noted are due to

paracrine cross-talk [16]. Long-distance communication

has been via secretion of vesicles that range from 20 to

120 nm in size and function by transport of genetic mate-

rial or protein signals [17]. The International Society of

Extracellular Vesicles has proposed the generic term ‘‘ex-

tracellular vesicles (EVs)’’ for the membrane bound vesi-

cles released from the cell, and typically, three primary

classes of EVs are recognized based on size viz. apoptotic

bodies ranging between – 500 to 4000 nm, microvesicles

ranging between – 100 to 1000 nm, and exosomes ranging

between – 40 and 120 nm [18]. The use of EVs, particu-

larly exosomes, has been explored in cardiovascular insults

and cancer therapy. The use of these molecules as

biomarkers and diagnostic tidemarks has been discussed

and is under active investigation [19].

Exploratory studies on MSC-derived EVs, particularly

exosomes, in the context of COVID-19 are growing

recently. Briefly, MSC-derived EVs are being explored in

various aspects of COVID19, including their use as

biomarkers for diagnosis purpose, engineered EVs as

immune-modulating agents, targeted therapeutic cargo as

well as vaccines. The literature review indicated that var-

ious preclinical and clinical studies are underway with

regard on finding an effective tissue source, effective dose,

effective formulation, administrative dose, etc. Subsequent

to completion of these studies, a comprehensive meta-

analysis could derive an effective MSC-EVs based thera-

peutic regime for the management of acute lung injury in

the context of COVID19. Several notable works have been

reported recently on various aspects of stem cells and

exosomes in the context of COVID19 [20–23]. However,

this review standout as a unique collection of the current

landscape in terms of preclinical, clinical and patent data

sets reported to date.

2 COVID-19 and acute lung Injury

Based on the infection route and tissues affected, the

COVID-19 disease progression can be represented as three

phases [24]. Inhalation of virus particles causes the binding

via Angiotensin-converting enzyme 2 (ACE2) receptor to

the respiratory epithelial cells. ACE2 for entry and trans-

membrane serine protease 2 (TMPRSS2) for S protein

priming have been pinpointed as its access and could be

inhibited for clinical action [25]. Local propagation to the

primary infection site and preliminary immune response

initiation may happen in the initial days, with folks being

asymptomatic carriers. Viral propagation and transition to

lower respiratory tract along conducting airways and a

more robust response from the host is generated over the

next few days with clinical manifestation of the disease.

Increased expression of Interferon-Inducible Protein-10

(CXCL-10) during the first 7 days of SARS was associated

with an adverse outcome [26]. Assessing host immune

response via monitoring of chemokine agents provides

early insight to disease progression with [27] 80% of

infected patients will have mild to moderate symptoms and

can be managed with conservative therapy. In stage 3 of

the disease affected parties may develop pulmonary infil-

trates with a final fatality rate of around 2% with an age-

related distribution [24]. Stage 3 has disruption of gas

exchange units and moves into alveolar type II cells which

are typical in SARS medicated infections [28]. Diffuse

alveolar damage with a disordered wound healing process

is a precursor to scarring with attendant fibrosis [29] with

any process that increases the ACE2 receptor population

causing overall deterioration. With lessened secretory

clearance and poor repair gas exchange units in the elderly

are especially prone to non—reversible damage [30].

The acute lung injury that is the most severe aftershock

of COVID-19 has no specific definitive treatment. Char-

acteristics include lymphopenia and cytokine storm as part

of immune pathological changes [31]. Host response via

multiple streams contributes to damage in pulmonary tis-

sue, reduction in total function and reduced lung capacity

depending on lack of control over immune response [32].

T—cells on priming with SARS CoV-2 antigens kick off

generation of chemokines and cytokines (IL-16,8,21,

TNF—alpha) among others that sparks the cytokine storm.

Recruitment of immune cellular component to the site of

infection proceeds with nuclear factor-kappa B presence

and activation being a strong predictor of immune response

and inflammation associated respiratory tissue damage

[33]. Subsets of severe COVID 19 diagnosed patients may

present with elevated markers for inflammation, systemic

inflammation and cascading multiple organ failure [33, 34].

Cytokine storm in this disease context would refer to the

dysregulation in cytokine release on systems being chal-

lenged with infection or other insults [34]. Increased IL-6

in plasma of acute cases of COVID 19 has been docu-

mented by several studies [35–38]. Elevated cytokine

storm events contribute to pathological intra—alveolar

fibrin accumulation and hikes production of growth factors

[39] TGF, PDGF with a corresponding drop in surfactants

in pulmonary tissue that causes coalescing alveoli leading

to a decrease in effective lung volume [40]. This provides a

niche conducive to fibroblast activity with rapid collagen

deposition and the development of lung fibrosis [41]. A

schematic showing pathophysiology of COVID-19 is pre-

sented in Fig. 1.
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3 Stem Cells in COVID-19 and acute lung injury

In chronic and acute lung fibrosis there have been no

treatment breakthroughs but with the current pandemic and

its reach, there is a large fibrosis population that seeks to be

addressed via bioengineering approaches. Damage in

elderly or vulnerable populations [42] coupled with pro-

genitor cell aging, accelerated senescence and aberrant

regulation throws up multiple challenges in deciding ther-

apeutic approaches [43]. Transient day-to-day insults to

lung tissue are addressed by a resident progenitor cell

population [44]. With aging, this gets more complicated

with a complex interplay of elements with pathological

levels of ECM deposition and enhanced circulating fibro-

cyte accumulation [45] in a bleomycin-induced lung injury

model. Lowered reparative capacity hampers lung reserves

and is dependent on the age and patency of cytokine

response pathways [46]. Acute Respiratory Distress Syn-

drome (ARDS) based lung insults resulting in fibrosis are

of concern under the current pandemic conditions. Inci-

dence of ARDS although underreported was at 10–86 cases

per 10,000 with a high fatality rate [47]. Currently, around

70% of mortality in COVID 19 has been directly linked to

ARDS [48] with diffuse alveolar damage a hallmark in a

majority of the cases [49].

Stem cells have been an accepted tool in the regenera-

tive medicine approach due to their adaptability, ability to

derive multiple cell types, compatibility with scaffold

systems and also provision of extracellular vesicle-based

therapies as the field progresses [50]. These undifferenti-

ated cells survive within specialized niches in a self-

renewing, clonogenic and multipotent state with the ability

to activate and proliferate in response to stimuli within

major organ systems [51]. A schematic representation of

MSCs in acute lung injury management is depicted in

Fig. 2. Several authors have reported the application of

MSC could reduce severity in lung injury in preclinical

models with a reduction in E. coli endotoxin-induced lung

injury reported in mice [52]. Later reports reinforce MSC

therapy in mice and ex vivo lung models challenged with

live bacteria [53, 54] with enhanced bacterial clearance and

improvement in sepsis outcomes also reported [55, 56].

Further investigation of MSC’s mediation of repair has

revealed the role of angiopoietin—1 [57], antagonists of

interleukin-1 receptor and keratinocyte growth factor in

this process [56]. Mitochondrial transfer mediated by

exosomal vesicles is also postulated in this scenario

[58, 59]. Delivery of reparative signals from culture-

derived MSC extracellular vesicles would address these

concerns without cell delivery. This simplifies the process

and highlights a novel route to address ARDS and its long-

term effects on respiratory tissue.

4 Stem cell-derived extracellular vesicles
in COVID-19 and acute lung injury

Lightning advances in understanding the underlying

mechanisms of MSC-based cellular therapy have shown

their anti-inflammatory effects, regeneration ability,

immune escaping characteristics and ability in modulating

various other extra/intra -cellular pathways. Many of such

Fig. 1 A schematic depicting the molecular pathophysiology of lungs in COVID-19-affected patients. Reproduced from [114], �The Authors.

Licensee MDPI, Basel, Switzerland
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therapeutic activities of MSCs are attributed to the para-

crine effects, wherein MSCs send signals to the neighbor-

ing cells through extracellular vesicles (EVs) [60]. EVs are

micron/ sub-micron scale membrane-bound structures with

sizes ranging between 30 nm - 1 lm and are secreted by

almost all types of cells. EVs are mainly comprised of three

types,1. Exosomes, which are small endosomal derived

membrane vesicles with size of 30–150 nm size; 2.

Microvesicles with the size between 150 and 1000 nm and

3. Apoptotic bodies with greater size than the microvesi-

cles. Initially they were misjudged as cellular waste and

later found to be a functional vehicle that carry cargo to

communicate neighbouring cells and influence various

cellular signalling. The invasion of the endosomal mem-

brane and fusion with membrane of multi-vesicular body

leads to exosome formation, whereas microvesicles and

apoptotic bodies are formed by outward budding of plasma

membrane from healthy and apoptotic cells, respectively.

EVs enclose various biologically active molecules,

including various growth factors, cytokines, chemokines,

miRNA, etc., however, their contents may vary, depending

on the type of parental cell from which they are secreted

and their environment. Nevertheless, the cell adhesion

molecules present on the surface of EVs help them to fuse

with the plasma membrane of the recipient cell so as to

release the cargo and consequently trigger downstream

signaling cascades [61]. In contrast to MSCs alone, the

MSC-derived EVs offer many advantages as cell-free

therapeutics such as high stability, easy storage, low

immunogenicity and yet replicate the therapeutic effect of

the MSCs [62, 63]. A detailed account of EV’s biogenesis,

composition and functions are beyond the scope of this

review, and the readers are referred to the latest review

articles for the same [64–67].

The initial reports indicating the therapeutic potential of

EVs in cardioprotection were published in 2009 [68].

Subsequently, several studies published various molecular

and biochemical evidence to unravel the EVs mechanism

of action in controlling viral replication, reducing the

inflammatory reaction and regenerating the damaged tis-

sues (Fig. 3). For instance, Kesimer et al. reported that EVs

from airway epithelial cell cultures showed a neutralizing

effect on the human influenza virus, therefore suggested

that these structures may be involved in diverse physio-

logical processes in airway biology, including innate

mucosal defense [69]. Other studies demonstrated that the

EVs play a key role in suppressing the cytokine storm and

rejuvenating the antiviral defense system of the host [61].

The EVs were reported to reduce the levels of virus-in-

duced lung lesions including apoptosis in lung cells, by the

production of growth factors such as keratinocyte growth

factor, by reducing the influx of cytokines, inflammatory

cells, by increasing the alveolar fluid clearance [70–72].

The MSC-EVs have the potential to repair and regenerate

Fig. 2 A schematic depicting the possible physiological effects of MSCs administered through intravenous (green cell in red box) and inhalation

routes in recovering acute lung injury (green cell in blue box). Reproduced from [115], �2021 The Authors, Licensee MDPI, Basel, Switzerland
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tissue, wherein some reports showed that the EVs induced

the repopulation of type II alveolar cells which serve as

progenitor cells for lung epithelium [73]. These and several

other studies reviewed elsewhere offered possible mecha-

nism of therapeutic action of MSC-derived EVs in the lung

damage in general and in the COVID-19 management in

particular [74–78]. Lately, The International Society for

Cellular and Gene Therapies and the International Society

for Extracellular Vesicles released a statement that they

recognize, however do not endorse yet, the potential of

EVs as treatments for COVID-19, and therefore encour-

aged research and trials in this regard [79].

4.1 Publications landscape

4.1.1 Pre-clinical reports

4.1.1.1 In silico studies The in silico approaches, such as

docking, is well-regarded and validated for predicting new

drug-target associations. Several computational studies are

reported on the virtual drug repurposing screening and

prediction of potential drug-like occurring molecules

against SARS-CoV-2; however, many of them explore

natural or other molecules known in the literature [80–82].

MSC-derived EVs were known to contain miRNAs that are

being investigated for their role in the progression,

Fig. 3 A schematic representation of MSC-derived EVs, both naı̈ve as well as engineered, in the management of viral infection and the lung

damage in the context of COVID-19 [77, 116–118]
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diagnosis and treatment of various diseases [83]. Several in

silico studies are being undertaken to investigate the

miRNA that can potentially aid in COVID-19 management

(Fig. 4) [84–86]. For instance, in silico analysis done by

Schultz et al. reported the capability of MSC-EVs miRNA

to modulate the increased cytokines, cell death and coag-

ulation disturbs caused by COVID-19 [87]. Using com-

putational tools, four datasets of miRNA of different stem

cell sources (bone marrow, adipose tissue and umbilical

cord) and one dataset of mRNA (bone marrow) were

analyzed. The result predicted 258 miRNAs for aggravated

cytokines and chemokines, 266 miRNAs for cell death

genes and 148 miRNAs for coagulation cascades. Amongst

these, the study reported some miRNAs with the ability to

reduce cytokine storm, protect from cell death, block

coagulation cascade, and thereby protect from tissue

damage [87]. However, there are not many studies on the

interaction of MSC-EVs cargo molecules reported in the

literature with several components of SARS-CoV-2 in

silico.

4.1.1.2 In vitro reports In vitro assays are yet another

attractive platform for performing proof of concept

experiments in a precise, cost-effective, time-saving and

high-throughput manner. In the context of EVs in COVID-

19 management, a handful of interesting studies were

reported using in vitro assays [61, 88],Q. [89, 90]. For

instance, Zhang et al. reported the presence of hACE2 on

EVs secreted by various cell types, and the expression of

the same could be enhanced by treatment with IFNa/b

[89, 90]. Further, they demonstrated that EVs bearing

hACE2 explicitly block the SARS-CoV-2 entry and

thereby inhibit viral replication. The findings indicated a

potential antiviral strategy involving EVs with an upregu-

lated viral receptor that could competitively block the virus

entry (Fig. 5). Although not related to MSC-EVs, in

another interesting study, Wang et al. identified four

miRNAs (miR-7-5p, miR-24-3p, miR-145-5p and miR-

223-3p) in serum EVs that can directly inhibit S protein

expression and SARS-CoV-2 replication [91]. However,

these miRNA content has drastically decreased in serum

exosomes in the elderly and diabetic patients. This study

indicated that the varying levels of EVs-miRNA could be

attributed to varying levels of treatment outcomes. Inter-

estingly, there are not many in vitro reports on the MSC-

derived EVs in the context of COVID-19,perhaps, this

could be due to the requirement of high containment lab-

oratories and the risks involved.

4.1.1.3 In vivo reports It is known that the in vitro

models are cost-effective, relatively quick and offer control

over test parameters, but unfortunately, they fail to mimic

the native tissue physiology. In the context of COVID-19,

several developments on in vivo models are underway in

order to understand the mechanisms of pathogenesis and to

establish the safety and efficacy of potential therapeutic

agents and vaccines [92–94]. In the context of EVs in

COVID-19 management, Fu and Xiong demonstrated the

engineering of EVs tagged with S-protein receptor-binding

domain (RBD) of SARS-CoV-2 and their ability to

Fig. 4 A schematic depicting computational biology based in silico approach in predicting target molecules against SARS-CoV2. Reproduced

with permission from [86], Copyright� Elsevier BV
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suppress SARS-CoV-2 infection in Transgenic mice that

express human ACE2 (hACE2 mouse) (Fig. 5). The RBD

domain plays a critical role in the adhesion, fusion and

cellular entry of the virus. The study demonstrated the

ability of RBD-tagged EVs, encapsulated with siRNAs, to

recognize and target ACE2 protein on the surface of lung

cells and suppress the infection of pseudovirus in hACE2

mice. They also showed that the RBD-tagged EVs were

able to specifically target other organs such as kidneys,

heart, etc., and therefore, these engineered EVs can be

explored for the delivery of antiviral agents to treat multi-

organ failure in SARS-CoV-2 [95].There are no in vivo

studies on MSC-EVs in the in vivo models infected with

the SARS-CoV-2 virus or its pseudo variants. However,

many studies are reported on the use of MSC-EVs in ani-

mal models with acute lung injury induced by other agents

like LPS [96–100].

4.1.2 Case reports

Owing to the rapid spread of COVID-19 and due to lack of

effective therapy, several clinical studies were approved by

ethical committees on emergency basis across the world.

Some of these explored MSC-derived EVs as therapeutic

regime for COVID-19 management. For instance, Sen-

gupta et al. studied the efficacy and safety of allogeneic

bone marrow MSC-derived EVs (ExoFlo) as therapeutic

for treatment of severe COVID-19. In this study, ExoFlo

was administrated to 24 COVID-19 patients with moder-

ate-to-severe ARDS. All the patients were given a single

intravenous dose of 15 mL ExoFlo. The status of patients

was evaluated from days 1 to 14, wherein, all met safety

endpoints with no adverse events observed within 72 h and

an overall survival rate of 83% [101]. Few other reports on

EVs, not from MSCs but from amniotic fluid-derived, were

also reported by Mitrani et al. and team [102, 103]. These

studies demonstrated that Zofin (amniotic fluid-derived

EVs based formulation) was effective with prominent

respiratory improvements in a COVID-19 long hauler. The

same team reported another paper on the successful use of

Zofin in the management of three severely ill COVID-19

patients. Both studies were completed without any adverse

events or safety concerns. Recently, Khanh et al. reported

that the Wharton’s jelly MSC-derived EVs showed sig-

nificant reduction in nuclear NF-jB p65 and suppression of

the cytokine storm in COVID-19 patients suffering from

diabetes mellitus or renal disease [104].

Fig. 5 Extracellular vesicles (EVs), tagged with receptor binding

domain (RBD) of the viral spike, were able to recognize and target

ACE2 protein on the surface of lung cells in vitro and suppress the

infection of pseudovirus in hACE2 micein vivo. Reproduced with

permission from [95], Copyright� Elsevier BV
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4.2 Clinical trials landscape

The first phase I clinical trial using ex vivo expanded bone

marrow MSCs as cellular pharmaceutical agents in patients

with hematologic malignancies was performed in 1995,

followed by their wide use in various applications [105].

The registered clinical trials with MSCs from 2010 to

December 2021, based on the data obtained from clini-

caltrils.gov, shows a steady increase in the number of trials

and therefore the increasing belief in the therapeutic

potential of MSCs. Overwhelming in vitro and in vivo

studies revealed that the MSCs suppress the over-activated

inflammatory response, release factors including cytokines

and extracellular vesicles, which promote neighbouring

cell survival and growth and possess differentiation

potential. In terms of lung regeneration, mainly, the

immunomodulatory function of MSCs shown to help in the

recovery of lung function and reduce pulmonary fibrosis

[106]. According to the International Clinical Trials Reg-

istry Platform at World Health Organization, over twelve

thousand clinical trials are undertaken on COVID-19 as of

December 2021, where 131 studies are using stem cells to

attenuate the detrimental effect caused by the SARS-CoV2.

Amongst these, 22 trials were completed, 05 were with-

drawn (due to ethical issues and patient transfer) and 104

trials others are in progress.

The ethical constraints using cell-based therapy further

provoked researchers to use secretome, mainly extracellu-

lar vesicles from cultured MSCs for clinical applications.

The first clinical trial on EVs was started in 2015 in

Kumamoto University, Japan, where they used plasma-

derived EVs for cutaneous wound healing

(NCT02565264). More than 100 registered clinical studies

on EVs are underway for therapeutic applications and

beyond. With the previous history on the successful use of

MSC-derived EVs in other conditions, clinical trials on the

use of MSC-derived EVs in COVID-19 management

quickly appeared on the clinical trials registry. A complete

list of clinical trials on the use of MSC-derived EVs in

COVID-19 treatment is given in Table 1. It is evident that

the trials are ongoing (i) with MSC-derived EVs in various

forms viz. injectable, inhalable, etc.; (ii) with MSCs

derived from various tissue sources viz. bone marrow,

umbilical cord, etc.; (iii) to investigate the effective dose of

EVs; and (iv) involving various routes of EVs adminis-

tration viz. intravenous, nasal, etc.

From the completed studies, two studies involve the

inhalation of EVs-based formulations at the concentration

of 0.5–2 9 1010 (twice a day during 10 days—Phase I and

now enrolling for Phase II; NCT04491240) and 2 9 108 (5

times at Day 1, Day 2, Day 3, Day 4, Day 5—Phase I;

NCT04276987) respectively. Another study involved

intravenous administration of bone marrow MSC-derived

EVs (800 Billion and 1.2 Trillion—Phase II;

NCT04493242). AVEM Healthcare proposed to use intra-

venous administration of MSC-derived EVs as escalating

dose of 2 9 109, 4 9 109, 8 9 109/mL (phase I) and

8 9 109, 4 9 109, 8 9 109/mL (phase II) every other day

for a period of 5 days (NCT04798716). Athens medical

society (Greece) and Tel-Aviv Sourasky Medical Center

(Israel) registered the use of EVs that were engineered to

overexpress CD24 from human embryonic kidney

T-RExTM-293 cells (once daily by inhalation for 5 days—

Phase II; NCT04969172 and NCT04747574). TC Erciyes

University (Turkey) uses the exosome derived from

COVID-19 specific T-cells, where the T-cells are activated

in vitro with COVID-19 viral peptide fragments in the

presence of cytokines (2 9 108 exosome five-time daily for

5 days—Phase I; NCT04389385).

In addition to MSC-derived EVs alone, Organicell

Regenerative Medicine (USA) developed Zofin (an acel-

lular, minimally manipulated product, derived from human

amniotic fluid)—shown to have growth factors, cytokines,

chemokines and other extracellular vesicles, and is in a

clinical trial for COVID-19 (2–5 9 1011 particles/mL of

Zofin is administered intravenously on day 0, day 4 and day

8—Phase I and II; NCT04384445). It is therefore evident

that the MSCs, as well as the MSC-derived EVs, have once

again attracted huge attention as an effective cell therapy

owing to the COVID-19 situation. It is anticipated that the

outcome of these trials would yield hope in regenerative

medicine, both in viral pneumonia conditions and beyond.

4.3 Patent landscape

Since the COVID-19 pandemic, several innovative devel-

opments happened towards COVID-19 management, both

from diagnostic as well as therapeutic perspectives. Inno-

vations in MSC-derived EVs have also come into the

limelight and several interesting patent applications were

filed. These innovations range from exploring EVs as

biomarkers for diagnostics purposes, to the use of engi-

neered EVs to counter SARS-Cov2 replication and to the

use of EVs in lung regeneration. For instance, a human

bone marrow-derived MSC line stably expressing human

ACE2 protein was made and the method of extracting

exosome rich in ACE2 protein was developed (patent no.

CN112430581A). Similarly, the exosome expressing

human ACE2 protein on the surface was made by inducing

the HEK293T cells with IFN a/b, which in turn induces the
expression of the ACE2 protein. The exosome rich in

ACE2 on the surface could specifically interact with the

RBD of spike (S) protein. The competitive inhibition-me-

diated binding of the exosome to the SARS-CoV2 could

minimize the viral entry to human cells (patent no.

CN112646781A). Another patent suggests that the vesicle
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Table 1 List of clinical trials* on the use of stem cell-derived exosomes in COVID-19 management

Reference Official title Sponsor Status

NCT04657458 Bone marrow mesenchymal stem cell-derived extracellular vesicles

infusion treatment: expanded access protocol for patients with

COVID-19-associated ARDS who do not qualify for Phase II

randomized control trial

Direct Biologics, LLC,

USA

Completed

(results

available)

NCT04491240 Evaluation of safety and efficiency of method of exosome

inhalation in SARS-CoV-2-associated pneumonia

State Financed Health

Facility, Russia

Completed

(results

available)

NCT04276987 A pilot clinical study on aerosol inhalation of the exosomes derived

from allogenic adipose mesenchymal stem cells in the treatment

of severe patients with novel coronavirus pneumonia

Ruijin Hospital, China Completed

(results not

available)

NCT04493242 Bone marrow mesenchymal stem cell-derived extracellular vesicles

infusion treatment for COVID-19 associated acute respiratory

distress syndrome (ARDS): a Phase II clinical trial

Direct Biologics, LLC,

United States

Completed

(results not

available)

IRCT20130812014333N164 Investigation of the effects of the exosomes derived from placental

mesenchymal stem cells on the oxygen saturation and biological

markers of patients with COVID-19

Kermanshah University

of Medical Sciences,

Iran

Ongoing

ISRCTN33578935 Rationale and investigational study for the treatment of COVID-19

with severe viral pneumonia with isolated, placental,

mesenchymal stem cell exosomes

Kimera Labs, United

States

Ongoing

NCT04902183 A Phase II randomized, single-blind dose study to evaluate the

safety and efficacy of exosomes overexpressing CD24 in 109 dose

versus 1010 dose, for the prevention of clinical deterioration in

patients with moderate or severe COVID-19

Athens Medical Society,

Greece

Recruiting

IRCT20190101042197N2 Evaluation of the safety and efficiency of mesenchymal stem cell-

derived exosomes in patients with ARDS of COVID-19; An

interventional randomized double-blind controlled clinical trial:

phase I and II

Tarmim Ava Baran

Knowledge Based

Company, Iran

Recruiting

IRCT20201202049568N3 Evaluation of the safety and efficiency of human umbilical cord

derived mesenchymal stem cell exosomes in patients with ARDS

of COVID-19; an interventional randomized double-blind

controlled clinical trial: phase I and II

Tarmim Ava Baran

Knowledge Based

Company, Iran

Recruiting

IRCT20200413047063N2 Exosomes derived from placental mesenchymal stem cells as

treatment for severe COVID-19: Phase 1 & 2 clinical trials

Omid Cell and Tissue

center, Iran

Recruiting

NCT04747574 A Phase I feasibility study to evaluate the safety of CD24-

exosomes in patients with moderate/severe COVID-19 infection

Tel-Aviv Sourasky

Medical Center, Israel

Recruiting

IRCT20200510047385N1 Effect of stromal vascular fraction (SVF), blood and condition

medium derived exosomes on treatment of covid-19 patients with

acute respiratory distress syndrome (ARDS)/clinical Trial

Tabriz University of

Medical Sciences, Iran

Recruiting

NCT04602442 The extended protocol of evaluation of safety and efficiency of

method of exosome inhalation in COVID-19-associated two-

sided pneumonia

Olga Tyumina, Russia Recruiting

NCT05191381 Immune modulation by exosomes in COVID-19 (IMECOV19) University of Ulm,

Germany

Recruiting

NCT04798716 Mesenchymal stem cell exosomes for the treatment of COVID-19-

positive patients with acute respiratory distress syndrome and/or

novel coronavirus pneumonia

AVEM HealthCare,

United States

Not yet

recruiting

NCT04389385 Aerosol inhalation of the exosomes derived from allogenic

COVID-19 T cell in the treatment of early stage novel

coronavirus pneumonia

TC Erciyes University,

Turkey

Not yet

recruiting

ChiCTR2000030484 HUMSCs and exosomes treating patients with lung injury

following novel coronavirus pneumonia (COVID-19)

Hubei Shiyan Taihe

hospital, China

Not yet

recruiting

ChiCTR2000030261 A study for the key technology of mesenchymal stem cells

exosomes atomization in the treatment of novel coronavirus

pneumonia (COVID-19)

Wuxi Fifth People’s

Hospital, China

Not yet

recruiting
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expressing a chimeric ACE2 receptor could deliver

medicines like Reidesvir to the position where new coro-

naviruses bind (patent no. CN112522203A). A composi-

tion comprising cell-derived particles presenting

heterologous CD24, which is well-known oncogene that

plays important role in negative regulation of T-cell

mediated inflammation. (Patent No: EP3895697A1).

Exosome-mediated vaccine development was proposed

by making exosomes that express engineered S protein of

SARS-COV2 fused with Vesicular Stomatitis Virus Gly-

coprotein (VSVG). The injection of this nano-scale exo-

some is proposed to act like a vaccine and stimulate

antibody production (Patent No. CN112439058A). The

delivery of EVs or exosome comprising a fragment of a

viral peptide or virus interacting protein could induce the

host immune response that act against virus (Patent No.

WO2021181399A1). In another report, a recombinant

plasmid was constructed with Spike-lamp2b and trans-

fected in mouse dendritic cells. The secreted exosomes by

the transfected cells were reported to carry S-protein and

induce antibody synthesis while injecting into humans

(Patent No. CN112111513A). On the other hand, Nano-

antibody for S-protein that tightly combined with the spurt

protein on the exosome was developed, which can inhibit

the interaction between the spike protein and ACE2

receptor (Patent No. CN112626030A). The cargos of EVs

from placental MSCs shown to have biomolecules that

have inherent anti-inflammatory effect and miRNAs that

efficiently disintegrates the RNA genome of coronavirus

(WO2021225214A1). The exosome expressing recombi-

nant SARS-CoV2 S-protein fused with VSVG was

encapsulated with SARS-CoV2 siRNA, which could

specifically inhibit the virus replication (Patent No.

CN112226413A). Similarly, the miRNA targeting SARS-

COV2 S-protein has enriched in NK cell-derived exosome,

which could inhibit the virus replication (Patent No.

CN111494416B). The suitable methods for delivering

stable EVs to the lungs such as intranasal spray or intra-

nasal nebulizer have been developed (patent no.

CN113384597A and WO2021237100A1). Besides tradi-

tional vaccines and the new mRNA vaccine, these inno-

vative developments could bring new avenues for the

treatment and prevention of SARS-COV2 infection, fur-

ther, the beneficial effects of MSC-derived EVs could be

multitude by incorporating other biomolecules and drugs.

5 Summary and future prospects

Extracellular vesicles are membrane-bound sub-micron

scale structures released into extracellular space by the

cells in all living systems. It was recently shown that the

production of several factors via EVs orchestrates the main

modes of action of MSCs following infusion, and MSC-

derived EVs have a number of advantages over live cells,

including the ability to reduce undesired side effects such

as infusional toxicities. Therefore, MSC-EVs have received

significant attention in both academia and industry, as

reflected by a flare-up in the number of publications,

clinical trials and patent applications. The reports demon-

strated that MSC-derived EVs can control the inflamma-

tory response, repair the alveolar damage and avert

pulmonary fibrosis. As discussed in this review, MSC-EVs,

both pristine as well as engineered, are now being explored

for their use as biomarkers, immune-modulating agents,

therapeutics as well as vaccines, in the context of COVID-

19. The data shows that the studies are ongoing to find out

the effective formulation such as injectable, inhalable, etc.

Studies are ongoing with EVs from MSCs derived from

various tissue sources viz. bone marrow, umbilical cord,

etc. to dig deep into tissue-source dependant differences if

any. Some other studies are ongoing to investigate the

effective dose of EVs. Also, various routes of EVs

administration viz. intravenous, nasal, etc. are being

investigated.

Though current understanding of therapeutic potential

mainly comes from pristine MSCs cultured under routine

culture conditions, a variety of other approaches are under

investigation by various groups mainly to enhance the

potency of MSC-EVs. These futuristic approaches include

specialized culture conditions, cellular reprogramming,

nanotechnology enabled modification and more [107–109].

For instance, the MSCs may be subjected to various bio-

physical cues such as electric pulsing, mechanical cues, 2D

Table 1 continued

Reference Official title Sponsor Status

NCT04969172 A Phase II randomized, double-blind, placebo-controlled study to

evaluate the safety and efficacy of exosomes overexpressing

CD24 to prevent clinical deterioration in patients with moderate

or severe COVID-19 infection

Eli Sprecher, MD, United

States

Not yet

recruiting

*Obtained from trialsearch.who.int, clinicaltrials.gov and clinicaltrialsregister.eu using ‘‘extracellular vesicles’’ or ‘‘exosomes’’ as search strings,

with results restricted to COVID-19
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and 3D scaffolds/scaffold-free culture, etc. and the EVs

derived from such specially treated MSCs may be explored

for their potency check. Other cases of MSCs cultures in

presence of various biochemical factors are also emerging.

For instance, bacteria-derived molecules like lipopolysac-

charides and the cytokines are included in the culture

medium to induce EVs primed with anti-inflammatory

ability. Approaches involving overexpression of certain

transcription factors, signalling molecules and miRNAs.

Bioengineering of EVs to enhance their potency is also

being considered in two ways, firstly, by altering their

tropism towards target cells, and secondly, by loading the

EVs with desired cargo [110]. Nanotechnology based

approaches are also under experimentation for engineering

of smart EVs for precision medicine [111]. As with many

cellular therapies, scale-up and clinical grade manufactur-

ing of EVs is a significant process engineering challenge,

however, efforts are on to overcome these barriers towards

offering clinically meaningful MSC and EVs based thera-

pies [112, 113].

It is anticipated that, once the ongoing studies are

completed, a comprehensive meta-analysis of the results

would enable us to derive an effective MSC-EVs based

therapeutic regime in the management of COVID-19 and

beyond. Further, additional developments in enhancing the

potency of EVs and in scaling-up of EVs production would

surely make the EVs-based cell-free regenerative therapy a

reality in the days to come.
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