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Abstract: The COVID-19 pandemic has become a serious concern and has negatively impacted public
health and the economy. It primarily targets the lungs, causing acute respiratory distress syndrome
(ARDS); however, it may also lead to multiple organ failure (MOF) and enhanced mortality rates.
Hence, there is an urgent need to develop potential effective therapeutic strategies for COVID-19
patients. Extracellular vesicles (EVs) are released from various types of cells that participate in
intercellular communication to maintain physiological and pathological processes. EVs derived from
various cellular origins have revealed suppressive effects on the cytokine storm during systemic
hyper-inflammatory states of severe COVID-19, leading to enhanced alveolar fluid clearance, pro-
moted epithelial and endothelial recovery, and cell proliferation. Being the smallest subclass of EVs,
exosomes offer striking characteristics such as cell targeting, being nano-carriers for drug delivery,
high biocompatibility, safety, and low-immunogenicity, thus rendering them a potential cell-free ther-
apeutic candidate against the pathogeneses of various diseases. Due to these properties, numerous
studies and clinical trials have been performed to assess their safety and therapeutic efficacy against
COVID-19. Hence, in this review, we have comprehensively described current updates on progress
and challenges for EVs as a potential therapeutic agent for the management of COVID-19.

Keywords: COVID-19; extracellular vesicles; SARS-CoV2; therapeutic agents

1. Introduction

In December 2019, an outbreak of pneumonia fever was reported in Wuhan, Hubei
Province, China with an unknown cause of infection. Later, in January 2020, a novel
coronavirus was isolated from infected patients, which was termed SARS-CoV-2 (severe
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acute respiratory syndrome coronavirus 2) [1–5]. Owing to its occurrence in 2019, the
World Health Organization (WHO) designated this infection as coronavirus disease 2019
(COVID-19), which has created an alarming situation through higher global mortality rates.
Before COVID-19, the world had witnessed two similar strains of coronaviruses in the
early 21st century, which were the severe acute respiratory distress syndrome coronavirus
(SARS-CoV) and the Middle East respiratory syndrome (MERS-CoV) [6].

The SARS-CoV-2 virus comes under the family Coronaviridae and order of Nidovi-
rales. The genome of SARS-CoV-2 is single-stranded, positive sense 26–32 kb large RNA
with nucleocapsid (N) protein, which is packed within an envelope and responsible for
viral replication in host cells. The virus envelope is made up of three types of structural
proteins i.e., membrane (M), spike (S), and envelope (E) proteins. Among these, trimeric
spike (S) glycoproteins protrude from the envelope (Figure 1) and play a key role in virus
entry into host cells [7].
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Figure 1. Biogenesis and secretion of EVs (microvesicles and exosomes) and their therapeutic role in COVID-19. The
secretion of exosomes into the extracellular environmentundergoes three distinct steps: exosome biogenesis, intracellular
trafficking of MVBs, and fusion of MVBs with the plasma membrane. Microvesicles are synthesized through direct outward
budding and detachment of the plasma membrane into the extracellular milieu. Several molecules are involved in the
biogenesis of both microvesicles and exosomes (small GTPases, ESCRTs, ARRDC1, syndecan, ceramide, tetraspanins). These
EVs binds to SARS-COV-2-infected cells and deliver their therapeutic cargos to inhibit their pathogenesis.

Clinical manifestations, such as acute respiratory distress syndrome (ARDS) and some
immune-mediated lung complications have been associated with poor prognosis of COVID-
19, which lead to multiple organ failure such as heart, liver, kidney, and brain—primarily
in elderly patients, but also later in young individuals, causing an increased death rate [8].
Ideally, an incubation period of coronavirus is about 5 days, but may also range from 2 to
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14 days [9]. Following the initial symptoms of COVID-19, hypoxemia and pneumonia fever
progress, leading to the requirement of a ventilator support system [7–9]. The possible
root cause of the higher mortality rate of COVID-19 patients is hypoxemia and respiratory
failure, that lead to lung injury with several other complications like edema, intra-alveolar
fibrin deposition, and hemorrhage resulting in ARDS [9]. It has been observed also that
individuals with a history of cardiovascular disease, lung disorder, hypertension, and
diabetes are at higher risk of COVID-19 infection [10].

Given the present circumstances around the world, to date, various potential drugs
are being clinically tested against COVID-19; however, their adequate efficacy remains to
be achieved. Therefore, it is important to develop an alternative therapeutic strategy for
infected patients and to stop the chain of SARS-CoV-2 transmission. In recent years, EVs
have shown promising anti-inflammatory properties against viral infection [11]. EVs are
lipid bilayer membrane-bound structures, which are released from various kinds of cells,
and contain many bioactive compounds (cargo) such as mRNAs, microRNAs (miRNAs),
DNA, lipids, and various proteins. Due to their intact structure, EVs can circulate through
body fluids freely and can deliver their cargo to neighboring or remote cells to help maintain
their physiological condition [12].

Based on their size and biogenesis, EVs have been categorized into three types, which
include exosomes, microvesicles, and apoptotic bodies. Exosomes are smaller in size
(30–120 nm) and synthesized by the endosomal pathway, involving the formation of
intraluminal vesicles (ILVs) inside multivesicular bodies (MVBs) in the cytoplasmic com-
partment of cells. MVBs bind to the inner plasma membrane, releasing their ILVs in the
extracellular environment in the form of exosomes. There are several proteins involved in
exosome biogenesis such as endosomal sorting complex required for transport (ESCRT),
vacuolar ATPase, and Vps4, which segregate and sort ubiquitylated proteins into ILVs
(Figure 1) [13–18]. Microvesicles are a little larger (40–1000 nm) in size and are released
through pinching-off the plasma membrane via a direct budding process. Similar to
exosomes, multiple protein factors also participate in microvesicle generation, such as Ca2+-
dependent aminophospholipid translocases (flippases and floppases), sphingomyelinase 2
(nSMase2), scramblases, and calpain, which carry out the rearrangement of phospholipids,
curving of the membrane, and reconstitution of the actin cytoskeleton, leading to pinching
of the membrane in the form of microvesicles in extracellular milieu (Figure 1), [19–22].
Apoptotic bodies are the largest (greater than 1000 nm) and are synthesized during the
apoptosis process.

EVs have been demonstrated to enhance lung immunity, and have been implicated in
the pathogenesis of many types of lung diseases that include viral infection. This might
be attributed to the structural similarity between SARS-CoV-2 and EVs (Figure 1) [11].
Recent studies have also shown that viruses employ EVs to exit from cells, while EVs
use a virus penetration mechanism for cargo delivery [23]. Hence, EV-virus interactions
could be utilized for the development of antiviral vaccines and drugs to terminate viral
pathogenesis. Despite EVs’ role in viral pathogenesis, their therapeutic potential has also
been explored in many studies, which are discussed in the following section.

2. COVID-19-Associated Multiple Organ Failure and EV-Mediated Recovery

Lungs are the first organ where SARS-CoV-2 virus enters and causes infection (Figure 2).
In addition to the lungs, other vital organs such as the heart, kidney, liver, brain, and blood
vessels are also infected in severely ill COVID-19 patients, which renders it a systemic
disease (Figure 3). Although the mechanistic insight underlying multiple organ infection
in COVID-19 is yet to be described, it might be mediated in two possible ways. Firstly,
SARS-CoV-2 may enter directly into different organs by binding angiotensin-converting
enzyme 2 (ACE-2) receptors, which are expressed on the cellular surfaces of the major
human vital organs [24,25]. Secondly, SARS-CoV-2 infects the lungs and induces cytokine
storms, infiltration of inflammatory cells to tissues, and coagulation dysfunction, which
adversely impacts various organs and may lead to multi-organ damage [26]. Among
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multiple possible ways to tackle the COVID-19 pandemic, EVs have emerged as a potential
cell-free therapy. Based on this, EV-mediated reparation and restoration of COVID-19-
affected multiple organs is being investigated and has been highlighted in this section.
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Figure 2. The pathogenesis of COVID-19 and its EV-mediated therapeutic recovery. (A) SARS-CoV-2 binds to ACE2
receptors on alveolar type 2 (AT2) cells in the lung and induces cytokine storms leading to lung damage. (B,C) Therapeutic
effects; ACE2 receptors expressed on MSC-derived EVs competitively bind to SARS-CoV-2 and inhibit the binding of the
virus to AT2 cells, and consequently inhibit the viral infection. MSC-derived EVs transfer mitochondria, proteins (KGF,
and AgoI), mRNA and miRNAs via binding to CD44 receptors on macrophages, suppress the cytokine storm (IL-8, TNF-α,
MIP2) and enhance anti-inflammatory cytokines (IL-10), ATP production, and oxidative phosphorylation—which helps in
recovery from lung injury. MSC-derived EVs also bind to monocytes via CD44 receptors, repress the cytokine storm, and
enhance anti-inflammatory cytokines IL-10, leading to recovery of the injury.

2.1. COVID-19-Associated Lung Damage and Its Recovery by EVs

The epithelium lining of lung alveoli comprises a single layer of alveolar type I (AT1)
and type II (AT2) cells. AT1 and AT2 cells are firmly linked by tight junctions through which
ions and fluids pass across the epithelium, whereas AT2 cells secrete a surfactant on epithe-
lium linings to facilitate alveolar expansion. The expression of ACE2 receptors has been
shown on lung surfaces, mainly on AT2 cells, along with resident alveolar macrophages [27].
SARS-CoV-2 binds ACE2 receptors expressed on target AT2 cells for their entry into the
lung. Transmembrane serine protease 2 (TMPRSS2) expressed on alveolar cells is involved
in priming of S (spike) protein of SARS-CoV-2 that enhances the infection of other alve-
olar cells [28]. This results in an elevated production of pro-inflammatory cytokines and
chemokines that recruit more and more inflammatory macrophages and circulatory im-
mune cells into the infected alveoli, which leads to a systemic over-inflammatory state
called ‘cytokine storm’ [7,28]. Additionally, cytokine storms affect AT1 and AT2 cells that
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reduce the production of surfactants; this causes an increase in alveolar surface tension
and collapse, as well as a decrease in gaseous exchange and refractory hypoxemia, and,
ultimately, leading to ARDS [23,29].
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Figure 3. A schematic representation showing possible paths of MSC-EV (exosomes and microvesicles)-mediated therapy
of SARS-CoV-2-induced multiple organ failure (heart, kidney, liver, brain injury, and hematological disorders). Multiple
organ dysfunction mainly occurs by binding ACE2 receptors on different organs, cytokine storm, and hypoxemia. These
multiorgan pathological aberrations could be recovered through anti-inflammatory, tissue regenerative, and neuroprotective
effects of EVs.

Interestingly, higher levels of various cytokines such as IFN-γ (Th1), interleukins
IL-1β, IL-2, 6, 7, 8, 17, monocyte chemoattractant protein-1 (MCP-1/CCL2), IFN-γ induced
protein 10 (IP10), tumor necrosis factor-α (TNF-α), macrophage inflammatory protein-1α
(MIP-1α/CCL3) and granulocyte-colony stimulating factor (G-CSF) have been reported
in severe COVID-19 patients [2,30]. Pro-inflammatory cytokines produced by activated
macrophages such as IL-1, IL-6, and TNF-α enter the bloodstream and increase the capillary
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permeability by dilating smooth muscle and contracting endothelial cells. Consequently,
blood vessel plasma leaks into the interstitial spaces and causes alveolar edema [30].

It has been shown that EVs possess immunomodulatory effects that regulate macroph-
ages by inhibiting TNFα secretion and enhancing anti-inflammatory IL-10 secretion [31].
Furthermore, MSC-derived EVs have been demonstrated to boost energy production
by increasing mitochondrial performance in alveolar cells and increasing their repairing
capability in the injured lung. Data has also suggested that human-derived EVs down
regulate macrophage inflammatory protein-2 (MIP-2) levels and reduce lung inflammation
by lowering the recruitment of neutrophils and preventing macrophage polarization into
pro-inflammatory M1 macrophages [32,33]. Apart from MSC-EVs, neutrophil-derived EVs
possess an anti-inflammatory role in lung epithelium via PARP-1 inhibition by miR-223 and
enhance the recovery of the injured lung [34]. Recently, EVs have been shown to reduce
lung edema and permeability of epithelial–endothelial barriers through binding with CD44
expressed on alveolar target cells [33]. Based on these findings, human MSC-exosomes
might be a useful treatment approach in combating cytokine storms in COVID-19 patients.

2.2. COVID-19-Associated Cardiovascular Disease and Its Recovery by EVs

The knowledge of COVID-19 impact on the heart is very crucial for healthcare
providers to prescribe the appropriate treatment for patients. In a recent study, RNA-
seq analysis revealed that ACE2 was expressed in over 7.5 percent of myocardial cells [35],
suggesting that the heart might be at high risk of SARS-CoV-2 in case of viremia. In addition
to myocardial cells, Gheblawi et al. also reported ACE2 expression in various other parts
of the heart, mainly in cardiac fibroblasts, pericytes, epicardial adipose, and endothelial
cells [36], thereby increasing the risk of direct infection by SARS-CoV-2 in heart tissue. An
electron microscopy-based study showed particles consistent with COVID-19 virus present
within a cardiac endothelial cell and also in CD4 and CD8-positive cells around the vas-
cular endothelium, which suggests that immune cells can infiltrate to cardiac tissues [37].
Furthermore, histopathological examination of patients with COVID-19 reported a higher
prevalence of fibrosis and myocyte hypertrophy in cardiac tissues [38], and hypothesized
that cardiac tissue injuries may be caused indirectly by cytokine storms [39]. Additionally,
coronary microvasculature dysfunction due to elevated cytokines levels can lead to myocar-
dial injury [40]. In COVID-19 patients, Huang et al. demonstrated a high concentration of
pro-inflammatory mediators such as IL-1β, IL-6, IL-12, monocyte chemoattractant protein-1
(MCP-1), IFNγ, and IFN-inducible protein, leading to coagulation activation [2,40]. In
autopsy studies, megakaryocytes were detected in cardiac microvasculature and bone
marrow, which suggested their having a role in diffusing microvascular thrombosis in
COVID-19 patients [41]. These data suggest that COVID-19-related cardiovascular disease
(CVD) may be induced either directly by SARS-CoV-2 infection in the cardiac system or
indirectly via the virus’s cytokine storm, endothelial dysregulation, infiltrating immune
cells, and microvascular thrombosis.

A significant proportion of COVID-19-infected individuals develop cardiac-related
complications such as acute myocardial injury (AMI), arrhythmia, or heart failure [42],
which necessitates the development of novel treatment strategies. Recently, EVs attracted
great attention from researchers over the world because of their potential role in anti-
inflammation, immunomodulation, and pro-angiogenesis [43]. Lai et al. (2010) first
demonstrated the therapeutic potential of EVs—especially MSC-EVs—in the recovery of
myocardial ischemia or reperfusion injury in a mouse model [44]. Various other in vivo
studies also reported the protective role of MSCs-EVs in AMI [45,46]. Arslan et al. showed
that a single dose of intravenous injection of MSC-derived exosomes resulted in reduced
infarct size and oxidative stress, and enhanced NADH and ATP levels, which are a sign of
recovery of reperfusion injury in the mouse AMI model [45]. Later, Bian et al. reported
a potential pathway involving MSC-EVs in repairing ischemic myocardial injury by in-
ducing neovascularization [47]. Several other notable effects of EV-mediated ischemic
myocardial repair have been achieved by reducing fibrosis and apoptosis of myocardial
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cells [48,49]. One of these works in rats has shown that MSC-EVs from human umbilical
cord participate in reducing cardiac fibrosis by preventing apoptosis of cardiomyocytes and
enhancing cell proliferation [50]. These promising findings support our hypothesis regard-
ing the therapeutic potential of MSC derived-EVs against COVID-19-related cardiovascular
complications.

2.3. COVID-19 Associated Kidney Diseases and Their Recovery by EVs

The kidney is one of the critical organs most severely impacted by COVID-19, which
may manifest as damage in renal resident cells [41]. Recent reports have also confirmed that
kidney disease is associated with the death of severely ill COVID-19 patients [51]. Infection
caused due to virus–host cell interactions through ACE2 or the cytokine storm is assumed
to be the underlying mechanism for renal injury [52]. Owing to ACE2 receptor-based
virus–host cell crosstalk, ACE2 expression has been detected in various renal cells such
as proximal tubule epithelial cells, glomerular endothelial cells, podocytes, and kidney
vasculature [36]. A post mortem study of kidney biopsies from six COVID-19 patients with
acute kidney injury (AKI) revealed macrophage and lymphocyte infiltration, as well as
significant acute tubular necrosis. COVID-19 nucleocapsid protein (NP) antigen has also
been found in kidney tubules and virus-like structures in the cytoplasm of renal tissue,
tubular epithelium, and podocytes, suggesting that SARS-CoV-2 may infiltrate kidney cells
directly [53]. Thus, a better understanding of the biology of kidney injury in association
with COVID-19 is highly needed.

It has recently been shown that EVs may play a role in the repair and regeneration
of kidney tissue injuries by relaying signals between nephrons [54]. These signals may be
delivered by EVs, which bind receptors and transfer cargo such as proteins, mRNAs, and
miRNAs to their target cells [55]. Thus, the potential use of EVs as a therapeutic vector
has gained significant attention in management of acute kidney injury [54,55]. Growing
evidence has shown that MSC-derived EVs could reconstitute kidney structure and function
in various in vivo models of acute kidney injury (AKI). Studies also suggest that MSC-EVs
have been involved in immunomodulation and anti-apoptotic activities, thus enhancing
cellular proliferation and protecting against renal damage [56,57]. In various animal
models, MSC-EVs have been demonstrated to reduce pro-inflammatory cytokines and
repair renal injuries [58]. Other studies also reported that activated macrophages infiltrate
renal tissues and cause the progression of AKI. Thus, restricting infiltrating macrophages
by EVs could be an important mechanism for recovery in AKI [59,60]. Later, Shen et al.
discovered higher CCR2 expression on MSC-EVs, which could lower circulating CCL2
levels and reduce its ability to recruit or activate macrophages in renal tissues, and that
CCR2 knockdown reduced the protective function of MSC-exosomes for renal I/R injuries
in an in vivo model [61], indicating that receptor expression on EVs could play a key role
in their therapeutic utility. Hence, more basic and clinical research is needed to have a
better understanding of these pathways so that EVs can be used to treat COVID-19-related
kidney damage and AKI.

2.4. COVID-19-Associated Liver Disease and Its Recovery by EVs

COVID-19 has been associated with acute liver injury (ALI), which is manifested
by elevated levels of liver enzymes i.e., alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) [62]. Xu et al. demonstrated the pathological results of a COVID-19-
related liver biopsy, which revealed moderate microvesicular steatosis and lobular activity,
as well as portal inflammation [63]. Though the mechanism underlying this pathology is
not fully understood, multiple theories have been proposed, which include direct ACE2-
mediated injury in liver; specifically, the expression of ACE2 is very low in hepatocytes
(2.6%), but cholangiocytes express 59.7% of total ACE2 in the liver, which is equivalent to
their expression in AT2 cells, implying that the liver is another vulnerable target organ for
SARS-CoV-2 [64]. Alternately, cytokine storm-mediated dysregulation of inflammatory
and immune processes also contributes to hepatic fibrosis [65]. Besides pneumonia-related
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hypoxia, hypotension may also lead to liver damage or even failure in critically ill COVID-
19 patients [66]. Reports have indicated that a variety of COVID-19 medications may
also participate in hepatotoxicity that could contribute to liver damage [65,67]. However,
these pathological outcomes have partially been treated by currently available therapeutic
alternatives. Along with combating the virus, it is also essential to maintain the health of
organs with suitable and targeted therapy.

Recent advancements in pre-clinical studies have shown that MSC-derived EVs could
exert positive impacts on liver diseases, such as liver fibrosis, inflammation, drug-induced
liver injuries (DILI), and ALI in in vivo models [68]. Li et al., have shown that human
umbilical cord MSC-derived-EVs could alleviate carbon tetrachloride-induced liver fibrosis
in mice by inhibiting the epithelial–mesenchymal transition of hepatocytes and collagen
synthesis [69]. Recently, engineered human umbilical cord perivascular cell (HUCPVC)-
derived EVs have been shown to produce insulin-like growth factor-I (IGF-I) upon their
administration, reducing hepatic fibrosis in mice [70]. Amnion MSC (AMSC)-derived
EVs could reduce inflammation and fibrosis by downregulating the production of pro-
inflammatory cytokines such as TNF-α, IL-1β, and IL-6,as well as inhibiting the expression
of kuffer cells—particularly M1 macrophages in mice liver [71]. Additionally, embryonic
MSC-derived EVs facilitate regeneration of hepatocytes in carbon tetrachloride-induced
liver injury by activating the IL¬6/STAT3 pathway [68]. Furthermore, Lou et al. found
that adipose tissue MSC-exosomes could reduce elevated serum ALT and AST levels as
well as the production of pro-inflammatory cytokines in concanavalin A (Con A)-induced
hepatitis in C57BL/6 mice [72]. Interestingly, liver stem cell-derived EVs have been shown
to accelerate liver structural integrity and function in 70% of hepatectomized rats by
promoting hepatocyte proliferation [73]. Based on these pieces of evidence, it could be
inferred that EVs from different sources may prevent various types of liver disease by
reducing inflammation and collagen production and enhancing hepatocyte proliferation.
Since COVID-19-induced liver pathologies such as fibrosis, DILI, and ALI have already
been reported, it is likely that MSC-derived EVs could be potential therapeutic candidates
for such complications.

2.5. COVID-19 Associated Neurological Diseases and Their EV-Mediated Recovery

Numerous studies have reported that COVID-19 is associated with several life-
threatening neuropathologic manifestations such as encephalopathy, meningitis, and
Guillain–Barre Syndrome [25,71–74]. In addition, the COVID-19 virus has been detected
in human brain tissues and cerebrospinal spinal fluids (CSF) [75–77]. In the brain, ACE2
is expressed in neurons, astrocytes, and oligodendrocytes with higher prevalence in the
motor cortex, posterior cingulate cortex, ventricles, circumventricular organs, thalamus,
and olfactory bulb [76,78]. Furthermore, COVID-19 viral-like particles have also been
detected in brain endothelial cells of autopsied patient tissues presenting at least one cell
membrane bleb [75,79]. Although COVID-19 virus was not detected in primary human
endothelial cells from brain tissues lacking ACE2 expression in vitro, endothelial cells
over expressed with ACE2 were shown to promote infection in vivo [80], implying that
COVID-19 infection in endothelial cells depends on the expression of ACE2. Currently,
COVID-19 infected neurons have been associated with neurodegeneration and neurovas-
cular alterations [81]. Elevated levels of inflammatory cytokines such as IL-6 and TNF-α
have also been shown in the CSF of COVID-19 patients with neurological presentation,
indicating an ongoing inflammatory process in the brain [82,83]. Cytokines such as IL-6,
TNF-α, IL-1β, and IFN-γ, along with chemokines and acute phase C-reactive protein can
disrupt and modulate the functions of the blood–brain barrier (BBB), which can influence
adsorptive transcytosis [84–87]. Coagulation abnormalities due to high inflammatory
responses leading to stroke were confirmed in COVID-19 patients [88]. Taken together, the
above-mentioned evidence implies that COVID-19 infection may participate in damage,
apoptosis, and dysfunction of brain microvascular endothelial cells and neurons, which
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may lead to neurological dysfunction [81,88,89]. Therefore, it is much needed to find a
better therapeutic approach to facilitate positive clinical outcomes in COVID-19 patients.

Recent progress in EV research has demonstrated MSC-derived EVs as potential
therapeutic tools for neurological disorders [90]. Specifically, exosomes may facilitate
the functional restoration of neurological abnormalities by promoting neurogenesis and
BBB integrity, suppressing inflammation and apoptosis, and leading to mitigated disease
progression [91,92]. Bone marrow MSC-derived exosomes have been reported to suppress
neuronal apoptosis and foster the functional recovery of the spinal cord after CNS injury
by stimulating Wnt/β-catenin signaling [93,94]. Human umbilical cord MSC-derived
exosomes can inhibit the activation of A1 astrocytes and act as anti-inflammatory mediators
by regulating Nrf2/NF-κB signaling [95]. This study indicates that these exosomes may be
a potential therapy for the treatment of inflammation-associated neurological dysfunction.
In a preclinical cerebral hemorrhage stroke model, MSC-derived exosomes have been
shown to support functional restoration and to remodel neurovascular defects [96,97]. In
sum, these data show that EVs can traverse blood–tissue barriers to repair injured neurons
during the development of COVID-19-related neurological disorders [90].

2.6. EV-Mediated Recovery of COVID-19-Associated Hematological Disorders

Several hematological abnormalities like lymphopenia, thrombocytopenia, and co-
agulation defects have been associated with COVID-19 patients. Of these, lymphopenia
has been the most commonly observed disease in COVID-19 [98]. Therefore, it is specu-
lated that the virus might directly infect lymphocytes, which express ACE2 receptors [99].
COVID-19 patients with lymphopenia also seem to have elevated levels of different pro-
inflammatory cytokines [100]. Lungs, the primary site for platelet biogenesis, also exhibit
a substantial hematopoietic potential [101]. This could be proven in terms of hampered
platelet production in the damaged lungs of COVID-19 patients, resulting in thrombocy-
topenia [102]. Later on, COVID-19-related coagulation abnormalities are often associated
with the combination of inflammation, activation of platelets, and endothelial dysfunc-
tion [103]. In COVID-19 patients, the higher levels of Factor VIII and von Wille brand
factor were reported, which could promote endothelial injury—possibly mediated via
ACE2 receptor binding [79,104]. Therefore, the aggravated endothelial injury observed
in COVID-19 may lead to a pro-coagulatory state resulting in both macro and microvas-
cular thrombotic episodes. Thus, therapies targeting the restoration and prevention of
hematological changes such as endothelial dysfunction and coagulation abnormalities may
improve COVID-19 patient outcomes.

The use of EVs for therapeutic and diagnostic purposes in hematological disorders is
a emerging field of research. In hematological findings, circulating EVs, particularly those
produced by leukocytes, neutrophils, and endothelial cells, have been shown to activate
numerous other cells in the blood arteries, including endothelial cells. The intrinsic im-
munomodulatory characteristics of EVs may also enhance tissue regeneration and vascular
repair. Neutrophil-derived EVs autocrinally reduce immune activation and significantly
dampen pro-inflammatory cytokine secretion from monocytes [105]. In COVID-19, the
major etiologies of ARDS include pneumonia, sepsis, and the invading pathogens [106].
The recruitment of neutrophils to inflamed tissue is required to eliminate pathogens; these
neutrophils may secrete EVs at the site of inflammation [55,107] and contribute to reducing
cytokine storms caused in COVID-19 [105]. Many studies have shown that endothelial-
derived EVs manifest anticoagulant and vasculo-protective potential [108,109] and can aid
in plasmin synthesis by plasminogen, which in turn facilitates clot dissolution through
amplified fibrinolysis [110]. As a result, we may infer that EVs generated from neutrophils
and endothelial cells could be used to treat COVID-19-related coagulation and hematologi-
cal problems. However, further research is needed to understand the varying roles of EVs
produced from various sources in the blood in order to use them as a cell-free treatment for
COVID-19 patients with hematologic diseases.
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3. Translational Potential of EVs in COVID-19 Management
3.1. MSC-Derived EVs as Promising Medications

MSCs have been extensively investigated for their therapeutic usefulness in treating
various disorders due to their strong regenerative and immunomodulatory capabilities.
There are several available sources of MSCs, for instance, bone marrow, adipose tissue,
dental pulp, umbilical cord tissue, and amniotic tissue; however, their therapeutic poten-
tial may vary depending on their source of origin and the activation of various Toll-like
receptors [111,112]. MSCs secrete various cytokines and growth factors such as IL-10,
vascular endothelial growth factor (VEGF), hepatocyte growth factor, and keratinocyte
growth factor (KGF), which resist fibrosis, mitigate ARDS, and are involved in regeneration
and repair of lung damage [113,114]. MSCs could not only restrict aberrant T cell and
macrophage production but also enhance their differentiation into functional T cells and
anti-inflammatory macrophages, respectively. Additionally, MSCs regulate B cells and
dendritic cells, which may be useful in tackling the cytokine storm observed in COVID-19
patients [115–118]. A plethora of studies have shown that MSC-derived EVs perform simi-
lar functions to their parental cells i.e., MSCs, which suggests that the therapeutic efficiency
of MSCs in different diseases has been mainly contributed by their secreted EVs [119–122].
Studies have revealed comparable therapeutic effects of EVs and MSCs in suppressing
inflammatory process and edema development in the lungs [123]. Therefore, MSC-derived
EVs have gained more attention for exploitation as a cell-free therapy (Figure 2).

MSC-derived EVs are thought to play a therapeutic function in COVID-19 by delivering
protective and anti-inflammatory RNAs and proteins to damaged or activated cells in lung
tissues [124–126]. Reportedly, MSC-EVs are enriched with various types of microRNAs—
for instance, let-7, miR-124-3p, miR-21-5p, miR-146a and miR-145 [124,125,127]. Of these,
miR-124-3p has been involved in suppressing oxidative stress and inflammatory cytokines
by binding to its receptor P2X ligand-gated ion channel 7 (P2X7) [124]. Another miR-21-5p
has been associated with reducing lung cell apoptosis through inhibition of PTEN and
PDCD4, whilst miR-146a participates in transforming macrophages from pro-inflammatory
to anti-inflammatory states by suppressing the NF-κbsignalling pathway [124]. Lastly,
miR-145 increases the phagocytic property of macrophages for fast clearance of pathogens
at the site of infection [127]. However, our understanding of these EVs is limited, and more
studies are required to ensure their robustness and dependability as a viable therapy for
combating COVID-19.

3.2. Platelet-Derived EV-Based Therapy

Immunomodulatory properties of convalescent blood products such as whole blood,
plasma, and serum aid in wound healing of damaged lungs [128]. In particular, plasma
has been successfully used for treatment of COVID-19 patients. During apheresis, many
growth factors, neutralizing antibodies, and EVs found in plasma are delivered into pa-
tients. EVs in blood circulation are mainly contributed by platelets, which is more than
half of the total EVs in the peripheral blood [128,129]. Many studies have demonstrated
that plasma-derived EVs express abundant growth factors and participate in the activation
of various signaling mechanisms and changes in vascular reactivity, as well as inducing an-
giogenesis for tissue repair [128–130]. Additionally, platelet-derived EVs promote wound
healing in several organs by inducing cell proliferation and migration via various signal-
ing pathways [130,131], which suggests that convalescent plasma therapy for COVID-19
patients is mainly contributed to by their circulating EVs.

Engineered platelet-derived EVs packed with anti-inflammatory molecule TPCA-1
have been shown to be very promising in the curing of pneumonia by inhibiting the inflam-
matory process and reducing the cytokinestorm in a mouse model [132]. A report has also
shown that SARS-CoV-2 binds to ACE2 expressed on endothelial cells and causes damage
to endothelial integrity, leading to abnormal angiogenesis [133]. Additionally, it has been
proven that platelet-derived EVs enhance the angiogenesis process to repair endothelial
integrity after vascular injury [129–134]. Another study has also indicated that platelet-EVs
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carry a variety of growth factors associated with the Akt and Erk pathways, and play key
roles in angiogenesis and neurogenesis [135–137]. Additionally, the combination of bone
marrow stromal cells (BMSCs) and platelet-EVs carrying proteins and non-coding RNAs
enhances cell proliferation, migration, and osteogenesis [129,130]. Based on these pieces
of evidence, platelet-derived EVs could be deployed as an alternate potential therapeutic
option for COVID-19 patients.

3.3. EV-Based Vaccines for COVID-19 Prevention

EVs have been characterized as highly stable, less toxic, and low-immunogenic, mak-
ing them a potential candidate for developing vaccines against COVID-19 [138]. Besides
therapeutics, vaccines are very important for preventing SARS-CoV-2 infection in humans.
Currently, multiple vaccines are being used worldwide to boost immunity against SARS-
CoV-2 over a large population [139]. Several other clinical trials on different vaccines are
underway to assess their efficacy and safety against COVID-19. Lipid nanoparticles have
been utilized as a vehicle for vaccine development against COVID-19. Vaccines using
nanoparticles encapsulated in mRNAs-1273 (BNT162b1, CVnCoV) and saRNAs (LNPn-
CoVsaRNA) have been employed to prevent COVID-19 virus infection in many countries
such as Germany, Belgium, and the United States [140]. Being natural lipid bilayer mem-
brane nano-vesicles, EVs could be an alternate novel avenue in development of vaccines to
deal with this pandemic [141,142]. EV-based vaccines carrying SARS-S spike proteins were
assessed and compared with adenoviral vector vaccine. Both EV-vaccines and adenoviral
vectors have shown encouraging outcomes in neutralizing antibody titers at the same
level. After combination with both adenoviral vector and EV-vaccine-carrying S protein,
the highest level of neutralization of antibody titer was achieved, which was greater than
the convalescent serum of SARS patients [143]. EVs have also been shown to interact
with immune cells and activate immune responses to recognize and neutralize specific
types of cells [144]. Additionally, EVs have been found to have a higher efficiency than
that of soluble proteins utilized in vaccines. This might be attributed to the production of
multiple copies of the same viral protein exposed to EVs, which facilitates the cross-linking
of EVs and B-cell receptors [145]. These findings imply that EVs containing SARS-CoV-2
components might be used as a COVID-19 vaccine.

3.4. Engineered EVs as Delivery Vehicles for COVID-19 Therapy

Exosome therapy can promote endogenous repair and reduce the cytokine storm
stimulated by the immune system. It also offer several advantages such as easy storage, low
immunogenicity, high stability, and the capability to pass through the BBB [146]. Along with
these advantages, their biocompatibility, potentiality for off-shelf availability, and stable
membrane composition make them the perfect choice for a drug delivery vehicle [147].
Apart from being endogenous in nature, exosomes can also be engineered and utilized
as carriers for delivering specific payloads or drugs. Therefore, the antiviral drugs or
immune modulator-loaded exosomes can be delivered directly and internally to targeted
sites such as the nasal mucosa and lungs to stimulate antigen-specific immune responses.
This strategy of encapsulating drugs into exosomes enhances delivery to targeted organs
and minimizes toxicities caused by native drugs. Numerous research works have shown
promising outcomes such as successful delivery of therapeutic molecules through EVs.
There are two types of advantages observed with engineered EVs: firstly, they cannot be
recognized by the host immune system. Secondly, they enhance tissue or cell-specificity
for targeted delivery. In order to enhance the targeted delivery and biodistribution of
therapeutic components to particular sites in the human body, engineered EVs can be
anchored with specific peptides that recognize specific cell surfaces in target tissues [148].
Along with their natural anti-inflammatory effects, these engineered EVs suppress viral
replication in host cells, and reduce the cytokine storm and ARDS associated with COVID-
19 patients [149].
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EVs have been utilized to deliver a variety of therapeutic molecules to treat various
lung disorders, including lung inflammation. Small molecules transported by EVs, such
as MyD88 siRNA or miR-223/142, have been shown to block the NF-kb signaling path-
way or the activation of the Nlrp3 inflammasome in alveolar macrophages, leading to a
reduction in lung inflammation [150,151]. While, by using modified surface molecules,
EVs may be utilized to target SARS-CoV-2-infected specific cells or tissues for therapeutic
purposes [152]. Other compounds, such as nano/antibodies, DNA aptamers, and peptides
with caveolin-1 or Ly-6G specificity, were loaded into EVs, allowing anti-inflammatory
drugs to be delivered to particular lung epithelial cells and macrophages;this might be a key
approach in COVID-19 management to overcome the cytokine storm [153,154]. Another
approach using SARS-CoV-2 model cell line (Vero CCL-81 or Vero E6)-derived EVs carrying
surface proteins could be utilized for delivering encapsulated drugs to specific alveolar
macrophages produced due to SARS-CoV2 infection and reduce the cytokine storm [154].
Hence, these strategies can be very useful in repurposing drugs for treating COVID-19 via
EV-based drug delivery.

4. Clinical Trials on EVs for COVID-19 Treatments

EVs derived from various sources of MSCs including bone marrow, adipose tissue,
peripheral blood, placenta, umbilical cord, amniotic fluid, and gingival tissues are being
investigated for development as therapeutics targeting several diseases [155]. We identified
nine clinical trial-based studies on EVs for COVID-19 therapy on the clinicaltrials.gov
website. Some of these studies are under trial, while two others have been completed and
have shown encouraging data in terms of their effectiveness and safety against COVID-19
(Table 1).

In a completed clinical trial (NCT04276987), the efficacy and safety of exosomes
derived from adipose tissue-MSCs were assessed in 24 COVID-19 pneumonia patients.
In this study, 2 × 108 EVs were administered to the patients, though data have not been
published yet. The Direct Biologics company has launched ExoFlo™, an exosome-based
drug derived from bone marrow MSCs, and its efficacy has been checked in 24 severely
ill COVID-19 patients. A single dose of ExoFlo™ has been found very safe without any
severe side effects in those patients, with significant rises in oxygen levels and reduced
ARDS symptoms;as additionally, declined levels of acute-phase reactant markers such as
C-reactive proteins, ferritin and D-dimers were shown after 14 days of drug administration—
although some patients had died during the trial due to other complications not related to
ExoFloTM [156]. The Direct Biologics company has also started a multicentric clinical trial
(EXIT-COVID-19) with sixty COVID-19 patients with ARDS and pneumonia to analyze
the therapeutic potential of exosomes (NCT04493242). However, recruitment of patients
has not been initiated as per the clinicaltrial.gov website. Despite the fact that ExoFloTM
has demonstrated a number of therapeutic benefits, several questions are to be answered
about its production, including how it was derived from bone marrow-MSCs, its biological
activities, infusion dose concentrations, and long-term (72-h) effects after administration to
patients [157]. These issues need to addressed prior to its therapeutic use. Additionally,
there is a need for more EV-based clinical trials on large numbers of severe COVID-19
patients in order to evaluate their therapeutic relevance in combating this pandemic.
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Table 1. Clinical trials registered on ClinicalTrials.gov until May 16, 2021, utilizing extracellular vesicles and/or exosomes
for the treatment of COVID-19.

Study Identifier Disease Condition Source of EVs
Study Phase
Study Type
Enrolled Patients

Route of
Administration

Recruitment
Status Country/Year

NCT04602442
• SARS-CoV-2

Pneumonia MSC
Phase II
Interventional
90

Inhalation Enrolling by
invitation

Russia/
2020

NCT04798716
• Coronavirus

Infections ARDS MSCs
Phase I and II
Interventional
55

Intravenous Not yet recruited USA/
2021

NCT04747574 • SARS-CoV-2 Drug:
Exosomes-CD24

Phase
Interventional
35

Intravenous Recruiting Israel/
2021

NCT04491240
• Covid19
• SARS-CoV-2
• PNEUMONIA

Drug Exosomes
Phase I and II
Interventional
30

Inhalation Completed Russia/
2020

NCT04389385
• Corona Virus

Infection
• Pneumonia

T-Cells
Phase I
Interventional
60

Intravenous Recruiting Turkey/
2020

NCT04276987 • Coronavirus Adipose tissue
MSCs

Phase I
Interventional
24

Inhalation Completed China/
2020

NCT04384445

• Corona Virus
Infection

• COVID-19
• SARS
• ARDS

Biological
Zofin
from human
Amniotic fluids

Phase I and II
Interventional
20

Intravenous Recruiting USA/
2021

NCT04657406

• Covid19
• Corona Virus

Infection
• SARS
• ARDS

Drug
Zofin TM from
human amniotic
fluid (HAF)

Phase
–not available
Interventional
Not available

Intravenous Available
Not
available/
2020

NCT04493242

• Covid19
• ARDS
• Pneumonia
• Viral

Bone marrow Phase II
60 Intravenous No yet

recruiting
US /
2021

5. Challenges in Designing EVs as Therapeutic Candidates

EV-based therapy may serve as a potential approach for the treatment of patients with
COVID-19. These exosomes are in the limelight in recent times due to their potential role
in therapeutics for different diseases. However, clinical trials are limited in number due to
the difficulties associated with these vesicles, which must be addressed in order to develop
EVs as a therapeutic alternative.

One of the major existing challenges is the maintenance and functional behavior of
the EVs [158]. Exosomes produced from MSCs and other parts of the body have been
found to be more stable and viable at −80 ◦C for longer periods of time. However,
cluster formation occurs during freeze–thaw cycles [159]. Storage at low temperatures and
transportation of EVs may result in reduced translational activity of the exosomes [160].
Therefore, considering these factors, alternative strategies should be planned for safe
handling, maintenance, and transportation of EVs. To reduce or overcome these issues,
freeze-dried exosomes have shown promising results for preservation at room temperature.
Additionally, this process enhances the shelf life of exosomes and reduces storage facility
demands at very low temperatures, as well as reducing transportation costs [158]. However,
clustering or aggregation of EVs and debasement of their bioactive components could raise
an issue during the freeze-drying process. This may be sorted out with the addition of
different stabilizers such as glucose, sucrose, and trehalose, resulting in the formation of a
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hydration circle surrounding EVs throughout the freeze-drying process, preventing their
aggregation and maintaining their membrane integrity.

Another difficulty with modified EVs as drug delivery vehicles is that their deposition
in specific cells, tissues, or organs might have a variety of negative consequences, affecting
their efficacy and safety in curing illness. To overcome this, coating of EVs with synthetic
materials such as polyethylene glycol or streptavidin have been shown to increase vesicle
bioavailability and extravasation capacity, and thus could increase their accumulation
in lung tissue affected by COVID-19. Engineered EVs with certain specific proteins or
peptides have exhibited the ability to increase the tissue specificity of EVs, which might
help us better comprehend such customized treatment approaches in the future [148].

One of the most prominent issues with EVs is their source of origin, since the majority
of EVs derived from cancer cell cultures include tumorigenic miRNAs, which have been
proven to dramatically increase the process of carcinogenesis [161,162]. Hence, they are
not appropriate to be utilized as therapeutic agents. Thus, the source of EVs should be
considered in order to better fulfil the needs of EV-based therapies.

Another limitation with EVs is the lack of standardized functional assays to determine
the activity of EV preparations [163]. The techniques used in the isolation and purification
of EVs for large-scale production have not been well standardized up to the gold standard,
making it challenging to employ EVs as a therapeutic alternative [164]. Gel filtration
chromatography and ultracentrifugation are being used for the isolation and purification
of EVs. Ultracentrifugation, on the other hand, has a number of limitations, including
high equipment costs, long run durations, labor-intensiveness, and restricted portability,
whereas gel filtration chromatography has low yields and is time-consuming [148,165].
Overall, perfection of these methods to achieve highly purified EV yields at large scales
is very challenging. Therefore, genetic engineering can play a crucial role in developing
strategies for improved therapeutic function of EVs. However, there are still many issues
remaining for debate, such as transformation and differentiation of EV properties.

6. Concluding Remarks and Future Directions

To combat the COVID-19 pandemic, a multidirectional approach must be established
to reduce its pervasiveness. For the treatment of severe cases and prevention of aggrava-
tion, MSCs and exosome therapy could be potential therapeutic options. MSCs have the
potential to stimulate endothelium and epithelial healing by transferring EV components
across cells via intercellular communication and secretion of soluble factors— resulting in
increased alveolar fluid clearance, making them a viable therapeutic option for COVID-19
treatment. Following this, several clinical trials are being conducted to determine the
effectiveness and safety of EVs; however, only a few have been accomplished. The symp-
toms of pneumonia, ARDS, inflammation, and sepsis, which are important contributors to
COVID-19 pathogenesis, have demonstrated steady improvement with EV-based treatment.
However, the most effective and safest method of EV distribution has yet to be identified.
The immunomodulatory, regenerative, and antibacterial properties of EVs have been as-
cribed as their contribution in COVID-19 therapy. Exosomes also offer multiple benefits,
including the capacity to transport drugs, high biocompatibility, minimal immunogenicity,
and cell targeting in host cells, making them an attractive choice for off-shelf therapies.
Based on the numerous clinical findings stated above, EVs can be established as a cell-free
therapy and as drug delivery vehicles in COVID-19 management. However, procedures for
isolating EVs, as well as effectiveness and safety measures, and appropriate ethical norms
should all be well standardized.
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