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Abstract

Coronavirus disease 2019 or COVID-19, starting from Wuhan, China, in December 2019, is a pandemic situation affecting
millions worldwide and has exerted a huge burden on healthcare infrastructure. Therefore, there is an urgent need to under-
stand the molecular mechanisms underlying severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and
design novel effective therapeutic strategies for combating this pandemic. In this regard, special attention has been paid to
the exosomes. These nanoparticles are extracellular vesicles with critical function in the pathogenesis of several diseases
including viral sepsis. Therefore, they may be involved in the pathogenesis of COVID-19 infection and also may be a way for
transferring viral components and infecting other neighbor cells. Exosomes also can be considered as a therapeutic strategy
for treating COVID-19 patients or used as a carrier for delivering effective therapeutic agents. Therefore, in this review,
we discussed the biogenesis and contents of exosomes, their function in viral infection, and their potential as a therapeutic

candidate in treating COVID-19.
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Abbreviations

SARS-CoV-2  Severe acute respiratory syndrome coro-
navirus 2

ARDS Acute respiratory distress syndrome

MVs Microvesicles

ABs Apoptotic bodies

ACE-2 Angiotensin-converting enzyme-2

AT2 Type II alveolar cells

TNF Tumor necrosis factor

IL Interleukins

G-CSF Granulocyte colony-stimulating factor

MCP-1/CCL2 Monocyte chemoattractant protein-1

MIP Macrophage Inflammatory Proteins

IP-10 Interferon gamma-induced protein 10

NK Natural killer
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PD-1 Programmed cell death protein 1
NKG2A Natural killer group 2A

Tim-3 T-cell immunoglobulin mucin-3
HLA-E Histocompatibility antigen alpha chain E
IFN Interferon

Thl T helper 1 cells

MVB Multivesicular bodies

TfR Transferrin receptors

LBPA Lyosbisphosphatidic acid

TGN Trans- Golgi network

DAG Diacylglycerol

Introduction

Coronavirus disease 2019 or COVID-19, which is caused
by a novel virus from the coronavirus family, severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), started
at Wuhan city of China in December 2019, affected approx-
imately 50 million people worldwide (Fauci et al. 2020).
This pandemic is resulting in the adverse effects on the peo-
ple’s social life, economy, and more importantly exerting
a huge pressure on the healthcare infrastructure (Velavan
and Meyer 2020). Cytokine storm-induced by SARS-CoV-2
infection is demonstrated to lead to acute respiratory distress
syndrome (ARDS), as well as eventual failure in the multi-
ple vital organs. In approximately 80% of patients affected
by COVID-19, no mild symptoms, which are limited to the
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upper respiratory system, are observed (Cao 2020). How-
ever, in the elderly or patients suffering from chronic dis-
ease including diabetes, lung and heart disorders, ARDS
appears and increases mortality rate in these patients (Yang
et al. 2020). Except for three medications including rem-
desivir (as an anti-Ebola virus agent), favipiravir (an anti-
influenza virus agent) and camostat mesylate, no effective
therapeutic drug has been diagnosed for COVID-19 (Le
et al. 2020). Therefore, due to the importance of this pan-
demic, a huge effort has been made on the designing and
introducing novel effective therapeutic options for combat-
ing COVID-19 infection. This needs better understanding
of molecular mechanisms of virus replication, spreading,
and infection.

Approximately all eukaryote cells are able to synthesize
and secrete extracellular vesicles (Pegtel and Gould 2019).
These small vesicles, which have critical functions in injury,
inflammation, and viral infections, are categorized into vari-
ous subgroups including microvesicles (MVs), exosomes,
and apoptotic bodies (ABs) (Théry et al. 2002). These
groups have significantly different contents, biogenesis path-
ways, and function (Théry et al. 2002). Due to substantial
function of extracellular vesicle (EV) and exosomes in viral
infection, which is mediated by secretion of EVs containing
viral particles, hence induction of virus infection in neigh-
bor healthy cells, researchers have focused to understand
the roles of EVs, especially exosomes in the pathogenesis
of COVID-19 infection and evaluate the possibility of tar-
geting these cellular compartments as a novel therapeutic
strategy in COVID-19 (Hassanpour et al. 2020). Given the
role of exosomes in the pathogenesis of viral diseases and
the potential of these structures in the treatment of many
diseases, the purpose of this review is to present the latest
studies on the possible role of exosomes in the pathogen-
esis COVID-19 and the therapeutic potential of exosomes in
treatment of patients with COVID-19.

COVID-19 pathogenesis

SARS-CoV-2 (Belongs to the Betacoronavirus family) is a
single-stranded RNA(positive-sense)-enveloped virus with a
genome length of 29,881 bp, (Among known RNA viruses,
Coronaviruses with a genome length of 26.4-31.7 kb have
the largest genome) encoding a total of 9860 amino acids.
Studies show that viral proteins encoded by the virus genome
are classified into two groups: structural and non-structural
proteins. Structural proteins include S, E, M, and N proteins,
and non-structural proteins include 3-chymotrypsin-like pro-
tease, papain-like protease, and RNA-dependent RNA poly-
merase (Fig. 1) (Mousavizadeh and Ghasemi 2021; Huang
et al. 2020b).
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Fig.1 An overview of the structure of COVID-19

SARS-CoV-2 transmission is achieved by the attachment
of virus to the epithelial cell surface present in the oral cav-
ity, as well as surface of mucosal membranes of the otic
canal or conjunctiva (Kordzadeh-Kermani et al. 2020). The
internalization of SARS-CoV2 is mediated by angiotensin-
converting enzyme-2 (ACE-2) protein, which has a high
expression level on numerous cells such as esophageal, oral,
ileal epithelial cells, urothelial cells of the bladder, kidneys’
proximal tubule cells myocardial cells, and more impor-
tantly, type II alveolar cells (AT2) (Zou et al. 2020). Fol-
lowing internalization, furin, a cellular enzyme, catalases a
cleavage reaction on the S1/S2 site of the SARS-CoV2 spike
protein (Hoffmann et al. 2020), which is an essential step in
the virus entrance into the lung cells (Hoffmann et al. 2020).
TMPRSS2 primes activated spike protein, and then this pro-
tein mediated virus entry to cells via attaching to the ACE-2
receptors. SARS-CoV-2 has a high degree of homology to
SARS-CoV, in regard of genetic sequence and the struc-
ture of spike protein. Both viruses enter host cells via the
same receptor. However, SARS-CoV-2 has approximately
tenfold higher affinity for binding to ACE-2, in comparison
to SARS-CoV (Wrapp et al. 2020). ACE-2/angiotensin axis
plays critical functions in the inflammatory response and
signal transductions involved in the tissue injury (Rodrigues
Prestes et al. 2017). Viral replication leads to decrease in the
expression levels of ACE-2, which eventually results in the
suppression of angiotensin II breakdown into angiotensin.
Disruption in the ACE-2/angiotensin signaling is respon-
sible for the manifestation of major clinical characteristics
of COVID-19 infection including vasoconstriction, hypoka-
lemia, and development of ARDS (Gheblawi et al., 2020;
Pal and Bhansali 2020). The severity of COVID-19 has a
strongly positive correlation with the tissue levels of inflam-
matory mediators including tumor necrosis factor (TNF)-a,
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interleukins (IL-2, IL-6, IL-7, IL-10), granulocyte colony-
stimulating factor (G-CSF or GCSF), monocyte chemoat-
tractant protein-1 (MCP-1/CCL2), macrophage Inflamma-
tory Proteins (MIP)-1A, and interferon gamma-induced
protein 10 (IP-10). Patients suffering from severe disease
represent a significant drop in the lymphocyte count (Zheng
et al. 2020; Diao et al. 2020; Huang et al. 2020a). Results
from the Flow cytometric analysis of patients with severe
COVID-19 show that natural killer (NK) cells and lympho-
cytic T Cells (CD4 +and CD8 +) are significantly reduced in
these patients. In addition, in the early stage of the COVID-
19, the expression levels of programmed cell death protein 1
(PD-1), natural killer group 2A (NKG2A), T-cell immuno-
globulin mucin-3 (Tim-3) have a significant association with
functional exhaustion observed in the T lymphocytes (Zheng
et al. 2020; Diao et al. 2020). PD-1, which is expressed on
the surface of both NK cells and T lymphocytes is demon-
strated to be contributed in the promoting self-tolerance and
subsiding immune responses via promoting differentiation
of regulatory T cells and inhibiting the activity of T cells
(Salmaninejad et al. 2019). The expression of NKG2A is
observed on the surface of CD8 + T cells, natural killer T
(NKT) cells and NK cells. NKG2A binding to the histo-
compatibility antigen alpha chain E (HLA-E) is involved in
the inhibition of the NK and T cells activation (Creelan and
Antonia 2019). Tim-3, as a co-inhibitory receptor expressing
on innate immune cells and interferon (IFN)-y producing T

Fig.2 An overview of the struc-
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cells, have crucial functions in the suppressing T helper 1
cells (Th1) responses and the expression of cytokines such
as IFN-y and TNF-a (Das et al. 2017).

Exosomes contents

Exosomes belong to multivesicular bodies (MVB) family
of EVs with approximately 30-100 nm in diameter (Fig. 2)
(Azmi et al. 2013). Analysis by proteomic techniques and
electron microscopy have revealed that exosome contents are
determined by to major factors, the contents of donor cell and
modulated sorting mechanisms (Valadi et al. 2007). The major
contents of exosomes include nucleic acids (DNA, mRNA, and
miRNA), lipids, and numerous proteins such as extracellular
matrix proteins, enzymes, receptors, and transcription factors,
which are present in either the surface or inside the exosomes
(Mathivanan et al. 2010; D'Asti et al. 2012). Studies analyzing
the exosome compositions have demonstrated that protein con-
tents of exosomes consist of two categories; first, proteins that
are common in all exosomes, some important of them include
heat shock proteins (Hsp)-70 and -90, transferring and fusion
proteins such as flotillin, Rab2, Rab7, and annexin, cytoskel-
eton proteins like actin, myosin, tubulin; second, proteins that
specifically originate from cell and tissue of origin such as
tetraspanins, integrins, transferrin receptors (TfR), CAMs, and
MHC class I, IT (Van Niel et al. 2006; Poliakov et al. 2009).
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Similar to protein compositions of exosomes, the lipid con-
tents of these EVs are also cell-specific or conserved. Two
important biological functions are suggested for the presence
of lipids in the exosomes structure, protecting their shapes and
participating exosome biogenesis and controlling homeostasis
(Vidal et al. 1989; Ganapathi et al. 2018; Chu et al. 2005).
Lyosbisphosphatidic acid (LBPA) playing critical roles in the
exosomes formation, sphingomyelin and phosphatidylcholine
are among the significant lipid structures in exosomes (Huotari
and Helenius 2011; Taylor et al. 2006). Fusion of exosomes to
target cells has been demonstrated to change the lipid composi-
tion of target cells.

Biogenesis of exosomes

Exosome biogenesis is initiated by the stimulation of cell-
specific receptors and activation of downstream signal
transactions. All steps in the biogenesis of exosomes are
highly regulated (Keller et al. 2006). The first step is the for-
mation of early endosome, which is achieved by the fusion
of primary endocytic vesicles (Huotari and Helenius 2011).
The membrane composition and contents of incoming
endocytic cargoes can be shared to early endosome by
combining to them, which is facilitated by caveolin- or
clathrin-dependent or independent pathways (Mayor and
Pagano 2007). Then, early endosomes return their cargoes
to the plasma membrane, which is referred to as recycling
endosomes, or change into late endosomes. After recycling,
the membrane of early vesicles buds inward and their cargo
was sequestrated and distributed into vesicles (Huotari and
Helenius 2011).

After primary steps, exosomes arrive at their final intracel-
lular destination. At the last step, exosomes may fuse with lys-
osomes and get degraded, or by fusing with plasma membrane,
secrete their contents into extracellular milieu (Baietti et al. 2012;
Ostrowski et al. 2010). Rab27A and Rab27B from Rab family
facilitate the transferring of exosomes to the plasma membrane
and their fusion with membrane, hence play pivotal functions in
the exosome release (Baietti et al. 2012; Ostrowski et al. 2010).
Interaction of synaptotagmin protein on the exosomes surface
with syntaxin on the plasma membrane initiates the fusion pro-
cess. Then, exosomes dock the membrane through interaction
of V-SNARE on the exosomes with T-SNARE on the plasma
membrane. This process leads to releasing of exosomes to the
extracellular environment (Kennedy and Ehlers 2011).

Exosomes in viral infection

An accumulating number of previous studies have
demonstrated the crucial function of exosomes in the tissue
homeostasis, interactions between host and pathogen and
more importantly, pathogenesis of numerous disorders
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including virus infection (Kita et al. 2019; Sahoo and
Losordo 2014; Schorey et al. 2015). In addition, viral
infection takes advantages from exosomes to entrance,
spreading, virus packaging, escaping the immune system
and pathogenies (Alenquer and Amorim, 2015; Anderson
et al. 2016; Urbanelli et al. 2019; Wurdinger et al. 2012). In
addition, there are huge similarities between exosome and
viruses from the biogenesis, their fate and releasing point of
views. Therefore, it is suggested that viruses and exosomes
may be related (Cremer et al. 2016). Various reviews have
examined the modulation of host immune systems by
virus infections, and the critical roles of exosomes in these
events (Schorey et al. 2015). During viral infection, host
cells are stimulated by viruses and secrete exosomes. These
extracellular vesicles act as pathogen-related molecular
pattern, contain inflammatory markers and lead to robust
inflammatory response (Schorey et al. 2015). For instance,
cells infected by EBV release exosomes, which contain
high amounts of dUTPase. These exosomes result in the
activation of nuclear factor — kappa B (NF-kB) signal
transduction and induction of macrophage cytokine secretion
(Ariza et al. 2013). Moreover, exosomes from HCV- and
Zika virus-infected cells are enriched in mRNA molecules
which mediate the releasing of INF-a from macrophages
and monocytes, respectively (Martinez-Rojas et al. 2020).
Kaposi sarcoma-associated herpes virus—infected cells
also secrete exosomes that ultimately led to increase in
the expression levels IL-6 and hence induction of major
damages in endothelial cells (Chugh et al. 2013). A growing
body of evidence shows that exosomes act as susceptible
recipient cells to viral infections by transmitting viral
proteins. For example, studies on the spread of HIV infection
showed that HIV proteins are transported to recipient
cells through exosomes, making them more susceptible
to widespread infections. Another mechanism by which
exosomes sensitize receptor cells to viral infections is the
transfer of viral co-receptors to cells that are null to the viral
co-receptor (Urbanelli et al. 2019; Crenshaw et al. 2018).
For example, exosomes released from HIV-1-infected cells
contain co-receptors that facilitate the entry of the virus
into the cells receiving the exosomes and make these cells
susceptible to infection. Nevertheless, the transmission of
virus co-receptors in animal models is still unclear and
further studies are needed to prove it in vivo (Urbanelli
et al. 2019; Crenshaw et al. 2018).

The viral nucleic acids in exosomes released from virus-
infected cells are another factor in facilitating viral infections
caused by exosomes. Studies have shown that exosomes
secreted from HIV-infected cells contain transactivation
response element (TAR) RNA, which inhibits Bcl-2 interacting
protein by producing miRNAs, increasing resistance to
apoptosis. Resistance to apoptosis promotes the production
of virus in infected cells (Rezaie et al. 2021).
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Apoptosis is another endpoint of effects of exosomes
secreted from virus-infected cells. Viral Nef protein-
enriched exosomes from HIV-infected cells cause apop-
tosis of CD4 T-helper cells and endothelial cells (Lenassi
et al. 2010). Similarly, EBV infection leads to secretion of
exosomes containing galactin-9, which mediates induction
of apoptosis in cytotoxic T cells (Dukers et al. 2000).

Taking together, activating inflammatory response,
apoptosis and cytotoxicity are main mechanisms, by which
exosomes released from virus-infected cells result in the tis-
sue damage.

Potential of exosomes in COVID-19
transmission

Hyperactivation in host immune system, induction in sepsis-
like disorder, which is marked by lymphopenia and cytokine
storm, are two main characteristics of SARS-CoV-2 infection
that pose the issue of the contribution of exosomes in SARS-
CoV-2 infection (Fig. 3). This notion is further reinforced
by the involvement of trans-Golgi network (TGN) pathway
in the replication phase of SARS-CoV-2. Moreover, recent
studies by Zhang et al. demonstrated that the metabolic
pathways of lipids such as cholesterol play critical roles in
the pathogenesis of COVID-19, which strengthens the con-
tribution of exosomes in SARS-CoV-2 infection (Zhang
et al. 2020a, 2020b). Interactome analysis for SARS-CoV-2
elucidated the interaction with Rab proteins, which have fun-
damental function in the biogenetic pathways of exosomes,
which is similar to other viruses (Bello-Morales et al. 2012;
Fraile-Ramos et al. 2010; Gerber et al. 2015). Addition-
ally, Song et al. showed the presence of lipid profiles with
high levels of gangliosides and sphingomyelins and without
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Fig.3 The role of exosomes in the pathogenesis of COVID-19:
Exosomes may transmit viral components as well as proteins,
genomes, and mRNA related to COVID-19 from infected lung epithe-
lial cells to other organs, causing multiple organ failure
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diacylglycerol (DAG), which is an exosome-specific lipid
pattern in the sera from patients infected with SARS-CoV-2.
Surprisingly, there was a strong association between the
severity of the disease gangliosides (GM3)-enriched exosome
(Song et al. 2020a, 2020b). The important issue that should
be noted is that researches about the pathogenesis of SARS-
CoV-2 infection are still in its infancy and further studies
are needed for better understanding of exosome involvement
in SARS-CoV-2 infection. In addition, an increasing num-
ber of researches have indicated that exosomes are mainly
involved in the transmission of non-coding RNAs such as
microRNAs between various cells and have been contrib-
uted to the development of cardiovascular disorders. In this
regard, in a study by Kwon et al., it was reported that lung
epithelial A549 cells transfection with non-structural and
structural genes of SARS-CoV-2 led to releasing of viral
RNA-enriched exosomes. Human-induced pluripotent stem
cell-derived cardiomyocytes (hiPSC-CMs) took up these
exosomes, which led to overexpression of inflammatory
mediators in these cells (Kwon et al. 2020). This study, in
particular reinforces the accuracy of the critical functions of
exosomes in the pathogenesis of SARS-CoV-2. In addition,
the results of Kwon’s study also may be an explanation for
the myocardial inflammation observed in the patients with
COVID-19. On the other hand, Bouhaddou et al. reported
that cellular protein kinases were modulated by the SARS-
CoV-2 infection, which suggests that infected cell-driven
exosomes contain special proteins that are involved in the
activation of inflammation and hence results in the tissue
damages in other organs (Bouhaddou et al. 2020). Taking
together, exosomes may play more roles in the pathogenies
of COVID-19 and targeting exosomes as therapeutic option
for this novel lethal disease will be absolutely interesting and
merit to research.

Potential of exosomes in COVID-19
treatment

As mentioned before, there is not any specific therapeutic
option for combating the COVID-19. Previous studies have
showed the potential of exosomes for treating SARS corona-
virus infection. In a study by Kuate et al. it was demonstrated
that exosomes carrying SARS coronavirus spike S protein
was successful in inducing neutralizing antibody titers. This
response is also triggered by priming with the SARS coro-
navirus spike vaccine and then enhancing with the useful
adenoviral vector vaccine (Kuate et al. 2007). These results
indicated that exosomes can be applied for treating SARS
coronavirus infection. In another study, Kuate et al. used
exosomes as a carrier for S protein of the SARS corona-
virus. They substituted transmembrane domains of SARS-
S by those of the G protein of vesicular stomatitis virus,
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which led to production of a chimeric protein (SGTM). This
chimeric protein was used as a vaccine against SARS coro-
navirus (Kuate et al. 2007). Therefore, exosomes released
from SARS-CoV-2-infected cells may also activate immune
response. However, due to uncertainty about the exact roles
of exosomes in the pathogenesis of SARS-CoV-2 infec-
tion, therapeutic potential of these extracellular vesicles in
COVID-19 needs more detailed researches.

On the other hand, a hot point in the COVID-19
researches is using mesenchymal stem cells (MSCs) in
treating this disease. Particularly, exosomes derived from
these cells have attracted more attention. Therefore, vari-
ous studies have investigated the efficiency and safety of
using exosomes derived from MSCs in treating patients with
COVID-19. For example, Vikram et al. tested the therapeutic
potential of bone marrow MSC-derived exosomes in the 24
patients infected with SARS-CoV-2 and moderate to severe
ARDS (Sengupta et al. 2020). Introduction of exosomes to
patients was shown to be safe and led to significant improve-
ment in the clinical status and oxygenation. A recent clini-
cal trial has investigated the efficacy of inhalation MSC-
derived exosomes in alleviating the symptoms of COVID-19
(NCT04276987) (Fig. 4).

Potential of exosomes in drug delivery
against COVID-19

It is well understood that exosomes are appropriate candi-
date for carrying various materials such as nanoparticles. In
addition, coronavirus-derived exosomes may be successfully
applied for carrying and transferring therapeutic molecules,
since they carry targeting proteins, ACE-2 (Kadriyan et al.

Fig.4 An overview of the ther-
apeutic potential of exosomes in
the treatment of COVID-19

Drug delivery
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2020). It may be possible drugs or biological modulators that
can suppress virus replication and spreading in host cells can
be loaded on exosomes. Exosomes exhibit promising fea-
tures that make them superior to other routine nano-delivery
tools. Immature dendritic cell-derived exosomes were dem-
onstrated to rescue sepsis through increasing phagocytosis
of apoptotic cells (Miksa et al. 2009). In an animal model of
sepsis, Gao et al. reported that exosomes derived for these
animals can inhibit the occurrence of sepsis in other ani-
mals. These findings show that injected exosomes have the
potential of reducing immune response and corresponding
tissue damage by downregulation of inflammatory mediators
(Jiang et al. 2019). Wu et al. reported that exosomes can be
an appropriate alternative therapeutic candidate for treat-
ing sepsis cases (Wu et al. 2017). More interestingly, Chu
et al. examined the effectiveness of nebulization therapy for
COVID-19 patients using MSCs exosomes (Chu et al. 2020).
Seven patients with COVID-19 were treated with nebuliza-
tion of MSC-derived exosomes and it was found that this
therapy could promote the absorption of pulmonary lesions,
and decrease the time of hospitalization for minor cases of
COVID-19 pneumonia (Fig. 4) (Chu et al. 2020).

Conclusion

COVID-19 is one of the main challenges of human society
and it is necessary to study and clarify the pathogenesis of
this disease. An accumulating number of studies have dem-
onstrated the critical function of exosomes in the pathogen-
esis of various diseases including viral sepsis. Virus-infected
cells have been reported to be involved in transmitting
the virus to other infected cells as well as modulating the

Exosomes derived
from MSCs

Used exosomes as a
carrier for S protein
acts as a vaccine
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immune system by secreting exosomes containing protein
particles, viral genomes, and inflammatory factors. Simi-
larly, exosomes may also play vital role in the spreading
and infection of SARS-CoV-2. Moreover, exosomes may
be also a candidate for treating COVID-19, as well as acting
as a carrier for delivering therapeutic agents to human body.
However, there are still numerous unanswered questions
about the role of exosomes in the pathogenesis of COVID-
19 and also the use of these structures in the treatment of
patients with COVID-19.
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