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Abstract
Extracellular vesicles (EVs) are the common designation for ectosomes, microparticles and microvesicles serving dominant roles
in intercellular communication. Both viable and dying cells release EVs to the extracellular environment for transfer of cell,
immune and infectious materials. Defined morphologically as lipid bi-layered structures EVs show molecular, biochemical,
distribution, and entry mechanisms similar to viruses within cells and tissues. In recent years their functional capacities have been
harnessed to deliver biomolecules and drugs and immunological agents to specific cells and organs of interest or disease. Interest
in EVs as putative vaccines or drug delivery vehicles are substantial. The vesicles have properties of receptors nanoassembly on
their surface. EVs can interact with specific immunocytes that include antigen presenting cells (dendritic cells and other mono-
nuclear phagocytes) to elicit immune responses or affect tissue and cellular homeostasis or disease. Due to potential advantages
like biocompatibility, biodegradation and efficient immune activation, EVs have gained attraction for the development of
treatment or a vaccine system against the severe acute respiratory syndrome coronavirus 2 (SARS CoV-2) infection. In this
review efforts to use EVs to contain SARS CoV-2 and affect the current viral pandemic are discussed. An emphasis is made on
mesenchymal stem cell derived EVs’ as a vaccine candidate delivery system.
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Introduction

Following the emergence of the severe acute respiratory syn-
drome coronavirus 2 (SARSCoV-2) in late 2019 global spread
become rapid and significant leading to the social, personal,
societal and financial devastations of coronavirus disease
2019 (COVID-19) (Li et al. 2020a; Machhi et al. 2020).
Despite the impact of the global pandemic that rapidly follow-
ed its origins in Wuhan, China efforts to find effective diag-
nostics, medicines, societal intervention and a curative vac-
cine have purposely led to problem solutions. Repurposed
antiviral drugs and immunomodulating agents while variably
effective for disease management, an effective vaccine as a
final preventive measure has only within the last weeks come
available (Corey et al. 2020; Thanh Le et al. 2020). To the
credit of the scientific and governing communities in the
United States of America (USA) and abroad vaccine candi-
dates have come available with parallel clinical testing
throughout the world. A number of vaccine platforms of
which several have not been used previously are marketed
and safe. At the forefront is BNT162b2 is a messenger RNA
(mRNA) nanovaccine, developed jointly by Pfizer and
BioNTech, has already received emergency use authorization
in the UK, UAE and USA (US FDA 2020; Pharmaceutical
Business Review, 2020). The nanocarrier based delivery sys-
tems such as microparticles and nanoparticles have gained
significant interest recently following promising clinical out-
comes (Singh et al. 2007). Yet another completed in parallel
studies has come available through Moderna’s mRNA-1273
SARS-CoV-2 vaccine (Moderna, 2020). These complement a
broad range of viral antigen delivery systems developed by a
broad net of pharmaceutical companies and academic institu-
tions (ContagionLive, 2020; Corey et al. 2020). However,
despite the advantage of antigens the lead use of particle de-
livery can be limiting for both immune reactions and sustained
efficacy. Particle deliver system pose concerns as they them-
selves are immunogenic in nature and any use to boost re-
sponses through adjuvants used in formulation may not be
consistent amongst persons and the long-term efficacy re-
mains ill defined (Chung et al. 2020; Liu et al. 2020).

With these limitations in mind newer types of carriers have
been devised. One at the forefront of development are extra-
cellular vesicles (EVs) (O’Driscoll, 2020; Pocsfalvi et al.
2020). They have gained considerable attention based on their
natural biocompatibility and defined effectiveness as thera-
peutic and disease preventative agents in parallel microbial
systems (Raposo and Stoorvogel, 2013; Pitt et al. 2016). For
example, mesenchymal stem cells (MSCs) and their EVs have
been investigated into the different clinical studies of COVID-
19 due to their ability to interact different innate and adaptive
immune cells (Fig. 1) (O’Driscoll, 2020; Shu et al. 2020). EVs
are generated by most of the living cells, contain proteins,
nucleic acid, and lipids, and housed in spherical bilayer

proteolipids with a size ranging from 20 to 4000 nm. (Gao
et al. 2020a). Based on such biocompatibility, EVs show fea-
sibility to enclose immune modulating candidates to stimulate
antigen-specific immune responses. EVs are present in blood,
plasma, serum, saliva, urine, breast milk, and have been iden-
tified to affect a range of physiological and pathophysiological
conditions (S et al. 2013; Yanez-Mo et al. 2015). Thus, EVs
can be used in the diagnosis, treatment and prevention of
disease (Fuhrmann et al. 2015; Ku et al. 2018).

EVs are of several types. This includes exosomes,
microvesicles (MVs), retrovirus-like particles (RLPs), and ap-
optotic bodies (ABs). The classification is based on their ori-
gin and size, and thus each subclass of EVs has specific phys-
icochemical properties. EVs are natural carriers in the human
body and are engaged in cell-to-cell communications (Thery
et al. 2018). Exosomes are formed within the endosomal net-
work. Endosomes target some proteins and lipids for lysosom-
al degradation while targeting others for recycling or exocy-
tosis. The late endosomes either fuse with lysosomes or the
plasma membrane resulting in the secretion of 30–100 nm
diameter-sized vesicles (exosomes) into the extracellular
space (Akers et al. 2013). MVs tend to be larger in size (50-
2000 nm) relative to exosomes. Although the size ranges over-
lap between these two types of vesicles, the mechanism of
biogenesis of exosomes is distinct from that of MVs which
arise through direct outward budding and fission of the plasma
membrane. The term ‘‘ectosomes’’ has also been coined to
describe MVs. The microvesicular formation is a result of the
dynamic interplay between phospholipid redistribution and
cytoskeletal protein contraction (Stein and Luzio, 1991;
Hess et al. 1999). RLPs are 90–100 nm in size and are non-
infectious vesicles that resemble retroviral particles, and RLPs
are released from cells after the viral infection. The most wide-
ly accepted for RLP formation involves the interaction of ret-
roviral proteins, such as Gag, with components of the plasma
membrane, and cytoskeletal proteins (Gladnikoff et al. 2009;
Pincetic and Leis, 2009; Schwab et al. 2015). In this case,
RLPs contain retroviral proteins, but they are non-infectious
because they do not contain the full complement of genes
required for cellular entry or viral propagation. There are some
speculations that RLPs arise from a transcription of human
endogenous retrovirus sequences (HERV). Approximately
8% of the human genome is made up of endogenous retroviral
sequences. The HERVs are grouped into families annotated
by letters (i.e., HERV-A, B, C, and etc.). Of these, the HERV-
K family is the only one that contains open reading frames for
functional retroviral proteins Gag, Env, Rec, and Pol
(Barbulescu et al. 1999; Bock and Stoye, 2000). Though the
expression of the HERV-K genes is generally repressed
(Yoder et al. 1997; Florl et al. 1999), de-repression occurs
during cellular stress that include radiation, chemical treat-
ment, cytokine and hormone stimulation, or oncogenic
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Fig. 1 EVs can facilitate antiviral immune responses. The exosome cargo
consists of biomolecules including proteins, lipids, nucleic acids and
metabolites. Each of these are either on the cell membrane or in an
intravesicular compartment. Exosomes can interact with the immune
cells, such as T-cells, NK-cells, macrophages, and dendritic cells, to

modulate antiviral immune responses including against SARS-CoV-2.
Exosomes can also exert “killing” effects on infected cells as well as
delivery of viral pathogen-derived antigens. Exosomes, through loading
therapeutic cargo, can be used for deployment of vaccines or therapeutic
agents to generate robust antiviral immunity
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transformation (Taruscio and Mantovani, 2004; Golan et al.
2008; Reiche et al. 2010). The size overlap between
exosomes, MVs, and RLPs makes it difficult to separate
RLPs from the other two types of EVs when RLPs are secret-
ed from the cells at the same time (Akers et al. 2013). ABs or
apoptosomes originate from the process of cell death “apopto-
sis” through several stages, commencing from the condensa-
tion of the nuclear chromatin, followed by membrane bleb-
bing, and progressing to the disintegration of the cellular con-
tent into distinct membrane enclosed vesicles (Yanez-Mo
et al. 2015; Battistelli and Falcieri, 2020). Whereas exosomes,
MVs, and RLPs are secreted during normal cellular processes,
ABs are formed only during programmed cell death. ABs are
generally larger in size (500–4000 nm) than the other types of
EVs are characterized by the presence of organelles in the
vesicle itself (Hristov et al. 2004; Elmore, 2007).

Intercellular Communication

The human immune response involves rapid cell-cell commu-
nication to protect the body from invading pathogens. One of
the many ways by which cells communicate to each other is
via EVs (Robbins and Morelli, 2014; Yanez-Mo et al. 2015).
EVs are produced by most nucleated cells and their composi-
tion differs based on the physiological and pathological con-
ditions. Hence, they can be derived either from the pathogen
or the host (Crenshaw et al. 2018). EVs have very important
roles in cellular function and disease. Their complex compo-
sition enables precise control during cell-cell communication.
EVs can interact with range of innate and adaptive immune
cells including T-cells, NK-cells, macrophages, and dendritic
cells due to multi-valent receptor nanoassembly and therefore
regulate downstream signaling pathways (Robbins and
Morelli, 2014; Yanez-Mo et al. 2015). They can also act as
carriers of signaling lipids, proteins, and RNA, thereby
resulting in a marked response from the target cell (Shahjin
et al. 2019). When released, these vesicles can be “captured”
by host cells, which triggers transferring of viral proteins or
inhibiting an immune response via (i) induction of apoptosis
or (ii) blocking key cellular responses. Hence, EVs have a
potential advantage for use in vaccine therapies, as they (i)
are the body’s natural antigen carriers and can circulate
throughout body fluids to distribute antigens even to distal
organs, (ii) can maintain stable protein structures, and (iii)
bind and enter antigen presenting cells (APCs) as they express
adhesion molecules on their surface (Schorey and Harding,
2016). All these properties make EVs a potential candidate
for the treatment of SARS-CoV-2 infection. Figure 1 illus-
trates the EVs interactions with immunocytes and their ability
to deliver pathogenic and therapeutic cargos to induce diverse
immune responses against SARS-CoV-2.

EVs are known to participate in transmitting information
from the source cell to a neighbor recipient cell by two possi-
ble mechanisms. The first potential mechanism involves EVs
binding with specific receptors and/or adhesion molecules,
such as integrins (Hoshino et al. 2015), lectins (Barres et al.
2010), proteoglycans (Christianson et al. 2013), and
tetraspanins (Mulcahy et al. 2014). After binding to the cell
surface, internalization of EVs in receiver cells takes place by
processes like endocytosis, including micropinocytosis and
phagocytosis. Endocytosis can take place through clathrin-
dependent (Tian et al. 2014) and/or -independent pathways
(Costa Verdera et al. 2017). The second mechanism involves
a direct fusion of EV membrane with the plasma membrane
and subsequent release of exosomal content in the cell cyto-
plasm (Montecalvo et al. 2012). Vacuoles formed during
micropinocytosis for ingestion of extracellular liquid by the
protrusion of plasma membrane also include EVs of smaller
size (Feng et al. 2010). Larger size EVs are internalized
through receptor-mediated phagocytosis by macrophages
(Barres et al. 2010). Phosphatidylserine (PS) plays an impor-
tant role by being present on the exterior of EVmembrane and
its subsequent binding with PS receptors present on the mac-
rophage’s surface. However, the most essential step to ascer-
tain cellular communication and transportation of signaling
molecules through EVs is delivery of the EV content after
internalization (Montecalvo et al. 2012). The ability of EVs
to transfer genetic information is also evident from its capacity
to carry different types of nucleic acid, namely miRNA,
circRNA, and IncRNA (Pegtel et al. 2010; Yu et al. 2016;
Bhome et al. 2018; Hinger et al. 2018). EVs are also a means
for horizontal gene transfer, as evident from the presence of
DNA, such as mtDNA on the outer side of the vesicle
(Kawamura et al. 2017) and dsDNA in the cytoplasm
(Vagner et al. 2018).

In contrast to homeostatic conditions, the communication
of transfectivity occurs during viral infection. Many studies
have shown that EVs from infected cells can carry viral com-
ponents that contribute to the spread of the pathogenesis by
accelerating viral entry to escape immune cell recognition
(Yogev et al. 2017; Patters and Kumar, 2018; McNamara
et al. 2019; Hassanpour et al. 2020). Both virus and EVs are
postulated to share converging pathways in terms of their
transmission, biogenesis, and release of virions and virus-
like proteins in recipient cells. Both virus and EVs also share
the same biochemical properties, structural motifs, and size, to
a particular extent (Kawamura et al. 2017; Crenshaw et al.
2018). Thus, EVs produced from virus-infected cells act as
important mediators in both viral infection as well as antiviral
response, depending on the internalized moiety. EVs can
modulate the immune response of the host due to encapsula-
tion of infectious virions, viral elements, defective viral parti-
cles, viral proteins, and nucleic acids of viral origin (Raab-
Traub and Dittmer, 2017; Urbanelli et al. 2019).
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EVs are crucial players in immunopathogenesis owing, in
part, to the multiplicity of signaling changes that they trigger
in their target cells (S et al. 2013). MVs’ function is source- or
stimulus-dependent and likely to be primarily either pro- or
anti-inflammatory. Thus, MVs became progressively recog-
nized as active players in immune complications of infectious
diseases (Delabranche et al. 2012; Schorey and Harding,
2016). Many studies have shown the role of MVs to be that
of immunopathologic mediators, notably by assisting in the
binding of infected erythrocytes to the cerebral vasculature
andmediating numerous inflammatory and immune processes
(Wassmer et al. 2011). Furthermore, to this adjuvant role in
cytoadherence, MVs, in infectious diseases, can deliver anti-
gen, derived from the biological cargo acquired from their
cells of origin to APCs (Ling et al. 2011). In the context of
brain diseases, MVs appear to be one of many modes of cell-
cell communication between brain endothelium and astro-
cytes; as the interactions between the various components of
the blood-brain barrier involves MVs and the kynurenine
pathway (Combes et al. 2012; Fruhbeis et al. 2013).
Regulatory T cells release exosomes containing microRNA
that are capable of directly inducing anti-inflammatory re-
sponses in the recipient cells (Anderson et al. 2016).
Exosomes have a crucial role in viral transport and also serve
as a delivery cargo for therapeutics to induce antiviral immu-
nity. Virus fuses with intraluminal vesicles and enters late
endosomes to unload their genomes in the cytoplasm
(Anderson et al. 2016; Crenshaw et al. 2018). MVs and
exosomes can help spread the virus and its components from
infected macrophages to other cells (Kadiu et al. 2012).

Isolation, Purification and Production

EVs are readily isolated from cell cultures and biological
fluids using a broad range of techniques (Gardiner et al.
2016; Gao et al. 2020a). These techniques include differential
speed ultracentrifugation, polymer-based precipitation,
immune-affinity capture, size-exclusion chromatography,
microfluidics, and ultrafiltration (Greening et al. 2015; Lobb
et al. 2015; Zeringer et al. 2015). EVs act as conduits for the
transfer of biologically-active molecules between cells. The
processes are similar to how viral particles transfer their ge-
netic material between cells during microbial infection and
most notable for viruses (Crenshaw et al. 2018; Nasiri
Kenari et al. 2020). To such ends, there are multiple ways to
isolate, purify, and concentrate viruses that parallel pathways
seen for EVs (Greening et al. 2015; Börger et al. 2019). In the
case of viral infection, isolation of pure EVs requires separa-
tion of ingested virus or viral particles (McNamara et al.
2018). Separation of EVs and viruses based on physical pa-
rameters alone is difficult due to the similar small sizes (<
200 nm) and densities (EVs: 1.13–1.18 g/L; most retroviruses:

1.16–1.18 g/L) (Cantin et al. 2008; McNamara et al. 2019).
Viruses overlapping with the densities of EVs (such as human
immunodeficiency virus 1 (HIV-1) and co-sediment under the
same high centrifugal force (100,000 x g) that isolate EVs
(McNamara et al. 2018). Methods such as crossflow filtration
(also known as tangential flow filtration, TFF) are capable of
processing large fluid volumes used to concentrate both EVs
and viruses while strictly adhering to current good
manufacturing practices (cGMP) (Börger et al. 2019).

Conventional methodologies for maintenance and expan-
sion of cells rely on a two-dimensional culture carried out in
flasks with low yield of EVs (McKee and Chaudhry, 2017;
Chance et al. 2019). However, recent studies with MSCs
showed that use of three-dimensional cultures such as used
with fixed-bed and in-stirred tank bioreactors, or continuous
production in perfusion reactors could enhance scale ups for
EVs production (Whitford et al. 2015; Colao et al. 2018).
Cultivation of human umbilical cord derived-MSCs
microcarrier-based three-dimensional cultures resulted in
twenty-fold greater yield of EVs than planar, two-
dimensional cultures, with improved activity (Haraszti et al.
2018; Thippabhotla et al. 2019). This has been used successful
for siRNA delivery to the neurons (Haraszti et al. 2018). EVs
isolated from stem cell culture by ultrafiltration followed by
size-exclusion chromatography result in higher EVs yield and
preserve the biophysical and functional properties (Nordin
et al. 2015; Benedikter et al. 2017). Size exclusion chroma-
tography is compared and proven to be superior to the most
popular ultracentrifugationmethods in terms of retaining EVs’
biological properties (Mol et al. 2017; Monguio-Tortajada
et al. 2019). There is no gold standard accepted for EVs iso-
lation and methods have been left at the discretion of re-
searchers to define relevant method for their individual study
(Greening et al. 2015; Lobb et al. 2015). Reports suggest that
EVs isolation and purification method does not only influence
yield, purity, and size distribution, but also nucleic acid cargo
(Tang et al. 2017; Stranska et al. 2018). Another example is a
recent study that compared traditional ultracentrifugation
methods to commercial isolation kits (ExoQuick and Total
Exosome Isolation Reagent) to obtain EVs from culture me-
dium and sera (Rekker et al. 2014; Tang et al. 2017; Stranska
et al. 2018). Finding optimal EVs extraction efficiency with
limited protein contamination as well as best RNA yields re-
mains a dominant goal in any procedure. (Tang et al. 2017).
Distinct miRNA profiles are obtained based on the types of
isolation method when confirmed by RNA sequencing
(Rekker et al. 2014; Ding et al. 2018; Stranska et al. 2018).
Such differences in cargo composition supports the need for a
comprehensive evaluation and development of effective,
high-throughput methods for consistent yet higher yield of
pure EVs with desired biological cargos (Helwa et al. 2017).
Such means when found would serve to accelerate best EV-
based diagnostics and therapeutics (Bari et al. 2020).

274 J Neuroimmune Pharmacol (2021) 16:270–288



Regardless of which method used to isolate and concentrate
EVs eachmethod requires standardization in order to optimize
reproducibility, purity, and maintenance of EVs’ functional
properties (Gardiner et al. 2016; Khalaj et al. 2020).

Sources of EVs

Mammalian: Mammalian endothelial cells, immunocytes, ep-
ithelial cells, MSCs, and cancers all release EVs in different
biological fluids (Akers et al. 2013; Abels and Breakefield,
2016). EVs contain bioactive entities which are crucial in cell-
to-cell communication and play a key role in physiological
and pathological functions (Soares et al. 2015). Moreover,
mammalian EVs are also involved in regulating immune re-
sponses, angiogenesis, coagulation, and miRNA transfer
(Yanez-Mo et al. 2015). Mammalian EVs-based delivery sys-
tems provide several advantages, such as excellent biocom-
patibility and stability in the blood, offer protection for pro-
teins, chemotherapeutics, nucleic acids, and structural similar-
ity to other immune cells and viruses, all of which facilitate
cell membrane crossing and targeted delivery (Vader et al.
2016). EVs are secreted by mammalian cells during inflam-
mation. EVs generated by normal cells can also produce in-
flammatory mediators, which activate the immune responses
(Yanez-Mo et al. 2015). T cells and monocytes secrete vesi-
cles decorated with FasL that modulate apoptosis of other
cells (Russell, 1995). The major limitations of mammalian
EVs are (i) their complex structure which makes duplication
difficult; and (ii) a limited understanding of their mechanisms
of action (S et al. 2013; Tsiapalis and O’Driscoll, 2020).

Bacterial:Gram-negative bacterial EVs were observed in elec-
tron microscopy (Brown et al. 2015). Commonly known as
outer membrane vesicles (OMVs), bacterial EVs are secreted
from gram-negative bacteria with the size range of 20–
200 nm. Later studies confirmed the release of EVs (20–
100 nm) from gram-positive bacteria as well (Kim et al.
2015a). Gram-negative bacteria OMVs contain several viru-
lence factors and immune-stimulating biomolecules. The ma-
jor immune-stimulating biomolecules are lipopolysaccharide
(LPS) and their outer membrane proteins, which attracted the
attention of researchers as acellular and adjuvant free vaccines
(Jan, 2017). Bacterial EVs are potent candidates for bacteria-
related immune responses. For example, exosomes produced
via infection of macrophages withMycobacterium bovisBCG
were shown to promote both CD4 and CD8 T cells in the
presence of dendritic cells (DCs). They were also shown to
promote the memory of CD4 and CD8 T cells upon intranasal
immunization (Giri and Schorey, 2008). Hence, the re-
searchers investigated their use as an acellular vaccine mem-
ber, which is like a mediator of antigen-specific immune re-
sponses (McConnell et al. 2011). Recently, several bacterial

EVs, such as Neisseria meningitidis, Salmonella enterica
(Serovar Typhimurium), Acinetobacter baumannii, and
Helicobacter pylori, all showed efficacy as a vaccine
(Huang et al. 2016). Interestingly, several countries are using
OMVs as a vaccine for meningococcal disease in children.
BEXSERO is a bacterial EVs-based approved marketed vac-
cine used in children in several countries (Gorringe and Pajon,
2012). Recently Kim et al. developed the bacterial protoplast-
derived nanovesicles (PDNVs) as an adjuvant-free vaccine
delivery system (Kim et al. 2015b). PDNVs showed efficient
antigen-specific humoral and cellular immune responses with
great productivity and safety profile. Results further showed
efficient protection of loaded bacterial antigens from bacterial
sepsis in mice (Kim et al. 2015b). Bacterial EVs play a key
role in the activation of target cells through indirect induction,
but show several pathophysiological activities once moved
into the host cell (Rodrigues et al. 2018; Malkin and
Bratman, 2020). The major limitations of bacterial EVs are
that (i) their toxic effects due to virulent factors on the surface,
(ii) the mechanism is not well established yet, and (iii) mass
production is difficult (Rodrigues et al. 2018).

MVs are pathogenic or protective during bacterial infections
(Bhatnagar et al. 2007; Malkin and Bratman, 2020). The path-
ologic roles include, for example, the ability of platelet MVs to
increase immunocyte binding to the endothelium (Barry et al.
1998). MVs in sepsis carries tissue factor (TF) and contribute to
the procoagulant state (Nieuwland et al. 2000). Correlation be-
tween MV-associated TF activity and the circulating levels of
bacterial lipopolyscchardie (LPS) in meningococcal septic
shock are noted (Hellum et al. 2014). Upregulated cell-
specific surface antigens on endothelial MVs were detected in
patients with disseminated intravascular coagulation in the con-
text of sepsis (Matsumoto et al. 2015). In human endotoxemia
(induced by LPS, induces a lethal disease characterized by high
blood levels of pro-inflammatory cytokines and shock), MVs
can promote coagulation in a factor XI-dependent manner
(Mooberry et al . 2016). Exosomes derived from
M. tuberculosisH37Rv-infected, but not from uninfected, mac-
rophages, inhibited interferon gamma (IFN-γ) responsive
genes, notably the major histocompatibility complex class II
(MHC-II) transactivator. This resulted in a down-modulation
of MHC-II and CD64 expressions on bone marrow-derived
macrophages, suppressing the antimicrobial responses provided
by T cells (Singh et al. 2011).

Conversely, other reports documented the protective roles
of MVs. The septic patients’MVs restored LPS-induced vas-
cular hyporeactivity and increased IL-10 in a tissue-
engineered blood vessel model (Mostefai et al. 2013).
In vitro, LPS-elicited monocytic MVs that can improve the
integrity of microvascular endothelial cells, as evidenced by a
reduced permeability and an increased trans-endothelial elec-
trical resistance of the monolayer (Sarich, 1972). Levels of
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MVs and MV-cell conjugates were found in septic patients to
suggest a favorable outcome (Soriano et al. 2005). Exosomes
released from mycobacterium-infected macrophages contain
pathogen-associated molecular patterns (PAMPs) and elicited
proinflammatory responses, such as tumor necrosis factor
(TNF) and IL-12 production, as well as neutrophil and mac-
rophage recruitment (Bhatnagar et al. 2007). In addition to
PAMPs, exosomes and MVs released by macrophages infect-
ed with mycobacteria contain MHC-II molecules allowed
them to par t ic ipa te in an t igen presen ta t ion for
M. tuberculosis antigen (Ag) 85B(241–256)-I-Ab complexes
(Ramachandra et al. 2010). This mechanism of antigen pre-
sentation by EVs is important in the generation of antimicro-
bial T cell responses (Singh et al. 2011).

Platelet‐derived: A platelet-derived extracellular vesicle
(PEV) platform was developed which comprised nano-sized
membrane vesicles (100–150 nm) derived from platelets
(Wang et al. 2017; Hu et al. 2018). Due to excellent inflam-
matory targeting ability, platelets use (size 1–3 µm) as carriers
may exacerbate the inflammation and progression of pneumo-
nia. However, PEVs derived from platelets which lack some
cytosolic proteins such as actin but express targeting mole-
cules on the surface including CD41, do not aggravate the
inflammation and progression of pneumonia but still possess
the inflammatory targeting ability (Ma et al. 2020). The
targeting ability of PEVs to the inflammatory lungs was ver-
ified in vivo by intravenously injecting DiIC18(5); 1,1′-
dioctadecyl-3,3,3′,3′- tetramethylindodicarbocyanine, 4-
chlorobenzenesulfonate salt (DiD)-labelled PEVs into acute
lung injury (ALI) mice where PEVs bind with inflammatory
M1-type macrophages and other inflammation-associated
cells evidenced by near-infrared (NIR) fluorescence imaging.
Moreover, PEVs did not accumulate in healthy lung tissue,
signifying an excellent inflammation-targeting ability of
PEVs (Guo et al. 2017). Such PEV ability to target inflamma-
tory lung tissue can be employed to neutralize SARS-CoV-2
for the treatment of COVID-19 (Fig. 2).

EVs can also serve as a carrier for the drug molecules and
the nucleic acids (DNA, mRNA) for the targeted delivery and
to lower toxicities associated with the native drug (Fig. 2) (de
Jong et al. 2019). Based on the targeting ability of PEVs
nanoplatform, the performance of PEVs as drug nanocarriers
was assessed by loading PEVs with an anti-inflammatory
molecule, TPCA-1 (TPCA-1-PEVs), to calm cytokine storm
syndrome from monocytes. An intravenous injection of
TPCA-1-PEVs (1 mg/kg of TPCA-1) significantly lowered
levels of IL-6 and TNF-α in the ALI mice 20 hr post injection.
Additionally, the inflammatory cell infiltration in TPCA-1-
PEVs treated mice was substantially lowered compared to
the untreated ALI group and free drug treatment group.
Therefore, TPCA-1 delivery by biomimetic PEVs-based
nanocarriers has the potential to treat patients with cytokine

storm syndrome, as well as those severe cases of COVID-19
(Ma et al. 2020). Convalescent plasma treatment has been
successfully used for the management of COVID-19 which
consists neutralizing antibodies, growth factors and EVs
(Rojas et al. 2020). Although plasma derived antibody treat-
ments have been approved for the treatment of COVID-19
(BioPharma-Reporter, 2020; Xi, 2020), the studies with plas-
ma EVs are lacking. Protective effects of convalescent plasma
in COVID-19 might be partially attributed to plasma EVs
which exhibit plethora of immunomodulating molecules
(Fig. 2) (Tao et al. 2017; Shi et al. 2020).

Immune Cells: Several studies have shown the importance of
APCs-derived EVs in stimulating the immune system. DCs
releasing exosomes are assumed to be an important factor in
peripheral immune tolerance. Studies have shown that
exosomes derived from DCs, which express MHC-I and
CD86, have potential immune-stimulatory activities in vivo
(Li et al. 2006). DCs having increased intercellular adhesion
molecules (ICAM1) help binding of APCs to the vesicles and
enhance APC/T cell interactions (Cintolo et al. 2012;
Montecalvo et al. 2012). Integrin lymphocyte function-
associated antigen (LFA1) undergoes conformational changes
by T cell activation, which increases the T cells’ affinity for
ICAM1 on DC-derived exosomes (Zepeda-Cervantes et al.
2020). Non-professional APCs have the capability to activate
naïve T cells from DC-derived exosomes. Once EVs are in-
ternalized by DCs, the antigens derived from degraded
exosomes contain MHC-peptide complexes which are used
to stimulate T cells indirectly (Zhou et al. 2012). B cells pro-
ducing EVs carry MHC-II, co-stimulatory, and adhesion mol-
ecules, that induce T cell clones (Cintolo et al. 2012; Zhou
et al. 2012). EVs produced by APCs carry MHC-I and MHC-
II molecules on their vesicle surface and can stimulate CD4
and CD8 T cells (Lindenbergh and Stoorvogel, 2018). EVs
can also stimulate B and T cell interactions in an antigen-
specific manner, and thus help in maintaining antigen-
specific memory T cells (Robbins and Morelli, 2014; Harrell
et al. 2019). Overall, EVs significantly contribute to the adap-
tive and innate immune responses as well as associated im-
mune functions (Robbins and Morelli, 2014).

Along with similar mechanisms that DCs display, mast
cells (MCs) also display peptide-loaded MHC-II and co-
stimulatory molecules (Li et al. 2016). In vitro studies have
shown that mast cells induce antigen-specific T cell response
by forming a “traditional” immunologic synapse with it
(Carroll-Portillo et al. 2012). Mast cells are known to be acti-
vated in several viral pathways. Exosomes released frommast
cells help to activate T cells (Tsai et al. 2011; Marshall et al.
2019). In vitro, exosomes derived from IL-4 treated mice in-
duce lymphocyte proliferation and production of IL-2 and
IFN-γ (Tsai et al. 2011). In vivo study also showed prolifera-
tion of lymphocytes and cytokine production when mice
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treated with mast cell-derived exosomes containing co-
stimulatory molecules (Tsai et al. 2011). Exosomes derived
from the bone marrow mast cells (BMMC) showed prolifera-
tion and differentiation of naïve T cells into Th2 cells in a
contact-dependent manner by ligation of OX40/OX40 L be-
tween the CD4 T cells and the BMMC exosomes (Li et al.
2016). APC-derived exosomes also have immunosuppressive
activities, which are useful in therapeutic approaches and
transplantations (Le Blanc and Ringden, 2007; Harrell et al.
2019).

Laboratory studies have shown that EVs induced CD8 T
cells to produce IFN-γ when pulsed with viral peptides
(Robbins and Morelli, 2014). EVs derived from infected cells
get captured by APCs immediately and are followed by indi-
rect dissemination of antigens to initiate an immune response
in a synergistic manner (Thery et al. 2009; Schorey et al.

2015). Cytomegalovirus (CMV) infected human endothelial
cells have been shown to release exosomal vesicles containing
CMV gB surface fusion protein that stimulate memory B cells
in the presence of APCs (Plazolles et al. 2011). Similarly, T
cells were found to produce endosomes that segregate the HIV
Gag protein into plasma membrane-derived EVs (Booth et al.
2006). Exosomes isolated from sera of porcine respiratory and
reproductive syndrome virus (PRRSV) infected pigs were
shown to contain antigenic viral proteins that reacted with
immune sera from pigs that had been previously exposed to
PRRSV in a dose-dependent manner (Montaner-Tarbes et al.
2016). Exosomes carry viral mRNAs that can be recognized
as PAMPs by PPRs in target cells to stimulate a strong innate
immune response (Zomer et al. 2010; Alvarez-Erviti et al.
2011). For example, EVs carrying viral RNA from human
hepatitis C virus infected cells were shown to stimulate

Fig. 2 Approaches to use EVs for the treatment of COVID-19. MSCs
induce immunoprotective and regenerative effects through EVs secretion.
Therefore, EVs isolated from different source MSCs can directly affect
the SARS-CoV-2. EVs also serve as natural carrier allow encapsulation
of nucleic acids or small drug molecules for targeted delivery. Platelets
were believed to induce exclusively proinflammatory responses.

However, recent studies identified that EVs secreted from platelets
exclusively exhibit anti-inflammatory and immunomodulating effects
with ability to target inflammatory site. Convalescent plasma induced
protective effects are attributed to neutralizing antibodies, growth factors
and partially through their EVs. All these approaches can be used to target
SARS-CoV-2 inflammatory sites and contain COVID-19
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plasmacytoid dendritic cells, pDCs (Dreux et al. 2012). EVs
exhibit dual functional roles in immunological responses.
Several studies on the dual role of EVs in the spread and
management of viral infection, especially in the context of
Epstein–Barr virus (EBV), HIV, Kaposi’s sarcoma associated
herpesvirus, hepatitis B virus, and hepatitis C virus, have been
well-documented (Urbanelli et al. 2019). EVs may negatively
regulate the spread of viral infection by inducing immune
responses against viruses, while EVs may also assist viral
dissemination by dampening antiviral immune responses
(Elrashdy et al. 2020b). EVs may act as “eliminating-cargo”
of unwanted molecules, and thereby having antigenic or path-
ogenic potential, such as an antiviral response and downreg-
ulation of immunological reactions (Petrik, 2016; Fujita et al.
2018). However, EVs may also act as a “signaling-tool” that
elicits an immune response by delivering a variety ofmaterials
having antigenic potential, viz. soluble proteins, transmem-
brane peptides, bi-functional lipids (phosphatidylglycerol,
lyso-phosphatidylcholine), and nucleic acids (miRNAs), and
hence spreading the infection (S et al. 2013; Schwab et al.
2015; Schorey and Harding, 2016; Kouwaki et al. 2017).

EVs and some infectious agents, such as viruses, share
common properties, primarily size, structure, generation, and
cellular uptake. Endosomal sorting complexes required for
transport (ESCRT) machinery are involved in both EVs and
virus generation (Votteler and Sundquist, 2013). Moreover,
viruses can use EV endocytic routes to enter the uninfected
cells and hijack the cellular secretory pathway to exit the in-
fected cells (Urbanelli et al. 2019; Badierah et al. 2020). The
viral infection affects the exosome loading mechanisms in
infected cells because the protein and nucleic acid content of
EVs are changed after infection (Raab-Traub and Dittmer,
2017). Thus, these altered EVs may also modulate the im-
mune response of the host with respect to EVs released from
the uninfected cells (de Jong et al. 2019; Kumar et al. 2020).
Many studies have provided evidence about the antiviral ef-
fects of EVs released from immune cells, such as macro-
phages, and other cells infected with viruses (Petrik, 2016;
McNamara et al. 2019). Resident immune cells of the lung-
alveolar macrophages (AMs) and alveolar epithelial cells
(AECs) that comprise the alveolar surface have shown an
indispensable role in host defense at the early stages of influ-
enza infection. Resident AMs have shown antiviral defense
against influenza infection of the lung as a consequence of
AM-derived EVs (AM-EVs) uptake within endosomes
(Schneider et al. 2020b). Influenza is transmitted to the prox-
imal airways of infected person(s), wherein the virus infects
and replicates within EVs. The ability of AMs to protect
AECs from influenza infection are mediated by paracrine
communication between AM-EVs and recipient AECs
(Hassanpour et al. 2020; Schneider et al. 2020b). EVs were
proven to play an important role through neutralizing extra-
cellular antigens, engaging surface receptors on target cells,

and transferring biologically active cargos (lipids, nucleic
acids, proteins) that can exert intracellular actions in recipient
cells (Lima et al. 2009; Atay et al. 2011; Pitt et al. 2016;
Robbins et al. 2016). These features positioned AM-EVs as
nimble vectors for an innate immune response to the viral
infections within the dynamic lung environment (Schneider
et al. 2020a; Schneider et al. 2020b). More evidence of the
antiviral effect of EVs was that EVs isolated from IFN-
stimulated macrophages could secrete various cytokines
shortly after stimulation with type I and II IFN, which orches-
trated a fast but short-lasting antiviral state against hepatitis C
virus (Cai et al. 2018). This rapid innate immune effect was
followed by the production of EVs which induced a late, but
long-lasting inhibitory effect on hepatitis C virus replication
(Cai et al. 2018). Additionally, the exposure of macrophages
to polyunsaturated fatty acids, which are important regulators
of immune responses, dampened EVs-mediated antiviral im-
mune responses against hepatitis C virus (Cai et al. 2018).
Viral miRNAs, such as miR-H28 and miR-H29, can be en-
capsulated into EVs and subsequently isolated from the herpes
simplex virus type 1 (HSV-1) infected cells (HEK293T, HEp-
2, and Vero cells) (Han et al. 2016b). The abnormal expres-
sion of these miRNAs in the infected cells resulted in a de-
creased expression of viral gene products and inhibition of
infection spread from infected cells to healthy cells (Han
et al. 2016b). HSV-1 infected cells were shown to release
EVs, so that they are enriched with a stimulator of interferon
genes (STING), a protein that inhibits the viral spread and
augmented host cell survival (Kalamvoki et al. 2014). Other
studies demonstrated the role of EVs in the dissemination of
viral infections (Ali et al. 2010; Raymond et al. 2011). EVs,
including exosomes, may incorporate viral proteins and/or
fragments of viral RNAs to carry them from infected cells to
target uninfected cells to spread the viral infection (Thery et al.
2009; Raab-Traub and Dittmer, 2017; Urbanelli et al. 2019).
EVs also transfer HIV proteins to target cells, such as Jurkat
CD4 + T cells, THP-1, and U-937 monocytic leukaemia cell
lines, and thus contribute to infection spread by making the
target cells susceptible to HIV (Ali et al. 2010; Raymond et al.
2011). CMV-infected cells were also shown to release EVs
that suppress antiviral responses of the host, which subse-
quently increased viral infectivity. CMV infection increased
the release of EVs containing lectin and DC-specific intercel-
lular adhesion molecule-3 grabbing non-integrin proteins
(DC-SIGN), both of which are required for virus-cell update
(Plazolles et al. 2011). These vesicles have the potential to
promote myeloid DCs infection, indicating a fall in antiviral
responses (Plazolles et al. 2011).

EVs can transfer ACE2 to recipient cells that includes en-
dothelial progenitor cells and as such are susceptible to viral
docking (Hassanpour et al. 2020; Wang et al. 2020a). This
supports a role for exosomes in SARS-CoV-2 internalization
and infection (Hassanpour et al. 2020; Wang et al. 2020a).
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The primary site of SARS-CoV-2 infection is in the lung. The
lung is highly vascular enabling viral spread to tissues that
include the kidney and intestine as the virus evidenced in urine
and stool (Ling et al. 2020; Wang et al. 2020b). SARS-CoV-2
utilizes EV-transport for replication and intra-host spreading
in systemic virus dissemination (Elrashdy et al. 2020b;
Elrashdy et al. 2020a). This “Trojan horse” strategy to release
the SARS-CoV-2-loaded EVs represent the appearance of vi-
ral RNA in COVID-19 patient fluids (Elrashdy et al. 2020b).
Infected patients show viral RNA up to 10 to 27 days after
discharge (Korber et al. 2020; Ye et al. 2020). The median
duration of virus in body fluids is 20 days but can be observed
up to 37 days (Zhou et al. 2020). In limited numbers of pa-
tients, SARS-CoV-2 RNA remains detectable for up to 53
days with a maximum of 83 days (Li et al. 2020b; Ye et al.
2020; Yuan et al. 2020). The presence of the potential for
some hospital discharged COVID-19 patients to develop re-
infection or reactivation indicates the presence that effective
antiviral immune response to SARS-CoV-2 may not always
occur (Gao et al. 2020b). COVID-19 reinfection or reactiva-
tion can be explained by (i) ineffective, (ii) strain-specific, or
(iii) short-lived anti-SARS-CoV-2 immune responses.
Furthermore, SARS-CoV-2 infections could develop “escape
mutants” (Chaturvedi et al. 2020). This is reflected by the fact
that SARS-CoV-2 can be present within vacuoles or double-
membrane vesicles in host cells. This was proven by the post-
mortem histopathological analysis of tissues of COVID-19
patients by light and electron microscopy (Farkash et al.
2020; Su et al. 2020). In some SARS-CoV-2 autopsies, cyto-
plasmic viral particles can be detected in pneumocytes and
within the nervous system and intestinal cells and tissues
(Deshmukh et al. 2020).Most of these viral particles are found
within membrane-bound vesicles. Viral particles have also
been observed in macrophages in lung tissues. Furthermore,
the presence of inclusion bodies within the infected cells has
been reported in several studies, with the viral origin of such
inclusion bodies being confirmed by immunogold labeling
(Gu and Korteweg, 2007; Zeng et al. 2020). These findings
indica ted that SARS-CoV-2-conta ining EVs are
manufactured and assembled intracellularly, and such possi-
ble exosomal cellular transport support systemic SARS-CoV-
2 dissemination and COVID-19 reactivation.

MSCs: Despite extensive efforts worldwide in the search for ther-
apeutic strategies to treat COVID-19, no investigated therapeutics
or biologics have been found strongly effective (Florindo et al.
2020). Stem cell-based therapeutic intervention and, in recent
times, their secreted EVs, are evolving as new treatment modal-
ities, which could mitigate inflammation but also regenerate the
lung damage caused by cytokine storm syndrome that COVID-
19 induces (Mehta et al. 2020). Stem cells, particularly MSCs,
exert potent and broad immunomodulatory, anti-inflammatory,
and regenerative effects mainly via utilizing their EVs. Therefore,

MSC-EVs could be useful when used alone or in combination
with other therapeutics for COVID-19 patients (Chrzanowski
et al. 2020). MSCs are heterogeneous populations of cells com-
prising stem cells, stromal cells, progenitor cells, and fibroblasts
(Dominici et al. 2006; Galderisi andGiordano, 2014). These cells
are obtained from various tissues including placenta, bone mar-
row, cord blood, adipose tissue, Wharton jelly, dental pulp, and
umbilical cord (Muraca et al. 2020; O’Driscoll, 2020). MSCs are
of two types, namely MSC1 (pro-inflammatory) and MSC2 (an-
ti-inflammatory). Specific-antigens that act as ligands are respon-
sible for a unique bidirectional polarization where toll-like recep-
tors play an important role (Yi and Song, 2012). MSCs secrete
epidermal growth factor (EGF), angiopoietin 1 (ANGPT1),
keratinocyte growth factor (KGF), hepatocyte growth factor
(HGF), and vascular endothelial growth factor (VEGF), all have
been identified to promote regeneration and protection of alveolar
epithelial cells (Zhen et al. 2008; Bernard et al. 2018). In addition,
MSCs secrete cytokines (IL-1RA, IL-10, and TGF-β), nitric ox-
ide, and indoleamine 2,3 dioxygenase (IDO), which regulate im-
mune cells toward an anti-inflammatory phenotype (Matthay
et al. 2010; Pedrazza et al. 2017). Besides, MSCs could enhance
bacterial clearance by stimulating the phagocytosis activity of
macrophages through the secretion of antimicrobial factors, like
peptide LL-37 and lipocalin-2 (Krasnodembskaya et al. 2010;
Mei et al. 2010; Gupta et al. 2012). MSCs are known to exhibit
most of their pharmacological benefits through secreted EVs
which carry all the essential bioactive factors (Muraca et al.
2020; O’Driscoll, 2020).

MSC-EVs have demonstrated a plethora of therapeutic bene-
fits in various preclinical and clinical studies, including repair of
damaged lung tissues, stabilization of fluid leakage in lung epi-
thelium, sustenance of lung permeability, and management of
lung edema (Bhattacharya and Matthay, 2013; Brown et al.
2019). Interestingly, MSC-EVs, in their naturally secreted form
possess anti-inflammatory and immunomodulatory effects even
during COVID-19 infection (Harrell et al. 2019; Sengupta et al.
2020). Preclinical studies showed the therapeutic efficacy of
MSC-EVs in various disease models such as bronchopulmonary
dysplasia, asthma, lung fibrosis, and chronic obstructive pulmo-
nary disease (Cruz et al. 2015; Srour and Thebaud, 2015; Ahn
et al. 2018; Fujita et al. 2018; Mohammadipoor et al. 2018;
Willis et al. 2018). MSC treatment recovered mouse models
from Japanese encephalitis virus (JEV) infection along with the
reduction in neuronal damage, blood-brain barrier (BBB) de-
struction, inflammatory response, and viral load (Bian et al.
2017). Recently, MSC transplantation reduced mortality in pa-
tients with H7N9 virus-induced ARDS without any side effects
(Chen et al. 2020). Administration of MSC-EVs in a pig model,
after the influenza challenge, showed a significant decline in viral
shedding and replication, in addition to the decline in the release
of pro-inflammatory cytokines in the lungs (Khatri et al. 2018). It
shows that MSC-EVs can act as anti-influenza and anti-
inflammatory agents against the viral infection, and hence they
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may be used as cell-free therapy in humans (Sengupta et al. 2020;
Tsiapalis and O’Driscoll 2020). Currently, the first clinical trial
on the safety and aerosol tolerance of EVs isolated from adipose
tissue-derived MSCs was launched in March 2020 at Ruijin
Hospital in Shanghai (China) (NCT04313647). Such studies
make MSC-EVs a strong candidate to treat SARS-CoV-2 asso-
ciated ARDS.

MSC-EVs’ capability to carry nucleic acids, miRNAs,
IncRNA, and circRNA (Yu et al. 2016; Kim et al. 2017) and
the cell’s abilities to present antigens have sparked interest for
COVID-19 efforts to develop effective long-term vaccines
and therapeutics (Borger et al. 2020; Sengupta et al. 2020).
Additionally, MSC-EVs can be delivered intranasally, which
is essential for treating COVID-19 lung infection. This can
afford early onset of action and better therapeutic efficacy
(Leng et al. 2020). Inability of MSC-EVs to self-replicate in
absentia of genetic information also eliminates the risk of
cellular overload and tumorigenicity (Chrzanowski et al.
2020; O’Driscoll, 2020). MSC-EVs are preferred over
MSCs due to their stability and long-term storage capabilities
(Cha et al. 2018). This makes the therapy accessible broadly
without the requirement of on-site cell-based manufacturing
facilities (Chrzanowski et al. 2020). However, significant ef-
forts are now required to develop reliable potency tests for
MSC-EVs before they can be considered for COVID-19-
related cytokine storm syndrome (Fig. 2).

Therapeutic Potential

The growing amount of research gives credence towards the
importance of EVs in tissue and cell homeostasis and delivery
(S et al. 2013; Robbins and Morelli, 2014). EVs’ cargoes
reflect the content of the parent cells and EVs have the poten-
tial to serve as a surrogate to cells in biological fluids. This
could reveal prognostic information for a range of diseases
(Manna et al. 2018; Jayaseelan, 2020). Moreover, it could
serve as clinical biomarkers (Lin et al. 2015; Nedaeinia et al.
2017). Thus, EVs have use in vaccine as natural antigen car-
riers and to target distal organs. EVs can be used either in its
naturally secreted or engineered form for targeted therapy
(Gilligan and Dwyer, 2017; Cooper et al. 2020; Ni et al.
2020).

Exosomal vaccines were studied in the preclinical studies
since the early 2000s and for their neutralizing antibody car-
riage capabilities (Abels and Breakefield 2016; Petrik 2016).
Exosome-based vaccine platform was developed wherein an
array of viral antigens was fused with the Nefmut protein at the
C-terminus of exosome. When injected into the mice, such
engineered exosomes elicited detectable antigen-specific cy-
totoxic T cell responses (Anticoli et al. 2018). In related works
with the Medical Research Council Cell strain 5 cells EVs
were found to protect against rabies viral infections (Wang

et al. 2019). This was realized by the intercellular delivery of
exosomal miR-423-5p (Wang et al. 2019). In support of EV
and vaccine developments, an intramuscular injection of a
DNA vector expressing E7 oncoprotein of human papilloma-
virus fused to the C-terminus of exosome showed high expres-
sion of target protein and elicited strong antigen-specific cy-
totoxic T cell responses (CTL) compared to its wild type var-
iant (Anticoli et al. 2018). Such approach can be used to in-
corporate immunogenic antigens into EVs and from a range of
pathogens. These pathogens include Ebola virus VP24 and
VP40, influenza virus, Crimean–Congo hemorrhagic fever
virus, West Nile virus NS3, and hepatitis C virus (Anticoli
et al. 2018).

While EVs serve as excellent carriers for viral antigens and
present them in their native state for an effective immune
response, they can also carry host-derived antiviral com-
pounds and immune enhancers (Petrik, 2016; Rodrigues
et al. 2018). For example, EVs released by HIV-1-infected
cells can transport APOBEC3G (A3G), a host antiviral cyti-
dine deaminase protein. A3G-loaden exosomes have been
shown to confer antiviral phenotype to the target cells
(Khatua et al. 2009). EBV-infected Raji cells can release
exosomes containing deoxyuridine triphosphatase
(dUTPase) that induce NF-kB activation as well as cytokine
secretion as present in both primary DCs and peripheral blood
mononuclear cells (Ariza et al. 2013). dUTPase can be
exploited as an adjuvant for exosomal vaccines (Ariza et al.
2013 ) . Fu r t he rmore , exosomes p roduced f rom
lymphoblastoid B cell line (LCL1) that express EBV structur-
al protein gp350, can selectively target B cells to induce robust
antiviral immune responses (Vallhov et al. 2011). Thus,
adding a gp350 component can generate B cell targeted vac-
cines that can potentially induce a long-lasting T cell immu-
nity (Vallhov et al. 2011). A chimeric SARS-CoV S protein is
generated by replacing the transmembrane and cytoplasmic
domains of the S protein with vesicular stomatitis virus G
protein. HEK293T cells can produce exosomes bearing chi-
meric SARS-CoV S protein (Kuate et al. 2007). Two injec-
tions of exosomal S protein vaccine induced neutralizing an-
tibodies comparable to the adeno-associated virus (AVV) vac-
cine expressing chimeric S protein without the aid of adjuvant.
The immunogenic responses of exosomal S vaccine were
boosted after the subsequent injection of AAV S vaccine
(Kuate et al. 2007). Based on this knowledge, exosomes from
SARS-CoV-2 infected cells may induce similar immune re-
sponses (Elrashdy et al. 2020b; Pocsfalvi et al. 2020).

Several clinical trials have assessed the efficacy of umbil-
ical cord-derived MSCs in COVID-19 patients. All are free
from ethical constrains and as such enable broad application
(Alzahrani et al. 2020). In all the clinical studies, MSCs treat-
ment improved the COVID-19 patient conditions compared to
the standard antiretroviral therapy (Leng et al. 2020; Liang
et al. 2020; Shu et al. 2020). In these studies, MSCs were
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injected through the intravenous route that may result in ag-
gregation or clumping in the microvasculature and the umbil-
ical cord source is associated with the risk of oncogenicity and
mutagenicity due to their ability to differentiate in their target
tissue (Han et al. 2016a; Coppin et al. 2019). MSCs-EV and
native cells, however, are known to induce similar responses
and therefore, MSC-EVs are considered safe and a best alter-
native compared to native MSCs (Tsiapalis and O’Driscoll,
2020). Currently, more than sixty clinical trials are ongoing to
study the effects of MSCs and EVs in the COVID-19 patients
(EVs studies are summarized in Table 1). A Phase 1 clinical
trial to assess the safety and efficacy of the inhaled exosomes
derived from the allogenic adipose MSCs for the treatment of
COVID-19 pneumonia is completed. Severely ill hospitalized
COVID-19 patients received a dose of 2 × 108 exosomes for
five consecutive days along with the conventional antiretrovi-
ral therapy. However, the study results are not published yet
(NCT04276987). The same researchers’ group is assessing
safety and tolerance of the inhaled exosomes derived from
the allogenic adipose MSCs in Phase 1 clinical trial using up
to eight times higher dose of the exosomes, at 16 × 108, in the
healthy volunteers (NCT04313647). Direct Biologics has de-
veloped ExoFlo™, an exosome therapy derived from the al-
logenic bone marrow MSCs for the treatment of severely ill
COVID-19 patients. In Phase 1 study, with 24 hospitalized
COVID-19 patients, a single dose administration of
ExoFlo™ was found safe and well tolerated. Fourteen days
after ExoFlo™ treatment, patients experienced improved ox-
ygenation, downregulated ARDS and restored immune cells
(Sengupta et al. 2020). After these encouraging results, a
multicentric Phase 2 clinical trial (EXIT-COVID-19) is initi-
ated to enroll 60 moderate-to-severe COVID-19 patients with
ARDS to assess therapeutic efficacy of ExoFlo™
(NCT04493242). Recently, Direct Biologicals received ex-
tended access for ExoFlo™ from the U.S.A. FDA for the

treatment of COVID-19 associated ADRS for the EXIT-
COVID-19 clinical trial (PR Newswire, 2020). Several other
clinical trials are ongoing in China with EVs derived from the
MSCs to treat pneumonia and recover lung damage caused by
SARS-CoV-2 wi th resu l t s awai t ing comple t ion
(ChiCTR2000030261, ChiCTR2000030484).

Clinical Challenges

EVs can be developed as a diagnostic, therapeutic or
theranostic agents by loading variety of agents into EVs and
by surface engineering using a broad number of techniques
including click chemistry, hydrophobic insertions and dis-
plays. Although, such technologies offer advantages of EV
stability, biocompatibility and modest immunogenicity over
toxic nanoparticles, producing EVs in sufficient large quantity
with specificity and reproducibility of drug transport remains
an impediment for human use (Man et al. 2020; Meng et al.
2020).

Moreover, there are several technological and regulato-
ry issues that pose uncertainty about EVs therapeutics. EVs
are heterogenous populations of vesicles with heteroge-
nous cargo components (consisting of proteins, lipids and
RNAs) (Yanez-Mo et al. 2015; Kawamura et al. 2017).
Biological effects can be exerted by any of the components
of the EVs cargo, whether it is internal or present on the
surface of the vesicles (S et al. 2013; Robbins and Morelli,
2014). Therefore, unraveling EVs’ exact biological effects
is challenging (Lener et al. 2015; Gross et al. 2017).
Several preclinical and clinical studies with EVs have
shown that human tissue or cell-derived EVs do not per
se pose risk in terms of safety concerns. Nevertheless, EVs
mediated toxicity cannot be overlooked. It has been report-
ed that EVs cargo may change depending upon the

Table 1 Safety and Efficacy Clinical Trials for EVs in COVID-19 disease

Clinical Phase Intervention Status Trial Identifier Route of administration Outcome

II Bone marrow
MSCs-EVs
(ExoFlo™)

Not recruiting NCT04493242
(EXIT COVID-19)

Intravenous --

Access Bone marrow
MSCs-EVs
(ExoFlo™)

Active NCT04657458 Intravenous --

-- Cardiosphere-EVs
(CAP-1002)

Inactive NCT04338347 Intravenous --

I T cell exosomes Not NCT04389385
(CSTC-Exo)

Aerosol --

I & II Amniotic fluid EVs (Zofin™) recruiting NCT04384445 Intravenous --

I Adipose MCSs Recruiting NCT04276987 Aerosol --

I & II MSCs (EXO1 and EXO2) Complete NCT04491240
(COVID-19EXO)

Aerosol --
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surrounding microenvironment or toxic stimulants. Such
EVs with altered biological cargo when enter the target
cells and tissues and affect ongoing pathological processes
(Rokad et al. 2019). Therefore, complete compliance with
the established guidelines is necessary to ensure EVs safe-
ty for any clinical intervention (Wiklander et al. 2015).

Currently, there is no EV isolation technique for effec-
tive large-scale manufacturing of EVs, making clinical
translation of EV-based therapeutics difficult (Greening
et al. 2015; Lobb et al. 2015). Conventional two-
dimensional and three-dimensional culture techniques are
employed for the maintenance and expansion of EVs
(Whitford et al. 2015; Colao et al. 2018), while size exclu-
sion chromatography and ultracentrifugation methods are
used for purification (Mol et al. 2017; Monguio-Tortajada
et al. 2019). Perfection of such techniques for large-scale
GMP-compliant is challenging (Ludwig et al. 2019).
Additionally, EVs isolation and purification method influ-
ence their yield, purity, size distribution, and cargo com-
position (Tang et al. 2017; Stranska et al. 2018). EVs from
an autologous source are generally used for clinical studies
which further influence the scalability and ultimate cost of
EV therapies (Lener et al. 2015). Storage conditions can
affect EVs’ integrity. EVs can form aggregates due to pH
changes (Larson et al. 2013), interact with storage vials, as
well as be affected by freezing and thawing procedures
(Lorincz et al. 2014). Unfortunately, there are no studies
and standardized protocol assessing the effects of storage
temperature and times on the EV’s stability and function-
ality (Thery et al. 2018). Although, preclinical studies have
demonstrated immense therapeutic potential of EVs, their
clinical translatability is a major challenge (Robbins and
Morelli, 2014). As a result, till date, no single EV therapy
has been approved for marketing which make such candi-
date difficulty to get regulatory approval.

Conclusions

Despite the challenges associated with the use of EVs as ther-
apeutics, due to favorable biological properties and ability to
serve as natural carrier for small molecules, EVs are still can-
didate choice for the vaccine development. Existing EV iso-
lation and purification strategies can be employed with the
maximum potential to comply with cGMP requirements.
The International Society for Cellular and Gene Therapies
and the International Society for Extracellular Vesicles recent-
ly published a statement to encourage development of EVs
based therapeutics from MSCs and other cells for the treat-
ment of COVID-19 but with strict regulatory measures
(Borger et al. 2020).
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