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a b s t r a c t 

Extracellular vesicles (EVs) have emerged as potential mediators of intercellular communication. EVs are nano- 
sized, lipid membrane–bound vesicles that contains biological information in the form of proteins, metabolites 
and/or nucleic acids. EVs are key regulators of tissue repair mechanisms, such as in the context of lung injuries. 
Recent studies suggest that EVs have the ability to repair COVID19-associated acute lung damage. EVs hold great 
promise for therapeutic treatments, particularly in treating a potentially fatal autoimmune response and attenuate 
inflammation. They are known to boost lung immunity and are involved in the pathogenesis of various lung 
diseases, including viral infection. EV-based immunization technology has been proven to elicit robust immune 
responses in many models of infectious disease, including COVID-19. The field of EV research has tremendous 
potential in advancing our understanding about viral infection pathogenesis, and can be translated into anti-viral 
therapeutic strategies. 
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Extracellular vesicles (EVs) are nano-sized, phospholipid membrane–
nclosed structures that can carry biological cargoes such as proteins,
etabolites and nucleic acids [1] . EV cargoes may be of considerable

mportance for COVID ‐19 patients with acute lung injury caused by
he SARS-CoV-2 virus [ 2 , 3 ]. EV-based therapies hold great potential for
OVID-19–related lung injuries as they attenuate inflammation, boost

mmunity, and enhance tissue regeneration [ 3 , 4 ]. EVs share multiple
imilarities with viruses, and recent findings suggest that viruses use EVs
or cellular communication and pathogenesis [4] . Structurally, EVs are
imilar to viruses [5] . They have affinity to incorporate virus-fragments,
lycan components, proteins, and chunks of viral RNA [5] . EVs, de-
ending on the proteins and genetic content they contain, play a sig-
ificant role in promoting and suppressing viral infection [ 6 , 7 ]. Both
Vs and viruses have the capacity to physically fuse with target cells by
embrane endocytosis and incorporate nucleic acids such as RNA into
ost cells [7] . In addition, EVs and viruses can illicit immune reactions
nd/or attenuate inflammation responses in the host [ 7 , 8 ]. Lastly, EVs
re surrounded by lipid membranes similar to enveloped viruses [8] .
Abbreviations: EVs, extracellular vesicles; VEGF, vascular endothelial growth fac
eta; BBB, blood-brain barrier. 
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ecause of the shared similarities between EV and decoding the mecha-
isms underlying EV–virus interactions could be translated into antivi-
al drug design and even vaccine development [ 8–10 ]. Recent studies
ave shown that EV cargo can be transferred to target cells and thus the
esicles themselves can be utilized for viral drug/vaccine delivery [10] .

xtracellular vesicles and COVID19-associated cytokine storm 

Mesenchymal stroma cells and their derived EVs secrete many types
f cytokines and chemokines that closely interact with immune cells,
ncluding T cells, B cells, and macrophages, making EVs excellent can-
idates for an immunomodulation action [ 11 , 12 ]. Furthermore, EVs fa-
ilitate tissue regeneration by secreting interleukins and/or by releas-
ng and attracting different growth factors such as TGF, FGF, and VEGF
 12–14 ]. EVs may even neutralize COVID19-associated cytokine storm
14] . Another study has shown that EVs are being used for pneumonia-
argeted delivery, which can improve therapeutic efficacy while reduc-
ng side effects [14] . Such technology can be useful for the diagnosis
f inflammatory disease and for drug delivery, vaccine development,
specially for COVID-19. 
tor; ACE2, angiotensin-converting enzyme; TGF 𝛽, transforming growth factor 
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Fig. 1. Cytokine storm induced by coronavirus infection. 
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Fig. 2. Stuctural proteins of COVID-19 VIRUS. 
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SARS-CoV-2, the virus causing COVID-19, has a single-stranded RNA
enome of approximately 34 kg bases and a nucleocapsid of helical sym-
etry [15] . EV surface proteins can facilitate viral fusion with cellular
embranes, as they do in the case of other viruses [15] . Fusion of EVs

ontaining viral components with target cells stimulates immune and
nterleukin signaling pathways to boost immune responses in infected
ndividuals [ 15 , 16 ]. Immune activator-proteins and cytokines such as
L-6, IL-1 𝛽, and leukotriene-synthesis enzymes are known to neutral-
ze viral contents [ 16–18 ]. Therefore, EVs containing viral proteins can
erve as a new technological platform for combating viral infection, and
ay even improve antiviral immune responses [18] . 

Innovative engineering of EVs for boosting an antiviral immune reac-
ion may revolutionize the development of COVID-19 vaccines [ 18–20 ].
owever, to achieve these milestones, several considerations regarding

afety, ethics, specificity, and toxicity of this EV-based approach will
ave to be carefully addressed. 

Both EVs and coronaviruses communicate via receptors of CD9 and
CE2, which make EVs an ideal candidate for the treatment of the
OVID-19 viral infection [ 20 , 21 ]. EV-based vaccines could potentially
ttenuate inflammation and repair lung cells damaged by SARS-CoV-2
 21 , 22 ]. The S protein of the SARS-CoV-2 binds to the ACE2 receptor and
acilitates virus entry into the human lung cells [ 22 , 23 ]. Upon entry into
ost cells, virus RNA is translated into viral components in order to pro-
uce more viral particles; the newly-produced viruses could be packaged
n EVs and released from infected cells [ 23 , 24 ]. The Coronavirus fam-
ly of viruses are enveloped, positive-stranded RNA viruses that produce
ymptoms of fever, cough, fatigue, shortness of breath, and loss of smell
nd taste in the host [ 25 , 26 ]. In severe cases, it appears that COVID-19
redominantly affects the lower lung cells and induces a cytokine storm
n patients, which leads to organ failure and fatal blood clots [ 26 , 27 ].
oreover, the cytokine storm promotes the acceleration of viral entry

nd immune evasion [ 27 , 28 ]. SARS-CoV-2 has been found to induce the
nfiltration of inflammatory lung fluid into the alveolar space, exacerbat-
ng alveolar injury and damage, ultimately causing pneumonia [ 28 –30 ].
oronaviruses stimulate the production of IL-6 and IL-1b which induce

nflammatory programs in immune cells to suppress T cell response and
2 
nitiate cascades of cytokine storm [ 29 , 30 ]. The process by which cy-
okine storm is induced by SARS-CoV-2 infection is illustrated in Figs. 1
nd 2 . 

xtracellular vesicles and vaccine development 

The immunomodulatory features possessed by EVs make EVs a par-
icularly attractive candidate for vaccine development [ 30 , 31 ]. Many
tudies have shown that EVs can be used for anti-tumor immunother-
py and as therapeutic delivery vehicles in carcinogenesis and infec-
ious diseases [ 31 , 32 ]. Studies have shown that exosomes (a type of
V) carrying bacterial antigens isolated from Mycobacterium bovis and
uberculosis-infected macrophages could generate memory CD4( + ) and
D8( + ) T cells in the presence of dendritic cells [ 33 , 34 ]. Thus, exosomes
r EVs could serve as a promising alternative vaccination solution for
ARS-CoV-2 infection [ 34 –36 ]. 

Stem cells-derived extracellular vesicles are used for pneumonia-
argeted delivery and can improve the therapeutic efficacy while reduc-
ng side effects [ 32 , 37 ]. COVID-19 patients derived-EVs suggested that
argeted drug delivery to treat pneumonia significantly reduced the cy-
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Fig. 3. Time course and antibody devlopment of COVID-19 VIRUS. 
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okine storm and inflammation when compared to controls [ 32 , 37 , 38 ].
hese EVs are capable of effectively inducing TH1 cellular response,
iving more protection; more so than B -cell immunity [ 38–40 ]. The EV-
nduced TH1 response confers protection against airway challenge in
ice models [ 37 , 41 ]. In one study, SARS-CoV-2–induced EVs are sug-

ested to be a potential vaccine solution for viral infections [ 42 , 43 ].
ublished reports indicate that EVs derived from stem cells (after being
ransfected by DNA vectors that express Nef mutant/Influenza virus A-
P) could induce cytotoxic T cell response potent enough to kill large
ntigenic peptide load in mice models, making exosomes a suitable al-
ernate vaccination solution [ 44 , 45 ]. Time course and antibody devel-
pment of coronavirus is shown in Fig. 3 . 

xtracellular vesicles and vaccine development for coronavirus 

Studies suggest that it is the structural proteins of coronaviruses such
s SARS-CoV-2 that allows it to be highly infective and contagious [ 46–
8 ]. The RNA genome of SARS-CoV-2 has 29,811 nucleotides, encoding
or 29 proteins. SARS-CoV-2 has four structural proteins, named E and
 proteins, which form the viral envelope; the N protein, which binds to

he virus’s RNA genome; and the S protein, which binds to human recep-
ors [ 35 , 48 , 49 ]. The non-structural proteins include the main protease
Nsp5) and RNA polymerase (Nsp12) [ 35 , 49 ]. Many viruses require sur-
ace or spike ( S ) protein proteins for cell fusion and entry [49] . The S
rotein is responsible for host infection and pathogenesis [ 49 , 50 ]. ACE2
s an endogenous membrane protein that facilitates entry of SARS-CoV-
 into host cells and ACE2 is indeed expressed in the lungs of people
ith lung diseases [ 50 , 51 ]. Studying these different components of the
irus, and the role of structural biology in cellular communication with
3 
ur cells, can offer impressive clues for future therapies [ 51 , 52 ]. The
tructural composition of coronavirus is shown in Fig. 2 . 

Angiotensin-converting enzyme (ACE2) is attached to the cell mem-
rane and functions to convert Angiotensin-I and Angotensin-II into
ther isoforms [ 22 , 52 , 53 ]. Inhibition of ACE2 has been shown to re-
uce SARS-CoV-2 infection [ 53 , 54 ]. Because the ACE2 receptor plays a
ey role in the entry point for SARS-CoV-2 into cells [ 54–56 ], directly
argeting the ACE2 receptor and Ang II level may provide new ther-
peutic options for treatment of coronavirus [56] . High levels of Ang
I might cause increased pulmonary inflammation and associated lung
athology [ 56 , 57 ]. Understanding the role of ACE2, and the use of small
xtracellular vesicles to deliver ACE2 to targeted tissues, may even pre-
ent future outbreaks of coronaviruses [ 57 , 58 ]. 

The SARS-CoV-2 is an enveloped, positively stranded RNA virus.
ARS-CoV uses spike glycoprotien ( S ) to interact with DC-SIGN family,
nd ACE2 gains access into the target cells [ 59 , 60 ]. This makes the S
lycoprotein a key target for vaccine development [60] . As part of vac-
ine development, S glycoprotein is incorporated into EVs by replacing
ransmembrane and cytoplasmic domains by VSV-G (G protein of vesic-
lar stomatitis virus) [ 60–63 ]. The resulting vaccine consisting of EVs
ith S-glycoprotein (SGTM) [ 7 , 63 , 64 ]. Furthermore, they compared the

mmunogenicity of S glycoprotein–containing EVs with the adeno viral
ector vaccine (Ad-SGTM) [ 64–66 ]. Both of these vaccines could suc-
essfully induce neutralizing antibodies [66] . Further study shows that
ice primed with S-glycoprotein containing EV vaccines and boosted
ith adeno viral vector vaccine (SGTM + Ad-SGTM) produced relatively

fficient antibody response when compared to the convalescent serum of
he SARS patient [ 66 , 67 ]. This study suggests the potential of utilizing
Vs in the development of the COVID19 vaccine. Viral entry and im-
une response of coronavirus in lung epithelial cells is shown in Fig. 4 .
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Fig. 4. Viral entry and immune response of cornavirus in lung epithelial cells. 
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xtracellular vesicles and tissue repair 

In the human body, tissue repair activities are carried out by various
ypes of stromal and progenitor cells [ 68 , 69 ]. EVs released by these stro-
al cells regulate many key biological functions, such as immunomodu-

atory activities, tissue regeneration processes, and their involvement in
preading viral infections [ 70 , 71 ]. EVs are therapeutic agents that are
ble to stimulate the regulation of tissue repair and remodeling activi-
ies [72] . The EV activates the recipient cells by inducing a cascade of
ignaling pathways that initiates cellular repair process [ 73 –75 ]. Tissue
epair occurs through the various steps of apoptosis inhibition, inflam-
ation, angiogenesis, and fibrosis [75] . Previous studies have shown

hat dissolution of this EV-lipid bilayer by proteinase K and trypsin led to
eactivation of downstream events, therefore reducing the regenerative-
roperties of EVs [ 75 , 76 ]. 

Apoptotic inhibition is the initial step in tissue repair [ 76 , 77 ]. Stud-
es have shown that, as exemplified by myocardial injury caused by
yocardial ischemia, exogenously administered mesenchymal stem cell

nd cardiac progenitor cell–derived EVs produce cardioprotective fac-
ors which could reduce scar formation and improve cardiac function
 77–79 ]. Similarly, apoptotic inhibition by over-expression of stromal-
erived factor 1 and macrophage migration inhibitory factor are crucial
or tissue repair [80] . It is evident that heat shock proteins secreted by
Vs have antiapoptotic and antioxidative functions and promotes tissue
egeneration [ 80–82 ]. 

EVs illicit several responses such as the suppression of CD4 + and
D8 + cells, induction of regulatory T cell proliferation by impairing
endritic cell maturation to carry out these immunomodulatory activi-
ies, and tissue regeneration [ 83 , 84 ]. Expression of CD73 on the surface
f mesenchymal stromal cell–derived EVs is one method used by cancer
ells and T regulatory cells to suppress immune responses [ 83 –85 ]. TLR-
yD88-NF-kB is one of the signaling pathways for anti-inflammatory

ytokine production and immunosuppression [ 84 , 86 –88 ]. EV proteins
re known to be one of the potent activators of this TLR-MyD88-NF-kB
athway [ 87 –89 ]. 
a  

4 
Vascular endothelial growth factor (VEGF), encapsulated in EVs,
lay a critical role in inducing the intracellular signaling pathways
hat lead to angiogenesis [ 90 , 91 ]. EVs expressing DMBT1 and stromal-
erived factor 1 as their surface proteins are potent inducers of VEGF,
hereby promoting tissue repair [ 90 , 91 ]. Other examples, like T cell-
Vs, express Sonic Hedgehog proteins, which induce vascular protection
hrough canonical hedgehog signaling [ 92 , 93 ]. EVs carry several pro-
eins, such as hepatic growth factor and sphingosine kinase 2, that are
elpful in promoting cellular proliferation and migration, where these
Vs could be released by adjacent healthy cells [ 93 , 94 ]. Similarly, mor-
hogens like Wnt ligands participate in inducing intracellular signal-
ng pathways that lead to proliferation of skin cells and wound repair
 94 , 95 ]. 

xtracellular vesicles and immune response 

Increasing evidence shows that EVs play a very important role in
odulating host innate immune responses [ 75 , 96 ]. Innate immune sys-

em is the acute and non-specific defense mechanism which serve as the
rst line of defense against pathogens in the human body [ 75 , 96 , 97 ].
hey are composed of neutrophils, monocytes, macrophages, dendritic
ells, natural killer cells and antigen presenting cells [ 96 , 98 ]. EVs such
s exosomes derived from host cells (both immune and non-immune
ells), tumor cells or from bacteria or viruses mediate immune responses
y way of transferring antigens and activation of CD4 + , CD8 + T cells
irectly or indirectly through antigen presenting cells [ 8 , 99 , 100 ]. EVs
roduce direct activation of CD4 + , CD8 + T cells without mediation of
eptide-MHC complex through a mechanism known as cross-dressing
 100 , 101 ]. 

Exosomes with their immunomodulatory capacity, play a dual role
101] . They can activate as well as suppress the immune system depend-
ng on the circumstances [102] . For example, the exosomes released
rom intestinal epithelial cells have global immunosuppression capacity
103] . A recent study shows the immunomodulatory effects of EVs that
re derived from retinal pigment epithelium (RPE) [ 104 –106 ]. Age re-
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ated macular degeneration (AMD) is an irreversible disease of the eye
 104 –106 ]. In AMD, there will be irreversible degeneration of the reti-
al pigment epithelium (RPE) [ 105 –107 ]. RPE is a crucial part of the
ye, which maintains the integrity of the blood-retinal barrier [107] .
ne of the important functions of the RPE is protecting the eye from

nflammatory processes, but in AMD, the RPE undergoes irreversible
amage in an hyper-inflammed environment [ 106 , 108 ].In one of the
ivo studies, scientists created one artificial inflammatory environment
nd studied exosomes that are released from cytokine induced RPE cells
 106 , 108 ]. They compared the immunoregulatory effects of exosomes
eleased from stimulated and unstimulated RPE, both of these showed a
ecrease in T cell proliferation [108] . Exosomes from unstimulated RPE
ade a shift in the monocyte population from CD14, CD16 to CD14 ++ ,
D16 + which suggest an increase in the immunoregulatory functions in
he monocytes [ 104 , 109 ]. At the same time, exosomes from stimulated
PE could induce monocyte death [ 109 , 110 ].These observations on RPE
erived exosomes were further strengthened by more studies showing
imilar results on T cells [110] . 

Many therapeutic strategies exploiting the immunomodulatory prop-
rties of EVs are currently in development [ 37 , 111 ]. Exosomes from
mmune cells are strongly immunogenic [ 37 , 111 ] and have a low side
ffect profile [ 37 , 112 ]. Collectively, these properties make EVs effective
rug carriers [112] . Clinical trials are in progress to test the efficacy of
Vs carrying anti-tumor drugs in treating some cancers [108] . These
Vs are developed as ‘anti-tumor vaccines’ to target patients with early
tages of cancer [108] . 

Interferon and Natural Killer (NK) cells are parts of the innate im-
une system [113] . They play a central role in killing virus infected

nd malignant cells [ 113 , 114 ]. Exosomes derived from NK cells are be-
ng tested for their utilization in aggressive melanoma [114] . Dendritic
ell-derived exosomes are shown to induce NK cell function [ 114 , 115 ]
n non-small cell lung carcinoma [115] . In summary, engineered and
odified exosomes hold great promise in the development of anti-tumor

accines and therapeutics [116] . 

xtracellular vesicles and inflammation 

EVs play a crucial role in regulating inflammation [117] . They are
seful therapeutic vehicles in the treatment and prevention of inflamma-
ory diseases as well as other immunoregulatory conditions [ 117 , 118 ].
Vs activate damage-associated molecular patterns, cytokines, autoanti-
ens and tissue-degrading enzymes to attract the immune cells towards
ite of damage or infection [ 74 , 118 ]. For example, EVs are released from
schemic or diseased tissues are implicated in the initiation of inflamma-
ion and in the modulation of immune response [118] . EVs released by
amaged tissues and have a prominent role in the regulation of inflam-
ation [119] . Inflammatory conditions, such as infections and autoim-
une diseases, communicate with other immune cells through EVs for

issue repair and regeneration [ 119 , 120 ]. The biological cargo carried
y EVs such as miRNAs, proteins, growth factors, and cytokines play key
ole in cellular communication during inflammatory and immune re-
ponses to lung injury [120] . To combat inflammation, EVs release their
argo to the site of damage and attract other immune cells to accelerate
he process of tissue regeneration [ 120 , 121 ]. The field of EVs research is
till in an early stage, but has already proven to have profound therapeu-
ic potential in treating dysregulated inflammation, which is a common
athological condition in many diseases [ 120 , 122 ]. The treatment of
nflammation is currently gaining much attention as it is a crucial step
n various diseases [120] . For inflammation targeting and modulation,
anger-associated molecular patterns, activate the inflammasomes in
mmune cells, amplifying inflammation [120] . Inflammasome-induced
ctivation of EVs then calm down cytokine and stimulate the tissue re-
air process [123] . The therapeutic utility of EVs for the regulation of
mmune responses and inflammation show enormous importance in the
eld of drug development. 
5 
uture directions 

Artificial intelligence–based or technologically based design and en-
ineering of EVs could be tapped on to prevent viral infection or to en-
ance antiviral activity towards SARS-CoV-2 infection [ 122 , 124 ]. The
ffective use of big data sciences, new technologies, and artificial intelli-
ence would accelerate the process of obtaining viral preparations with
nhanced biological activity [125] . To do this, certain open questions
hould be answered, such as how to efficiently obtain EVs with specific
viral) surface proteins that is able to target lung cells and how to scale
p the production of EV-based vaccines so that we have sufficient quan-
ities for clinical trials and future use. 

Leveraging on the power of advanced technologies and the rapid
rogress of artificial intelligence can accelerate the clinical trials of
OVID-19 vaccines [ 124 , 126 ] with the goal of boosting immunogenic-

ty and protective immunity in patients [ 126 , 127 ]. Vaccination is an
ffective way to prevent coronavirus infection, halt its transmission,
nd develop herd immunity [58] . Artificial intelligence has improved
iagnosis and treatment outcomes in cancer patients and can be used
or clinical diagnosis of the COVID-19 [ 58 , 122 ]. EV-based technology
s one such emerging approach to combating viral infections [125] . Re-
ently, the production of EV-conjugated SARS-CoV-2 has shown impres-
ive progress, accelerating the race to develop new therapeutic options
128] . EVs are currently tested in various clinical trials, while other an-
iviral vaccines and drugs are also planned to be developed for testing
n clinical trials [129] . 

uthor’s contributions 

AU, MU: Conceptualization, data mining, coordinated the project
nd wrote the paper, AU, MU, Abdullah, GR, LK: Data analysis and writ-
ng of review manuscript. AU, MU, SJ: Conceptualization, manuscript
eview, editing suggestions, and final approval. All authors read and
pproved the final manuscript. 

eclaration of Competing Interest 

The authors declare that they have no competing interests. 

cknowledgments 

Schematic representations were generated in Adobe Illustrator with
he support of ChemDraw (PerkinElmer Informatics) and Biorender
©BioRender - biorender.com). We thank Adobe Illustrator, ChemDraw,
nd Biorender. We are very grateful to the Nicole Pek Min Qian for their
omments, suggestions and kind support. 

eferences 

[1] M. Ullah , et al. , Microbubbles versus extracellular vesicles as therapeutic cargo for
targeting drug delivery, ACS Nano 15 (3) (2021) 3612–3620 . 

[2] A. Can , H. Coskun , The rationale of using mesenchymal stem cells in patients with
COVID-19-related acute respiratory distress syndrome: what to expect, Stem Cells
Transl. Med. 9 (11) (2020) 1287–1302 . 

[3] C.J. Rogers , et al. , Rationale for the clinical use of adipose-derived mesenchymal
stem cells for COVID-19 patients, J. Transl. Med. 18 (2020) 1–19 . 

[4] C. Gardin , et al. , Could mesenchymal stem cell-derived exosomes be a therapeutic
option for critically Ill COVID-19 patients? J. Clin. Med. 9 (9) (2020) 2762 . 

[5] E. Nolte , et al. , Extracellular vesicles and viruses: are they close relatives? Proc.
Natl. Acad. Sci. 113 (33) (2016) 9155–9161 . 

[6] S. Mardpour , et al. , Interaction between mesenchymal stromal cell-derived extra-
cellular vesicles and immune cells by distinct protein content, J. Cell. Physiol. 234
(6) (2019) 8249–8258 . 

[7] A. Kumar , et al. , Extracellular vesicles in viral replication and pathogenesis and
their potential role in therapeutic intervention, Viruses 12 (8) (2020) 887 . 

[8] L. Urbanelli , et al. , The role of extracellular vesicles in viral infection and trans-
mission, Vaccines 7 (3) (2019) 102 (Basel) . 

[9] M. Rodrigues , et al. , Role of extracellular vesicles in viral and bacterial infections:
pathogenesis, diagnostics, and therapeutics, Theranostics 8 (10) (2018) 2709 . 

[10] C. Gutiérrez-Vázquez , et al. , Transfer of extracellular vesicles during immune cel-
l-cell interactions, Immunol. Rev. 251 (1) (2013) 125–142 . 

http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0001
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0001
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0001
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0002
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0002
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0002
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0003
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0003
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0003
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0004
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0004
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0004
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0005
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0005
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0005
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0006
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0007
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0007
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0007
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0008
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0009
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0010
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0010


N. Pillalamarri, Abdullah, G. Ren et al. Translational Oncology 14 (2021) 101095 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[11] B.L. Yen , et al. , Current status of mesenchymal stem cell therapy for im-
mune/inflammatory lung disorders: gleaning insights for possible use in COVID-19,
Stem Cells Transl. Med. 9 (10) (2020) 1163–1173 . 

[12] V. Rao , et al. , Mesenchymal stem cells-bridge catalyst between innate and adaptive
immunity in COVID 19, Med. Hypotheses 143 (2020) 109845 . 

[13] M. Kavianpour , M. Saleh , J. Verdi , The role of mesenchymal stromal cells in im-
mune modulation of COVID-19: focus on cytokine storm, Stem Cell Res. Ther. 11
(1) (2020) 1–19 . 

[14] A.K. Shetty , Mesenchymal stem cell infusion shows promise for combating coron-
avirus (COVID-19)-induced pneumonia, Aging Dis 11 (2) (2020) 462 . 

[15] L. Mousavizadeh, S. Ghasemi, Genotype and phenotype of COVID-19: Their roles
in pathogenesis, J Microbiol Immunol Infect (2020) PMID: 32265180, PMCID:
PMC7138183, doi: 10.1016/j.jmii.2020.03.022 . 

[16] S.C. Wu , Progress and Concept for COVID-19 Vaccine Development, Biotechnol J
15 (6) (2020) e2000147 . 

[17] M. Machitani , et al. , RNA-dependent RNA polymerase, RdRP, a promising thera-
peutic target for cancer and potentially COVID-19, Cancer Sci. 111 (11) (2020)
3976–3984 . 

[18] A.G. Laing , et al. , A dynamic COVID-19 immune signature includes associations
with poor prognosis, Nat. Med. 26 (10) (2020) 1623–1635 . 

[19] A. Tufan , A.A. Güler , M. Matucci-Cerinic , COVID-19, immune system response,
hyperinflammation and repurposing antirheumatic drugs, Turk. J. Med. Sci. 50
(SI–1) (2020) 620–632 . 

[20] X. Ren , et al. , COVID-19 immune features revealed by a large-scale single-cell tran-
scriptome atlas, Cell 184 (7) (2021) 1895–1913 e19 . 

[21] Y. Shi , et al. , COVID-19 infection: the perspectives on immune responses, Cell Death
Differ 27 (5) (2020) 1451–1454 . 

[22] A. Bonifacius , et al. , COVID-19 immune signatures reveal stable antiviral T cell
function despite declining humoral responses, Immunity 54 (2) (2021) 340–354
e6 . 

[23] X. Li , et al. , Molecular immune pathogenesis and diagnosis of COVID-19, J. Pharm.
Anal. 10 (2) (2020) 102–108 . 

[24] M.Z. Tay , et al. , The trinity of COVID-19: immunity, inflammation and intervention,
Nat. Rev. Immunol. 20 (6) (2020) 363–374 . 

[25] M. Ullah , The pandemic of novel coronavirus disease 2019 (COVID-19): need for
an immediate action, Open Access J. Biomed. Sci. 2 (1) (2020) 301–302 . 

[26] M. Ullah , Novel coronavirus (COVID-19) treatment options, Biomed. J. Sci. Tech.
Res. 27 (3) (2020) 20872–20874 . 

[27] R. He , et al. , The clinical course and its correlated immune status in COVID-19
pneumonia, J. Clin. Virol. 127 (2020) 104361 . 

[28] H. Bolouri , et al. , The COVID-19 immune landscape is dynamically and reversibly
correlated with disease severity, J. Clin. Invest. 131 (3) (2021) e143648 . 

[29] M.A. Chowdhury , et al. , Immune response in COVID-19: A review, J Infect Public
Health 13 (11) (2020) 1619–1629 . 

[30] K.E. Remy , et al. , Severe immunosuppression and not a cytokine storm character-
izes COVID-19 infections, JCI Insight 5 (17) (2020) . 

[31] D. Ragab , et al. , The COVID-19 cytokine storm; what we know so far, Front. Im-
munol. 11 (2020) 1446 . 

[32] L. O’Driscoll , Extracellular vesicles from mesenchymal stem cells as a Covid-19
treatment, Drug Discov Today 25 (7) (2020) 1124–1125 . 

[33] M. Soy , et al. , Cytokine storm in COVID-19: pathogenesis and overview of anti-in-
flammatory agents used in treatment, Clin. Rheumatol. 39 (2020) 2085–2094 . 

[34] V.D. Alvarez-Jiménez , et al. , Extracellular vesicles released from Mycobacterium
tuberculosis-infected neutrophils promote macrophage autophagy and decrease in-
tracellular mycobacterial survival, Front. Immunol. 9 (2018) 272 . 

[35] Y.F. Tu , et al. , A review of SARS-CoV-2 and the ongoing clinical trials, Int. J. Mol.
Sci. 21 (7) (2020) 2657 . 

[36] N. Eiro , et al. , The coronavirus pandemic (SARS-CoV-2): new problems demand
new solutions, the alternative of mesenchymal (stem) stromal cells, Front. Cell
Dev. Biol. 8 (2020) 645 . 

[37] Q. Ma , et al. , Calming cytokine storm in pneumonia by targeted delivery of TPCA-1
using platelet-derived extracellular vesicles, Matter 3 (1) (2020) 287–301 . 

[38] O. Bulut , İ . Gürsel , Mesenchymal stem cell derived extracellular vesicles: promising
immunomodulators against autoimmune, autoinflammatory disorders and SARS–
CoV-2 infection, Turkish Journal of Biology 44 (SI–1) (2020) 273–282 . 

[39] D.H. Kassem , M.M. Kamal , Mesenchymal Stem Cells and Their Extracellular Vesi-
cles: A Potential Game Changer for the COVID-19 Crisis, Front Cell Dev Biol 8
(2020) 587866 . 

[40] M. Ullah , et al. , HSP70-mediated NLRP3 inflammasome suppression underlies re-
versal of acute kidney injury following extracellular vesicle and focused ultrasound
combination therapy, Int. J. Mol. Sci. 21 (11) (2020) 4085 . 

[41] M.A. Gholampour, et al., Mesenchymal stem cell-derived extracellular vesi-
cles conditionally ameliorate bone marrow failure symptoms in an immune-
mediated aplastic anemia mouse model, J Cell Physiol (2021) PMID: 33492726,
doi: 10.1002/jcp.30291 . 

[42] Y. Xia , et al. , Calming the cytokine storm in pneumonia by biomimetic nanoparti-
cles, Matter 3 (1) (2020) 18–20 . 

[43] K.-.S. Park , et al. , Mesenchymal stromal cell-derived nanovesicles ameliorate bac-
terial outer membrane vesicle-induced sepsis via IL-10, Stem Cell Res. Ther. 10 (1)
(2019) 1–14 . 

[44] S. Kumar , et al. , Repurposing antiviral protease inhibitors using extracellular vesi-
cles for potential therapy of COVID-19, Viruses 12 (5) (2020) 486 . 

[45] Y. Jiang , et al. , Role of Extracellular Vesicles in Influenza Virus Infection, Front
Cell Infect Microbiol 10 (2020) 366 . 

[46] B. Hu , et al. , Characteristics of SARS-CoV-2 and COVID-19, Nat Rev Microbiol 19
(3) (2021) 141–154 . 
6 
[47] J. Fantini , et al. , Structural and molecular modelling studies reveal a new mecha-
nism of action of chloroquine and hydroxychloroquine against SARS-CoV-2 infec-
tion, Int. J. Antimicrob. Agents 55 (5) (2020) 105960 . 

[48] Y. Huang , et al. , Structural and functional properties of SARS-CoV-2 spike protein:
potential antivirus drug development for COVID-19, Acta Pharmacol. Sin. 41 (9)
(2020) 1141–1149 . 

[49] L. Premkumar, et al., The receptor binding domain of the viral spike protein
is an immunodominant and highly specific target of antibodies in SARS-CoV-
2 patients, Sci Immunol 5 (48) (2020) PMID: 32527802, PMCID: PMC7292505,
doi: 10.1126/sciimmunol.abc8413 . 

[50] H. Li , et al. , Coronavirus disease 2019 (COVID-19): current status and future per-
spectives, Int. J. Antimicrob. Agents 55 (5) (2020) 105951 . 

[51] M. Pal , et al. , Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2): An
Update, Cureus 12 (3) (2020) e7423 . 

[52] S. Satarker , M. Nampoothiri , Structural Proteins in Severe Acute Respiratory Syn-
drome Coronavirus-2, Arch Med Res 51 (6) (2020) 482–491 . 

[53] V. Monteil , et al. , Inhibition of SARS-CoV-2 infections in engineered human tissues
using clinical-grade soluble human ACE2, Cell 181 (4) (2020) 905–913 e7 . 

[54] A.C. Walls , et al. , Structure, Function, and Antigenicity of the SARS-CoV-2 Spike
Glycoprotein, Cell 181 (2) (2020) 281-292 e6 . 

[55] A. Wu , et al. , Genome composition and divergence of the novel coronavirus
(2019-nCoV) originating in China, Cell Host Microbe 27 (3) (2020) 325–328 . 

[56] M. Hoffmann , et al. , SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor, Cell 181 (2) (2020) 271–280 e8 .

[57] P. Verdecchia , et al. , The pivotal link between ACE2 deficiency and SARS-CoV-2
infection, Eur J Intern Med 76 (2020) 14–20 . 

[58] E.S. Winkler , et al. , SARS-CoV-2 infection of human ACE2-transgenic mice causes
severe lung inflammation and impaired function, Nat. Immunol. 21 (11) (2020)
1327–1335 . 

[59] Y. Cao , et al. , Comparative genetic analysis of the novel coronavirus (2019-n-
CoV/SARS-CoV-2) receptor ACE2 in different populations, Cell Discov. 6 (1) (2020)
1–4 . 

[60] A.R. Bourgonje , et al. , Angiotensin-converting enzyme 2 (ACE2), SARS-CoV-2 and
the pathophysiology of coronavirus disease 2019 (COVID-19), J. Pathol. 251 (3)
(2020) 228–248 . 

[61] J.M. Inal , Decoy ACE2-expressing extracellular vesicles that competitively bind
SARS-CoV-2 as a possible COVID-19 therapy, Clin. Sci. 134 (12) (2020) 1301–1304 .

[62] A. Yaqinuddin , J. Kashir , Novel therapeutic targets for SARS-CoV-2-induced acute
lung injury: targeting a potential IL-1 𝛽/neutrophil extracellular traps feedback
loop, Med. Hypotheses 143 (2020) 109906 . 

[63] T.E. Tallei, et al., Potential of Plant Bioactive Compounds as SARS-CoV-2 Main
Protease (M(pro)) and Spike (S) Glycoprotein Inhibitors: A Molecular Docking
Study, Scientifica (Cairo) (2020) 6307457 PMID: 33425427, PMCID: PMC7773461,
doi: 10.1155/2020/6307457 . 

[64] A.G. Wrobel , et al. , SARS-CoV-2 and bat RaTG13 spike glycoprotein structures in-
form on virus evolution and furin-cleavage effects, Nat. Struct. Mol. Biol. 27 (8)
(2020) 763–767 . 

[65] F. Giannessi , et al. , The role of extracellular vesicles as allies of HIV, HCV and SARS
viruses, Viruses 12 (5) (2020) 571 . 

[66] B. Sabanovic , et al. , Promising extracellular vesicle-based vaccines against viruses,
including SARS-CoV-2, Biology 10 (2) (2021) 94 (Basel) . 

[67] S. Portelli , et al. , Exploring the structural distribution of genetic variation in SARS–
CoV-2 with the COVID-3D online resource, Nat. Genet. 52 (10) (2020) 999–1001 . 

[68] A. Arthur , A. Zannettino , S. Gronthos , The therapeutic applications of multipoten-
tial mesenchymal/stromal stem cells in skeletal tissue repair, J. Cell. Physiol. 218
(2) (2009) 237–245 . 

[69] M. Ullah , et al. , Emerging role of stem cell-derived extracellular microRNAs in
age-associated human diseases and in different therapies of longevity, Ageing Res.
Rev. 57 (2020) 100979 . 

[70] R. Feng , et al. , Stem cell-derived extracellular vesicles mitigate ageing-associated
arterial stiffness and hypertension, J. Extracell. Vesicles 9 (1) (2020) 1783869 . 

[71] K. Chen , et al. , Klotho deficiency causes heart aging via impairing the Nrf2-GR
pathway, Circ. Res. 128 (4) (2021) 492–507 . 

[72] M. Ullah , et al. , A novel approach to deliver therapeutic extracellular vesicles di-
rectly into the mouse kidney via its arterial blood supply, Cells 9 (4) (2020) 937 . 

[73] M. Ullah , et al. , Stem cell-derived extracellular vesicles: role in oncogenic processes,
bioengineering potential, and technical challenges, Stem Cell Res. Ther. 10 (1)
(2019) 1–10 . 

[74] M. Ullah , A. Akbar , A.S. Thakor , An emerging role of CD9 in stemness and chemore-
sistance, Oncotarget 10 (40) (2019) 4000 . 

[75] P.D. Robbins , A.E. Morelli , Regulation of immune responses by extracellular vesi-
cles, Nat. Rev. Immunol. 14 (3) (2014) 195–208 . 

[76] E. Van der Pol , et al. , Classification, functions, and clinical relevance of extracellu-
lar vesicles, Pharmacol. Rev. 64 (3) (2012) 676–705 . 

[77] M. Riazifar , et al. , Stem cell extracellular vesicles: extended messages of regenera-
tion, Annu. Rev. Pharmacol. Toxicol. 57 (2017) 125–154 . 

[78] I. Bjørge , et al. , Extracellular vesicles, exosomes and shedding vesicles in regenera-
tive medicine–a new paradigm for tissue repair, Biomater. Sci. 6 (1) (2018) 60–78 .

[79] B. Zhang , et al. , Mesenchymal stem cell-derived extracellular vesicles in tissue re-
generation, Cell Transplant. 29 (2020) 0963689720908500 . 

[80] R.L. Gieseck , M.S. Wilson , T.A. Wynn , Type 2 immunity in tissue repair and fibrosis,
Nat. Rev. Immunol. 18 (1) (2018) 62 . 

[81] D.D. Liu , et al. , The role of ultrasound in enhancing mesenchymal stromal cel-
l-based therapies, Stem Cells Transl Med 9 (8) (2020) 850–866 . 

[82] M. Ullah , et al. , Reversing acute kidney injury using pulsed focused ultrasound and

http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0011
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0012
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0013
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0014
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0014
https://doi.org/10.1016/j.jmii.2020.03.022
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0016
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0017
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0018
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0019
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0020
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0021
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0022
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0023
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0024
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0024
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0024
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0025
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0026
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0027
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0028
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0029
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0029
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0029
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0030
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0030
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0030
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0031
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0032
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0033
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0033
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0033
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0034
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0035
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0035
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0035
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0036
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0036
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0036
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0037
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0037
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0037
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0038
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0039
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0040
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0040
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0040
https://doi.org/10.1002/jcp.30291
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0042
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0042
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0042
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0043
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0044
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0045
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0046
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0046
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0046
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0047
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0048
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0048
https://doi.org/10.1126/sciimmunol.abc8413
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0050
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0051
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0052
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0052
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0052
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0053
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0053
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0053
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0054
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0054
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0054
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0055
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0055
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0055
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0056
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0056
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0056
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0057
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0057
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0057
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0058
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0058
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0058
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0059
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0059
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0059
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0060
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0060
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0060
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0061
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0061
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0062
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0062
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0062
https://doi.org/10.1155/2020/6307457
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0064
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0064
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0064
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0065
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0065
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0065
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0066
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0066
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0066
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0067
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0067
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0067
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0068
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0068
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0068
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0068
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0069
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0069
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0069
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0070
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0070
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0070
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0071
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0071
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0071
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0072
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0072
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0072
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0073
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0073
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0073
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0074
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0074
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0074
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0074
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0075
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0075
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0075
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0076
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0076
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0076
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0077
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0077
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0077
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0078
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0078
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0078
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0079
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0079
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0079
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0080
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0080
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0080
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0080
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0081
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0081
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0081
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0082
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0082
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0082


N. Pillalamarri, Abdullah, G. Ren et al. Translational Oncology 14 (2021) 101095 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

[  

 

[  

[  

 

[  

 

[  

[  

[  

[  

 

[  

[  

[  

[  

[  

[  

[  

[  

[  

[  

 

[  

[  

 

[  

 

[  

 

[  

[  

 

[  

 

 

[  

 

 

[  

 

[  
MSC therapy: a role for HSP-mediated PI3K/AKT signaling, Mol. Ther. Methods
Clin. Dev. 17 (2020) 683–694 . 

[83] V. Álvarez , et al. , The immunomodulatory activity of extracellular vesicles derived
from endometrial mesenchymal stem cells on CD4 + T cells is partially mediated by
TGFbeta, J. Tissue Eng. Regen. Med. 12 (10) (2018) 2088–2098 . 

[84] L.A. Smyth , et al. , CD73 expression on extracellular vesicles derived from CD4 +
CD25 + Foxp3 + T cells contributes to their regulatory function, Eur. J. Immunol.
43 (9) (2013) 2430–2440 . 

[85] M. Ullah , et al. , HSP70-mediated NLRP3 inflammasome suppression underlies re-
versal of acute kidney injury following extracellular vesicle and focused ultrasound
combination therapy, Int. J. Mol. Sci. 21 (11) (2020) 4085 . 

[86] M. Czystowska-Kuzmicz , et al. , Small extracellular vesicles containing arginase-1
suppress T-cell responses and promote tumor growth in ovarian carcinoma, Nat.
Commun. 10 (1) (2019) 1–16 . 

[87] W.J. Shon , et al. , Severity of DSS-induced colitis is reduced in Ido1-deficient mice
with down-regulation of TLR-MyD88-NF-kB transcriptional networks, Sci. Rep. 5
(1) (2015) 1–12 . 

[88] R. Jia , et al. , Antioxidative, anti-inflammatory and hepatoprotective effects of
resveratrol on oxidative stress-induced liver damage in tilapia (Oreochromis niloti-
cus), Comp. Biochem. Physiol. C Toxicol. Pharmacol. 215 (2019) 56–66 . 

[89] L.K. Gadanec , et al. , Can SARS-CoV-2 virus use multiple receptors to enter host
cells? Int. J. Mol. Sci. 22 (3) (2021) 992 . 

[90] D. Todorova , et al. , Extracellular vesicles in angiogenesis, Circ. Res. 120 (10) (2017)
1658–1673 . 

[91] S.Y. Ko , H. Naora , Extracellular vesicle membrane-associated proteins: emerging
roles in tumor angiogenesis and anti-angiogenesis therapy resistance, Int. J. Mol.
Sci. 21 (15) (2020) 5418 . 

[92] M.T. Roefs , J.P.G. Sluijter , P. Vader , Extracellular Vesicle-Associated Proteins in
Tissue Repair, Trends Cell Biol 30 (12) (2020) 990–1013 . 

[93] A.A. Salybekov , et al. , Sonic hedgehog signaling pathway in endothelial progenitor
cell biology for vascular medicine, Int. J. Mol. Sci. 19 (10) (2018) 3040 . 

[94] A. Fleury , M.C. Martinez , S.Le Lay , Extracellular vesicles as therapeutic tools in
cardiovascular diseases, Front. Immunol. 5 (2014) 370 . 

[95] A. Martin-Medina , et al. , Increased extracellular vesicles mediate Wnt5a signaling
in idiopathic pulmonary fibrosis, Am. J. Respir. Crit. Care Med. 198 (12) (2018)
1527–1538 . 

[96] S. Montaner , et al. , The role of extracellular vesicles in modulating the host immune
response during parasitic infections, Front. Immunol. 5 (2014) 433 . 

[97] M. Ullah, A. Akbar, Clinical Relevance of RNA Editing to Early Detection of Can-
cer in Human, Int J Stem Cell Res Ther 7 (1) (2020) PMID: 33215051, PMCID:
PMC7671586, doi: 10.23937/2469-570x/1410066 . 

[98] T. Kato , et al. , Extracellular vesicles mediate B cell immune response and are a
potential target for cancer therapy, Cells 9 (6) (2020) 1518 . 

[99] J. Burrello , et al. , Stem cell-derived extracellular vesicles and immune-modulation,
Front. Cell Dev. Biol. 4 (2016) 83 . 

100] N. Seo , et al. , Activated CD8 + T cell extracellular vesicles prevent tumour pro-
gression by targeting of lesional mesenchymal cells, Nat. Commun. 9 (1) (2018)
1–11 . 

101] R. Oba , et al. , Circulating CD3( + )HLA-DR( + ) Extracellular Vesicles as a Marker for
Th1/Tc1-Type Immune Responses, J Immunol Res 2019 (2019) 6720819 . 

102] J. Lu , et al. , CD4 + T cell-released extracellular vesicles potentiate the efficacy of
the HBsAg vaccine by enhancing B cell responses, Adv. Sci. 6 (23) (2019) 1802219 .

103] H.S. Chahar , et al. , Respiratory syncytial virus infection changes cargo composition
of exosome released from airway epithelial cells, Sci. Rep. 8 (1) (2018) 1–18 . 

104] J.E. Knickelbein , et al. , Modulation of immune responses by extracellular vesi-
cles from retinal pigment epithelium, Invest. Ophthalmol. Vis. Sci. 57 (10) (2016)
4101–4107 . 

105] N. Shah , et al. , Extracellular vesicle-mediated long-range communication in
stressed retinal pigment epithelial cell monolayers, BBA Mol. Bas. Dis. 1864 (8)
(2018) 2610–2622 . 
7 
106] C.R. Fisher , D.A. Ferrington , Perspective on AMD Pathobiology: A Bioenergetic
Crisis in the RPE, Invest Ophthalmol Vis Sci 59 (4) (2018) 41–47 . 

107] N. Panagiotou , et al. , Extracellular vesicles, ageing, and therapeutic interventions,
Cells 7 (8) (2018) 110 . 

108] D. Lucchetti , et al. , Extracellular vesicles and cancer: a focus on metabolism, cy-
tokines, and immunity, Cancers (Basel) 12 (1) (2020) 171 . 

109] J. Zheng , et al. , An unbalanced PD-L1/CD86 ratio in CD14 ++ CD16 + monocytes
is correlated with HCV viremia during chronic HCV infection, Cell. Mol. Immunol.
11 (3) (2014) 294–304 . 

110] B.J. Barnes , C.C. Somerville , Modulating Cytokine Production via Select Packaging
and Secretion From Extracellular Vesicles, Front Immunol 11 (2020) 1040 . 

111] G.T. Szabó, et al. , Critical role of extracellular vesicles in modulating the cellular
effects of cytokines, Cell. Mol. Life Sci. 71 (20) (2014) 4055–4067 . 

112] W. Fitzgerald , et al. , A system of cytokines encapsulated in extracellular vesicles,
Sci. Rep. 8 (1) (2018) 1–11 . 

113] X. Zhou , et al. , The function and clinical application of extracellular vesicles in
innate immune regulation, Cell. Mol. Immunol. 17 (4) (2020) 323–334 . 

114] Z. Chen , A.T. Larregina , A.E. Morelli , Impact of extracellular vesicles on innate
immunity, Curr. Opin. Organ Transplant. 24 (6) (2019) 670–678 . 

115] T. Kouwaki , et al. , Extracellular vesicles deliver host and virus RNA and regulate
innate immune response, Int. J. Mol. Sci. 18 (3) (2017) 666 . 

116] J.P. Armstrong , M.N. Holme , M.M. Stevens , Re-engineering extracellular vesicles
as smart nanoscale therapeutics, ACS Nano 11 (1) (2017) 69–83 . 

117] E.I. Buzas , et al. , Emerging role of extracellular vesicles in inflammatory diseases,
Nat. Rev. Rheumatol. 10 (6) (2014) 356–364 . 

118] M.T. Harting , et al. , Inflammation-stimulated mesenchymal stromal cell-derived
extracellular vesicles attenuate inflammation, Stem Cells 36 (1) (2018) 79–90 . 

119] P.D. Robbins , A. Dorronsoro , C.N. Booker , Regulation of chronic inflammatory
and immune processes by extracellular vesicles, J. Clin. Invest. 126 (4) (2016)
1173–1180 . 

120] C.J. Wahlund , et al. , Pulmonary extracellular vesicles as mediators of local and
systemic inflammation, Front. Cell Dev. Biol. 5 (2017) 39 . 

121] M. Ullah , A. Akbar , G. Yannarelli , Clinical applications of RNA editing technology
for the early detection of cancer and future directions, Technol. Cancer Res. Treat.
19 (2020) 1533033820964194 . 

122] M. Ullah , A. Akbar , G. Yannarelli , Applications of artificial intelligence in, early de-
tection of cancer, clinical diagnosis and personalized medicine, Artif. Intell. Cancer
1 (2) (2020) 39–44 . 

123] S. Oggero , S. Austin-Williams , L.V. Norling , The contrasting role of extracellular
vesicles in vascular inflammation and tissue repair, Front. Pharmacol. 10 (2019)
1479 . 

124] L. Khan , et al. , COVID-19 pandemic: Mechanistic approaches and gender vulnera-
bilities, Saudi Pharm J 28 (12) (2020) 1874–1876 . 

125] M. Ullah , A. Akbar , G. Yannarelli , Clinical applications of RNA editing technology
for the early detection of cancer and future directions, Technol. Cancer Res. Treat.
19 (2020) 1533033820964194 . 

126] M. Ullah, Need for Specialized Therapeutic Stem Cells Banks Equipped with
Tumor Regression Enzymes and Anti-Tumor Genes, J Biomed Allied Res
2 (1) (2020) PMID: 33554055, PMCID: PMC7861576, doi: 10.37191/map-
sci-2582-4937-2(1)-013 . 

127] M. Ullah, R. Feng, Z. Sun, Induced Pluripotent Stem Cells (iPS)-Derived
Extracellular Vesicles Improves Immune Dysfunction and Attenuates
Splenomegaly in Aged Mice, The FASEB Journal 32 (2018) 753.6-753.6,
doi: 10.1096/fasebj.2018.32.1_supplement.753.6 . 

128] M. Ullah , et al. , Stem cell-derived extracellular vesicles: role in oncogenic processes,
bioengineering potential, and technical challenges, Stem Cell Res. Ther. 10 (1)
(2019) 347 . 

129] T. Lener , et al. , Applying extracellular vesicles based therapeutics in clinical trial-
s–an ISEV position paper, J. Extracell. Vesicles 4 (1) (2015) 30087 . 

http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0082
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0083
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0083
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0083
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0084
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0084
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0084
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0085
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0085
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0085
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0086
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0086
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0086
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0087
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0087
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0087
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0088
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0088
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0088
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0089
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0089
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0089
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0090
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0090
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0090
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0091
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0091
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0091
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0092
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0092
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0092
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0092
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0093
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0093
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0093
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0094
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0094
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0094
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0094
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0095
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0095
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0095
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0096
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0096
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0096
https://doi.org/10.23937/2469-570x/1410066
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0098
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0098
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0098
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0099
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0099
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0099
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0100
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0100
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0100
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0101
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0101
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0101
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0102
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0102
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0102
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0103
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0103
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0103
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0104
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0104
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0104
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0105
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0105
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0105
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0106
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0106
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0106
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0107
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0107
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0107
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0108
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0108
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0108
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0109
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0109
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0109
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0110
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0110
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0110
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0111
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0111
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0111
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0112
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0112
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0112
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0113
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0113
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0113
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0114
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0114
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0114
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0114
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0115
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0115
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0115
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0116
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0116
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0116
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0116
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0117
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0117
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0117
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0118
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0118
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0118
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0119
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0119
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0119
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0119
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0120
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0120
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0120
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0121
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0121
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0121
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0121
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0122
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0122
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0122
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0122
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0123
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0123
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0123
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0123
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0124
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0124
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0124
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0125
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0125
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0125
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0125
https://doi.org/10.37191/mapsci-2582-4937-2(1)-013
https://doi.org/10.1096/fasebj.2018.32.1_supplement.753.6
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0128
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0128
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0128
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0129
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0129
http://refhub.elsevier.com/S1936-5233(21)00087-5/sbref0129

	Exploring the utility of extracellular vesicles in ameliorating viral infection-associated inflammation, cytokine storm and tissue damage
	Introduction
	Extracellular vesicles and COVID19-associated cytokine storm
	Extracellular vesicles and vaccine development
	Extracellular vesicles and vaccine development for coronavirus
	Extracellular vesicles and tissue repair
	Extracellular vesicles and immune response
	Extracellular vesicles and inflammation
	Future directions
	Author's contributions
	Declaration of Competing Interest
	Acknowledgments
	References


