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A B S T R A C T   

Efforts to discover antiviral drugs and diagnostic platforms have intensified to an unprecedented level since the 
outbreak of COVID-19. Nano-sized endosomal vesicles called exosomes have gained considerable attention from 
researchers due to their role in intracellular communication to regulate the biological activity of target cells 
through cargo proteins, nucleic acids, and lipids. According to recent studies, exosomes play a vital role in viral 
diseases including covid-19, with their interaction with the host immune system opening the door to effective 
antiviral treatments. Utilizing the intrinsic nature of exosomes, it is imperative to elucidate how exosomes exert 
their effect on the immune system or boost viral infectivity. Exosome biogenesis machinery is hijacked by viruses 
to initiate replication, spread infection, and evade the immune response. Exosomes, however, also participate in 
protective mechanisms by triggering the innate immune system. Besides that, exosomes released from the cells 
can carry a robust amount of information about the diseased state, serving as a potential biomarker for detecting 
viral diseases. This review describes how exosomes increase virus infectivity, act as immunomodulators, and 
function as a potential drug delivery carrier and diagnostic biomarker for diseases caused by HIV, Hepatitis, 
Ebola, and Epstein-Barr viruses. Furthermore, the review analyzes various applications of exosomes within the 
context of COVID-19, including its management.   

1. Introduction 

The course of infectious diseases resulting from viral or bacterial 
infection is changing due to human activities such as global travel, 
agriculture, deforestation, and consumption of exotic wildlife [1]. Many 
viral epidemics and pandemics are caused by outbreaks and a lack of 
knowledge about a viral pathogen, transmission patterns, and diagnosis 
[2]. In addition to self-resolving viral diseases, they can also cause 
treatable diseases or chronic diseases that can lead to death. Globally, 
viral infectious diseases contribute to high rates of mortality and 
morbidity. The last two decades have seen significant epidemic and 
pandemic outbreaks (Fig. 1) such as severe acute respiratory syndrome 
(SARS) in 2003, H5N1 in 2004, H1N1 in 2009, the Middle East respi-
ratory syndrome (MERS) in 2012, Ebola in 2014, and the devastating 
Coronavirus disease (COVID-19) in 2019. A case fatality rate or risk 
(CFR) measures disease severity and represents the proportion of people 
dying from a disease. For example, acquired immunodeficiency syn-
drome (AIDS) by Human Immunodeficiency Virus (HIV) exhibits a CFR 
of 100% and is not curable, while Ebola has a CFR of 50% [3]. Hepatitis 

B virus (HBV) infects 250–350 million worldwide and causes 
500,000–600,000 deaths annually [4]. A vaccine for SARS and MERS 
has not yet been developed [5,6]. For Ebola, there is no licensed vaccine 
yet. However, several investigational Ebola vaccines are under clinical 
trials such as rVSV-ZEBOV [7] and cAd3-EBO [8]. The devastating ef-
fects of COVID-19 have led to an expedited search for affordable vac-
cines against it [9–12]. 

1.1. Exosomes 

Exosomes are extracellular vesicles secreted by eukaryotic cells and 
composed of proteins, DNA, mRNA, microRNA, long non-coding RNA, 
and circular RNA which participate in intercellular communication 
[13]. The recent findings have found that exosomes play a vital role in 
cell-cell signaling. Further, the presence of exosomes has been identified 
in several bodily fluids such as plasma, saliva, breast milk, cerebrospinal 
fluid, and amniotic fluid [14–18]. The presence of exosomes in the body 
fluids and the release of exosomes from the immune cells, cancer cells, 
and brain cells have attracted researchers from across the globe to 
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explore the role of exosomes in diverse areas. The exosome's role in 
tumor detection and tumor therapy is notably investigated with hints of 
the modality being translated in the near future [19–21]. Studies sug-
gesting exosomes derived from adipose-derived stem cells in alleviating 
oxidative stress and inflammation [22], and promoting ischemic 
repairment and angiogenesis have been reported [23,24]. It has been 
suggested that the pivotal role of exosomes in the manifestation of the 
disease and applying the same in therapeutics and diagnostics can play a 
potential role in the prognosis and prevention of viral diseases. This 
review summarizes the dual role of exosomes in transmitting various 
viral diseases and their application in the management of the same 
diseases. 

1.2. Exosomes: origin and biogenesis 

Exosomes are lipid bilayer phospholipid membrane vesicles that 
originate from late-stage endosomes. The cell membrane invaginates 
into the cytoplasm to form primary or early endosomes, which further 
mature into late endosomes. Endosomes form multivesicular bodies 
(MVBs) when the limiting membrane folds inwards into intraluminal 
vesicles (ILVs). It is believed that these MVBs either fuse with lysozymes 
and get degraded or that they fuse with plasma membranes and release 
ILVs into the extracellular space as exosomes [25]. In the biogenesis of 
exosomes, the endosomal sorting complex required for transport 
(ESCRT) and the cytosolic protein complex play a crucial role in forming 
ILVs and sorting ubiquitinated proteins. Protein Alix TSG101 (Tumor 
susceptibility gene 101) and flotillin participate in exosome biogenesis 
and release, whereas annexins and Rab GTPase proteins aid in mem-
brane transport and fusion (Fig. 2) [26]. The primary composition of 
exosomes is various tetraspanins such as CD9, CD63, CD81. These tet-
raspanins participate in cell penetration and fusion events and are 
widely identified as an exosomal marker apart from TSG101 protein 
[27]. The HSP70 surface protein receptor is essential for transporting 
exosomes to recipient cells and for identifying exosomes (Fig. 3). 

Exosomes change the phenotype of cells and alter the innate im-
munity of the host cell. When released into extracellular space, exo-
somes are influenced both by their size and surface by recipient cells 
[28]. The surface-expressed proteins determine the recognition and 
uptake by the acceptor cells. In most studies, exosomes are taken up by 
specific cells, whereas few studies report exosomes' uptake by non- 
specific ligand-receptor combinations. There are several uptake mech-
anisms reported for exosomes, including micropinocytosis, clathrin- 
dependent endocytosis, clathrin-independent endocytosis, and cav-
eolin mediated uptake [29]. Based on their origin, exosomes carry 
diverse cargo that plays a vital role in the intercellular communication 

and transport of various biomolecules. Exosome composition reflects the 
origin and function of the exosome, as well as the pathological condition 
of the parent cell and its surroundings. 

Exosomes play a crucial role in innate and acquired immunity 
(Fig. 4). In response to Tumor necrosis factor (TNFs), HLA-B- associated 
transcript 3 (BAT3), and Interleukin 15Ra (IL-15Ra) on the surface of the 
exosomes, mature dendritic cells (mDC) activated macrophages, further 
activate NK cells, enhancing their cytotoxic activity. 

Exosomes mediated antigen presentation to T cells can induce an 
immune and proinflammatory response. The mDC derived exosomes 
express the T cell co-stimulatory molecules and MHC class I and II, 
which can be an essential mechanism for antigen presentation. The 
proposed mechanisms for the antigen presentation by exosomes are 
cross-dressing pattern, cross-presentation, and direct exosome-induced 
T-cell activation [30–32]. In a cross-dressing pattern, DCs captures 
exosomes and directly present them to CD4+ or CD8+ T cells. The 
exosomes shuttle antigenic peptide-MHC complex to DCs populations. 
Cross presentation pattern involves DCs mediated presentation of anti-
genic protein/ peptides containing exosomes to the endogenous MHC 

Fig. 1. Timeline of viral infections witnessed in the last two decades (2000–2020, and present). SARS-CoV: Severe Acute Respiratory Syndrome - Coronavirus; MERS- 
CoV: Middle East Respiratory Syndrome - Coronavirus, SARS-CoV-2: severe acute respiratory syndrome- Coronavirus-2 or Coronavirus responsible for COVID-19; 
H1N1: Swine flu virus and H5N1: Avian Influenza Virus. 

Fig. 2. General structure and composition of exosomes showing the phospho-
lipid bilayer containing the tetraspanins (CD9, CD63, CD81), trans-membrane 
proteins, integrins, flotillin, numerous cholesterol molecules, and the internal 
hydrophilic compartment consisting of the genetic materials (RNA and DNA), 
heat shock proteins (HSP70 and HSP90), various amino acids and cellular 
metabolites. 
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class I and II molecules, followed by activating antigen-specific T-cells. 
In direct antigen presentation, DCs derived exosomes can directly acti-
vate CD4+ or CD8+ T cells, attributed to the expression of the T cell co- 
stimulatory molecules along with MHC class I and II on the exosomes 
[33]. 

Furthermore, exosomes are isolated from different plant sources, 
including juice, seeds, and leaves. Citrus lemon, ginger, grapefruit, 
Arabidopsis thaliana, coconut water, and carrots have all been found to 
contain exosomes [34,35]. Plant-derived exosomes are involved in plant 
cell-to-cell communication and regulate the innate immunity of plants, 
like exosomes' role observed in the human body. Various medicinal 
plants possess antiviral properties [36–39]. Sundaram et.al reported 
anti-bacterial activity of ginger-derived exosomes in chronic periodon-
titis against Porphyromonas gingivalis (P. gingivalis), an oral pathogenic 
bacteria which causes chronic periodontitis [37]. The ginger-derived 
exosomes like nanoparticles (GLEN) were selectively taken up by 
P. gingivalis pathogen and inhibited the growth of the pathogen. The 

GLENs significantly reduced the FimA (important component for 
attachment to host surfaces) expression and further inhibited the 
attachment of P. gingivalis to oral epithelial cells. Also, GLEN impacted 
the immune response by a decrease in the expression of bone resorptive 
cytokines (TNF-α, IL-6, and IL-8) and decreased the recruitment of 
macrophages and leukocytes. 

1.3. Isolation of exosomes 

Many types of isolation methods have been attempted for obtaining 
individual exosomes (Fig. 5), including ultracentrifugation, size-based 
techniques, such as ultrafiltration and size exclusion, immunoaffinity- 
based techniques, microfluidics-based techniques, and polymer precip-
itation methods [40]. In ultracentrifugation, exosomes are separated 
based on their density and size using centrifugal force. Ultracentrifu-
gation is the standard technique used for exosome isolation with high 
throughput; however, it is also associated with several drawbacks, such 
as time-consuming results and machine-dependent outcomes. The un-
stable recovery rate and damage of exosomes upon repeated centrifu-
gation are significant concerns. 

The immunoisolation technique is based on chromatography, in 
which specific antibodies are immobilized on the stationary phase to 
bind with the target protein present on exosomes covalently. The 
immunoisolation technique can be used for high purity isolation for 
quantitative and qualitative studies of exosomes. The non-specific 
adsorption, high cost, low yield, and harsh operating conditions are 
several drawbacks of the immunoisolation technique. The polymer 
precipitation technique employs hydrophilic polymers such as PEG and 
decreases hydrophilicity of exosomes leading to precipitation of the 
exosomes followed by low-speed centrifugal force for isolation. The 
PEG-based kits available for rapid isolation and purification are 
expensive, and co-precipitation of contaminants such as lipoproteins is 
reported. Microfluidics is an emerging isolation technique to separate 
the exosomes based on biochemical composition, physical properties, 
and immunoaffinity [41]. Micro fluidics-based techniques can signifi-
cantly reduce separation time, reagents, and volume however, low yield, 
low reproducibility, and high cost are hurdles for the technique. Above 
all, the ultracentrifuge technique is the gold standard for the isolation of 
exosomes. 

2. Viral diseases and exosomes 

The high expression of target cell-specific integrin and tetraspanin 
adhesion molecules also pave the way for targeting drug delivery [42]. 
Viruses transmit RNA or DNA in exosomes that activate the innate im-
mune system. However, exosomes can also disrupt normal cellular 
physiology and cause disease. Hence the balance between the exosomes 
mediated infectivity and innate immune response decides the course of 
the disease and pathophysiological conditions. Exosome-based drug 
delivery can provide target-specific delivery as well as aid in boosting 
the immunogenic outcome. The potential proteins or viral RNA/ DNA 
present in exosomes and involved in promoting a diseased state can be 
targeted to impede further transmission. It is possible to identify and 
develop antiviral exosomes as a therapeutic for viral diseases [43]. 
Exosome charges carry specific RNAs corresponding to the pathophys-
iological condition of their source cells [44]. The presence of viral RNA, 
DNA, or virions is also detected [39], providing prognostic or diagnostic 
information. The information can be regularly monitored to assess the 
disease conditions in patients. By understanding how exosomes promote 
viral infectivity, clinical applications of exosomes can be developed. 
Many viral diseases have been linked to exosomes, such as AIDS, hep-
atitis, Ebola, COVID-19, and Epstein-Barr virus. 

2.1. Coronavirus and exosomes 

Coronavirus is (+) single-stranded RNA virus of family Coronaviridae 

Fig. 3. Origin and biogenesis of exosomes. (1) Biogenesis of exosomes by 
endocytosis and formation of early sorting endosomes (ESE) by cell membrane 
invagination into cytoplasm (Cell 1) followed by maturation into the late 
sorting endosomes (LSE) and by invagination (cargo modification) leads to the 
generation of multivesicular bodies (MVB). (2) MVB fuses with plasma mem-
branes releasing intraluminal vesicles as exosomes into the extracellular space. 
(3) Alternatively, the cell membrane budding can generate microvesicles, much 
larger than the exosomes. The exosomes in the extracellular matrix can be taken 
up by the neighboring cells by either the (4) Clathrin mediated endocytosis or 
(5) any of the pathways namely the phagocytosis, micropinocytosis, or by the 
formation of lipid rafts. Once inside the Cell 2, (6) the exosomes can assemble 
inside the ESE and adopt any of the three pathways (7) degradation following 
the fusion with the lysosomes, (8) degradation within the cytoplasm and the 
uptake by the endoplasmic reticulum (ER) or (9) form MVB which can further 
(10) release exosomes into the extracellular matrix. However, the released 
exosomes from Cell 2, may contain the components of the Cell 1, in addition to 
its own cellular components. 
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and subfamily orthocoronavirinae responsible for causing infectious dis-
eases such as Severe acute respiratory syndrome (SARS), Middle East 
respiratory syndrome (MERS), and COVID-19 [45]. The global fatality 
rate of SARS and MERS is 9.6% [46] and 37.1% [47], respectively. 
COVID-19 caused by SARS-CoV-2 affected more than 200 countries 
and is responsible for causing ~5,174,646 deaths globally till November 
2021 [48]. SARS-Cov-2 S-protein is highly conserved among all coro-
naviruses, which aids in receptor recognition, viral attachment, and 
entry into host cells [49]. S protein facilitates the binding of the envel-
oped virus with angiotensin converting enzyme 2 (ACE2) expressed on 
the lower respiratory tract cells of the host [50]. People infected with 
SARS-CoV-2 disease can be symptomatic or asymptomatic. Symptoms 
can vary from mild to moderate respiratory infections. However, pa-
tients aged above 65 years as well as those with co-morbid conditions 
are at high risk of severe symptoms requiring mechanical ventilation 
and intensive care. Acute respiratory distress syndrome (ARDS), a joint 
immunopathological event, is the primary cause of coronavirus-related 
disease fatality [51]. 

2.1.1. Role in the transmission of Coronavirus infections 
CD9 molecules are present in the exosomes and play a crucial role in 

the exosome biogenesis and cargo loading into exosomes by protein- 
protein interaction network in MVBs membrane [52]. Exosomes 
released from the virus-infected cells transport CD9 molecules which 
further facilitate the virus entry into the recipient cells. A study per-
formed by Earnest et al., suggested that tetraspanin CD9 aids in MERS- 
Coronavirus entry and infection in the mouse lungs [53]. “TMPRSS 
(transmembrane serine protease 2)”, an exosomal protein is recently 
reported to facilitate the SARS-Cov entry in host cells via ACE2 receptor 
by cleavage of spike protein [54]. 

Klaud et al., reported that ERGIC-53, an ER-Golgi intermediate 
compartment marker and a cargo receptor required for glycoprotein 
transport, is associated with coronavirus entry in the host cell. The 
active secretion of ERGIC-53 from cells in viral particles and exosomes 
was observed, which further aided in viral infectivity either by acting as 
a co-receptor required for virus attachment to the host cell or by 
recruiting cellular proteins essential for virus assembly [55]. The exo-
somes released from SARS-Cov-2 infected cells help in transmitting the 
disease by utilizing the exosome's intercellular communication 

mechanism. 
The secretion of ERGIC-53 in the exosome can increase the viral 

infection by exploiting the inherent transporting nature of exosomes. 
Gunasekaran et al., reported the active role of exosomes in chronic lung 
allograft rejection in patients suffering from respiratory viral infections 
from 17 viruses, including coronavirus. The coronavirus antigen and 
increased lung SAgs were detected in isolated exosomes from serum 
samples of patients. Further, immunizations of mice with exosomes, as 
mentioned above, amplified humoral and cellular immune responses 
towards lung SAgs and alloantigen, which increases the risk of devel-
oping chronic lung allograft dysfunction [56]. The above study sug-
gested the potential of exosomes in the transfer of viral antigens of 
coronavirus in the body and aiding in augmenting infection. A recent 
study by Wang et al., suggested that exosomes can transfer ACE2 to the 
recipient cells, leading to internalization and susceptibility to the virus 
docking [57]. 

Barberis et al., studied the proteomic analysis of plasma-derived 
from COVID-19 patients and health control. The proteomic character-
ization found signature proteomic features in plasma derived from the 
COVID-19 patients and proteins related to the coagulation process, 
transport activity, complement activity, protease inhibitor, and defense/ 
immunity protein activity. The study suggested that SARS-CoV-2 uses 
the endocytosis route to spread the infection exosomes carrying viral 
materials [51]. Kwon et al., observed overexpressed SARS-Cov-2 genes 
in A549 lung epithelial cells, and the isolation of the EVs suggested the 
presence of viral RNA within them. Further, to study the uptake of EVs 
by cardiomyocytes, EVs were incubated with human induced pluripo-
tent stem cells-derived cardiomyocytes (hiPSC-CMs) and hiPSC derived 
endothelial cells. The presence of EVs and viral RNA fragments were 
detected in both cells. Further, EVs mediated the increase of 
inflammation-related genes in the hiPSC-CMs upon uptake [58]. 

2.1.2. Role in therapy and diagnosis of Coronavirus infections 
Researchers have conducted extensive research on exosomes, sug-

gesting they play a dual role in infection transmission and infection 
prevention. Huang et al., reported the role of Interferon-Induced 
Transmembrane Proteins (IFITM1, IFITM2, and IFITM3) in impeding 
the entry and replication of SARS Coronavirus. Infectious agents such as 
influenza A, Marburg virus, and Epstein-Barr virus EBV are inhibited by 

Fig. 4. Role of dendritic cells derived exosomes in innate and acquired immunity. NK- natural killer cells, Treg -regulatory T cells, iDC-immature dendritic cells, 
MHCs- Major histocompatibility complex, BAT3- HLA-B-associated transcript 3, IL-Interleukin, TNF- Tumor necrosis factor. 
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IFITM, which are broad-spectrum antiviral proteins. The proposed 
possible explanation was a change in properties of late endosomes/ ly-
sosomes or involvement of endocytic pathways. However, the exact 
mechanism of inhibition was not elucidated [59]. 

Feeley and his group showed that IFITM3 prevented influenza A 
virus infection by preventing the entry of viral components into the 
cytosol after endocytosis, thus preventing virus fusion [60], which may 
be involved in the inhibition of SARS coronavirus. Novk et al., proposed 
a possible pathway that leads to the IFITM3 mediated antiviral role of 
exosomes against the SARS Coronavirus highlighting the crucial role of 
exosomes. The authors observed that exosomes released from SARS- 
infected cells contain IFITM3 and ACE2. Alternatively, overexpressing 
IFITM3 or secreted Ace2 receptors end up neutralizing SARS coronavi-
rus [61]. Nevertheless, further studies are necessary to confirm the 
presence of the ACE2 receptor on exosomes to support the proposed 
mechanism (Fig. 6). The isolation of exosomes exhibiting antiviral ac-
tivity against coronavirus can be carried out to augment its activity or 
can be engineered as a potential therapy against coronavirus treatment. 

Kate et al., developed S protein-containing exosome-based vaccines 
for the immunization against the SARS coronavirus. The highest anti-
bodies were observed when S protein contained exosomes boosted with 
adenoviral vector vaccine compared to individual vaccines. The vaccine 
generated high levels of specific neutralizing antibodies against SARS 

and exhibited SARS-S-mediated entry [62]. Teng et al. observed that the 
exosomes released from SARS-CoV-2 infected lung epithelial cells are 
taken up by macrophages and induce apoptosis by activation of nuclear 
factor κB and inflammatory cytokines. Similarly, ginger exosome-like 
nanoparticles (GLEN) showed a therapeutic effect against SARS-CoV-2 
[63]. 

China's Ruijin hospital is conducting a single-arm, open-label, com-
bined interventional clinical trial testing the safety and efficacy of 
exosomes derived from allogeneic mesenchymal stem cells (MSCs-Exo) 
against COVID-19. Experimental data shows a beneficial effect on lung 
inflammation and other lung injury-related pathological issues in this 
study [64]. Hubei Shiyan Taihe hospital in China is conducting another 
clinical trial to determine if human umbilical cord mesenchymal stem 
cells (HUMSCs) can treat patients with lung injury following infection 
with COVID-19 [65]. Gunasekaran et al., reported that exosomes iso-
lated from SARS infected cells augmented the humoral and cellular 
immune responses upon immunization of mice with exosomes 
mentioned above [56]. The discovery could be used as a key to devel-
oping vaccines against coronavirus to exploit exosome-induced immu-
nity in virus-infected cells. Kumar et al., investigated the role of 
exosomes as antiviral protease inhibitor carriers, showing that exosomes 
bypass liver metabolism and deliver drugs to the targeted tissues [66]. 
Tsai et.al reported preclinical SARS-Cov-2 mRNA-loaded exosomes to 
achieve immunogenicity in mice. The study suggested that vaccination 
of mRNA-loaded exosomes led to dose-dependent development of anti- 
spike and anti-Nucleocapsid antibody response as well as antigen- 
specific CD4+ and CD8+ T cell response without any vaccine-related 
adverse effects [67]. Further, mRNA-loaded exosomes were more safer 
compared to the RNA-loaded lipid nanoparticles which led to severe 
cellular toxicity. The exosomes offer the advantage of specific tissue 
targeting which can be exploited for drug delivery. Fu et al. investigated 
the pseudotyping-based approach to load the EV membranes with 
receptor-binding domain (RBD) of the spike protein, a key domain in 
SAR-Cov-2 attachment, fusion, and cellular entry. The study suggested 
that the RBD tagged EVS can specifically recognize ACE2 receptors on 
the target cell required for the uptake. Further, upon cellular uptake by 
ACE2 receptors, siRNA encapsulated in RBD tagged EVs delivered into 
lung tissues inhibited pseudovirus SARS-Cov-2 infection in vivo. RBD- 
tagged EVs are a promising vehicle for delivering antiviral agents for 
SARS-Cov-2 treatment. However, a study employing authentic SARS- 
Cov-2 is required to confirm the findings [68]. 

Anand et al., suggested the convalescent plasma-derived exosomes 
(CPexo) for the covid-19 therapy. The hypothesis suggested the CPexo can 
offer potential therapeutic efficacy by acting as an immunotherapeutic, 
drug carrier, and diagnostic biomarker based on the literature suggest-
ing effective and precise targeting of the pathogen by exosomes in 
preclinical studies [69]. Also, convalescent plasma is reported as a 
therapeutic approach for the Covid-19 [70], and human membrane or 
fluids has been FDA approved previously to encounter inflammation and 
tissue injury [69]. Mesenchymal stem cells (MSCs) derived exosomes 
have emerged as potential therapeutic candidates attributed to the 
features such as modulation of the immune response, reduce inflam-
mation, ability to suppress viral infection attributed to the presence of 
specific cytokines. Several clinical trials associated with MSCs derived 
exosomes for the treatment of Covid-19 are ongoing in different parts of 
the world (Table 1). The completed and ongoing clinical trials of MSCs 
derived exosomes highlight the effectiveness in the treatment of SARS- 
Cov-19. However, detailed safety and efficacy need to be asses and 
long-term outcomes [71,72]. 

Alteration of the protein content of exosomes in diseases condition is 
well reported in the literature which can be exploited as the diagnostic 
marker of the disease condition of the patient. Barberies et.al investi-
gated the role of exosomes as a diagnostic marker in the SARS-CoV-19 
infected patients. The study suggested that critical patients showed 
significantly high levels of C- reactive protein (CRP), alpha-1-acid gly-
coproteins (A1AG1and A1AG2), CXCL7, and lower levels of CCD34, 

Fig. 5. Various methods available for the isolation of exosomes from samples of 
cell/ tissue culture fluids, plant extracts, and body fluids (plasma, urine, tears, 
semen). The methods include ultracentrifugation, density gradient centrifuga-
tion, ultrafiltration using various pore-sized membranes (MB), size exclusion 
chromatography, coprecipitation using precipitating agents (PAg), immu-
noaffinity using specific antibodies (Ab), and microfluidics. 
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C4BPA, and GELS compared to non-critical COVID-19 patients. It was 
observed that CRP protein was able to differentiate between positive 
patients and negative patients. Also, it discriminated between critical 
patients and non-critical patients [73]. Similarly, Balbi et al., derived the 
EVs from the participants who underwent a molecular test for SARS- 
CoV-2. The profiling of the exosome protein suggested the CD142, a 
platelet tissue factor (activates extrinsic pathway of blood coagulation 
cascade) as the highest discriminating surface protein. The CD142 
showed increased activity in COVID-19 positive patients and also 
correlated with TNF-α serum levels [74]. A similar observation was 
made by Rosell et al., suggesting the increased platelet tissue factor 
associated with the severity and mortality of the COVID-19 [75]. This 
finding may pave the road for exploiting CD142 as a specific surface 
antigen for the prognosis of the disease. A study carried out by Grifoni 
et al., also suggested increased cytokine levels and presences of TNF, IL- 
6, and IL-1β [76]. The circulating exosomes can be a potential biomarker 
for the prognosis of COVID-19 infection. 

2.2. Human Immunodeficiency Virus (HIV) and exosomes 

Acquired Immunodeficiency Syndrome (AIDS) is a chronic immune 
system failure caused by the retrovirus human immunodeficiency virus 

(HIV). World Health Organization (WHO) data shows that the pandemic 
has infected 37.9 million people and caused more than 1 million glob-
ally. The only promising therapy for infection is highly active antire-
troviral therapy (HAART), only to increase the life expectancy, and there 
is no cure. However, the recent clinical trials of antibodies, namely 
3BNC117, a broadly neutralizing antibody, and monoclonal antibody 
10–1074 developed for CD4 host cell and HIV viral envelope, respec-
tively, have shown promising results by suppressing viremia in HIV-1 
infected patients [77,78]. 

2.2.1. Role in the transmission of HIV 
The role of exosomes on the immune system and HIV infection and 

understanding the influence of HIV infection on exosome release has 
gained interest in the research community (Fig. 7). Gould et al., pro-
posed a hypothesis suggesting that HIV hijacks the exosome machinery 
in T-cells and macrophages to increase the infectivity in other cells in a 
receptor-independent manner [79]. Researchers report a variety of 
studies that support this hypothesis [80,81]. Immunoprecipitation 
studies revealed that the macrophages infected with HIV have a similar 
complement of cellular membrane proteins to viruses recovered from 
the extracellular medium, suggesting that the virus is initially released 
from the macrophages and bud into endosomal organelles and then 

Fig. 6. Entry of HIV-1 virions in host cell and role of exosomes derived from HIV infected cells in transmission of the infection. (1–2) Entry of HIV-1 virus via viral 
envelop and binding to viral co-receptor (CXCR4 OR CCR5) in CD4 cells. (3–4) Co receptor mediated viral fusion and entry of viral content such as single stranded 
viral genomic RNA (gRNA), reverse transcriptase (RT), and integrase (IN) in cytoplasm. (5–8) Reverse transcription of gRNA into double stranded proviral copy of 
DNA (HIV-1 DNA) by HIV-1 reverse transcriptase followed by incorporation of proviral HIV-1 DNA copy into human genomic DNA (gDNA) by viral IN enzyme. 
(9–11) Proviral DNA transcribed by host cellular machinery into nascent viral RNA followed by translation into HIV-1 proteins such as Nef by host cell machinery 
followed by Assembly of viral proteins with nascent RNA including HIV TAR RNA sequences (vmiRTAR)into budding progeny virions. 12–13) Formation of immature 
viral progeny initiated by viral protease via cleavage from budding progeny followed by maturation of viral progeny within the extracellular milieu capable of 
propagating productive HIV-1 infection in neighboring cells. (14–16) Formation of endosomes via inward budding of the cellular plasm membrane followed by 
generation of cellular cytosol derived proteins along with viral proteins loaded exosomes which are released into the extracellular milieu by back fusion with plasma 
membrane. The exosomes containing viral proteins (HIV Nef and vmiRTAR) are capable of infection transmission via (17) transferring viral binding and entry 
receptors to HIV-1 susceptible cells and increasing the expression of viral binding sites on the target cell, (18) Nef-mediated internalization and degradation of CD4 
molecules and Nef-mediated reduction of CD4 expression on the surface of exosomes and (19) suppression of Bim and Cdk9 expression and apoptosis by viral miRNA 
generated from vmiRTAR. Exosomes released from uninfected cells may be mediated by anti-HIV host factor Apobec3G enwrapped in exosomes (20) and exosomal 
CD4 binding to HIV-1 Env (21). (Reproduced from [50] under Creative Commons Attribution License). 
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released by fusion with the plasma membrane. These key findings sug-
gested exploiting the preexisting exosomal pathway for retroviral 
budding and further transmitting the infection [80,81]. However, 
studies contradicting the above results suggested plasma membrane as 
the primary site for the virus budding by sequestering intracellular 
plasma membrane domain and recruiting CD63 tetraspanin during virus 
assembly [82–84]. 

The function of TSG101, a subunit of endosomal sorting complex 
required for transport I (ESCRT-I), is linked to the formation of endo-
somes and MVBs [85]. Another study implicated that HIV-1 utilizes a 
similar subset of cellular component that of cytokinesis, i.e., TSG101 and 
Alix, an ESCRT-associated protein during membrane budding and 
implicating the direct budding of microvesicles from plasma membrane 
releasing budding viruses by exploiting TSG101 and Alix [86,87]. Kadir 
et al., reported a study supporting the hypothesis of exploitation of 
exosome pathways by HIV. They reported exosomes/ MVBs mediated 
the transfer of virus and viral constituents from infected cells to unin-
fected cells, thus aiding in expediting HIV infection and dissemination. 
The incubation of an equal ratio of HIV-1 infected monocyte-derived 
macrophages (MDM) and uninfected MDM labeled with lipophilic 

dyes DiO and DiD, respectively were carried out. Upon incubation, the 
increased membrane exchange among infected and uninfected MDM 
was observed followed by the release of vesicles from infected and fusion 
with uninfected MDM within 4-6 min observed via video footage [88]. 

Negative regulatory factor (Nef) plays a crucial role in the infection 
and replication of HIV by exploiting host cell machinery and down-
regulation of important crucial antiviral immune responsive molecules 
such as MHC-I, MHC-II, CD4, and CD28 [89]. It is reported in various 
studies that Nef, a protein encoded by lentivirus, facilitates its release 
via exosomes by accelerating exosome release [90]. Mukkhamedova 
et al., observed that the exosomes isolated from the Nef expressing cells 
contained Nef. Further, incubation of Nef containing exosomes and 
macrophages led to a linear increase in exosomes uptake by macro-
phages. It was found that exosomes deliver Nef to the macrophages, 
which alters cellular functions and causes inflammation associated with 
HIV infection. Continuously incubating HIV-infected exosomes colored 
with a fluorescent dye (PKH67) inside RAW264.7 macrophages resulted 
in linear uptake of the exosomes inside the cells (Fig. 8). The study 
suggested rapid and quantitative uptake of exosomes by macrophages 
delivering NeF to the intracellular compartments [91]. This also results 

Table 1 
Ongoing clinical trial employing Mesenchymal stem cells derived exosomes for the treatment of COVID-19.  

Place Clinical trial number Study title Study type Invention/treatment Primary outcome measures 

Ruijin hospital 
Shanghai Jiao Tong 
University school of 
medicine, Shanghai, 
China-200,025 

NCT 
04276987 

A Pilot Clinical Study on Aerosol 
Inhalation of the Exosomes Derived 
from Allogenic Adipose 
Mesenchymal Stem Cells in the 
Treatment of Severe Patients with 
Novel Coronavirus Pneumonia 

Phase 1 
30 participants 

Conventional treatment and 
5 times aerosol inhalation of 
MSCs derived exosomes (2×
108 nano vesicles/3 ml from 
Day 1 to Day 5). 

1. Adverse reaction and 
severe adverse reaction up to 
28 days after first treatment 
2. Efficacy evaluation and 
clinical improvement within 
28 days 

TC Erciyes University, 
Turkey 

NCT04389385 Aerosol Inhalation of the Exosomes 
Derived from Allogenic COVID-19 T 
Cell in the Treatment of Early-Stage 
Novel Coronavirus Pneumonia 

Phase 1 
60 participants 

COVID-19 Specific T Cell- 
derived 
exosomes (CSTC-Exo). 
Inhaler 
CSTC-Exo treatment will be 
applied 
daily x 5 times (2.0 × 108 
nano vesicle 
/ 3 ml; on day 1 to day 5). 

1. Adverse reaction and 
severe adverse reaction up to 
28 days after first treatment 
2. Efficacy evaluation and 
clinical improvement within 
28 days 
3.Rate if recovery without 
mechanical ventilator 

Organicell Regenerative 
Medicine, USA 

NCT04384445 A Phase I/II Randomized, Double 
Blinded, Placebo Trial to Evaluate 
the Safety and Potential Efficacy of 
Intravenous Infusion of Zofin for the 
Treatment of Moderate to SARS 
Related to COVID-19 Infection vs 
Placebo 

Phase I/II 
Randomized, Double 
Blinded, Placebo 
Trial 
20 Participants 

Zofin administered iv with 1 
ml, containing 2–5 × 10^11 
particles/mL in addition to 
the Standard Care. 
Placebo (saline) 
administered iv with 1 ml in 
addition to the Standard 
Care 

1.Incidence of any infusion 
related adverse effect within 
60 days of treatment 
2. Incidence of severe adverse 
effects within 60 days of 
treatment 

Samara Regional 
Clinical Hospital V.D. 
Seredavin, Russia 

NCT04491240 The Protocol of Evaluation of Safety 
and Efficiency of Method of Exosome 
Inhalation in SARS-CoV-2 Associated 
Two-Sided Pneumonia 

Phase I/II 
Randomized 
30 participants 

All eligible study subjects 
randomized, double- 
blinded, to either the two 
treatment groups or placebo 
group. 

1.Safety assessment of non- 
serious and serious adverse 
effects till 30 days after clinic 
discharge 
2. Safety assessment of non- 
serious and serious adverse 
effects during inhalation 
procedure 

Direct Biologics, LLC, 
USA 

NCT04493242 Extracellular vesicle infusion 
treatment for Covid-19 associated 
ARDS (EXIT-COVID-19) 

Phase II double- 
blinded, placebo- 
controlled 
randomized 
controlled trial 
120 participants 

IV administration of bone 
marrow mesenchymal stem 
cell derived extracellular 
vesicles and normal saline 

Seven-day efficacy 
assessment by measuring 
improvement in partial 
pressure of arterial oxygen to 
fraction of inspired oxygen 
ration 

Hubei Shaiyan Taihe 
hospital, China 

ChiCTR2000030484 HUMSCs and Exosomes Treating 
Patients with Lung Injury following 
Novel Coronavirus Pneumonia 
(COVID-19) 

90 Participants HUMSCs iv infusion and 
control group placebo (stem 
cell solvent) 

PaO2 and FiO2 respiratory 
rate (without oxygen) 
The number and range of 
lesions indicated by CT and X- 
ray of lung 
Time for cough to become 
mild of absent 

Wuxi fifth people's 
hospital, China 

ChiCTR2000030261 A study for the key technology of 
mesenchymal stem cells exosomes 
atomization in the treatment of 
novel coronavirus pneumonia 
(COVID-19) 

26 Participants Aerosol inhalation of 
exosomes 
Control group: Blank 

Lung CT and Leukocytes and 
lymphocytes in blood routine  
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in HIV-associated co-morbidities. Moreover, its role in the augmentation 
of the membrane trafficking process and apoptosis of CD4+ T cells leads 
to adverse effects on the immune system [92]. Researchers have also 
reported that the exosomes released from infected cells can activate 
latent viral reservoirs and potentially suppress innate immunity [93,94]. 

2.2.2. Role in therapeutics and diagnosis of HIV infections 
The exosomes are reported to play a diverse role in the transmission 

and a preventive role against viral infection (Fig. 9). The CD8+ T 
lymphocytes-derived exosomes have shown the antiviral property by 
suppressing the HIV replication in vitro initiated by interferon-mediated 

Fig. 7. Exosomes secreted by HIV infected cells and acting as a carrier of HIV-1 protein Nef to bystander macrophages. (Reproduced from [57] available under 
Creative Commons Attribution License). 

Fig. 8. Dual role of exosomes in limiting and promoting the viral infections.  

P. Chaudhari et al.                                                                                                                                                                                                                             



Cellular Signalling 94 (2022) 110325

9

signaling pathway [95], which can be further engineered for effective 
therapy against HIV. The RNA sequence in exosomes derived from HIV- 
infected cells has been isolated. Studies show the influential role of 
various miRNAs such as miR-28, miR-29a, miR-149, miR-150, miR-198, 
miR-223, miR-324, miR-378, and miR-382 protective role against HIV 
infection [96]. Narayanan and the group demonstrated the role of TAR 
RNA in exosomes derived from HIV-infected cells in inhibiting apoptosis 
by downregulating expressions of the Bim and Cdk9 pro-apoptotic 
protein [97]. The role of exosomes derived from various body fluids 
have protective action against HIV infection, such as breast milk-derived 
exosomes, which was seen to inhibit HIV-1 infection of dendritic cells 
[98] and semen derived exosomes inhibited RNA expression by inhib-
iting binding and recruitment of transcription factors such as NF-κB and 
Sp1 [99]. By identifying and purifying antiviral exosomes, the ability of 
intrinsic exosomes to interfere with HIV infection can be utilized to 
develop exosome-based anti-HIV therapies [100]. 

Targeting exosome-associated proteins in HIV infection, such as 
MHC-II, CCR5, CXCR4, TSG101, miRNA, mRNA, and ESCRT, thera-
peutic applications against HIV can be developed. Another approach can 
exploit exosomes' natural occurrence and inherent role in transporting 
mRNA and miRNA from one cell to another to deliver RNA-based 
therapeutics. A novel RNA delivery vehicle, such as exosomes, can 
address many shortcomings of conventional RNA delivery, including 
stability, high clearance, poor uptake, high phagocytosis and cytotox-
icity rates, and biocompatibility issues [101]. Lattanzi et al., developed 
Nef mutant protein (Nefm) loaded exosomes as a vehicle of antigen 

cross-presentation against HIV-1. Nefm, a biologically inactive HIV-1 
NeF, was loaded in the exosomes. It was observed that Nefm- exo-
somes enter the target cell less efficiently than virus-like particles (VLPs) 
but exhibit similar cross-presentation levels. 

Further in vivo studies can open a potential road towards developing 
Nefm exosome-based vaccines against HIV-1 [102]. The therapeutic 
approach of loading anti-HIV RNA in exosomes or anti-HIV in anti-HIV 
exosomes can be a potential therapeutic modality. The addition of a 
specific targeting ligand could significantly improve the efficacy and 
targeting of therapy. In certain disease conditions, the levels of protein 
and EVs in body fluids increase. This phenomenon has been harvested as 
a noninvasive technique identifying the specific proteins acting as a 
biomarker of the disease. The role of exosomes as a biomarker in the 
prognosis and diagnosis of the disease can be potentially harvested in 
favor of the patient's treatment. It may be possible to utilize molecules in 
exosomes as a biomarker in the prognosis or diagnosis of HIV-1. Several 
HIV-1 related proteins were detected in the urine of an HIV-1 patient, 
including Gag, Tat, Vpu, Vpr, and Nef. Apart from this, neuron-derived 
exosomes (NDE) are a potential biomarker of cognitive impairment by 
HIV. HMGB1, NF-L, and Aβ proteins can be a potential biomarker in the 
prognosis of HIV-1 [101]. 

2.3. Hepatitis virus and exosomes 

The hepatitis viruses (A, B, C, and E) are unrelated viruses that cause 
liver-related conditions (Fig. 10) such as acute and chronic hepatitis, 
liver cirrhosis, and hepatocellular carcinoma [103]. HAV and HCA are 
RNA viruses of the family Picornaviridae and Flaviviridae, respectively. 
HBV is a DNA virus of the family Hepadnaviridae. In 2018, Shearer et al., 
reported the global prevalence of HBV to be 3.9%. [104]. Globally 142 
million people suffer from chronic hepatitis C infection, and 399,000 
people die from cirrhosis and hepatocellular carcinoma (HCC)[105]. 

2.3.1. Role of exosomes in the transmission of hepatitis virus 
The exploitation of exosomes by HBV during infection to increase 

infectivity and escape from the host's innate immune response by 
downregulating IL-12 is reported by Kouwaki et al., The HBV RNA, viral 
DNA, core protein, an envelope protein was detected in exosomes 
derived from infected hepatocytes to infect the hepatocytes [106]. 
Moreover, HBV increased the expression of immunosuppressive miRs 
such as miR-21 and miR-29a in exosomes attributed for the down-
regulation of IL-12 in macrophages, responsible for the activation of NK 
cells [107]. Yang et al., reported a viral component in exosomes isolated 
from chronic hepatitis B patients and the infective nature of isolated 
exosomes to naïve hepatocytes. The crucial finding was the role of 
exosomes in transferring HBV viral particles into NK cells followed by 
NK-cell dysfunction by downregulating activating NKp44 receptors and 
upregulating NKG2A, an inhibiting receptor (Fig. 10) [108]. Kapoor 
et al., observed that Hbx modulates the biogenesis of exosomes and 
exploits its intrinsic intracellular communication property to transfer 
the HBx viral load to further support the viral spread and pathogenesis 
[109]. A proposed mechanism of exosome-HBV infection and the 
disruption of the NK cell is presented in Fig. 11. 

Exosomes secreted from HBV infected liver cells play a crucial role in 
downregulating tumor cell apoptosis by upregulating exosomal miR-21 
and aiding in chemoresistance and pathogenesis of hepatic carcinoma. 
HBV-mediated exosome role in chemoresistance in hepatic carcinoma is 
mediated by upregulation of lysosome-associated membrane protein 
(Lamp2a), an essential protein of chaperone-mediated autophagy (CMA) 
[110]. The exosomes might also act as a reservoir of HBV DNA with the 
ability to reinfect the host with suppressed immunity in recovered pa-
tients [111]. These studies support the Trojan exosome hypothesis 
suggesting the exploitation of exosomes by the virus to augment the 
transmission and replication process further and escape the host's innate 
immune response. 

Like HBV transmission, the role of exosomes in spreading the 

Fig. 9. Possible protective mechanisms of exosomes in the treatment and 
prevention of SARS-CoV-2 (COVID-19) infections. In the absence of any limiting 
factors, the SARS-CoV-2 enters the lung cells via the coupling with Angiotensin 
Converting Enzyme (ACE2) receptors. Exosomes (1) can competitively bind to 
the ACE2 receptors on the cells thereby preventing the uptake of the SARS-CoV- 
2. Surface modification of the exosomes with anti-ACE2 antibodies (2) can lead 
to the binding of SARS-CoV-2 proteins to the exosomes thus preventing their 
interactions at the cell surface receptors. On the other hand, loading of the 
exosomes with anti-viral drugs can kill the SARS-CoV-2 virus outside the cell 
matrix (3) or after invasion into the lung cells (4). 
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infection of HAV and HCV is well reported. The exosomes expressed 
from hepatitis virus-infected cells play a dual role, aiding in spreading 
viral infection by infecting naïve hepatocytes and protective role by 
activating innate immune signaling pathways. Various studies suggest 
that HCV can exploit exosomes by transferring HCV viral RNA in exo-
somes, impairing the dendritic cell and infecting the naïve hepatocytes 
[106,112]. Whereas in HAV, not viral RNA but virions (eHCA) expressed 
in the exosomes play a vital role in spreading the infection to naïve 
hepatocytes [93]. The role of exosomes in neutralizing the anti-HCV 
antibodies to evade the innate immune response is also reported 
[113]. Gorji-bahari et al., suggested the role of the RAB5A gene in the 
regulation of HCC metastasis via regulating the pro-viral content of 
exosomes. The RAB5A inhibition can affect the HCC cell proliferation 
rate and migration capability [114]. 

2.3.2. Role in therapy and diagnosis of hepatitis 
Apart from assisting in spreading the infection, exosomes in hepatitis 

infection also play a protective role by activating innate immunity 
signaling pathways. The activation of pDC (plasmacytoid dendritic 
cells), which secrets type I interferon against the viral infection, is 
mediated via the interaction of exosomes containing viral RNA/virions 
with pDCs during HAV and HCV viral infection [115]. The 
macrophages-derived exosomes deliver IFN-α expressed anti-HBV mol-
ecules via similar machinery pathways utilized by the virus during the 
invasion, such as micropinocytosis and clathrin-dependent pathways 
[116]. Another study reported pro-inflammatory substance IL-6 from 
monocytes mediated via exosomes released from HBV infected hepato-
cytes [117]. 

The detailed elucidation of the mechanistic pathway of antiviral 
exosomes can help develop the exosomal-based vaccine to boost the 
immune response towards the hepatitis viral infection. The immune- 
stimulatory role of the viral RNA and virions carrying exosomes can 
be taken advantage of in outweighing the role of spreading infection. 
The intrinsic nature of exosomes can be exploited for engineering exo-
somes as a delivery cargo of therapeutic molecules. Considering the 
active role of exosomes released from infected hepatocytes in activating 
innate and adaptive immune response by activating monocytes, 

dendritic cells, and NK-cells. Jesus et al., reported exosomes as an 
adjuvant for vaccination against HBV. However, an inadequate immune 
response against HBsAg was observed, with elevated IFN-α level and 
cellular immune response [118]. The inadequate response might be 
attributed to the co-administration of exosomes and antigen and not 
antigen-loaded exosomes, generating a better immune-stimulatory 
response. Various researches suggest the potential therapeutic role of 
exosomes in hepatocellular carcinoma treated with an emphasis on the 
immune modulation [119–121] and suggesting exosomes mediated in-
hibition of hepatic carcinoma cell proliferation [122–124]. The strate-
gies can be based on exosomal miR-122 in gene therapy to increase the 
sensitivity of tumor cells towards chemotherapy [105] or exosomal miR- 
335-5p delivery mediated HCC cell proliferation [119]. 

Pathophysiological complications alter the content of the exosomes, 
which can be utilized to gather information about the disease. The 
exosomes released from virally infected hepatocytes express viral RNA, 
core proteins, envelope protein, and viral DNA, which can be utilized for 
diagnostic purposes. The studies suggesting a role of the exosomes as a 
reservoir of HBV DNA are reported; in such cases, the conventional 
diagnostic measures can fail. Still, the exosome-based diagnosis tech-
nique can aid in detecting the chances of relapses [111]. Various indi-
vidual groups report early-stage miRNA-based techniques along with 
exosomes in HCC. Early-stage detection of HCC was proposed based on a 
combination of exosomes with miRNA to overcome the inadequate 
diagnosis and poor sensitivity of Alpha-fetoprotein (AFP) and ultra-
sound screening. The combination of AFP further with miRNA-exosome 
improved sensitivity and efficiency of diagnosis [125]. Another study 
reported exosomal miR-718 as a biomarker in the detection of recur-
rence of HCC [126]. Another individual researcher reported a similar 
study for the diagnosis of HCC in comparison with chronic hepatitis 
[127]. The samples collected from the chronic hepatitis patients and 
measured for the serum exosomal microRNAs and serum circulating 
microRNAs suggested the significantly higher levels of miR-18a, miR- 
221, miR-222, and miR-224 when compared with chronic hepatitis B 
(CHB) and liver cirrhosis (LC) patients. The microRNA estimation can 
aid in distinguishing between HCC from CHB and LC. 

Fig. 10. Role of Exosomes in HBV progression and NK cell dysfunction. Exosomes released form the HBV infected cells hepatocytes aid in transfer of viral com-
ponents to naïve hepatocytes and NK cells. The transfer of exosomes mediated HBV viral component in NK cells alters the cytolytic activity, cytokine production and 
cell proliferation by RIG-I expression and inactivating the NF-κB and p38 pathways. (Reproduced from Yang et al.,[91] available under Creative Commons Attri-
bution License). 
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2.4. Ebola Virus (EBOV) and exosomes 

Ebola virus (EBOV) is an enveloped RNA virus of the family Filovir-
idae, it is the most virulent pathogen and has a high clinical fatality of 
25–90% and an average CFR of 50%. The disease caused by EBOV, 
called Ebola virus disease, previously known as Ebola hemorrhagic 
fever, is fatal. In West Africa (2014–2016), the recent Ebola outbreak in 
Guinea, Liberia, and Sierra Leone led to 11,323 deaths out of 28,646 
infected cases with ~46% CFR [6]. 

Ebola VP40 is an EBOV viral matrix protein responsible for viral 
assembly and virus budding in host cells [128]. Since 2016, Pleet et al., 
have worked extensively on EBOV and exosomes infection control 
[129–131]. The group reported exploiting the ESCRT pathway by EBOV, 
which plays a crucial role during viral budding in exosomes. The study 
suggested the EBOV VP40 mediates upregulation of extracellular CD63 
and Alix, ESCRT proteins, which may increase the biogenesis of exo-
somes. Furthermore, the EBOV VP40 is secreted in exosomes and can 
induce apoptosis of uninfected recipient T-cells and bystander lympho-
penia [129]. The data also suggest the role of exosomes secreted from 
the infected cell to deregulate the RNAi pathway (RNA interface) 
responsible for generating an innate antiviral response in the host. 

2.4.1. Role of exosomes in the therapy and diagnosis of Ebola virus 
infections 

Targeting the exosome biogenesis pathway can be a potential ther-
apy against Ebola. Oxytetracycline, an FDA-approved exosome biogen-
esis down regulator, showed a positive effect on T-cells viability 

transfected with EBOV VP40. The improved T-cell viability can be 
explained by the downregulation of exosome release and the EBOV 
VP40 matrix protein responsible for cell apoptosis [129]. To confirm the 
results in vivo, the safety, and the benefits on the host cell and redox 
regulation of the whole system, further studies will be required. 
Numerous studies have suggested that exosomes may be used as a 
therapy for various infections [115] including HIV and hepatitis. The 
presence of EBOV VP40 matrix viral proteins and other glycoproteins 
(GP) in exosomes released from the infected cell is well established. 
Hence, their different role in immunomodulation can be investigated, 
which can be further exploited to develop vaccines and medicine against 
Ebola. 

Anticoli et al., reported an exosome-based vaccine approach for virus 
infections such as Ebola and HIV-1. The platform was based on the 
cytotoxic T lymphocyte (CTL) immunization against viral infections 
[132]. Kyle et al., reported that Ebola has a considerable effect on lipid 
metabolism homeostasis based on the analysis of blood samples 
collected during the largest Ebola outbreak in West Africa from 2014 to 
2016. The study suggested an increased level of few lipid classes in 
survivors, whereas few different lipids classes were increased in fatal-
ities. Furthermore, it suggests that exosomes may play a role in lipid 
metabolism [133]. Several lipids were found to be high in the exosomes 
released by infected cells [134]. Lipid profiling can aid in monitoring the 
disease's state and recovery and identify biomarkers. Nanotraps (NT) is 
composed of cross-linked polymer particles that are functionalized and 
environment-friendly, allowing them to capture and retain a specific 
protein. The NT hydrogel particles, which can concentrate the exosomes 
to detect EBOV VP40 viral protein, can be a potential EBOV diagnostic 
tool [129]. 

2.5. Epstein-Barr Virus (EBV) and exosomes 

Herpesvirus 4, also called EBV, is a double-stranded DNA disease that 
belongs to the herpesviridae family. The EBV is responsible for several 
lymphoid and epithelial malignancies such as infectious mononucleosis, 
Hodgkin's lymphoma, Non-Hodgkin's lymphoma, Burkitt's lymphoma, 
and post-transplant lymphoproliferative disease, gastric carcinoma, and 
nasopharyngeal carcinoma [135]. In addition, the EBV transforms 
resting B-cells into oncogenic lymphoblastoid cell lines and accounts for 
1.8% of cancer-associated deaths globally [136]. In addition, it estab-
lishes various latent gene expression programmers in resting and 
proliferating cells known as latency 0, I, II, and III. 

2.5.1. Exosomes in the transmission of EBV 
Different studies have examined the role of virus-derived exosomes 

in modulating cancer development and progression in EBV infections. 
By affecting cell proliferation, transformation, and immune response 
invasion, viral miRNA plays an important role in the EBV life cycle and 
pathogenesis. To evade and adapt to host immune response, the EBV 
virus exploits host miRNA machinery [137]. Exosomes contain miRNA 
encoded by EBV that can cause T-cell inhibitory exosomes to be secreted 
during infection. The secretion of viral nuclear proteins and cell mem-
brane proteins such as “Epstein-Barr nuclear antigen-2 (EBNA-2)” and 
latent membrane protein 1 (LMP-1) in EBV infected cells is reported in 
various studies [138–140]. LMP1 is an essential viral oncogene protein 
generally expressed in EBV-associated carcinogenesis in latency type II 
and III. LMP1 surface-bound exosomes modulate the host immune sys-
tem by inhibiting T-cell activation and increasing natural killer cell 
toxicity [141]. Verweij et al., suggest that EBV utilizes the CD63- 
mediated endosomal-exosome pathway to downregulate NF- 
<UNK>B's chronic activation of NF-κB. As a result, LMP1 secreted into 
exosomes plays a crucial role in invading immune response and aids in 
the proliferation of EBV-infected cells [142]. An individual researcher 
also suggested that the LMP-1 internalized into exosomes to escape 
degradation induces upregulation and concentration of growth factor 
receptor and fibroblast growth factor-2 or receptor in exosomes, and 

Fig. 11. Role of exosomes in transmission and infection by Hepatitis viruses. 
Hepatitis A, B, C and E viruses (HAV, HBV, HCV and HEV) enter hepatocytes (1) 
followed by the release of various viral components (2) with a few undergoing 
transcriptions in the nucleus of the cell. Once released, these components are 
moved into the extracellular matrix (3) being encapsulated inside the exosomes. 
These exosomes further infect neighboring hepatocytes (4), leading to the 
spread of infection, while they can evade the immune mechanism and travel to 
the liver aiding the progression of the Hepatitis infection (5). Alternatively, 
these exosomes can be ingested by the immune cells (ICs) such as the NK-cells, 
mast cells, and T-cells releasing another set of protective exosomes (6) which 
contain antiviral components eliciting host immune response against the 
invading viruses (7). 
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modulates target cell phenotype [143,144]. Another study by Nanbo 
et al., suggested that the LMP-1 mediates overexpression of the ICAM-1 
intracellular adhesion molecule and led to the proliferation of target 
cells. The in vitro study also suggested caveolae-dependent endocytosis 
of exosomes in target cells and modulation of the phenotypic changes by 
unloading viral factors [145]. The exosomes released from EBV infected 
cells carry non-coding EBV RNAs and LMPs and are responsible for 
cellular transformation and innate antiviral immunity. These viral RNAs 
require further investigation to explore their role in the pathogenesis of 
EBV [146,147]. EBV encoded small RNAs (EBERs), play a significant 
role in the activation of innate immunity by induction of DCs maturation 
and type-1 IFN and inflammatory cytokines via TLR3. However, EBERs 
are also associated with the immunopathologic disease caused by active 
EBV infection as well as activation of T of NK cells [147]. 

2.5.2. Exosomes in therapy and diagnosis of EBV infections 
The exosomes derived from EBV infected cells express virus-specific 

nuclear proteins and cell membrane-specific proteins such as LMP-1 and 
EBNA-2. The exosomes' significant role in viral infection persistence and 
spread in the host makes it crucial in developing diagnostic or prognostic 
biomarkers and anticancer therapy. Houali et al., reported the LMP1 and 
BARF1 oncoproteins as a potential diagnostic marker based on the 
serum and saliva samples collected from the nasopharyngeal carcinoma 
patients (NPC). Saliva and serum body fluids contain exosomes that are 
effectively secreted and separated. Virus-derived oncoproteins were 
detected in NPCs, and they were associated with exosome-like vesicles 
[148]. Researchers identified the LMP-1-LMP-2a mRNA as a potential 
prognostic biomarker of extranodal NK/T-cell lymphoma, nasal type, 
which is distinct from other types of lymphomas [149]. Various studies 
have suggested a potential role of various proteins in prognosis and 
diagnosis are isolated from EBV-derived exosomes such as LMP-1, LMP- 
2a, BARF1, HIF1α, EBV DNA, EBV miRNA, EBV mRNA, and growth 
factors [150–153]. 

The role of exosomes in modulating immune response and phenotype 
of cells aiding in evasion of virus from immune response and the for-
mation and progression of cancer cells are well reported. In such a 
scenario, EBV-derived exosomes can be developed as a potential anti-
cancer target to inhibit the proliferation and spreading of the infection 
[154]. Furthermore, the obstruction in the biogenesis and release of the 
exosomes can alleviate the down-regulated immune activity. The 
various oncogenic EBV-derived nuclear and cell membrane proteins 
such as LMP1, LMP2, BARF1, and EBNA-1, which play a vital role in 
spreading infection, are transported by exosomes to uninfected cells. 
Based on preclinical data on nasopharyngeal carcinoma patients, Cao 
et al., carried out clinical trials of safe and tolerable DNAzyme based 
adjuvant therapy on nasopharyngeal carcinoma patients. The study 
suggested a potential role of DNAzyme, a small catalytic DNA which 
downregulates the LMP1, for the treatment of nasopharyngeal carci-
noma. The DNAzyme based adjuvant therapy during routine radio-
therapy exhibited significant short-term tumor regression without 
severe side effects [155]. Various studies suggesting the oncogenic 
proteins of EBV as a potential anticancer target are under investigation 
[156–158]. 

Additionally, exosomes contribute to the development of antiviral 
immune responses as well as the spread of infection. Viral components 
trigger pattern recognition receptors (PPRs) and thereby stimulate the 
immune response of the host. Aziza and the group previously demon-
strated that EBV encoded dUTPase activated TNF-*, IL1, IL-6, and IL-8 
through the toll-like receptor 2 (TLR2) signaling pathway [159]. Due to 
an inflammatory response, impaired adaptive immune function, and 
increased cell proliferation, disease pathogenesis can occur. 

Furthermore, EBV encoded dUTPase containing exosomes modulate 
the innate and adaptive immune response in human dendritic cells and 
mononuclear cells by B cell stimulatory action [160]. The significant 
role of dUTPase makes it a potential target for the development of 
antiviral therapeutics. Vallhov et al., investigated the specific targeting 

of exosomes derived from different cells and observed that the EBV 
transformed cells preferentially target B cells. The study suggested that 
EBV-derived LMP1 containing exosomes interact with B cells through 
EBV encoded glycoprotein gp350 and receptor CD21. Blocking this 
interaction blocks the EV uptake by B cells preventing the infection. The 
study suggested gp350 expressed exosomes effectively blocked EBV 
infection spread in vitro and emphasizes the potential of developing an 
exosome-based vaccine specifically targeting B cells for therapeutics 
[161]. 

3. Exosomes in personalized medicine 

A patient's exosomes contain a wealth of information about their 
individual health conditions. To achieve an effective outcome, individ-
ualized or customized medicine is necessary due to distinct genetics, 
environment, and personal habits that affect individual health. As a 
result, EVs have been successfully applied to the diagnosis and prognosis 
of cancer. In terms of early diagnosis and personalized treatment, liquid 
biopsy-based on EVs has proved to be beneficial [162]. Various studies 
suggest the potential of exosome genomics in deciding the therapy. Kato 
et al., presented significant findings suggesting the presence of a higher 
level of p-glycoprotein in docetaxel-resistant patients' exosomes than 
docetaxel non-resistant patient exosomes. In order to overcome doce-
taxel resistance caused by the multidrug resistance protein 1 (MDR1) 
gene, taxane can be used to treat castration-resistant prostate cancer 
[163]. Personalized medicine is plagued by poor diagnostics and bio-
markers. The exosomes based adaptive therapy brings together patients 
response-dependent treatment plans in personalized medicine [162]. 

The non-invasiveness, easy accessibility, and cell-specific origin of 
exosomes make them favorable as diagnostic biomarkers. In combina-
tion with existing diagnostic tools, the exosomes can further improve the 
accuracy and sensitivity of diagnostic markers. The exosome DNA rep-
resents the whole genomic DNA and mutations present in the origin 
cells, which can be further employed to predict diseases induced by 
mutations [164]. 

Piffoux and his colleagues reviewed the allogeneic exosomes and 
personalized cancer immunotherapy [165]. There has been considerable 
attention paid to the physical triggering of exosomes for theragnostic by 
inducing high exosome loading, secretion, and therapeutic effectiveness. 
With bioengineered exosomes, cellular targeted delivery can be devised, 
and their biodistribution and interaction can be controlled. Small size, 
lipidic bilayer, and indigenous nature provide low immunogenicity, 
high uptake and prevent phagocytosis. In addition, exosomes possess a 
protective nature, which makes them potential carriers in therapy. As a 
result, exosomes can be used in personalized medicine to treat various 
viral infections and virus-mediated cancers. 

4. Exosomes and critical challenges 

To utilize the exosome's endogenous nature of specific cell-to-cell 
communication in therapeutics such as protein and peptide delivery, 
RNA delivery, gene delivery, vaccination, and immunotherapy is un-
derway. Techniques for isolating and purifying exosomes pose the 
biggest challenge in exosome-based applications. The application of 
techniques depends on the application area; however, the recovery and 
specificity vary from technique to technique. There is a need for stan-
dardized techniques for the isolation and purification of exosomes. The 
techniques that would be specific, viable, easy to replicate, high 
throughput, and high recovery. The endogenous nature of the exosomes 
provides in vivo stability in circulation and prevents them from phago-
cytosis and macrophages mediated degradation. However, the half-life 
of exosomes in vivo is approximately 2–20 min [166]. The already pre-
sent endogenous content limits the exogenous loading of the drug 
reducing the loading efficiency. 

Various methods have been reported for exosome drug loadings, 
such as preloading and post-loading; however, there is a need to 
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readdress them to achieve optimal performance. During the large-scale 
production of exosomes, the parameters like scalability, variability, 
purity, potency, and reproducibility of the produced exosomes raise 
serious concerns. The large-scale production and translation to clinics 
will be costly. The role of exosomes needs to be studied in-depth for a 
better understanding of harnessing exosomes in biomedical applications 
[167]. 

The drug-loaded and tagged exosomes might behave differently in 
vivo. The pharmacokinetics (PK) and pharmacodynamics of the thera-
peutic exosomes may vary from the already existing exosomes. Long- 
term safety and toxicity studies are needed to investigate exosomes' ef-
fect upon in vivo exposure thoroughly. The in vitro models can be 
employed to investigate the effect of drug-loaded exosomes on recipient 
cells, uptake mechanism, intracellular and extracellular behavior, and 
drug unloading mechanisms. Further in vivo methods and physiologi-
cally based pharmacokinetic models can investigate the PK of thera-
peutic exosomes [168]. The development of artificial exosomes is an 
excellent alternative for translational medicine and is capable of 
addressing the above-mentioned vital challenges and producing ho-
mogenous exosomes. The development of artificial exosomes is under-
way and holds a promising future in exosome-based biomedical 
applications. 

5. Conclusion and prospects 

In order to address the unmet need in the treatment and prognosis of 
viral diseases, the dual role of exosomes in transmitting various diseases 
and enhancing the innate immunity of host cells can be exploited. 
Exosomes have significant potential as a therapeutic, prognostic, and 
diagnostic biomarker for various diseases. Barriers to overcome include 
isolation and purification techniques, biochemical compositions, and in- 
depth details of the uptake mechanism. The exosome-based delivery 
platform paves the way for safer and more efficient delivery of siRNA, 
miRNA, and proteins with little toxicity and immunogenicity. In patients 
exposed to chronic conditions, the prognosis of the disease may help 
increase life expectancy. Even though exosomes possess tremendous 
potential, their translation to clinics is hampered by various barriers at 
both isolation and production levels. The storage and stability of exo-
somes are also critical aspects that must be addressed. According to 
origin and health conditions, exosome composition differs, determining 
its function after releasing in extracellular space. The dual role of exo-
somes further complicates the isolation and application of the exosomes 
in theranostics. There is a need for extensive research to unravel the 
exosomes' biogenesis and differentiate between exosomes that aid in 
disease transmission and exosomes that set off the innate immunity of 
the host. 

6. Introduction 

The course of infectious diseases resulting from viral or bacterial 
infection is changing due to human activities such as global travel, 
agriculture, deforestation, and consumption of exotic wildlife [1]. Many 
viral epidemics and pandemics are caused by outbreaks and a lack of 
knowledge about a viral pathogen, transmission patterns, and diagnosis 
[2]. In addition to self-resolving viral diseases, they can also cause 
treatable diseases or chronic diseases that can lead to death. Globally, 
viral infectious diseases contribute to high rates of mortality and 
morbidity. The last two decades have seen significant epidemic and 
pandemic outbreaks (Fig. 1) such as severe acute respiratory syndrome 
(SARS) in 2003, H5N1 in 2004, H1N1 in 2009, the Middle East respi-
ratory syndrome (MERS) in 2012, Ebola in 2014, and the devastating 
Coronavirus disease (COVID-19) in 2019. A case fatality rate or risk 
(CFR) measures disease severity and represents the proportion of people 
dying from a disease. For example, acquired immunodeficiency syn-
drome (AIDS) by Human Immunodeficiency Virus (HIV) exhibits a CFR 
of 100% and is not curable, while Ebola has a CFR of 50% [3]. Hepatitis 

B virus (HBV) infects 250–350 million worldwide and causes 
500,000–600,000 deaths annually [4]. A vaccine for SARS and MERS 
has not yet been developed [5,6]. For Ebola, there is no licensed vaccine 
yet. However, several investigational Ebola vaccines are under clinical 
trials such as rVSV-ZEBOV [7] and cAd3-EBO [8]. The devastating ef-
fects of COVID-19 have led to an expedited search for affordable vac-
cines against it [9–12]. 

6.1. Exosomes 

Exosomes are extracellular vesicles secreted by eukaryotic cells and 
composed of proteins, DNA, mRNA, microRNA, long non-coding RNA, 
and circular RNA which participate in intercellular communication 
[13]. The recent findings have found that exosomes play a vital role in 
cell-cell signaling. Further, the presence of exosomes has been identified 
in several bodily fluids such as plasma, saliva, breast milk, cerebrospinal 
fluid, and amniotic fluid [14–18]. The presence of exosomes in the body 
fluids and the release of exosomes from the immune cells, cancer cells, 
and brain cells have attracted researchers from across the globe to 
explore the role of exosomes in diverse areas. The exosome's role in 
tumor detection and tumor therapy is notably investigated with hints of 
the modality being translated in the near future [19–21]. Studies sug-
gesting exosomes derived from adipose-derived stem cells in alleviating 
oxidative stress and inflammation [22], and promoting ischemic 
repairment and angiogenesis have been reported [23,24]. It has been 
suggested that the pivotal role of exosomes in the manifestation of the 
disease and applying the same in therapeutics and diagnostics can play a 
potential role in the prognosis and prevention of viral diseases. This 
review summarizes the dual role of exosomes in transmitting various 
viral diseases and their application in the management of the same 
diseases. 

6.2. Exosomes: origin and biogenesis 

Exosomes are lipid bilayer phospholipid membrane vesicles that 
originate from late-stage endosomes. The cell membrane invaginates 
into the cytoplasm to form primary or early endosomes, which further 
mature into late endosomes. Endosomes form multivesicular bodies 
(MVBs) when the limiting membrane folds inwards into intraluminal 
vesicles (ILVs). It is believed that these MVBs either fuse with lysozymes 
and get degraded or that they fuse with plasma membranes and release 
ILVs into the extracellular space as exosomes [25]. In the biogenesis of 
exosomes, the endosomal sorting complex required for transport 
(ESCRT) and the cytosolic protein complex play a crucial role in forming 
ILVs and sorting ubiquitinated proteins. Protein Alix TSG101 (Tumor 
susceptibility gene 101) and flotillin participate in exosome biogenesis 
and release, whereas annexins and Rab GTPase proteins aid in mem-
brane transport and fusion (Fig. 2) [26]. The primary composition of 
exosomes is various tetraspanins such as CD9, CD63, CD81. These tet-
raspanins participate in cell penetration and fusion events and are 
widely identified as an exosomal marker apart from TSG101 protein 
[27]. The HSP70 surface protein receptor is essential for transporting 
exosomes to recipient cells and for identifying exosomes (Fig. 3). 

Exosomes change the phenotype of cells and alter the innate im-
munity of the host cell. When released into extracellular space, exo-
somes are influenced both by their size and surface by recipient cells 
[28]. The surface-expressed proteins determine the recognition and 
uptake by the acceptor cells. In most studies, exosomes are taken up by 
specific cells, whereas few studies report exosomes' uptake by non- 
specific ligand-receptor combinations. There are several uptake mech-
anisms reported for exosomes, including micropinocytosis, clathrin- 
dependent endocytosis, clathrin-independent endocytosis, and cav-
eolin mediated uptake [29]. Based on their origin, exosomes carry 
diverse cargo that plays a vital role in the intercellular communication 
and transport of various biomolecules. Exosome composition reflects the 
origin and function of the exosome, as well as the pathological condition 
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of the parent cell and its surroundings. 
Exosomes play a crucial role in innate and acquired immunity 

(Fig. 4). In response to Tumor necrosis factor (TNFs), HLA-B- associated 
transcript 3 (BAT3), and Interleukin 15Ra (IL-15Ra) on the surface of the 
exosomes, mature dendritic cells (mDC) activated macrophages, further 
activate NK cells, enhancing their cytotoxic activity. 

Exosomes mediated antigen presentation to T cells can induce an 
immune and proinflammatory response. The mDC derived exosomes 
express the T cell co-stimulatory molecules and MHC class I and II, 
which can be an essential mechanism for antigen presentation. The 
proposed mechanisms for the antigen presentation by exosomes are 
cross-dressing pattern, cross-presentation, and direct exosome-induced 
T-cell activation [30–32]. In a cross-dressing pattern, DCs captures 
exosomes and directly present them to CD4+ or CD8+ T cells. The 
exosomes shuttle antigenic peptide-MHC complex to DCs populations. 
Cross presentation pattern involves DCs mediated presentation of anti-
genic protein/ peptides containing exosomes to the endogenous MHC 
class I and II molecules, followed by activating antigen-specific T-cells. 
In direct antigen presentation, DCs derived exosomes can directly acti-
vate CD4+ or CD8+ T cells, attributed to the expression of the T cell co- 
stimulatory molecules along with MHC class I and II on the exosomes 
[33]. 

Furthermore, exosomes are isolated from different plant sources, 
including juice, seeds, and leaves. Citrus lemon, ginger, grapefruit, 
Arabidopsis thaliana, coconut water, and carrots have all been found to 
contain exosomes [34,35]. Plant-derived exosomes are involved in plant 
cell-to-cell communication and regulate the innate immunity of plants, 
like exosomes' role observed in the human body. Various medicinal 
plants possess antiviral properties [36–39]. Sundaram et.al reported 
anti-bacterial activity of ginger-derived exosomes in chronic periodon-
titis against Porphyromonas gingivalis (P. gingivalis), an oral pathogenic 
bacteria which causes chronic periodontitis [37]. The ginger-derived 
exosomes like nanoparticles (GLEN) were selectively taken up by 
P. gingivalis pathogen and inhibited the growth of the pathogen. The 
GLENs significantly reduced the FimA (important component for 
attachment to host surfaces) expression and further inhibited the 
attachment of P. gingivalis to oral epithelial cells. Also, GLEN impacted 
the immune response by a decrease in the expression of bone resorptive 
cytokines (TNF-α, IL-6, and IL-8) and decreased the recruitment of 
macrophages and leukocytes. 

6.3. Isolation of exosomes 

Many types of isolation methods have been attempted for obtaining 
individual exosomes (Fig. 5), including ultracentrifugation, size-based 
techniques, such as ultrafiltration and size exclusion, immunoaffinity- 
based techniques, microfluidics-based techniques, and polymer precip-
itation methods [40]. In ultracentrifugation, exosomes are separated 
based on their density and size using centrifugal force. Ultracentrifu-
gation is the standard technique used for exosome isolation with high 
throughput; however, it is also associated with several drawbacks, such 
as time-consuming results and machine-dependent outcomes. The un-
stable recovery rate and damage of exosomes upon repeated centrifu-
gation are significant concerns. 

The immunoisolation technique is based on chromatography, in 
which specific antibodies are immobilized on the stationary phase to 
bind with the target protein present on exosomes covalently. The 
immunoisolation technique can be used for high purity isolation for 
quantitative and qualitative studies of exosomes. The non-specific 
adsorption, high cost, low yield, and harsh operating conditions are 
several drawbacks of the immunoisolation technique. The polymer 
precipitation technique employs hydrophilic polymers such as PEG and 
decreases hydrophilicity of exosomes leading to precipitation of the 
exosomes followed by low-speed centrifugal force for isolation. The 
PEG-based kits available for rapid isolation and purification are 
expensive, and co-precipitation of contaminants such as lipoproteins is 

reported. Microfluidics is an emerging isolation technique to separate 
the exosomes based on biochemical composition, physical properties, 
and immunoaffinity [41]. Micro fluidics-based techniques can signifi-
cantly reduce separation time, reagents, and volume however, low yield, 
low reproducibility, and high cost are hurdles for the technique. Above 
all, the ultracentrifuge technique is the gold standard for the isolation of 
exosomes. 

7. Viral diseases and exosomes 

The high expression of target cell-specific integrin and tetraspanin 
adhesion molecules also pave the way for targeting drug delivery [42]. 
Viruses transmit RNA or DNA in exosomes that activate the innate im-
mune system. However, exosomes can also disrupt normal cellular 
physiology and cause disease. Hence the balance between the exosomes 
mediated infectivity and innate immune response decides the course of 
the disease and pathophysiological conditions. Exosome-based drug 
delivery can provide target-specific delivery as well as aid in boosting 
the immunogenic outcome. The potential proteins or viral RNA/ DNA 
present in exosomes and involved in promoting a diseased state can be 
targeted to impede further transmission. It is possible to identify and 
develop antiviral exosomes as a therapeutic for viral diseases [43]. 
Exosome charges carry specific RNAs corresponding to the pathophys-
iological condition of their source cells [44]. The presence of viral RNA, 
DNA, or virions is also detected [39], providing prognostic or diagnostic 
information. The information can be regularly monitored to assess the 
disease conditions in patients. By understanding how exosomes promote 
viral infectivity, clinical applications of exosomes can be developed. 
Many viral diseases have been linked to exosomes, such as AIDS, hep-
atitis, Ebola, COVID-19, and Epstein-Barr virus. 

7.1. Coronavirus and exosomes 

Coronavirus is (+) single-stranded RNA virus of family Coronaviridae 
and subfamily orthocoronavirinae responsible for causing infectious dis-
eases such as Severe acute respiratory syndrome (SARS), Middle East 
respiratory syndrome (MERS), and COVID-19 [45]. The global fatality 
rate of SARS and MERS is 9.6% [46] and 37.1% [47], respectively. 
COVID-19 caused by SARS-CoV-2 affected more than 200 countries 
and is responsible for causing ~5,174,646 deaths globally till November 
2021 [48]. SARS-Cov-2 S-protein is highly conserved among all coro-
naviruses, which aids in receptor recognition, viral attachment, and 
entry into host cells [49]. S protein facilitates the binding of the envel-
oped virus with angiotensin converting enzyme 2 (ACE2) expressed on 
the lower respiratory tract cells of the host [50]. People infected with 
SARS-CoV-2 disease can be symptomatic or asymptomatic. Symptoms 
can vary from mild to moderate respiratory infections. However, pa-
tients aged above 65 years as well as those with co-morbid conditions 
are at high risk of severe symptoms requiring mechanical ventilation 
and intensive care. Acute respiratory distress syndrome (ARDS), a joint 
immunopathological event, is the primary cause of coronavirus-related 
disease fatality [51]. 

7.1.1. Role in the transmission of Coronavirus infections 
CD9 molecules are present in the exosomes and play a crucial role in 

the exosome biogenesis and cargo loading into exosomes by protein- 
protein interaction network in MVBs membrane [52]. Exosomes 
released from the virus-infected cells transport CD9 molecules which 
further facilitate the virus entry into the recipient cells. A study per-
formed by Earnest et al., suggested that tetraspanin CD9 aids in MERS- 
Coronavirus entry and infection in the mouse lungs [53]. “TMPRSS 
(transmembrane serine protease 2)”, an exosomal protein is recently 
reported to facilitate the SARS-Cov entry in host cells via ACE2 receptor 
by cleavage of spike protein [54]. 

Klaud et al., reported that ERGIC-53, an ER-Golgi intermediate 
compartment marker and a cargo receptor required for glycoprotein 
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transport, is associated with coronavirus entry in the host cell. The 
active secretion of ERGIC-53 from cells in viral particles and exosomes 
was observed, which further aided in viral infectivity either by acting as 
a co-receptor required for virus attachment to the host cell or by 
recruiting cellular proteins essential for virus assembly [55]. The exo-
somes released from SARS-Cov-2 infected cells help in transmitting the 
disease by utilizing the exosome's intercellular communication 
mechanism. 

The secretion of ERGIC-53 in the exosome can increase the viral 
infection by exploiting the inherent transporting nature of exosomes. 
Gunasekaran et al., reported the active role of exosomes in chronic lung 
allograft rejection in patients suffering from respiratory viral infections 
from 17 viruses, including coronavirus. The coronavirus antigen and 
increased lung SAgs were detected in isolated exosomes from serum 
samples of patients. Further, immunizations of mice with exosomes, as 
mentioned above, amplified humoral and cellular immune responses 
towards lung SAgs and alloantigen, which increases the risk of devel-
oping chronic lung allograft dysfunction [56]. The above study sug-
gested the potential of exosomes in the transfer of viral antigens of 
coronavirus in the body and aiding in augmenting infection. A recent 
study by Wang et al., suggested that exosomes can transfer ACE2 to the 
recipient cells, leading to internalization and susceptibility to the virus 
docking [57]. 

Barberis et al., studied the proteomic analysis of plasma-derived 
from COVID-19 patients and health control. The proteomic character-
ization found signature proteomic features in plasma derived from the 
COVID-19 patients and proteins related to the coagulation process, 
transport activity, complement activity, protease inhibitor, and defense/ 
immunity protein activity. The study suggested that SARS-CoV-2 uses 
the endocytosis route to spread the infection exosomes carrying viral 
materials [51]. Kwon et al., observed overexpressed SARS-Cov-2 genes 
in A549 lung epithelial cells, and the isolation of the EVs suggested the 
presence of viral RNA within them. Further, to study the uptake of EVs 
by cardiomyocytes, EVs were incubated with human induced pluripo-
tent stem cells-derived cardiomyocytes (hiPSC-CMs) and hiPSC derived 
endothelial cells. The presence of EVs and viral RNA fragments were 
detected in both cells. Further, EVs mediated the increase of 
inflammation-related genes in the hiPSC-CMs upon uptake [58]. 

7.1.2. Role in therapy and diagnosis of Coronavirus infections 
Researchers have conducted extensive research on exosomes, sug-

gesting they play a dual role in infection transmission and infection 
prevention. Huang et al., reported the role of Interferon-Induced 
Transmembrane Proteins (IFITM1, IFITM2, and IFITM3) in impeding 
the entry and replication of SARS Coronavirus. Infectious agents such as 
influenza A, Marburg virus, and Epstein-Barr virus EBV are inhibited by 
IFITM, which are broad-spectrum antiviral proteins. The proposed 
possible explanation was a change in properties of late endosomes/ ly-
sosomes or involvement of endocytic pathways. However, the exact 
mechanism of inhibition was not elucidated [59]. 

Feeley and his group showed that IFITM3 prevented influenza A 
virus infection by preventing the entry of viral components into the 
cytosol after endocytosis, thus preventing virus fusion [60], which may 
be involved in the inhibition of SARS coronavirus. Novk et al., proposed 
a possible pathway that leads to the IFITM3 mediated antiviral role of 
exosomes against the SARS Coronavirus highlighting the crucial role of 
exosomes. The authors observed that exosomes released from SARS- 
infected cells contain IFITM3 and ACE2. Alternatively, overexpressing 
IFITM3 or secreted Ace2 receptors end up neutralizing SARS coronavi-
rus [61]. Nevertheless, further studies are necessary to confirm the 
presence of the ACE2 receptor on exosomes to support the proposed 
mechanism (Fig. 6). The isolation of exosomes exhibiting antiviral ac-
tivity against coronavirus can be carried out to augment its activity or 
can be engineered as a potential therapy against coronavirus treatment. 

Kate et al., developed S protein-containing exosome-based vaccines 
for the immunization against the SARS coronavirus. The highest 

antibodies were observed when S protein contained exosomes boosted 
with adenoviral vector vaccine compared to individual vaccines. The 
vaccine generated high levels of specific neutralizing antibodies against 
SARS and exhibited SARS-S-mediated entry [62]. Teng et al. observed 
that the exosomes released from SARS-CoV-2 infected lung epithelial 
cells are taken up by macrophages and induce apoptosis by activation of 
nuclear factor κB and inflammatory cytokines. Similarly, ginger 
exosome-like nanoparticles (GLEN) showed a therapeutic effect against 
SARS-CoV-2 [63]. 

China's Ruijin hospital is conducting a single-arm, open-label, com-
bined interventional clinical trial testing the safety and efficacy of 
exosomes derived from allogeneic mesenchymal stem cells (MSCs-Exo) 
against COVID-19. Experimental data shows a beneficial effect on lung 
inflammation and other lung injury-related pathological issues in this 
study [64]. Hubei Shiyan Taihe hospital in China is conducting another 
clinical trial to determine if human umbilical cord mesenchymal stem 
cells (HUMSCs) can treat patients with lung injury following infection 
with COVID-19 [65]. Gunasekaran et al., reported that exosomes iso-
lated from SARS infected cells augmented the humoral and cellular 
immune responses upon immunization of mice with exosomes 
mentioned above [56]. The discovery could be used as a key to devel-
oping vaccines against coronavirus to exploit exosome-induced immu-
nity in virus-infected cells. Kumar et al., investigated the role of 
exosomes as antiviral protease inhibitor carriers, showing that exosomes 
bypass liver metabolism and deliver drugs to the targeted tissues [66]. 
Tsai et.al reported preclinical SARS-Cov-2 mRNA-loaded exosomes to 
achieve immunogenicity in mice. The study suggested that vaccination 
of mRNA-loaded exosomes led to dose-dependent development of anti- 
spike and anti-Nucleocapsid antibody response as well as antigen- 
specific CD4+ and CD8+ T cell response without any vaccine-related 
adverse effects [67]. Further, mRNA-loaded exosomes were more safer 
compared to the RNA-loaded lipid nanoparticles which led to severe 
cellular toxicity. The exosomes offer the advantage of specific tissue 
targeting which can be exploited for drug delivery. Fu et al. investigated 
the pseudotyping-based approach to load the EV membranes with 
receptor-binding domain (RBD) of the spike protein, a key domain in 
SAR-Cov-2 attachment, fusion, and cellular entry. The study suggested 
that the RBD tagged EVS can specifically recognize ACE2 receptors on 
the target cell required for the uptake. Further, upon cellular uptake by 
ACE2 receptors, siRNA encapsulated in RBD tagged EVs delivered into 
lung tissues inhibited pseudovirus SARS-Cov-2 infection in vivo. RBD- 
tagged EVs are a promising vehicle for delivering antiviral agents for 
SARS-Cov-2 treatment. However, a study employing authentic SARS- 
Cov-2 is required to confirm the findings [68]. 

Anand et al., suggested the convalescent plasma-derived exosomes 
(CPexo) for the covid-19 therapy. The hypothesis suggested the CPexo can 
offer potential therapeutic efficacy by acting as an immunotherapeutic, 
drug carrier, and diagnostic biomarker based on the literature suggest-
ing effective and precise targeting of the pathogen by exosomes in 
preclinical studies [69]. Also, convalescent plasma is reported as a 
therapeutic approach for the Covid-19 [70], and human membrane or 
fluids has been FDA approved previously to encounter inflammation and 
tissue injury [69]. Mesenchymal stem cells (MSCs) derived exosomes 
have emerged as potential therapeutic candidates attributed to the 
features such as modulation of the immune response, reduce inflam-
mation, ability to suppress viral infection attributed to the presence of 
specific cytokines. Several clinical trials associated with MSCs derived 
exosomes for the treatment of Covid-19 are ongoing in different parts of 
the world (Table 1). The completed and ongoing clinical trials of MSCs 
derived exosomes highlight the effectiveness in the treatment of SARS- 
Cov-19. However, detailed safety and efficacy need to be asses and 
long-term outcomes [71,72]. 

Alteration of the protein content of exosomes in diseases condition is 
well reported in the literature which can be exploited as the diagnostic 
marker of the disease condition of the patient. Barberies et.al investi-
gated the role of exosomes as a diagnostic marker in the SARS-CoV-19 
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infected patients. The study suggested that critical patients showed 
significantly high levels of C- reactive protein (CRP), alpha-1-acid gly-
coproteins (A1AG1and A1AG2), CXCL7, and lower levels of CCD34, 
C4BPA, and GELS compared to non-critical COVID-19 patients. It was 
observed that CRP protein was able to differentiate between positive 
patients and negative patients. Also, it discriminated between critical 
patients and non-critical patients [73]. Similarly, Balbi et al., derived the 
EVs from the participants who underwent a molecular test for SARS- 
CoV-2. The profiling of the exosome protein suggested the CD142, a 
platelet tissue factor (activates extrinsic pathway of blood coagulation 
cascade) as the highest discriminating surface protein. The CD142 
showed increased activity in COVID-19 positive patients and also 
correlated with TNF-α serum levels [74]. A similar observation was 
made by Rosell et al., suggesting the increased platelet tissue factor 
associated with the severity and mortality of the COVID-19 [75]. This 
finding may pave the road for exploiting CD142 as a specific surface 
antigen for the prognosis of the disease. A study carried out by Grifoni 
et al., also suggested increased cytokine levels and presences of TNF, IL- 
6, and IL-1β [76]. The circulating exosomes can be a potential biomarker 
for the prognosis of COVID-19 infection. 

7.2. Human Immunodeficiency Virus (HIV) and exosomes 

Acquired Immunodeficiency Syndrome (AIDS) is a chronic immune 
system failure caused by the retrovirus human immunodeficiency virus 
(HIV). World Health Organization (WHO) data shows that the pandemic 
has infected 37.9 million people and caused more than 1 million glob-
ally. The only promising therapy for infection is highly active antire-
troviral therapy (HAART), only to increase the life expectancy, and there 
is no cure. However, the recent clinical trials of antibodies, namely 
3BNC117, a broadly neutralizing antibody, and monoclonal antibody 
10–1074 developed for CD4 host cell and HIV viral envelope, respec-
tively, have shown promising results by suppressing viremia in HIV-1 
infected patients [77,78]. 

7.2.1. Role in the transmission of HIV 
The role of exosomes on the immune system and HIV infection and 

understanding the influence of HIV infection on exosome release has 
gained interest in the research community (Fig. 7). Gould et al., pro-
posed a hypothesis suggesting that HIV hijacks the exosome machinery 
in T-cells and macrophages to increase the infectivity in other cells in a 
receptor-independent manner [79]. Researchers report a variety of 
studies that support this hypothesis [80,81]. Immunoprecipitation 
studies revealed that the macrophages infected with HIV have a similar 
complement of cellular membrane proteins to viruses recovered from 
the extracellular medium, suggesting that the virus is initially released 
from the macrophages and bud into endosomal organelles and then 
released by fusion with the plasma membrane. These key findings sug-
gested exploiting the preexisting exosomal pathway for retroviral 
budding and further transmitting the infection [80,81]. However, 
studies contradicting the above results suggested plasma membrane as 
the primary site for the virus budding by sequestering intracellular 
plasma membrane domain and recruiting CD63 tetraspanin during virus 
assembly [82–84]. 

The function of TSG101, a subunit of endosomal sorting complex 
required for transport I (ESCRT-I), is linked to the formation of endo-
somes and MVBs [85]. Another study implicated that HIV-1 utilizes a 
similar subset of cellular component that of cytokinesis, i.e., TSG101 and 
Alix, an ESCRT-associated protein during membrane budding and 
implicating the direct budding of microvesicles from plasma membrane 
releasing budding viruses by exploiting TSG101 and Alix [86,87]. Kadir 
et al., reported a study supporting the hypothesis of exploitation of 
exosome pathways by HIV. They reported exosomes/ MVBs mediated 
the transfer of virus and viral constituents from infected cells to unin-
fected cells, thus aiding in expediting HIV infection and dissemination. 
The incubation of an equal ratio of HIV-1 infected monocyte-derived 

macrophages (MDM) and uninfected MDM labeled with lipophilic 
dyes DiO and DiD, respectively were carried out. Upon incubation, the 
increased membrane exchange among infected and uninfected MDM 
was observed followed by the release of vesicles from infected and fusion 
with uninfected MDM within 4-6 min observed via video footage. 

Negative regulatory factor (Nef) plays a crucial role in the infection 
and replication of HIV by exploiting host cell machinery and down-
regulation of important crucial antiviral immune responsive molecules 
such as MHC-I, MHC-II, CD4, and CD28 [89]. It is reported in various 
studies that Nef, a protein encoded by lentivirus, facilitates its release 
via exosomes by accelerating exosome release [90]. Mukkhamedova 
et al., observed that the exosomes isolated from the Nef expressing cells 
contained Nef. Further, incubation of Nef containing exosomes and 
macrophages led to a linear increase in exosomes uptake by macro-
phages. It was found that exosomes deliver Nef to the macrophages, 
which alters cellular functions and causes inflammation associated with 
HIV infection. Continuously incubating HIV-infected exosomes colored 
with a fluorescent dye (PKH67) inside RAW264.7 macrophages resulted 
in linear uptake of the exosomes inside the cells (Fig. 8). The study 
suggested rapid and quantitative uptake of exosomes by macrophages 
delivering NeF to the intracellular compartments [91]. This also results 
in HIV-associated co-morbidities. Moreover, its role in the augmentation 
of the membrane trafficking process and apoptosis of CD4+ T cells leads 
to adverse effects on the immune system [92]. Researchers have also 
reported that the exosomes released from infected cells can activate 
latent viral reservoirs and potentially suppress innate immunity [93,94]. 

7.2.2. Role in therapeutics and diagnosis of HIV infections 
The exosomes are reported to play a diverse role in the transmission 

and a preventive role against viral infection (Fig. 9). The CD8+ T 
lymphocytes-derived exosomes have shown the antiviral property by 
suppressing the HIV replication in vitro initiated by interferon-mediated 
signaling pathway [95], which can be further engineered for effective 
therapy against HIV. The RNA sequence in exosomes derived from HIV- 
infected cells has been isolated. Studies show the influential role of 
various miRNAs such as miR-28, miR-29a, miR-149, miR-150, miR-198, 
miR-223, miR-324, miR-378, and miR-382 protective role against HIV 
infection [96]. Narayanan and the group demonstrated the role of TAR 
RNA in exosomes derived from HIV-infected cells in inhibiting apoptosis 
by downregulating expressions of the Bim and Cdk9 pro-apoptotic 
protein [97]. The role of exosomes derived from various body fluids 
have protective action against HIV infection, such as breast milk-derived 
exosomes, which was seen to inhibit HIV-1 infection of dendritic cells 
[98] and semen derived exosomes inhibited RNA expression by inhib-
iting binding and recruitment of transcription factors such as NF-κB and 
Sp1 [99]. By identifying and purifying antiviral exosomes, the ability of 
intrinsic exosomes to interfere with HIV infection can be utilized to 
develop exosome-based anti-HIV therapies [100]. 

Targeting exosome-associated proteins in HIV infection, such as 
MHC-II, CCR5, CXCR4, TSG101, miRNA, mRNA, and ESCRT, thera-
peutic applications against HIV can be developed. Another approach can 
exploit exosomes' natural occurrence and inherent role in transporting 
mRNA and miRNA from one cell to another to deliver RNA-based 
therapeutics. A novel RNA delivery vehicle, such as exosomes, can 
address many shortcomings of conventional RNA delivery, including 
stability, high clearance, poor uptake, high phagocytosis and cytotox-
icity rates, and biocompatibility issues [101]. Lattanzi et al., developed 
Nef mutant protein (Nefm) loaded exosomes as a vehicle of antigen 
cross-presentation against HIV-1. Nefm, a biologically inactive HIV-1 
NeF, was loaded in the exosomes. It was observed that Nefm- exo-
somes enter the target cell less efficiently than virus-like particles (VLPs) 
but exhibit similar cross-presentation levels. 

Further in vivo studies can open a potential road towards developing 
Nefm exosome-based vaccines against HIV-1 [102]. The therapeutic 
approach of loading anti-HIV RNA in exosomes or anti-HIV in anti-HIV 
exosomes can be a potential therapeutic modality. The addition of a 
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specific targeting ligand could significantly improve the efficacy and 
targeting of therapy. In certain disease conditions, the levels of protein 
and EVs in body fluids increase. This phenomenon has been harvested as 
a noninvasive technique identifying the specific proteins acting as a 
biomarker of the disease. The role of exosomes as a biomarker in the 
prognosis and diagnosis of the disease can be potentially harvested in 
favor of the patient's treatment. It may be possible to utilize molecules in 
exosomes as a biomarker in the prognosis or diagnosis of HIV-1. Several 
HIV-1 related proteins were detected in the urine of an HIV-1 patient, 
including Gag, Tat, Vpu, Vpr, and Nef. Apart from this, neuron-derived 
exosomes (NDE) are a potential biomarker of cognitive impairment by 
HIV. HMGB1, NF-L, and Aβ proteins can be a potential biomarker in the 
prognosis of HIV-1 [101]. 

7.3. Hepatitis virus and exosomes 

The hepatitis viruses (A, B, C, and E) are unrelated viruses that cause 
liver-related conditions (Fig. 10) such as acute and chronic hepatitis, 
liver cirrhosis, and hepatocellular carcinoma [103]. HAV and HCA are 
RNA viruses of the family Picornaviridae and Flaviviridae, respectively. 
HBV is a DNA virus of the family Hepadnaviridae. In 2018, Shearer et al., 
reported the global prevalence of HBV to be 3.9%. [104]. Globally 142 
million people suffer from chronic hepatitis C infection, and 399,000 
people die from cirrhosis and hepatocellular carcinoma (HCC)[105]. 

7.3.1. Role of exosomes in the transmission of hepatitis virus 
The exploitation of exosomes by HBV during infection to increase 

infectivity and escape from the host's innate immune response by 
downregulating IL-12 is reported by Kouwaki et al., The HBV RNA, viral 
DNA, core protein, an envelope protein was detected in exosomes 
derived from infected hepatocytes to infect the hepatocytes [106]. 
Moreover, HBV increased the expression of immunosuppressive miRs 
such as miR-21 and miR-29a in exosomes attributed for the down-
regulation of IL-12 in macrophages, responsible for the activation of NK 
cells [107]. Yang et al., reported a viral component in exosomes isolated 
from chronic hepatitis B patients and the infective nature of isolated 
exosomes to naïve hepatocytes. The crucial finding was the role of 
exosomes in transferring HBV viral particles into NK cells followed by 
NK-cell dysfunction by downregulating activating NKp44 receptors and 
upregulating NKG2A, an inhibiting receptor (Fig. 10) [108]. Kapoor 
et al., observed that Hbx modulates the biogenesis of exosomes and 
exploits its intrinsic intracellular communication property to transfer 
the HBx viral load to further support the viral spread and pathogenesis 
[109]. A proposed mechanism of exosome-HBV infection and the 
disruption of the NK cell is presented in Fig. 11. 

Exosomes secreted from HBV infected liver cells play a crucial role in 
downregulating tumor cell apoptosis by upregulating exosomal miR-21 
and aiding in chemoresistance and pathogenesis of hepatic carcinoma. 
HBV-mediated exosome role in chemoresistance in hepatic carcinoma is 
mediated by upregulation of lysosome-associated membrane protein 
(Lamp2a), an essential protein of chaperone-mediated autophagy (CMA) 
[110]. The exosomes might also act as a reservoir of HBV DNA with the 
ability to reinfect the host with suppressed immunity in recovered pa-
tients [111]. These studies support the Trojan exosome hypothesis 
suggesting the exploitation of exosomes by the virus to augment the 
transmission and replication process further and escape the host's innate 
immune response. 

Like HBV transmission, the role of exosomes in spreading the infec-
tion of HAV and HCV is well reported. The exosomes expressed from 
hepatitis virus-infected cells play a dual role, aiding in spreading viral 
infection by infecting naïve hepatocytes and protective role by acti-
vating innate immune signaling pathways. Various studies suggest that 
HCV can exploit exosomes by transferring HCV viral RNA in exosomes, 
impairing the dendritic cell and infecting the naïve hepatocytes 
[106,112]. Whereas in HAV, not viral RNA but virions (eHCA) expressed 
in the exosomes play a vital role in spreading the infection to naïve 

hepatocytes [93]. The role of exosomes in neutralizing the anti-HCV 
antibodies to evade the innate immune response is also reported 
[113]. Gorji-bahari et al., suggested the role of the RAB5A gene in the 
regulation of HCC metastasis via regulating the pro-viral content of 
exosomes. The RAB5A inhibition can affect the HCC cell proliferation 
rate and migration capability [114]. 

7.3.2. Role in therapy and diagnosis of hepatitis 
Apart from assisting in spreading the infection, exosomes in hepatitis 

infection also play a protective role by activating innate immunity 
signaling pathways. The activation of pDC (plasmacytoid dendritic 
cells), which secrets type I interferon against the viral infection, is 
mediated via the interaction of exosomes containing viral RNA/virions 
with pDCs during HAV and HCV viral infection [115]. The 
macrophages-derived exosomes deliver IFN-α expressed anti-HBV mol-
ecules via similar machinery pathways utilized by the virus during the 
invasion, such as micropinocytosis and clathrin-dependent pathways 
[116]. Another study reported pro-inflammatory substance IL-6 from 
monocytes mediated via exosomes released from HBV infected hepato-
cytes [117]. 

The detailed elucidation of the mechanistic pathway of antiviral 
exosomes can help develop the exosomal-based vaccine to boost the 
immune response towards the hepatitis viral infection. The immune- 
stimulatory role of the viral RNA and virions carrying exosomes can 
be taken advantage of in outweighing the role of spreading infection. 
The intrinsic nature of exosomes can be exploited for engineering exo-
somes as a delivery cargo of therapeutic molecules. Considering the 
active role of exosomes released from infected hepatocytes in activating 
innate and adaptive immune response by activating monocytes, den-
dritic cells, and NK-cells. Jesus et al., reported exosomes as an adjuvant 
for vaccination against HBV. However, an inadequate immune response 
against HBsAg was observed, with elevated IFN-α level and cellular 
immune response [118]. The inadequate response might be attributed to 
the co-administration of exosomes and antigen and not antigen-loaded 
exosomes, generating a better immune-stimulatory response. Various 
researches suggest the potential therapeutic role of exosomes in hepa-
tocellular carcinoma treated with an emphasis on the immune modu-
lation [119–121] and suggesting exosomes mediated inhibition of 
hepatic carcinoma cell proliferation [122–124]. The strategies can be 
based on exosomal miR-122 in gene therapy to increase the sensitivity of 
tumor cells towards chemotherapy [105] or exosomal miR- 335-5p de-
livery mediated HCC cell proliferation [119]. 

Pathophysiological complications alter the content of the exosomes, 
which can be utilized to gather information about the disease. The 
exosomes released from virally infected hepatocytes express viral RNA, 
core proteins, envelope protein, and viral DNA, which can be utilized for 
diagnostic purposes. The studies suggesting a role of the exosomes as a 
reservoir of HBV DNA are reported; in such cases, the conventional 
diagnostic measures can fail. Still, the exosome-based diagnosis tech-
nique can aid in detecting the chances of relapses [111]. Various indi-
vidual groups report early-stage miRNA-based techniques along with 
exosomes in HCC. Early-stage detection of HCC was proposed based on a 
combination of exosomes with miRNA to overcome the inadequate 
diagnosis and poor sensitivity of Alpha-fetoprotein (AFP) and ultra-
sound screening. The combination of AFP further with miRNA-exosome 
improved sensitivity and efficiency of diagnosis [125]. Another study 
reported exosomal miR-718 as a biomarker in the detection of recur-
rence of HCC [126]. Another individual researcher reported a similar 
study for the diagnosis of HCC in comparison with chronic hepatitis 
[127]. The samples collected from the chronic hepatitis patients and 
measured for the serum exosomal microRNAs and serum circulating 
microRNAs suggested the significantly higher levels of miR-18a, miR- 
221, miR-222, and miR-224 when compared with chronic hepatitis B 
(CHB) and liver cirrhosis (LC) patients. The microRNA estimation can 
aid in distinguishing between HCC from CHB and LC. 
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7.4. Ebola Virus (EBOV) and exosomes 

Ebola virus (EBOV) is an enveloped RNA virus of the family Filovir-
idae, it is the most virulent pathogen and has a high clinical fatality of 
25–90% and an average CFR of 50%. The disease caused by EBOV, 
called Ebola virus disease, previously known as Ebola hemorrhagic 
fever, is fatal. In West Africa (2014–2016), the recent Ebola outbreak in 
Guinea, Liberia, and Sierra Leone led to 11,323 deaths out of 28,646 
infected cases with ~46% CFR [6]. 

Ebola VP40 is an EBOV viral matrix protein responsible for viral 
assembly and virus budding in host cells [128]. Since 2016, Pleet et al., 
have worked extensively on EBOV and exosomes infection control 
[129–131]. The group reported exploiting the ESCRT pathway by EBOV, 
which plays a crucial role during viral budding in exosomes. The study 
suggested the EBOV VP40 mediates upregulation of extracellular CD63 
and Alix, ESCRT proteins, which may increase the biogenesis of exo-
somes. Furthermore, the EBOV VP40 is secreted in exosomes and can 
induce apoptosis of uninfected recipient T-cells and bystander lympho-
penia [129]. The data also suggest the role of exosomes secreted from 
the infected cell to deregulate the RNAi pathway (RNA interface) 
responsible for generating an innate antiviral response in the host. 

7.4.1. Role of exosomes in the therapy and diagnosis of Ebola virus 
infections 

Targeting the exosome biogenesis pathway can be a potential ther-
apy against Ebola. Oxytetracycline, an FDA-approved exosome biogen-
esis down regulator, showed a positive effect on T-cells viability 
transfected with EBOV VP40. The improved T-cell viability can be 
explained by the downregulation of exosome release and the EBOV 
VP40 matrix protein responsible for cell apoptosis [129]. To confirm the 
results in vivo, the safety, and the benefits on the host cell and redox 
regulation of the whole system, further studies will be required. 
Numerous studies have suggested that exosomes may be used as a 
therapy for various infections [115] including HIV and hepatitis. The 
presence of EBOV VP40 matrix viral proteins and other glycoproteins 
(GP) in exosomes released from the infected cell is well established. 
Hence, their different role in immunomodulation can be investigated, 
which can be further exploited to develop vaccines and medicine against 
Ebola. 

Anticoli et al., reported an exosome-based vaccine approach for virus 
infections such as Ebola and HIV-1. The platform was based on the 
cytotoxic T lymphocyte (CTL) immunization against viral infections 
[132]. Kyle et al., reported that Ebola has a considerable effect on lipid 
metabolism homeostasis based on the analysis of blood samples 
collected during the largest Ebola outbreak in West Africa from 2014 to 
2016. The study suggested an increased level of few lipid classes in 
survivors, whereas few different lipids classes were increased in fatal-
ities. Furthermore, it suggests that exosomes may play a role in lipid 
metabolism [133]. Several lipids were found to be high in the exosomes 
released by infected cells [134]. Lipid profiling can aid in monitoring the 
disease's state and recovery and identify biomarkers. Nanotraps (NT) is 
composed of cross-linked polymer particles that are functionalized and 
environment-friendly, allowing them to capture and retain a specific 
protein. The NT hydrogel particles, which can concentrate the exosomes 
to detect EBOV VP40 viral protein, can be a potential EBOV diagnostic 
tool [129]. 

7.5. Epstein-Barr Virus (EBV) and exosomes 

Herpesvirus 4, also called EBV, is a double-stranded DNA disease that 
belongs to the herpesviridae family. The EBV is responsible for several 
lymphoid and epithelial malignancies such as infectious mononucleosis, 
Hodgkin's lymphoma, Non-Hodgkin's lymphoma, Burkitt's lymphoma, 
and post-transplant lymphoproliferative disease, gastric carcinoma, and 
nasopharyngeal carcinoma [135]. In addition, the EBV transforms 
resting B-cells into oncogenic lymphoblastoid cell lines and accounts for 

1.8% of cancer-associated deaths globally [136]. In addition, it estab-
lishes various latent gene expression programmers in resting and 
proliferating cells known as latency 0, I, II, and III. 

7.5.1. Exosomes in the transmission of EBV 
Different studies have examined the role of virus-derived exosomes 

in modulating cancer development and progression in EBV infections. 
By affecting cell proliferation, transformation, and immune response 
invasion, viral miRNA plays an important role in the EBV life cycle and 
pathogenesis. To evade and adapt to host immune response, the EBV 
virus exploits host miRNA machinery [137]. Exosomes contain miRNA 
encoded by EBV that can cause T-cell inhibitory exosomes to be secreted 
during infection. The secretion of viral nuclear proteins and cell mem-
brane proteins such as “Epstein-Barr nuclear antigen-2 (EBNA-2)” and 
latent membrane protein 1 (LMP-1) in EBV infected cells is reported in 
various studies [138–140]. LMP1 is an essential viral oncogene protein 
generally expressed in EBV-associated carcinogenesis in latency type II 
and III. LMP1 surface-bound exosomes modulate the host immune sys-
tem by inhibiting T-cell activation and increasing natural killer cell 
toxicity [141]. Verweij et al., suggest that EBV utilizes the CD63- 
mediated endosomal-exosome pathway to downregulate NF- 
<UNK>B's chronic activation of NF-κB. As a result, LMP1 secreted into 
exosomes plays a crucial role in invading immune response and aids in 
the proliferation of EBV-infected cells [142]. An individual researcher 
also suggested that the LMP-1 internalized into exosomes to escape 
degradation induces upregulation and concentration of growth factor 
receptor and fibroblast growth factor-2 or receptor in exosomes, and 
modulates target cell phenotype [143,144]. Another study by Nanbo 
et al., suggested that the LMP-1 mediates overexpression of the ICAM-1 
intracellular adhesion molecule and led to the proliferation of target 
cells. The in vitro study also suggested caveolae-dependent endocytosis 
of exosomes in target cells and modulation of the phenotypic changes by 
unloading viral factors [145]. The exosomes released from EBV infected 
cells carry non-coding EBV RNAs and LMPs and are responsible for 
cellular transformation and innate antiviral immunity. These viral RNAs 
require further investigation to explore their role in the pathogenesis of 
EBV [146,147]. EBV encoded small RNAs (EBERs), play a significant 
role in the activation of innate immunity by induction of DCs maturation 
and type-1 IFN and inflammatory cytokines via TLR3. However, EBERs 
are also associated with the immunopathologic disease caused by active 
EBV infection as well as activation of T of NK cells [147]. 

7.5.2. Exosomes in therapy and diagnosis of EBV infections 
The exosomes derived from EBV infected cells express virus-specific 

nuclear proteins and cell membrane-specific proteins such as LMP-1 and 
EBNA-2. The exosomes' significant role in viral infection persistence and 
spread in the host makes it crucial in developing diagnostic or prognostic 
biomarkers and anticancer therapy. Houali et al., reported the LMP1 and 
BARF1 oncoproteins as a potential diagnostic marker based on the 
serum and saliva samples collected from the nasopharyngeal carcinoma 
patients (NPC). Saliva and serum body fluids contain exosomes that are 
effectively secreted and separated. Virus-derived oncoproteins were 
detected in NPCs, and they were associated with exosome-like vesicles 
[148]. Researchers identified the LMP-1-LMP-2a mRNA as a potential 
prognostic biomarker of extranodal NK/T-cell lymphoma, nasal type, 
which is distinct from other types of lymphomas [149]. Various studies 
have suggested a potential role of various proteins in prognosis and 
diagnosis are isolated from EBV-derived exosomes such as LMP-1, LMP- 
2a, BARF1, HIF1α, EBV DNA, EBV miRNA, EBV mRNA, and growth 
factors [150–153]. 

The role of exosomes in modulating immune response and phenotype 
of cells aiding in evasion of virus from immune response and the for-
mation and progression of cancer cells are well reported. In such a 
scenario, EBV-derived exosomes can be developed as a potential anti-
cancer target to inhibit the proliferation and spreading of the infection 
[154]. Furthermore, the obstruction in the biogenesis and release of the 
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exosomes can alleviate the down-regulated immune activity. The 
various oncogenic EBV-derived nuclear and cell membrane proteins 
such as LMP1, LMP2, BARF1, and EBNA-1, which play a vital role in 
spreading infection, are transported by exosomes to uninfected cells. 
Based on preclinical data on nasopharyngeal carcinoma patients, Cao 
et al., carried out clinical trials of safe and tolerable DNAzyme based 
adjuvant therapy on nasopharyngeal carcinoma patients. The study 
suggested a potential role of DNAzyme, a small catalytic DNA which 
downregulates the LMP1, for the treatment of nasopharyngeal carci-
noma. The DNAzyme based adjuvant therapy during routine radio-
therapy exhibited significant short-term tumor regression without 
severe side effects [155]. Various studies suggesting the oncogenic 
proteins of EBV as a potential anticancer target are under investigation 
[156–158]. 

Additionally, exosomes contribute to the development of antiviral 
immune responses as well as the spread of infection. Viral components 
trigger pattern recognition receptors (PPRs) and thereby stimulate the 
immune response of the host. Aziza and the group previously demon-
strated that EBV encoded dUTPase activated TNF-*, IL1, IL-6, and IL-8 
through the toll-like receptor 2 (TLR2) signaling pathway [159]. Due to 
an inflammatory response, impaired adaptive immune function, and 
increased cell proliferation, disease pathogenesis can occur. 

Furthermore, EBV encoded dUTPase containing exosomes modulate 
the innate and adaptive immune response in human dendritic cells and 
mononuclear cells by B cell stimulatory action [160]. The significant 
role of dUTPase makes it a potential target for the development of 
antiviral therapeutics. Vallhov et al., investigated the specific targeting 
of exosomes derived from different cells and observed that the EBV 
transformed cells preferentially target B cells. The study suggested that 
EBV-derived LMP1 containing exosomes interact with B cells through 
EBV encoded glycoprotein gp350 and receptor CD21. Blocking this 
interaction blocks the EV uptake by B cells preventing the infection. The 
study suggested gp350 expressed exosomes effectively blocked EBV 
infection spread in vitro and emphasizes the potential of developing an 
exosome-based vaccine specifically targeting B cells for therapeutics 
[161]. 

8. Exosomes in personalized medicine 

A patient's exosomes contain a wealth of information about their 
individual health conditions. To achieve an effective outcome, individ-
ualized or customized medicine is necessary due to distinct genetics, 
environment, and personal habits that affect individual health. As a 
result, EVs have been successfully applied to the diagnosis and prognosis 
of cancer. In terms of early diagnosis and personalized treatment, liquid 
biopsy-based on EVs has proved to be beneficial [162]. Various studies 
suggest the potential of exosome genomics in deciding the therapy. Kato 
et al., presented significant findings suggesting the presence of a higher 
level of p-glycoprotein in docetaxel-resistant patients' exosomes than 
docetaxel non-resistant patient exosomes. In order to overcome doce-
taxel resistance caused by the multidrug resistance protein 1 (MDR1) 
gene, taxane can be used to treat castration-resistant prostate cancer 
[163]. Personalized medicine is plagued by poor diagnostics and bio-
markers. The exosomes based adaptive therapy brings together patients 
response-dependent treatment plans in personalized medicine [162]. 

The non-invasiveness, easy accessibility, and cell-specific origin of 
exosomes make them favorable as diagnostic biomarkers. In combina-
tion with existing diagnostic tools, the exosomes can further improve the 
accuracy and sensitivity of diagnostic markers. The exosome DNA rep-
resents the whole genomic DNA and mutations present in the origin 
cells, which can be further employed to predict diseases induced by 
mutations [164]. 

Piffoux and his colleagues reviewed the allogeneic exosomes and 
personalized cancer immunotherapy [165]. There has been considerable 
attention paid to the physical triggering of exosomes for theragnostic by 
inducing high exosome loading, secretion, and therapeutic effectiveness. 

With bioengineered exosomes, cellular targeted delivery can be devised, 
and their biodistribution and interaction can be controlled. Small size, 
lipidic bilayer, and indigenous nature provide low immunogenicity, 
high uptake and prevent phagocytosis. In addition, exosomes possess a 
protective nature, which makes them potential carriers in therapy. As a 
result, exosomes can be used in personalized medicine to treat various 
viral infections and virus-mediated cancers. 

9. Exosomes and critical challenges 

To utilize the exosome's endogenous nature of specific cell-to-cell 
communication in therapeutics such as protein and peptide delivery, 
RNA delivery, gene delivery, vaccination, and immunotherapy is un-
derway. Techniques for isolating and purifying exosomes pose the 
biggest challenge in exosome-based applications. The application of 
techniques depends on the application area; however, the recovery and 
specificity vary from technique to technique. There is a need for stan-
dardized techniques for the isolation and purification of exosomes. The 
techniques that would be specific, viable, easy to replicate, high 
throughput, and high recovery. The endogenous nature of the exosomes 
provides in vivo stability in circulation and prevents them from phago-
cytosis and macrophages mediated degradation. However, the half-life 
of exosomes in vivo is approximately 2–20 min [166]. The already pre-
sent endogenous content limits the exogenous loading of the drug 
reducing the loading efficiency. 

Various methods have been reported for exosome drug loadings, 
such as preloading and post-loading; however, there is a need to read-
dress them to achieve optimal performance. During the large-scale 
production of exosomes, the parameters like scalability, variability, 
purity, potency, and reproducibility of the produced exosomes raise 
serious concerns. The large-scale production and translation to clinics 
will be costly. The role of exosomes needs to be studied in-depth for a 
better understanding of harnessing exosomes in biomedical applications 
[167]. 

The drug-loaded and tagged exosomes might behave differently in 
vivo. The pharmacokinetics (PK) and pharmacodynamics of the thera-
peutic exosomes may vary from the already existing exosomes. Long- 
term safety and toxicity studies are needed to investigate exosomes' ef-
fect upon in vivo exposure thoroughly. The in vitro models can be 
employed to investigate the effect of drug-loaded exosomes on recipient 
cells, uptake mechanism, intracellular and extracellular behavior, and 
drug unloading mechanisms. Further in vivo methods and physiologi-
cally based pharmacokinetic models can investigate the PK of thera-
peutic exosomes [168]. The development of artificial exosomes is an 
excellent alternative for translational medicine and is capable of 
addressing the above-mentioned vital challenges and producing ho-
mogenous exosomes. The development of artificial exosomes is under-
way and holds a promising future in exosome-based biomedical 
applications. 

10. Conclusion and prospects 

In order to address the unmet need in the treatment and prognosis of 
viral diseases, the dual role of exosomes in transmitting various diseases 
and enhancing the innate immunity of host cells can be exploited. 
Exosomes have significant potential as a therapeutic, prognostic, and 
diagnostic biomarker for various diseases. Barriers to overcome include 
isolation and purification techniques, biochemical compositions, and in- 
depth details of the uptake mechanism. The exosome-based delivery 
platform paves the way for safer and more efficient delivery of siRNA, 
miRNA, and proteins with little toxicity and immunogenicity. In patients 
exposed to chronic conditions, the prognosis of the disease may help 
increase life expectancy. Even though exosomes possess tremendous 
potential, their translation to clinics is hampered by various barriers at 
both isolation and production levels. The storage and stability of exo-
somes are also critical aspects that must be addressed. According to 

P. Chaudhari et al.                                                                                                                                                                                                                             



Cellular Signalling 94 (2022) 110325

20

origin and health conditions, exosome composition differs, determining 
its function after releasing in extracellular space. The dual role of exo-
somes further complicates the isolation and application of the exosomes 
in theranostics. There is a need for extensive research to unravel the 
exosomes' biogenesis and differentiate between exosomes that aid in 
disease transmission and exosomes that set off the innate immunity of 
the host. 
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[42] M. Zöller, Tetraspanins: push and pull in suppressing and promoting metastasis 
[Internet], in: Nature Reviews Cancer. 9, 2009, pp. 40–55, cited 2020 Apr 26. 

[43] K.D. Popowski, P.C. Dinh, A. George, H. Lutz, K. Cheng, Exosome therapeutics for 
COVID-19 and respiratory viruses, View 2 (3) (2021) 20200186. 

[44] C.V. Harding, J.E. Heuser, P.D. Stahl, Exosomes: looking back three decades and 
into the future, in: Journal of Cell Biology 200, The Rockefeller University Press, 
2013, pp. 367–371. 

[45] S.R. Weiss, S. Navas-Martin, Coronavirus pathogenesis and the emerging 
pathogen severe acute respiratory syndrome coronavirus, Microbiol. Mol. Biol. 
Rev. 69 (4) (2005) 635–664. 

[46] WHO EMRO | MERS Situation Update, January 2020 | MERS-CoV | Epidemic and 
Pandemic Diseases [Internet], 2020. 

[47] M. Chan-Yeung, R.H. Xu, SARS: epidemiology [internet], in: Respirology 8, 
Wiley-Blackwell, 2003, p. S9, cited 2021 May 10. 

[48] Mortality Analyses - Johns Hopkins Coronavirus Resource Center [Internet]. 
[cited 2021 Nov 26]. 

[49] Y. Huang, C. Yang, Xu X. Feng, W. Xu, Liu S. Wen, 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. 

[50] I. Astuti, Ysrafil., Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2): 
an overview of viral structure and host response, Diabetes Metab. Syndr. 14 (4) 
(2020) 407. 

[51] E. Barberis, V.V. Vanella, M. Falasca, V. Caneapero, G. Cappellano, D. Raineri, et 
al., Circulating exosomes are strongly involved in SARS-CoV-2 infection, Front. 
Mol. Biosci. 8 (2021) 1. 

[52] M.P. Bebelman, M.J. Smit, D.M. Pegtel, S.R. Baglio, Biogenesis and function of 
extracellular vesicles in cancer, Pharmacol. Ther. 188 (2018) 1–11. 

[53] J.T. Earnest, M.P. Hantak, K. Li, P.B. McCray, S. Perlman, T. Gallagher, The 
tetraspanin CD9 facilitates MERS-coronavirus entry by scaffolding host cell 
receptors and proteases, PLoS Pathog. 13 (7) (2017). 

P. Chaudhari et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300159469432
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300159469432
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300201579711
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300201579711
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300201579711
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300201579711
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300202298074
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300525597308
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300525597308
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300203169581
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300203464641
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516379841
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516379841
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516379841
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516379841
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300526074349
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300526074349
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300526074349
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300206510729
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300206510729
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300210281467
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300210281467
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300212122784
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300212122784
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300212122784
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516415994
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516415994
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516415994
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516430310
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516430310
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516430310
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516443543
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516443543
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516443543
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516453855
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516453855
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516453855
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516465545
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516465545
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516465545
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516506727
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516506727
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516506727
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300353509026
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300353509026
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300353509026
https://doi.org/10.1016/j.annonc.2021.01.074
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516516785
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516516785
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516516785
https://doi.org/10.1016/j.msec.2021.111981
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516531102
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516531102
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300516531102
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300355456709
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300355456709
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300355456709
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300126022704
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300126022704
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300128458802
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300128458802
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300128458802
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300128458802
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300355451387
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300355451387
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300355451387
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300355451387
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300517010897
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300517010897
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519009870
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519009870
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519009870
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300355459053
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300355459053
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300355459053
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300413008647
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300413008647
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300413008647
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300413008647
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519048991
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519048991
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519060114
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519060114
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519060114
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519086980
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519086980
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519207362
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519207362
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300413104449
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300413104449
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300413104449
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300129227359
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300129227359
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300129227359
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300129321188
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300129321188
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300129321188
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300415596229
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300415596229
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300415596229
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519277313
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519277313
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519277313
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300418091621
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300418091621
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300129437253
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300129437253
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300419233472
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300419233472
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300419233472
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519440381
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519440381
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519440381
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300420468263
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300420468263
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300421448795
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300421448795
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300434468208
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300434468208
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300434468208
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300435353417
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300435353417
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300435353417
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300129458093
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300129458093
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300129458093
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519522335
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519522335
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519549512
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519549512
http://refhub.elsevier.com/S0898-6568(22)00086-9/rf202203300519549512


Cellular Signalling 94 (2022) 110325

21

[54] M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Krüger, T. Herrler, S. Erichsen, 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. 

[55] J.P. Klaus, P. Eisenhauer, J. Russo, A.B. Mason, D. Do, B. King, et al., The 
intracellular cargo receptor ERGIC-53 is required for the production of infectious 
arenavirus, coronavirus, and filovirus particles, Cell Host Microbe 14 (5) (2013) 
522–534. 

[56] M. Gunasekaran, S. Bansal, R. Ravichandran, M. Sharma, S. Perincheri, 
F. Rodriguez, et al., Respiratory viral infection in lung transplantation induces 
exosomes that trigger chronic rejection, J. Heart Lung Transplant. 39 (4) (2020) 
379–388. 

[57] J. Wang, S. Chen, J. Bihl, Exosome-mediated transfer of ACE2 (Angiotensin- 
converting enzyme 2) from endothelial progenitor cells promotes survival and 
function of endothelial cell, Oxidative Med. Cell. Longev. 2020 (2020). 

[58] Y. Kwon, S.B. Nukala, S. Srivastava, H. Miyamoto, N.I. Ismail, J. Jousma, et al., 
Detection of viral RNA fragments in human iPSC cardiomyocytes following 
treatment with extracellular vesicles from SARS-CoV-2 coding sequence 
overexpressing lung epithelial cells, Stem Cell Res. Ther. 11 (1) (2020) 1–5. 

[59] I.C. Huang, C.C. Bailey, J.L. Weyer, S.R. Radoshitzky, M.M. Becker, J.J. Chiang, et 
al., Distinct patterns of IFITM-mediated restriction of filoviruses, SARS 
coronavirus, and influenza a virus, PLoS Pathog. 7 (1) (2011). 

[60] E.M. Feeley, J.S. Sims, S.P. John, C.R. Chin, T. Pertel, L.M. Chen, et al., IFITM3 
inhibits influenza a virus infection by preventing cytosolic entry, PLoS Pathog. 7 
(10) (2011). 

[61] J.A. Novak, Exosomes: Antiviral agents in the human lung, Master’s theses 
(2013). https://ecommons.luc.edu/cgi/viewcontent.cgi?article=2466&contex 
t=luc_theses. 

[62] S. Kuate, J. Cinatl, H.W. Doerr, K. Überla, Exosomal vaccines containing the S 
protein of the SARS coronavirus induce high levels of neutralizing antibodies, 
Virology 362 (1) (2007) 26–37. 

[63] Y. Teng, F. Xu, X. Zhang, J. Mu, M. Sayed, X. Hu, et al., Plant-derived exosomal 
microRNAs inhibit lung inflammation induced by exosomes SARS-CoV-2 Nsp12, 
Mol. Ther. 29 (8) (2021) 2424–2440, https://doi.org/10.1016/j. 
ymthe.2021.05.005. 

[64] A pilot clinical study on inhalation of mesenchymal stem cells exosomes treating 
severe novel coronavirus pneumonia, Case Med. Res. (2020) 1–10. 

[65] HUMSCs and exosomes treating patients with lung injury following novel 
coronavirus pneumonia (COVID-19) ChiCTR2000030484, Chin. Clin. Trial 
Regist. (2020) 1–4. 

[66] S. Kumar, K. Zhi, A. Mukherji, K. Gerth, Repurposing antiviral protease inhibitors 
using extracellular vesicles for potential therapy of COVID-19 [Internet], Viruses. 
MDPI AG 12 (2020) [cited 2021 May 10]. 

[67] S.J. Tsai, N.A. Atai, M. Cacciottolo, J. Nice, A. Salehi, C. Guo, et al., Exosome- 
mediated mRNA delivery in vivo is safe and can be used to induce SARS-CoV-2 
immunity, J. Biol. Chem. 297 (5) (2021), 101266. 

[68] Y. Fu, S. Xiong, Tagged extracellular vesicles with the RBD of the viral spike 
protein for delivery of antiviral agents against SARS-COV-2 infection, J. Control. 
Release 335 (March) (2021) 584–595. 

[69] K. Anand, C. Vadivalagan, J.S. Joseph, S.K. Singh, M. Gulati, M. Shahbaaz, et al., 
A novel nano therapeutic using convalescent plasma derived exosomal (CPExo) 
for COVID-19: a combined hyperactive immune modulation and diagnostics, 
Chem. Biol. Interact. 344 (May) (2021), 109497. 

[70] L. Chen, J. Xiong, L. Bao, Y. Shi, Convalescent plasma as a potential therapy for 
COVID-19, Lancet Infect. Dis. 20 (4) (2020) 398–400. 

[71] M. Dauletova, H. Hafsan, N. Mahhengam, A.O. Zekiy, M. Ahmadi, 
H. Siahmansouri, Mesenchymal stem cell alongside exosomes as a novel cell- 
based therapy for COVID-19: a review study, Clin. Immunol. 226 (March) (2021). 

[72] L. Rezakhani, A.F. Kelishadrokhi, A. Soleimanizadeh, S. Rahmati, Mesenchymal 
stem cell (MSC)-derived exosomes as a cell-free therapy for patients infected with 
COVID-19: real opportunities and range of promises, Chem. Phys. Lipids 234 
(2021), 105009. 

[73] E. Barberis, V.V. Vanella, M. Falasca, V. Caneapero, G. Cappellano, D. Raineri, et 
al., Circulating exosomes are strongly involved in SARS-CoV-2 infection, Front. 
Mol. Biosci. 8 (2021) 29. 

[74] C. Balbi, J. Burrello, S. Bolis, E. Lazzarini, V. Biemmi, E. Pianezzi, et al., 
Circulating extracellular vesicles are endowed with enhanced procoagulant 
activity in SARS-CoV-2 infection, EBioMedicine 67 (2021). 

[75] A. Rosell, S. Havervall, F. Von Meijenfeldt, Y. Hisada, K. Aguilera, S.P. Grover, et 
al., Patients with COVID-19 have elevated levels of circulating extracellular 
vesicle tissue factor activity that is associated with severity and mortality—brief 
report, Arterioscler. Thromb. Vasc. Biol. 41 (2) (2021) 878. 

[76] A. Grifoni, D. Weiskopf, S.I. Ramirez, J. Mateus, J.M. Dan, C.R. Moderbacher, et 
al., Targets of T cell responses to SARS-CoV-2 coronavirus in humans with 
COVID-19 disease and unexposed individuals, Cell 181 (7) (2020) 1489. 

[77] M. Caskey, T. Schoofs, H. Gruell, A. Settler, T. Karagounis, E.F. Kreider, et al., 
Antibody 10–1074 suppresses viremia in HIV-1-infected individuals, Nat. Med. 23 
(2) (2017) 185–191. 

[78] M. Caskey, F. Klein, J.C.C. Lorenzi, M.S. Seaman, A.P. West, N. Buckley, et al., 
Viraemia suppressed in HIV-1-infected humans by broadly neutralizing antibody 
3BNC117, Nature 522 (7557) (2015) 487–491. 

[79] S.J. Gould, A.M. Booth, Hildreth JEK, The Trojan exosome hypothesis, in: 
Proceedings of the National Academy of Sciences of the United States of America 
100, National Academy of Sciences, 2003, pp. 10592–10597. 

[80] B. Kramer, A. Pelchen-Matthews, M. Deneka, E. Garcia, V. Piguet, M. Marsh, HIV 
interaction with endosomes in macrophages and dendritic cells, Blood Cells Mol. 
Dis. 35 (2) (2005) 136–142. 

[81] D.G. Nguyen, A. Booth, S.J. Gould, J.E.K. Hildreth, Evidence that HIV budding in 
primary macrophages occurs through the exosome release pathway, J. Biol. 
Chem. 278 (52) (2003) 52347–52354. 

[82] S Welsch , OT Keppler , A Habermann , I Allespach , J Krijnse-Locker , H-G Krä . 
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