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Abstract: Exosomes are small subtypes of extracellular vesicles (EVs) naturally released by different types of
cells into their environment. Their physiological roles appear to be multiple, and many aspects of their
biological activities remain to be understood. These vesicles can transport and deliver a variety of cargoes,
including proteins, metabolites, nucleic acids, and lipids. Consequently, it is argued that exosomes may serve
as unconventional secretory vesicles, playing a crucial role as important vectors for intercellular
communication and the maintenance of homeostasis. Exosome production and content can vary under several
stresses or modifications in the cell microenvironment, influencing cellular responses both qualitatively and
quantitatively. Thus, the analysis of EVs from multiple biofluids, due to its ease of implementation, has become
a booming tool for monitoring various pathologies, particularly cancer, as we shall outline further on. During
infectious processes, exosomes are described as double-edged swords, displaying both beneficial and
detrimental effects. Indeed, during a viral infection, the production of EVs and circulating exosomes is often
enhanced to signal danger, stimulate immunity, and possibly serve as pathological biomarkers. Conversely,
viruses can disrupt or hijack the exosome content and production. In this review, we discuss the particular and
ambiguous functions of exosomes in infectious contexts. Furthermore, we explore the vectoring capacity of
exosomes in light of the extensive literature examining their function in mounting adaptive immune responses.
Exosomes provide an interesting platform for antigen presentation and could therefore serve as novel
therapeutic targets or be used in vaccine strategies.

Keywords: exosomes; extracellular vesicles; cargoes; pathological biomarkers; infection; viruses;
flaviviruses; antigen presentation; vaccine

1. Introduction

Cellular communication is an essential aspect of multicellular organism physiology. It relies on
signals emitted by cells, capable of circulating to specifically reach target cells equipped to receive
the message. The mechanisms of signal production and reception have been extensively explored for
decades, notably in the field of immune cell interactions, where coordinated immune responses are
required to eliminate pathogens or tumor cells. Intercellular signaling between immune cells was
initially thought to occur either through cell-cell contact or soluble factors (such as cytokines) until
the late 1990s when it was identified that extracellular vesicles (EVs) were involved in dendritic and
T cells crosstalk [1]. Since then, their biological functions were clarified and EVs have emerged as key
players in intercellular communication. They provide a unique facility for transporting a wide variety
of signaling molecules to recipient cells. Research efforts in the field have revealed multiple roles for
EVs including that of antigen-presenting device [2]. Their characteristics also opened up attractive
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perspectives for their use as biomarkers, and their possible engineering turned them into therapeutic
tools for drug delivery [3]. In recent years, the development of methods for EVs purification, imaging,
size measurement and content analysis through lipidomic, proteomic and other studies have
revealed that EVs and their cargoes are highly diverse. Their biogenesis, production and contents
differ according to cell type, metabolic activity, normal and pathological conditions. This diversity
makes understanding the biological activities of EVs a complex task. In this review, we have chosen
to focus on exosomes among EVs. In light of the latest data in the literature, our aim is to provide
insight into known features of exosomes, and how their specific loading can lead to specific
physiological responses, thus constituting indicators of health and pathological situations as
biomarkers, particularly in the well-documented field of cancer pathologies. We will then focus on
infectious diseases, considering the role of exosomes in the organism's response to viral infections
and how viruses, notably flaviviruses, hijack these transport systems. In the final section, we will
review what is known about exosomes as tools for antigen presentation in promising vaccine
strategies.

2. Exosomes are small, specialized extravesicular vesicles (EVs)

Extracellular vesicles (EVs) refer to all lipid vesicles released by cells. Despite an ever-changing
nomenclature, EVs are characterized by their biogenesis pathways, morphology, molecular
composition and size [4, 5]. According to a substantial body of literature, the size of EVs serves as a
reliable indicator for determining their nature and origin. This led to the identification of three
subcategories of EVs: firstly, blebs and apoptotic bodies, with sizes reaching up to 5 um; secondly,
microvesicles, also called ectosomes, ranging between 100 and 500 nm, or even up to 1,000 nm;
thirdly, exosomes, exhibiting diameters varying between 30 and 150 nm [6, 7]. The first two
subcategories are produced by shedding from the cell surface, with blebs generated in the advanced
stages of apoptosis, and their membrane is derived from the plasma membrane of the donor cell. In
contrast, exosomes are formed through biogenesis from endosomal membranes and are released after
exocytosis, via cell secretion pathways. EVs are produced continuously from a wide variety of cell
types and the capacity of cells to release vesicles appears to be a highly conserved mechanism
throughout evolution [8, 9]. The consequence of this mechanism is that large quantities of EVs can be
detected in extracellular compartments. In humans, exosomes can particularly be found in almost all
body fluids including blood, cerebrospinal fluid, saliva, breast milk and urine [6, 10-12]. When first
discovered in the late 1980s, exosomes were initially considered as cellular waste. Subsequently, it
has been shown that EVs play a crucial role in intercellular communication, both in physiological and
pathological conditions, in order to maintain homeostasis at cellular and systemic levels [13, 14]. This
role is fulfilled by their ability to encapsulate and transport diverse and specific complex cargoes,
including proteins, lipids, metabolites, nucleic acids with various types of RNAs and even short DNA
molecules. This characteristic positions them as true unconventional secretory systems [15]. EVs have
been described as acting either proximally to the site of their production, exhibiting autocrine or
paracrine signaling, or distantly from their secretion site, serving as stable conveyors of signaling
molecules with endocrine action [16]. Exosome interaction with the surface of recipient cells, and
their eventual uptake may elicit pleiotropic responses with functional and/or phenotypic changes [17,
18]. The in vitro biological effects of exosome exposure have been extensively documented. However,
the exact physiological or pathological roles of exosomes in vivo are yet to be fully understood,
presenting a significant area for further research. Given their potential as molecular signatures and
prognostic biomarkers, they have become a tool to enhance our understanding of several pathologies.
Their production and behavior in the biology of viral infections deserve particular attention.
Moreover, their ability to vectorize different molecules and present antigens makes them powerful
new tools in the field of vaccinology.


https://doi.org/10.20944/preprints202401.0044.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 January 2024 doi:10.20944/preprints202401.0044.v1

2.1. Exosomes biogenesis

Exosomes are small EVs that have their own biogenesis pathway within cells before being
released into the extracellular environment. Krylova and Feng recently extensively reviewed the
literature on the biogenesis mechanisms of exosomes [19]. The vesicle formation occurs in cellular
compartments called multivesicular bodies (MVBs), which are produced by the maturation of
endosomal compartments (Figure 1) [20]. Endosomes are intracellular convergence sites for vesicular
trafficking originating mainly from the cell surface [21]. A broad range of substances can pass through
the endomembrane compartments [22, 23]. Those internalized by receptor-dependent endocytic
pathways transit with their receptors in early endosomes [24]. The endosomal compartment also
includes recycling components engaged in centrifugal vesicular trafficking back to the plasma
membrane, as well as components undergoing maturation into late endosomes with a more acidic
content, in proximity to autophagosomes. The remodeling of late endosomes into MVBs occurs after
the invagination of their membrane. This results in the formation of a multitude of small vesicles
called intraluminal vesicles (ILVs) [25, 26]. During this remodeling process, ILVs can be loaded with
numerous cellular components such as cytosolic proteins, metabolites, nucleic acids, and lipids. An
exocytosis mechanism enabling an MVB to fuse with the cell membrane leads to the release of ILVs
into the extracellular compartment. They then become exosomes and join the pool of EVs. Otherwise,
MVBs proceed to the lysosomes to degrade their contents. Routing to the lysosome enables ILV
components to be degraded, which in turn allows turnover of membrane receptors [27, 28]. The whole
process requires an intricate protein machinery called the Endosomal Sorting Complex Required for
Transport (ESCRT) which reshapes the endosomal membrane topology [29, 30]. During MVB
formation, ESCRT allows intraluminal budding of vesicles with the sorting of embedded cargo
proteins. The ESCRT is composed of approximately twenty proteins including the ALG-2 Interacting
protein X (ALIX), the Tumor susceptibility gene 101 (TSG101) and the Charged multivesicular body
protein 4a (CHMP4) [31]. The molecular actors of ESCRT are organized into four cooperative
complexes called ESCRT-0, -1, -II, -III, which are conserved from yeast to mammals [31]. The
ubiquitination of proteins present on the endosomal membrane drives the inward budding. ILVs
containing ubiquitinated proteins are those destined to be degraded by the lysosome.
Deubiquitination of these proteins by the de-ubiquitylating enzymes (DUBs) will rescue the ILVs
from degradation. The specific interaction with Rab proteins and soluble NSF attachment protein
receptor (SNARE) complexes is crucial. It directs the subsequent addressing of multivesicular bodies
(MVBs) either to lysosomes for degradation or towards fusion with the plasma membrane, resulting
in the extracellular release of exosomes [32-36]. Numerous studies have also shown that phospho-
inositides, ceramides and, more generally, the lipid composition of the membrane are key factors for
the vesicles biogenesis in MVBs [37,38]. It's also worth mentioning that ESCRT-independent
mechanisms have been identified for an alternative formation of ILVs, and that vesicle release could
also occur from lysosomes [39-41]. In addition, a process involving tetraspanin enrichment appears
to be important for membrane remodeling and ILVs formation [42, 43]. Tetraspanins are a family of
transmembrane proteins including CD9, CD63 and CD81, which are abundantly found in MVBs and
ILVs membranes [44, 45]. They are known to help select cargo to be packed into ILVs, and to direct
exosome capture by target receptor cells [43, 46]. The tetraspanins CD9, CD63 and CD8]1 are therefore
frequently used as markers for identifying EVs from exosomal origin [47] but we must point out that
the attested presence of CD9 and CD81 also on the plasma membrane makes CD63 the most relevant
tetraspanin marker for exosomes [48].
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Figure 1. Insights into exosome biogenesis and composition. A. Exosomes Biogenesis. The early
endosomes produced by the endocytic pathways can mature into multivesicular bodies (MVB).
During their formation, the intraluminal vesicles (ILVs) are loaded with cytosolic material like
proteins, lipids and nucleic acids. MVBs have two possible fates. They are either directed to
lysosomes, enabling degradation of ILV constituents, in particular membrane components, or
released by exocytosis, enabling externalization of ILVs, which are then called exosomes. Created
with Biorender.com. B. Schematic representation of an exosome and its standard cargo. Exosomes
are delimited by a phospholipid bilayer membrane containing proteins from the tetraspanin family,
such as CD63, CD9 or CD81. The intercellular adhesion molecule 1 (ICAM-1) and major
histocompatibility complex MHC I and/or II are detected in variable proportions in the membrane,
depending on the emitting cells, and contribute to the biological or pathological functions of
exosomes. The ALIX protein is identified within these vesicles, serving as one of the primary
intravesicular markers. Additional intra-exosomal markers exist like the tumor susceptibility gene
101 (TSG101) which plays a critical role in exosome biogenesis and secretion. A variety of chaperones,
including members of the heat shock protein 70 (HSP70) family, could use this unconventional
secretion pathway. In addition to proteins, these vesicles can carry nucleic acids, including DNA,
RNA such as miRNA. Adapted from [49].
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2.2. Exosomes composition

During their formation, ILVs are loaded with both membrane and soluble cytosolic proteins.
While some proteins are shared by all exosomes and associated with the ILV biosynthetic pathway,
others are unique and indicative of the cell type from which the exosomes originate [50, 1, 51]. In
addition, the content of exosomes reflects the physiological state and composition of the producing
cell, influencing specific biological activities directed towards recipient cells [52, 53]. Of note, the
hypothesis that intercellular communication can take place via EVs is based on the ability of cells to
control EVs’ production, both quantitatively and qualitatively. This suggests that cells direct the
loading and then the content of ILVs. They must also control the vesicular traffic that will enable the
secretion of exosomes carrying specific, selectively addressed messages [42]. A schematic
representation of an exosome with some of its typical, but not exhaustive, compounds and cargoes is
shown in Figure 1B. Several of the identified proteins represent a molecular signature of exosomes
and abundance of Syntenin-1, TSG101 and ALIX suggests that these proteins could serve as robust
exosome markers [54]. Regarding common denominators, the tetraspanins mentioned above in the
biogenesis pathways of ILVs (i.e., CD9, CD63 and CD81), with a preponderance of CD63 are widely
considered as easily accessible exosomal markers because of their high representation in the exosome
membrane [55]. They play an important role in cell contact, membrane fusion or uptake events.
Within the membrane, various adhesion molecules like integrins are also among the proteins
identified [49]. Depending on their relative abundance on the exosome's surface, these membrane
adhesion factors may reflect pathological situations. This has been shown, for example, in the case of
cancer and tumor progression. In this way, integrin display patterns are linked to the organotropism
of tumor exosomes and their uptake contributes to the establishment of pre-metastatic niches [56, 57].
Major histocompatibility complex (MHC) type I molecules are present in variable levels in the
membrane of exosomes. This may depend on cell type and local microenvironment. MHC class II
and co-stimulatory molecules, such as ICAM-1, are more restricted to exosomes secreted by
professional antigen-presenting cells (APC). Both are required for mature exosomes to prime naive T
cells [58]. The presence of functional MHC-antigenic peptide complexes, specifically, indicates a
potential role for exosomes in adaptive immune responses [59, 14]. This point will be specifically
discussed in section 5 of this review. About exosome protein content, the previously mentioned ALIX
and TSG101, are systematically present. Various chaperones appear to be able to be enclosed in
exosomes and follow this alternative secretion pathway to take part in extracellular networks. These
include members of the heat-shock proteins (HSPs) and J-domain proteins [60]. A correlation between
HSP70 levels in exosomes and cancer progression had suggested that analysis of exosome profiles
and their contents are a way of estimating disease severity, and that exosomes are potentially also
actors in the disease progression [61]. Of note, the presence of proteins traditionally considered
abundant in exosomes, such as cytoskeletal proteins, GAPDH, and even HSPs, has become a topic of
controversy. These uncertainties about exosome content arise from advancements in techniques for
separating small vesicles and the availability of increasingly powerful analytical methods for
studying their proteomes, such as mass spectrometry. Finally, depending on the context and the cell
type, certain proteins will be specifically embedded but the exact mechanisms of exosome loading
remain elusive. Thus, cytokines and various mediators seem to be able to use the exosomal
vectorisation pathway. This has been documented for interleukin-13 (IL-1{3), which can be loaded
and transported via exosomes in inflammatory and pyroptotic contexts [62, 63]. IL-6, IL-10 and TNF-
alpha could also be transported in this way, giving these mediators a longer lifespan in body fluids
and making again exosomes suitable markers for prognostic and diagnostic [64]. The diversity of
exosomal contents also suggests a broad and still poorly understood trafficking between cellular
compartments. For example, MVBs and autophagosomes have been shown to interact, allowing
cargo exchange. This proximity also favors the release of exosomes [65].

Besides proteins, exosomes contain lipids which are involved in maintaining the exosomal
membrane shape and in the biogenesis of exosomes [66]. Sphingomyelin, phosphatidylserine,
glycosphingolipids and regulated concentrations of cholesterol are the hallmarks of ILVs and
exosome membranes. Thus, MVBs rich in cholesterol would be more likely to undergo lysosomal
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digestion, while lower cholesterol levels would be associated with the exocytosis pathway [67].
Exosomes also carry nucleic acids like short DNA molecules, small RNAs and especially miRNAs
[68, 69]. The deep sequencing RNA technique confirmed that many types of non-coding RNAs were
loaded into ILVs, and that their composition depended on cell type and context. Several
heterogeneous nuclear ribonucleoproteins (HNRNPs) and RNA-binding proteins have been shown
to promote RNA sorting and loading in ILVs. They could also contribute to RNA function in target
cells. These mechanisms were extensively reviewed by Corrado et al. [70].

Remarkably, and in the light of numerous data in the literature, it is clear that exosome
composition undergoes significant changes under different physiological and pathological
conditions. This variability, particularly in terms of miRNAs, is regarded as both prognostic and
diagnostic biomarkers. Consequently, the quantity and content of exosomes derived from patients'
plasma emerge as a valuable tool for monitoring the progression of diverse pathologies [71], from
autoimmune diseases such as rheumatoid arthritis [72, 73], to cancers [74]. These aspects will be
elaborated further below.

2.3. Exosomes biological activities according to their mode of interaction with recipient cell

The enrichment of exosomes with various components underscores their intricate nature and
the potential for functional diversity. There is extensive literature on the messenger functions of
exosomes, particularly during pathophysiological situations like immune responses, tumor
development or host-pathogen interactions [75]. Recipient cells, whether near or distant from the
releasing cell, can interact due to the ability of exosomes to circulate in various body fluids and to be
elements naturally bioavailable. Vesicle-mediated transport of biological mediators intuitively
suggests that they will be protected from degradation by their membrane envelope. However, this
feature is not fully verified in vivo. While EVs can remain stable in serum for days, their half-life in
circulation is notably brief. Studies in mice indicate that exogenous EVs exhibit a very short half-life
(2-10 minutes) in the blood circulation [76]. This brief circulation time could, however, be attributed
to a rapid uptake of circulating EVs by blood cells like monocytes and by endothelial cells. Indeed,
several studies have shown that small EVs have no difficulty in crossing endothelial and blood-brain
barriers, sometimes by transcytosis, and thus diffuse widely into tissues [77-79].

Exosomes appear to be able to interact with their target cells in various ways [35, 50]. In
particular, they can act directly by contact with cell surfaces. This is the case for exosomes that carry
MHC-peptide complexes and can induce the activation of TCR receptors on T lymphocytes, as
already mentioned [58]. Another example is given by exosomes that have been loaded with FasL
ligands in melanoma cells, which are able to induce apoptosis in recipient lymphocytes [80].

Furthermore, exosomes can deliver their contents directly to target cells. Their membrane-based
nature allows them to fuse with the plasma membrane [81]. Recipient cells can also internalize
exosomes through an uptake process that can be visualized through several imaging techniques [82].
The mechanisms by which recipient cells take up exosomes have been a subject of extensive research
for over 20 years [83, 84]. Although macropinocytosis may be a potential entry mechanism, the
capture of exosomes appears to be quite specific. However, the recognition process by which
exosomes are identified by their target cells remains poorly understood, and specialized receptors for
this purpose have not been well identified yet [85]. It has been proposed that T-cell immunoglobulin-
and mucin-domain-containing molecule 4 (TIM4) could bind to exosomes through the
phosphatidylserine exposed on their surface [86, 87]. Other studies have suggested that exosome
endocytosis may result from interaction with heparan-sulfate proteoglycans [88], or syndecan 4 [89].
Upon internalization, exosomes are believed to have several potential routes and outcomes. They
might follow a recycling pathway, acquiring new cargo along the way before being returned to the
external environment. Alternatively, they may take a pathway leading to lysosomal digestion.
Finally, exosomes can deliver their cargo to the recipient cell by fusing, dependant on pH, with
endosomal membranes [90]. The factors and mechanisms that dictate the fate of exosomes after
internalization remain to be fully elucidated.
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The biological effect of exosomes on cell phenotype and behavior is particularly well studied in
pathological contexts, in order to identify their positive or negative role in pathological progression,
with a view to identifying therapeutic players or targets. Their role in cancerous processes has notably
received particular attention, enabling the scientific community to unravel the mechanisms of
exosome capture and action. For example, and as previously mentioned, EVs derived from malignant
cells, whose content was modified, compared to exosomes produced from healthy cells, have been
shown to play a key role in liver pre-metastatic niche initiation during pancreatic cancer [56, 57].
Moreover, exosome transfer from highly-metastatic to poorly-metastatic tumor models has been
shown to increase the metastatic behavior of the latter model [91]. It remains to be elucidated how
exosomes shape the microenvironment of those pre-metastatic niches. Selective uptake of exosomes
by Kupffer cells in the liver was proposed to induce the activation of fibrotic pathways and a pro-
inflammatory environment that supports metastasis formation [92]. Mechanisms such as vascular
permeability impairment or local immunosuppression may be involved. Indeed, exosomal
hepatocyte growth factor (HGF) receptor was shown to skew hematopoietic stem cells towards pro-
vasculogenic phenotypes and C-C motif chemokine ligand 2 (CCL2) facilitates uptake of tumor
exosomes by immune cells, which ultimately leads to enrichment of myeloid suppressive cells at
future metastatic sites [93, 94].

Although simple contact between exosomes and their target can result in phenotypic changes in
recipient cells, it seems that exosome capture is most often required to observe the biological effect of
this signaling pathway. The transfer of exosome contents to cells has been demonstrated on
numerous occasions, in particular for proteins. The mechanisms were extensively reviewed by
Mathieu et al. [35]. Small mRNAs and miRNAs that are carried by exosomes have also been shown
to be transferred into recipient cells. Once inside, they retain full functionality and have the capacity
to modify the behavior of the recipient cells through gene expression modulation [95]. Moreover, the
transfer of oncomir-like microRNAs through exosomes, produced by cancer cells, has been shown to
induce reprogramming of the recipient cells and promote prometastatic behavior [96]. Certain
miRNAs loaded into EVs derived from tumor cells are suspected to be involved in immune escape
by promoting anergy (activation-induced non-responsiveness) of CD8+ T lymphocytes [97]. Indeed,
a decrease in cytokine production and granzyme B secretion was observed after internalization of
tumor exosomes by lymphocytes. In addition, they are suspected to contribute to resistance against
anti-cancer drugs. This mechanism has been demonstrated in diverse cancer types, encompassing
hematological malignancies, as well as colorectal, breast, prostate, liver, and lung cancers [98]. In their
study, Patel et al. demonstrated that, when exposed to gemcitabine, the primary chemotherapeutic
agent for pancreatic cancer, exosomes produced by pancreatic cancer cell lines led to an increased
IC50 (half maximal inhibitory concentration) of native cancer cells after treatment with these
exosomes [99]. Thus, in the context of cancer, exosomes would play determinant roles in the
migration and proliferation capacities of tumor cells, in angiogenesis and in the remodeling of the
tumor's immune microenvironment [100, 101]. In this way, given the duality of EVs in terms of their
pro-tumor effects, but also their strong ability to mediate communication in a microenvironment, the
strategies for dealing with EVs in cancer are based, on the one hand, on inhibiting EV trafficking as a
new method to improve new therapeutic combinations [102] and, on the other hand, on engineering
EVs to use them as vectors for therapies [103].

Among other processes linked to the induction of phenotypic changes, exosomes were shown
to contribute to the polarization of macrophages [104]. Exosomes have also been described as players
in epithelial-mesenchymal transition (EMT) in a variety of pathological conditions, including fibrosis
and cancer [105, 106]. However, miRNA contents of exosomes, depending on the emitting cells,
would mediate potentially antagonistic effects on EMT, revealing both promotion and inhibition role
[107, 108].

In conclusion, the vast amount of data on the biological effects of exosomes produced in
response to pathological contexts reveals the multifaceted nature of exosome-mediated cellular
communication. The evolving understanding of the role of exosomes makes these extracellular
vesicles potential key players in disease progression. Exploiting this knowledge could find
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applications in terms of innovative diagnostic approaches and targeted therapeutic interventions,
paving the way for further exploration of personalized medicine and precision therapeutics.

3. Exosomes as biomarkers of pathologies in human medicine

In the past few years, the use of exosomes as biomarkers and diagnostic tools has surged.
Exosomes can be easily isolated from almost all body fluids, such as blood, urine [109], saliva and
even amniotic fluid. This versatility positions exosomes as a potential tool for fetal sex determination
[110]. The amount of circulating exosomes can serve as an indicator of pathological conditions.
Exosome production has been reported to increase in the aftermath of a variety of cancers, in HIV-
positive patients, as well as in acute kidney and cardiovascular diseases. Notably, this increase occurs
simultaneously with the onset of the disease, reinforcing the potential of exosomes as early
biomarkers [111].

In pathophysiological conditions associated with neurological diseases, viral infections, or
cancer, the content of exosomes may undergo significant alterations. Many cancer studies now focus
on circulating EVs in an attempt to establish correlations between the quantity or content of EVs and
treatment responses, the presence of metastasis, or disease progression [112-114]. Analysis of EVs
has emerged as a promising tool for cancer surveillance, surpassing traditional biopsy methods. EVs
can be harvested in a minimally invasive manner from multiple biofluids, employing a technique
known as liquid biopsy [111]. Another of their significant advantages lies in the easily detectable and
analyzable nucleic acids they encase. For example, double-stranded DNAs in exosomes can be used
as predictive clinical biomarkers for cancer diagnosis and prognosis, as they may harbor mutations
such as KRAS and TP53 in pancreatic cancer [115]. The other family of candidates on the scene of
exosomal biomarkers is miRNAs. Indeed, circulating exosomal miR-17-5p and miR-92a-3p have been
associated with the pathological stage and grade of colon cancers [116], whereas the miR-21 found in
cerebrospinal fluid can serve as a biomarker for glioblastoma development [117]. Furthermore,
circular RNAs (circRNAs), which proceed from mRNA splicing, may also serve this purpose. Their
circular structure provides effective protection from exonuclease degradation, thus conferring
greater stability compared to miRNAs [118]. Their relevance in cancer diagnosis has been
investigated in pancreatic cancers [119].

Exosomes have been recently proposed as interesting tools for therapeutic drug monitoring.
Nephrotoxicity is a notorious side effect associated with numerous drugs, including antimicrobials,
anti-cancer therapies and non-steroidal anti-inflammatory drugs. Their deleterious effects on the
kidneys are currently monitored through the dosage of plasmatic biomarkers, which, unfortunately,
lack sensitivity and specificity. Urinary exosomes could offer a good alternative. Differences in their
surface proteins and miRNA content may correlate with specific renal diseases, thus facilitating
diagnosis and adequate care [120].

Although exosomes present irrefutable advantages, their use in the clinical setting is yet to be
popularized. Indeed, several subtypes of EVs of unequal clinical relevance may be found in different
quantities in body fluids. If clinically-relevant EVs are present in lower abundance, they might go
unnoticed by detection methods, leading to potential false-negative results [121]. Moreover, isolation
methods and cargo analysis are often labor-intensive, and current techniques not only lack
standardization but also require costly laboratory equipment that need precise stewardship; a lack of
practicability that is currently incompatible with widespread use. The development of microfluidic
technologies and ongoing miniaturization efforts may address these challenges [122]. It is noteworthy
that exosome-based diagnostic tools have already been introduced in clinical settings, demonstrating
promising results in guiding clinicians to establish proper therapeutic interventions, as illustrated in
this study on high-grade prostate cancer [123].

4. Exosomes and biology of infection

The particular biological context generated during infections has prompted investigations into
whether exosomes produced and circulating exhibit a modified profile, from a quantitative and
qualitative point of view. Numerous studies have shown that infections impact the biogenesis of
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exosomes in infected cells, leading to an increase in their production and modification of their
content. This has been demonstrated in the case of infection by very different families of both RNA
and DNA viruses during in vitro studies or analysis of biological samples, e.g. patient plasma [124-
129]. In particular, an increase in exosome quantity has been revealed in the case of infection with
Dengue (DENV) and Zika (ZIKV) flaviviruses. This was observed in vitro from the first 24 h of
infection, and was accompanied by a change in EV size [130]. As previously mentioned, exosomes
are small EVs of endosomal origin that allow unconventional secretion of factors and play crucial
roles in intercellular communication. Their ability to traffic from and to plasma membranes, across
the endosomal pathway, has led to suspicions of possible involvement of exosomes in dissemination
and pathogenesis of intracellular pathogens (viruses, parasites, and intracellular bacteria). However,
their active and increasingly documented role in mounting the immune response provides beneficial
effects during the course of an infection. In this paragraph, we will attempt to review the literature
on this double-edged capacity of exosomes during virus infection. The main aspects of this duality
are summarized in a schematic representation (Figure 2).

Detrimental effects of
exosomes during infection

Immunomodulatory effects of
exosomes during infection

- Antigen presentation

- Cytokines and antiviral mediators
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Figure 2. Exosomes are double-edged swords during infection. On the one hand, exosomes may
have detrimental effects during infection by promoting viral replication, impairing immune response
and increasing susceptibility, ultimately leading to enhanced viral spreading. On the other hand,
exosomes can participate in controlling infection through their immunomodulatory effects, including
antigen presentation, delivery of cytokines and antiviral mediators, miRNA delivery and engagement
of the stimulator of interferon genes. Created with Biorender.com.

4.1. Exosomes are small, specialized extravesicular vesicles (EVs)

Many viruses exploit intracellular trafficking mechanisms to complete their multiplication cycle.
They initially interact with the cell surface and commonly follow pathways leading to endosomes.
The assembly and budding of enveloped viruses share many similarities with the biogenesis of small
EVs, as both processes rely on cellular membranes. Consequently, it is unsurprising that viruses
interfere with the biogenesis of MVBs and the production of EVs. In particular, the ESCRT system,
required for the formation of ILVs, has been found as an essential tool for the production of enveloped
viruses. Numerous studies have shown that many viruses hijack the ESCRT system to promote their
own budding and, thus, the efficiency of their production and dissemination [131, 132]. Flaviviruses
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are particularly concerned, and numerous studies have shown the dependence of their viral cycle on
ESCRT-dependent membrane remodeling [133-135].

Under these conditions, it can be hypothesized that MVB formation and the release of exosomes
is negatively impacted, and this defect may favor the virus at the expense of homeostasis control. The
hijacking of exosome biogenesis might additionally confer the ability to viruses to target crucial
components within exosomes, including their own viral nucleic acids, as well as viral proteins or
even complete virions. This was notably shown with the hepatitis B virus (HBV) [136] and since the
role of EVs in infections has been studied, examples of viruses using host exosomes as transport
systems for their own factors have become widespread and are regularly and recently the subject of
comprehensive reviews [137, 138]. This ability has led to a Trojan Horse hypothesis that exosomes
actively contribute to viral pathogenesis and sometimes facilitate viral persistence [139]. Hence,
Hepatitis C Virus (HCV), like other Flaviviridae family members (e.g. flaviviruses like DENV, ZIKV
or West Nile virus) enter through endocytosis and release their genome by a “back fusion”
phenomenon which is comparable to the one observed for exosomes [140, 141]. But a particularity of
HCYV is that its genome can be included in ILVs, following endocytosis of the virus and its transit
through endosomes. This viral genetic material is then released into exosomes [141]. Strikingly, these
exosomes were shown to act as pseudo viral particles that can infect efficiently recipient cells [142].
Similarly, exosomes derived from epithelial cells infected with Chikungunya virus (CHIKV), a
member of the alphavirus genus, have been shown to display viral RNA and proteins. These
exosomes were able to infect naive epithelial cells [143]. This unexpected mode of transmission raises
questions about a general ability of viruses to use exosomes as alternative routes of entry into cells
[144]. This mimicry with a physiological mode of EV transport and capture could indeed diversify
the cellular tropism of viruses and contribute to their escape from the immune system. During
Human Immunodeficiency Virus (HIV) infection, HIV-associated RNAs (including TAR, Trans-
activation response element) have been detected in infected T cell-derived exosomes. These RNAs
were able to down-regulate apoptotic signals in recipient cells thus presenting an improved support
of HIV replication [145]. This detrimental effect can also be expressed as an accentuation of pro-tumor
profiles, especially in Head and Neck Squamous Cell Carcinoma (HNSCC) cancers. Indeed, it has
been shown that exosomes from infected T cells carrying TAR (trans-activation response element)
RNA increase the proliferation of cancer cells and induce proto-oncogene expression in recipient cells
[146]. Among viral elements embedded in exosomes are also miRNAs which, when delivered to the
target cells, will exert numerous adverse effects. For example, miRNAs encoded by Epstein-Barr virus
(EBV) produced by infected cells are able to inhibit genes involved in antiviral activities and
inflammation in neighboring non-infected cells through exosomal transfer [147]. During Japanese
Encephalitis virus (JEV) infection, activated microglia release let-7a/b miRNAs through extracellular
vesicles [148]. These miRNAs activate caspases in uninfected neuronal cells, potentially contributing
to bystander neuronal death. Additionally, in COVID-19 patients, SARS-CoV-2 (Severe Acute
Respiratory Syndrome Coronavirus 2) RNA was detected in plasma-derived exosomes, along with a
distinct proteomic signature. Based on the proteomic analysis, these circulating exosomes could
potentially contribute to various processes like coagulation, inflammation, and immuno-modulation
during SARS-CoV-2 infection [149].

Viral proteins also use exosomes as effective delivery systems. For example, during HIV
infection, the viral membrane protein Gag and the virulence factor Nef have been identified in
exosomes derived from infected cells [150, 151]. Of note, exosomal Nef was shown to restore
infectivity of Nef(-) HIV virions in recipient cells. Nef in exosomes also triggers apoptosis in CD4+ T
cells and endothelial cells, contributing to the pathophysiology of the infection [152]. Of further note,
Nef limits the effect of RNA interference in recipient cells due to a modification of the miRNA content
of exosomes [153]. Other viruses are known to induce the incorporation of their proteins into
exosomes, which facilitates their replication or increases the virus susceptibility of recipient cells.
Such mechanism has notably been reported for glycoprotein B of cytomegalovirus (CMV) [154] as
well as E2 protein of HCV [142]. Mishra et al. reviewed the data concerning the role of exosomes
during Dengue fever. Thus, exosomes produced in response to DENV infection are also thought to
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facilitate cell-to-cell viral transmission by carrying various viral factors and to promote immune
evasion. The various cargoes carried by exosomes could modulate immunity in T lymphocytes and
platelets, and their action on endothelial cells may contribute to pathophysiology, notably vascular
permeabilization during hemorrhagic forms of the infectious disease [155].

Among the effects produced by the enclosure of viral factors, in line with the Trojan horse
hypothesis, it appears that hijacking of exosomes by viruses is an excellent means of promoting their
incognito trafficking. Firstly, their capacity for prolonged circulation and access to extracellular
spaces implies their superiority in facilitating cell-to-cell communication and efficient diffusion of
their cargo. Secondly, the relatively small size and consistent shape of exosomes enable them to
effectively evade immune defenses. As such, exosomes from APCs were shown to express membrane
regulators of complement (CD46, CD55 and CD59) on their surface, preventing the activation of
opsonin and coagulation factors [156]. Exosomes are thus protected from destruction by the
complement cascade, warranting their stability and large-scale distribution in biofluids. In general,
EVs have demonstrated their ability to regulate complement activity, albeit with variable effects, but
contributing to the pro- and anti-inflammatory immune balance [157, 158].

In addition, some infectious agents have the ability to influence exosome biogenesis to promote
or hinder the presence of host-specific proteins. HIV has been shown to promote the availability of
its major entry receptors, CCR5 and CXCR4, on exosomes secreted by infected cells. The transfer of
these proteins into receptor cells is associated with increased viral susceptibility of these cells [159].
In another study, it was shown that galectin-9-containing exosomes released from EBV-infected cells
promoted apoptosis of CD4+ T cells with deleterious Th-1 suppressive effects [160, 161]. Finally,
antigen presentation is essential to mount a proper immune response during infection. Surprisingly,
Herpes Simplex Virus-1 is able to counteract this mechanism, limiting antigen presentation by
addressing peptide/HLA-DR complexes to MVBs and exosomes [162].

The ability of viruses to exploit exosomes is often auspicious from a therapeutic standpoint.
Indeed, cancer cells infected by oncolytic adenoviruses, which induce systemic anti-tumor immunity
by specific targeting of malignant cells, secrete exosomes loaded with viral genome and those
exosomes can infect other cancer cells [163, 164]. Although it was previously unknown that
adenoviruses could hijack exosomes, those findings may explain how oncolytic viruses achieve
targeting of distant tumor cells and induce systemic responses while evading the antiviral immune
response.

The study of the roles played by exosomes in infection biology shows many examples of proviral
effects of exosome hijacking. However, many studies show a much more ambiguous role for
exosomes. For instance, they also appear to be part of antiviral cellular responses or at least involved
in the host response to pathogen multiplication.

4.2. Exosomes contribute to infection resolution

Exosomes are known for their aptitude to induce immune responses and participate in
immunomodulatory mechanisms. These functions have been extensively described in tumor
processes [165]. The exosomes released during infection could play a similar role in modulating
immune responses [166].

First, as stated above, exosomes from infected cells were shown to carry viral nucleic acids. This
may lead to the stimulation of pattern recognition receptors in recipient cells (PRRs), such as cyclic
GMP-AMP synthase stimulator of interferon genes (cGAS-STING) or RIG-I like receptors (RLRs), as
demonstrated in the case of cancer-derived exosomes [167]. The downstream signaling pathways of
these PRRs are part of the innate immune system, triggering the expression of inflammatory genes
and type I interferon response, which are deleterious for the pathogen replication and dissemination
[168]. Such mechanisms were notably reported during HCV infection, illustrating the dual role
played by exosomes that can have proviral and antiviral activity [169]. Secondly, exosomes can
participate in antigen presentation, influencing the adaptive immune response [2]. This ability will
be developed more specifically below (section 5), as it contributes to the suitability of exosomes for
vaccine development.
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Supporting their ability to perform antiviral signaling, exosomes have been identified as carriers
of various chemokines and cytokines important for infection resolution, like IL2, IL4, IL17, IL21, IL22,
IL33, IFNa, IFNy, TGFf, TNFa, and other antiviral mediators [170, 171]. An exosome-mediated
antiviral activity through IFNa and other mediators delivery was reported in the case of both HBV
[172] and HIV infections [173]. Exosomes produced during DENV infection carry the interferon-
induced transmembrane protein 3 (IFITM3), which promotes antiviral activities from cell to cell [174].
The cells that release such exosomes in response to infection are of several types and this activity
follows stimulation of innate immunity pathways. Thus, interferon a-stimulated macrophages
address to the neighboring cells exosomes that contain the antiviral mediator apolipoprotein B
mRNA editing enzyme catalytic polypeptide-like 3G (APOBEC3G). Uptake of these exosomes
triggers antiviral activity in the recipient cells [173]. Cytokine encapsulation in exosomes can be
achieved by stimulating keratinocytes with Poly(I:C) [175]. In addition, exosomes produced by TLR3-
activated human brain microvascular endothelial cells were shown to carry mRNA and proteins of
interferon-stimulated genes (ISG), ISG15, ISG56 and Mx2, which could be transferred to recipient
macrophages [176]. As final examples, exosomes derived from respiratory syncytial virus (RSV)-
infected cells and carrying several viral proteins were shown to trigger the production of various
chemokines like monocyte chemoattractant protein-1 (MCP-1), Interferon gamma-induced protein
(IP-10), and (regulated upon activation normal T cell expressed and secreted) RANTES by monocytes
[124]. And EVs released by DENV-infected macrophages that were characterized by the
encapsulation of viral proteins and various miRs elicited increased production of ICAM, TNF-a, IP-
10, IL-10, RANTES and MCP-1 triggering an antiviral defense program in endothelial cells [177].

As mentioned previously, many viruses can exploit exosome biogenesis pathways to their
advantage, transporting viral material and enhancing their dissemination. Exosome production by
infected cells therefore tends to be pro-viral. Unsurprisingly, type I interferon was found to be able
to limit exosome secretion both in vitro and in vivo, thereby attenuating their pro-viral effects. The
mechanism is linked to the induction of ISG15, which triggers ISGylation of proteins crucial to
exosome biogenesis, notably TSG101. This process significantly reduced exosome secretion by
promoting lysosomal degradation of MVBs [178, 179].

Ultimately, increasing studies explore how miRNAs transported in exosomes can modulate gene
expression in recipient cells to improve cell ability to limit infection. Exosomes derived from human
trophoblasts carry miRNAs from chromosome 19 clusters, such as miR-512-3p, miR-516-5p, and miR-
517-3p. Upon exposure to these miRNAs, recipient cells undergo autophagy, conferring resistance to
various viruses including hepatitis C virus (HCV) [180]. Similarly, miR-483-3p, which is found at high
levels in the serum of mice infected with the H5N1 influenza virus, has been shown to mediate the
expression of proinflammatory cytokines in the vascular endothelial cells [181]. This could perhaps
establish an antiviral state that promotes the resolution of the infection.

In conclusion, viral infections lead to a quantitative and qualitative modification of the released
exosomes. Exosome signaling must be considered as a fully-fledged response of the host, playing a
bidirectional regulatory effect on host-pathogen interaction. Hijacking of the system enables
pathogens to spread viral material and escape immune surveillance, while exosomes with modified
contents negatively regulate pathogens by transmitting antiviral mediators and immunomodulators
from cell to cell, including monocyte-macrophages, NK cells, T and B lymphocytes.

5. Exosomes and antigen presentation, perspectives in vaccinology

5.1. Exosomes and antigen presentation

A particular feature of exosomes that is receiving increasing attention is their
immunomodulatory functions and their involvement in the presentation of antigens to the adaptive
immune system (Figure 3). Exosomes derived from mature dendritic cells (DCs) were found to be
enriched in MHC class I and II molecules, as well as ICAM-1 [182]. EVs secreted by mature DCs are
known to carry MHC-peptide complexes on their surface, thus enabling a greater potency in
stimulating T cells, compared to exosomes isolated from immature DCs [183]. The presentation of
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pathogen-derived peptides by exosomes has been demonstrated in the case of bacterial and viral
antigens. For example, it has been shown that LPS-activated monocyte-derived dendritic cells (mo-
DCs) interaction with activated bystander T-cells induced changes in the morphological
characteristics of activated mo-DCs. This led to the release of exosomes carrying MHC class II-
peptide, ICAM-1, and a high amount of miR155. miR155 is a well-established central regulator of T-
cell responses, possessing the capacity to activate antigen-specific CD8+ T cells [184]. Another study
demonstrated that upon encountering Escherichia coli, DCs generated a substantial quantity of EVs,
both carrying antigens derived from the previously-phagocytosed bacteria, along with MHC class II
molecules. This investigation emphasized the potential effectiveness of exosomes in presenting
antigens and triggering an adaptive immune response, when specifically packed with pathogen-
derived peptides, loaded onto MHC molecules [185].

Interestingly, exosomes that carry MHC-peptide complexes or antigens may act as indirect
antigen presentation platforms, following internalization by other cells [2]. Indeed, migrating and
resident DCs were demonstrated to exchange antigens through exosomes, thereby allowing DCs that
were not directly exposed to the antigen to participate in T cell priming [186]. Following EV capture,
antigens can either be driven into the endosomal pathway, subsequently degraded, and loaded onto
MHC class II molecules; or they can be released into the cytoplasm upon fusion of the plasmic and
exosomal membranes, subsequently degraded, and loaded onto MHC class I molecules. Greater
capacity for antigen presentation and efficient T cell activation can thus be achieved by transferring
antigens to DCs via exosome capture. In addition, it is sometimes useful to promote cell-mediated
immunity through antigen presentation to MHC class I [187].

This ability to participate in the establishment of a specific immune response via EVs may also
happen during viral infections. As above-mentioned, exosomes that are produced during a viral
infection are frequently loaded with viral factors that can be exhibited outwards, thus enhancing their
immunogenicity. Along DCs, various cell types may produce exosomes capable of triggering an
immune response. For example, infection with the HTLV-1 retrovirus is accompanied by the
detection of exosomes carrying viral proteins in the cerebrospinal fluid, which remains barren of viral
particles. PBMCs and CD4+CD25+ T cells have been shown to be the main source of production of
such exosomes, which contain the HTLV-1 Tax protein. Remarkably, these exosomes were shown to
sensitize an HTLV-1-specific immune response, and to induce infiltration of HTLV-1 Tax-specific
cytotoxic T lymphocytes (CTLs) into the central nervous system of patients [188]. A study has shown
that exosomes isolated from mild COVID-19 patients carry SARS-CoV-2 spike peptides and other
immunomodulatory molecules, such as MHC class II molecules, CD86 and others. These exosomes
exhibit the ability to effectively regulate antigen-specific CD4+ T-cell responses and induce IL-2
secretion in vitro. Proteomic analysis was conducted on exosomes from these patients, revealing a
correlation between the protein repertoire and an enhanced immune response signature, supporting
what has been found in vitro [189].

Concerning flaviviruses, exosomes originating from ZIKV- and TBEV (tick-borne encephalitis
virus)- infected cells were found to display the viral envelope protein on their surface, suggesting
their ability to induce an immune response [reviewed in: [190]]. Furthermore, our research has
revealed that the non-structural protein-1 (NS1) of both DENV and ZIKV was found associated onto
the surface of EVs produced during infection [130]. However, the ability of these vesicles, which
circulate abundantly in the body, to stimulate an immune response against the NS1 of these two
flaviviruses has not yet been investigated.

The idea that exosomes could be contributors to viral antigen presentation led to the exploration
of the possibility of manipulating exosomal addressing. A study of exosome engineering for this
purpose showed some success with the expression in exosomes of the envelope protein of bovine
leukemia virus. This work paved the way for the use of exosomes in vaccine strategies [191].
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Figure 3. Antigen presentation by exosomes. Having been primed with non-self antigens, dendritic
cells may emit exosomes wherein the non-self antigens have been enclosed. Upon interaction with
naive dendritic cells, exosomes may deliver the non-self antigens, in a process called cross-priming:
although the naive cells have never been directly exposed to them, they can now present the exosome-
derived antigens to CD4+ T cells and CD8+ T cells. CD4+T cells will activate naive B cells and induce
clonal expansion and differentiation. Cellular immunity response will thus be set up leading to Th1
memory and Th2-like cytokines. A particularity of exosome and antigen presentation is that B-cell-
derived exosomes can present allergen peptides and activate allergen-specific T cells.

5.2. Exosomes in vaccinology

Exosomes exhibit intriguing structural features and properties that make them promising
biocompatible nanocarriers [192]. They also have the advantage of being modifiable during
biogenesis. Deliberate incorporation of specific antigens during vesicle formation makes them useful
for directing antigen presentation to the immune system. As a result, exosomes can serve as vectors
for therapeutic products. Of note is the clinical application of exosomes derived from allogeneic bone
marrow mesenchymal stem cells, such as EXOFLO™, which has proved effective in attenuating the
cytokine storm and associated tissue damage in patients with COVID-19 disease [193]. They offer a
delivery system for RNAs, which are protected from degradation by the enclosing lipid membrane.
This encapsulation system makes it possible to enhance the stability of the drug, thus considerably
improving its bioavailability and delivery to target cells [192]. The strategies, approaches and
technologies for engineering exosomes are plethoric, and the bibliography on the subject is
considerable including the following recent reviews [194-196]. Engineering exosomes to make them
suitable vaccination platforms requires the assembly of targets of interest (DNA, RNA or proteins),
at the surface or within EVs. Several methods have been explored to date, each more or less suitable
depending on the nature of the target to be integrated. For example, electroporation can be used to
load exosomes with RNA or other hydrophobic therapeutic cargoes. Alternatively, RNAs can also be
fused to RNA-binding proteins, such as HuR, TAT and L7Ae, allowing them to be loaded into
exosomes [197]. This approach enhances the tissue biodistribution potential of effective hydrophobic
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molecules [192]. However, there are still many challenges to overcome in order to exploit their
therapeutic potential.

However, vaccine development based on exosomes is a promising application [198]. The
potential advantages are as follows: (1) a more stable conformation of antigens in different conditions;
(2) enhanced molecular distribution as exosomes can circulate in fluids, reaching distal organs; (3)
more efficient association with antigen-presenting cells due to the expression of adhesion molecules
on exosomes surface; (4) and exosomes, acting as inherent carriers of immunomodulatory mediators,
already known to transport antigens between cells and play a role in cross-priming. The latter process
involves the activation of naive T cells by antigen-presenting cells that have acquired their specific
antigens, not through direct contact, as commonly occurs, but from another cell, as mentioned
previously and in Figure 3 [199]. Pathogens are notorious for evading the immune system, a challenge
that can be addressed through the use of cocktails and multi-epitope vaccines (MEVs) [200]. In this
context, exosomes could be exploited to present multiple antigens, thus serving as vaccine-design
exosomes [197].

Exosomes have thus emerged as potential candidates for the development of vaccines or
adjuvants against viruses. For instance, exosomes from B cells infected by Epstein-Barr virus (EBV)
have demonstrated the ability to protect uninfected B-cells from EBV infection [201]. More recently,
engineered exosomes of full-length HCV-NS3 protein appeared immunogenic when injected in mice,
proven by the detection of NS3-specific memory CD8+ T lymphocyte pool [202]. Anticoli et al. have
also demonstrated the efficacy of DNA-vectors expressing diverse fusion products, including Ebola
Virus VP24, VP40 and NP, Influenza virus NP, Crimean-Congo Hemorrhagic Fever NP, and West
Nile Virus NS3. These vectors have been shown to elicit antigen-specific CD8+T cell response
associating with a cytotoxic activity against the peptide loaded into exosomes or antigen-expressing
syngeneic cells, in mouse model [203]. Exosomes could be also considered as valuable adjuvants in
vaccine strategies. This was shown for recombinant hepatitis B antigen (HBsAg) [204]. The results of
this study suggested that the isolated exosomes carrying HBsAg provoked a pro-inflammatory
profile in spleen cells of healthy mice by stimulating the production of cytokines such as TNF-a, and
IL-1B. The vaccination of mice with exosomes combined with a solution of hepatitis B recombinant
antigen induced a humoral immune response. However, the increase in IFN-y secretion has
demonstrated that exosomes triggered an immunomodulator effect on the cellular immune response.

Concerning HIV-1, Khatua et al. have found that exosomes secreted by CD4+ H9 T cells and
mature monocyte-derived DC encapsidated A3G (APOBEC3G) and A3F, which are part of a cellular
defense system against retroviruses. They indeed were able to inhibit L1 (non-LTR retrotransposons
LINE-1) and Alu retrotransposition [173]. Therefore, DC derived exosomes are a major source of
potential vaccines due to their high stability during storage as well as their rich composition in
immunoregulatory molecules [205]. Moreover, it was demonstrated that HIV-1 Gag-specific
exosome-targeted T cell-based vaccine stimulated effector CTL responses giving a long-term
immunity against Gag/HLA-A2 expressing B16 melanoma in transgenic HLA-A2 mice [206].

More recently, in the face of the global COVID-19 crisis, there has been a flurry of research into
innovative vaccination strategies, notably by exploiting the exosome approach [207, 208]. Two of
these strategies are summarized in Figure 4. One strategy, following the general implementation of
mRNA vaccines, was to use the encapsulation and nucleic acid carrying properties of exosomes to
turn them into mRNA vectorization tools. This use of exosomes to vectorize mRNAs for vaccine
purposes has been successfully tested and shown to promote an immune response [209]. Thus, for
example, Popowski et al. developed a system based on lung-derived exosomes carrying SARS-CoV-
2 Spike mRNA. These exosomes have shown extensive distribution in the bronchioles and
parenchyma of mice. In addition, they elicited significant immunoglobulin G (IgG) and secretory IgA
(SIgA) production, demonstrating the relevance of such an approach for obtaining a good adaptive
immune response [210]. Other work showed that bovine-milk derived exosomes loaded with mRNA
encoding the SARS-CoV-2 receptor-binding domain (RBD) stimulated the production of neutralizing
antibodies against RBD in mice [211].
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It is interesting to note that exosome-based vaccines against coronaviruses have been
investigated since 2007 [212]. Thus, it was demonstrated that exosomes containing the Spike (S)
proteins of SARS-CoV, which transmembrane and cytoplasmic domains were replaced by those of
the vesicular stomatitis virus glycoprotein (VSV-G), induced high levels of neutralizing antibodies
[212]. In the context of the COVID-19 pandemic, this strategy of modifying exosomes as antigen-
presenting platforms has been relaunched by a growing number of start-ups and private or semi-
private biotech companies worldwide, interested in developing extracellular vesicle-based therapies
and virus- and adjuvant-free vaccines based on recombinant exosomes [213]. In this respect, an
extremely promising vaccine candidate that has passed pre-clinical trials proposes the inhalation
delivery of exosomes of pulmonary origin, which carry the recombinant SARS-CoV-2 RBD. The
process of this second strategy, related to a use of the exosome as an antigen-presenting device is
described in Figure 4. The engineering purified exosomes had the advantage of being remarkably
stable after lyophilization. They have been shown both to enhance RBD retention in the airways and
lung parenchyma, and to induce RBD-specific IgG antibodies in mice. They also enabled a mucosal
IgA response and an effective T cell response that was able to clear the virus in a challenge test [214].
To the best of our knowledge, this promising work has given new momentum to ongoing research
by start-ups into exosome-based vaccine strategies against the Chikungunya, Zika, Dengue and West
Nile viruses.

[ ¢
Lung-derived \ .® —-{ '.\.\./:f
spheroid cells . S o
v + =< R
~ K
Exosomes produced by
lung-derived spheroid cells RBD RBD-Exosomes
. Immunization
N )
Anti-RBD IgG and IgA 2 = - ﬂ( Anti-Spike 1gG and
production \ N > v IgA production
'y 9
Immunlzatlor/ Mouse
M
o )
o
Lungs
L
. +
°
SARS-Cov2 Spike
Exosomes containg SARS-Cov2 mMRNA .
Spike MRNA Lung-derived

exosomes

Figure 4. Exosomes modified according to two strategies have been proposed as candidate vaccines
against SARS-CoV-2. They are either designed to carry viral mRNA or engineered to expose a viral
antigen, such as the Spike RBD. Both of these candidate vaccines demonstrated protection against
SARS-CoV-2 infection in mice.

6. Challenges and issues

Exosomes are a promising platform for cell-free-based vaccine development. However, there are
some challenges to consider. One issue is the formulation, with the necessity to produce reliable
batches of exosomes with appropriate levels of antigens to provide protection [199] while controlling
the immunogenicity of “non-antigen” components originating from the cell line used to produce the
exosomes.

Similarly, one limitation is that exosomes are heterogeneous in nature and contain a large
number of diverse proteins and materials from host cells, making it difficult to tailor their cargoes
compared to liposomes [215]. While immunogens and adjuvants can be easily packaged in liposomes,
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incorporating desired components into exosomes has proven challenging at times [216].
Furthermore, when exosomes are injected into a patient, they will compete with endogenous
exosomes, potentially affecting the desired therapeutic effects [215]. Therefore, exosomes from
specific cell types could be detrimentally affected. Exosomes from DCs could be the most promising,
however, they can be blocked from entering bone marrow derived dendritic cells (BMDC) or by
binding of competitive ligands to the cell receptors [217].

The use of DCs exosomes as vaccine carriers is challenging because they are short-lived and
sensitive to CTL-mediated elimination. Therefore, the antigen presentation by peptide-pulsed DCs
has limited longevity in vivo. However, Luketic et al. have pointed out that antigen presentation by
exosomes released from peptide-pulsed dendritic cells is not suppressed by the presence of active
cytotoxic lymphocyte T (CTL) [218]. Indeed, they found that following DC immunization, even if the
majority of injected DCs disappeared from the draining lymph nodes within 7 days, antigen
presentation has persisted for at least 14 days.
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7. Concluding remarks

The global health crisis caused by SARS-CoV-2 has reinforced the need to diversify vaccine
strategies against viral infections. This, in turn, has renewed interest in exosomes as particularly
attractive tools, serving as biocompatible nanocarriers. We therefore set out to review the literature
on the biology of exosomes, which mediate signaling between cells and play a key role in both
physiological and pathological processes. We pointed out their considerable importance as potential
biomarkers, diagnostic and therapeutic tools for contemporary medicine. Their role in viral infections
is increasingly being studied, and we have pointed out that it is often dual, complicating the prospects
for their therapeutic use. However, advances in the engineering of these vesicles for custom loading
with protein or mRNA confirm that they are interesting carriers for new therapeutic and for being
vaccine candidates, unveiling novel strategies in viral infection control. The recent demonstration of
their effective use in preclinical models indicates that they constitute original platforms for antigen
presentation or mRNA vectorization systems. This paves the way of exploring these new approaches
to the control of flavivirus infections, such as DENV or ZIKV, for which this task has turned
challenging. The transition to clinical trials will of course be necessary to validate these approaches
and to verify the issues inherent in cell-derived material and noted in point 6.
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EBV Epstein-Barr virus
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EV Extracellular vesicles
HBsAg Hepatitis B antigen
HBV Hepatitis B virus
HCV Hepatitis C virus
HGF hepatocyte growth factor
HIV Human Immunodeficiency virus
HLA-DR Human Leukocyte Antigen DR isotype
HNRNPs Heterogeneous Nuclear Ribonucleoproteins
HNSCC Head and Neck Squamous Cell Carcinoma
HSP70 Heat Shock Protein 70
ICAM-1 Intercellular Adhesion Molecule 1
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IFNa Interferon alpha
IFNYy Interferon gamma
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MCP-1 Monocyte chemoattractant protein-1
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MHC Major Histocompatibility Complex
mo-DCs monocyte-derived dendritic cells
MVBs Multivesicular bodies
NS1 Non-Structural protein-1
PRRs Pattern Recognition Receptors
RANTES Regulated upon activation normal T cell expressed
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RBD Receptor-binding domain
RLRs RIG-I like receptors
RSV Respiratory syncytial virus
SIgA Secretory IgA
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SARS-Cov2 Severe Acute Respiratory Syndrome Coronavirus 2
STING Stimulator of interferon genes
TAR Trans-activation response element
TBEV Tick-borne encephalitis virus
TGFB Tumor Growth Factor 3

T-cell immunoglobulin- and mucin-domain-

M4 containing molecule 4
TNFa Tumor Necrosis Factor a
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VLP Virus-like particles
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