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Abstract

Extracellular vesicles (EVs) are a group of nanoscale membrane-bound organelles including exosomes, microvesicles (MVs),
membrane particles, and apoptotic bodies, which are released from almost all eukaryotic cells. Owing to their ingredients,
EVs can be employed as biomarkers for human diseases. Interestingly, EVs show favorable features as candidates for targeted
drug delivery and thus, they are suggested as ideal drug carriers as well as good vaccines for various human diseases includ-
ing cancer. Among various drugs loaded in EVs for targeted drug delivery, immune checkpoint inhibitors (ICIs), including
antibodies against programmed cell death-1 (PD-1), programmed death-ligand 1 (PD-L1), and cytotoxic-T-lymphocyte-
associated protein 4 (CTLA-4), have attracted an increasing attention for cancer researchers and clinicians. Animal and
clinical studies have shown combination of EVs and immunotherapy antibodies to improve the efficacy and reduce possible
side effects in systemic administration of ICIs. In this review, we discuss the EVs and their significance in drug delivery
with a focus on cancer immunotherapy agents.
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Introduction

Cancers are responsible for the leading cause of mortality
around the world, which also affects quality of life of mil-
lions of people [1]. The burden of cancer is increasing annu-
ally where according to the GLOBOCAN cancer statistics
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2020, more than 19 million new cases of cancer and 10 mil-
lion related deaths were recorded for 2020 [2], with both
showing a rise compared to those for 2018 (18.1 million
newly diagnosed cases and 9.6 million deaths) [3]. Since
the discovery of cancer pathogenesis basics, the main goal
of oncologists and cancer researchers was to find efficient
treatments, which exclusively target and eliminate the can-
cer cells without posing damage to healthy tissues. Anti-
cancer therapies still remain mainly dependent on surgical
approaches, which along with associated therapies including
chemotherapy, radiotherapy, and cryotherapy constitute the
main strategies and pillars of human cancer treatment [4].
Those treatments are considerably aggressive, non-specific,
and destructive to healthy tissues. Cancer immunotherapy,
instead, shows less aggressiveness and damaging impact on
healthy tissues aiming at activation of host immune defenses
against cancer cells and thus introduced as the forth modality
of cancer therapy [5]. This novelty in anticancer therapies
was based on the fact that a majority of tumor cells express
some antigens on their surface, which can induce immune
rejection actions. This anticancer strategy has shown prac-
tical results in rejection of tumors alone or in combination
with other approaches [6, 7], such as chemotherapy [8, 9],
radiotherapy [10, 11], interferons [12], nanoparticles [13], or
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using more than one ICI together [14]. As a revolutionizing
anticancer strategy, immunotherapy has strongly improved
outcomes among cancer patients [15].

Extracellular vesicles (EVs) are a group of submicron
membrane-bound organelles, which differ in origin, ingre-
dient, production process, size, and shape; however, they
are all composed of a lipid bilayer membrane and released
from almost all living cells [16]. EVs carry various biologic
macromolecule ingredients including DNA, RNA, proteins,
and lipids, which are released into the extracellular environ-
ment, transfer cargo to recipient cells, and thus play impor-
tant roles in cell-to-cell communication [17]. This is due
to high and heterogeneous protein content so that they are
called “vectorial signalosomes” [18, 19]. The involvement
of EVs in intercellular communication is extensively docu-
mented among all kingdoms [20]. EVs can affect the pheno-
type and features of target cells through modification of gene
expression in various routes including de novo translation,
post-translational modification, and impacting signaling
pathways [21-23]. Additionally, this process can help cells
to eliminate toxic or redundant unnecessary compounds,
such as chemotherapeutic drugs [24], components of infec-
tious organisms, and intracellular components [25, 26]. EVs
are shed from the majority of cells including platelets and
megakaryocytes and accordingly can be found in circulation
as well as biological fluids like cerebrospinal fluid (CSF),
amniotic fluid, urine, saliva, bile, breast milk, and blood
[27-30]. Functionally, EVs are suggested as essential players
in various biologic processes, and are potentially involved in
the pathogenesis as well as being considered biomarkers for
a wide variety of human diseases, such as autoimmune disor-
ders, neurodegenerative diseases, diabetes, cardiometabolic
diseases, infection, and cancer [28, 31-33]. The potential
for transporting pharmacologic compounds has made EVs
as promising vehicles for drug delivery with potentials in
treatment of various human diseases like inflammatory con-
ditions, septic shock, renal injury, and malignancies, such
as prostate, colon, and breast cancers [34—41]. The aim of
this review is to discuss the potentials of EVs in delivery of
immunotherapies for cancer treatment.

Cancer immunotherapy: advances
and challenges

Generally, tumor immunotherapy is considered an
alternative cancer treatment modality defined as an
approach to modify or stimulate host immune responses
against tumor cells [42, 43]. Compared to other therapeutic
modalities being employed to treat early tumors, the primary
aim of immunotherapy is to prevent tumor metastasis and
improve the quality of life among affected patients [42].
Historically, it was first documented in 1891 when a bone
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sarcoma surgeon, William B. Coley, found the efficacy of
streptococcal toxins (Coley toxins) in shrinking inoperable
malignant tumors particularly bone and soft tissue
sarcomas [44, 45]. These efforts, although did not achieve
considerable success due to unacceptability by clinicians
as well as development of radiotherapy and chemotherapy
for cancer therapy, were the first experiences of cancer
immunotherapy by the “father of immunotherapy” [45].
Later, during 1970-1980s researchers found that activation
of lymphocytes by lectins or interleukin (IL)-2 gives them
the capability of targeting cancer cells [46—48]. Those
findings in later years motivated clinical trials for evaluation
of the efficacy of cytokines (e.g., IL-2 and interferon-o; IFN-
a) in cancer therapy, which then confirmed for clinical use
[49-52]. Rather than cytokines, cancer immunotherapy is
conducted through several other compounds like vaccines,
stimulated effector cells, and antibodies [42]. Cancer
vaccines (e.g., HER2/neu [53], Canvaxin [54], M-VAX
[55], and Oncophage [56]) are composed of protein/
polypeptides, whole cell, and viral vector vaccines that
induce immunosurveillance against a specific antigen on
cancer cells and develop active immunity against tumors
and thus called active immunotherapy. Promising results are
reported for stimulation of anti-tumor responses particularly
from dendritic cells (DCs) pulsed with anti-CD44
immunoglobulin G (IgG) opsonized tumor cells [57];
however, on the viewpoint of clinical applicability, those
therapeutic strategies are extremely costly and not available
for treating a wide range of patients that makes their clinical
application restricted to small settings [42]. Among cancer
immunotherapy modalities, immune checkpoint inhibitors
or blockers (ICIs, ICBs) have seen the most advances being
considered leading approaches in tumor immunotherapy
[58]. This approach targets immune checkpoints that their
interaction with corresponding receptors compromises
the anti-tumor function of T cells [59]. In fact, tumors
exploit that system, including immune checkpoints and
their ligands that are reportedly upregulated in the tumor
microenvironment, to escape immune responses, and ICIs are
developed to target those receptors or their ligands to reverse
the immunocompromising effect of tumors [17]. Among the
targets of ICI compounds, the programmed cell death 1 (PD-
1) (also known as cluster of differentiation 279 or CD279),
the cytotoxic-T-lymphocyte-associated protein 4 (CTLA-4;
CD152), and T cell immunoglobulin mucin-3 (TIM-3) are
the best-known examples entered clinical practice, while the
therapeutic strategy for the former is through targeting the
interaction between PD-1 receptor and its ligand (PD-L1)
[58, 60, 61]. PD-1/PD-L1 and CTLA-4 regulate the function
and activation of T cells, and hindering those actions is the
underlying mechanism for several ICIs, which have shown
unprecedented advances in cancer immunotherapy during
the past decades in combating various malignancies [17].
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Accordingly, several antibodies targeting these molecules
received approval by the US Food and Drug Administration
(FDA). These include nivolumab, pembrolizumab, and
cemiplimab as approved inhibitors of PD-1 receptor, and
atezolizumab, avelumab, and durvalumab received approval
for anti-PD-L1 immunotherapy, as well as ipilimumab
for targeting CTLA-4 [17, 58]. Administration of ICIs
significantly improved clinical outcomes among patients
with various cancer types (an average response of 20-40%
for over 80% of refractory Hodgkin’s lymphoma) [62, 63].
Those metrics are unprecedented for ICIs; however, the rate
and durability of response to ICI therapy are heterogeneous
and still remain low for a majority of cases [64, 65]. For
instance, although melanoma patients show the highest
response to ICIs compared with other cancers, a majority
of those patients receiving immunotherapy (by 70%) do not
respond to anti-PD-1 therapy, while 20-30% of responders
also experience tumor relapse and progression [66, 67]. The
underlying mechanisms responsible for either primary (also
called intrinsic) or acquired resistance to ICIs among cancer
patients are the subject to a considerable number of studies,
suggesting complex identity of resistance and involvement
of various aspects, including tumor-intrinsic factors, such
as genetic alterations, metabolism, inflammation, and
neovascularization, tumor local microenvironment factors,
and host-related factors [64, 65, 68—72]. Possible causes
include low or no expression of PD-L1, tumor mutational
burden, and epigenetic properties, disturbances in critical
signaling pathways, and gut bacterial species in hosts [58].
In this regard, extracellular vesicles have emerged as role
players in contribution to chemoresistance and as carriers
of medications in cancer therapy.

Extracellular vesicles: classification, functions
in tumor immunity, and potentials in cancer
immunotherapy

First evidence of vesicle discovery was reported by Erwin
Chargaff and Randolph West upon study of thromboplastic
protein in 1946 [73]. They reported the impact of centrifuge-
isolated cell-free component of blood on clotting time [73].
Twenty years later, Peter Wolf using electron microscopy
revealed the identity of subcellular fraction contained platelet-
derived vesicles [74]. Those subcellular particles in literature
were initially referred as several terms like microvesicles, ecto-
somes, and shedding vesicles [75-77]. To date, we know that
both prokaryotes and eukaryotes, including almost all human
cells, release vesicles to the outer environment [78—80]. This
process in bacteria helps intercellular communication and
coordination of their social activities, together contributing
to act as multicellular organisms, while it also plays role in
multicellular organisms to function as an ecosystem [81].

Packaging biologic cargo in vesicles, which is selective, pro-
vides protection against degradation, while it also suggests a
highly efficient storage and delivery approach targeting spe-
cific recipients based on surface receptors [26, 82]. EVs are
known to play a role in various substantial biological processes
like intercellular communication, cell survival, angiogenesis,
coagulation, and inflammation, as well as functioning in vari-
ous organs, such as the immune system, cardiovascular system,
kidneys, reproduction, central nervous system, and musculo-
skeletal system [26, 83]. Although still in their infancy, EV-
based therapeutics (drug delivery, cancer vaccines, and antigen
presentation) are suggested as promising therapeutics as well
as diagnostic tools for an increasing number of human disor-
ders, particularly various malignancies.

Classification and functions of extracellular vesicles

Although the classification of EVs has subjected to changes
and constant updates, on the viewpoint of biogenesis they
are divided into two main classes, namely ectosomes and
exosomes. Ectosomes are larger compared to the second
group, have an average diameter up to 1000 nm, and include
microvesicles, microparticles, and large vesicles, which
are developed by cell membrane budding in the outward
direction [84, 85]. Conversely, exosomes originate from
endosomes [85]. Besides, based on phenotype and physi-
cal features, EVs are classified into four types: exosomes,
microvesicles (MVs), membrane particles, and apoptotic
vesicles (bodies), with either which differs in features like
biogenesis, cargo composition, and function [86, 87]. All
those classes are engaged in intercellular communication,
but apoptotic vesicles which are taken by phagocytic cells
post release to the extracellular environment [88]. Currently,
there is no specific biomarker for characterization of sub-
classes of EVs. Additionally, isolation techniques are not
able to purify a specific subclass and mainly yield a mixture
[30]. However, isolation of EVs can be conducted by size
exclusion in affinity chromatography and antibody differenti-
ation or using ligands based on suspected surface biomarkers
[30, 89-91]. Due to considerable overlap between the sizes
of smaller subgroups of EVs, which is routinely applied for
classification of identified vesicles, the broad term “extra-
cellular vesicle” (EV in brief) is generally used to cover
all types of cell-derived vesicles [83]. EVs are enriched in
proteins of the tetraspanin family (e.g., CD63, CD9, CDS81)
and lipids, such as phosphatidylserine, ganglioside, and cho-
lesterol [92, 93]. Fundamental technical deficiencies have
caused considerable challenges in progress of our knowledge
about the functions of EVs in vivo [94].

Exosomes are the most studied cup-shaped class of EVs
with a diameter of 40-160 nm (average: 100 nm), which
are originated from endosomes and released from most of
eukaryotic cells [86]. Exosomes are generated by double
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invagination of cell membrane, sequential storage in early
and late endosomes, and then formation of multivesicular
bodies (MVBs) [84]. MVBs contain intraluminal vesicles
(ILVs), which are released to the extracellular environment
as exosomes through fusion to the plasma membrane
and then exocytosis [84]. The generated exosomes show
heterogenicities in their source, size, and content as well
as function [84]. Exosomes are mainly characterized using
transmission electron microscopy (TEM) and nanoparticle
tracking analysis (NTA) as well as flow cytometry (FACS)
and resistive pulse sensing (RPS) [26, 95]. To isolate and
purify exosomes, several methods based on size and density
screening are used, which include ultracentrifugation,
density-gradient centrifugation, ultrafiltration, immune-
affinity capture, and precipitation [82, 95]. The composition
of exosomes, like all EVs, is dependent on the originating
cells, so they may contain various ingredients including
DNA, microRNA (miRNA), circular RNA (circRNA),
protein, and lipid, as well as cellular metabolites and cell
membrane proteins [30, 84, 86, 96]. Although concise roles
of exosomes are unknown and being investigated in numerous
studies, they are postulated to assist cell homeostasis [84]
and importantly are suggested to play roles in various
human diseases like development and progression of tumors
[97-99]. Exosomes can be derived from normal or tumor
cells (tumor-derived exosomes; TEXs), in which they
functionally alter the phenotype and reprogram recipient
cells in order to assist several major hallmarks of cancer,
including enhancing proliferation, epithelial-mesenchymal
transition (EMT), metastasis, angiogenesis, affecting the
tumor microenvironment (TME), and suppression of immune
responses [100-102]. These effects together contribute to
orchestrating several critical stages of cancer development
and metastatic progression [87, 103]. TEXs are found in body
fluids and accordingly suggested with potentials in diagnosis
as well as therapeutic targets for cancer therapy [102].
Among ectosomes, MVs are larger classes of EVs
with an average size of 100—1000 nm in diameter, which
are generated by direct budding from plasma membrane.
Apoptotic vesicles are even larger compared to other
subgroups and considered the largest subcellular struc-
tures with 1000-5000 nm diameter originated from those
cells undergoing programmed cell death [83]. Similar to
exosomes, MVs and membrane particles show cup-shaped
morphologies in TEM studies; however, the latter subgroup
of ectosomes are only released from epithelial cells (and
thus can be found in biological fluids contacting the epithe-
lium layer), while MVs and apoptotic vesicles are released
from almost all cells [86]. Additionally, composition analy-
ses have also shown differences among those subgroups of
ectosomes. Uptake of MVs by recipient cells is conducted
via membrane fusion [104], while this process is through
endolytic events for other EVs [105]. Apoptotic vesicles are
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enriched in histones and DNA, while membrane particles
mainly have prominin-1 (CD133) in their composition [86].
Membrane particles have a size range similar to exosomes,
but their densities are lower on sucrose gradients. Although
tumor-derived EVs are known to assist development and
progression of malignancies through affecting signaling
pathways, non-malignant-derived EVs can also contribute
to tumor development [106].

The impact of tumor-derived extracellular vesicles
on tumor immune microenvironment

Exosomes are reported in physiological conditions to
play role in antigen presentation to T cells, activation of
immune responses via the major histocompatibility com-
plex (MHC)-restricted pathways, initial T cell priming, and
mature cell differentiation as well as creation of effector
functions [95, 107, 108]. Studies show that EVs are directly
involved in the tumor immune invasion through various
mechanisms including stimulating the death of T lympho-
cytes [109]. This phenomenon is repeatedly reported when
tumor-derived EVs expressing immune-related ligands,
such as Fas-ligand (CD95L), on their outer layer induce
apoptosis of T cells upon encountering ligand-positive cells
[110-112]. Owing to a broad content of cargos transferred
among cancer cells, EVs are known to be involved in various
malignant features of tumor cells including pro-proliferative
and metastasis-enhancing functions, inducing angiogenesis,
conferring chemoresistance, and reprogramming tumor
metabolism [87]. Emerging evidence unveils the substantial
roles of EVs in establishment and maintenance or modula-
tion of TME [113]. These include sustained cell growth,
evading anti-proliferative restrictions, resistance against cell
death, getting genomic instabilities, and fundamental altera-
tions in the stromal cell lineages, with all causing the devel-
opment of functionally remodeled TME [87]. Additionally,
EV-mediated information exchange within TME may affect
intrusion, metastasis, and several other biological behaviors
of tumors [114].

Tumor-derived EVs in intercellular communication

Within the TME, immune cells including B and T lym-
phocytes, macrophages, and DCs interact with cancer and
stromal cells following infiltrating the tumor tissue [115].
Accordingly, tumor cells can target immune cells via EV-
mediated delivery of stimulatory or suppressing bioactive
molecules together contributing to regulation of prolifera-
tion, expanding the number and activity of immune cells
[116-119]. Tumor-derived EVs provide a communication
net between cancer cells with the immune system and affect
several types of immune cells, such as DCs, CD8* T cells,
tumor-associated macrophages (TAMs), natural killer (NK)
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cells, and regulatory T cells (Tregs) in addition to fibro-
blasts, platelets, and epithelial cells [106].

Tumor-derived EVs impact the malignant phenotype
of cancer cells as well as immune cells in TME

Tumor-derived MVs inhibit the proliferation, modulate
the functions, and induce apoptosis of CD8" T cells, sug-
gesting that those MVs induced immune suppression con-
tributing to tumor escape [120]. Chow et al. demonstrated
that breast cancer—derived exosomes induce activation of
nuclear factor-xB (NF-kB) in macrophages which led to the
production of pro-inflammatory cytokines like IL-6, tumor
necrosis factor (TNF), granulocyte colony-stimulating fac-
tor (GCSF), and CCL2 [121]. The impact of miRNA-loaded
tumor-derived exosomes on the malignant phenotype of
targeted immune cells is clearly shown in a study which
demonstrated that oral squamous cell carcinoma (OSCC)
cells exhibited more aggressive phenotype upon treatment
with cancer-associated fibroblasts (CAFs)—derived exosomes
[122]. Those effects were revealed to be exerted through
downregulation of exosomal miR-34a-5p and activation of
the AKT/GSK-3p/B-catenin/Snail signaling pathway [122].
These findings indicate that tumor-derived exosomes may
stimulate pro-inflammatory mechanisms of distant mac-
rophages [121]. EVs are also found to negatively impact the
cytotoxic effect of NK cells, for instance, by ectopic expres-
sion of the soluble form of the ligand of NKp30 (BAG6)
contributing to invading the immune system in animal mod-
els [123]. Similarly, the interaction between EVs derived
from Tregs and DCs is reported to suppress the function
of DCs contributing to development of an immunosup-
pressive TME via exosomal transfer of miR-150-5p and
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Fig.1 The impact of tumor-derived extracellular vesicles (EVs)
on immune ecosystem. Tumor-derived EVs expressing Fas-ligand
(CDY5L) induce CD8* T cell apoptosis. CD8™ T cell apoptosis is also
induced by pro-tumor macrophage type 2 (M2)-derived exosomes.
Tumor cells also release exosomes to promote M2 macrophage polar-
ization and increase the activity of myeloid-derived suppressor cells

miR-142-3p [124]. Besides, exosomes secreted from tumor
cells under hypoxic conditions of TME contain transform-
ing growth factor-f (TGF-p) to reduce surface expression of
NKG2D for further suppression of NK cell activity [125].
Tumor-derived exosomes containing TGF-p also increase
macrophage polarization toward pro-tumor M2 phenotype
[126] and augment activity of myeloid-derived suppressor
cells (MDSCs) [127] for further strengthening the immuno-
suppressive power of tumor [128, 129]. M2 macrophages
secreted exosomal NEAT1 to promote CD8* T cell apop-
tosis through inducing PD-L1 expression (130). Moreover,
EVs can enhance the efficiency of antigen presentation by
DCs through alkalinizing their phagosomal compartment
as well as transfer of DNA fragments, like GAPDH gene
to induce their maturation [131-134]. Taken together, can-
cer cell-derived EVs can negatively affect the functions of
immune cells, modulate the regulatory arms, and induce
antigen-specific tolerance contributing to immune invasion
[109]. It should be noted that unlike a majority of experi-
ments which found EVs with anti-apoptotic functions, a
study reported that NK cell-derived exosomes exert cyto-
toxic effects on melanoma cells (Fig. 1) [135].

The impact of tumor-derived extracellular vesicles
on cancer immunotherapy outcomes

Tumor-derived EVs and particularly TEXs have the poten-
tial of transferring immunosuppressive molecules, such as
PD-L1, TGF-p, Fas-ligand (FasL), and TNF-related apop-
tosis-inducing ligand (TRAIL), which can act as mediators
of tumor invasion [136-139]. PD-L1 is found on the outer
layer of TEXs isolated from plasma samples of patients with
various types of malignancies. EVs expressing PD-L1 are
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(MDSCs) and M2 macrophages, hampering the function of natural
killer (NK) cells. This is mediated through IL-6 and transforming
growth factor-p (TGF-B). Dampening dendritic cell (DC) maturation
by regulatory T cell (Treg)—derived exosomes is also important for
boosting the immunosuppressive profile of cancer
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associated with disease progression and accelerating tumor
progression [140-142]. The TEX-loaded ligand is shown to
promote carcinogenesis in murine oral squamous cell carci-
noma [143], while it has also revealed immunosuppressive
activity at least in two distinct studies, which evaluated its
roles in melanoma and prostate cancer patients [144, 145].
Notably, Poggio et al. found that specifically secreted exo-
somal PD-L1 suppressed T cell activation in vitro and also
inhibited the activity of T cells assessed in draining lymph
node [144]. Remarkably, tumor cells lacking the exosomal
PD-L1 suppressed the growth of wild-type tumor, while
exogenous expression of PD-L1 rescued immune suppres-
sion and tumor growth [144]. The same impact of exosomal
PD-L1 on activity of CD8* T cells and tumor growth was
already shown in another study, where it caused suppres-
sion of systemic anti-tumor activity [145]. Also, among
patients diagnosed with advanced melanoma who received
anti-PD-1 therapy (pembrolizumab), responders demon-
strated aberrant exosomal PD-L1 mostly after 6 weeks of
therapy compared to non-responders [145]. Those findings
suggested TEX PD-L1 as a biomarker for immune activa-
tion after starting treatment and prediction of response to
anti-PD-1 therapy [145, 146].

Additionally, EVs are suggested to affect the outcomes
of chimeric antigen receptor (CAR)-T cell therapy, which
is engineering of T cells against a specific cancer antigen
as an anticancer therapeutic strategy [147-149]. CAR-T
cell-derived EVs have the novel potential in immunother-
apy of solid tumors [149], which is discussed below. Par-
ticularly, tumor-derived EVs are found to affect the effi-
cacy of CAR-T cell therapy to target CD171 [150]. Study
shows that exposure of CAR-T cells to neuroblastoma
cell-derived EVs negatively affected tumor cytotoxicity
of CAR-T cells [150]. Notably, chronic lymphocytic leu-
kemia (CLL)-derived EVs are able to impair the function
of CART cells through inducing their exhaustion [151].

Extracellular vesicles as drug carriers

Known applications of EVs include anticancer therapy, vac-
cines, immunomodulatory treatments, and drug delivery

Fig.2 Virtues related to the
application of extracellular vesi-
cles (EVs) in cancer therapy

stability in circulation

crossing natural barriers

[152]. After more than two decades of extensive studies on
EVs, they are being focused as engineered carriers of cancer
therapy in addition to their diagnostic values [153]. Syn-
thetic drug delivery methods, including nanocarrier-based
systems, are developed to improve the pharmacokinetic and
pharmacodynamic properties, and to enhance the efficacy
and minimize the toxicity of drug compounds compared
with natural delivery systems [154—-156].

Among those synthetic carriers, liposomes, as the bilayer
lipid structures, are the best-known commercially available
with the most extensive potential applications in drug deliv-
ery. Studies revealed the significance of EVs as “cell-free
therapies” due to several unique physical and functional
properties, which makes them advantageous for scale up
production over cell therapies [20, 153]. These include
endogenous cellular sorting and packaging, intrinsic target-
ing properties, potential of crossing natural barriers due to
their small size enabling them to pass through the extra-
cellular matrix (ECM), enhanced biocompatibility, evading
phagocytosis (through the surface molecule CD47) [157]
and extending half-life of pharmacological cargo, lack of
immunogenicity and avoiding reactions unlike viral vectors
and synthetic carriers [158], stability in circulation, good
safety profile due to endogenous origin, and unique pos-
sibilities for loading with desired exogenous cargos as well
as the ability of intercellular exchange, which together make
them ideal carriers of bioactive compounds [156, 159-162].

Notably, EVs can fuse with plasma membrane and release
their drug content directly into the cytoplasm and accord-
ingly protect loaded phrenological from lysosomal degra-
dation [163]. The EV-originating cells are engineered to
develop various platforms for loading therapeutic cargoes
and conjugating targeting moieties (Fig. 2) [159]. Accord-
ingly, various isolated EVs, including those derived from
stem cells, allogenic and autologous EVs, and drug-loaded
EVs are being investigated or have shown efficacy and safety
as therapeutic carriers in preclinical and clinical studies [20].

The EV-based therapeutics have demonstrated promis-
ing indices for various human disorders, such as infections,
Alzheimer’s disease, immune disorders, heart ischemic
conditions, various types of cancers, a few suggested for

intercellular exchange good safety profile

Virtues loading with desired cargo
EV dru . ....
- S80S camir‘s, long-term content storage

attraction toward the cell-of-target
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coronavirus disease (COVID-19), and also for tissue regen-
eration and stem cell therapy [20, 164—-166]. Results of
animal studies support hopeful achievements suggesting
EVs as potent drug delivery vehicles for various human
diseases [159]. A majority of preclinical experiments have
focused over cancer therapy [160]. Owing to their nanoscale
sizes, EVs can be employed for passive targeting of can-
cers through the enhanced permeation and retention (EPR)
impact [167].

For the first time in 2013, Mizrak et al. evaluated the
impact of EV-based drug delivery to cancers [168]. They
generated HEK-293 cell-derived MVs expressing the sui-
cide gene cytosine deaminase fused to uracil phosphoribosyl-
transferase (UPRT) and incubated isolated EVs with schwan-
nomas in animal model. Results demonstrated that weekly
intra-tumoral injection of MVs resulted in significant regres-
sion of tumors upon treatment with prodrug 5-fluorocytosine
(5-FC) [168]. The same results were then achieved in another
study by systemic delivery of epidermal growth factor recep-
tor (EGFR)-targeted exosomes loaded with the anti-tumor
miRNA let-7a to EGFR-positive breast tumors in mice models
[169]. Moreover, EVs are successfully engineered to deliver
small interfering RNAs (siRNAs) to cancer cells for targeting
specific oncogenes, such as TGF-p [170]. Interestingly, sci-
entists developed EVs loaded with chemotherapeutic agents,
such as doxorubicin [171, 172], cisplatin [173], paclitaxel [38,
174], gemcitabine [175], and methotrexate [176], as well as
curcumin [34], aimed at improving the therapeutic antican-
cer efficacy and minimizing the side effects of chemotherapy
through targeted delivery, among them some have entered
clinical trials [160]. Additionally, some EV-loaded proteins
or peptides are also exploited with anticancer therapeutic
potential in several studies [35, 177-179].

Extracellular vesicles as carriers of anti-checkpoint
antibodies

The potential of EVs in cancer immunotherapy is particu-
larly due to their role in the crosstalk between cancer cells
and immune cells [153]. Thanks to transmembrane and
membrane-anchored proteins, EVs can enhance endocyto-
sis and accordingly increase the intracellular delivery of
anticancer therapeutic cargos [180]. Although a majority
focused on the roles of EVs in the development of resist-
ance to monoclonal antibodies used for cancer immuno-
therapy. Theoretically, owing to the drug carrier potential
of EVs, they can be employed for targeted delivery of
immunotherapeutic agents, aiming at improving the effi-
cacy and to reduce the possible side effects upon systemic
delivery. The immunotherapeutic potentials of EVs were
first reported in the late 1990s when Zitvogel et al. found
that DC-derived exosomes induced specific cytotoxic activ-
ity of T lymphocytes in vitro as well as suppressed tumor

growth in vivo [181]. Currently, although no EV-based
anticancer medicine is approved for clinical use, there are
ongoing strategies focusing on application of natural/engi-
neered EVs to enhance anticancer immune responses or to
overcome immunosuppressive activities [179, 182]. EVs
expressing antibodies against checkpoint proteins are so
suggested as potential cancer immunotherapies examined
along with gene and chemotherapies for various cancers
[183, 184]. Accordingly, EVs are used for loading with
clinical monoclonal antibodies and targeted delivery of
immunotherapy agents over cancer cells. Several agents
used as cancer immunotherapies are loaded into EVs to
improve their targeting efficacy against tumor tissues. These
include ICIs, tumor antigens, tumor peptides, cytokines,
interleukins, cancer vaccines, and two classes of major his-
tocompatibility complex (MHC-I and MHC-II) [185]. Stud-
ies revealed that exosomes derived from DCs, as the most
potent cells in presentation of antigens, as well as cancer
cells are suggested as potential cell-free vaccines for cancer
immunotherapy [186, 187]. Among cancer immunotherapy
agents, ICIs are tried in various studies aiming to improve
EV-based therapeutics. Zhang et al., for instance, developed
engineered cellular nanovesicles (NVs) expressing PD-1
receptor on their outer surface to target the PD-1/PD-L1
immune inhibitory axis [188]. PD-1 NVs showed enhanced
anticancer activity, and long-time presence in melanoma
cells, while being able to bind to PD-1. Exosomal PD-L1
acts as a substantial role player in immunosuppression and
response to pembrolizumab immunotherapy (Fig. 3) [145].
Chen et al. showed that EVs expressing a high-affinity vari-
ant human PD-1 protein (havPD-1) inhibited the prolifera-
tion and induced apoptosis of cancer cells [189]. Addition-
ally, havPD-1 EVs blocked T cell suppression by the PD-L1
mechanism. Interestingly, treatment with havPD-1 EVs
showed profound anticancer activity in xenograft models
and also, therapeutic effects of havPD-1 EVs are compa-
rable with anti-PD-1 antibodies, suggesting the potency
of EVs as nanodrug carriers for combined chemotherapy-
immunotherapy [189]. Antigen-loaded EVs are employed to
improve anti-PD-1/PD-L1 immunotherapy responses [190],
exerting an effect similar to that for metformin-loaded
microparticles on anti-PD-1 antibody responses [191]. Tras-
tuzumab emtansine (T-DM1) is an antibody—drug conjugate
composed of trastuzumab as a humanized immunoglobulin
G1 (IgG,) monoclonal antibody against the extracellular
domain of HER2, and DM1, a microtubule polymeriza-
tion inhibitor [192]. The human epidermal growth factor
receptor 2 (HER?2) gene is reportedly found to show high
expression in a considerable proportion of breast cancer tis-
sues as well as in ovarian and gastric cancer patients and is
associated with poorer prognosis among those patients. This
is the reason for the development of therapeutic strategies
using monoclonal antibodies to target this gene [193, 194].
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Fig. 3 Protocols for application
of extracellular vesicles (EVs)
in cancer immunotherapy.

EVs are collected from mature
anti-tumor immune cells, such
as dendritic cells (DCs), or
from tumor cells and modified
ex vivo with desired agents
including tumor antigens, tumor
peptides, cytokines, interleu-
kins, and immune checkpoint
inhibitor (ICI) antibodies to
form cell-free vaccines. Such
modified vesicles are then

tumor

antigens cytokines
tumor | )

; \
o . peptides

administered to cancer patients N

via either systemic delivery ‘

or intra-tumor injection. EVs S eleins

collected from tumor cells
express tumor-derived antigens
and checkpoints, such as
programmed death-1 (PD-1),
so modification of the content
of such vesicles with desired
agents will exert desired
anti-tumor effects due to more
attraction toward the target
tumor area

T-DMI has been a subject to various trials being suggested
as a developing therapy for HER2-positive breast cancer
patients [195-198]. Transmission electron microscopy
and flow cytometry analysis revealed that T-DM1 bound
to type-A exosomes isolated from SKBR-3 and SNU-216
HER2-positive cancer cells and then used for targeting other
cancer cells. Treatment of HER2-positive cancer cells with
T-DM1-containing exosomes contributed to reduction in
cell viability, and induction of apoptosis through activation
of caspases [199].

Moreover, genetically modified EVs expressing two dif-
ferent monoclonal antibodies, defined with a distinguishing
term called synthetic multivalent antibodies retargeted exo-
some (SMART-Exos), are tested in cancer cells to target both
T cells and cancer cells, which their application resulted in
enhanced anticancer responses [200, 201]. In the former study,
Shi et al. engineered SMART-Exos (aCD3-aHER2 SMART-
Exos) by genetic display to express anti-human CD3 antibody
and another antibody against the human HER? for dual target-
ing of T cells and HER2-positive breast cancer cells [200].
Thus, those exosomes simultaneously recognized T cells
and cancer cells to redirect immune effector cells conferring
controlled anticancer immunity. Interestingly, SMART-Exos
were demonstrated to successfully activate and direct human
T cells to HER2-positive cells, while also induced cytotoxic
effect on those cancer cells with high potency and specific-
ity. Moreover, pharmacokinetic evaluation of ®CD3-aHER2
SMART-Exos revealed good stability, efficacy, and toxicity
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(by measuring creatinine levels for kidney function and alanine
aminotransferase (ALT) biomarker for liver damages) in xeno-
graft mice models of hepatocellular carcinoma (HCC) (Fig. 4)
[200]. Similarly, SMART-Exos expressing dual monoclonal
antibodies against CD3 for T cells and EGFR for targeting
cancer cells were found to bind to both T cells and EGFR-
positive triple negative breast cancer (TNBC) cells [201].
In vitro toxicity investigation demonstrated that SMART-Exos
caused a strong and specific cytotoxicity against TNBC cells
expressing EGFR. Those anticancer effects of SMART-Exos
were confirmed in xenograft animal study [201]. These bril-
liant findings suggest exosomes with promising therapeu-
tic potential in cancer immunotherapy. To bring EVs into
clinical practice, several clinical trials are being conducted
to evaluate the impact of EVs in immunotherapy or in com-
bination with other anticancer therapies [108]. A recruiting
study (NCT03985696), for instance, entitled “Exosomes and
Immunotherapy in Non-Hodgkin B-cell Lymphomas” aims
at investigating the significance of exosomes in response to
immunotherapies by measuring exosomal levels of CD20 and
PDL-1 isolated from diffuse large B cell lymphomas (DLBCL)
cells. Researchers conducting NCT04427475 are trying to
explore the potential application of exosomal PD-L1 in pre-
dicting response to pablolizumab and nafulizumab in patients
with non-small cell lung cancer (NSCLC). In two other distinct
trials (NCT02890849 and NCT02869685), the significance of
PD-L1 levels in plasma exosomes is explored in monitoring
clinical responses to radiotherapy/immunotherapy.
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Fig.4 Extracellular vesicle (EV)-based methods in cancer immuno-
therapy. High-affinity variant human PD-1 protein (havPD-1), syn-
thetic multivalent antibodies retargeted exosome (SMART-Exos), and
glycosyl-phosphatidylinositol (GPI)-anchored IL-2 are examples of
EV-based approaches for targeting tumors. EVs expressing havPD-1
can be used as a method for inhibiting the proliferation, inducing
apoptosis of cancer cells, and reinvigorating T cell effector func-
tion. Therapeutic effects of havPD-1 EVs are comparable with anti-

Interleukin-loaded extracellular vesicles in cancer
immunotherapy

Cytokines are proteins, which play various roles with
immunomodulatory functions and importantly as interme-
diates of interactions between immune cells to develop a
synchronized and specific response against antigens [202,
203]. They are particularly involved in various oncogenic
mechanisms as well as innate and adoptive anticancer
immunity [204-206], while tumor-promoting cytokines
contribute to enhanced stemness and oncogenic potential
[204]. Among cytokines, six interleukin families, namely
IL-1, IL-2, IL-6, IL-8, IL-10, and IL-17, are described
[207], which are known to mediate immune-inflammatory
cell interactions with potentials in promotion of growth,
differentiation, and activation of immune cells [208].
Accordingly, interleukins play substantial roles in regu-
lating the functions of immune cells as well as inflamma-
tion and fever [208]. Chronic inflammation is recognized
as a driver of carcinogenesis in various human cancers
[209, 210], and thus, it is not surprising to know that
interleukins have been employed for a long time in can-
cer therapies established as the first successful immuno-
therapies [205]. Theoretically, TME can be targeted via
delivery of inflammatory interleukins or through remov-
ing suppressive factors [137]. Recombinant interferon
alpha-2b (IFNa2b) was the first cytokine, which showed
anti-proliferative impact and received approval for thera-
peutic application in patients with hairy cell leukemia
[211]. Additionally, pro-inflammatory cytokine IL-2 at
high doses was the first interleukin, which was approved
by FDA in 1990s for use in patients with metastatic

PD-1 antibodies, suggesting the potency of EVs as nanodrug carri-
ers for combined chemotherapy-immunotherapy. SMART-Exos is
tested in cancer cells to target both T cells and cancer cells aiming
to boost anticancer responses. Expressing GPI-IL-2 on tumor-derived
exosomes and their further representation on dendritic cells (DCs)
induces proliferation of T lymphocytes and augments the efficiency
of antigen-specific responses in cytotoxic T cells

melanoma and renal cancer [212]. Subsequently, several
interleukins are suggested for anticancer immunotherapy,
while an explosion has happened in the number of clini-
cal and preclinical studies investigating the potentials of
whole cytokines in cancer therapy [206]. To this aim,
targeting immunomodulatory interleukins could be used
as a potential anticancer therapy [210, 213]. Collectively,
EV-mediated interleukins are suggested with diagnostic
potentials, while loading in exosomes is particularly
found with promising therapeutic potentials for antican-
cer purposes [214]. Encapsulation of interleukins in EVs
has been suggested as an effective candidate for deliv-
ery of interleukins [215]. EVs isolated from genetically
engineered MC38 colorectal cancer (CRC) cells overex-
pressing IL.-12 and/or small heterogeneous RNA (shRNA)
against TGF-B1 are shown to induce growth inhibition
and sustained anti-tumor effect, while those TEXS iso-
lated from unmodified cells did not show this effect [137].
Zhang et al. expressed glycosyl-phosphatidylinositol
(GPI)-anchored IL-2 on TEXs and found that GPI-IL-2
expressing DCs induced proliferation of T lymphocytes
and enhanced the efficiency of antigen-specific responses
in cytotoxic T cells [216]. Moreover, conjugation of EVs
with the IL-4 receptor binding peptide (IL4RPep-1) is
reported to improve targeting efficiency of EV drug
delivery to the site of thyroid cancer in vivo [217]. Also,
imatinib-loaded exosomes with fused fragments of IL-3
are shown to target the chronic myeloid leukemia (CML)
cells and inhibited cell growth both in vitro and in vivo
[218]. Accordingly, the fusion of EVs with interleukins
may be considered a therapeutic drug delivery approach
against cancer [214].
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Antigen-loaded extracellular vesicles in cancer
immunotherapy

Given the fact that EVs can contain both immune-stim-
ulatory molecules and tumor antigens, the extraction of
those EVs from antigen presenting cells (APCs) may
help in overcoming against intra-tumoral heterogeneity
[219]. Accordingly, various tumor-associated antigens
(e.g., OVA) can be loaded into EVs to induce the anti-
cancer immune responses and antineoplastic activities
[220]. Application of antigen-loaded EVs is suggested as
another strategy for cancer immunotherapy [221]. Trans-
fer of those antigens via EVs may facilitate activation of
NK cells and antigen-specific responses of T cells con-
tributing to restricting the growth of tumor cells [222].
It has shown promising results in improving anti-PD-1/
PD-L1 therapy in an ICI-refractory cancer model [190].
Interestingly, antigen-loaded EVs are nominated as cancer
vaccines to induce appropriate antigen-specific antican-
cer responses. This potential of EVs has been a subject
to a number of clinical trials (e.g., see NCT01159288 on
www.clinicaltrials.gov).

Extracellular vesicles in adoptive T cell therapy

Passive immunization through injection of T lympho-
cytes is now referred as adoptive T cell therapy that is
mainly conducted for cancer patients via transfusion of
autologous or allogeneic T cells [223]. CAR-T cell therapy
is the process of adoptive T cell transfer with cytotoxic
activity against cancer cells, which is being considered
an emerging therapeutic approach for a wide variety of
human malignancies [224, 225]. CAR-T cells are reported
to release EVs and based on their biological functions, T
cells—derived exosomes that contain CAR are suggested to
represent therapeutic potentials as direct attackers in can-
cer immunotherapy [226]. Reciprocally, TEXs can impact
the function and efficacy of CAR-T cell therapy [150, 227,
228]. CAR-T EVs may be exploited to overcome CAR-T
cell therapy failure [229]. Among a heterogeneous popula-
tion of exosomes isolated from CAR-T cell medium, those
contain CAR are shown to express high levels of cytotoxic
molecules, which gives them potential to attack cancer
cells with potent anti-tumor activity and improved safety
in xenograft models compared with CAR-T cell therapy
[226]. Moreover, CAR-containing EVs have further advan-
tages over CAR-T cell therapy, which include crossing the
blood barrier, higher efficiency against solid tumors, lack
of neurotoxicity, and CRS, as well as resistance to immu-
nosuppression mediated by tumoral PD-L1 since those
EVs do not contain PD-1 [230].
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Conclusions, limitations, and future
perspectives

EVs, particularly exosomes, have shown promising achieve-
ments in diagnosis and therapy. Being able to carry various
bioactive molecules along with the potential to cross biologi-
cal barriers, good biocompatibility, avoid immunogenicity,
stability, and good safety profile have made EVs as ideal can-
didates for targeted drug delivery in addition to biomarker
and vaccine applications. Considerable advances are made
in study of EVs during the recent decade; however, the field
is still in the infancy of development and clinical translation
of EVs requires improved methods for large-scale production
with high yields and isolation and purification [231-233].
Although EVs are promising biologic drug delivery machin-
ery, large-scale engineered generation of EVs requires spe-
cial consideration and strategies [234, 235]; meanwhile, their
clinical applications are limited mainly due to lack of appro-
priate scalable isolation methods in addition to requirement
for efficient drug loading technologies [160]. Successful trans-
lation of EVs requires several factors including cost-effective
production methods, highly sensitive isolation, and charac-
terization technologies as well as drug loading methods with
wide application [20]. Some studies have shown the feasibil-
ity of producing EVs according to the Good Manufacturing
Practice (GMP) standards on small scales. However, large-
scale production remains challenging and production of EVs
for therapeutic goals seems far from reality due to technical
deficiencies [236]. Furthermore, cytokine release syndrome
(CRS) is a major safety concern for application of EVs in
cancer immunotherapy [237]. Notably, clinical-grade EVs
are produced for anticancer therapies in large scales under
standards [238, 239] highlighting hopes for rapid translation
of EV-based therapeutics into clinical practice [189]. Over-
all, antigen loading efficacy needs optimization for achieving
enhanced immunotherapy [95]. Additionally, safety of pro-
duced EVs to avoid CRS and removal of pathogens along with
GMP standard requirements are other obstacles to overcome
for bringing EVs into clinical settings [237, 240, 241].
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