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Abstract: Exosomes are membrane-enveloped nanosized (30-150 nm) extracellular vesicles of endoso-
mal origin produced by almost all cell types and encompass a multitude of functioning biomolecules.
Exosomes have been considered crucial players of cell-to-cell communication in physiological and
pathological conditions. Accumulating evidence suggests that exosomes can modulate the immune
system by delivering a plethora of signals that can either stimulate or suppress immune responses,
which have potential applications as immunotherapies for cancer and autoimmune diseases. Here, we
discuss the current knowledge about the active biomolecular components of exosomes that contribute
to exosomal function in modulating different immune cells and also how these immune cell-derived
exosomes play critical roles in immune responses. We further discuss the translational potential
of engineered exosomes as immunotherapeutic agents with their advantages over conventional
nanocarriers for drug delivery and ongoing clinical trials.
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1. Introduction

Cell to cell communications between neighboring and distant cells are fundamental for
cell survival and also essential for maintaining physiological homeostasis. Furthermore, in-
tercellular communication is crucial for the pathophysiology of several diseases, especially
for tumorigenesis. In the past decade, with extensive research, exosomes emerged as novel
mediators of intercellular communication in physiological and pathological conditions [1,2].

Exosomes are small endosomal origin extracellular vesicles (EVs) with a lipid bilayer,
30-150 nm, secreted by almost all cell types in the extracellular space such as blood,
and travel to distant tissues [3-5]. According to the recently updated guidelines of the
International Society for Extracellular Vesicles (ISEV) on minimal information for studies
of extracellular vesicles (MISEV), the term “extracellular vesicle” or “EV” has now been
agreed on as the consensus generic term for lipid bilayer-delimited particles released from
the cell and cannot replicate [6]. They carry various biologically active macromolecules
such as proteins, RNA, DNA, miRNAs and metabolites, which act as mediators in cell-to-
cell communication [7-9]. Exosomes are formed by endocytosis of the endosome. In the
process, there is endocytosis and scission of invaginated plasma membrane leading to the
formation of endosomes. With the help of the Golgi complex, these newly formed vesicles
turn from early endosomes to late endosomes [10-13]. The resulting endosome creates
intraluminal vesicles (ILVs) in the lumen of the endosome through several invaginations
of the membrane [14]. This process of invagination of the endosomal membrane in the
lumen is controlled by endosomal sorting complexes required for transport (ESCRT) [15].
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These proteins assist in sorting endosomal proteins and cell contents in ILVs, leading to the
formation of mature endosomes called multivesicular bodies (MVBs) [16,17]. These MVBs
then fuse with the cell membrane and later release their internal vesicles, i.e., exosomes,
in extracellular space. Exosomes are differentiated based on their size, exosomal markers,
RNA, and other special proteins [18].

The exosomes are involved in multiple different pathways affecting multiple systems.
Research has shown their involvement in activating the immune system through different
pathways. They include increasing cell activity and enhancing the release of natural killer
cells, tumor necrosis cells, inducing macrophages [19-23]. Furthermore, they also play a
role in signal transfer among numerous types of neurons, although the mechanism is still
unclear [24,25]. They are also heavily involved in cell proliferation by carrying contents
from parental cells and acting as stem cells mediators.

Given their abundance and biological properties, they can be utilized as a potential
diagnostic and therapeutic tool. In this review, we summarize the various functional
biomolecular components of exosomes and outline the exosome-mediated regulation of
the immune system. Moreover, we also discuss the clinical implications of exosomes in
immunotherapy with their advantages and ongoing clinical trials.

2. Isolation, Purification and Characterization of Exosomes

Exosomes have been isolated from a variety of bodily fluids including bile, blood,
breast milk, urine, cerebrospinal fluid, and saliva as well as from in vitro culture media [26].
Although exosomes have enormous prospects for clinical use as therapeutic, diagnostic,
and prognostic probes, the progress is somewhat subdued by our inadequate knowledge
of the most efficient and reproducible approach for large-scale production of quality exo-
somes in a short time. Several isolation techniques have been developed by exploiting a
particular trait, such as the size, density and surface markers of exosomes which includes
ultracentrifugation, density gradient centrifugation, ultrafiltration, an immunoaffinity
capture-based method, microfluidics-based techniques and a polyethylene glycol (PEG)-
based isolation method [27-29]. Up to the present, the most widely adopted and reliable
method is ultracentrifugation, which involves a series of centrifugation steps to remove
cells, large vesicles, debris and precipitate exosomes. But ultracentrifugation method is
tedious, time-consuming that needs special equipment and unable to separate impurities
like viruses, apoptotic bodies and proteins. Commercially available polymeric precipitation
mixtures have been widely applied to isolate exosomes as it is a quick and high yielding
technique, albeit it is inferior to ultracentrifugation because of co-isolation of contaminants
and compatibility with downstream analysis. Although immunoaffinity capture-based
methods have the potential to isolate selective subtypes of exosomes (e.g., CD9, CD63,
CD81, pCAM), a substantial population is left out and its not applicable for larger samples.
Microfluidics-based techniques are highly efficient, portable and cost-effective but they
have a low sample capacity [30].

These techniques are not always mutually exclusive, and their combinations may be
more reasonable for better yield [31]. The International Society for Extracellular Vesicles
(ISEV) provided Minimal information for studies of extracellular vesicles 2018 (MISEV2018)
guidelines based on evolution of the collective knowledge to guide and improve the field [6].
Many technical challenges need to be addressed in the development of exosome-based
therapeutics. The most crucial factor in their therapeutic application is the large-scale
production of high-quality exosomes in a shorter time. The tangential flow filtration (TFF)
has been proposed as the ideal method for industrial-scale manufacturing of exosomes and
is thought to have a superior yield and functionality of exosomes compared with those
isolated by ultracentrifugation [32-34]. Although using TFF with appropriate pore sizes
and parameters high-purity isolation of exosomes is feasible, delicate optimizations of TFF
are indispensable to preserve the surface-associated functional proteins of exosomes [35].

Assessment of the physicochemical and biomolecular properties of exosomes, such
as size, shape, surface charge, density, and porosity, molecular contents is fundamen-
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tal to determine their biological function which warrants precise confirmation of these
characteristics for future applications of the exosome [36]. Several methods have been
utilized to characterize and validate these exosomes for both research and clinical purposes.
These methods include western blot, flow cytometry, enzyme-linked immunosorbent assay
(ELISA), polymerase chain reaction (PCR), nanoparticle tracking assay(NTA), electron
microscopy, immunofluorescence, atomic force microscopy (AFM), dynamic light scatter-
ing (DLS), nucleic acid sequencing, mass spectrometry, single-photon emission computed
tomography (SPECT), multispectral optical imaging, magnetic resonance imaging (MRI),
tunable resistive pulse sensing (TRPS), etc. [36,37]. However, each of these techniques
comes with its own drawbacks that must be taken into careful consideration for down-
stream application.

3. Biomolecular Components of Exosomes in Inmunomodulation and
Exosome-Mediated Regulation of Immune Cells

Biomolecular components of exosomes play crucial role in modulating immune system
and regulating functions of immune cells. A summary of these molecules along with
mechanisms and effects can be found in Figure 1 and Table 1.

Table 1. Biomolecular components of EVs/exosomes for immunomodulation.

Source EV Biomolecule Immunomodulatory Response Ref.

Prostate cancer FasL Induction of apoptosis of CD8+T cells [38]
Melanoma FasLL Induction of apoptosis of Jukrat cells [39]

Oral SCC FasL Induction of apoptosis of T cells [40]
Colorectal cancer FasL and TRAIL Induction of apoptosis of T cells [41]

FasL, placental alkaline
Ovarian cancer phosphatase, Induction of apoptosis of T cells [42]
B23/nucleophosmin
Human B cell-derived . . +
lymphoblastoid cell lines FasL Induction of apoptosis of CD4* T cells [43]
Melanoma PD-L1 Supress CD8+ T function, enhance tumor growth [44,45]
Plasma of HNSCC patients PD-L1 Reduced CD8+ T cells activation [46]
Breast cancer PD-L1 Inhibition of T cell activation and killing function [47]
Malignant effusion TGF-B1 Prevent decline of Trgg numbe?rs and maintain 48]
suppressive functions
HCC 14-33¢ Inhibit T. cells 1nf11trat1ng tumor [49]
microenvironment
HCC miR146a Promotgs M2—polarlza!t10n and suppress 150,511
anti-tumor function of T-cells.
Promote stem-like property of recipient CRC
Colorectal cancer miR146a cells and decrease the number of [52]
tumor-infiltrating CD8+ T-cells
Downregulate PTEN in CD4* T cells and
LLC miR-214 increase population of Tregs in tumor [53]
microenvironment
HelLa MICA*008 Downregulétg sgrface NKG2D .re.ceptors and [54]
minimize NK cytotoxicity
. Stimulate IFNy production by NK cell via
Multiple myeloma HSP70 activation of TLR2/NF-kB pathway 551
Pancreatlccealrllirfsslon cancer HSP70/Bag4 Stimulate migration cytolytic activity of NK cells [21]
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Table 1. Cont.

Source EV Biomolecule Immunomodulatory Response Ref.
Melanoma HSP70 Activation of NK cells and cytotoxic activity [56]
Mesothelioma TGFp1, NKG2DL Downregulate gurf.ac.e NKGZD on NK cells and (57]
inhibit activation
Leukemia/ lymphoma T-and NKG2DL Downregulate §urfa(?e NKGZD on NK cells and 58]
B-cell lines inhibit activation
Pancreatic ductal Diminish expression of NKG2D, CD107a, TNF-«,
adenocarcinoma TGF-p1 and INF-y in NK cells, impair glucose uptake [59]
ability by NK
HCC HMB1 Prohlferatlon of TIM—1+ regulatory [60]
B-cells leading to suppression of immune response
TS/A murine mammary Supress differentiation of bone marrow
IL-6 s - [61]
tumor cells precursors into immature dendritic cells
Pancreatic cancer miRNA-212-3p Decrease MHC-II expression on dendritic cells [62]
Gastric cancer miR-107 Induce expansion of myeloid-derived [63]
suppressor cells
Glioma hypoxia inducible miR-10a Induce activation and differentiation MDSCs [64]

and miR-21

3.1. Exosomal Biomolecules Modulating T-Cell Function

Tumor-derived exosomes express multiple functional biomolecules that have been
shown to impair T lymphocyte function, such as by induction of T cell apoptosis [38],
inhibition of activation [46], or by suppression of function [44,45].

Oral squamous cell carcinoma-derived exosomes expressing FasL have been studied to
show induction of apoptosis of T cells via receptor and mitochondrial pathways [40]. FasL-
bearing exosomes also correlated with poor prognosis and nodal involvement [40]. Prostatic
cancer cell line-derived exosomes carrying FasL showed dose-dependent apoptosis of
CD8+ T cells and inhibited T cell proliferation in co-culture [38]. The addition of anti-
FasL antibody prevented the apoptosis of CD8+ T cells by tumor-derived exosomes [38].
Melanosomes containing exosomes derived from melanoma cells have been studied to show
FasL apoptosis of Jurkat cells, an immortalized line of T cells [39]. In another study, FasL
and TNF-related apoptosis-inducing ligand (TRAIL) bearing microvesicles from colorectal
cells showed induction of T cell apoptosis both in vivo and in vitro [41]. The study of
membrane fragments derived from ovarian carcinoma suggested the association of FasL
with apoptosis of T lymphocytes [42]. Interestingly, human B cell-derived lymphoblastoid
cell lines (LCL) have no detectable FasL on cell membranes but induce apoptosis in CD4* T
cells by the production of MHCII*FasL* exosome [43].

Metastatic melanoma has been shown to release exosomes carrying PD-L1 on its
surface, upregulated by IFN-y, which suppress CD8* T Cells and promote tumor prolifera-
tion and malignant progression [44,45]. Circulating PD-L1* exosomes contributed to poor
outcome and immunosuppressive tumor microenvironment in head and neck squamous
cell carcinomas (HNSCC) patients, whereas soluble PD-L1 was not associated with disease
progression [46]. Similarly, in patients with NSCLC, exosomal PD-L1 has been linked to
disease advancement but not soluble PD-L1 [65]. PD-L1" exosomes derived from breast
cancer cells have demonstrated transfer of PDL1 from PD-L1-positive to PD-L1-negative
breast cancer cells, inhibiting T cell activation and T cell granzyme B secretion, further con-
tributing to immunosuppressive tumor microenvironment. [47] Furthermore, inhibition of
exosome PD-L1 secretion via pharmacologic and genetic measures exhibited enhancement
of anti-tumor immunity in mice models [47].
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Functional molecules Immune Cells Effects
miR-125b-5p
miR-221-3p Macrophage
miR-301a-3p
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miR-130-3p —_— —_— Immune invasion
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miR-1246
T Enhance tumor progression
miR-27a-3p / and metastasis
miR-21
miR-29a

Natural Killer Cell

miR-378a-3p
circUHRF1 Suppress NK function,
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Figure 1. Functional molecules in tumor-derived exosomes for immunomodulation and exosome-
mediated regulation of immune cells.

14-3-3C, a family of phospho-serine binding proteins, overexpression has been linked
to cancer progression and indicates poor prognosis and chemoresistance in multiple tumor
types [66]. Hepatocellular carcinoma (HCC) cells have been shown to release exosomes
carrying 14-3-3C which were transferred to T cells infiltrating the tumor microenvironment
inhibiting their antitumor effects [49].
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Colorectal cancer stem cells (CRCSCs) have shown exosome-mediated stem-like prop-
erty expansion via exosomal miRNA-146a-5p (miR-146a) which promoted tumorigenicity
and reduced the number of tumor-infiltrating CD8(+) T cells [52].

Moreover, tumor-derived exosomes have also shown to affect immunosuppressive
Treg numbers in the tumor microenvironment [48]. Malignant effusion-derived exosomes,
expressing TGF-31 on the surface, co-cultured with Tregs showed maintenance of Treg
numbers and suppressive functions [48]. It has been observed that tumor cells release
microvesicles bearing miR-214 and other tumor-specific miRNAs which are taken up by
peripheral CD4" T cells resulting in downregulation of phosphatase and tensin homolog
(PTEN) and promotion of Treg numbers in tumor microenvironment [53]. It has also been
studied that delivery of anti- miR-214 antisense oligonucleotides (ASOs) via microvesicles
inhibited Treg expansion and tumor proliferation [53].

Tumor-associated macrophage-derived exosomal transfer of miR-29a-3p and miR-
21-5p have been implicated in generation of immune-suppressive microenvironment,
via suppression of STAT3 and imbalance of Treg/Th17 ratio [67]. Melanoma cells have
been observed to release exosomes bearing microRNAs, such as miR-690, which lead to
activation of the mitochondrial apoptotic pathway in CD4* T cells [68]. Breast cancer
cells shed exosomes that transmit SNHG16 causing activation of the TGF-31/SMADS5
pathway by sponging miR-16-5p leading to conversion of y51 T cells into the CD73+
immunosuppressive subtype [69]. Moreover, it has been hypothesized that stimulated
T cells release exosomes containing miRNAs such as miR-21-5p, miR-16-5p, miR-155-5p,
which modulate other T cells in paracrine environment [70]. MicroRNAs, such as miR-
335, are transferred unidirectionally from activated T cells to antigen-presenting cells via
exosomes [71].

3.2. Exosomal Biomolecules Modulating NK Cell Function

NK cells are an important component of the innate immune system; they identify
MHC-I-lacking tumor cells, bind to stress-induced ligands on tumor cells, and become acti-
vated to kill tumor cells [72]. Tumor-derived exosomes have been shown to stimulate [21]
or inhibit [57] the activity of NK cells. Inhibition of NK cell activation via tumor-derived
exosomes leads to the escape of tumor cells from NK cell immune surveillance [59]. Tumor-
derived exosomes have been shown to inhibit NK cells by blocking their activation via
IL-2 [73]. Tumor-derived exosomes carrying MICA*008 molecules target NK cells and
downregulate surface NKG2D receptors and minimize NK cytotoxicity leading to im-
mune evasion [54]. Mesothelioma-derived exosomes expressing TGFf31 and NKG2DL
impair NK cell activation by downregulating surface NKG2D on NK cells [57]. Similar
mode of impairment of NK cell function via immunosuppressive exosomes derived from
leukemia/lymphoma T- and B-cell lines have been studied [58]. Exosomes isolated from
pancreatic ductal adenocarcinoma expressing TGF-31 demonstrated impairment of NK cell
function by diminishing expression of NKG2D, CD107a, TNF-«, and INF-y, also showed to
impair glucose uptake ability by NK cells [59]. TGF-f1 inhibits the activation and function
of NK cells through the TGFf3-Smad2/3 signaling pathway [59].

On the contrary, tumor-derived exosomes have also shown to stimulate NK cell
function in some studies [55]. Multiple myeloma cell-derived, HSP70 bearing exosomes
stimulate IFNy production by NK cells via TLR2/HSP70 activation of NF-«B pathway [55].
IFN-y drives anti-tumor immunity but at the same time upregulates expression of PD-L1 on
tumor and myeloid cells resulting in immune tolerance [74]. Additionally, melanoma cells
overexpressing HSP70 have shown to release HSP70-positive exosomes which activated NK
cells, which then preferentially kill NKG2D ligand or MICA /B expressing tumor cells in
mice studies [56]. Furthermore, exosomes expressing HSP70/Bag4, derived from pancreatic
and colon cancer cell lines, have demonstrated enhancement of migratory capacity and
stimulation of cytolytic activity of NK cells [21].



J. Nanotheranostics 2022, 3

61

3.3. Exosomal Biomolecules Responsible for the Polarization of Macrophages

HCC derived exosomes, expressing miR-146-5p, lead to formation of M2-polarized
tumor-associated macrophages, which inhibited the expression of IFN-y and TNF-a while
upregulating inhibitory receptors of such as PD-1 and CTLA-4 in T cells resulting in T cell
exhaustion. Transcription factor Sal-like protein-4 (SALL4) was essential for regulating
miR-146a-5p in HCC exosomes. Blocking the SALL4/miR-146a-5p interaction delayed
HCC progression in mice model [51]. Polarization of M0 macrophage to M2 macrophage
via exosomes released from tumor cells has also been observed in lung cancer [75].

3.4. Exosomal Biomolecules Modulating B-Cell Function

Studies have shown that exosomes play a role in altering B cell function [76]. Exosomes
derived from HCC, exhibiting high mobility group box-1 (HMGBL1), have been shown to
increase proliferation of TIM-1+ regulatory B cells, which expressed IL-10 and suppressed
CD8+ T cell proliferation leading to immune tolerance. Exosomal HMGB1 promoted TIM-
1+ Breg cell proliferation via Toll-like receptor (TLR) 2/4 and mitogen-activated protein
kinase (MAPK) signaling pathways [60]. In the tumor microenvironment, Bregs target
tumor-infiltrating immune cells and interrupt antitumor immunity [77].

3.5. Exosomal Biomolecules Modulating Dendritic Cell (DC) Function

Tumor-derived exosomes, expressing IL-6, have been shown to suppress differentia-
tion of bone marrow precursors into immature dendritic cells [61]. Ding G et al. reported
that pancreatic tumors shed exosomes expressing miRNA-212-3p, which inhibit REXAP
expression and downregulate MHC-II expression on dendritic cells leading to immune
tolerance [62]. In another study on Epstein-Barr virus (EBV)-associated gastric carcinoma
(EBVaGCQ), it has been observed that EBV infected epithelial cells shed exosomes that inhibit
dendritic cell maturation [78]. On the other hand, exosomes derived from squamous cell
carcinoma, treated by 5-aminolevulinic acid photodynamic therapy, are able to stimulate
DC maturation and promote antitumor immune response [79].

Pancreatic cancer cell derived exosomes bearing miR-203 have demonstrated dimin-
ished expression of toll-like receptor (TLR) and cytokines such as tumor necrosis factor-o
(TNF-o) and interleukin-12 (IL-12) in DC [80]. It has been observed that regulatory T cells
modulate DC function via exosomal miR-150-5p and miR-142-3p, which lead to formation
of a tolerogenic phenotype with increased IL-10 and decreased IL-6 following LPS stimu-
lation [81]. T cells release genomic and mitochondrial DNA within extracellular vesicles
that prime DC to induce antiviral responses via the cGAS/STING cytosolic DNA-sensing
pathway and expression of IRF3-dependent interferon regulated genes [82]. Furthermore,
cancer cells treated with topotecan have shown to release DNA containing exosomes that
activate DCs via STING signaling leading to antitumor immunity [83]. Similarly, irradi-
ated breast cancer cells have been observed to transfer dsSDNA to DCs and stimulate DC
upregulation of costimulatory molecules and STING-dependent activation of IFN-I [84].

3.6. Exosomal Biomolecules Modulating Myeloid-Derived Suppressor Cell (MDSC) Function

Myeloid-derived suppressor cells inhibit T cell response in the tumor microenviron-
ment [85]. It has been reported that gastric cancer cells release exosomes bearing miR-107
that cause activation and expansion of MDSCs [63]. In another study, glioma cells were
shown to deliver hypoxia-inducible miR-10a and miR-21 via exosomes which caused
activation and differentiation of MDSC leading to immunosuppressive effects [64].

4. Tumor Cell-Derived Exosomes in Immunotherapy

Tumor cells have emerged as a potential source for emitting exosomes [86]. Further-
more, it was found that tumor cells derive more exosomes than normal cells in the human
body [87]. Tumor-derived exosomes (TEXs) act as a double-edged sword as they can play
important role in cancer progression and metastasis by decreasing cytotoxicity and main-
taining immunosuppressive tumor microenvironment as well as can improvise anti-tumor
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immune response by carrying tumor antigens and several heat shock proteins (HSPs) such
as HSP70, HSP9O [88].

TEXs can be utilized as tumor vaccines based on their immunological properties.
Various studies have revealed TEX as a potential source for cancer vaccines [89]. TEXs
express various parental antigens similar to their parent tumor cells. As they influence both
surrounding and distant organs, they can be used as an antigenic source for cancer vac-
cines [90]. Innate immune cells such as dendritic cells, macrophages when exposed to TEXs
can be altered into pro-inflammatory cells to enhance the production of pro-inflammatory
cytokines such as IL-6, IL-12, Interferon-y as well as decrease anti-inflammatory cytokines
such as IL-10 [90]. Since both neoantigen and adjuvant properties must be included in
cancer vaccines to stimulate an immune response, TEXs having both these features are
considered a potent source for formulating appropriate cancer vaccines. Therefore, clin-
ical trials tried to use TEXs from malignant ascites to cure malignant pleural effusion
[NCT02657460, NCT01854866] [90].

Tumor-associated antigens expressed on the surface of TEXs are similar to the parent
tumor cell or via recipient APCs stimulating anti-tumor immune response [91]. Other
immunostimulatory molecules such as CD80, OX40, OX40L, CD70, MHC and various
tumor-associated antigens are expressed on the TEXs which also strengthen anti-tumor
response [92]. DCs can take up and process tumor-associated antigens expressed on TEXs
to trigger stronger immune responses [90].

TEXs contain HSP-70, HSP-90, MHC-1 molecules which act as trigger for enhancing
immune response [88]. HSP70 derived from TEXs activates natural killer cells that lead to
cancer cell lysis via granzyme B [93]. The anti-tumor response of TEXs is more effective than
irradiated tumor cells, apoptotic bodies or lysate of cancer cells. Rao et al. demonstrated
that hepatocellular carcinoma cell-derived exosomes elicit a more powerful DC-mediated
immune response than lysate both in vitro and in vivo [94]. They have also induced better
cancer vaccination effect than tumor cell lysates [95].

Zitvogel et al. in 2001 first demonstrated that TEXs induce cancer-specific T-cell immu-
nity [96]. Moreover, exosomal EGFRvIII and transforming growth factor-{3 (TGE-3) together
with other tumor antigens trigger immune responses mediated mainly by T and B cells [93].
For non-small cell lung cancer, TEXs derived exosomal proteins, specifically, TIM-3 and
Galectin-9 might be useful biomarkers [97]. CD8 cytotoxic T cells undergo dysfunction and
exhaustion during cancer progression due to immunosuppressive mechanisms. PD-L1 and
CTL-associated antigen 4 (CTLA-4) have emerged as checkpoint receptors that are aimed
at removing exhaustion of CD8 T cells [98]. Therefore, TEXs PD-1 has emerged as a new
therapeutic target to fight the resistance against current antibiotic approaches [99]. PD-L1
blockade to c-Met overexpressing cancer cells is an effective method to treat gastric cancer
and other malignancies [100].

5. Immune Cell-Derived Exosomes in Immunotherapy

The immune system has an innate and an adaptive constituent, each having a distinct
role and function. There are a variety of cells that take part in the innate and adaptive immu-
nity. Recent studies have demonstrated exosomes are involved in the intercellular commu-
nication in the immune system as well as playing a role in immune modulation [101,102].
Exosomes released from immune cells can contain molecules that are essential for immune
response initiation, antigen presentation along with intercellular exchange of membrane or
cytosolic components without even the cell being in proximity to each other [103]. More-
over, based on the proteins packed in the exosomes, their target receptors and type of
immune cell activation can vary (Figure 2). Recent studies have demonstrated antitumor
effect of DC-derived tumor cells on top of their role in immunity [104,105].
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Figure 2. Effects of immune cell-derived exosomes on cellular components of immune system.
Showing exosomes produced from various immune cells: B-lymphocytes (B cells), T-lymphocytes
(T Cells along with subdivisions of CD4+, CD8+ and Treg), Natural Killer cells (NK-cells), Dendritic
cells and other antigen presenting cells (APCs) and Myeloid Derived Suppressor Cells (MDSC).
Immune cell derived exosomes can affect various other cells participating in the immune responses.
Exosomes can stimulate immune response by: peptide-MHC complex presentation to T cells, antigen
transfer to other dendritic cells, activation of T cells, B cells and NK cells. Similarly, inhibitory function
is derived from exosomes from Treg and NK cells and this include overall inhibition of the adaptive
arm of immune response as well as destruction of tumor cells by NK cell. Exosomes from MDSC also
plays an important role in immune inhibition mainly by activating Treg and Type-2 Tumor promoting
phenotype macrophages (T-2 TP macrophage).
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5.1. Dendritic Cells-Derived Exosomes

DCs are called the “master regulators” of the immune response as they commence
all antigen-specific immune responses. They can efficiently process and present antigen,
initiating the activation and proliferation of the T cell population [106]. The antigen is
presented to T cell causing their subsequent activation via direct association between MHC
II'molecule on DC and TCR on T Cell. Another costimulatory signal is provided during this
interaction (B7/CD28, LFA-1/ICAM-1 and ICAM2, CD2/LFA-3) [107]. This is called an
immune synapse. Research has shown that exosomes released from activated DC contain
MHCII, ICAM-1 and co-stimulatory molecules which can subsequently activate T cells
albeit the process being less efficient [108,109]. However, exosomes from mature DCs may
transfer MHC-peptide complex to other APCs which amplifies the T cell activation [110].
Moreover, it has been seen that exosome packed with miRNA from peripheral DC home
to lymphoid tissue (e.g., spleen) which can then be taken up by immature cells residing
there and activating them, thus augmenting the immune response. Research suggests
that this migration of exosomes is due to presence of CCR7 molecules on their mem-
brane [111]. Some studies have also shown that exosomes from dendritic cells can also
activate NK cells [112]. This process is mediated via interaction of IL-15« and of NKG2DL
on the exosome surface to their corresponding receptors on NK cells [113]. Elashiry at el.
demonstrated that DC-derived exosomes loaded with molecular cargo (TGFf31 and IL10)
to modulate Th17/Treg balance is an effective immunotherapeutic approach to regulate
degenerative bone disease in vivo [114]. DC-derived exosomes harbor unique proteins that
protect them from clearance and attack by the complement system and help in binding to
tissue integrins.

Similarly, macrophage, which is another APC, also produce exosomes with molecules
like MHC-I, MHC-II, and costimulatory molecules like CD86 which can cause activate
both CD4 and CD8+ T cells [115]. These findings solidify the importance of APC-derived
exosomes in direct and indirect activation of the immune system.

5.2. B Cells-Derived Exosomes

B lymphocytes are an integral part of the adaptive component of immune system,
responsible for antibody formation, antigen presentation as well as secreting an array of
cytokines [116]. Similar to other APCs, B lymphocytes also release exosomes that con-
tain abundant MHCII and CD86. Exosomes released from B lymphocytes play a vital
role in the activation and downstream maintenance of the primed CD4+ T cell popula-
tion. Studies have shown that activated T cell stimulates release of exosomes from B
lymphocytes which in turn stimulates T cell proliferation and differentiation [105,117].
This process suggests their implication in propagating physiologic and pathologic immune
response [118]. Interestingly, exosomes from B cell may also have MHCII and FasL which
can bring about apoptosis of CD4+ T cells by association of Fas and FasL [119]. In a study,
it was demonstrated that splenic langerin+, CD8x+ DCs can even activate CD8+ cytotoxic
T cells by cross-presenting B cell-derived exosomal Antigen. This process was indepen-
dent of host BCR expression and circulating Ab in contrast to exosomes derived from DC
which required BCR presence [120]. However, this activation of cytotoxic CD8+ T cell by B
lymphocyte-derived exosome still required CD4+, CD8+ and NK cells to be present [121]. B
cell-derived exosome has also been found to contain integrins and ICAM -1 which facilitates
its movement into tissue and thus delivers cargo loaded with necessary “ammunition” to
proinflammatory cells at the site of inflammation [122]. Another fascinating discovery is
the fixation of C3 fragments on EVs released from B cells. This causes enhanced antigen
presentation and thus promotes better T cell response even when the level of antigen load
is suboptimal [123].

5.3. T Cells-Derived Exosomes

T cell links the innate and adaptive components of the immune system [124]. T cells are
mainly divided into 3 subsets, Helper T cell (CD4+), Cytotoxic T cell (CD8+) and regulatory
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T cells (Treg) based on their CD molecules on their surface and function. Exosomes derived
from T cells also play a vital role in immune modulation. These exosomes typically have
CD63 and CD8]1 as their transmembrane protein amongst other molecules, may also contain
miRNA and even DNA [125]. They also contain FasL and APO ligand which can induce
apoptosis in target cells [126].

It has been noted that genomic and mitochondrial DNA can be transferred from the T
cell to DCs when they form immune synapses, causing the induction of antiviral response
and making them resistant to viral infection [82]. Exosomes derived from CD4+ cells can
cause reactivation of resting CD4+ cells [127].

CD8+ lymphocytes are cytotoxic T cells that destroy infected cells. They recognize
foreign peptides on MHC class I molecules on the surface of target cells and eradicate
them by either releasing granzymes and perforins or inducing apoptosis via FasL or TNF-
related apoptosis-inducing ligand (TRAIL) expression [128]. Exosomes released from CD8+
lymphocytes have also been found to contain granzymes and perforins. It has been seen
that exosomes are released from cytotoxic T lymphocytes (CTL) under the influence of
IL-12 and the exosomes in turn can activate inactive CTL [129].

Treg cells which are another type of CD4+ cells can suppress the immune system. They
exert their suppressive function on almost all cell types of immune system. T regs secrete
more exosomes than any other type of T cell and they contain CD25, CD73 and CTLAA4.
Of these, CD73 seems to play a vital role in the suppression of immunity by producing
adenosine while it is still unclear whether CD25 and CTLA4 play any part in immune
suppression [130]. Exosomes from Treg cells also contain miRNA and when these exosomes
were taken up by Thl1 cells and DCs it caused inhibition of cytokine release of both these
cells [81,131].

5.4. MDSC-Derived Exosomes

MDSC is a diverse group of immune cells that are derived from the myeloid cell lineage.
These cells are immature neutrophils and monocytes, formed during pathologic activation
and mainly suppresses the immune system by releasing a medley of cytokines [132,133].
Exosomes released from these cells have been implicated in immunosuppression as well
as tumor growth and metastasis. Proteins present in the exosomes including S100A8 and
S100A9 cause migration and accumulation in the tumor microenvironment, exerting a local
immunosuppressive effect [134]. Another protein called High Mobility Group Box Protein 1
has been shown to promote the generation of MDSC from myeloid progenitor cells as well
as mediating the secretion of IL-10 from MDSC which downregulates L-selectins and thus
reduce T-cell chemotaxis [135]. Rashid et al. demonstrated that MDSC-derived exosomes
inherit pro-tumorigenic factors and functionally resemble parental cells in immunosuppres-
sion, tumor growth, angiogenesis, invasion, and metastasis [136]. Furthermore, the study
suggests that MDSC-derived exosomes are capable of increased reactive oxygen species
(ROS) generation and inciting the Fas/FasL pathway, which precipitates activation-induced
cell death (AICD) of CD8+ T-cells. Exosomes from MDSC has also been shown to carry
TGEF-f31 which participates in the inhibition of NK-cells [137]. Further research also showed
that exosomes from MDSC, in vitro, promoted Treg differentiation and proliferation from
CD4+ T cells in the presence of TGF-f3 and inhibited CD4+ cell proliferation [138]. MDSC
exosomes has also been implicated in the suppression of the innate arm of immune system
by their ability to polarize macrophages to the type 2 tumor promoting phenotype [139].
While implicated in tumorogenesis primarily, further research may shed light on whether
MDSC and their exosome cause immune modulation in non-tumorous setup.

5.5. Mast Cells-Derived Exosomes

Mast cells are bone marrow-derived immune cells that reside in the mucosa and
epithelial cells of the body and has a wide range of function- they contain an array of
granules that are responsible for vasodilation, angiogenesis, killing certain bacteria and
eliminating parasites from our body in addition to their well-documented role in type 1
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hypersensitivity [140]. Mast cells also secrete a myriad of cytokines which can also influence
both B and T cell function [141,142]. Studies suggest does not necessarily activate B and T
lymphocytes through direct contact but rather through secretion of exosomes [143]. Mast
cell-derived exosomes carry OX40L and it has been suggested that the interaction of OX40L
and OX40 on CD4+ cells cause differentiation of Th2 cells [144]. Exosomes derived from
mast cells can also influence activation of DC by inducing release of IL-6, IL-12 and IFN-y
release from CD4+ T cells [145]. There are conflicting studies on the role of exosomes on
perpetuating IgE-dependent immune response (and subsequently allergic reactions), with
some suggesting it alleviates it [146] while others suggesting it potentiates it [147]. Hence
more study must be done to explore this topic.

5.6. Neutrophil-Derived Exosomes

Neutrophils are polymorphonuclear cells that act as “first responders” in an inflam-
matory reaction. Their main function is to destroy microorganisms, mainly through phago-
cytosis [148]. Neutrophils are also capable of secreting exosomes like so many of their
counterpart cells in the immune system [149]. Exosomes derived from neutrophils carry a
range of antimicrobial agents such as lactoferrin, OLFM4, LCN2, S100A8 and MMP?9 [150].
There are many stimuli to the production and release of exosomes from neutrophils. Some
of these are bacterial antigens (e.g., fMLP and LPS), proinflammatory cytokines (e.g., TNF«,
IFN v, GM-CSF, etc.), presence of specific pathogens (e.g., M. tuberculosis, P. aeruginosa, etc.)
and even some drugs like ionomycin. These exosomes can have a multitude of abilities
depending on the stimulus inducing their release and the effector cells. For example,
exosomes released due to LPS/fMLP stimulus can cause an anti-inflammatory effect on
certain cells of the immune system like monocytes and macrophages by causing TGF-{31
release which in turn suppresses their function [151]. The very same stimulus (LPS/fMLP)
is proinflammatory, containing LTB4 which acts as a chemoattractant, causing chemotaxis
of neighboring neutrophils towards the inciting inflammatory area [152]. Interestingly, it
has been demonstrated that M. tuberculosis can induce secretion of exosomes from neu-
trophils which interfere with macrophages’ activity against the bacteria which suggests
they play a vital role in the pathogenesis of M. tuberculosis [153]. Research has also shown
that apoptotic neutrophils can release exosomes which can suppress resting CD4+ Helper
T cells by causing downregulation of IL-2 and IL-2R. This downregulates unnecessary
activation of resting helper T cells and thus seems to play a supporting role in maintaining
immune tolerance [154]. Thus, even though neutrophils normally play an important role
in innate immunity, it intercellular communication via exosomes, they also regulate the
adaptive component of the immune system.

5.7. NK Cells-Derived Exosomes

NK cell is a specialized lymphocyte that mainly takes part in innate immunity, their
main function is to eradicate tumor and viral infected cells [155]. NK cells also secrete
exosomes. The exosomes derived from NK cell has NK cell markers (e.g., CD 56) as well as
proteins to destroy cells (FasL and perforins) and take part in immune homeostasis [156].
NK cell exosomes also are found to carry miRNA-186, which acts as a tumor suppressor
miRNA and also prevents inhibition of NK cells by TGF-f3 [157]. Exosomes from NK cells
can modulate other immune cells via expression of various molecules on their surface. One
study has established presence of TNF receptors and ligands along with interferon-induced
transmembrane proteins on exosome surface and it was hypothesized that via use of these
molecules, these exosomes can influence T and B cells [158].

6. Modulation and Evasion of the Complement System by Exosomes

Often regarded as the first line of defense against pathogens, the complement system is
an important component of innate immunity [159]. Not only does it play an important role
in opsonization and elimination of pathogens, activation of complement cascade results in
the release of chemokines and cytokines, interact with coagulation cascade and regulate
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inflammation process and repair [160]. The complement system consists of more than
30 proteins and activated in one of three pathways, classic pathway, alternate pathway and
lectin pathway [161]. Each of the three pathway results in the generation of C3 convertase
which subsequently triggers formation of membrane attack complex (MAC) and cell
lysis [162]. During local and systemic inflammation, there are more circulating exosomes,
as well as elevated complement activation products, this suggests a link between exosome
and complement system [163]. Exosomes has been shown to play a role in complement
activation via different molecules on their surface (Figure 3). Exosomes released from
APCs are likely to be loaded with antigenic protein and hence have the potential to bind to
immunoglobulins and thereafter cause activation of classic pathway [164].
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Figure 3. Different molecules that help exosomes escaping complement and immune system. Helper
T cell (HTL), Natural Killer cell (NK Cell) and Cytotoxic T-lymphocyte (CTL). CD47, CD55 and CD59
help prevent the exosome from being destroyed by the complement cascade, either directly (via
MAC) or indirectly. Molecules such as HLA-G and Fas/FasL protect the exosome from immune
mediated destruction via cell mediated immunity (Cytotoxic T cell and NK cell).

Also, it appears that APC derived exosomes are able to escape complement-mediated
lysis by expressing CD55 which regulates C3 and C5 convertases and CD59 which inhibits
the MAC formation on the exosome surface [164,165]. Moreover, exosomes from PMN
cells also express complement regulators like Complement Receptor 1 (CR1) which helps
them bind to opsonized bacteria efficiently. Furthermore, these exosomes can scavenge Clq
and subsequently C3 which allows them to bind to erythrocytes in circulation [166]. This
resembles a circulating immune complex and are transported to the liver and spleen and
cleared along with the opsonized bacteria. Studies have also suggested that erythrocytes
at the end of their life span secrete exosomes rich in CR1 and CD59 and thus makes the
aged erythrocyte vulnerable to opsonization and complement attack, helping in clearance
of these erythrocytes by phagocytosis [167].

Studies also suggest that exosomes interacting with complements may further amplify
complement activation. The synovial fluid of patients with rheumatoid arthritis showed
significant increased levels of exosomes derived from leucocytes with complements bound
to their surface, including C1q, C3 and C4 [168]. It is also intriguing to note that in vitro
studies have shown exosomes from leucocytes can bind C1q and cause activation of classic
pathway (CP), causing deposition of C3 and C4 [169,170]. Research by Gasser, O. and J.A.
Schifferli further reaffirmed that once C1q was deposited on exosome, there was C3 and C4
deposition on the exosome surface [166].

Exosomes also cause complement system activation through CRP binding on its
surface. Liver synthesizes C-reactive protein (CRP) in pentameric form (pCRP) [171] which
localizes to site of inflammation, undergoes a change in conformation and becomes pCRP*.
The pCRP* has the ability to dissociate to monomeric CRP (mCRP). Both pCRP* and mCRP
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has been implicated in the activation of complement pathway [172,173]. Studies have
demonstrated pCRP molecules bound to exosome surfaces producedpCRP*/mCRP, which
can activate the complement system. Moreover, exosomes with CRP bound to their surface
also acquired the ability to attach to Clq which, as discussed previously, activated the
complement pathway [173].

Moreover, new research suggests that exosomes may play a role in complement
cascade suppression. A study by Loh, J.T., et al. showed that exosomes derived from MSC
can inhibit the terminal steps of the complement cascade. This leads to suppression of
neutrophils activation via complement pathway. The exact mechanism by which this is
achieved is unknown but it has been seen that CD 59 is implicated in this suppression of
complement system [174]. These exosomes have also inhibited the release of Neutrophil
Extracellular Trap (NET) and IL-17 from neutrophils.

Interestingly, exosomes are secreted with unique molecules on their surface that helps
them evade the immune and the complement system and prevent their destruction. Some
of these molecules are CD47, CD55, CD59 and CK2. Both CD55 and CD59 has been dis-
covered in exosomes released from APCs in high quantity which protects exosomes from
complement mediated destruction [164]. CD55 prevents binding of C3b on the surface of
exosome and thus prevents its phagocytosis while CD59 prevents MAC formation [164].
Additionally, evidence suggests that the anti-phagocytic protein CD47 is found on the
surface of exosomes made by T lymphocytes, among others. CD47 works by interact-
ing with Sirp-o to prevent macrophages from ingesting exosomes and preventing them
from being phagocytosed [175]. CK2 is another protein found in membrane vesicles that
phosphorylates complement C9 and protects against complement-mediated lysis [176].

Intriguingly, exosomes also express several molecules on their surface which confers
them with immune tolerogenicity. One of them is Human leucocyte antigen (HLA)-G [177].
Immunomodulatory properties of these HLA-G molecule include inhibition of natural
killer (NK) cytolysis and CTL activation [178,179]. Similarly, exosomes released from
professional antigen presenting cells like B lymphocytes and Dendritic cells also contain
MHC class I and II protein [180]. Also, what is noteworthy is that activated B cells release
exosomes containing FasL and MHC II. Evidence suggests that these molecules can induce
self-tolerance by inducing apoptosis of activated helper T cell [181]. This demonstrates the
complex interplay between the exosomes derived from immune cells and the immune and
complement system.

7. Engineered Exosomes in Immunotherapy

Exosomes have opened a new direction for treating life-threatening diseases by im-
munotherapy which is further strengthened by various engineering mechanisms to trigger
a stronger immune response. Not only biomimetic but also artificial exosomes can be
used for immunotherapy. Biomimetic exosomes can deliver monoclonal antibody DEC205
to DCs [182]. Artificial exosomes are utilized for targeting DCs and activating T cells by
modifying them with MHC-1 peptides and liposomes; liposome-containing exosomes
presented to be stable and appropriate as well [183].

Different engineering methods have been identified to modify the function of exo-
somes. Some of them are described below.

7.1. Genetic Engineering

Several mechanisms of genetic engineering have been applied to modify the exosomes
to elicit better outcomes in immunotherapy. They are proven to be a suitable delivery vehi-
cle for antibodies as well as chemotherapeutic drugs based on their promising modifiability,
compatibility and cyclical half-life [184].

A new method called exosome reprogramming is getting a lot of attention which
increases the efficacy of natural exosomes. To genetically modify these exosomes a novel
platform called synthetic multivalent antibodies retargeted exosome (SMART-Exo) is estab-
lished [185]. Furthermore, to improve aimed drug delivery in the presence of an external
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magnetic field, another system called exosome-based superparamagnetic nanoparticle
cluster (SMNC-EXO) has been developed [186]. Different exosome engineered genetic
methods are giving a promising outlook in the immunotherapy field for the near future
(Table 2).

Table 2. Genetic engineering methods of exosomes in immunotherapy.

Exosomes Functional Cargo Immune Response Ref.
SMART-Exo Antl-CD:.;, anti-HER2, Activate cytotoxic T. cells against HER-2 or EGFR [187]
anti-EGFR expressing breast cancer
B7 co-stimulatory proteins Activate T cell and immune associated cytokines
B7-1 and B7-2 Exo and leukemia-associated in leukemia Y [188]
antigens, CD80, CD86
Purified exosomes siRNA Gene silencing was confirmed in nerve cells [189]
Exosomes from B16 Tumor-associated antigens Cellular m.nnumty against Mycobactenur}l
. . tuberculosis and suppress tumor growth in [190]
melanoma cells and pathogenic antigens ) .
tumor-bearing mice
Streptavidin and lactadherin
expressing exosomes biotinylated CpG DNA Strong antitumor effect in tumor-bearing mice [191]
(SAV-exos)
Cell-free vaccine- DCs
differentiated from MHC and antigenic peptide Stimulate T cell response [192]
autologous monocytes
CD40L-Exo TAA, CD40L Facilitate DCs mediated antitumor response in [193]
3LL tumor
TEX-N1ND exosomes from
HCC, breast and pancreatic TAA, NIND Facilitate DCs mediated antitumor response [194]
cancer cells
Block the interaction between CD47 on cancer
Exosomes SIRP« cells and SIRBO( on Phagocytes to enhance the [195]
phagocytosis of different cancer cells and
increase CD8 T cell infiltration
. Stimulate M1-mediated antitumor response in
IFN v -Exo vaccine TAA, IFN-y RM-1 tumors [196]
Decoy for TNFo TNFRI1- extracellular domain Work against TNF« in vitro [197]

SMART-Exo: synthetic multivalent antibodies retargeted exosome; HER2: human epidermal growth factor
receptor 2; EGFR: epidermal growth factor receptor; DCs: dendritic cells; MHC: major histocompatibility complex;
CD40L: CD40 ligand; TAA: tumor-associated antigens; TEX: tumor-derived exosome; N1IND: N-terminus domain
of HMGN1; HCC: hepatocellular carcinoma; IFN-y: interferon-gamma; M1: macrophage 1; TNFR1: tumor
necrosis factor receptor 1; TNF-a: tumor necrosis factor-alpha.

7.2. miRNA Modification

Exosomes treated with DHA (docosahexaenoic acid) have been found to express
increased levels of let-7a, miR-23b, miR-27a/b, miR-21, let-7, and miR-320b and these are
tumor suppressor miRNA. When these treated exosomes are incubated with unexposed
epithelial cells, the epithelial cells also express higher levels of tumor-suppressing miRNA.
Consequently, exosome-mediated signaling between tumor cells should be targeted for
immunotherapy [198]. A study has revealed that upregulation of Let-7i and miR-142 in
TEXs result in stronger stimulatory effects on either DC maturation or cytotoxic T cell
induction and cytokine release [199]. Another study result indicated that miRNA-depleted
TEXs proteins could be considered a potential agonist to trigger DCs activation [200].

As biomarkers, immune cell-derived exosomes containing miRNA play an important
role. A study revealed that 150 unique exosomal miRNAs were identified in cancer patients.
Among these miRNAs, hsa-miR-320d, hsa-miR-320c, and hsa-miR-320b might be promising
biomarkers for predicting the efficacy of PD-1/PD-L1 immunotherapy in lung cancer [201].
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Likewise, in epithelial ovarian cancer, plasma-derived exosomal miR-4732-5p is found at a
higher level and could be used as a prognostic factor [202].

7.3. Conjugation

The process of conjugation is used to bind different activator molecules with exosomes
to stimulate and activate the immune cells. TLR ligands such as CpG-DNA, Poly:IC and
IL15R«x conjugated to TEXs can enhance immune response. NKG2D ligand binding can
also activate natural killer cells [203]. Chondroitin sulfate (CS) is increasingly expressed in
cancer cells. VAR2CSA is a malarial protein that binds to VAR2CSA-ligand or CS which
is expressed in placental tissue. Therefore, CS in malignant cells could be potentially
targeted by recombinant VAR2CSA (rVAR?2). Targeting the common CS chain which is
present on various cancer cells could offer a novel treatment pathway [204]. A new strategy
named exosomes for protein loading via optically reversible protein-protein interactions
(EXPLORs) where blue light controls the integration of protein-protein interaction during
endogenous exosome biogenesis. This method is used for intracellular delivery of target
proteins [205]. Moreover, a study has found that IRF-1 which has tumor apoptosis prop-
erties can be conjugated with TEXs and resulting cells reveal higher levels of IL-15R and
MHC-I triggering stronger activation and infiltration of both CD4+ and CD8+ T cells [206].

7.4. HSP70/90 Overexpression (Heat Treatment)

HSP expressed on exosomes are recognized as a potential target for immunother-
apy. Different HSP have been identified on the surface of TEXs such as 71-kDa HSP, the
70-kDa HSP4, and HSP90 alpha and beta [134]. HSP70 expressing exosomes derived from
pancreatic carcinoma cells enhance lytic activity of natural killer cells against HSP70 sur-
face positive tumors [21]. If exogenous lipid properties are modified during interaction
between cells and engineered exosomes, it will improve targeted drug delivery or anti-
gen presentation to immune cells in lymph node and delivered CRISPR/Cas9 system
in Mesenchymal Stem cells (MSCs) to prevent in vivo gene editing [207]. Glycosylation
also protects exosomes from proteolytic degradation and directs them to specific targets.
Therefore, this method improves targeted peptide expression and strengthens the effect of
therapeutic drugs [208]. Tumor cell-derived chaperon-rich cell lysates, containing Hsp70,
Hsp90, calreticulin, and glucose-regulated protein 94 are strong stimulators of DCs and
improve immunotherapeutic activity of T cells against intracranial glioma [209].

8. Advantages of Using Exosomes for Immunotherapy

The application of exosomes in immunotherapy offers noteworthy prospects for novel
& effective treatment in an extensive range of pathological conditions. There are a plethora
of positive findings regarding this in numerous clinical trials.

Structurally, exosome possesses an intermediate level of organization that distinguishes
them from other molecular or organ levels of therapeutics. They contain heterogeneous
functional molecules as well as avoid the complexity of organ-level [90]. Also, the gel-like
cytoplasm and deformable cytoskeleton provide structural integrity and rupture resistance
that makes exosome an exclusive diagnostic, prognostic, or therapeutic tool [210]. Natural
cargos like lipids, proteins, nucleic acids are used for these purposes. These molecules can
also be modified according to specific use. The modification strategies include adapting
surface molecules to enable specific targeting, passive loading of hydrophobic drugs on
membrane & introducing hydrophilic cargos into the core [210].

Being comprised with lipid-bilayer, exosomes effectively transfer their cargo without
any interference by extra-cellular enzymes & maintain their bioavailability. Most of the
drugs have poor oral bioavailability as they have to encounter the first-pass metabolism by
the liver. So, these drugs are introduced intravenously to retain their bioavailability [211].
But concerning the convenience of oral administration over IV administration, cow milk
exosomes have demonstrated the potential for boosting oral drug bioavailability in several
clinical trials [212-214].
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Exosomes play a key role in the detection of various diseases as they contain specific
biomarkers (proteins, lipids, RNAs) in their lumen. They possess ’clathrin-coat” on their
membrane which protects their content from degradation by enzymes such as RNases.
This coat makes them more stable, resistant & enables them to transport various compo-
nents efficiently (drug delivery) [36,215-217]. So, they have been significantly used as
a diagnostic tool to detect lung cancer, Alzheimer’s disease, colon cancer & many other
diseases [218-220]. Also, they can be used as non-invasive biomarkers as they are found in
several body fluids like plasma, saliva, urine, gingival crevicular fluid, etc. [221].

As an endogenous nanoparticle, the exosome may act as a potential carrier in gene
therapy. The purpose of gene therapy is gene silencing with specific siRNA but the delivery
of this was always a concern due to the lack of efficient carrier. The viral and non-viral
carriers used in this aspect often result in systemic toxicity [222]. In this respect, milk
exosome loaded with siRNA was introduced and a significant anti-proliferative effect
against lung cancer cells was observed. This result indicated exosome as a safe & viable
natural carrier in gene therapy [223].

Additionally, exosomes are utilized to induce phagocytosis as well as to block phago-
cytosis for therapeutic convenience. By expressing phosphatidylserine on their surface,
they provide a vigorous “Eat-Me” signal to macrophages & thus they can trigger the
phagocytosis process. Cancer cells also express phosphatidylserine on their surface but
it isn’t sufficient to initiate phagocytosis [224]. On the other hand, immunocyte-derived
exosomes express CD47 receptor on their surface that interacts with Signal Regulating
Protein « (SIRP«) which triggers the “Don’t-Eat-Me” signal & blocks their consumption by
phagocytes [225,226].

Vaccine immunotherapy using exosomes has emerged as a promising approach to
the treatment of many cancer patients. Patients of Non-Small Cell Lung Cancer (NSCLC)
experienced leukapheresis to produce dendritic cell (DC)-derived exosomes (DEX) which
are loaded with MAGE-A3, -A4, -A10, and MAGE-3DP04 peptides. This phase-I study
suggested that DEX therapy was admissible in patients with advanced NSCLC [227]. In
another study, autologous DEX was applied as a vaccine to treat metastatic melanoma
patients [228].

Similarly, the cell-surface modification strategy can be adopted to achieve targeted
cellular action. For example, engineered exosomes expressing transmembrane domain of
platelet-derived growth factor fused to the GE11 peptide can successfully deliver miRNA
to epidermal growth factor receptor-expressing breast cancer cells [229]. Thus, the expected
cellular action of nucleic acid drugs can be secured through exosome-based drug delivery.

Being a nano-vesicle, exosomes are capable of penetrating deeper tissue or overcoming
tissue barriers. For instance, the efficiency of exosomes to cross the blood-brain barrier
has been demonstrated in several studies. A recent study tested 10 exosome populations
derived from mouse, human, cancerous, or non-cancerous cells to cross BBB. All exosome
types efficiently crossed BBB and volume of distribution inside the brain was satisfactory.
The uptake pattern was homogenous in most cases, but some exosomes showed precedence
of uptake by the olfactory bulb [230]. Another study demonstrated brain endothelial cell
(ECs)-derived exosome as a potential carrier of anticancer drugs to treat brain cancer as
they efficiently delivered siRNA into brain tissue crossing BBB in Zebrafish having brain
tumor [231]. Although the exact mechanisms how exosomes cross BBB yet to be fully
elucidated, it is postulated that exosomes from circulation are transferred via brain vascular
ECs in three main mechanisms as follows; physical contact (fusion or ligand-receptor
interaction, etc.), paracytosis, and transcytosis [232,233]. In the fusion method, exosomes
attach and fuse with barrier type ECs to release cargo onto the cytosol [234]. Exosome
membrane proteins and specific receptors on the ECs surface initiate the existence of gap
junction-like communications and several research articles have reported involvement
of specific interaction molecules [235], such as lymphocyte function-associated antigen-1
(LFA-1) on EVs interacting with intercellular adhesion molecule (ICAM)-1/C-type lectin
receptor on endothelial cells [236], transferrin-transferrin receptor interactions [237], CD46
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as major EV uptake receptor [238] or 6-mannose-receptor involvement for one specific
EV type [230]. In the transcytosis route, following cellular entry, exosomes are directed
for degradation or to endosomes for transmitting to the abluminal surface of ECs [232].
Brain endothelial cell-derived exosomes can be potentially used as the carrier of anticancer
drugs to treat brain cancer [231]. Additionally, the nanosize of the exosome ensures easy
passing through tumor vasculature. The physiological upper-limit of pore-size within
Blood Tumor Barrier is 7-100 nm in case of malignant brain tumor, whereas within the BTB
of peripheral tumor, upper limit of pore-size ranges between 200-1200 nm [239]. Another
study reported that tumor of subcutaneous micro-environment has a tumor-dependent
functional pore cut-off size ranges between 200 nm to 1.2 um [240]. Having size range of
30-100 nm, exosomes can cross all these biological barriers without effort [241].

Synthetic nanoparticles, liposomes, are small, unilamellar-vesicles, composed of phos-
pholipids which are exogenously synthesized & are applied as drug delivery nano-carrier.
Being a foreign particle, liposome has encountered multiple defensive mechanisms inside
the body [242]. Furthermore, in contrast to the exosomes, they can produce toxicity in over-
dose. All these drawbacks diminish liposomal function & their potency [As summarized in
Table 3 [5,243-246]].

Table 3. Comparison between liposomes and exosomes as drug delivery vehicles.

Liposome Exosome

1. Exogenously synthesized nano-particle. 1. Endogenously synthesized nano-particle.

2. Triggers defense system of the body asit’s a

. . 2. Doesn'’t initiate any defensive reaction.
foreign particle.

3. Target efficacy isn’t significantly high. 3. Target efficacy is higher than liposome.

4. Immune compatibility is troublesome. 4. Immune compatibility is excellent.

5. Zeta potential of liposomes can be positive,
negative, or neutral; but positively charged
liposomes can be aggregated by binding with
anionic plasma proteins.

5. Zeta potential (—); this negativity makes
them suitable for longer-circulation as plasma
proteins are also negative.

6. Produced on large scale for adequate 6. Yield of exosome is very limited due to time
manufacturing facilities & flexibility in consuming, low efficient methods of isolation
structure modification. & high cost of large scale production.

7. Macrophages and other reticuloendothelial
cells can recognize liposomes early and lead to
rapid clearance.

7. Exosomes are more stable as they are less
likely to be phagocytosed in body fluid.

Though there is impressive progress in developing the isolation techniques of exo-
somes, it is also a matter of concern that rapid and efficient isolation is still challenging
and underway [28]. Consequently, a gold standard consensus of isolation & purification
is unsubstantiated [247]. Furthermore, the isolation techniques face more challenges as
some other components of biological fluid possess the same size as exosomes [247,248].
Also, to maintain maximum functionality, proper storage is crucial. But, a recent study
indicated significant morphological changes due to the storage of mouse bronchoalveolar
lavage fluid exosome and also its content. Exosomes stored at +4 °C presented a 10%
increase in diameter and reduction of zeta potential, while a 25% increase in diameter
and a significantly reduced zeta potential were seen at —80 °C compared to fresh exo-
somes [249]. But there are also some contradictions in this aspect as some other studies
showed the efficacy of exosomes even after storage. For instance, the exosomes were stable
and biologically active even after 90 days of storage by using OptiPrep(TM) density gra-
dient technique [250]. Furthermore, a recent study revealed that in comparison to freshly
collected exosome, iExosome stored at —80 °C for a period of 45 days was unaffected in
respect to their number, size, distribution & biological activity. But a reduction of stability
and functionality was observed at room temperature or +4 °C for 2 or more days [251].
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Other challenges include large scale production, proper purification, maintaining good
manufacturing practice, limited possibility of drug loading etc. [252].

9. Clinical Trials of Exosomes as Immunotherapy

Numerous clinical trials have been conducted with exosomes based on broad research
into the contribution of exosomes as immune-modulation, diagnostic biomarker, therapeu-
tic target & drug delivery [253,254]. A summary of ongoing clinical trials of exosomes for
immunotherapy is described in Table 4. MSC and DC are two well-received sources in this
regard. DeX can trigger inflammation and induce specific immune responses while MEX
can be applied in the treatment of inflammation [255]. In this pandemic, the treatment of
COVID-19 may be achieved by using MEX secreted particles, incorporating specific miRNA
or mRNA into exosomes, or using MEX as drug carriers [256]. There are several trials in
this aspect. As mentioned, the anti-inflammatory effect of MEX may alleviate the hyperin-
flammatory condition in the body arising from cytokine storm. Intravenously administered
or inhaled MEX may be a way to suppress the immune response and also activate the
regeneration of inflamed type II alveolar epithelium in patients with pneumonia, acute
respiratory distress syndrome & mild or severe cases of COVID-19 (Table 4). Engineered
exosomes overexpressing CD 24 can control the homeostatic proliferation of T cells and
alleviate the symptoms of SARS-CoV-2. In this trial, patients received exosomes derived
from embryonic kidney T cells that can directly suppress cytokine storm. Also having
a highly compatible vehicle delivery, exosome ensured a reduction of the required dose.
In an ongoing trial, MEX nebulizer is being used as a treatment of lung infection caused
by gram-negative bacilli that are already antibiotic-resistant. Visible improvement of the
pathological changes caused by infection, reduction of pulmonary edema & mitigation
of alveolar inflammation were seen. In the case of craniofacial neuralgia, exosomes were
introduced via epineural injection guided with ultrasound. Having the ability to cross
the blood-brain barrier, exosomes may give an anti-inflammatory effect by initiating some
intercellular pathway [230]. MEX is luminally loaded with small interference RNA (siRNA)
that can act against KRAS G12D & thus may cure metastatic pancreatic ductal adenocar-
cinoma. This study revealed that participants developed no toxicity after receiving MEX
for 14 days. Alongside, plant-derived exosomes, like mammalian exosomes, play a pivotal
role by acting as an anti-inflammatory agent [257]. Exploring the role of grape extract
exosome to improve oral mucositis during chemoradiation therapy for the treatment of
head & neck cancer is underway. Likewise, oral administration of exosomes liberated from
ginger extract may elevate anti-inflammatory cytokines (IL-10 & IL-22) & bring down the
proinflammatory cytokines (TNF-«, IL-6 & IL-1$3). Hence, they may be highly suitable for
the treatment of Inflammatory Bowel Disease & Colitis associated cancer [258]. MEX serves
as an anti-inflammatory agent by expression of very low MHC antigens. Thus, they can be
reliably used for the treatment of Type 1 Diabetes Mellitus. Besides the immunotherapeutic
application, the role of exosomes as diagnostic or prognostic biomarkers has also been
explored in many trials. For example, in sepsis-induced immunosuppression, observing
circulating exosomes may define the immune status of patients. In type-1 Diabetes mellitus,
[3-cells of the pancreas liberate exosomes that contain (3-cell-specific autoantigens. This may
provoke the immune response at the initiation of Type-1 Diabetes Mellitus & thus they aid
in the early detection of disease. Similarly, exosomes may help to identify Obstructive Sleep
Apnea Syndrome by upregulating the PD1/PDL1 pathway. Exosomes liberated from B-cell
Non-Hodgkin Lymphoma can favor lymphoma cells to escape from humoral immunother-
apy. They express CD20 that could act as “Decoy Target” upon Rituximab exposure. Thus,
exosomes significantly contribute to therapeutic resistance. Again, in Diffuse Large B-Cell
Lymphoma patients, combined treatment of Rituximab & chemotherapy can elevate serum
exosome miR-451a which acts as an index for evaluating the potency of combined treat-
ment with Rituximab & chemotherapy in DLBCL patients [259]. The use of exosomes
for vaccination purposes has also come into interest in some trials. Inmunotherapy with
mCTX followed by vaccination with tumor antigen-loaded DeX was performed in NSCLC
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patients. Phase 1 trial showed the safety and efficacy of DeX vaccine but T cell induction
was undetected. Consequently, phase 2 trial was conducted and the study premise was
DeX based treatment to improve Progression free survival rate at 4 months in advanced

NSCLC patients.

Table 4. Ongoing clinical trials of exosomes for immunotherapy.

NCT Number Status Conditions/Pathology Interventions Phase Objective Sponsor
Sepsis disrapted n baceril sepe University of
NCT04979767 Recruiting Septic shock, Not provided 2 - e KansasMedical Center
Sepsi and identify clinically useful . .
epsis syndrome . . University of Kansas
biomarkers of immune status.
Tumor antigen ;
NCT01159288 Completed Non-small cell lung loaded biological 2 Assessment of progression Cancer CamPus,
cancer Dex2 free survival Grand Paris
Covid19, Drug: To analyze adverse events,
NCTO04798716 Not 'y'et Pneumo'ma, MSC—(?xosomes 12 organ faﬂurg, resp}ratory AVEM HealthCare
recruiting Acute Respiratory delivered measures in patients
Distress Syndrome intravenously receiving ARDOXSO™.
To assess bronchospasm,
NCT70447574 Recruitin SARS-CoV-2 Drug: EXO-CD24 1 infections, clinical Tel Aviv Sourasky
& & deterioration, change in Medical Center
respiratory rate or SpO2.
Clinics of the Federal
State Budgetary
X Educational Institution,
Drug. E).(O 1 Evaluation of adverse events, SSMU
. inhalation . .. .
. Covid19, . time to clinical recovery, Samara Regional
Enrolling by Drug: EXO 2 g A
NCT04602442 R SARS-CoV-2, . . 2 SpO2 changes and other Clinical Hospital V.D.
invitation . inhalation .
Pneumonia, Drug: Placebo measures of Exosome Seredavin
rug: a Inhalation. State-Financed Health
inhalation et
Facility “Samara
Regional Medical Center
Dinasty”
To assess time to recovery, Ruijin Hospital
NCT04602104 Recruiting Acute Respiratory Drug: hMSC-Exos 1,2 adverse reactions, 28 day Cellular Biomedicine
Distress Syndrome mortality and other G
: roup Ltd.
estimates.
NCT04544215 Recruiting Drug-resistant MPCs-derived 2 P ¢ Y Cellular Biomedicine
EXOSOMES infection rate and safety of Group Ltd
haMPC-Exos treatment. p Lid.
) Biological: Specific To find out adverse reaction,
Active, not Corona Virus T Cell-derived efficacy assessment, rate of
NCT04389385 . Infection, 1 Y ast 4 . TC Erciyes University
recruiting Pneumonia exosomes recovery without mechanical
(CSTC-Exo) ventilator.
Focused ultrasound
. delivery of Evaluating adverse effects Neurological Associates
NCT04202783 Suspended Neuralgia intravenously and brief pain inventory of West Los Angeles
infused exosomes
Lyrrg)homa,. B-cell, blood sample: To precise the role of Uni itv Hospital
NCT03985696 Recruiting EBTEsSIVE 1 blood volume (5-7 exosomes in immunotherapy nversity Hospital,
Non-Hodgkin mL EDTA) Limoges
(B-NHL) escape.
. Diagnostic Test:
o Obstructive sleep PD1/PD-L1 To evaluate exosomal University Hospital,
NCT03811600 Recruiting apnea syndrome, .
Cancer exosomal PD-1/PD-L1 expression. Angers
expression
Drug: Identifying the maximal
Metastatic Mesenchymal ying L
. tolerated dose & dose limited
. pancreatic cancer stromalCells- o MD Anderson Cancer
NCT03608631 Recruiting : . 1 toxicity, evaluate the
with KrasG12D derived N ) Center
. . pharmacokinetic profile of
Mutation exosomeswith iExosomes & survival rat
KRAS G12D siRNA osomes & survival rate.
Diabetes mellitus Biological: MSC To assess total daily insulin General Committee of
NCT02138331 Unknown | 2,3 . Teaching Hospitals and
type 1 exosomes. dose, pancreatic (3 cell mass. :
Institutes, Egypt
Dietary
. Head and neck Supplement: Assessment of pain, level of . . -
Active, not Grapeextract X . f University of Louisville
NCT01668849 . cancer, 1 immune biomarker in blood
recruiting Oral mucositis Drug: Lortab, & oral mucosa Brown Cancer Center
Fentanylpatch, ’

mouthwash
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Table 4. Cont.

NCT Number Status Conditions/Pathology Interventions Phase Objective Sponsor
Assessing ulcer progression, Sukma Skin Treatment
Drug: Stem cell the size of ulcer production, Stem Cell and Cancer
NCT04134676 Completed Chronic ulcer conditioned 1 measurement of granulation Institute, Kalbe Farma
medium tissue, edema reduction, Tbk
erythema reduction. PT Pharma Metric Lab
To analyze adverse events as
Malignant glioma, Drug: IGF-1R/AS a measure of safety and Thomas Jefferson
NCT02507583 Completed Neoplasms ODN 1 tolerability of IG-1R/AS University
ODN
1T To establish the safety profile Sidney Kimmel Cancer
Malienant elioma of Drug: (I)GDFNl R/AS of a combination product Center at Thomas
NCT01550523 Completed 8 8 T e 1 with an optimized GMP with Jefferson University
brain Device: biodiffusion :
hamb concomitant assessment of Thomas Jefferson
chamber any therapeutic impact. University
McGill University
Typel diabetes To determine the levels of Healt.h Centre/ Resea.rch
mellitus, circulating EVs & whether Institute of the McGill
NCT03106246 Unknown T . 4 Not provided & . University Health
ype2 diabetes, Islet these EVs contain Centre
cell transplantation islet-specific antigens CHU de
Quebec-Universite Laval
To analyze the urine
. . exosomal proteins, find National Taiwan
NCT02862470 Completed Thyroid cancer Not provided newly therapeutic University Hospital
mechanism and medications.
10. Conclusions
Because of its specificity and fewer side effects compared to the other modality of
therapy, immunotherapy emerged as one of the most explored areas in the new era of
numerous diseases, specifically in cancer treatment. To develop targeted immunotherapy,
it is indispensable to understand the mechanism of immune responses during the disease
process and reciprocal interaction between the pathological tissue and cellular components
of the immune system. In this regard, accumulating evidence suggests that exosomes play
a crucial role in intercellular communication and depending on the parent cell type and the
cargo, exosomes can have immunosuppressive or immunostimulatory effects. Due to their
intrinsic properties and advantages, exosomes can be utilized as immunotherapeutics and
as a carrier for other immunomodulatory agents. Although there are some limitations in
isolation and clinical application, exosome-based immunotherapies have immense potential
which can revolutionize the treatment of cancer and other pathologies. Hence, this is a
compelling area of research that needs extensive exploration to comprehend the role of
exosomes in disease pathology and immune modulation and to use these concepts for the
development of new exosome-based immunotherapies.
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