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Abstract Exosomes are extracellular vesicles, 50—-150 nm
in diameter, released by most cells. Exosomes contain sev-
eral intracellular components, including DNA, RNA, and
proteins, which reflect the parent cell’s status and contribute
to intercellular communication. Cancers are associated with
high morbidity and mortality rates worldwide. Owing to a
high survival rate, cancer treatment by immune modulation
of the tumor microenvironment has recently received a lot of
attention. Exosomes’ role in immunological control is also
being studied extensively. Exosomes play a role in cancer-
immune cell communication. Through intracellular commu-
nication, exosomes promote tumor growth, metastasis, angi-
ogenesis, and drug resistance. In addition, innate immune
cell-derived exosomes and adaptive immune cell exosomes
have an anti-tumorigenic activity. Exosome-related tumor
microenvironment drugs are being developed, including
inhibitors of exosomal release, tumor-derived exosomes, and
immune cell-derived exosome engineering, although there
are still some obstacles to overcome. We describe in this
review the significance of exosomes in the tumor microen-
vironment. We also summarize current studies on anticancer
immune drug development and the challenges in developing
exosome-related drugs.
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Introduction

Cancer remains the leading cause of death worldwide. There
are currently over 200 different forms of cancer, with over
18 million new cases and 9 million deaths per year (Han-
nafon and Ding 2013; Bray et al. 2018). Several treatments
have been developed, including surgery, radiation, chemo-
therapy, targeted therapy, and immunotherapy, to overcome
these tumors. Although targeted therapy reduces the sys-
temic adverse effects of previously used chemotherapy and
radiation therapies, the problems of drug resistance and
long-term effects remain (Yu et al. 2019). Immunother-
apy is a method of suppressing or eliminating cancer by
regulating the immune system, which has lately been high-
lighted. Immunotherapy functions by reactivating a weak-
ened immune system or inducing an immune response by
infusing cancer-fighting immune cells (Esfahani et al. 2020;
Kennedy and Salama 2020). Immune checkpoint inhibitors
(ICIs), immune stimulators, adoptive cell treatment, and can-
cer vaccines are types of immunotherapies (Waldman et al.
2020). Immunotherapy, particularly ICIs, has a disadvantage
in that it has a low response rate, which has been linked to
a low immune activity around the developing cancer (Rotte
et al. 2018). New treatments are required to solve the prob-
lem of cancer therapies.

Exosomes are extracellular vesicles enveloped by a lipid
bilayer membrane and are secreted by most cells, with sizes
ranging from 20 to 150 nm. Exosomes were previously
thought to play a role in waste transport within the cell;
however, recent research has revealed that exosomes rep-
resent the state of the secretory cell and play an important
role in cell-cell communication by regulating the role and
function of the recipient cell, and contributing to the biologi-
cal processes of various diseases, including cancer (Harding
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et al. 1983; Pan and Johnstone 1983; Vlassov et al. 2012;
Lopez-Verrilli and Court 2013; Dai et al. 2020).

The exosomal functions are determined by exosomal
proteins, lipids, and nucleic acids, such as DNA and RNA,
derived from parent cells (Fig. 1). The types of DNA iden-
tified in exosomes include single-stranded DNA, double-
stranded DNA, and mitochondrial DNA. RNA identified in
exosomes includes microRNA (miRNA), mRNA, circular
RNA (circRNA), long non-coding RNA (IncRNA), and
other non-coding RNAs. Each of these proteins, lipids, and
nucleic acids is delivered to the target cell and regulates

cellular activities critical for exosome function (Thery
et al. 2002b; Valadi et al. 2007; Skog et al. 2008; Zhang
et al. 2017). Exosomes, which are structurally similar to
lipid nanoparticles, can protect and deliver internal com-
ponents. These properties facilitate the use of exosomes as
a therapeutic material. Exosomes possess pharmacological
potency, allowing them to be employed to carry drugs, pro-
teins, and nucleic acids (Luan et al. 2017; Maia et al. 2018;
Kalluri and LeBleu 2020). Other secreted vesicles include
microvesicles and apoptotic blebs, which are distinguished
by their diameters. Microvesicles and apoptotic blebs are
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Fig. 1 Exosome contents, biogenesis, and cell-cell communication. Exosomes contain various biomolecules such as membrane proteins (e.g.,
CD63, CD9, Rab family), cytosolic proteins (e.g., heat shock protein (HSP) family, oncogenic KRAS, HMGB1), mRNA, DNA, and non-coding
RNAs (miRNA, IncRNA, circRNA), and contribute to cell-cell communication by delivering biomolecules to the recipient cell. During exosome
biogenesis, an intraluminal vesicle (ILV) and a multivesicular body (MVB) are formed from the endosome. In MVB formation, cargo sorting
has an endosomal sorting complex required for transport (ESCRT)-dependent and -independent pathways. MVBs translocate and fuse to the
plasma membrane (PM), releasing exosomes into the extracellular space. For regulation of cellular functions, exosomes interact with the PM
of recipient cells via the exosomal membrane or deliver biomolecules into the cells. Exosomes communicate with the recipient cell through: (1)
endocytosis, (2) phagocytosis, (3) receptor-ligand interactions, and (4) direct fusion
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typically 200-1000 nm and 500-2000 nm in size, respec-
tively (Vlassov et al. 2012; Akers et al. 2013; Schageman
et al. 2013; Doyle and Wang 2019). Therefore, developing
a technology capable of separating homogeneous exosomes
from these extracellular vesicles at a high purity is necessary
to perform basic or developmental research on exosomes or
utilize them as drugs or drug carriers. Ultracentrifugation
and affinity-based commercial kits are currently the most
commonly used exosome separation techniques. Addition-
ally, tangential flow filtration (TFF) has been established as
a separation technique. Nonetheless, homogeneously sepa-
rating exosomes from several extracellular vesicles remains
difficult. As a result, research is needed to develop new exo-
some isolation techniques and biomarkers.

In this review, we investigate the pro-tumorigenic and
anti-tumorigenic properties of exosomes via cell-cell com-
munication. We also discuss the application of exosome drug
development based on these properties and the challenges
associated with drug development.

Function of exosomes in the tumor
microenvironment

Cancer progression is determined via cell-cell communi-
cation in the tumor microenvironment. Exosomes regulate
the metabolic state of surrounding cells in the cancer envi-
ronment. Through metabolic reprogramming, exosomes
promote cancer growth, metastasis, angiogenesis, and
drug resistance. Exosomes can be administered directly to
cancer cells to suppress tumor progression or delivered to
immune cells in the tumor microenvironment, inducing an
anti-tumorigenic function via immune activation. Exosomes
also enhance pro-tumorigenic functions by suppressing the
immune system (Maia et al. 2018; Dai et al. 2020; Li and
Simon 2020).

Pro-tumorigenic function of exosomes
Tumor proliferation

Since cancer cell proliferation is uncontrolled, it necessitates
various intracellular components, such as proteins and lipids,
as well as metabolic rewiring to maintain the growth rate.
Additionally, cancer metabolism exhibits high aerobic gly-
colysis and macromolecule synthesis due to the amount of
energy required and the abnormal tumor microenvironment
(Zhu and Thompson 2019).

When exosomes are produced from parent cells, they
carry several biological contents required for cancer cell
division and metabolic regulation, such as the transport

of the oncogenic form of epidermal growth factor recep-
tor (EGFRVII]) mRNA via the exosomes. Glioblastoma
patient serum contains EGFRVIII mRNA-positive exosomes,
which transfer EGFRVIII mRNA to glioma cells, thus acti-
vating transforming signaling pathways (MAPK and AKT)
to promote anchorage-independent growth capability and
cell proliferation (Al-Nedawi et al. 2008). Additionally,
exosomes secreted from glioma, NSCLC, and GC cell lines
increase cancer cell proliferation by activating the AKT
and ERK pathways (Skog et al. 2008). DNp73 mRNA is
abundantly expressed in colon cancer exosomes and trans-
ported to recipient cells, wherein it suppresses p53, a tumor
suppressor gene, resulting in a change in cellular signal-
ing and increased cell proliferation (Soldevilla et al. 2014).
Exosomes released by other cells in the microenvironment
can affect cancer cell metabolism and proliferation. Zhao
et al. (2016) demonstrated that exosomes secreted from
cancer-associated fibroblasts (CAFs) regulate cancer cell
metabolism. CAF-derived exosomes boost glycolysis and
glutamine-dependent reductive carboxylation while decreas-
ing mitochondrial oxidative phosphorylation (OXPHOS).
(Zhao et al. 2016).

Exosomes can enhance tumor growth under stressful situ-
ations by transporting amino acids, TCA cycle intermedi-
ates, and lipids. By suppressing OXPHOS and increasing
glycolysis, the exosomal IncRNA snhg3 can inhibit miRNA-
330-5p, enhance pyruvate kinase (PKM) expression, and
increase breast cancer cell proliferation (Li et al. 2020).

Together, these studies show that exosomes can promote
tumor proliferation through metabolic reprogramming while
providing sufficient material for cancer growth.

Tumor metastasis

Tumor metastasis occurs when cancer cells move away from
their original locations and colonize distant organs. During
tumor metastasis, cancer cells separate from the tumor into
the blood and lymphatic vessels and move to other organs.
As cancer cells arrive at the distant organs, they settle and
populate, and tumor metastasis is completed (Zhang and Yu
2019; Fares et al. 2020). Therefore, tumor angiogenesis is a
critical step in the early stages of metastasis, as it involves
the formation of new blood vessels from existing ones.
Tumor angiogenesis happens after a tumor has developed
and can provide the nutrition and oxygen required for rapid
growth (Folkman 2002; Gordon et al. 2010; Bielenberg and
Zetter 2015).

Tumor-released exosomes are involved in angiogen-
esis and metastasis (Ahmadi and Rezaie 2020). Exosomes
stimulate angiogenesis in endothelial cells, and angiogene-
sis-related proteins and nucleosides have been discovered
inside exosomes (Ludwig and Whiteside 2018; Zhou et al.
2018). Exosomes containing VEGF can be transported to
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endothelial cells and activate the VEGF signaling pathway
to promote angiogenesis. A recent study revealed that ret-
inoblastoma cell-derived exosomes induce angiogenesis via
miRNAs. miRNA-92a-3p, which is transported to human
endothelial cells via exosomes, causes angiogenesis by
increasing endothelial cell migration and tube formation
(Chen et al. 2021).

In addition to angiogenesis, factors that increase tumor
metastasis include an increase in cancer cell invasion and
migration and the establishment of a pre-metastatic niche,
an environment in which circulating tumor cells establish.
Exosomes exert a direct effect on tumor cells and surround-
ing cells, thus increasing tumor migration, invasion, and
the pre-metastatic niche. Increased epithelial-mesenchymal
transition (EMT) of target tumor cells via exosomes is one
approach that directly affects tumor cells. EMT is a dynamic
process whereby cells change their phenotype from epithe-
lial to mesenchymal state to further the cell migration, inva-
sion, and formation of a pre-metastatic niche (Cho et al.
2019; Lebelo et al. 2019; Seo et al. 2021; Yang et al. 2020a).
Exosomal miRNAs and IncRNAs are the key transcriptional
regulators of EMT. LncRNA-PNUTS binds to miRNA-205,
controls EMT, and promotes tumor metastasis by enhancing
cell migration and invasion (Grelet et al. 2017; Hwang and
Yang 2021).

There have also been reports on exosome functions, such
as immune response, angiogenesis, and matrix remodeling,
which are important in establishing a pre-metastatic niche
for tumor metastasis (Guo et al. 2019). The immune sys-
tem’s control and inflammation are key to the formation of
a pre-metastatic niche for tumor metastasis. The expres-
sion of the S100 family, a pro-inflammatory protein, was
increased in the pre-metastatic niche by exosomes contain-
ing various integrins (Hoshino et al. 2015). For cancer cells
to settle in distant organs and evade immune surveillance,
immune suppression in the pre-metastatic niche is essen-
tial. Exosomes express PD-L1 for immunological evasion.
Cancer cell death and T cell activation are inhibited when
PD-L1 interacts with PD-1 (Akinleye and Rasool 2019).
Chen et al. found that exosomal PD-L1 promotes cancer
growth through immunosuppression and decreases T cell
responses in the spleen and lymph; in addition, circulating
exosomal PD-L1 was identified in a patient with metastatic
melanoma. As a result, immune suppression causes metasta-
sis when exosomal PD-L1 reaches distant organs (Chen et al.
2018). Exosome immunosuppression is caused by the mal-
functioning of CD4+and CD8+T cells, as well as NK cells,
and a decline in immune cell recruitment. By controlling
the distant organ environment, exosomes with immunosup-
pressive properties can be transformed into a pre-metastatic
niche (Clever et al. 2016; Czernek and Duchler 2017; Lud-
wig et al. 2017).
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Collectively, the regulation of the tumor microenviron-
ment through exosomes (cell migration/invasion and angio-
genesis) and immunosuppression around the pre-metastatic
niche are important mechanisms to accelerate cancer
metastasis.

Tumor drug resistance

Several mechanisms underlie drug resistance, including drug
efflux, drug metabolism mutations, DNA damage repair, and
epigenetic alterations, which inhibit the ineffectiveness of
anticancer drugs (Mashouri et al. 2019; Guo et al. 2020).
Recent studies on the role of exosomes in drug resistance
suggest that exosomes released by drug-resistant cancer cells
generate drug resistance by transmitting drug resistance to
other cells (Wang et al. 2020b). In CRC, high PKM2 levels
are associated with oxaliplatin resistance. Drug resistance is
acquired through an increase in PKM2 expression when cir-
cRNA-122 targeting miRNA targeting PKM is used to treat
drug-sensitive cells via exosomes. Exosomes also contrib-
ute to the acquisition of treatment resistance in lung cancer
patients. Exosomes isolated from chemoresistant lung cancer
patients not only enhance pre-metastatic niche formation,
but also diminish BACH2/GATA-3 expression, a transcrip-
tion factor that promotes PKM2-dependent metabolism,
resulting in drug resistance (Petanidis et al. 2020).

Exosomes secreted from fibroblasts promote CRC chem-
oresistance through exosomal Wnts. In cancer stem cells,
exosomal Wnt stimulates Wnt activity and drug resistance
(Hu et al. 2019). Exosomes, which are secreted by cancer
stem cells, also increase drug resistance. The stimulation of
the mTOR pathway by the transfer of miRNA-210 found in
cancer stem cell exosomes causes pancreatic cancer resist-
ance to gemcitabine (Yang et al. 2020b).

Thus, targeting exosomes to overcome drug resistance
could be a reliable method; however, further studies are
needed before specific therapies can be developed.

Anti-tumorigenic function of exosomes

Compared to the pro-tumorigenic function of exosomes,
healthy cells and specific cancer cells exhibit anti-tumor-
igenic functions through immune activation. A biological
response that identifies and suppresses foreign substances
or autologous mutations is known as the immune response.
The immune response can be divided into innate (an early
recognition of foreign substances) and adaptive (activa-
tion of specific immune responses) responses. Exosomes
produced by immune cells, particularly dendritic cells for
innate immunity and T cells for adaptive immunity, inhibit
cancer progression (Utsugi-Kobukai et al. 2003; Admyre
et al. 2006; Pitt et al. 2014; Xu et al. 2020). Furthermore,
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tumor-secreted exosomes show anti-tumorigenic properties
and anticancer efficacy by modulating the immune system
via tumor-related antigens and immune stimulators (Rao
et al. 2016).

Tumor-released exosomes

Exosomes are secreted by most cancer cells and have pro-
tumorigenic properties such as tumor development, metas-
tasis, angiogenesis, and drug resistance. However, tumor-
released exosomes play an essential role in expressing
an anti-tumorigenic function through an innate immune
response.

First, exosomes generated by hepatocellular carcinoma
(HCC) cells deliver antigens from parent cells to innate
immune cells, eliciting a stronger immune response than
tumor cell lysates. In animal experiments using HCC-
released exosome-pulsed DCs, sufficient anti-tumor activity
has been confirmed (Rao et al. 2016). HCC-released exo-
some-pulsed DCs increased the number of T lymphocytes
around the tumor microenvironment, increased the levels
of anti-tumor cytokine interferon-y (IFN- y), and decreased
the amount of anti-immune cytokines IL-10 and tumor
growth factor-f3 (TGF-). Zech et al. (2012) discovered that
tumor-released exosomes promote leukocyte proliferation
and tumor antigen-specific cytotoxic T lymphocyte (CTL)
responses in rat pancreatic adenocarcinoma Bsp73ASML
(ASML)-derived exosomes (Zech et al. 2012). Another
study suggests that a protein in exosomes generated by pan-
creatic cancer cells can activate DCs/cytokine-induced killer
cells, resulting in anticancer effects. This raised the possibil-
ity of using the proteins from tumor-released exosomes as a
cancer vaccine that inhibits cancer by transferring the parent
cell’s protein to the immune system (Que et al. 2016). As a
result, tumor-released exosomes could efficiently stimulate
anti-tumor immunity. When tumor cell-released exosomes
were treated with DCs and utilized to activate the DC cell
vaccination in mice, the exosomes elicited an anti-tumor
immune response and improved survival rates more effi-
ciently than tumor cell lysates. Thus, the development of
an anticancer vaccine based on exosomes will be effective,
as demonstrated by the model (Li et al. 2013; Wang et al.
2020a). Hence, tumor-released exosomes have anticancer
efficacy via tumor antigen and immune stimulation func-
tions, and can be employed for cancer treatment or DC cell
therapy to activate an effective anticancer immune system.

DC-derived exosome (DEX)

Relative to tumor-released exosomes that perform dual func-
tions in the tumor microenvironment, DEX mainly exhibits
anti-tumorigenic functions (Escudier et al. 2005; Pitt et al.
2016; Yao et al. 2021). DCs serve as antigen presenters in

the early stages of anti-tumor immunity, triggering T-cell
and B-cell adaptive immune systems to exert anticancer
effects. DCs are activated via antigens in tumor-released
exosomes, thereby inhibiting tumor growth, and also possess
anticancer efficacy by secreting large amounts of exosomes
(Lindenbergh et al. 2020).

Like the parental DCs, DEX are involved in T cell acti-
vation directly or indirectly, resulting in anticancer effects.
DEX contains enough MHC-I, MHC-II, CD80, CD86, and
HSP family of proteins to activate T cells. Zitvogel et al.
(1998) used this feature of DEX to collect exosomes from
tumor peptide-pulsed DCs, confirming T cell-dependent
anticancer activity through CTL activation, demonstrat-
ing complete eradication in an in vivo model with a sin-
gle injection (Zitvogel et al. 1998). DEX overexpression of
a-fetoprotein reduced tumor progression in the HCC mouse
model by boosting the amount of IFN-expressing CD8+T
cells while decreasing regulatory T cell counts (Lu et al.
2017).

In previous studies, DEX’s direct T cell activation abil-
ity was shown to be effective for re-stimulation of activated
or memory T cells but not for priming naive T cells (Thery
et al. 2002a; Vincent-Schneider et al. 2002). Transferring
an antigenic peptide/MHC complex to the surrounding
antigen-presenting cells (APCs) utilizing DEX is a more
effective technique to activate naive T cells. APCs activated
by DEX are capable of naive T-cell priming. This kind
of indirect naive T-cell activation was more efficient than
DEX-mediated direct T-cell activation. The surface expres-
sion of ICAM-1 increases due to the exosomes produced by
activated DCs, which further improves its binding to other
APCs. In addition, increased expression of MHC and CD86
enables T cell priming by delivering antigens to bystander
APCs and activating them sufficiently (Segura et al. 2005a,
2005b).

T cell-derived exosomes

In the immune system, T cells receive information about
cancer antigens from APCs, such as DCs, and are activated
to suppress cancer. T cells can be divided into the follow-
ing two types: CD8+CTLs that express CD8 proteins and
directly eliminate cancer, and CD4+helper T cells that
express CD4 proteins and activate cytotoxic T and B cells
(Lu et al. 2018).

CD8+T cell exosomes are released into numerous cells
in the tumor microenvironment and possess anticancer prop-
erties. Exosomes released by active CD8+T lymphocytes
inhibit cancer progression by eliminating mesenchymal
cells from around the malignancy and destroying the tumor
stroma (Seo et al. 2018). Exosomes secreted from CD8+T
cells also stimulate other CD8+T cells exhibiting anticancer
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effects. Exosomes from IL-12-stimulated CD8+T cells are
transported to bystander CD8+T cells to boost interferon-y
and granzyme B production. IL-12 stimulation changes the
size and number of exosomes produced by CD8+T cells,
thereby regulating bystander CD8 T cells. Additionally, T
cell exosomes directly target tumors and exhibit anticancer
effects (Li et al. 2017). In a recent study, Qiu et al. (2021)
discovered that exosomal PD-1 released by activated T
cells binds to PD-L1 in cancer cells and suppresses the
immune response. PD-1 is a protein present on the surface
of T cells, which binds to PD-L1 and inhibits the T cell-
mediated immune response. The survival rate of TNBC
patients with tumor-infiltrating lymphocytes (TILs) show-
ing a strong PD-1 expression improved. This phenomenon
occurs because the PD-1 exosome secreted from PD-1 posi-
tive TIL binds to cancer PD-L1 and suppresses its immuno-
suppressive action (Qiu et al. 2021). Therefore, exosomes
secreted from activated and cancer-suppressing CD8+T cells
can regulate the surrounding cells to eliminate cancer.

Cancer drug development using exosomes

Exosomes are released by cells and include bioactive mole-
cules with pro-tumorigenic and anti-tumorigenic properties.
There are three methods for developing anticancer drugs
using exosomes (Fig. 2). The first is the use of exosomes
to kill cancer cells directly. Second, exosomes are used as
drug carriers like siRNAs, miRNAs, chemotherapeutics, and
proteins. The antigen delivery technology and immune simu-
lator can be used as cancer vaccines or adjuvants. Finally,
because exosomes have pro-tumorigenic activity, blocking
their production is a way to suppress tumor progression and
metastasis.

Drug delivery via exosomes

Chemotherapeutics are used to treat cancer cells that divide
rapidly but exert serious side effects as they kill healthy
cells (Alfarouk et al. 2015; Zhao and Zhang 2017; Nurgali
et al. 2018). Drug delivery systems based on nanoparticles
have been developed to overcome these side effects. How-
ever, just 0.7% of nanoparticles reach tumors in previous
in vivo experiments using nanoparticles, making their usage
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difficult. Therefore, a novel drug delivery system is neces-
sary (Wilhelm et al. 2016; He et al. 2019).

Exosomes are employed to deliver anticancer drugs and
other bioactive molecules (Walker et al. 2019; Chen et al.
2020). Various strategies for loading drugs into exosomes
have been established. There are two methods for loading
drugs into exosomes: 1. loading drugs when exosomes are
being created, 2. directly injecting drugs into exosomes (for
example, via electroporation, sonication, and incubation).
Exosome-loaded drugs successfully inhibit cancer or reduce
side effects. For example, when exosomes are utilized to
carry doxorubicin, cardiac toxicity reduces by approximately
40%, while the anticancer effect is maintained. Furthermore,
the low toxicity of exosomal doxorubicin allows for higher
doses in mouse breast and ovarian cancer models, result-
ing in a more effective anticancer response (Toffoli et al.
2015; Hadla et al. 2016). Drug loading into exosomes has
a more effective anticancer activity than a single treatment.
In a breast tumor model using NOD/SCID mice, doxoru-
bicin- and taxol-loaded mesenchymal stroma/stem-like cell
(MSC)-derived exosomes showed more potent anticancer
and metastasis inhibitory effects than the controls (Melzer
et al. 2019). Finally, exosomes carrying paclitaxel show a
stronger anticancer activity in prostate cancer (Saari et al.
2015). Therefore, exosome-based chemotherapeutic admin-
istration can lessen side effects while increasing anticancer
potency.

Drug development via secretion, inhibition,
and removal of exosomes

Tumor-released exosomes are involved in tumor progres-
sion, metastasis, angiogenesis, formation of a pre-metastatic
niche, and drug resistance, thus performing pro-tumorigenic
functions (Whiteside 2016; Dai et al. 2020). Exosomes gen-
erated by tumors decrease DC maturation and NK cell acti-
vation, as well as enhance macrophage differentiation into
tumor-promoting macrophages (Chen et al. 2017; Olejarz
et al. 2020). Therefore, inhibiting tumor-released exosome
secretion would be an effective anticancer strategy.
Blocking tumor-released exosome secretion is accom-
plished by inhibiting exosome production and eliminating
the release of exosomes. Rab27a is an essential factor in exo-
some secretion, and the delivery of miRNA-494 to inhibit
Rab27a in nude mice with melanoma decreased primary
tumor progression and metastasis (Li et al. 2019). Im et al.
(2019) recently showed that the FDA-approved antibiotic
sulfisoxazole (SFX), suppresses tumor progression and
metastasis by inhibiting the secretion of small extracellu-
lar vesicles (SEVs). Through the binding of MVB and lys-
osomes, SFX restricts the secretion of SEVs via mechanical
destruction (Im et al. 2019). Exosomes generated by tumors
are found in the blood of patients and have been shown to

increase tumor growth and metastasis. Exosome elimina-
tion can thereby decrease the pro-tumorigenic activity of
the exosome. A hemofiltration system (such as the Aeth-
lon ADAPTtm system) has been developed for this purpose
(Marleau et al. 2012). Blocking exosome release or decreas-
ing exosomes in the blood of cancer patients may be a good
strategy for suppressing cancer since cancer exosomes
typically augment pathogenesis by tumor progression and
metastasis.

Cancer vaccine: tumor antigen and adjuvant

A cancer vaccine (composed of antigen and adjuvant) is a
drug for controlling the immune system to treat cancer. Can-
cer vaccines contain antigens that are either tumor-specific
proteins found solely in cancer cells or tumor-associated
proteins, which are found in a variety of cells, especially in
cancer. An adjuvant can boost immunological activation in
the absence of an antigen.

A cancer vaccine acts in the early stages of the cancer
immunity cycle. Antigens and adjuvants are intentionally
included in cancer vaccines to mimic antigen release dur-
ing early cancer cell death and stimulate anticancer immu-
nity. Recently, it was demonstrated that exosomes could act
as antigens and adjuvants to activate the cancer immunity
cycle (Dutta 2021). Cancer vaccines using tumor-released
exosomes have the advantage of being cancer-specific.
Recently, several attempts have been made to treat cancer
by activating anticancer immunity via cancer vaccines using
cancer antigens. However, identifying cancer-specific anti-
gens takes time, and ensuring adequate T cell activation to
treat cancer is challenging (Jeanbart et al. 2014; Ott et al.
2017; Sahin and Tureci 2018).

Exosomes preserve their parent cell characteristics.
Therefore, they can be utilized as a source of cancer anti-
gens. The first report of a cancer vaccine using a tumor-
released exosome eliciting a T cell immune response
against specific tumors was published in 2001. (Wolfers
et al. 2001; Vincent-Schneider et al. 2002; Whiteside
2017). Because tumor-released exosomes contain tumor
antigens and immunostimulatory molecules, such as
CD70, CD80, OX40, MHC molecules, and HSPs, these
can directly activate innate immune cells. For exam-
ple, HSP70 in the exosome is a DAMP protein that acts
on innate immune cells to increase pro-inflammatory
cytokine secretion (Graner et al. 2007). Exosomes con-
taining both tumor antigens and immunostimulatory mol-
ecules can be exploited as cancer vaccines, and clinical
trials on exosomes released from tumors are ongoing
(NCT02657460 and NCT01854866). However, as tumor-
released exosomes have a pro-tumorigenic role, further
research is needed before they can be used effectively.
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Exosomes secreted by immune cells can also be used
as cancer vaccines. Through MHC-I and MHC-II mol-
ecules, as well as co-stimulatory molecules CD40, CD80,
and CD86, DEX has anti-tumorigenic activities and acti-
vate other immune cells, including DCs or parent cells
(Admyre et al. 20006; Pitt et al. 2016). A single intradermal
injection of tumor peptide-pulsed DEX could suppress and
eradicate tumor development (Zitvogel et al. 1998). DEX
can also stimulate tumor-specific CD8+T cells in combi-
nation with synthetic peptides to inhibit the tumor (Andre
et al. 2004).

Engineered exosome is another strategy to utilize
exosomes as cancer vaccines. It was confirmed that puri-
fied exosomes from Lewis lung tumor cells overexpressing
CD40L have a DC maturation effect in vivo. It can sup-
press Lewis lung tumors by activating anticancer immu-
nity (Wang et al. 2014). CD47 is a "don’t eat me" signal
that is overexpressed in tumor cells and serves as a mye-
loid immune checkpoint that regulates cancer cell phago-
cytosis by binding to SIRP-a. Exosomes overexpressing
SIRP-a interact with the CD47 of tumor cell membrane,
thus enhancing macrophage phagocytization, increasing
T cell infiltration around the tumor cell, and suppressing
tumor growth (Koh et al. 2017; Cho et al. 2018). Codiak
Biosciences (Cambridge, MA, USA), an exosome research
and development company, has developed exoSTING, exo-
some including the STING agonist, a TLR agonist. ExoST-
ING overexpressing PTGFRN shows that boosting IFN
genes (STING) levels in APCs using CDN, a small mol-
ecule STING agonist, thus preventing tumor progression
(Dooley et al. 2021).

Challenges in exosome for drug development

Exosome-based drug development and clinical trials are
ongoing (Table 1). A clinical trial using MSC exosomes
to treat COVID-19, which has recently caused a pandemic,
is currently underway (NCT04798716) (Chen et al. 2020;
Perocheau et al. 2021). However, the following issues need
to be addressed in the development of exosome drugs and
therapeutics: exosome heterogeneity and the development
of a gold-standard method for exosome isolation, as well as
large-scale exosome manufacturing, purification, and quality
control (Fig. 2).

Exosome heterogeneity and exosome isolation methods

The exosome population is heterogeneous, which causes
problems in exosome biogenesis research, development
of therapeutic and diagnostic indications using exosomes,
as well as the approval of therapeutic agents. In a recent
review, exosome heterogeneity was classified into size,
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content, functional, and source heterogeneity. Exosomes are
classified into three groups based on their sizes: 40-75 nm
Exosome A, 75-100 nm Exosome B, and 100-160 nm Exo-
some C. The representative exosome surface markers CD9Y,
CD63, and CD81 are used to classify exosomes into three
categories. Heterogeneity is caused by the unequal produc-
tion of MVBs during exosome biogenesis (Kalluri and LeB-
leu 2020).

The contents of purified exosomes are different when
exosomes are isolated through different exosome purifica-
tion methods (Kowal et al. 2016). Such exosome heterogene-
ity represents limitations of the current exosome separation
technology in terms of size-dependence and marker-depend-
ence. The primary requirement of the innovative exosome
purification technology is to overcome exosome heterogene-
ity through more precise size-specific separation. It should
be possible to separate more homogeneous exosomes by sep-
arating and purifying 40-75 nm Exosome A and 75-100 nm
Exosome B. Therefore, a filter for size-dependent exosome
purification must be developed, and the TFF approach,
which uses a filter with 10 nm units, has the advantages
of better homogeneity of exosome classification, less time,
and a large workforce. Additionally, TFF has been proven
to purify exosomes more accurately compared to UC (Bari
et al. 2019).

The second requirement is to develop a novel exosome
marker and isolate homogeneous exosomes. Exoquick, an
affinity capture technology for exosome purification, is
already on the market. Exosome purification techniques have
been compared in previous publications, and affinity-based
exosome purification has been demonstrated to possess a
greater ability to purify homogeneous exosomes than UC or
differential centrifugation. The possibility of homogeneous
exosome purification utilizing affinity capture technology
based on a specific exosome marker has been confirmed
(Tauro et al. 2012). Therefore, the exosome purification
method is expected to be developed by the fusion of size-
dependent and marker-dependent purification techniques,
and this novel technology will be useful for basic research
and development through the isolation of highly homogene-
ous exosomes.

Large-scale production, purification, and quality
control

Each clinical trial utilizes a different large-scale manufactur-
ing method (Table 1). One of the main challenges to manu-
facturing exosomes for clinical trials is the development of
large-scale cell culture techniques for exosome purifica-
tion. Recent clinical trials have primarily used MSC-based
exosomes or immune cell-based exosomes; however, large-
scale stem cell culture limited by high cost and low-quality
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control (Kirouac and Zandstra 2008; Ahrlund-Richter et al.
2009; Isasi et al. 2016).

Various approaches to resolving this problem are being
investigated. A study was conducted to produce exosomes
utilizing a serum-free medium without fetal bovine serum
(FBS) to improve economic feasibility and obtain high
purity exosomes from parental cells. A study using neuro-
blastoma cells suggests that converting from an FBS-con-
taining medium to a serum-free medium had no effect on
exosome size or biophysical tendency. In fact, the quantity
of exosomes increases in the serum-free medium. Thus, the
possibility of exosome production in the serum-free medium
without FBS was verified (Kordelas et al. 2014).

Another major challenge to the efficient production of
exosomes is the gold standard method of large-scale exo-
some purification. Size exclusion, sedimentation force or
flotation density, precipitation-based procedures, and affin-
ity-based methods are the four strategies used for exosome
purification. Exosomes are currently isolated using filtra-
tion and ultracentrifugation. This strategy, however, has its
limitations of being time and labor-intensive requiring a
scale-out rather than a scale-up. Furthermore, as the exo-
some purification procedure is comparable to the initial virus
purification process, removing virus contamination during
clinical-grade exosome isolation is difficult. Therefore, a
new type of exosome purification technology for therapeutic
use is required (Colao et al. 2018).

The ideal exosome purification method is the sequen-
tial purification of exosomes. For example, filtration-based
recovery, followed by chromatography-based purification.
TFF is a powerful exosome purification technique that may
concentrate MSC-released exosomes by up to 125 times (Lai
et al. 2010). Combining size-exclusion liquid chromatogra-
phy with ultrafiltration is capable of separating exosomes
with a higher yield than differential ultracentrifugation with-
out affecting biophysical properties. This approach is also
ideal for exosome purification on a larger scale (Nordin et al.
2015).

A recent study presented an exosome purification method
through a selection using TFF, affinity capture, and addi-
tional charge or other chemical properties. This method
is scalable and can purify specific exosomes (Colao et al.
2018).

Conclusions

Exosomes have been studied and developed extensively
worldwide. Additionally, several preclinical and clinical
trials, as well as laboratory-level research, have been con-
ducted to develop therapeutic agents using exosomes.
Despite various studies conducted on cancer treat-
ment, cancer remains the leading cause of death globally.

@ Springer

Chemotherapy, targeted therapy, and ICI have not effectively
controlled cancer progression. Because chemotherapy has
several negative effects, targeted therapy has a limitation
of indication, and ICI shows a low response rate, improved
cancer treatment strategies are needed. Exosome-based
immunotherapy can improve the low response rate of ICIs.
It has also been used as a chemotherapeutic drug delivery
technique and has the potential to reduce the side effects of
standard chemotherapy while also improving its efficacy.

However, because exosomes, particularly tumor-released
exosomes, have a pro-tumorigenic proclivity and show
excessive immune responses, further studies on their pro-
tumorigenic and anti-tumorigenic functions are required.
Establishing a gold-standard for large-scale manufacturing
procedure to produce scalable and pure exosomes for clinical
trials is imperative. Despite several challenges, exosomes
show great potential as a drug candidate and drug delivery
tool to treat cancer.
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