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remains unclear how and why cancer 
occurs and progresses.

Using an evolutionary approach, the 
concept of a complex adaptive system 
(CAS) was developed to describe the 
behaviors of cancer tumorigenesis,[2] 
which may suggest a frameshift away 
from the limitations of current approaches 
that mainly address the importance of 
alteration in specific target molecules in 
cancer cells. This change in perspectives 
toward tumors, not simply as a disease to 
be cured but also as CAS, is expected to 
be the cornerstone of the paradigm shift 
toward innovative cancer therapies.[3]

The human immune system can also 
be viewed as a CAS and therefore expected 
to initiate self-defense mechanisms 
against cancer in a complex adaptive 
manner as long as it recognizes the cancer 
cells as the non-self-signals. Consequently, 

the key to controlling cancer could lie in understanding how 
to manipulate the immune system and strengthen its defenses 
against cancer. The concept of facilitating the immune system 
to fight against cancer was first suggested in the late 1800s 
by Dr. Wiliam Coley, who was the first to observe anti-tumor 
effects after intratumoral injection of microbe-derived toxins.[4] 
Since then, the field of cancer immunotherapy research has 
flourished, resulting in clinical achievements such as immune 
checkpoint blockades and chimeric antigen receptor T cell 
(CAR-T) therapy.[5] However, immune suppression resistance 
mechanisms have simultaneously been identified that have 
impeded favorable response to cancer immunotherapy.[6,7]

Exosome-based cancer therapies have emerged as a potential 
option for overcoming these limitations to the effects of cur-
rent cancer therapies due to their pathophysiological efficacy 
against tumors.[8] Exosomes are secreted externally by cells 
and are found ubiquitously in blood, urine, saliva, cerebro-
spinal fluid, pleural fluid, and breast milk.[9,10] The distinction 
between different types of extracellular vesicles (EVs) is unclear; 
however, they are conventionally classified as either ecto-
somes (microvesicles or microparticles) or exosomes.[11] While 
ectosomes are formed by the outward budding of the plasma 
membrane, exosomes are formed from multivesicular bodies 
(MVB) containing intraluminal vesicles via inward budding 
of the late endosome, which later fuses to the membrane. The 
formed vesicles are then secreted via a process known as exocy-
tosis (Figure 1). The two types of vesicle also differ in diameter, 

Exosomes are a class of extracellular vesicles of around 100 nm in diam-
eter that are secreted by most cells and contain various bioactive molecules 
reflecting their cellular origin and mediate intercellular communication. Studies 
of these exosomal features in tumor pathogenesis have led to the development 
of therapeutic and diagnostic approaches using exosomes for cancer therapy. 
Exosomes have many advantages for conveying therapeutic agents such as 
small interfering RNAs, microRNAs, membrane-associated proteins, and 
chemotherapeutic compounds; thus, they are considered a prime candidate as 
a delivery tool for cancer treatment. Since exosomes also provide an optimal 
microenvironment for the effective function of immunomodulatory factors, 
exosomes harboring bioactive molecules have been bioengineered as cancer 
immunotherapies that can effectively activate each stage of the cancer immu-
nity cycle to successfully elicit cancer-specific immunity. This review discusses 
the advantages of exosomes for treating cancer and the challenges that must 
be overcome for their successful clinical development.

1. Introduction

For several decades, astronomical amounts of research funding 
and efforts have been invested into cancer research with the 
main objective of ultimately comprehending and eradicating 
cancer. Despite significant progress over the last 40 years in 
the discovery of new diagnostics, therapeutics, and preventive 
measures, cancer remains the second leading cause of death 
worldwide.[1] Studies have observed that genetic mutations 
mainly cause carcinogenesis and cancer progress; however, 
the other factors involved are not yet fully understood and it 
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with ectosomes generally being larger in size with a diameter 
of ≈50  nm to 1  µm and exosomes displaying a diameter of 
30–150 nm.

Exosomes have attracted a significant amount of attention 
as they can retain the original characteristics of their parental 
cells. Soon after their discovery, exosomes were shown to be 
involved in bone mineralization and platelet function,[12] and 
were later suggested as a mechanism for discarding cellular 
waste.[13] Numerous subsequent studies have demonstrated that 

exosomes contain or express various bioactive molecules such 
as proteins, RNAs (mRNA, microRNA, and other non-coding 
RNAs), DNAs (mitochondrial DNA [mtDNA], double-stranded 
DNA [dsDNA], single-stranded DNA and viral DNA), lipids, 
amino acids, and metabolites. These diverse constituents play 
crucial roles in intercellular signaling and modulate adjacent or 
distant cellular microenvironments.[14]

Exosomes can represent the complexity of their parent cells 
and have the intrinsic ability to control complex biological 

Figure 1. Exosome biogenesis. Exosomes are formed by the inward budding of the late endosome, known as a multivesicular bodies, which fuses to 
the membrane, and is followed by the exocytosis of exosomes. Thus, exosomes can represent the original characteristics of their parent cells, such 
as proteins, RNAs, DNAs, lipids, amino acids, and metabolites. Reproduced with permission.[11] Copyright 2020, The American Association for the 
Advancement of Science.
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functions.[15] These advantages have increased the feasibility 
of the use of exosomes in diagnostic and therapeutic cancer 
management.[11] In addition, exosomes have many advantages 
over other small molecules and can efficiently deliver cancer 
therapeutic agents, thereby inducing successful anti-tumor 
responses.[16] Consequently, exosomes are considered to be can-
didate therapeutic delivery tools that have the potential to over-
come the complex adaptive nature of tumors.

Endosomal markers can be used to distinguish exosomes 
of endosomal origin from other EVs; however, current exo-
some isolation methods, such as tangential flow filtration (TFF) 
and ultracentrifugation, are limited as they cannot completely 
exclude other EVs. Therefore, the results of any subsequent 
experiments may reflect a mixture of EVs, including exosomes. 
Several biological exosomal markers are currently under 
development, and exosome isolation strategies are continu-
ally being developed; thus, previous exosome studies require 
re-evaluations based on modern criteria.

This review introduces the strengths of exosomes in the field 
of cancer therapy and describes the momentous progress that 
has been made in cancer therapies that harness exosomes, par-
ticularly the recent achievements of an emerging class of exo-
some-based cancer immunotherapies. Finally, we discuss issues 
that must be solved for the clinical application of these methods 
and the future direction of exosomes in cancer therapy.

2. Benefits of Using Exosomes to Treat Cancer

Based on their size, complexity, engineering difficulty, hetero-
geneity, and functionality, cancer treatments can be classified 
as molecules (small chemical), macromolecules (protein and 
antibody), cells, and organs. For decades, researches have been 
conducted within these categorizations, from small molecules 
blocking specific signaling pathways to organ transplantation. 
Although current research focuses on protein/antibody drugs, 

more sophisticated and complex therapeutic modalities must 
be developed.

Exosomes can be categorized as organelles in between mac-
romolecules and cells, and have attracted increasing attention 
as diagnostic markers and therapeutic agents. Unlike a sole 
protein or small molecule, exosomes contain molecules of 
heterogeneous function but lack the complexity of cells and 
organs; therefore, exosomes are considered appropriate tools 
for treating various diseases, including cancer (Figure  2). In 
addition, exosomes display many benefits with respect to bio-
compatibility, immunogenicity, stability, pharmacokinetics, 
biodistribution, and cellular uptake mechanism, making them 
potential options for anticancer treatment. These strengths can 
improve the therapeutic index of exosome-based cancer thera-
pies by preferentially targeting tumor cells while minimizing 
unexpected side effects. Here, we illustrate these advantages for 
cancer therapeutics with relevant examples.

2.1. Messengers Reflecting Tumor Heterogeneity

Exosomes released from cancer cells can act as messengers to 
regulate both cancer cells and their microenvironment, from 
initial tumor generation to tumor progression.[17] Cancer cells 
are known to secrete more exosomes than normal cells, even 
in the initial stages of cancer development; therefore, tumor-
derived exosomes (TEXs) are thought to reflect the unique 
molecular signatures of various cancers. Considerable research 
efforts have attempted to elucidate the roles of TEXs and tumor-
associated cell-derived exosomes and have rapidly expanded 
the field of cancer diagnosis.[18] Although TEXs are multi-func-
tional, they have been found to play predominantly pro-cancer 
roles.[19] Consequently, strategies to prevent excessive exosome 
production by cancer cells have been developed as cancer thera-
pies, many of which have demonstrated anti-cancer efficacy.[20] 
In addition, TEXs harbor diverse antigens from their parental 

Figure 2. Levels of organization. Biological levels of living organisms, ranging from the simplest to the most complex, including molecules, macro-
molecules, organelles, cells, organs, and organisms. The simplest level, molecules can include small chemicals that can be synthesized as therapeutic 
tools. Macromolecules include proteins and antibodies that can be generated. In the middle, exosomes are located at the level of organelles that can 
be harvested as therapeutics. Cells and organs can be isolated and donated as therapeutic tools, respectively. Along with levels of the organization 
become complex, their size, engineering difficulty, heterogeneity, and functionality elevates. Exosomes can have distinct advantages as they are involved 
in an intermediate level of organization.
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cells and induce various T cell clones that can effectively con-
trol metastasis and/or resistance due to tumor complexity.[21] 
Further studies would improve our understanding of the 
complex functions of TEXs and discover methods of selective 
regulation that may help deduce novel strategies to overcome 
cancer complexity.

2.2. Immunogenicity

Non-self-substances are extremely antigenic and may elicit 
immune responses;[22] therefore, exosomes derived from 
allogenic or heterologous cell sources have the potential to 
provoke unwanted immune responses. However, blood trans-
fusion, which is widely practiced in clinical settings, involves 
injecting patients with more than one trillion exosomes from 
other individuals without matching inter-patient human leuko-
cyte antigen (HLA) and show no immune-related toxicity in the 
recipient.[11] Thus, allogenic exosome injection may not cause 
noticeable complications in terms of immunogenicity.

In mice, no severe immunotoxicity was reported following 
the repeated injections of exosomes from mouse or human 
(HEK293T) cell lines over a given period[23,24] (Figure  3). In 
particular, the systemic administration of exosomes ten times 
(8.5  µg per dose) induced no substantial differences in pro-
inflammatory cytokine levels, blood chemistry panels, complete 
blood count, or the frequencies of immune cells in lymphoid 
organs, and no significant changes in body weight between the 
exosome- and non-exosome-treated groups.[24]

Microbe-derived membrane vesicles are commonly found 
in the blood,[25] and it is known that milk- or plant-derived 
exosomes do not cause noticeable immunotoxicity.[26] How-
ever, the contexture of the exosomes may be altered when DNA 
constructs are introduced into the parental cell to produce 
engineered exosomes. Accordingly, the immunogenicity of 
exosomes developed for specific purposes must be thoroughly 
and individually evaluated.

2.3. Stability

Exosomes are known to display good stability as they retain 
the nature of their parental cells with the maintenance of their 
inherent integrity for a long time. Sokolova et al. used nanopar-
ticle tracking analysis to confirm that exosomes from HEK293T 
cells, endothelial colony-forming cells, or mesenchymal stem 
cells (MSCs) stored at −20 °C in phosphate-buffered saline 
(PBS) showed no size conversion or degradation.[27] Notably, 
multiple freeze–thaw cycles did not affect their size, confirming 
that freezing does not affect the quality of stored exosomes.[27] 
To confirm the stability of exosomes in plasma, Kalra et  al. 
stored LIM1863 colon cancer cell-derived exosomes at 37, 4, 
−20, and −80 °C (Figure 4), finding that most samples retained 
their integrity for 3 months, even in the absence of protease 
inhibitors, and displayed the greatest stability at −80 °C.[28]  
Furthermore, a recent study reported that therapeutic exosomes 
sustained anti-tumor efficacy even after a minimum of 
5 months of frozen storage.[29] Since exosomes enclose vul-
nerable bioactive molecules within a lipid bilayer membrane, 

they can protect therapeutic nucleic acids and proteins from 
degradation by RNases or proteinase.[30] Thus, the stability of 
exosomes is a considerable advantage not only for cancer treat-
ment but also for diagnosis.

2.4. Biodistribution

To develop exosomes as cancer therapeutic agents, the bio-
distribution of administered exosomes from various sources 
must be evaluated. Peinado et  al. evaluated the biodistribu-
tion of intravenously (IV)-injected B16F10 melanoma-derived 
TEXs,[31] which were detected in the spleen, liver, lung, and 
bone marrow. Similarly, Wiklander et  al. investigated the bio-
distribution of IV-injected exosomes derived from murine 
B16F10 cancer cells, human HEK293T embryonic kidney cells, 
bone marrow-derived dendritic cells, and C2C12 myoblasts. 
The administered exosomes mainly accumulated in the gas-
trointestinal tract, lung, liver, and spleen, while B16F10-derived 
TEXs were distributed more in the lung than the other exo-
some types.[32] In addition, another study found that IV-injected 
MSC-derived exosomes were mainly distributed in the liver and 
spleen.[33]

The surfaces of exosomes are commonly modified to regu-
late their biodistribution when developing exosome-based 
cancer therapies. To achieve active accumulation at the tumor 
site, exosomes can be engineered to express specific surface 
molecules that can selectively bind to a molecule overexpressed 
on cancer cells. For instance, immature dendritic cell (DC)-
derived exosomes genetically modified to express Lamp2b 
fused to the iRGD peptide have been shown to target αv inte-
grin+ tumor tissues.[34] To selectively target breast cancer cells 
with high epidermal growth factor receptor expression, Ohno 
et  al. developed HEK293 cell-derived exosomes expressing 
the GE11 peptide fused to the transmembrane domain of the 
platelet-derived growth factor receptor.[35]

The treatment of brain-related diseases, such as Alzhei-
mer’s, Parkinson’s, and brain cancer, is generally complicated 
because most molecules cannot pass through the blood–brain 
barrier (BBB) unless they are very small.[36] However, recent 
studies have demonstrated that TEXs can cross the BBB by sup-
pressing Rab7 expression in brain endothelial cells via a mecha-
nism known as transcytosis.[37] Yang et al. demonstrated the in 
vivo BBB penetration of drug-loaded exosomes in a zebrafish 
model with a similar BBB to humans, alongside the induction 
of anti-tumor responses (Figure 5).[38]

Based on the advantages of overcoming the BBB, var-
ious attempts have been made to treat brain cancer using 
exosomes. Hamideh et  al. packed exosomes with microRNA 
(miRNA)-21-sponge constructs and injected them into a rat 
brain tumor model, observing potent tumor-suppressive 
effects.[39] In addition, exosomes extracted from MSCs trans-
fected with miRNA-124a were found to reach GBMs and 
inhibit cancer growth in a mouse model, thereby improving 
the survival rate.[40] Exosomes containing chemotherapeutic 
agents, such as doxorubicin and paclitaxel, have also demon-
strated anti-tumor efficacy against brain cancer.[41] To promote 
active accumulation at the tumor site, Alvarez-Erviti et  al. 
engineered exosomes expressing the lysosome-associated 
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Figure 3. Exosome immunogenicity. a) Cytotoxicity of human foreskin fibroblast-derived exosomes in C57BL/6J mice as measured in the blood. The 
normal range is highlighted in grey. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen. Reproduced with 
permission.[29] Copyright 2018, American Society for Clinical Investigation. b) Immune cell profile demonstrating no significant differences in the 
spleen of five mouse groups after exosome or liposome treatment. PBS, phosphate-buffered saline; CB, Clinical buffer; BJ Exo, BJ fibroblast-derived 
exosomes; MSC Exo, MSC-derived exosomes; MSC iExo, MSC-derived exosomes loaded with KRAS siRNA. Bars and error bars demonstrate the mean 
and standard deviation, respectively. *p < 0.05. Reproduced with permission.[29] Copyright 2018, American Society for Clinical Investigation.
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membrane protein 2 (LAMP 2) and rabies virus glycoprotein 
(RVG) fusion proteins capable of targeting neural cells.[42] 
These exosomes effectively passed through the BBB to reach 
neurons, microglia, and oligodendrocytes.

2.5. Pharmacokinetics

Numerous studies have attempted to accurately measure exo-
some pharmacokinetics. Fluorescence-labeling-based approaches 

Figure 4. Exosome stability. Nanoparticle tracking assay (NTA) of size change HEK cell-derived exosomes stored at a) +4 °C and b) +37 °C Reproduced 
with permission.[27] Copyright 2011, Elsevier. b) Exosomes from LIM1863 cells spiked with plasma and PBS were stored at −80, −20, and 4 °C for 10, 30, 
and 90 days. c) Exosome stability demonstrated by TSG101 expression. Reproduced with permission.[28] Copyright 2013, Wiley-VCH. d) TEM images 
of stored plasma exosomes spiked with LIM1863 exosomes and stored at different temperatures for 30 and 90 days. Scale bar: 200 nm. Reproduced 
with permission.[28] Copyright 2013, Wiley-VCH.
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Figure 5. Exosomes can cross the BBB in both directions. a) Schematic diagram of this phenomenon. Orange circle indicates exosome. Reproduced 
under the terms of the CC-BY license.[260] Copyright 2019, D’Anca, Fenoglio, Serpente, Arosio, Cesari, Scarpini, and Galimberti. Published by Frontiers. 
b) Images of exosome-delivered VEGF siRNA in a Tg(fli1:GFP) zebrafish tumor model. Tumor cells are indicated in red. c) Statistical analysis of quanti-
fied DiD labeled (red) tumor cells in a zebrafish brain. Reproduced with permission.[38] Copyright 2017, Springer Nature.
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using fluorescent dyes, such as PKH, 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine perchlorate (DiD), or 1,1′-diocta-
decyltetramethyl indotricarbocyanine iodide (DiR), have revealed 
the accumulation of systemically administered exosomes in 
vivo.[31,32] However, a lack of sensitivity and the release of free 
dyes means that these methods are unable to verify pharmacoki-
netic characteristics, that is, accumulation profiles at the organs 
or blood elimination profile.

To overcome these limitations, exosomes can be conjugated 
with luciferase as bioluminescence detection ensures high sen-
sitivity.[43] For instance, one study used a Gaussia luciferase 
(gLuc) and lactadherin (LA) fusion protein (gLucLA) to demon-
strate that B16-BL6 exosomes were promptly degraded in the 
blood with a half-life of 2  min when IV injected in a mouse 
model.[44] In addition, this method was used to verify the 
pharmacokinetics of exosomes derived from several mouse-
cell lines with a 2–4  min half-life.[45] Thus, these approaches 
facilitate the interpretation of exosomes behavior in vivo.

Another suitable approach for analyzing exosome pharma-
cokinetics uses radiotracers such as a streptavidin (SAV)–biotin 
system with iodine-125 (125I) labeling, which has enabled exo-
some accumulation profiles to be evaluated. The 125I labeled 
B16-BL6 exosomes at the organs were analyzed quantitatively; 
the radioactivity of the 125I labeled exosome was measured 
in the liver, spleen, and lung, which showed concentrations 
of 28%, 1.6%, and 7% of the injected 125I labeled exosomes, 
respectively.[46] In addition, Smyth et  al. quantified the phar-
macokinetics of human prostate adenocarcinoma PC3-derived 
exosomes by labeling them with 111In, revealing that the labeled 
exosomes were rapidly eliminated from blood circulation and 
that around 12% of the IV injection dose was primarily distrib-
uted in the liver after 24 h.[47]

Recent reports have demonstrated that the half-life of 
exosomes can be improved significantly by using their unique 
features to prolong their blood retention (Figure  6).[23] MSC-
derived exosomes generally overexpress CD47, a “don’t eat me” 
signal that can neutralize detection by phagocytic cells. A study 
found that iExosomes, small interfering RNA (siRNA)-loaded 
exosomes targeting K-RAS mutants, were present in the circu-
lating blood of C57BL/6 or nude mice 24 h after intraperitoneal 
(IP) injection, unlike siRNA-loaded liposomes.[23] The iEx-
osomes with high CD47 expression were highly detected for a 
long time; however, CD47-knockout diminished exosome reten-
tion, indicating that their retention was dependent on CD47. 
Thus, MSC-derived exosomes with these features could be used 
as anticancer therapies, while the modification of the exosomal 
surface to evade phagocytes and the reticuloendothelial system 
may extend exosomal half-life and improve therapeutic efficacy.

2.6. Cellular Uptake Mechanism

Exosomes are internalized via various mechanisms, including 
phagocytosis, micropinocytosis, fusion, and receptor- or lipid 
raft-mediated endocytosis.[48] Phagocytosis is the crucial mecha-
nism for removing pathogens and cell debris.[49] Phagocytosis 
of exosomes by professional phagocytes, such as macrophages 
and DCs, and non-professional phagocytes, including γδ T 
cells, are dependent on phosphatidylinositol 3-kinase (PI3K), 

dynamin 2, and actin cytoskeleton.[50] Further research is 
required to determine whether the purpose of the exosomal 
phagocytosis is merely for garbage disposal or intercellular 
communications. During micropinocytosis, the protrusions 
of cell membranes, which are dependent on Na+ and PI3K 
activity non-specifically swallow extracellular fluid and particles, 
including exosomes.[51] Besides, it has been found that phos-
phatidylserine on exosomal surface activated micropinocytosis 
of macrophages.[52] Several studies have found that exosomes 
could enter the cells by using a fusion mechanism akin to cer-
tain viruses.[53] Parolini et al. demonstrated that exosomes could 
deliver their cargos into human melanoma cells via their fusion 
with cell membranes.[54] Receptor-mediated endocytosis, called 
clathrin-mediated endocytosis, requires specific ligands on the 
exosomal surface to interact with receptors on the plasma mem-
brane.[48] Likewise, lipid raft-mediated endocytosis, including 
caveolae-mediated endocytosis and ARF6-, CDC42-, and RhoA-
regulated endocytosis needs to express ligands on exosomes to 
engage with cholesterol- and sphingolipid-rich microdomains, 
on the cell membrane.[55]

These distinct cellular uptake mechanisms offer therapeutic 
benefits for exosome-based cancer therapies. For example, 
since oncogenic KRAS signaling promotes exosome micropino-
cytosis,[56] exosomes harboring KRAS siRNA can induce selec-
tive effects against KRAS mutant tumors.[23] In addition, the 
fusion of exosomes with cell membranes facilitates the transfer 
of therapeutic exosomal cargos into the cytoplasm of target cells 
while escaping lysosomal degradation.[57] Although the fusion 
ability of exosomes with the plasma membrane is required for 
the delivery of cargos into the cytoplasm, exosome is also able 
to release contents in acceptor cells via endocytosis.[57] The pre-
vious study demonstrated that exosomes facilitated membrane 
fusion between exosome and endosomal membrane to escape 
from endosomal maturation, leading to the release of exosomal 
contents.[57] However, only 24.5% of exosomes that were uptaken 
by cells during 12 h of incubation could expose their contents 
into the cytoplasm, showing that the efficacy of delivering exo-
somal cargos is limited.[57] To improve this efficacy, fusogenic 
exosomes expressing viral fusogen on their surface have been 
developed to increase the fusion ability of exosomes.[53] These 
fusogenic exosomes are expected to modify target cell mem-
branes by inserting therapeutic membrane proteins as well as 
to efficiently deliver their cargos to recipient cells.[53] To date, 
detailed cellular uptake mechanisms for exosomes in specific 
cell types remain unclear, and further research is required to 
understand exosome internalization and allow the development 
of novel exosome-based cancer therapies.

3. Exosomes for Conventional Cancer Treatment

For decades, several drug delivery tools have been developed to 
treat cancer; however, the chances of effective drug delivery to 
the cancer tissues following administration in vivo are less than 
0.7%, and a few drugs were clinically approved.[58] As discussed 
in the previous sections, exosomes exhibit excellent properties 
as drug carriers. Owing to their superiority over other carriers, 
exosomes are actively being used in many anti-cancer strate-
gies to load or express various bioactive molecules and have 
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Figure 6. Exosome half-life. a) Flow cytometry analysis of exosomal markers (CD9, CD63, and CD81) and CD47 on MSC-derived exosomes. Reproduced 
with permission.[29] Copyright 2018, American Society for Clinical Investigation. Retention of exosomes by limiting phagocytic clearance: b) flow 
cytometry analysis of AF647-tagged iExosomes in plasma 3 h after intraperitoneal injection; c) estimation of circulating AF647+CD11b+ monocytes. 
Reproduced with permission.[23] Copyright 2017, Springer Nature. d) Detection of MSC-derived exosomes labeled with DiR in non-tumor-bearing and 
KPC689 tumor-bearing mice. e) Images of DiR-labeled MSC-derived exosomes 24 and 48 h after i.p. injection. Reproduced with permission.[29] Copyright 
2018, American Society for Clinical Investigation.

Adv. Mater. 2020, 32, 2002440



www.advmat.dewww.advancedsciencenews.com

2002440 (10 of 37) © 2020 The Authors. Published by Wiley-VCH GmbH

recently been reported in clinical trials.[59] Here, we summa-
rize the findings of studies using exosomes to achieve note-
worthy effects against a wide range of cancer types, including 
exosomes manipulated to contain bioactive molecules, such as 
nucleic acids, proteins, and chemotherapeutics. These relevant 
examples indicate the potentials of exosomes to overcome the 
limitations of conventional anti-cancer drug carriers.

3.1. Exosomal Delivery of siRNAs and miRNAs

SiRNAs and miRNAs are small, double-stranded, and non-
coding RNAs that regulate gene expression by suppressing 
mRNA expression and modulate cellular processes such as 
proliferation, division, and death.[60] Thus, miRNAs and 
siRNAs have the potential to be exploited for cancer treat-
ment (Figure 7). ONPATTRO (Patisiran) is an siRNA therapy 
for the rare polyneuropathy caused by transthyretin-mediated 
amyloidosis that first received FDA approval in August 
2018.[61] Over 20 siRNA-based treatments are currently in 
clinical trials and although no miRNA drugs have yet been 
approved, biotechnology companies, including Miragen, 
Synlogic, and Regulus Therapeutics are currently reaching 
miRNA-related drugs.

Unfortunately, siRNAs and miRNAs have several limitations 
that should be addressed before being used as therapeutics, 
such as low stability, unexpected immune responses via toll-
like receptor (TLR) signaling, poor cell membrane penetration 
ability due to physical properties, and off-target gene-silencing-
mediated toxicity. These limitations that hamper the full efficacy 
of nucleic acids in vivo have aroused interest in developing 
appropriate delivery tools for precise conveyance.[62] Therefore, 
studies are investigating the development of carriers, such as 
lipid nanoparticles.

Cell-derived exosomes show a high degree of biocompati-
bility, safety, and low immunogenicity, and are taken up by host 
cells via several methods, such as phagocytosis, micropinocy-
tosis, endocytosis, and fusion.[48] Exosomal fusion with host 
cells can evade the endo-lysosomal pathway, enabling bioactive 
molecules within exosomes to be conveyed to the cytoplasm 
without endosomal trapping.[63] Consequently, exosomes have 
attracted a considerable attention as carriers for therapeutic 
small RNA molecules. For instance, miRNA-134 delivered to 
breast cancer cells via exosomes was shown to inhibit the tumor 
cell proliferation and increase their sensitivity to anti-heat shock 
protein 90 (Hsp90) drugs.[64] Studies have also shown that 
loading exosomes with cell-cycle-related let-7a miRNA affects 
their therapeutic efficacy against breast cancer.[35] Engineered 

Figure 7. Exosome-mediated siRNA and miRNA delivery enhances anti-tumor efficacy. siKRAS-G12D-iExosome a) increase the survival rate and  
b) reduce the tumor burden in KPC murine tumor models. Reproduced with permission.[23] Copyright 2017, Springer Nature. c) Exosomes (a class of 
EVs) enriched with miR-134 increased anti-proliferative effects via the anti-HSP90 compounds 17-AAG (left) and PU-H71 (right). Reproduced under the 
terms of the CC-BY license.[64] Copyright 2015, K. O’Brien, M. C. Lowry, C. Corcoran, V. G. Martinez, M. Daly, S. Rani, W. M. Gallagher, M. W. Radomski, 
R. A. MacLeod, L. O’Driscoll. Published by Impact Journals, LLC.
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exosomes loaded with let-7a and expressing GE11 or AS1411 can 
target epithelial growth factor receptor (EGFR) or nucleolin, 
respectively, which are both highly expressed on breast cancer 
cells, thereby achieving sufficient anti-tumorigenic effects when 
systemically administrated.[35,65] Taking the advantage that 
exosomes can penetrate the BBB,[66,67] studies have shown that 
exosomal miRNA-21 or miR146b had potent tumor-suppressive 
effects when delivered to glioma.[67] Moreover, MSC-derived 
exosomes containing miRNA-124a have been found to pass 
through the BBB and retard brain cancer cell propagation, thus 
improving overall survival.[39,40]

Similar strategies are also being implemented to treat cancer 
by delivering siRNA using exosomes. K-RAS mutations are the 
most common mutations in pancreatic, non-small cell lung, and 
colorectal cancers; however, they remain untargetable despite 
numerous efforts.[68] Kalluri et al. developed iExosome, an MSC-
derived exosome loaded with K-RAS G12D-specific siRNA, 
which showed therapeutic efficacy against pancreatic cancer. 
Due to CD47 expression on their surface, the iExosomes could 
avoid host immune clearance when circulating in the blood, 
while RAS-mediated macropinocytosis enhancement acceler-
ated exosomal uptake by pancreatic cells to improve siRNA 
delivery.[23] Similarly, exosomes loaded with vascular endothelial 
growth factor siRNA have been shown to prevent brain tumor 
angiogenesis and exhibit anti-tumor effects.[38] Likewise, GRP78 
is highly expressed on sorafenib-resistant cancer cells; therefore, 
it has been found that siGRP78-loaded exosomes are capable of 
overcoming resistance to sorafenib treatment.[69]

The advent of the novel gene-editing method CRISPR-Cas9 
has considerably altered in the field of gene therapy[70] and has 
produced unprecedented results; however, current CRISPR-
Cas9 approaches remain challenging in vivo, particularly in 
clinical settings.[71] Kim et  al. reported that exosomes derived 
from ovarian cancer cells could target ovarian tumors more 
effectively than those derived from normal epithelial cells. 
Exosomes derived from SKOV3 ovarian cancer cells were engi-
neered by electroporation to carry CRISPR/Cas9 targeting poly 
(ADP-ribose) polymerase-1 (PARP-1). Systemic treatment with 
the engineered exosomes successfully targeted PARP-1 and 
reduced its expression in tumor tissue, thereby significantly 
reducing tumor growth.[72] Another approach involved the exo-
some-liposome hybridization for functional modification and 
effective delivery to improve their ability to encapsulate large 
nucleic acids. Compared to liposomes or exosomes alone, these 
particles were able to effectively convey CRISPR-Cas9 genes 
to MSCs.[73] Collectively, these findings suggest that exosomes 
could be attractive candidates as gene therapeutic agent carriers 
for treating cancer.

3.2. Exosomal Delivery of Membrane-Associated Proteins

Membranes protect the internal components of living cells 
from their exterior and are an integral part of the cellular envi-
ronment. To maintain cellular homeostasis, vital molecules, 
nutrients, and metabolic waste products pass through cell mem-
brane via passive (diffusion and osmosis) or active (endocytosis, 
exocytosis, and ion channels) transport. In addition, membrane 
proteins play key roles in intermembrane survival signaling by 

regulating various biological signaling processes.[74] Therefore, 
abnormal biological activities due to membrane defects cause 
various diseases, including cancer, infectious diseases, and 
genetic disorders.

Numerous studies have attempted to utilize membrane  
proteins as therapeutic agents due to their beneficial attributes; 
however, structure complexity and difficulty producing their 
hydrophobic regions can cause technical difficulties. The utilization 
of membrane proteins as therapeutic agents involves a solubili-
zation step during the purification process which requires deter-
gents that may destabilize, inactivate, or denature the membrane 
proteins.[75,76] Similarly, the highly hydrophobic amino acid con-
tent of membrane proteins causes difficulties when reproducing  
their structures.[77] It has been suggested that liposomes (lipid-
based nanoparticles), or nanodiscs (high-density apolipoprotein 
particles) can be used to reconstitute membrane proteins and 
resolve these limitations.[76,78] However, it is difficult to accurately 
control their size, safety, and structure by optimizing the artifi-
cial nanoparticles, which requires a lot of time and effort.[76,78,79]

Exosomes can provide a proper environment for membrane 
proteins[80] and have the potential to carry them [81]; indeed 
membrane proteins can be naturally expressed on the exosome 
surface during exosome biogenesis, enabling them to retain 
their inherent stability and dynamics.[77] Exosomal membranes 
also facilitate the oligomerization or clustering of membrane 
proteins, which helps to maintain their original structures and 
functionalities.[82] Thus, exosomes could be used to maximize 
the biological activities of membrane proteins in addition to 
simply acting as a carrier.

Recent developments in genomic engineering methods have 
enabled functional membrane proteins to be expressed on exo-
somal surfaces; thus, exosome surface display modification has 
emerged as a state-of-the-art technique for utilizing membrane 
proteins as therapeutic agents.[83] For instance, exosomes with 
signal-regulatory protein alpha (SIRPα) or hyaluronidase PH20 
on their membrane can potentiate anti-tumor responses by 
enhancing immunity against cancer[84–87] (Figure  8). Besides, 
exosomes highly expressed with the co-stimulatory molecules 
and the major histocompatibility complex (MHC) peptide, like 
the antigen-presenting cell (APCs), are demonstrated to acti-
vate immune cells, including T cells.[88] Codiak Biosciences 
(Cambridge, MA, USA) has induced the overexpression of 
the glycoprotein PTGFRN in producer cells to increase exo-
somal PTGFRN expression by a 150-fold. Thus, they were able 
to develop a variety of membrane-based drugs by genetically 
fusing proteins to the N terminal of PTGFRN and demon-
strated the therapeutic efficacy of each candidate drug. Conse-
quently, the PTGFRN-mediated display of bioactive molecules 
at a high density on the exosome surface can enable the produc-
tion of potent exosomes to treat various diseases.[89] The results 
mentioned above suggest that exosomes that enable membrane 
proteins to function properly can be promising options for 
delivering therapeutic membrane proteins.

3.3. Exosomal Delivery of Chemotherapeutics

Chemotherapeutics, such as doxorubicin and paclitaxel, have 
traditionally been used to target the characteristics of rapidly 
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Figure 8. Exosomes expressing membrane-associated proteins with anti-tumor activity. a) SIRPα exosomes enhanced the phagocytosis of HT29 
cancer cells by bone marrow-derived macrophages (BMDMs). b) Fluorescence microscopy images of HT29 cancer cell phagocytosis by BMDMs.  
c) Tumor growth suppressive effects of SIRPα exosome treatment in a CT26.CL25 tumor model. Reproduced with permission.[84] Copyright 2017, Elsevier.  
d) Percentage vascularization in PC3 tumor-bearing mice imaged by high-resolution ultrasound after treatment with PH20 exosomes (Exo-PH20), 
control exosomes (Exo-Con), and PBS. e) Intratumoral distribution of liposomes-Cy5.5 (red) indicating the activity of PH20 exosomes in the tumor 
tissue of PC3 tumor models. Blood vessels were stained with CD31 antibodies (green). f) Anti-tumor effects of PH20 exosomes in PC3 tumor models. 
Reproduced with permission.[86] Copyright 2017, Wiley-VCH.
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dividing cancer cells[90]; however, cell proliferation is not a 
unique feature of cancer cells. The unwanted death of normal 
cells is therefore inevitable and is often accompanied by sys-
temic toxicity, limiting the maximum dosage of therapeutic 
agents that can be used to treat cancer.[91,92] Furthermore, 
low bioavailability often restricts outcomes and prolonged 
chemotherapy may cause continuous genetic mutations in 
cancer cells that promote resistance and yield disappointing 
results.[92,93]

Recent studies have shown that exosomes can be used as 
carriers for chemotherapeutic drugs (Figure  9), and several 
methods have been used to load these drugs into exosomes. 
Exogenous methods using co-incubation, electroporation, or 
sonication can efficiently load chemotherapeutic agents into 
exosomes for cancer therapy,[59] while endogenous approaches 

reliant on cellular machinery enables drugs to be spontane-
ously encapsulated via sequential procedures from cellular 
isolation to incubation with chemotherapeutic reagents. For 
instance, doxorubicin-loaded exosomes were reported to reduce 
cardiotoxicity, the main side effect of doxorubicin, by 40% and 
exert considerable anti-cancer effects in vivo and in vitro.[94] 
Similarly, Akhil et  al. loaded exosomes with nanosomes 
containing doxorubicin-conjugated gold nanoparticles to pro-
mote the active accumulation of doxorubicin in tumor tissue, 
finding that the nanosomes displayed preferential cytotoxicity 
on cancer cells and minimal activity against non-cancerous 
cells.[95] Moreover, paclitaxel containing exosomes have been 
shown to effectively cause cell death in LNCaP and PC-3 pros-
tate cancer, A549 lung cancer, SKOV3 ovarian cancer, and 
MDA-hyb1 breast cancer cells.[96,97]

Figure 9. Efficacy of exosomes harboring chemotherapeutic agents for cancer therapy. a) Enhanced therapeutic efficacy of paclitaxel-loaded milk-
derived exosomes. PAC, paclitaxel. Systemic toxicity profiles of paclitaxel-loaded milk-derived exosomes in mice against b) leukocytes, c) erythrocytes, 
and d) liver and kidney function enzymes. Reproduced with permission.[229] Copyright 2017, Elsevier.
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Since the components displayed on exosome surfaces 
can affect their biodistribution, several strategies have been  
developed to increase the tumor-targeting efficiency of the 
chemotherapeutics using exosomes: 1) iRGD (peptide) targeting 
αv-integrin expressing breast cancer, 2) hyaluronic acid grafted 
with 3-(diethylamino) propylamine targeting CD44+ tumor cells 
at low pH (pH 6.5), and 3) brain tumor-targeting methods based 
on the ability of exosomes to penetrate physical barriers.[98] 
Moreover, the cellular uptake of paclitaxel-loaded exosomes has 
been reported to induce 50-fold higher levels of apoptosis than 
free paclitaxel in MDCKMDR1 (Pgp+) cancer cells that initially 
displayed paclitaxel resistance.[99] Thus, exosomes have the 
potential to act as a clinical platform for the delivery of chemo-
therapeutics to treat cancer.

4. Exosomes for Cancer Immunotherapy

Cancer immunotherapy is a novel anti-cancer strategy that acti-
vates immune cells, unlike conventional anti-cancer treatments 
which primarily target tumors themselves, and has gained 
considerable attention from researchers and clinicians as a 
third form of cancer therapy after chemotherapy and targeted 
therapy. Promising clinical responses have been observed in 
terminally ill cancer patients with no other therapeutic options, 
providing the basis for several ongoing clinical trials of various 
novel cancer immunotherapies.[5,100–102] This movement has 
been led by researchers such as James P. Allison and Tasuku 
Honjo, who discovered the roles of cytotoxic T-lymphocyte-asso-
ciated antigen 4 (CTLA-4) and programmed cell death protein 
1 (PD-1) in cancer immunotherapy, respectively. However, the 
clinical effects of this remarkable approach are only valid in 
20–30% of all cancers.[6,7]

To achieve successful and continuous anti-tumorigenic 
immune responses, the sequential procedures via which 
immune cells fight cancer cells must be initiated and expanded 
iteratively. In 2013, Chen and Mellman first introduced the 
cancer immunity cycle detailing the stepwise processes 
required to appropriately eradicate cancer cells, which are pri-
marily initiated by the release of cancer antigens (Figure 10).[103] 
The first step involves cancer cell death causing the release of 
tumor-specific immunogenic antigens (or neoantigens) which 
are later recognized as an adversary by APCs, such as DCs or 
macrophages, which present the antigens. To produce potent 
tumor-specific T cell clones, this must be accompanied by sig-
nals that trigger the immunogenicity of the tumor antigens in 
APCs. DCs migrate to the lymph nodes where they mature, 
allowing them to process and present the captured antigens on 
MHC-I and/or MHC-II, and enabling T cell priming and activa-
tion into effector T cells, which can actively respond to cancer-
specific antigens. The degree of the immune response is mainly 
determined by the success of this step as it determines the ratio 
of effector and regulatory T cells. Effector T cells later act as 
cytotoxic T cells that migrate to and infiltrate tumor tissue and 
recognize tumor cells via interactions between T cell receptors 
(TCRs) and cognate antigens bound to MHC-I. The cytotoxic T 
cells then kill cancer cells which release more tumor-associated 
antigens, providing a cue for additional immune responses. 
Ultimately, the whole cancer immunity cycle reiterates from the 

very first step, resulting in amplified and continuous immune 
responses.[103]

Unfortunately, cancer cells develop diverse mechanisms to 
evade each step of this cycle and evade attack from immune 
cells;[104] therefore, anti-cancer immunotherapy strategies that 
target the single steps are bound to suffer from limited efficacy. 
Consequently, researchers have attempted to evoke adequate 
immune effects by targeting multiple steps simultaneously. 
Recently, numerous studies have demonstrated that exosomes 
can effectively initiate each step of the cancer immunity cycle. 
For example, exosomes have been shown to act as therapeutic 
cell-free vaccines to induce sufficient anti-tumor immune 
responses.[8] In addition, exosomes offer a favorable environ-
ment for bioactive molecules to function properly in tumors, 
thereby producing substantial tumor-suppressive effects.[77] 
Since these features support exosomes as a promising option 
for cancer immunotherapy, this review examines the use of 
exosomes as the anti-cancer therapeutics against different steps 
of the cancer immunity cycle.

4.1. Tumor Antigen Source

Cancer formation is the result of a complex multistage process 
influenced by a variety of factors, predominantly epigenetic or 
genetic mutations produced by external/intrinsic stimuli which 
can initiate cancer and promote its malignization.[105] Cancer 
genome sequencing has established that somatic mutations are 
present in all cancers.[106] Even during initiation and growth, 
cancer cells acquire genetic (driver mutation) or cellular (pas-
senger mutation) transformations due to genomic probability 
to protein-altering mutations.[107] Ironically, these genetic vari-
ants excessively increase the production of specific proteins that 
are then perceived as non-self-antigens by immune monitoring 
systems.[108]

Innate immune cells, such as macrophages and DCs, can 
initiate anti-cancer immunity by taking up cancer cell-derived 
antigens, including cancer-specific neoantigens.[109] In the early 
20th century, several research groups observed that, following 
the surgical removal of carcinogen-induced tumor tissue from 
mice, the cancer was not re-formed when identical tumor cells 
were challenged.[110,111] The development of molecular biology 
techniques later revealed that proteins formed by specific 
genomic mutations in cancer acted as neoantigens to activate 
cytotoxic T cells.[112] Knuth, Old, and Rosenberg classified the 
clones within the peripheral blood and tumor of a patient via 
the genomic analysis of T cells and identified T cell clones that 
were reactive to tumor cells but not to normal cells.[113] Their 
findings suggested that tumor-specific antigens or tumor-asso-
ciated antigens exist not only in mice but also in humans. In 
1991, a cancer vaccine strategy was developed using human 
tumor antigen (MAGEA1), which is overexpressed in mela-
noma, followed by numerous antigen targets discovered for 
each cancer.[114]

For decades, clinical trials have attempted to treat numerous 
cancers by utilizing the potential anti-cancer immune efficacy 
of tumor antigens. The most common strategy involves the 
external specification and generation of cancer-specific anti-
gens that are injected back into the patient’s lymphatic system 
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to boost their anti-cancer immune response.[115] However, 
the identification of a specific antigen that is present only in 
cancer cell is time-consuming and the likelihood of effectively 
inducing T cell-mediated immunity in vivo is relatively low.[116] 
Recent advances in mass spectroscopy, computation, and bio-
informatics have made it possible to identify immunogenic 
neoantigens within weeks. These methods can selectively filter-
specific antigens that exist only in tumor cells and display a 
high binding affinity with HLA class 1 or 2, thus increasing 
the likelihood of inducing T cell immunity when patients are 

vaccinated.[102] These technological advances have resulted in 
clinical trials for personal neoantigen vaccines in melanoma 
patients with a high mutational burden. Peripheral blood 
mononuclear cells and melanoma tissue were collected from 
each patient, evaluated by whole-exome sequencing to confirm 
immunogenic neoantigens, and then long synthetic peptides 
reflecting the specified tumor antigens were injected along 
with Poly-ICLC. Vaccination with neoantigens and adjuvants 
eventually induced successful CD8+ and CD4+ T cell-mediated 
immune responses against cancer and improved survival;[117] 

Figure 10. Cancer immunity cycle. The multistep process for generating anti-cancer immunity includes: (1) cancer antigen release from dying cancer 
cells, (2) cancer antigen presentation by APCs, (3) priming and activation of T cells by APCs in lymph node, (4) T cell trafficking to tumor microen-
vironment, (5) T cell infiltration into tumors, (6) cancer cell recognition by T cells, and (7) killing of target cancer cells by T cells. Various engineered 
exosomes can trigger each step of the cancer immunity cycle. Exo-DOX, exosome containing doxorubicin; Exo-PTX, paclitaxel-loaded exosome; Exo-OV, 
oncolytic virus-loaded exosome; TEX, tumor-derived exosome; DEX, dendritic cell-derived exosome; mVSVG-Exo, mVSVG protein expressing exosome; 
SIRPα-Exo, SIRPα expressing exosome; Exo-DNA, DNA-loaded exosome; Exo-STING, STING-loaded exosome; CD40L-Exo, CD40L expressing exo-
some; PH20-Exo, PH20 expressing exosome; CAR-Exo, CAR-T cell-derived exosome; SMART-Exo, synthetic multivalent antibodies expressing exosome; 
NK-Exo, NK cell-derived exosome; M1-Exo, M1-like macrophage-derived exosome. Adapted with permission.[257] Copyright 2019, Elsevier.
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however, this approach has limited efficacy as it is exceptionally 
costly, labor intensive, and can only detect a small portion of 
the immunogenic antigens produced from cancer tissues.

In addition to utilizing proteins or peptides as cancer vaccina-
tion agents, nucleic acids, such as DNA and RNA are also being 
tested as these approaches can deliver multiple antigens with 
ease. Furthermore, dsDNA can activate the cGAS-STING path-
ways in the innate immune cells to augment the functions of 
APCs.[118] Consequently, DNA or RNA was directly injected into 
lymph node cells to generate immunogenic antigens and was 
found to not only effectively induce T cell immune responses 
in clinical patients but also significantly reduce the incidence 
of metastatic cancer.[119] Indeed, total cancer eradication was 
observed following co-treatment with PD-1 blockade.[120] How-
ever, RNA and DNA vaccines are poorly immunogenic, require 
specific transportation and storage conditions, have limited 
therapeutic efficacy, and are only effective against the tumor at 
a high mutational load. Therefore, the alternative breakthrough 
is required to overcome the problems of conventional vaccine 
strategies.

4.1.1. Tumor-Derived Exosome

Tumor cells are known to actively emit more exosomes into 
plasma and body fluids than normal cells.[121] TEXs affect sur-
rounding cells and even organs at a considerable distance and 
contain various antigens possessed by the original cancer cells; 
thus, they have the potential to act as an antigen source for 
cancer vaccines (Figure 11). In 2001, Zitvogel et al. first reported 
that TEXs effectively induce cancer-specific T cell immunity.[122] 
Surprisingly, TEXs have demonstrated better cancer vaccination 
effects than tumor cell lysates, with several studies showing 

that TEXs are a source of tumor antigens that can be taken up 
and processed by DCs to induce active anti-cancer immune 
responses.[123]

TEXs can also directly convert innate immune cells, such 
as DCs or macrophages, into pro-inflammatory cells. Innate 
immune cells exposed to TEXs at tumor-draining lymph nodes 
have been found to increase the production of pro-inflamma-
tory cytokines (i.e., IL-6, IL-12, and interferon (IFN)-γ), and 
reduce the production of anti-inflammatory cytokines (i.e., 
IL-10).[124] Cancer vaccines generally involve the application 
of both tumor neoantigens and adjuvants to enhance antigen 
processing; therefore, TEXs could be a potent cancer vaccine 
strategy as they act as both an antigen source and immune 
adjuvant. Consequently, clinical trials have attempted to use 
TEXs from malignant ascites to cure malignant pleural effu-
sion [NCT02657460, NCT01854866].

Despite exerting remarkable vaccination effects, TEXs also 
display pro-tumorigenic characteristics as they resemble their 
original cancer cells; the role of TEXs in cancer progression is 
heterogeneous and highly dependent on cancer type, genomic 
characteristics, and stage. Exosomes derived from human pan-
creatic cancer cells have been reported to cause mutations in 
normal NIH/3T3 cells that initiate cancer cell transforma-
tion,[125] while TEXs from hypoxic GBM cells have been shown 
to accelerate endothelial cells’ pro-angiogenesis in the brain 
tumor microenvironment.[126] Furthermore, TEXs from pancre-
atic cancer have been found to inhibit complement-mediated 
cancer cell lysis to support cancer growth.[127]

Various studies have demonstrated that the unique char-
acteristics of TEXs that affect cancer metastasis are directly 
related to patient mortality. The expression patterns of inte-
grins on TEXs have been found to differ depending on the 
metastatic potential of the tumor and play an essential role 

Figure 11. Exosomes derived from tumor cells and dendritic cells. a) Schematic diagram of exosomal contents derived from tumor cells Reproduced 
with permission.[261] Copyright 2016, Elsevier. b) Schematic diagram of exosomal contents derived from dendritic cells. Reproduced with permission.[262] 
Copyright 2014, American Association of Immunologists. Diagrams indicate the presence of various molecules on the exosomal membrane surface 
(lipids and proteins) and in the vesicle lumen (nucleic acids and proteins).
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in organotropic metastasis. Indeed, research has shown that 
ITGαvβ5 expressed on TEXs from pancreatic cancer selectively 
binds to Kupffer cells and mediates liver metastasis, whereas 
ITGα6β4 and ITGα6β1 on TEXs from breast cancer formed a 
pre-metastatic niche by binding to lung fibroblasts and epithe-
lial cells to cause lung metastasis.[128] Moreover, gastric cancer-
derived TEXs expressing EGFR can integrate the membrane 
of Kupffer and hepatic stellate cells and foster a pre-metastatic 
liver microenvironment by activating hepatocyte growth factor 
signaling.[129] Webber et al. showed that TEXs expressing trans-
forming growth factor-β (TGF-β) affect fibroblasts at the meta-
static site by increasing α-smooth muscle actin and fibroblast 
growth factor 2 expression to induce microenvironmental 
remodeling.[130] Furthermore, exosomes from pancreatic cancer 
and melanoma can recruit bone marrow-derived macrophages 
related to metastasis,[131] while ovarian cancer cell-derived TEXs 
bear matrix metalloprotease 1 and increase the peritoneal dis-
semination of tumor cells.[132] Conversely, non- or pre-metastatic  
melanoma-derived TEXs expressing pigment epithelium-derived 
factor have been shown to promote the differentiation of bone 
marrow monocyte precursors to Ly6C low patrolling mono-
cytes. These cells actively recruited NK cells and TRAIL-posi-
tive tumor-reactive macrophages to induce the immunogenic  
clearance of metastatic cancer cells at the pre-metastatic 
niche.[133]

Since TEXs contain bioactive molecules such as nucleic 
acids or signaling proteins, they may mediate neoplasia forma-
tion and modulate the surrounding tumor environment. TEXs 
derived from breast and prostate cancers contain a variety of 
miRNAs that are involved in neoplasia and tumor metas-
tasis.[134,135] For instance, prostate cancer-derived TEXs have 
been found to contain miR-125b, miR-130, miR-155, H-RAS, 
and K-RAS mRNAs, which can affect the neoplasia reprogram-
ming of tumor tropic adipose stem cells.[135] TEXs derived from 
metastatic breast cancer cells containing miR-200 can promote 
metastasis by stimulating the epithelial to mesenchymal transi-
tion of cancer cells,[136] while breast cancer-derived TEXs har-
boring miR-122 can hamper glucose uptake in pre-metastatic 
niche cells to facilitate breast cancer metastasis.[137] TEXs con-
taining miR-105 have been shown to suppress endothelial tight 
junction ZO-1 (zonular occludens 1) expression and damage the 
integrity of normal blood vessels, thereby increased vascular 
permeability to promote active metastasis.[138]

The bioactive molecules within TEXs can also affect various 
immune cells in the tumor microenvironment. For instance, 
miR-212-3p in pancreatic cancer-derived TEXs downregulates 
regulatory factor X-associated protein and MHC-II transcrip-
tion factor in DCs to increase cancer growth.[139] miR-222-3p in 
epithelial ovarian cancer-derived TEXs converts monocytes into 
M2 macrophages by downregulating SOC3 expression and acti-
vating the STAT3 signaling pathway.[140] In addition, exosomal 
miR-21 and miR-29a have been shown to activate nuclear factor-
κB signaling in macrophages, resulting in the release of pro-
metastatic cytokines.[141] Chalmin et  al. showed that exosomal 
Hsp72 activates STAT3 signaling to expedite the immunosup-
pressive activity of myeloid-derived suppressor cells.[142] Fur-
thermore, Gabrusiewicz et al. demonstrated that TEXs derived 
from GBM stem cells contain molecules that can simultane-
ously activate the STAT3 pathway, promote the differentiation 

of monocytes into M2 macrophages, and enhance PD-L1 
expression.[143]

The immune regulatory molecules on the surface of TEXs 
have also been shown to modulate the immune response of 
the tumor environment. For example, TEXs derived from 
melanoma express PD-L1, which blocks DC maturation and 
migration to limit the anti-tumor activity of CD8+ T cells.[144] 
PD-L1+ TEXs secreted from cancer cells have also been shown 
to accelerate T cell exhaustion at the draining lymph node of 
tumor-bearing mice and reduce the efficacy of PD1:PD-L1 
blockade.[145] In addition, melanoma or prostate cancer-derived 
TEXs expressing Fas ligand (CD95L or CD178), a well-known 
immune regulatory molecule, were shown to cause T cell apop-
tosis.[146] Moreover, TEXs expressing CD39 (ectonucleoside 
triphosphate diphosphohydrolase 1) and/or CD73 (5′ nucleoti-
dase), which converts ATP to ADP (adenosine), were found to 
limit T and B cell immunity.[147]

Several recent studies have reported that TEXs can induce 
resistance to anti-cancer therapeutic strategy of antibodies spe-
cifically targeting overexpressed tumor antigens. Rituximab, 
which targets CD20 overexpressed in B cell lymphoma, and 
herceptin, which targets HER2 expressed on breast cancer 
cells, are typical therapeutic agents that can induce ADCC.[148] 
However, since TEXs partly represent the original characteris-
tics of their parental cells, the secretion of CD20+ TEXs from 
B cell lymphoma and HER2+ TEXs from HER2+ breast cancer 
may also neutralize antibodies against cancer cells.[149] Qu et al. 
observed that long non-coding RNA in TEXs from renal cell 
carcinoma competitively blocked miR-34 and miR-449 binding 
to their targets in the cancer cells, thereby conferring sunitinib 
resistance.[150]

Considerable efforts have been made to investigate the prop-
erties of TEXs as tumor antigen sources and immune adjuvants; 
however, several reports have suggested that TEXs also play 
pro-tumorigenic roles. The complex functions of TEXs must be 
considered thoroughly depending on their context, and in-depth 
research into TEX biogenesis and characterization will broaden 
their utility by allowing TEXs to be optimized to alleviate their 
disadvantageous features and reinforce their strengths.

4.1.2. Dendritic Cell-Derived Exosome

TEXs are thought of as a double-edged sword as they contain 
both cancer neoantigens to initiate anti-cancer immunity and 
factors that can expedite cancer progression. To solve this 
problem, several reports have used exosomes derived from 
tumor antigen-exposed DCs (dendritic cell-derived exosome 
[DEXs]; Figure 11) that can evade the pro-tumorigenic effects of 
TEX while acting as an efficient source of immunogenic anti-
gens. Such an approach could successfully evoke anti-tumor 
immunity and DEXs have been found to be sufficient to arouse 
anti-tumor response.

DEXs express MHC-I and MHC-II bound antigen peptides 
along with ICAMs, adhesion molecules, integrins, docking 
molecules, and co-stimulatory signals such as CD40, CD80, 
and CD86,[151] indicating that DEXs could represent the func-
tionality of DCs. Indeed, Zitvogel et  al. demonstrated that a 
single intradermal injection of DEXs was able to hinder tumor 
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growth.[152] It has also been reported that DEXs can activate 
CD4+ T cell immunity and result in Th1 and Th2 immune 
responses, irrespective of the maturity of the original human 
DCs.[153] Furthermore, DEXs have been shown to evoke antigen-
specific T cell immunity more efficiently than microvesicles 
from DCs.[154]

Recently, two phase I clinical trials have investigated whether 
DEXs can generate anti-cancer effects by T cell priming in a 
clinical setting. First-generation DEXs isolated from DCs 
exposed to autologous tumor-associated antigens were enough 
to activate MHC-1-independent cancer cell cytotoxicity, whereas 
not to effectually induce T cell immunity.[155,156] Unlike APCs, 
DEXs displayed a limited ability to directly induce T cell 
priming in vivo[157]; however, additional experiments revealed 
that DEXs could provoke a NK cell immune response by stim-
ulating IL-15/IL-15Rα and NKG2D ligand expression on NK 
cells.[158]

Second-generation DEXs were later acquired from DCs chal-
lenged by IFN-γ and melanoma antigen recognized by T cells 
1 (MALT-1) peptides[122] and intradermally injected into IIIB/
IV non-small cell lung cancer patients four times with an 
interval of 7 days. These DEXs were able to induce anti-tumor 
responses depending on DC maturation, with disease stabiliza-
tion observed over 4 months in 7 of the 22 patients, other than 
one severe case of liver toxicity.[151] Taken together, these results 
suggest that DEXs can reduce tumor growth in end-stage 
cancer patients by generating anti-tumor immune responses.

4.2. Exposing Innate Immune Cells to Danger Signals

To activate the early stages of the cancer immunity cycle, cancer 
antigens must be released and signals that activate innate 
immune cells are required. Unlike viruses or external patho-
gens, cancer cannot easily be surveilled by immune cells as 
cancer cells secrete or express factors that establish local and 
systemic immunosuppressive surroundings and critically 
influence clinical success. The expression of PD-L1 on the 
surface of cancer cells has been shown to cause CD8+ T and 
NK cell exhaustion.[159] The cancer cells also express ecto-5′-
nucleotidase (NT5E, also known as CD73) that turns extracel-
lular ATP, which generally exerts chemotactic effects for DC 
infiltration, into immunosuppressive ADP that hampers the 
induction of immunity against cancer.[160] Immunosuppressive 
environments are also known to form around tumors to under-
mine anti-cancer immunity. For instance, immunosuppressive 
immune cells or cancer-associated fibroblasts secrete immu-
nosuppressive cytokines such as IL-10 and TGF-β into tumor 
microenvironment to silence immune responses.[161]

In general, apoptotic cells are known to be intrinsically toler-
ogenic and cannot induce dying cell-specific immunity.[162] Like 
normal cells, most cancer cells undergo tolerogenic cell death 
which suppresses the surrounding immune response rather 
than activating it[163]; therefore, the signals produced by cancer 
cells must be altered so that immune cells can sensitively 
detect them. Chemotherapeutics, such as doxorubicin, mitox-
antrone, oxaliplatin, cyclophosphamide, and other anti-cancer 
treatments, including photodynamic therapy, oncolytic virus, 
and conventional radiotherapy, have been shown to induce the 

“immunogenic cell death (ICD)” rather than tolerogenic cell 
death.[164] These treatments can induce endoplasmic reticulum 
(ER) stress in cancer cells, leading to ICD and exposure to or 
the secretion of danger signals, known as danger-associated 
molecular patterns (DAMPs).[165] DAMPs consist of calreticulin 
(CRT), an “eat me signal” that enhances cancer cell phagocy-
tosis[166,167]; ATP, “find me signal” that recruits phagocytes into 
the tumor microenvironment[168]; and HMGB-1 or Type 1 IFN, 
which are the “activating signals” that promote the processing 
of tumor antigens in phagocytes.[169,170] Furthermore, the ICD 
of cancer cells can effectively activate innate immune cells, par-
ticularly DCs, which in turn leads to acquired T cell immunity.

4.2.1. Exosomal Delivery of ICD Inducers

The efficacy of ICD inducers has been experimentally con-
firmed by directly injecting the inducers into tumors[166,168,169]; 
however, intratumoral injection is clinically challenging so most 
ICD inducers are administered systemically, which can cause 
toxicity against normal cells, including immune cells. Despite 
several clinical trials of ICD inducers, their ability to elicit anti-
cancer immunity remains controversial.[49] To overcome these 
limitations, attempts are being made to load ICD inducers into 
nanoparticles for efficient delivery to the tumor site.

Exosomes are promising candidates for evoking anti-tum-
origenic responses by conveying ICD inducers to the tumor 
site. For instance, Toffoli et  al. showed that doxorubicin-
loaded exosomes could alter the biodistribution of free doxo-
rubicin to reduce its toxicity and produce sufficient anti-tumor 
responses.[34,94] The first-line chemotherapeutic paclitaxel is 
a well-known ICD inducer that can induce CRT exposure,[171] 
and paclitaxel-loaded MSC-derived exosomes have been shown 
to efficiently target both primary and metastatic tumors in 
a highly metastatic MDA-hyb1 breast tumor model.[97] In 
addition, oncolytic viruses loaded onto exosomes can be prefer-
entially delivered to the tumor site due to the inherited cancer-
homing nature of exosomes, causing cancer cell deaths.[172]

4.2.2. Reinforcement of Enemy Signals by Fusogenic Exosomes

Until recently, cell surface membrane proteins could not be 
edited and diseases caused by membrane-protein deficiency 
constituted a medical blind spot without proper treatments.[173] 
Yang et  al. reported a de novo exosome-based membrane-
editing technique focusing on the fact that exosomes mimic 
the membrane structures of their parent cells, allowing them 
to fuse to the recipient cell membrane. The membrane of the 
engineered exosomes displayed improved fusion efficiency 
under specific conditions, enabling desired membrane proteins 
to be inserted into the target cell membrane (Figure 12).[53]

Fusogenic exosomes can deliver viral proteins to the sur-
faces of cancer cell membranes and thus expose immune cells 
to danger signals. Kim et al. developed a mutant vesicular sto-
matitis virus G protein exosome (mVSVG-Exo) that can fuse to 
cancer cell membranes at pH 6.4–8.[174] Since VSVG is the G 
protein of the vesicular stomatitis virus and is a known TLR-4 
agonist, their study demonstrated that exosomes expressing this 
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protein could act as a danger signal upon binding to the TLR-4 
receptor of immune cells. Moreover, immune cell pathogen 
recognition receptors were able to recognize the viral mVSVG 

presented by cancer cells and identify them as non-self, thus 
enhancing their phagocytosis. This xenogenization strategy 
strengthened the danger signals on the surface of cancer cells, 

Figure 12. Membrane engineered fusogenic exosomes transferred membrane proteins to recipient cells by fusion. a) Representative schematic illustra-
tions of fusogenic exosome platform. b) Normalized FRET efficiency distribution of the fusogenic exosomes measured at different pH conditions (upper, 
pH 7.4; lower, pH 5.5). c) Representative illustrations of PET scan indicated the ability of glucose uptake as time changes. Enhancement in glucose uptake 
was observed at the femur muscles of BALB/c nude mice after fusogenic exosome treatment (right) compared to control exosome treatment (left). 
d) Accumulation of [18F] 2-fluoro-2deoxy-d-glucose (18F-FDG) in skeletal femur regions. Reproduced with permission.[53] Copyright 2017, Wiley-VCH.
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suggesting that effective anti-cancer immunity can be induced 
in a wide range of tumors with synergistic tumor suppression 
by immune checkpoint blockades.

4.3. Enhanced Tumor Antigen Uptake

Innate immune cells, such as macrophages and DCs, have a 
high probability of encountering cancer cells and can rapidly 
engulf them via phagocytic receptors, which is a prerequisite 
for eliciting anti-tumor immunity.[175] However, cancer cell 
phagocytosis can be suppressed via diverse resistance mecha-
nisms at different stages of tumor progression.

Immune cell phagocytosis is mainly determined by the 
overall balance between “eat me” and “don’t eat me” sig-
nals. Cancer cells overexpress “don’t eat me” signals, such 
as CD47,[176] B2M (beta 2 microglobulin),[177] PD-L1,[178] and 
CD24[179] and can suppress their engulfment by interacting 
with SIRPα, leukocyte immunoglobulin-like receptor subfamily 
B member 1, PD-1, and sialic acid-binding Ig-like lectin 10, 
respectively, on innate immune cells. Thus, impaired cancer 
cell phagocytosis dampens the induction of tumor-specific 
immunity.

4.3.1. Suppression of “don’t eat me” Signals by Engineered Exosomes

CD47 is a “don’t eat me” signal that is expressed on tumor 
cells around threefold more than on normal cells.[180] Since 
the interaction between CD47 and SIRPα can act as a mye-
loid immune checkpoint, researchers have begun to utilize 
these molecules as a new form of cancer immunotherapy that 
controls tumor cell phagocytosis.[181] Therapeutics targeting 
the CD47:SIRPα axis, particularly anti-CD47 antibodies, 
have demon strated remarkable tumor-suppressive effects in 
preclinical models by enhancing cancer cell phagocytosis. 
Notably, CD47 blockade was reported to enhance the cross-
priming ability of DCs linking to T cell immune responses; 
thus CD47 blockade can induce the activation of both innate 
and adaptive immunity to promote effective anti-cancer 
immunity.[182] Clinical trials are currently underway to inves-
tigate the regulation of the CD47:SIRPα signaling axis against 
diverse tumor types, including hematological malignancies 
and solid cancers.[181]

Native SIRPα proteins on the cell membrane dimerize when 
they interact with CD47. Since exosomes can retain their parental 
cell membrane, exosomal SIRPα proteins can form membrane-
spanning SIRPα clusters that enhance their binding affinity 
with CD47. Koh et  al. designed SIRPα expressing exosomes 
that efficiently block the interaction between CD47 on cancer 
cells and SIRPα on phagocytes to reinforce the phagocytosis of 
various cancer cells. These SIRPα exosomes displayed remark-
able anti-tumor effects and successfully induced adaptive T cell 
immune responses, resulting in CD8+ T cell infiltration in the 
tumor.[84] Notably, the SIRPα exosomes were able to induce 
more effective anti-tumor immune responses than ferritin, a 
nanocage protein displaying 24 SIRPα molecules, indicating 
that exosomes maximize the therapeutic efficacy of membrane-
associated proteins.[85]

4.4. Augmentation of T Cell Priming

Despite the uptake of tumor neoantigens by APCs, only around 
1% of mutated proteins can evoke anticancer immunity.[183] 
Meanwhile, the tumor microenvironment hampers DC acti-
vation in multiple ways and reduces their ability to prime T 
cell,[184] yet the induction of an efficient anti-cancer immune 
response requires APC activation.[185] CTLA-4 antibodies, such 
as ipilimumab, a well-known immune checkpoint blockade, 
can block the interaction between CTLA-4, the primary negative 
regulator on T cells, and its APC ligands, such as B7.1 and B7.2 
(CD80 and CD86), thus improving T cell priming.[186] Conse-
quently, clinical trials have been carried out on the combina-
tion of CTLA-4 antibodies and PD1:PD-L1 blockades to enhance 
the responsiveness of pre-existing PD-1 blockades in clinical 
patients.[187] Thus, sufficient APC activation is required to elicit 
adequate tumor-specific T cell immunity.

4.4.1. Exosomal Activation of the cGAS-STING Pathway

Stimulator of IFN genes (STING) is an intracellular receptor 
within the ER of DCs whose activation is known to induce the 
release of type 1 IFN, upregulates DC cross-presentation and 
induces the secretion of various pro-inflammatory cytokines and 
chemokines for potent anti-cancer immunity.[188] The STING 
pathway can be actively potentiated by cyclic dinucleotides 
(CDNs), such as cyclic dimeric guanosine monophosphate (c-di-
GMP), cyclic dimeric adenosine monophosphate (c-di-AMP), 
and cyclic GMP-AMP (cGAMP),[189] and by the production of 
cGAMP (a natural CDN) induced by cytosolic DNA binding to 
cyclic GMP-AMP synthase (cGAS).[190] Activated STING pro-
gresses from the ER to the Golgi apparatus where it recruits 
TANK-binding kinase 1 (TBK1) and the transcription factor IFN 
regulatory factor 3 (IRF3) to induce the release of type 1 IFNs, 
such as IFN-α and IFN-β,[191] which can accelerate cytotoxic 
T cell responses and type 1 T helper cell (Th1) responses.[192] 
STING-deficient mice cannot generate tumor-specific T cells 
and therefore exhibit accelerated tumor growth and resistance 
to cancer immunotherapy.[193] Consequently, numerous natural 
and synthetic STING agonists are currently under development 
or clinical trial to treat infectious diseases and cancers.[194]

For instance, Kitai et  al. isolated exosomes from breast 
cancer cells treated with topotecan, a topoisomerase 1 inhib-
itor used for cancer therapy, confirming that the exosomes 
contained DNAs from the parental cells which could activate 
cGAS-STING signaling in DCs and promote the infiltration of 
CD8+ T cells and anti-tumorigenic effects in tumor tissue.[195] 
Another study found that more exosomes containing EGFR, 
P-EGFR, and genomic DNA (exo-gDNA) were produced by 
EGFR+ tumor cells treated with second-generation EGFR 
kinase inhibitors, with the TEXs harboring genomic DNA 
expected to activate the STING pathway in APCs.[196] In addi-
tion, when T cells are primed by direct interaction with DCs, 
they secrete exosomal genomic and mtDNAs that can be taken 
up by DCs to activate T cell immunity via type I IFN production 
due to the cGAS-STING signaling pathway.[197]

Recently, Codiak Biosciences (Cambridge, MA, USA) devel-
oped exoSTING overexpressing PTGFRN and loaded with a 
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CDN small-molecule STING agonist. exoSTING was shown 
to reinforce IFNβ production in APCs and elicit anti-tumor 
immunity, inducing tumor-suppressive effects in a B16F10 
tumor-bearing mouse model. Thus, exosomes harboring 
STING agonists can support the amplification of the initial 
stages of the cancer immunity cycle to evoke tumor-specific 
immunity.[89]

4.4.2. Activation of DC Functions by Engineered Exosomes

CD40 ligand (CD40L; or CD154) is a co-stimulatory molecule 
commonly expressed by T cells that reinforces the functions of 
APCs by interacting with CD40. Wang et  al. genetically modi-
fied Lewis lung tumor cells to overexpress CD40L and produce 
TEXs expressing the molecule, reporting that these CD40L 
expressing TEXs induced DC maturation in vivo and anti-
cancer T cell immunity, thus improving vaccination efficacy 
against lung cancer.[198]

Recently, engineered exosomes expressing an enzyme 
that can degrade the extracellular matrix (ECM) of tumor tis-
sues were reported to activate DCs and induce immunogenic 
responses. Hyaluronic acid (HA) is a major ECM component 
around tumor tissue that supports cancer progression and 
malignization.[199] The engineered exosomes expressed hyaluro-
nidase (PH20), an HA degradation enzyme, and were able to 
degrade HA and enhance the infiltration of therapeutic agents 
and CD8+ T cells into the tumor to reduce its growth.[86] The 
degradation of HA by PH20 exosomes produced low mole-
cular weight HA that directly interacted with TLR-4 on DCs 
to increase their maturation and cross-presentation to induce 
cancer-specific T cell immune responses.[87]

4.5. Improved Tumor Susceptibility to Effector Immune Cells

The recognition of cancer cells by tumor-infiltrating effector 
immune cells is critical for successful cancer immuno-
therapy.[200] TCR on CD8+ T cells can only recognize host 
antigens presented on MHC-I. Normal cells generally present 
self-antigens on MHC-I on their surface, whereas cancer cells 
reduce MHC-I expression to evade non-self-recognition by T 
cells. Mutation in B2M, the major component of MHC-I, can 
autonomously suppress MHC-I expression.[201] Genetic and 
epigenetic alterations in IFN-γ receptor signaling pathways, 
including JAK1, JAK2, and APLNR, can also inhibit MHC-I 
expression on the surface of cancer cells.[202] Furthermore, 
the immunosuppressive properties of the tumor microen-
vironment can reduce the infiltration of effector immune 
cells such as CD8+ T cells and natural killer (NK) cells into 
tumors.[6]

In recent years, CAR-T therapy alongside immune check-
point blockade has been noted as a successful anti-cancer treat-
ment.[101] Indeed, the efficacy of CAR-T therapy against B cell 
lymphocytic leukemia is widely recognized and clinical trials 
have expanded to various other cancer types.[203] CAR-T involves 
external engineering to add CAR to T cells isolated from the 
blood of patients; thus, the approach is customizable for each 
patient. CAR-T injection has been reported to not only directly 

induce potent anti-cancer effect but also induce memory to sup-
press the recurrence and metastasis of cancer.[204]

The advantage of CAR-T therapy over general T cells is its 
MHC-I independence when recognizing tumor antigens and 
recombinant CAR can not only recognize tumor antigens but 
also stimulate T cell activation signaling. The extracellular 
domain of CAR is a single-chain variable antibody domain 
that enables the receptor to recognize cancer-specific anti-
gens, while the hinge domain commonly consists of immuno-
globulin superfamily members such as IgG of CD8 or CD28. 
The intracellular signal transduction region of CAR is gener-
ally composed of both the CD3ζ (CD3 zeta) chain of TCR and 
a CD28, 4-1BB (CD137), or OX40 (CD134) co-stimulatory sign-
aling moiety that is necessary to elongate the duration of T cell 
proliferation and survival.[204] However, this region may also 
enable CAR-T to recognize cancer cells more easily, leading 
to inappropriate T cell proliferation and hyperactive immune 
responses that cause critical and lethal side effects such as 
cytokine storm.[205]

NK cells are the innate counterpart of CD8+ T cells that can 
recognize and eradicate tumors regardless of MHC-I.[206] NK 
cells express inhibitory receptors that sense the missing “self” 
MHC class-I molecules on tumor cells, such as inhibitory killer 
Ig-like receptors (KIRs) and CD94/NKG2A heterodimers.[206] 
This lack of self-recognition due to the loss of MHC- I leads 
to NK cell-mediated cytotoxicity against escaped tumor cells. 
Recent clinical studies have found that the adoptive transfer 
of allogeneic NK cells is safe for treating both hematological 
malignancies and solid tumors but evoked poor anti-tumor 
responses.[207] Therefore, novel NK cell-based strategies are 
required with improved therapeutic efficacy.

4.5.1. Bridging Between Cancer Cells and T Cells by Engineered 
Exosomes

CAR-T therapy can induce rapid and consistent clinical 
responses; however it can also cause acute immune-related 
toxicities. In addition, CAR-T therapy is based on engi-
neered T cells which may eventually become exhausted or 
undergo apoptosis due to the immunosuppressive tumor 
microenvironment. A recent study showed that CAR-T-
derived exosomes (CAR exosomes) could be utilized as a 
cancer immunotherapy as they not only express CAR but also 
cytokine molecules that evoke significant anti-tumor effects. 
CAR exosomes were also found to have fewer side effects like 
cytokine release syndrome and lacked functional suppression 
by PD-L1.[208] These results suggest that exosomes could be 
an option for cell-free therapy as they retain the functions of 
conventional cell therapy such as CAR-T while reducing the 
drawbacks of cell therapy.

To effectively induce anti-cancer T cell functions, they must 
be activated and directed toward cancer cells. Cheng et  al. 
developed SMART Exo, double targeting exosomes expressing 
synthetic multivalent antibodies that co-expressed two ligands 
recognizing EGFR on cancer cells and CD3 on T cells, respec-
tively. These exosomes were able to crosslink EGFR-positive 
cancer cells and T cells to induce the death of cancer cells by 
T cells.[209]
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4.5.2. Other Cell-Free Therapies: NK Cell- or M1 Macrophage-
Derived Exosomes

Unlike TEXs, normal cell-derived exosomes have not been well 
described. A few studies have reported that exosomes gen-
erated by NK cells harbor the cellular machinery for killing 
tumor cells.[210] For example, NK cell lines-derived exosomes 
(NK exosomes) have been shown to carry functional molecules 
such as Fas ligand, perforin, and tumor necrosis factor-α, that 
can exert cytotoxic effects against tumor cells.[211] NK exosomes 
were also shown to exert specific cytotoxic effects on tumor cells 
but not normal cells. Activated NK cells were found to produce 
numerous exosomes that expressed several activating receptors 
and yielded greater anti-tumorigenic efficacy.[212]

Another cell-free therapy has been developed using M1 mac-
rophage-derived exosomes (M1 exosomes). Wang et al. demon-
strated that M1 exosomes activate the NF-κB signaling pathway 
in macrophages to promote pro-inflammatory cytokine expres-
sions and caspase-3-mediated apoptosis in tumor cells.[213] In 

addition, Cheng et al. found that M1 exosomes can serve as an 
adjuvant for cancer vaccines,[214] with their subcutaneous admin-
istration leading to preferential uptake in macrophages and DCs 
at the lymph nodes and provoking the release of pro-inflamma-
tory cytokines. Furthermore, the combination of M1 exosomes 
and cancer vaccines exerted potent anti-tumor immune 
responses. These findings indicate that exosome-based cell-free 
immunotherapies display potential immunological effects.

5. Remaining Challenges Facing the 
Use of Exosomes for Cancer Therapy
Exosome-based cancer treatment strategies are actively being 
tested in virtue of its various advantages, leading to several clinical 
trials for cancer therapy (Table 1). For instance, autologous malig-
nant pleural effusion-derived TEXs loaded with anticancer drugs 
have been used to treat malignant pleural effusion [NCT02657460, 
NCT01854866], while DEXs isolated from autologous DCs loaded 

Table 1. Clinical trials based on exosomes for cancer immunotherapies.

Source Conditions Usage Exosomal 
cargo

Dose Administration Outcome Patients Phase Recruitment 
Status

References

Human 
(ascites)

Colorectal cancer Vaccination — 100–500 µg of 
protein

Four subcutaneous 
immunizations at 
weekly intervals

Safe, well tolerated; 
tumor-specific anti-

tumor CTL response in 
exosome and GM-CSF 

combination group

40 1 Completed [267]

Human (DCs) Non-small cell 
lung cancer

Tumor antigen 
delivery

MAGE tumor 
antigens

1.3 × 1013

MHC Class II 
molecules

Four doses of DEX at 
weekly intervals

Safe, well tolerated; 
four stable disease 

(where two had initial 
progression)

13 1 Completed [268]

Human (DCs) Non-small cell 
lung cancer

Tumor antigen 
delivery

MAGE tumor 
antigens

8.5 × 1011–1.0 
× 1013

MHC Class II 
molecules

Intradermal injec-
tions of DEX once 

a week during 4 
consecutive weeks

32% with stable dis-
ease, primary

41 2 Completed NCT01159288

Human (DCs) Melanoma Vaccination — 4 × 1013 or 
1.3 × 1013 

MHC Class II 
molecules

Four exosome vacci-
nations intradermally 
and subcutaneously 
at 1 week intervals

Safe, well tolerated; 
two stable disease. 

One minor response, 
one partial response, 
one mixed response

15 1 Completed [155]

Human 
(MSCs)

Metastatic 
pancreatic 

adenocarcinoma

siRNA delivery siRNA against 
KrasG12D

Not available Treatment on days 
1, 4, and 10. Repeats 
every 14 days for up 

to three courses

Not available 28 1 Not yet 
recruiting

NCT03608631

Human (tumor 
cells)

Malignant 
pleural effusion, 

malignant ascites

Drug delivery Chemothera-
peutics

Not available Perfused to the 
pleural or peritoneal 

cavity of patients with 
four times per week

Not available 30 2 Unknown NCT01854866

Human 
(tumor cells)

Malignant 
Pleural effusion

Drug delivery Methotrexate Not available Injected once in  
2 days until the malig-
nant pleural effusion 
are disappeared or 
the treatment cycle 
has been six times

Not available 90 2 Recruiting NCT02657460

Plant 
(turmeric)

Colon cancer Drug delivery Curcumin 3.6 g Curcumin-conjugated 
exosome tablets 

taken daily for 7 days

Not available 7 1 Active, not 
recruiting

NCT01294072
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with tumor antigens have undergone a phase II clinical trial for 
non-small cell lung cancer [NCT01159288]. Moreover, strategies 
have been developed using exosomes derived from various types 
of fruits and vegetables, such as curcumin-loaded exosomes from 
plants which have undergone clinical trials against colorectal 
cancers [NCT01294072]. MSC-derived exosomes (iExosome) con-
taining K-RAS G12D siRNA have demonstrated anti-tumorigenic 
efficacy in pancreatic cancer models without toxicity and have 
been successfully scaled-up at a clinical grade;[29] thus, iExosomes 
have entered phase I clinical trials in pancreatic cancer patients 
[NCT03608631]. Despite these advances, several challenges must 
be overcome before exosomes can be used as therapeutic agents. 
Here, we address the major factors that affect the successful clin-
ical approval of therapeutic exosomes and the problems that cur-
rently remain unsolved.

5.1. Cell Sources for Exosome Production

The primary consideration when developing therapeutic 
exosomes is the cell source that will be used to produce the 
exosomes (Figure  13), with MSCs being a major candidate. 
Friedenstein first discovered a specific population of bone 
marrow stromal cells that supported mesodermal differentia-
tion and hematopoiesis,[215] which were named MSCs in the 
1990s by Caplan.[216] MSCs can be harvested as a subset of 
stromal regenerative cells from various adult tissues[217] and 
numerous studies have shown that they can be used to treat 
many diseases that require the regeneration of damaged tis-
sues, including respiratory, renal, hepatic, neurological, 
musculoskeletal, and cardiovascular organs.[218] In addition, 
MSC-derived exosomes have a long half-life due to high CD47 
expression.[219] Therefore, MSC-derived exosomes are currently 
undergoing clinical trials for several diseases, including pan-
creatic cancer and severe therapy-refractory acute GvHD.[220] 
Autologous DCs, patient cancer cells, and established cell lines 
are also considered candidate cell sources.[221] Further studies 
to validate the safety and advantages of each cell source may 
enable the clinical use of exosomes derived from human cell 
and non-human cell sources for anti-cancer therapeutics.

Some studies have attempted to utilize exosomes from 
different fruits and vegetables, such as ginger, grapes, and 
lemons.[222] Raimondo et  al. showed that lemon juice-derived 
exosomes can induce TRAIL-mediated apoptotic cell death to 
produce an anti-tumorigenic response against chronic myelog-
enous leukemia.[223] Meanwhile, it was recently reported that 
milk-derived exosomes can improve the intestinal absorp-
tion of orally delivered exosomes via FcRN-mediated transcy-
tosis.[224] Another study compared the yield of milk-derived 
exosomes to that of other cell sources, finding that milk-derived 
exosomes are produced at 1000 times higher levels.[225] In addi-
tion, exosomes isolated from milk can be loaded with naturally 
available molecules, such as Tripterygium wilfordii, Celastrus 
regelii,[226] curcumin (isolated from turmeric),[227] and aglycones 
(anthocyanidins),[228] which can exert tumor-suppressive effects 
without toxic side effects. Furthermore, Agarwal et al. reported 
that orally delivered milk-derived exosomes loaded with pacli-
taxel displayed therapeutic efficacy and diminished toxicity in 
A549 lung tumor-bearing mice.[229]

5.2. Exosome Isolation

Serial centrifugation is the most commonly used exosome 
isolation method whereby sequential centrifugation from 
2000 to 10  000 relative centrifugal force (RCF) allows the 
removal of cells, cellular debris, and MVs, while ultracen-
trifugation (>100  000 RCF) allows the exclusion of proteins 
(Figure 14).[230,231] However, this method cannot tackle risk fac-
tors such as macromolecules contamination, disruption of exo-
somal integrity, or exosome aggregation, and displays limited 
scalability due to time- and labor-consuming procedures.[232] 
Although additional procedures, such as density gradient sepa-
ration via iodixanol and sucrose cushions, can be carried out 
after isolation by ultracentrifugation,[230,233] the extraction of 
exosomes from bodily fluids containing a mixture of diverse 
molecules, such as blood, remains challenging.[234]

Various size-based methods have been developed to improve 
the yield, purity, and functionality of exosomes, including 
TFF,[234] ultrafiltration devices,[235] and size exclusion chro-
matography (SEC). TFF is considered the most appropriate 
method for mass-producing exosomes for clinical use as it 
provides a higher yield with less non-exosome molecule con-
tamination or aggregation than serial centrifugation. In addi-
tion, high batch-to-batch consistency has prompted many 
companies dealing with exosomes to establish TFF-based exo-
some production facilities.[236] SEC is considered appropriate 
for extracting exosomes from small-volume media as it can 
enhance purity using different pore sizes, thereby maintaining 
exosome functionality and integrity better that ultracentrifuga-
tion. SEC is also a convenient diagnostic method; however, its 
inability to deal with large volumes remains challenging for 
mass production.[237]

Polymer-based precipitation methods, using commercially 
available exoquick or polyethylene glycol 6000 are also an option 
for isolating exosomes and are mainly used for the clinical 
evaluation of biomarkers.[220] Precipitation commonly achieves 
a higher yield with better exosome functionality and integrity; 
however, it is unable to exclude unexpected precipitants.[238] 
Other methods currently being researched include immu-
noaffinity capture targeting exosome-specific molecules using 
anti-EpCAM and anti-CD63 antibodies, which are expected to 
achieve high purity.[239] However, the inherent heterogeneity 
of exosomes may hamper separation effort that utilize spe-
cific marker, while exosomes without the targeted molecule 
are excluded and may distort the authentic functionality of the 
exosomes.[240] Currently, many approaches are being developed 
to improve exosome isolation, such as magnetic methods[241] 
and microfluidic techniques.[242]

Since no gold standard method for exosome isolation or 
production has yet been established, current methods must be 
optimized. For exosome-based cancer treatments to enter the 
clinical phase, optimized production methods must be estab-
lished by either developing groundbreaking new methods or 
combining existing methods. Fundamental studies should also 
be conducted on exosomes themselves to reveal the unique 
characteristics that distinguish them from other EVs. These 
efforts will eventually produce a standardized exosome isolation 
method that can assure productivity, functionality, integrity, and 
purity.
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Figure 13. Isolation and characterization of exosomes from various cell sources. a) Characterization of murine bone marrow mesenchymal stem cell 
(BM-MSC)-derived exosomes. Experimental protocol for exosome isolation from MSCs by ultracentrifugation (top). Size and number of BM-MSC-
derived exosomes detected by dynamic light scattering (DLS) analysis and nano tracking analysis (NTA), respectively (middle left). Representative 
transmission electron microscopy image of BM-MSC-derived exosomes (middle right). Expression of exosomal markers (CD9, CD81) and BM-MSC 
membrane markers (CD44, CD29, Sca-1) assessed with flow cytometry (bottom). Reproduced under the terms of the CC-BY license.[263] Copyright 2017, 
Stella Cosenza, Maxime Ruiz, Karine Toupet, Christian Jorgensen, Danièle Noël. Published by Springer Nature. b) Characterization of exosome-like 
nanovesicles extracted from ginger root. Workflow for exosome-like nanovesicle purification from ginger root by filtration, ultracentrifugation, and 
equilibrium density gradient ultracentrifugation (top). Density (bottom left) and size (bottom right) distribution of each equilibrium density gradient 
ultracentrifugation fraction. Reproduced under the terms of the CC-BY license.[264] Copyright 2018, Zhefeng Li, Hongzhi Wang, Hongran Yin, Chad 
Bennett, Huang-ge Zhang, Peixuan Guo. Published by Springer Nature. c) Exosome isolation from milk. Schematic workflow for exosome purification 
(left). Size of milk-derived exosomes analyzed by NanoSight (right). Reproduced with permission.[265] Copyright 2016, Elsevier.
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5.3. Loading Bioactive Molecules on to Exosomes

Exosomes can be loaded with bioactive molecules to treat 
cancer at different intervention time points: direct loading 
is carried out after exosomes are isolated, whereas indirect 
loading involves the manipulation of producer cells before exo-

some isolation and takes advantage of the exosome biogenesis 
process to grant the desired trait (Figure 15).

Exogenous therapeutic agents can be loaded directly via the 
following process: 1) simple incubation, 2) electroporation, 3) 
sonication, 4) chemical conjugation, 5) permeabilization, 6) 
freeze–thaw cycles, and 7) extrusion.[243] However, excessive 

Figure 14. Exosome isolation. a) Exosome isolation via serial centrifugation and ultracentrifugation. Reproduced under the terms of the CC-BY 
license.[266] Copyright 2018, Yong Kyoung Yoo, Junwoo Lee, Hyungsuk Kim, Kyo Seon Hwang, Dae Sung Yoon, Jeong Hoon Lee. Published by MDPI. 
b) Types of exosome (a class of extracellular vesicles) isolation method. Reproduced under the terms of the CC-BY license.[59] Copyright 2019, Walker S,  
Busatto S, Pham A, Tian M, Suh A, Carson K, Quintero A, Lafrence M, Malik H, Santana MX, Wolfram.
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loading may result in exosomal aggregation or reduce safety 
and integrity. Furthermore, there is no reliable way to deter-
mine whether exosomes contain the active molecule following 
direct loading and loading efficiency is reported to differ greatly 
between research groups, ranging from 85% to 0%.[244] The 
iExosome developed by Kalluri et  al. recently entered phase I 
clinical trials for pancreatic cancer and the direct encapsula-
tion of K-RAS G12D siRNA by electroporation was reported to 
load 1  µg of RNA into 108 exosomes, even after washing, and 
demonstrate potent anti-cancer effects in preclinical tumor 
models.[29] These results indicate that directly loading exosomes 
with cargoes can induce the desired responses.

The exogenous loading of bioactive molecules into pro-
ducer cells involves similar methods to those mentioned above, 
such as simple incubation, electroporation, and sonication.[29] 
The expression of a specific protein can also be achieved by 
transfecting exosomes with commercially available cationic 
liposomes expressing designed plasmid constructs.[84] Optoge-
netic loading is another indirect approach, wherein transfection 
with an engineered construct can induce reversible protein–
protein interactions in HEK293T cells stimulated with blue 
light via light-dependent loading feature.[245] Recently, the elec-
trical cellular nanoporation method was reported to load 1000-
fold more therapeutic mRNAs and targeting peptides with a  

50 times higher yield of the desired exosomes. Yang et al. designed 
a device to electrically stimulate the producer cells focally and 
transiently thus increasing the loading of the desired PTEN 
mRNA. Moreover, following exosomal loading and systemic 
injection, the PTEN mRNA displayed potent anti-tumor effi-
ciency in PTEN-deficient glioma tumors.[246]

5.4. Exosome Heterogeneity

Exosome populations are highly heterogeneous and can induce 
complex biological responses, making exosomal quality con-
trol difficult. Thus, considerable time and effort is required to 
optimize production conditions to produce exosome with high 
functionality and efficacy. Moreover, exosome heterogeneity 
also hinders a comprehensive understanding of their biogen-
esis, contents, biodistribution, and functions.

To explain exosome heterogeneity, complex factors, such as 
size, content, functional effect, and cell source, must be con-
sidered comprehensively (Figure  16). Uneven MVB formation 
during biogenesis has been shown to result in a wide range 
of sizes.[11] In addition, some isolation methods may degrade 
the structural integrity of exosomes and thus their quality.[247] 
Simply detecting specific bioactive molecules such as miRNAs 

Figure 15. Loading of bioactive molecules into exosomes. Therapeutic substances such as proteins, small-molecular drugs, and RNA species can be 
loaded into exosomes (a class of EVs) using an endogenous (loading into producer cells) or exogenous (loading into isolated exosomes) approach. 
Reproduced with permission.[9] Copyright 2019, The American Association for the Advancement of Science.
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Figure 16. Exosome heterogeneity. Highly heterogeneous exosomes can be generated with varying size distributions, exosomal contents, functionali-
ties, and producer cell sources. Reproduced with permission.[11] Copyright 2020, The American Association for the Advancement of Science.
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in the bulk exosome samples cannot ensure that miRNA is 
contained in every single exosome[248] since current available 
analysis techniques lack the ability to evaluate the exosomes 
individually, while the cellular environment and biological char-
acteristics may affect exosome contents.[248]

One of the main reasons for exosome heterogeneity is that 
there is still no established exosome isolation method. Exo-
somal contents may differ depending on the exosome isolation 
method; therefore detailed studies are required to investigate 
the specific isolation of genuine exosomes.[249] Haiying et  al. 
demonstrated that two different isolation methods, asymmetric 
field-flow fractionation and differential ultracentrifugation, 
resulted in exosomes with two discrete sizes (large: 90–120 nm 
diameter, or small: 60–80 nm diameter) and non-membranous 
nanoparticles known as exomeres (≈35 nm). These three types 
of nanoparticles displayed disparate biophysical characteris-
tics such as zeta potential (large exosomes: −12.3 to −16.0 mV; 
small exosomes: −9.0 to −12.3 mV; exomeres: −2.7 to −9.7 mV) 
and stiffness (large exosomes: 26–73  MPa; small exosomes: 
70–420 MPa; exomeres: 145–816 MPa). Each type also contained 
different amounts and types of proteins, lipids, and nucleic 
acids, and all three were taken up by hematopoietic organs such 
as the liver, spleen, and bone marrow with larger exosomes 
accumulating more in the lymph node.[250]

In another example, Jeppesen et al. combined the direct immu-
noaffinity capture method targeting the classical exosome marker 
tetraspanin with high-resolution density gradient fractionation to 
separately assess exosome composition, small EV exosomes, and 
non-vesicular components. Exosomes and non-vesicular com-
ponents were found to harbor different proteins and RNAs; for 
instance, exosomes did not contain miRNA processing proteins 
such as Argonautes (Agos), glycolytic enzymes, or cytoskeletal 
proteins. Nor did they contain the dsDNA or DNA-binding his-
tones, which are traditionally known to exist in exosomes, sug-
gesting that dsDNA or DNA-binding histones are released via an 
exosome-independent mechanism. These findings highlight the 
need for a detailed analysis method to understand exosomal het-
erogeneity and reassess exosome composition.

6. Conclusions and Outlook

This review focused on emphasizing the usefulness and poten-
tial of exosomes in cancer therapy. Until recently, cancer treat-
ment has relied mainly on physical surgery, chemotherapy, 
target therapy, or radiotherapy; however, these therapeutic 
modalities are commonly accompanied by side effects, acquired 
resistance, frequent metastasis, and recurrences.[251] Cancer 
immunotherapy has emerged as a promising alternative to 
these conventional therapies to treat a variety of malignancies 
and has demonstrated remarkable clinical results, gaining con-
siderable attention as a next-generation cancer treatment.[252]

Despite these positive clinical responses, many cancer 
patients remain unresponsive to current cancer immunother-
apies[5] for several reasons: 1) immune cells may not detect 
tumor antigens due to intrinsic tumor resistance,[253] 2) DCs 
and T cells may recognize tumor antigens as their own, thereby 
promoting a tolerogenic immune response,[254] 3) educated T 
cells may not properly home to tumor tissues,[255] 4) inhibitory 

signals, such as PD-L1 and CTLA-4 may dampen immune 
surveillance against tumor cells,[110] and 5) unique proper-
ties such as hypoxia, stiffness, and dense ECM in the tumor 
microenvironment may suppress tumor-specific effector T cell 
immunity.[256]

These limitations emphasize the complexity and heteroge-
neity of cancer and support the concept of cancer as CAS.[3] 
Thus novel immunotherapeutic strategies should meet the fol-
lowing five requirements: 1) targetability for the selective recog-
nition of neoantigens expressed on cancer cells; 2) adaptability 
to antigen diversity due to tumor mutations; 3) self-propagating 
immune system to improve anti-tumor immune responses; 4) 
durable immune effects; and 5) immune cell infiltration into 
tumor tissues.

Recently, we proposed the concept of intrinsic cancer vacci-
nation (ICV), showing that the induction of immunogenic cell 
death and activation of APC function prompts intrinsic anti-
tumor immunity that propagates and cycles efficiently when 
combined with current immunotherapies (Figure  17).[257] The 
human immune system belongs to the same category as jawed 
vertebrates and has evolved elaborately for over 500 million 
years to protect organisms from external or internal danger sig-
nals. ICV takes advantage of intrinsic aspects of this well-estab-
lished immune system, thereby fulfilling the five immuno-
therapy prerequisites mentioned above. Thus ICV can promote 
the efficient processing of diverse tumor antigens in APCs to 
elicit sufficient tumor-specific immunity. Consequently, the 
amplification of T cell diversity and clonality may overcome 
tumor heterogeneity.[258] Unlike current cancer vaccines, this 
approach does not depend on selecting a single neoantigen 
and ex vivo cell manipulation, thus may be applicable to a wide 
range of cancers.

Exosomes can exert profound effects on the phenotype of 
their recipient cells as they can deliver contents from their 
parental cells.[15] Indeed, TEXs are known to affect surrounding 
immune cells and other cells in the tumor microenvironment, 
even in distant organs. Immunotherapeutic strategies targeting 
these properties of TEXs may awaken innate immune system 
against cancer, while exosomes engineered to regulate immune 
functions could fully amplify these anti-tumor immune 
responses at each stage of the cancer immunity cycle. There-
fore, the development of an ICV strategy using exosomes could 
overcome the limitations of conventional immunotherapies.

Notably, exosomes have many advantages over other nano-
particles due to their excellent biocompatibility, low immu-
nogenicity, high stability, prolonged half-life, ability to cross 
physical barriers such as the BBB, and targetability.[259] In addi-
tion, their ability to deliver functional biomolecules (therapeutic 
proteins, chemotherapeutics, and nucleic acids), and propensity 
for bioengineering has attracted significant attention recently.

Several exosome-based drugs are currently in the pipeline, 
a few of which have just started clinical trials; however, some 
critical problems remain unsolved. For instance, the natural 
heterogeneity of exosomes must be understood in detail to 
manufacture de novo exosome drugs with consistent quality 
and efficacy and a more refined method of exosome isolation is 
required. Further research is also necessary to determine which 
cells should be used for manufacturing and a new approach is 
needed to effectively increase the loading efficiency of bioactive 
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molecules without damaging exosome integrity. Nonetheless, 
the continued efforts will allow exosomes to emerge as the next 
generation of cancer treatments.
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Adv. Mater. 2020, 32, 2002440



www.advmat.dewww.advancedsciencenews.com

2002440 (30 of 37) © 2020 The Authors. Published by Wiley-VCH GmbH

Keywords
cancer therapeutics, characterization and clinical-grade exosomes, 
exosomes, extracellular vesicles, immunotherapy

Received: April 9, 2020
Revised: May 29, 2020

Published online: October 5, 2020

[1] Global Burden of Disease Cancer Collaboration, JAMA Oncol. 2017, 
3, 524.

[2] E. D. Schwab, K. J. Pienta, Med. Hypotheses 1996, 47, 235.
[3] Y. W.  Cho, S. Y.  Kim, I. C.  Kwon, I. S.  Kim, J. Controlled Release 

2014, 175, 43.
[4] S. A. Hoption Cann, J. P. van Netten, C. van Netten, Postgrad Med. 

J. 2003, 79, 672.
[5] D. M. Pardoll, Nat. Rev. Cancer 2012, 12, 252.
[6] X. Zhao, S. Subramanian, Cancer Res. 2017, 77, 817.
[7] N. P. Restifo, M. J. Smyth, A. Snyder, Nat. Rev. Cancer 2016, 16, 121.
[8] N. L.  Syn, L.  Wang, E. K.  Chow, C. T.  Lim, B. C.  Goh, Trends 

Biotechnol. 2017, 35, 665.
[9] O. P. B.  Wiklander, M. A.  Brennan, J.  Lotvall, X. O.  Breakefield, 

S. El Andaloussi, Sci. Transl. Med. 2019, 11, eaav8521.
[10] C.  Thery, K. W.  Witwer, E.  Aikawa, M. J.  Alcaraz, J. D.  Anderson, 

R.  Andriantsitohaina, A.  Antoniou, T.  Arab, F.  Archer, 
G. K.  Atkin-Smith, D. C.  Ayre, J. M.  Bach, D.  Bachurski, 
H. Baharvand, L. Balaj, S. Baldacchino, N. N. Bauer, A. A. Baxter, 
M.  Bebawy, C.  Beckham, A.  Bedina Zavec, A.  Benmoussa,  
A. C. Berardi, P. Bergese, E. Bielska, C. Blenkiron, S. Bobis-Wozowicz,  
E.  Boilard, W.  Boireau, A.  Bongiovanni, et  al., J. Extracell. Vesicles 
2018, 7, 1535750.

[11] R. Kalluri, V. S. LeBleu, Science 2020, 367, eaau6977.
[12] P. Wolf, Br. J. Haematol. 1967, 13, 269.
[13] a) B. T.  Pan, R. M.  Johnstone, Cell 1983, 33, 967; b) C.  Harding, 

J. Heuser, P. Stahl, J. Cell Biol. 1983, 97, 329.
[14] a) C. Thery, L. Zitvogel, S. Amigorena, Nat. Rev. Immunol. 2002, 2, 

569; b) H. Valadi, K. Ekstrom, A. Bossios, M. Sjostrand, J. J. Lee, 
J. O. Lotvall, Nat. Cell Biol. 2007, 9, 654; c) J. Skog, T. Wurdinger,  
S. van Rijn, D. H. Meijer, L. Gainche, M. Sena-Esteves, W. T. Curry Jr.,  
B. S.  Carter, A. M.  Krichevsky, X. O.  Breakefield, Nat. Cell Biol. 
2008, 10, 1470.

[15] J.  Maia, S.  Caja, M. C.  Strano Moraes, N.  Couto, B.  Costa-Silva, 
Front. Cell Dev. Biol. 2018, 6, 18.

[16] J. E. Pullan, M. I. Confeld, J. K. Osborn, J. Kim, K. Sarkar, S. Mallik, 
Mol. Pharmaceutics 2019, 16, 1789.

[17] Y. L. Tai, K. C. Chen, J. T. Hsieh, T. L. Shen, Cancer Sci. 2018, 109, 
2364.

[18] a) M. P.  Bebelman, M. J.  Smit, D. M.  Pegtel, S. R.  Baglio, Phar-
macol. Ther. 2018, 188, 1; b) Y. H.  Soung, S.  Ford, V.  Zhang, 
J. Chung, Cancers 2017, 9, 8.

[19] C. Rajagopal, K. B. Harikumar, Front. Oncol. 2018, 8, 66.
[20] E. J.  Im, C. H.  Lee, P. G.  Moon, G. G.  Rangaswamy, B.  Lee, 

J. M.  Lee, J. C.  Lee, J. G.  Jee, J. S.  Bae, T. K.  Kwon, K. W.  Kang, 
M. S.  Jeong, J. E.  Lee, H. S.  Jung, H. J.  Ro, S.  Jun, W.  Kang, 
S. Y. Seo, Y. E. Cho, B. J. Song, M. C. Baek, Nat. Commun. 2019, 
10, 1387.

[21] N. Riaz, J. J. Havel, V. Makarov, A. Desrichard, W. J. Urba, J. S. Sims, 
F. S.  Hodi, S.  Martin-Algarra, R.  Mandal, W. H.  Sharfman, 
S. Bhatia, W. J. Hwu, T. F. Gajewski, C. L. Slingluff Jr., D. Chowell, 
S. M.  Kendall, H.  Chang, R.  Shah, F.  Kuo, L. G. T.  Morris, 
J. W. Sidhom, J. P. Schneck, C. E. Horak, N. Weinhold, T. A. Chan, 
Cell 2017, 171, 934.

[22] D. D. Chaplin, J. Allergy Clin. Immunol. 2010, 125, S3.

[23] S.  Kamerkar, V. S.  LeBleu, H.  Sugimoto, S.  Yang, C. F.  Ruivo, 
S. A. Melo, J. J. Lee, R. Kalluri, Nature 2017, 546, 498.

[24] X.  Zhu, M.  Badawi, S.  Pomeroy, D. S.  Sutaria, Z.  Xie, 
A.  Baek, J.  Jiang, O. A.  Elgamal, X.  Mo, K.  Perle, J.  Chalmers, 
T. D.  Schmittgen, M. A.  Phelps, J. Extracell. Vesicles 2017, 6, 
1324730.

[25] S.  Ahmadi Badi, A.  Moshiri, A.  Fateh, F.  Rahimi Jamnani, 
M. Sarshar, F. Vaziri, S. D. Siadat, Front. Microbiol. 2017, 8, 1610.

[26] M.  Zhang, E.  Viennois, C.  Xu, D.  Merlin, Tissue Barriers 2016, 4, 
e1134415.

[27] V.  Sokolova, A. K.  Ludwig, S.  Hornung, O.  Rotan, P. A.  Horn, 
M. Epple, B. Giebel, Colloids Surf., B 2011, 87, 146.

[28] H. Kalra, C. G. Adda, M. Liem, C. S. Ang, A. Mechler, R. J. Simpson, 
M. D. Hulett, S. Mathivanan, Proteomics 2013, 13, 3354.

[29] M.  Mendt, S.  Kamerkar, H.  Sugimoto, K. M.  McAndrews, 
C. C.  Wu, M.  Gagea, S. J.  Yang, E. V. R.  Blanko, Q.  Peng, 
X. Y. Ma, J. R. Marszalek, A. Maitra, C. Yee, K. Rezvani, E. Shpall, 
V. S. LeBleu, R. Kalluri, JCI Insight 2018, 3, 99263.

[30] a) Y.  Koga, M.  Yasunaga, Y.  Moriya, T.  Akasu, S.  Fujita, 
S.  Yamamoto, Y.  Matsumura, J. Gastrointest. Oncol. 2011, 2, 215; 
b) Y. Wang, V. Balaji, S. Kaniyappan, L. Kruger, S. Irsen, K. Tepper, 
R.  Chandupatla, W.  Maetzler, A.  Schneider, E.  Mandelkow, 
E. M. Mandelkow, Mol. Neurodegener. 2017, 12, 5.

[31] C. Grange, M. Tapparo, S. Bruno, D. Chatterjee, P. J. Quesenberry, 
C. Tetta, G. Camussi, Int. J. Mol. Med. 2014, 33, 1055.

[32] H. Peinado, M. Aleckovic, S.  Lavotshkin, I. Matei, B. Costa-Silva,  
G.  Moreno-Bueno, M.  Hergueta-Redondo, C.  Williams,  
G.  Garcia-Santos, C.  Ghajar, A.  Nitadori-Hoshino, C.  Hoffman, 
K.  Badal, B. A.  Garcia, M. K.  Callahan, J.  Yuan, V. R.  Martins,  
J. Skog, R. N. Kaplan, M. S. Brady, J. D. Wolchok, P. B. Chapman, 
Y. Kang, J. Bromberg, D. Lyden, Nat. Med. 2012, 18, 883.

[33] M. Kotmakci, V. Bozok Cetintas, J. Pharm. Pharm. Sci. 2015, 18, 396.
[34] Y. Tian, S. Li, J. Song, T. Ji, M. Zhu, G. J. Anderson, J. Wei, G. Nie, 

Biomaterials 2014, 35, 2383.
[35] S.  Ohno, M.  Takanashi, K.  Sudo, S.  Ueda, A.  Ishikawa, 

N. Matsuyama, K. Fujita, T. Mizutani, T. Ohgi, T. Ochiya, N. Gotoh, 
M. Kuroda, Mol. Ther. 2013, 21, 185.

[36] C. C.  Chen, L.  Liu, F.  Ma, C. W.  Wong, X. E.  Guo, J. V.  Chacko, 
H. P.  Farhoodi, S. X.  Zhang, J.  Zimak, A.  Segaliny, M.  Riazifar, 
V.  Pham, M. A.  Digman, E. J.  Pone, W.  Zhao, Cell Mol. Bioeng. 
2016, 9, 509.

[37] G.  Morad, C. V.  Carman, E. J.  Hagedorn, J. R.  Perlin, L. I.  Zon, 
N. Mustafaoglu, T. E. Park, D. E. Ingber, C. C. Daisy, M. A. Moses, 
ACS Nano 2019, 13, 13853.

[38] T.  Yang, B.  Fogarty, B.  LaForge, S.  Aziz, T.  Pham, L.  Lai, S.  Bai, 
AAPS J. 2017, 19, 475.

[39] H.  Monfared, Y.  Jahangard, M.  Nikkhah, J.  Mirnajafi-Zadeh, 
S. J. Mowla, Front. Oncol. 2019, 9, 782.

[40] F. M.  Lang, A.  Hossain, J.  Gumin, E. N.  Momin, Y.  Shimizu, 
D. Ledbetter, T. Shahar, S. Yamashita, B. Parker Kerrigan, J. Fueyo, 
R. Sawaya, F. F. Lang, Neuro-Oncol. 2018, 20, 380.

[41] T. Yang, P. Martin, B. Fogarty, A. Brown, K. Schurman, R. Phipps, 
V. P. Yin, P. Lockman, S. Bai, Pharm. Res. 2015, 32, 2003.

[42] L. Alvarez-Erviti, Y. Seow, H. Yin, C. Betts, S. Lakhal, M. J. Wood, 
Nat. Biotechnol. 2011, 29, 341.

[43] C. E. Badr, B. A. Tannous, Trends Biotechnol. 2011, 29, 624.
[44] Y.  Takahashi, M.  Nishikawa, H.  Shinotsuka, Y.  Matsui, S.  Ohara, 

T. Imai, Y. Takakura, J. Biotechnol. 2013, 165, 77.
[45] a) C. Charoenviriyakul, Y. Takahashi, M. Morishita, A. Matsumoto, 

M.  Nishikawa, Y.  Takakura, Eur. J. Pharm. Sci. 2017, 96, 316; 
b) C. P.  Lai, O.  Mardini, M.  Ericsson, S.  Prabhakar, C.  Maguire, 
J. W.  Chen, B. A.  Tannous, X. O.  Breakefield, ACS Nano 2014,  
8, 483.

[46] M.  Morishita, Y.  Takahashi, M.  Nishikawa, K.  Sano, K.  Kato, 
T. Yamashita, T. Imai, H. Saji, Y. Takakura, J. Pharm. Sci. 2015, 104, 705.

Adv. Mater. 2020, 32, 2002440



www.advmat.dewww.advancedsciencenews.com

2002440 (31 of 37) © 2020 The Authors. Published by Wiley-VCH GmbH

[47] T.  Smyth, M.  Kullberg, N.  Malik, P.  Smith-Jones, M. W.  Graner, 
T. J. Anchordoquy, J. Controlled Release 2015, 199, 145.

[48] K. J.  McKelvey, K. L.  Powell, A. W.  Ashton, J. M.  Morris, 
S. A. McCracken, J. Circ. Biomarkers 2015, 4, 7.

[49] G. H. Nam, E. J. Lee, Y. K. Kim, Y. Hong, Y. Choi, M. J. Ryu, J. Woo, 
Y.  Cho, D. J.  Ahn, Y.  Yang, I. C.  Kwon, S. Y.  Park, I. S.  Kim, Nat. 
Commun. 2018, 9, 2165.

[50] a) Y. Wu, W. Wu, W. M. Wong, E. Ward, A. J. Thrasher, D. Goldblatt, 
M. Osman, P. Digard, D. H. Canaday, K. Gustafsson, J. Immunol. 
2009, 183, 5622; b) D.  Feng, W. L.  Zhao, Y. Y.  Ye, X. C.  Bai, 
R. Q. Liu, L. F. Chang, Q. Zhou, S. F. Sui, Traffic 2010, 11, 675.

[51] T.  Tian, Y. L.  Zhu, Y. Y.  Zhou, G. F.  Liang, Y. Y.  Wang, F. H.  Hu, 
Z. D. Xiao, J. Biol. Chem. 2014, 289, 22258.

[52] D.  Fitzner, M.  Schnaars, D.  van  Rossum, G.  Krishnamoorthy, 
P. Dibaj, M. Bakhti, T. Regen, U. K. Hanisch, M. Simons, J. Cell Sci. 
2011, 124, 447.

[53] Y. Yang, Y. Hong, G. H. Nam, J. H. Chung, E. Koh, I. S. Kim, Adv. 
Mater. 2017, 29, 1605604.

[54] I. Parolini, C. Federici, C. Raggi, L. Lugini, S. Palleschi, A. De Milito, 
C.  Coscia, E.  Iessi, M.  Logozzi, A.  Molinari, M.  Colone, M.  Tatti, 
M. Sargiacomo, S. Fais, J. Biol. Chem. 2009, 284, 34211.

[55] S. Mayor, R. E. Pagano, Nat. Rev. Mol. Cell Biol. 2007, 8, 603.
[56] Z.  Jiao, H. Cai, Y. Long, O. K. Sirka, V. Padmanaban, A. J. Ewald, 

P. N. Devreotes, Proc. Natl. Acad. Sci. U. S. A. 2020, 117, 4158.
[57] B. S.  Joshi, M. A. de Beer, B. N. G. Giepmans, I. S. Zuhorn, ACS 

Nano 2020, 14, 4444.
[58] S. Wilhelm, A. J. Tavares, Q. Dai, S. Ohta, J. Audet, H. F. Dvorak, 

W. C. W. Chan, Nat. Rev. Mater. 2016, 1, 16014.
[59] S.  Walker, S.  Busatto, A.  Pham, M.  Tian, A.  Suh, K.  Carson, 

A.  Quintero, M.  Lafrence, H.  Malik, M. X.  Santana, J.  Wolfram, 
Theranostics 2019, 9, 8001.

[60] M.  Robbins, A.  Judge, I.  MacLachlan, Oligonucleotides 2009, 19, 
89.

[61] D.  Adams, A.  Gonzalez-Duarte, W. D.  O’Riordan, C. C.  Yang, 
M.  Ueda, A. V.  Kristen, I.  Tournev, H. H.  Schmidt, T.  Coelho, 
J. L.  Berk, K. P.  Lin, G.  Vita, S.  Attarian, V.  Plante-Bordeneuve, 
M. M.  Mezei, J. M.  Campistol, J.  Buades, T. H.  Brannagan 
3rd, B. J.  Kim, J.  Oh, Y.  Parman, Y.  Sekijima, P. N.  Hawkins, 
S. D.  Solomon, M.  Polydefkis, P. J.  Dyck, P. J.  Gandhi, S.  Goyal, 
J. Chen, A. L. Strahs, et al., N. Engl. J. Med. 2018, 379, 11.

[62] a) J. K. Lam, M. Y. Chow, Y. Zhang, S. W. Leung, Mol. Ther.–Nucleic 
Acids 2015, 4, e252; b) S. Singh, A. S. Narang, R. I. Mahato, Pharm. 
Res. 2011, 28, 2996.

[63] N. P. Hessvik, A. Llorente, Cell. Mol. Life Sci. 2018, 75, 193.
[64] K.  O’Brien, M. C.  Lowry, C.  Corcoran, V. G.  Martinez, M.  Daly, 

S.  Rani, W. M.  Gallagher, M. W.  Radomski, R. A.  MacLeod, 
L. O’Driscoll, Oncotarget 2015, 6, 32774.

[65] Y.  Wang, X.  Chen, B.  Tian, J.  Liu, L.  Yang, L.  Zeng, T.  Chen, 
A. Hong, X. Wang, Theranostics 2017, 7, 1360.

[66] J.  Gourlay, A. P.  Morokoff, R. B.  Luwor, H. J.  Zhu, A. H.  Kaye, 
S. S. Stylli, J. Clin. Neurosci. 2017, 35, 13.

[67] M. Katakowski, B. Buller, X. Zheng, Y. Lu, T. Rogers, O. Osobamiro, 
W. Shu, F. Jiang, M. Chopp, Cancer Lett. 2013, 335, 201.

[68] a) A. D.  Cox, S. W.  Fesik, A. C.  Kimmelman, J.  Luo, C. J.  Der, 
Nat. Rev. Drug Discovery 2014, 13, 828; b) D. Kessler, M. Gmachl, 
A.  Mantoulidis, L. J.  Martin, A.  Zoephel, M.  Mayer, A.  Gollner, 
D.  Covini, S.  Fischer, T.  Gerstberger, T.  Gmaschitz, C.  Goodwin, 
P.  Greb, D.  Haring, W.  Hela, J.  Hoffmann, J.  Karolyi-Oezguer, 
P.  Knesl, S.  Kornigg, M.  Koegl, R.  Kousek, L.  Lamarre, F.  Moser, 
S.  Munico-Martinez, C.  Peinsipp, J.  Phan, J.  Rinnenthal, J.  Sai, 
C.  Salamon, Y.  Scherbantin, et  al., Proc. Natl. Acad. Sci. U. S. A. 
2019, 116, 15823.

[69] H. Li, C. Yang, Y. Shi, L. Zhao, J. Nanobiotechnol. 2018, 16, 103.
[70] J. L.  Gori, P. D.  Hsu, M. L.  Maeder, S.  Shen, G. G.  Welstead, 

D. Bumcrot, Hum. Gene Ther. 2015, 26, 443.

[71] a) J.  Eoh, L.  Gu, Biomater. Sci. 2019, 7, 1240; b) A.  Biagioni, 
A.  Laurenzana, F.  Margheri, A.  Chilla, G.  Fibbi, M.  Del Rosso, 
J. Biol. Eng. 2019, 12, 33.

[72] S. M. Kim, Y. Yang, S. J. Oh, Y. Hong, M. Seo, M. Jang, J. Controlled 
Release 2017, 266, 8.

[73] Y. Lin, J. H. Wu, W. H. Gu, Y. L. Huang, Z. C. Tong, L. J. Huang, 
J. L. Tan, Adv. Sci. 2018, 5, 1700611.

[74] M. S.  Almen, K. J. V.  Nordstrom, R.  Fredriksson, H. B.  Schioth, 
BMC Biol. 2009, 7, 50.

[75] a) R. M.  Garavito, S.  Ferguson-Miller, J. Biol. Chem. 2001, 276, 
32403; b) J. U. Bowie, Curr. Opin. Struct. Biol. 2001, 11, 397.

[76] T. H. Bayburt, S. G. Sligar, FEBS Lett. 2010, 584, 1721.
[77] Y. Yang, Y. Hong, E. Cho, G. B. Kim, I. S. Kim, J. Extracell. Vesicles 

2018, 7, 1440131.
[78] a) I. G. Denisov, S. G. Sligar, Nat. Struct. Mol. Biol. 2016, 23, 481; 

b) J. A.  Cappuccio, C. D.  Blanchette, T. A.  Sulchek, E. S.  Arroyo, 
J. M.  Kralj, A. K.  Hinz, E. A.  Kuhn, B. A.  Chromy, B. W.  Segelke, 
K. J.  Rothschild, J. E.  Fletcher, F.  Katzen, T. C.  Peterson, 
W. A. Kudlicki, G. Bench, P. D. Hoeprich, M. A. Coleman, Mol. Cell. 
Proteomics 2008, 7, 2246.

[79] A.  Akbarzadeh, R.  Rezaei-Sadabady, S.  Davaran, 
S. W.  Joo, N.  Zarghami, Y.  Hanifehpour, M.  Samiei, M.  Kouhi, 
K. Nejati-Koshki, Nanoscale Res. Lett. 2013, 8, 102.

[80] K. Laulagnier, C. Motta, S. Hamdi, S. Roy, F. Fauvelle, J. F. Pageaux, 
T.  Kobayashi, J. P.  Salles, B.  Perret, C.  Bonnerot, M.  Record, 
Biochem. J. 2004, 380, 161.

[81] S. Mathivanan, H. Ji, R. J. Simpson, J. Proteomics 2010, 73, 1907.
[82] A. A. Patil, W. J. Rhee, Biotechnol. Bioprocess Eng. 2019, 24, 689.
[83] C. Y. Liu, C. Q. Su, Theranostics 2019, 9, 1015.
[84] E. Koh, E. J. Lee, G. H. Nam, Y. Hong, E. Cho, Y. Yang, I. S. Kim, 

Biomaterials 2017, 121, 121.
[85] E.  Cho, G. H.  Nam, Y.  Hong, Y. K.  Kim, D. H.  Kim, Y.  Yang, 

I. S. Kim, J. Controlled Release 2018, 279, 326.
[86] Y.  Hong, G. H.  Nam, E.  Koh, S.  Jeon, G. B.  Kim, C.  Jeong, 

D. H. Kim, Y. Yang, I. S. Kim, Adv. Funct. Mater. 2018, 28, 1703074.
[87] Y.  Hong, Y. K.  Kim, G. B.  Kim, G. N.  Nam, S. A.  Kim, Y.  Park, 

Y. Yang, I. S. Kim, J. Extracell. Vesicles 2019, 8, 1670893.
[88] a) Z. C.  Hartman, J. P.  Wei, O. K.  Glass, H. T.  Guo, G. J.  Lei, 

X. Y.  Yang, T.  Osada, A.  Hobeika, A.  Delcayre, J. B.  Le Pecq, 
M. A.  Morse, T. M.  Clay, H. K.  Lyerly, Vaccine 2011, 29, 9361; 
b) F. Andre, N. Chaput, N. E. C. Schartz, C.  Flament, N. Aubert, 
J.  Bernard, F.  Lemonnier, G.  Raposo, B.  Escudier, D. H.  Hsu, 
T. Tursz, S. Amigorena, E. Angevin, L. Zitvogel, J. Immunol. 2004, 
172, 2126.

[89] K.  Dooley, K.  Xu, S.  Haupt, N.  Lewis, R.  Harrison, S.  Martin, 
C. McCoy, C. L. Sia, S. C.  Jang, K. Kirwin, R. McConnell, B. Choi, 
A. T.  Boutin, D.  Houde, J.  Sanchez-Salazar, N.  Ross, A.  Villiger-
Oberbek, K. D. Economides, J. Kulman, S. Sathyanarayanan, Devel-
opment of a platform for exosome engineering using a novel and 
selective scaffold protein for surface display, https://s3.us-east-1.
amazonaws.com/codiak-assets.investeddigital.com/publications/
ISEV2019_190416.pdf (accessed: May  2020).

[90] a) C. D.  Scripture, W. D.  Figg, A.  Sparreboom, Ther. Clin. Risk 
Manage. 2005, 1, 107; b) O.  Tacar, P.  Sriamornsak, C. R.  Dass, 
J. Pharm. Pharmacol. 2013, 65, 157.

[91] L. Q. Zhao, B. L. Zhang, Sci. Rep. 2017, 7, 44735.
[92] N. I.  Marupudi, J. E.  Han, K. W.  Li, V. M.  Renard, B. M.  Tyler, 

H. Brem, Expert Opin. Drug Saf. 2007, 6, 609.
[93] K. O. Alfarouk, C. M. Stock, S. Taylor, M. Walsh, A. K. Muddathir, 

D. Verduzco, A. H. H. Bashir, O. Y. Mohammed, G. O. Elhassan, 
S. Harguindey, S. J. Reshkin, M. E. Ibrahim, C. Rauch, Cancer Cell 
Int. 2015, 15, 71.

[94] a) G.  Toffoli, M.  Hadla, G.  Corona, I.  Caligiuri, S.  Palazzolo, 
S.  Semeraro, A. Gamini, V. Canzonieri, F. Rizzolio, Nanomedicine 
2015, 10, 2963; b) F.  Rizzolio, M.  Hadla, G.  Corona, I.  Caligiuri, 

Adv. Mater. 2020, 32, 2002440

https://s3.us-east-1.amazonaws.com/codiak-assets.investeddigital.com/publications/ISEV2019_190416.pdf
https://s3.us-east-1.amazonaws.com/codiak-assets.investeddigital.com/publications/ISEV2019_190416.pdf
https://s3.us-east-1.amazonaws.com/codiak-assets.investeddigital.com/publications/ISEV2019_190416.pdf


www.advmat.dewww.advancedsciencenews.com

2002440 (32 of 37) © 2020 The Authors. Published by Wiley-VCH GmbH

S.  Palazzolo, S.  Semeraro, A.  Gamini, V.  Canzonieri, G.  Toffoli, 
Cancer Res. 2016, 76, 2205; c) M. Hadla, S. Palazzolo, G. Corona, 
I.  Caligiuri, V.  Canzonieri, G.  Toffoli, F.  Rizzolio, Nanomedicine 
2016, 11, 2431.

[95] A. Srivastava, N. Amreddy, A. Babu, J. Panneerselvam, M. Mehta, 
R.  Muralidharan, A.  Chen, Y. D.  Zhao, M.  Razaq, N.  Riedinger, 
H.  Kim, S. R.  Liu, S.  Wu, A. B.  Abdel-Mageed, A.  Munshi, 
R. Ramesh, Sci. Rep. 2016, 6, 38541.

[96] H.  Saari, E.  Lazaro-Ibanez, T.  Viitala, E.  Vuorimaa-Laukkanen, 
P.  Siljander, M.  Yliperttula, J. Controlled Release 2015, 220,  
727.

[97] C. Melzer, V. Rehn, Y. Y. Yang, H. Bahre, J. von der Ohe, R. Hass, 
Cancers 2019, 11, 798.

[98] a) Y. H. Tian, S. P. Li, J. Song, T. J.  Ji, M. T. Zhu, G. J. Anderson, 
J. Y.  Wei, G. J.  Nie, Biomaterials 2014, 35, 2383; b) T. Z.  Yang, 
P. Martin, B. Fogarty, A. Brown, K. Schurman, R. Phipps, V. P. Yin, 
P.  Lockman, S. H.  Bai, Pharm. Res. 2015, 32, 2003; d) H.  Lee, 
H. Park, G. J. Noh, E. S. Lee, Carbohydr. Polym. 2018, 202, 323.

[99] M. S.  Kim, M. J.  Haney, Y.  Zhao, V.  Mahajan, I.  Deygen, 
N. L.  Klyachko, E.  Inskoe, A.  Piroyan, M.  Sokolsky, O.  Okolie, 
S. D. Hingtgen, A. V. Kabanov, E. V. Batrakova, Nanomedicine 2016, 
12, 655.

[100] a) P. N. Kelly, Science 2018, 359, 1344; b) A. Ribas, J. D. Wolchok, 
Science 2018, 359, 1350.

[101] C. H.  June, R. S.  O’Connor, O. U.  Kawalekar, S.  Ghassemi, 
M. C. Milone, Science 2018, 359, 1361.

[102] U. Sahin, O. Tureci, Science 2018, 359, 1355.
[103] D. S. Chen, I. Mellman, Immunity 2013, 39, 1.
[104] J. M.  Pitt, M.  Vetizou, R.  Daillere, M. P.  Roberti, T.  Yamazaki, 

B.  Routy, P.  Lepage, I. G.  Boneca, M.  Chamaillard, G.  Kroemer, 
L. Zitvogel, Immunity 2016, 44, 1255.

[105] S. B. Baylin, Science 1997, 277, 1948.
[106] a) L. D.  Wood, D. W.  Parsons, S.  Jones, J.  Lin, T.  Sjoblom, 

R. J.  Leary, D.  Shen, S. M.  Boca, T.  Barber, J.  Ptak, N.  Silliman, 
S.  Szabo, Z.  Dezso, V.  Ustyanksky, T.  Nikolskaya, Y.  Nikolsky, 
R. Karchin, P. A. Wilson, J. S. Kaminker, Z. M. Zhang, R. Croshaw, 
J.  Willis, D.  Dawson, M.  Shipitsin, J. K. V.  Willson, S.  Sukumar, 
K. Polyak, B. H. Park, C. L. Pethiyagoda, P. V. K. Pant, et al., Science 
2007, 318, 1108; b) T. J.  Ley, E. R.  Mardis, L.  Ding, B.  Fulton, 
M. D.  McLellan, K.  Chen, D.  Dooling, B. H.  Dunford-Shore, 
S. McGrath, M. Hickenbotham, L. Cook, R. Abbott, D. E. Larson, 
D. C. Koboldt, C. Pohl, S. Smith, A. Hawkins, S. Abbott, D. Locke, 
L. W. Hillier, T. Miner, L. Fulton, V. Magrini, T. Wylie, J. Glasscock, 
J. Conyers, N. Sander, X. Shi, J. R. Osborne, P. Minx, et al., Nature 
2008, 456, 66.

[107] I.  Bozic, T.  Antal, H.  Ohtsuki, H.  Carter, D.  Kim, S. N.  Chen, 
R. Karchin, K. W. Kinzler, B. Bogelstein, M. A. Nowak, Proc. Natl. 
Acad. Sci. U. S. A. 2010, 107, 18545.

[108] A. N. Houghton, J. Exp. Med. 1994, 180, 1.
[109] M. Fukata, M. T. Abreu, Curr. Opin. Pharmacol. 2009, 9, 680.
[110] L. Gross, Cancer Res. 1943, 3, 326.
[111] a) E. J.  Foley, Cancer Res. 1953, 13, 835; b) M. F.  Poupon, 

G.  Lespinats, J. P.  Kolb, B.  Payelle, J. Natl. Cancer Inst. 1979, 62, 
989; c) L. J. Old, Cancer Res. 1981, 41, 361.

[112] a) E.  Deplaen, C.  Lurquin, A.  Vanpel, B.  Mariame, J. P.  Szikora, 
T. Wolfel, C. Sibille, P. Chomez, T. Boon, Proc. Natl. Acad. Sci. U. 
S. A. 1988, 85, 2274; b) P. A. Monach, S. C. Meredith, C. T. Siegel, 
H. Schreiber, Immunity 1995, 2, 45; c) P. Dubey, R. C. Hendrickson, 
S. C.  Meredith, C. T.  Siegel, J.  Shabanowitz, J. C. A.  Skipper, 
V. H. Engelhard, D. F. Hunt, H. Schreiber, J. Exp. Med. 1997, 185, 
695.

[113] a) A.  Knuth, B.  Danowski, H. F.  Oettgen, L. J.  Old, Proc. Natl. 
Acad. Sci. U. S. A. 1984, 81, 3511; b) P. F.  Robbins, M.  El-Gamil, 
Y. F. Li, Y. Kawakami, D. Loftus, E. Appella, S. A. Rosenberg, J. Exp. 
Med. 1996, 183, 1185.

[114] a) P.  van der  Bruggen, C.  Traversari, P.  Chomez, C.  Lurquin, 
E.  De Plaen, B.  Van den Eynde, A.  Knuth, T.  Boon, J. Immunol. 
2007, 178, 2617; b) M. M.  Gubin, M. N.  Artyomov, E. R.  Mardis, 
R. D.  Schreiber, J. Clin. Invest. 2015, 125, 3413; c) V.  Lennerz, 
M.  Fatho, C.  Gentilini, R. A.  Frye, A.  Lifke, D.  Ferel, C.  Wolfel, 
C.  Huber, T.  Wolfel, Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 
16013; d) J. H. Zhou, M. E. Dudley, S. A. Rosenberg, P. F. Robbins, 
J. Immunother. 2005, 28, 53.

[115] a) L.  Jeanbart, M.  Ballester, A.  de  Titta, P.  Corthesy, P.  Romero, 
J. A.  Hubbell, M. A.  Swartz, Cancer Immunol. Res. 2014, 2, 436; 
b) G. V.  Yamshchikov, D. L.  Barnd, S.  Eastham, H.  Galavotti, 
J. W. Patterson, D. H. Deacon, D. Teates, P. Neese, W. W. Grosh, 
G.  Petroni, V. H.  Engelhard, G. L.  Slingluff, Int. J. Cancer 2001, 
92, 703; c) A. E.  Chang, A.  Aruga, M. J.  Cameron, V. K.  Sondak, 
D. P. Normolle, B. A. Fox, S. Y. Shu, J. Clin. Oncol. 1997, 15, 796; 
d) A. E.  Chang, Q.  Li, G. H.  Jiang, D. M.  Sayre, T. M.  Braun, 
B. G. Redman, J. Clin. Oncol. 2003, 21, 884.

[116] B.  Bodey, B.  Bodey Jr., S. E.  Siegel, H. E.  Kaiser, Anticancer Res. 
2000, 20, 2665.

[117] P. A. Ott, Z. T. Hu, D. B. Keskin, S. A. Shukla, J. Sun, D. J. Bozym, 
W. D.  Zhang, A.  Luoma, A.  Giobbie-Hurder, L.  Peter, C. C.  Hen, 
O. Olive, T. A. C. Arter, S. Q. Li, D. J. Lieb, T. Eisenhaure, E. Gjini, 
J.  Stevens, W. J.  Lane, I.  Javeri, K.  Nellaiappan, A. M.  Salazar, 
H.  Daley, M.  Seaman, E. I.  Buchbinder, C. H.  Yoon, M.  Harden, 
N.  Lennon, S.  Gabriel, S. J.  Rodig, et  al., Nature 2018, 555,  
402.

[118] J. Kwon, S. F. Bakhoum, Cancer Discovery 2020, 10, 26.
[119] S.  Kreiter, A.  Selmi, M.  Diken, M.  Koslowski, C. M.  Britten, 

C. Huber, O. Tureci, U. Sahin, Cancer Res. 2010, 70, 9031.
[120] U.  Sahin, E.  Derhovanessian, M.  Miller, B. P.  Kloke, P.  Simon, 

M.  Lower, V.  Bukur, A. D.  Tadmor, U.  Luxemburger, B.  Schrors, 
T. Omokoko, M. Vormehr, C. Albrecht, A. Paruzynski, A. N. Kuhn, 
J. Buck, S. Heesch, H. Katharina, F. Muller, I. Ortseifer, I. Vogler, 
E. Godehardt, S. Attig, R. Rae, A. Breitkreuz, C. Tolliver, M. Suchan, 
G. Martic, A. Hohberger, P. Sorn, et al., Nature 2017, 547, 222.

[121] J. E.  Hellwinkel, J. S.  Redzic, T. A.  Harland, D.  Gunaydin, 
T. J. Anchordoquy, M. W. Graner, Neuro-Oncology 2016, 18, 497.

[122] J. Wolfers, A. Lozier, G. Raposo, A. Regnault, C. Thery, C. Masurier, 
C.  Flament, S.  Pouzieux, F.  Faure, T.  Tursz, E.  Angevin, 
S. Amigorena, L. Zitvogel, Nat. Med. 2001, 7, 297.

[123] T. L. Whiteside, Biotarget 2017, 1, 5.
[124] L. F. Cheng, Y. H. Wang, L. Huang, Mol. Ther. 2017, 25, 1665.
[125] K.  Stefanius, K.  Servage, M.  de  Souza Santos, H. F.  Gray, 

J. E. Toombs, S. Chimalapati, M. S. Kim, V. S. Malladi, R. Brekken, 
K. Orth, Elife 2019, 8, e40226.

[126] P. Kucharzewska, H. C. Christianson, J. E. Welch, K. J.  Svensson, 
E.  Fredlund, M.  Ringner, M.  Morgelin, E.  Bourseau-Guilmain, 
J.  Bengzon, M.  Belting, Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 
7312.

[127] M.  Capello, J. V.  Vykoukal, H.  Katayama, L. E.  Bantis, H.  Wang, 
D. L.  Kundnani, C.  Aguilar-Bonavides, M.  Aguilar, S. C.  Tripathi, 
D. S.  Dhillon, A. A.  Momin, H.  Peters, M. H.  Katz, H.  Alvarez, 
V. Bernard, S. Ferri-Borgogno, R. Brand, D. G. Adler, M. A. Firpo, 
S. J.  Mulvihill, J. J.  Molldrem, Z. D.  Feng, A.  Taguchi, A.  Maitra, 
S. M. Hanash, Nat. Commun. 2019, 10, 254.

[128] A.  Hoshino, B.  Costa-Silva, T. L.  Shen, G.  Rodrigues, 
A.  Hashimoto, M. T.  Mark, H.  Molina, S.  Kohsaka, 
A.  Di Giannatale, S.  Ceder, S.  Singh, C.  Williams, N.  Soplop, 
K.  Uryu, L.  Pharmer, T.  King, L.  Bojmar, A. E.  Davies, Y.  Ararso, 
T. Zhang, H. Zhang, J. Hernandez, J. M. Weiss, V. D. Dumont-Cole, 
K. Kramer, L. H. Wexler, A. Narendran, G. K. Schwartz, J. H. Healey, 
P. Sandstrom, et al., Nature 2015, 527, 329.

[129] H. Y. Zhang, T. Deng, R.  Liu, M. Bai, L. K. Zhou, X. Wang, S.  Li, 
X. Y.  Wang, H.  Yang, J. L.  Li, T.  Ning, D. Z.  Huang, H. L.  Li, 
L. Zhang, G. G. Ying, Y. Ba, Nat. Commun. 2017, 8, 15016.

Adv. Mater. 2020, 32, 2002440



www.advmat.dewww.advancedsciencenews.com

2002440 (33 of 37) © 2020 The Authors. Published by Wiley-VCH GmbH

[130] J. Webber, R. Steadman, M. D. Mason, Z. Tabi, A. Clayton, Cancer 
Res. 2010, 70, 9621.

[131] a) H.  Peinado, M.  Aleckovic, S.  Lavotshkin, I.  Matei, 
B.  Costa-Silva, G.  Moreno-Bueno, M.  Hergueta-Redondo, 
C. Williams, G. Garcia-Santos, C. M. Ghajar, A. Nitadori-Hoshino, 
C.  Hoffman, K.  Badal, B. A.  Garcia, M. K.  Callahan, J. D.  Yuan, 
V. R.  Martins, J.  Skog, R. N.  Kaplan, M. S.  Brady, J. D.  Wolchok, 
P. B.  Chapman, Y. B.  Kang, J.  Bromberg, D.  Lyden, Nat. Med. 
2012, 18, 883; b) B. Costa-Silva, N. M. Aiello, A. J. Ocean, S. Singh, 
H. Y.  Zhang, B. K.  Thakur, A.  Becker, A.  Hoshino, M. T.  Mark, 
H.  Molina, J.  Xiang, T.  Zhang, T. M.  Theilen, G.  Garcia-Santos, 
C.  Williams, Y.  Ararso, Y. J.  Huang, G.  Rodrigues, T. L.  Shen, 
K. J. Labori, I. M. B. Lothe, E. H. Kure, J. Hernandez, A. Doussot, 
S. H. Ebbesen, P. M. Grandgenett, M. A. Hollingsworth, M.  Jain, 
K. Mallya, S. K. Batra, et al., Nat. Cell Biol. 2015, 17, 816.

[132] A.  Yokoi, Y.  Yoshioka, Y.  Yamamoto, M.  Ishikawa, T.  Kato, 
T.  Kiyono, H.  Kajiyama, F.  Kikkawa, T.  Ochiya, Cancer Sci. 2018, 
109, 29.

[133] M. P.  Plebanek, N. L.  Angeloni, E.  Vinokour, J.  Li, A.  Henkin, 
D. Martinez-Marin, S. Filleur, R. Bhowmick, J. Henkin, S. D. Miller, 
I.  Ifergan, Y.  Lee, I.  Osman, C. S.  Thaxton, O. V.  Volpert, Nat. 
Commun. 2017, 8, 1319.

[134] S. A.  Melo, H.  Sugimoto, J. T.  O’Connell, N.  Kato, A.  Villanueva, 
A.  Vidal, L.  Qiu, E.  Vitkin, L. T.  Perelman, C. A.  Melo, A.  Lucci, 
C. Ivan, G. A. Calin, R. Kalluri, Cancer Cell 2014, 26, 707.

[135] Z. Y. Abd Elmageed, Y. J. Yang, R. Thomas, M. Ranjan, D. Mondal, 
K.  Moroz, Z. D.  Fang, B. M.  Rezk, K.  Moparty, S. C.  Sikka, 
O. Sartor, A. B. Abdel-Mageed, Stem Cells 2014, 32, 983.

[136] M. T. N. Le, P. Hamar, C. Y. Guo, E. Basar, R. Perdigao-Henriques, 
L. Balaj, J. Lieberman, J. Clin. Invest. 2014, 124, 5109.

[137] M. Y.  Fong, W. Y.  Zhou, L.  Liu, A. Y.  Alontaga, M.  Chandra, 
J. Ashby, A. Chow, S. T. F. O’Connor, S. S. Li, A. R. Chin, G. Somlo, 
M.  Palomares, Z.  Li, J. R.  Tremblay, A.  Tsuyada, G. Q.  Sun, 
M. A. Reid, X. W. Wu, P. Swiderski, X. B. Ren, Y. H. Shi, M. Kong, 
W. W. Zhong, Y. Chen, S. E. Wang, Nat. Cell Biol. 2015, 17, 183.

[138] W. Y.  Zhou, M. Y.  Fong, Y. F.  Min, G.  Somlo, L.  Liu, 
M. R.  Palomares, Y.  Yu, A.  Chow, S. T. F.  O’Connor, A. R.  Chin, 
Y. Yen, Y. F. Wang, E. G. Marcusson, P. G. Chu, J. Wu, X. W. Wu, 
A. X.  Li, Z.  Li, H. L.  Gao, X. B.  Ren, M. P.  Boldin, P. C.  Lin, 
S. E. Wang, Cancer Cell 2014, 25, 501.

[139] G. P. Ding, L. J. Zhou, Y. M. Qian, M. N. Fu, J. Chen, J. H. Chen, 
J. Y.  Xiang, Z. R.  Wu, G. X.  Jiang, L. P.  Cao, Oncotarget 2015, 6, 
29877.

[140] X. Ying, Q. F. Wu, X. L. Wu, Q. Y. Zhu, X. J. Wang, L. Jiang, X. Chen, 
X. P. Wang, Oncotarget 2016, 7, 43076.

[141] M. Fabbri, A. Paone, F. Calore, R. Galli, E. Gaudio, R. Santhanam, 
F. Lovat, P. Fadda, C. Mao, G. J. Nuovo, N. Zanesi, M. Crawford, 
G. H. Ozer, D. Wernicke, H. Alder, M. A. Caligiuri, P. Nana-Sinkam, 
D. Perrotti, C. M. Croce, Proc. Natl. Acad. Sci. U. S. A. 2012, 109, 
E2110.

[142] F.  Chalmin, S.  Ladoire, G.  Mignot, J.  Vincent, M.  Bruchard, 
J. P. Remy-Martin, W. Boireau, A. Rouleau, B. Simon, D. Lanneau, 
A.  De Thonel, G.  Multhoff, A.  Hamman, F.  Martin, B.  Chauffert, 
E.  Solary, L.  Zitvogel, C.  Garrido, B.  Ryffel, C.  Borg, L.  Apetoh, 
C. Rebe, F. Ghiringhelli, J. Clin. Invest. 2010, 120, 457.

[143] K.  Gabrusiewicz, X.  Li, J.  Wei, Y.  Hashimoto, A. L.  Marisetty, 
M.  Ott, F.  Wang, D.  Hawke, J.  Yu, L. M.  Healy, A.  Hossain, 
J. C.  Akers, S. N.  Maiti, S.  Yamashita, Y.  Shimizu, K.  Dunner, 
M. A.  Zal, J. K.  Burks, J.  Gumin, F.  Nwajei, A.  Rezavanian, 
S. H. Zhou, G. Rao, R. Sawaya, G. N. Fuller, J. T. Huse, J. P. Antel, 
S. L.  Li, L.  Cooper, E. P.  Sulman, C.  Chen, C.  Geula, R.  Kalluri, 
T. Zal, A. B. Heimberger, Oncoimmunology 2018, 7, e1412909.

[144] a) G.  Chen, A. C.  Huang, W.  Zhang, G.  Zhang, M.  Wu, W.  Xu, 
Z. L. Yu, J. G. Yang, B. K. Wang, H. H. Sun, H. F. Xia, Q. W. Man, 
W. Q. Zhong, L. F. Antelo, B. Wu, X. P. Xiong, X. M. Liu, L. Guan, 

T.  Li, S. J.  Liu, R. F.  Yang, Y. T.  Lu, L. Y.  Dong, S.  McGettigan, 
R.  Somasundaram, R.  Radhakrishnan, G.  Mills, Y. L.  Lu, J.  Kim, 
Y. H. H.  Chen, H. D.  Dong, Y. F.  Zhao, G. C.  Karakousis, 
T. C.  Mitchell, L. M.  Schuchter, M.  Herlyn, E. J.  Wherry, X. W.  Xu, 
W.  Guo, Nature 2018, 560, 382; b) Y. L.  Ning, K.  Shen, Q. Y.  Wu, 
X. Sun, Y. Bai, Y. W. Xie, J. Pan, C. J. Qi, Immunol. Lett. 2018, 199, 36.

[145] M.  Poggio, T. Y.  Hu, C. C.  Pai, B.  Chu, C. D.  Belair, A.  Chang, 
E. Montabana, U. E.  Lang, Q. Fu, L. Fong, R. Blelloch, Cell 2019, 
177, 414.

[146] a) G.  Andreola, L.  Rivoltini, C.  Castelli, V.  Huber, P.  Perego, 
P.  Deho, P.  Squarcina, P.  Accornero, F.  Lozupone, L.  Lugini, 
A.  Stringaro, A.  Molinari, G.  Arancia, M.  Gentile, G.  Parmiani, 
S.  Fais, J. Exp. Med. 2002, 195, 1303; b) A. J.  Abusamra, 
Z. H. Zhong, X. F. Zheng, M. Li, T. E. Ichim, J. L. Chin, W. P. Min, 
Blood Cells, Mol., Dis. 2005, 35, 169.

[147] a) A.  Clayton, S.  Al-Taei, J.  Webber, M. D.  Mason, Z.  Tabi, 
J. Immunol. 2011, 187, 676; b) P. J.  Schuler, Z.  Saze, 
C. S. Hong, L. Muller, D. G. Gillespie, D. Cheng, M. Harasymczuk, 
M. Mandapathil, S. Lang, E. K. Jackson, T. L. Whiteside, Clin. Exp. 
Immunol. 2014, 177, 531.

[148] a) D. G.  Maloney, B.  Smith, A.  Rose, Semin. Oncol. 2002, 29, 2; 
b) R. Nahta, F. J. Esteva, Cancer Lett. 2006, 232, 123.

[149] a) T.  Aung, B.  Chapuy, D.  Vogel, D.  Wenzel, M.  Oppermann, 
M.  Lahmann, T.  Weinhage, K.  Menck, T.  Hupfeld, R.  Koch, 
L.  Trumper, G. G.  Wulf, Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 
15336; b) V.  Ciravolo, V.  Huber, G. C.  Ghedini, E.  Venturelli, 
F.  Bianchi, M.  Campiglio, D.  Morelli, A.  Villa, P.  Della Mina, 
S.  Menard, P.  Filipazzi, L.  Rivoltini, E.  Tagliabue, S. M.  Pupa, 
J. Cell. Physiol. 2012, 227, 658.

[150] L. Qu, J. Ding, C. Chen, Z. J. Wu, B. Liu, Y. Gao, W. Chen, F. Liu, 
W. Sun, X. F. Li, X. Wang, Y. Wang, Z. Y. Xu, L. Gao, Q. Yang, B. Xu, 
Y. M. Li, Z. Y. Fang, Z. P. Xu, Y. Bao, D. S. Wu, X. Miao, H. Y. Sun, 
Y. H. Sun, H. Y. Wang, L. H. Wang, Cancer Cell 2016, 29, 653.

[151] B. Besse, M. Charrier, V. Lapierre, E. Dansin, O. Lantz, D. Planchard, 
T.  Le Chevalier, A.  Livartoski, F.  Barlesik, A.  Laplanche, S.  Ploix, 
N.  Vimond, I.  Peguillet, C.  Thery, L.  Lacroix, I.  Zoernig, 
K.  Dhodapkar, M.  Dhodapkar, S.  Viaud, J. C.  Soria, K. S.  Reiners, 
E. P.  von  Strandmann, F.  Vely, S.  Rusakiewicz, A.  Eggermont, 
J. M. Pitt, L. Zitvogel, N. Chaput, Oncoimmunology 2015, 5, e1071008.

[152] L. Zitvogel, A. Regnault, A. Lozier, J. Wolfers, C. Flament, D. Tenza, 
P. Ricciardi-Castagnoli, G. Raposo, S. Amigorena, Nat. Med. 1998, 
4, 594.

[153] a) M.  Tkach, J.  Kowal, A. E.  Zucchetti, L.  Enserink, M.  Jouve, 
D. Lankar, M. Saitakis, L. Martin-Jaular, C. Thery, EMBO J. 2017, 36, 
3012; b) A. Montecalvo, W. J. Shufesky, D. B. Stolz, M. G. Sullivan, 
Z. Wang, S. J. Divito, G. D. Papworth, S. C. Watkins, P. D. Robbins, 
A. T. Larregina, A. E. Morelli, J. Immunol. 2008, 180, 3081.

[154] C. J. E.  Wahlund, G.  Gucluler, S.  Hiltbrunner, R. E.  Veerman, 
T. I. Nslund, S. Gabrielsson, Sci. Rep. 2017, 7, 17095.

[155] B. Escudier, T. Dorval, N. Chaput, F. Andre, M. P. Caby, S. Novault, 
C.  Flament, C.  Leboulaire, C.  Borg, S.  Amigorena, C.  Boccaccio, 
C.  Bonnerot, O.  Dhellin, M.  Movassagh, S.  Piperno, C.  Robert, 
V.  Serra, N.  Valente, J. B.  Le Pecq, A.  Spatz, O.  Lantz, T.  Tursz, 
E. Angevin, L. Zitvogel, J. Transl. Med. 2005, 3, 10.

[156] M. A. Morse, J. Garst, T. Osada, S. Khan, A. Hobeika, T. M. Clay, 
N. Valente, R. Shreeniwas, M. A. Sutton, A. Delcayre, D. H. Hsu, 
J. B. Le Pecq, H. K. Lyerly, J. Transl. Med. 2005, 3.

[157] T.  Naslund, U.  Gehrmann, K.  Qazi, M.  Karlsson, S.  Gabrielsson, 
J. Immunol. 2013, 190, 2712.

[158] S.  Viaud, M.  Terme, C.  Flament, J.  Taieb, F.  Andre, S.  Novault, 
B.  Escudier, C.  Robert, S.  Caillat-Zucman, T.  Tursz, L.  Zitvogel, 
N. Chaput, PLoS One 2009, 4, e4942.

[159] V. R.  Juneja, K. A.  McGuire, R. T.  Manguso, M. W.  LaFleur, 
N.  Collins, W. N.  Haining, G. J.  Freeman, A. H.  Sharpe, J. Exp. 
Med. 2017, 214, 895.

Adv. Mater. 2020, 32, 2002440



www.advmat.dewww.advancedsciencenews.com

2002440 (34 of 37) © 2020 The Authors. Published by Wiley-VCH GmbH

[160] F. Di Virgilio, E. Adinolfi, Oncogene 2017, 36, 293.
[161] a) W. J. Ouyang, S. Rutz, N. K. Crellin, P. A. Valdez, S. G. Hymowitz, 

Annu. Rev. Immunol. 2011, 29, 71; b) M. A.  Travis, D.  Sheppard, 
Annu. Rev. Immunol. 2014, 32, 51.

[162] D. R.  Green, T.  Ferguson, L.  Zitvogel, G.  Kroemer, Nat. Rev. 
Immunol. 2009, 9, 353.

[163] A. D.  Garg, E.  Romano, N.  Rufo, P.  Agostinis, Cell Death Differ. 
2016, 23, 938.

[164] X. Y. Li, Tumori J. 2018, 104, 1.
[165] A. D. Garg, P. Agostinis, Photochem. Photobiol. Sci. 2014, 13, 474.
[166] L. Apetoh, F. Ghiringhelli, L. Zitvogel, Med. Sci. 2007, 23, 257.
[167] S. J.  Gardai, K. A.  McPhillips, S. C.  Frasch, W. J.  Janssen, 

A. Starefeldt, J. E. Murphy-Ullrich, D. L. Bratton, P. A. Oldenborg, 
M. Michalak, P. M. Henson, Cell 2005, 123, 321.

[168] F. Ghiringhelli, L. Apetoh, A. Tesniere, L. Aymeric, Y. Ma, C. Ortiz, 
K. Vermaelen, T. Panaretakis, G. Mignot, E. Ullrich, J. L. Perfettini, 
F.  Schlemmer, E.  Tasdemir, M.  Uhl, P.  Genin, A.  Civas, 
B.  Ryffel, J.  Kanellopoulos, J.  Tschopp, F.  Andre, R.  Lidereau, 
N. M.  McLaughlin, N. M.  Haynes, M. J.  Smyth, G.  Kroemer, 
L. Zitvogel, Nat. Med. 2009, 15, 1170.

[169] a) L.  Apetoh, F.  Ghiringhelli, A.  Tesniere, M.  Obeid, C.  Ortiz, 
A. Criollo, G. Mignot, M. C. Maiuri, E. Ullrich, P. Saulnier, H. Yang, 
S. Amigorena, B. Ryffel, F. J. Barrat, P. Saftig, F. Levi, R. Lidereau, 
C. Nogues, J. P. Mira, A. Chompret, V.  Joulin, F. Clavel-Chapelon, 
J.  Bourhis, F.  Andre, S.  Delaloge, T.  Tursz, G.  Kroemer, 
L.  Zitvogel, Nat. Med. 2007, 13, 1050; b) A.  Sistigu, T.  Yamazaki, 
E.  Vacchelli, K.  Chaba, D. P.  Enot, J.  Adam, I.  Vitale, A.  Goubar, 
E. E.  Baracco, C.  Remedios, L.  Fend, D.  Hannani, L.  Aymeric, 
Y.  Ma, M.  Niso-Santano, O.  Kepp, J. L.  Schultze, T.  Tuting, 
F.  Belardelli, L.  Bracci, V.  La Sorsa, G.  Ziccheddu, P.  Sestili, 
F. Urbani, M. Delorenzi, M. Lacroix-Triki, V. Quidville, R. Conforti, 
J. P. Spano, L. Pusztai, et al., Nat. Med. 2014, 20, 1301.

[170] H.  Kazama, J. E.  Ricci, J. M.  Herndon, G.  Hoppe, D. R.  Green, 
T. A. Ferguson, Immunity 2008, 29, 21.

[171] A. D.  Garg, S.  Elsen, D. V.  Krysko, P.  Vandenabeele, P.  de  Witte, 
P. Agostinis, Oncotarget 2015, 6, 26841.

[172] M.  Garofalo, A.  Villa, N.  Rizzi, L.  Kuryk, V.  Mazzaferro, P.  Ciana, 
Viruses 2018, 10, 558.

[173] Y. Yang, Y. Hong, E. Cho, G. B. Kim, I. S. Kim, J. Extracell. Vesicles 
2018, 7, 1440131.

[174] G. B. Kim, G.-H. Nam, Y. Hong, J. Woo, Y. Cho, I. C. Kwon, Y. Yang, 
I.-S. Kim, Sci. Adv. 2020, 6, eaaz2083.

[175] L. Fong, E. G. Engleman, Annu. Rev. Immunol. 2000, 18, 245.
[176] K. Elward, P. Gasque, Mol. Immunol. 2003, 40, 85.
[177] A. A.  Barkal, K.  Weiskopf, K. S.  Kao, S. R.  Gordon, B.  Rosental, 

Y. Y.  Yiu, B. M.  George, M.  Markovic, N. G.  Ring, J. M.  Tsai, 
K. M.  McKenna, P. Y.  Ho, R. Z.  Cheng, J. Y.  Chen, L. J.  Barkal, 
A. M. Ring, I. L. Weissman, R. L. Maute, Nat. Immunol. 2018, 19, 76.

[178] S. R. Gordon, R. L. Maute, B. W. Dulken, G. Hutter, B. M. George, 
M. N.  McCracken, R.  Gupta, J. M.  Tsai, R.  Sinha, D.  Corey, 
A. M.  Ring, A. J.  Connolly, I. L.  Weissman, Nature 2017, 545,  
495.

[179] G. Kristiansen, K. J. Winzer, E. Mayordomo, J. Bellach, K. Schluns, 
C.  Denkert, E.  Dahl, C.  Pilarsky, P.  Altevogt, H.  Guski, M.  Dietel, 
Clin. Cancer Res. 2003, 9, 4906.

[180] S. B. Willingham, J. P. Volkmer, A. J. Gentles, D. Sahoo, P. Dalerba, 
S. S. Mitra, J. Wang, H. Contreras-Trujillo, R. Martin, J. D. Cohen, 
P.  Lovelace, F. A.  Scheeren, M. P.  Chao, K.  Weiskopf, C.  Tang, 
A. K.  Volkmer, T. J.  Naik, T. A.  Storm, A. R.  Mosley, B.  Edris, 
S. M.  Schmid, C. K.  Sun, M. S.  Chua, O.  Murillo, P.  Rajendran, 
A. C.  Cha, R. K.  Chin, D.  Kim, M.  Adorno, T.  Raveh, et  al., 
Proc. Natl. Acad. Sci. U. S. A. 2012, 109, 6662.

[181] S. Y. Park, I. S. Kim, Cancer Lett. 2019, 452, 51.
[182] a) X.  Liu, Y.  Pu, K.  Cron, L.  Deng, J.  Kline, W. A.  Frazier, H.  Xu, 

H. Peng, Y. X. Fu, M. M. Xu, Nat. Med. 2015, 21, 1209; b) M. M. Xu, 

Y. Pu, D. Han, Y. Shi, X. Cao, H. Liang, X. Chen, X. D. Li, L. Deng, 
Z. J. Chen, R. R. Weichselbaum, Y. X. Fu, Immunity 2017, 47, 363.

[183] M.  Yadav, S.  Jhunjhunwala, Q. T.  Phung, P.  Lupardus, J.  Tanguay, 
S.  Bumbaca, C.  Franci, T. K.  Cheung, J.  Fritsche, T.  Weinschenk, 
Z. Modrusan, I. Mellman, J. R. Lill, L. Delamarre, Nature 2014, 515, 572.

[184] T. F. Gajewski, Y. Meng, H. Harlin, J. Immunother. 2006, 29, 233.
[185] J. N. Blattman, P. D. Greenberg, Science 2004, 305, 200.
[186] O. S.  Qureshi, Y.  Zheng, K.  Nakamura, K.  Attridge, C.  Manzotti, 

E. M. Schmidt, J. Baker, L. E. Jeffery, S. Kaur, Z. Briggs, T. Z. Hou, 
C. E. Futter, G. Anderson, L. S. K. Walker, D. M. Sansom, Science 
2011, 332, 600.

[187] R.  Mason, H. C.  Dearden, B.  Nguyen, J. A.  Soon, J. L.  Smith, 
M. Randhawa, A. Mant, L. Warburton, S. Lo, T. Meniawy, A. Guminski, 
P. Parente, S. Ali, A. Haydon, G. V. Long, M. S. Carlino, M. Millward, 
V. G. Atkinson, A. M. Menzies, Pigm. Cell Melanoma Res. 2020, 33, 358.

[188] L. Corrales, T. F. Gajewski, Clin. Cancer Res. 2015, 21, 4774.
[189] X. Cai, Y. H. Chiu, Z. J. Chen, Mol. Cell. 2014, 54, 289.
[190] J. Tao, X. Zhou, Z. Jiang, IUBMB Life 2016, 68, 858.
[191] Y. Tanaka, Z. J. Chen, Sci. Signaling 2012, 5, ra20.
[192] W. J. Jordan, J. Eskdale, S. Srinivas, V. Pekarek, D. Kelner, M. Rodia, 

G. Gallagher, Genes Immun. 2007, 8, 254.
[193] S. R. Woo, M. B. Fuertes, L. Corrales, S. Spranger, M. J. Furdyna, 

M. Y.  Leung, R. Duggan, Y. Wang, G. N. Barber, K. A.  Fitzgerald, 
M. L. Alegre, T. F. Gajewski, Immunity 2014, 41, 830.

[194] a) L. J. Sun, J. X. Wu, F. H. Du, X. Chen, Z. J. J. Chen, Science 2013, 
339, 786; b) T. Ohkuri, A. Kosaka, K. Ishibashi, T. Kumai, Y. Hirata, 
K.  Ohara, T.  Nagato, K.  Oikawa, N.  Aoki, Y.  Harabuchi, E.  Celis, 
H.  Kobayashi, Cancer Immunol. Immunother. 2017, 66, 705; 
c) L. H.  Glickman, L.  Corrales, D. B.  Kanne, S.  Kasibhatla, J.  Li, 
A. M. C. Pferdekamper, K. S. Gauthier, G. E. Katibah, J. J.  Leong, 
L.  Sung, K.  Metchette, W. W.  Deng, A. L.  Desbien, C.  Ndubaku, 
L. X.  Zheng, C.  Cho, Y.  Feng, J. M.  McKenna, J. A.  Tallarico, 
S. L.  Bender, S. M.  McWhirter, T. F.  Gajewski, T. W.  Dubensky, 
Cancer Res. 2016, 76, SY39.

[195] Y. Kitai, T. Kawasaki, T. Sueyoshi, K. Kobiyama, K. J.  Ishii, J. Zou, 
S. Akira, T. Matsuda, T. Kawai, J. Immunol. 2017, 198, 1649.

[196] L.  Montermini, B.  Meehan, D.  Gamier, W. J.  Lee, T. H.  Lee, 
A. Guha, K. Al-Nedawi, J. Rake, J. Biol. Chem. 2015, 290, 24534.

[197] D.  Torralba, F.  Baixauli, C.  Villarroya-Beltri, I.  Fernandez-
Delgado, A.  Latorre-Pellicer, R. Acin-Perez, N. B. Martin-Cofreces, 
A. L.  Jaso-Tamame, S.  Iborra, I.  Jorge, G. Gonzalez-Aseguinolaza, 
J. Garaude, M. Vicente-Manzanares, J. A. Enriquez, M. Mittelbrunn, 
F. Sanchez-Madrid, Nat. Commun. 2018, 9, 2658.

[198] J. L. Wang, L. M. Wang, Z. D. Lin, L. S. Tao, M. Chen, Mol. Med. 
Rep. 2014, 9, 125.

[199] R. K.  Sironen, M.  Tammi, R.  Tammi, P. K.  Auvinen, M.  Anttila, 
V. M. Kosma, Exp. Cell Res. 2011, 317, 383.

[200] S. R. Jackson, J. Yuan, R. M. Teague, Immunotherapy 2014, 6, 833.
[201] a) N. P.  Restifo, F. M.  Marincola, Y.  Kawakami, J.  Taubenberger, 

J. R. Yannelli, S. A. Rosenberg, J. Natl. Cancer Inst. 1996, 88, 100; 
b) S. Gettinger, J. Choi, K. Hastings, A. Truini, I. Datar, R. Sowell, 
A. Wurtz, W. Dong, G. Cai, M. A. Melnick, V. Y. Du, J. Schlessinger, 
S. B. Goldberg, A. Chiang, M. F. Sanmamed, I. Melero, J. Agorreta, 
L. M. Montuenga, R. Lifton, S. Ferrone, P. Kavathas, D. L. Rimm, 
S. M. Kaech, K. Schalper, R. S. Herbst, K. Politi, Cancer Discovery 
2017, 7, 1420.

[202] J. R.  Conway, E.  Kofman, S. S.  Mo, H.  Elmarakeby, E.  Van Allen, 
Genome Med. 2018, 10, 93.

[203] J. C.  Chavez, C.  Bachmeier, M. A.  Kharfan-Dabaja, Ther. Adv. 
Hematol. 2019, 10, 204062071984158.

[204] M. V. Maus, C. H. June, Clin. Cancer Res. 2016, 22, 1875.
[205] N. N. Shah, T. J. Fry, Nat. Rev. Clin. Oncol. 2019, 16, 372.
[206] P.  Minetto, F.  Guolo, S.  Pesce, M.  Greppi, V.  Obino, E.  Ferretti, 

S. Sivori, C. Genova, R. M. Lemoli, E. Marcenaro, Front. Immunol. 
2019, 10, 2836.

Adv. Mater. 2020, 32, 2002440



www.advmat.dewww.advancedsciencenews.com

2002440 (35 of 37) © 2020 The Authors. Published by Wiley-VCH GmbH

[207] K. B. Lupo, S. Matosevic, Cancers 2019, 11, 769.
[208] W. Y.  Fu, C. H.  Lei, S. W. Liu, Y. S. Cui, C. Q. Wang, K. W. Qian, 

T. Li, Y. F. Shen, X. Y. Fan, F. X. Lin, M. Ding, M. Z. Pan, X. T. Ye, 
Y. J. Yang, S. Hu, Nat. Commun. 2019, 10, 4355.

[209] a) Q.  Cheng, X. J.  Shi, M. L.  Han, G.  Smbatyan, H. J.  Lenz, 
Y.  Zhang, J. Am. Chem. Soc. 2018, 140, 16413; b) X. J.  Shi, 
Q. Q.  Cheng, T. L.  Hou, M. L.  Han, G.  Smbatyan, J. E.  Lang, 
A. L. Epstein, H. J. Lenz, Y. Zhang, Mol. Ther. 2020, 28, 536.

[210] L.  Lugini, S.  Cecchetti, V.  Huber, F.  Luciani, G.  Macchia, 
F. Spadaro, L. Paris, L. Abalsamo, M. Colone, A. Molinari, F. Podo, 
L. Rivoltini, C. Ramoni, S. Fais, J. Immunol. 2012, 189, 2833.

[211] L.  Zhu, S.  Kalimuthu, P.  Gangadaran, J. M.  Oh, H. W.  Lee, 
S. H.  Baek, S. Y.  Jeong, S. W.  Lee, J.  Lee, B. C.  Ahn, Theranostics 
2017, 7, 2732.

[212] A.  Shoae-Hassani, A. A.  Hamidieh, M.  Behfar, R.  Mohseni, 
S. A. Mortazavi-Tabatabaei, S. Asgharzadeh, J. Immunother. 2017, 
40, 265.

[213] P.  Wang, H.  Wang, Q.  Huang, C.  Peng, L.  Yao, H.  Chen, Z.  Qiu, 
Y. Wu, L. Wang, W. Chen, Theranostics 2019, 9, 1714.

[214] L. Cheng, Y. Wang, L. Huang, Mol. Ther. 2017, 25, 1665.
[215] P. Bianco, P. G. Robey, P. J. Simmons, Cell Stem Cell 2008, 2, 313.
[216] I. A.  White, C.  Sanina, W.  Balkan, J. M.  Hare, Methods Mol. Biol. 

2016, 1416, 55.
[217] R. M.  Samsonraj, M.  Raghunath, V.  Nurcombe, J. H.  Hui, 

A. J. van Wijnen, S. M. Cool, Stem Cells Transl. Med. 2017, 6, 2173.
[218] a) G.  Lou, Z.  Chen, M.  Zheng, Y.  Liu, Exp. Mol. Med. 2017, 

49, e346; b) R. W.  Yeo, R. C.  Lai, B.  Zhang, S. S.  Tan, Y.  Yin, 
B. J.  Teh, S. K.  Lim, Adv. Drug Delivery Rev. 2013, 65, 336; 
c) N.  Perets, S.  Hertz, M.  London, D.  Offen, Mol. Autism 2018, 
9, 57; d) A. M. Williams, I. S. Dennahy, U. F. Bhatti, I. Halaweish, 
Y.  Xiong, P. P.  Chang, V. C.  Nikolian, K.  Chtraklin, J.  Brown, 
Y. L.  Zhang, Z. G.  Zhang, M.  Chopp, B.  Buller, H. B.  Alam, 
J. Neurotrauma 2019, 36, 54.

[219] a) J. Y.  Zhou, X. H.  Tan, Y. H.  Tan, Q. Y.  Li, J. J.  Ma, 
G. Y. Wang, J. Cancer 2018, 9, 3129; b) M. O. Gomzikova, V. James, 
A. A. Rizvanov, Front. Immunol. 2019, 10, 2663.

[220] L.  Kordelas, V.  Rebmann, A. K.  Ludwig, S.  Radtke, J.  Ruesing, 
T. R.  Doeppner, M.  Epple, P. A.  Horn, D. W.  Beelen, B.  Giebel, 
Leukemia 2014, 28, 970.

[221] G. G.  Romagnoli, B. B.  Zelante, P. A.  Toniolo, I. K.  Migliori, 
J. A. Barbuto, Front. Immunol. 2014, 5, 692.

[222] a) X.  Zhuang, Z. B.  Deng, J.  Mu, L.  Zhang, J.  Yan, D.  Miller, 
W.  Feng, C. J.  McClain, H. G.  Zhang, J. Extracell. Vesicles 2015, 
4, 28713; b) J.  Mu, X.  Zhuang, Q.  Wang, H.  Jiang, Z.-B.  Deng, 
B.  Wang, L.  Zhang, S.  Kakar, Y.  Jun, D.  Miller, H.-G.  Zhang, 
Mol. Nutr. Food Res. 2016, 60, 964; c) B. M. Wang, X. Y. Zhuang, 
Z. B. Deng, H. Jiang, J. Y. Mu, Q. L. Wang, X. Y. Xiang, H. X. Guo, 
L. F. Zhang, G. Dryden, J. Yan, D. Miller, H. G. Zhang, Mol. Ther. 
2014, 22, 522.

[223] S.  Raimondo, F.  Naselli, S.  Fontana, F.  Monteleone, A.  Lo Dico, 
L. Saieva, G. Zito, A. Flugy, M. Manno, M. A. Di Bella, G. De Leo, 
R. Alessandro, Oncotarget 2015, 6, 19514.

[224] J. L. Betker, B. M. Angle, M. W. Graner, T. J. Anchordoquy, J. Pharm. 
Sci. 2019, 108, 1496.

[225] O. J.  Arntz, B. C.  Pieters, M. C.  Oliveira, M. G.  Broeren, 
M. B.  Bennink, M.  de  Vries, P. L.  van  Lent, M. I.  Koenders, 
W. B.  van den  Berg, P. M.  van der  Kraan, F. A.  van de  Loo, 
Mol. Nutr. Food Res. 2015, 59, 1701.

[226] F.  Aqil, H.  Kausar, A. K.  Agrawal, J.  Jeyabalan, A. H.  Kyakulaga, 
R. Munagala, R. Gupta, Exp. Mol. Pathol. 2016, 101, 12.

[227] F. Aqil, R. Munagala, J. Jeyabalan, A. K. Agrawal, R. Gupta, AAPS J. 
2017, 19, 1691.

[228] R.  Munagala, F.  Aqil, J.  Jeyabalan, A. K.  Agrawal, A. M.  Mudd, 
A. H. Kyakulaga, I. P. Singh, M. V. Vadhanam, R. C. Gupta, Cancer 
Lett. 2017, 393, 94.

[229] A. K.  Agrawal, F.  Aqil, J.  Jeyabalan, W. A.  Spencer, J.  Beck, 
B. W. Gachuki, S. S. Alhakeem, K. Oben, R. Munagala, S. Bondada, 
R. C. Gupta, Nanomedicine 2017, 13, 1627.

[230] C.  Thery, S.  Amigorena, G.  Raposo, A.  Clayton, Curr. Protoc. Cell 
Biol. 2006, Chapter 3, Unit 3 22.

[231] C.  Gardiner, D.  Di Vizio, S.  Sahoo, C.  Thery, K. W.  Witwer, 
M. Wauben, A. F. Hill, J. Extracell. Vesicles 2016, 5, 32945.

[232] J. Z.  Nordin, Y.  Lee, P.  Vader, I.  Mager, H. J.  Johansson, 
W.  Heusermann, O. P.  Wiklander, M.  Hallbrink, Y.  Seow, 
J. J. Bultema, J. Gilthorpe, T. Davies, P. J. Fairchild, S. Gabrielsson, 
N. C.  Meisner-Kober, J.  Lehtio, C. I.  Smith, M. J.  Wood, 
S. El Andaloussi, Nanomedicine 2015, 11, 879.

[233] K.  Iwai, T.  Minamisawa, K.  Suga, Y.  Yajima, K.  Shiba, J. Extracell. 
Vesicles 2016, 5, 30829.

[234] Y. Yuana, J. Levels, A. Grootemaat, A. Sturk, R. Nieuwland, J. Extra-
cell. Vesicles 2014, 3, 23262.

[235] A.  Cheruvanky, H.  Zhou, T.  Pisitkun, J. B.  Kopp, M. A.  Knepper, 
P. S. T. Yuen, R. A. Star, Am. J. Physiol-Renal 2007, 292, F1657.

[236] S.  Busatto, G.  Vilanilam, T.  Ticer, W. L.  Lin, D. W.  Dickson, 
S. Shapiro, P. Bergese, J. Wolfram, Cells 2018, 7, 273.

[237] a) J. Z.  Nordin, Y.  Lee, P.  Vader, I.  Mager, H. J.  Johansson, 
W.  Heusermann, O. P. B.  Wiklander, M.  Hallbrink, Y.  Seow, 
J. J. Bultema, J. Gilthorpe, T. Davies, P. J.  Fairchild, S. Gabrielsson, 
N. C.  Meisner-Kober, J.  Lehtio, C. I. E.  Smith, M. J. A.  Wood, 
S. E. L. Andaloussi, Nanomedicine 2015, 11, 879; b) A. N. Boing, E. van 
der Pol, A. E. Grootemaat, F. A. Coumans, A. Sturk, R. Nieuwland,  
J. Extracell. Vesicles 2014, 3, 23430; c) Y.  Ogawa, M.  Kanai-Azuma, 
Y. Akimoto, H. Kawakami, R. Yanoshita, Biol. Pharm. Bull. 2008, 31, 
1059; d) E. A. Mol, M. J. Goumans, P. A. Doevendans, J. P. G. Sluijter, 
P. Vader, Nanomedicine 2017, 13, 2061.

[238] J. Van Deun, P. Mestdagh, R. Sormunen, V. Cocquyt, K. Vermaelen, 
J. Vandesompele, M. Bracke, O. De Wever, A. Hendrix, J. Extracell. 
Vesicles 2014, 3, 24858.

[239] B. J.  Tauro, D. W.  Greening, R. A.  Mathias, H.  Ji, S.  Mathivanan, 
A. M. Scott, R. J. Simpson, Methods 2012, 56, 293.

[240] a) E.  Willms, H. J.  Johansson, I.  Mager, Y.  Lee, K. E.  Blomberg, 
M.  Sadik, A.  Alaarg, C. I.  Smith, J.  Lehtio, S.  El Andaloussi, 
M. J. Wood, P. Vader, Sci. Rep. 2016, 6, 22519; b) O. P. B. Wiklander, 
R. B.  Bostancioglu, J. A.  Welsh, A. M.  Zickler, F.  Murke, G.  Corso, 
U. Felldin, D. W. Hagey, B. Evertsson, X. M. Liang, M. O. Gustafsson, 
D. K.  Mohammad, C.  Wiek, H.  Hanenberg, M.  Bremer, D.  Gupta, 
M. Bjornstedt, B. Giebel, J. Z. Nordin, J. C. Jones, S. E. L Andaloussi, 
A. Gorgens, Front. Immunol. 2018, 9, 1326.

[241] Y. Wan, G. Cheng, X. Liu, S. J. Hao, M. Nisic, C. D. Zhu, Y. Q. Xia, 
W. Q. Li, Z. G. Wang, W. L. Zhang, S. J. Rice, A. Sebastian, I. Albert, 
C. P. Belani, S. Y. Zheng, Nat. Biomed. Eng. 2017, 1, 0058.

[242] a) R. T. Davies, J. Kim, S. C. Jang, E. J. Choi, Y. S. Gho, J. Park, Lab 
Chip 2012, 12, 5202; b) E.  Reategui, K. E.  van der  Vos, C. P.  Lai, 
M.  Zeinali, N. A.  Atai, B.  Aldikacti, F. P.  Floyd, A. H.  Khankhel, 
V. Thapar, F. H. Hochberg, L. V. Sequist, B. V. Nahed, B. S. Carter, 
M.  Toner, L.  Balaj, D. T.  Ting, X. O.  Breakefield, S. L.  Stott, 
Nat. Commun. 2018, 9, 175; c) H. L.  Shao, H.  Im, C. M.  Castro, 
X. Breakefield, R. Weissleder, H. H. Lee, Chem. Rev. 2018, 118, 1917.

[243] a) M. C.  Didiot, L. M.  Hall, A. H.  Coles, R. A.  Haraszti, 
B. M. D. C.  Godinho, K.  Chase, E.  Sapp, S.  Ly, J. F.  Alterman, 
M. R. Hassler, D. Echeverria, L. Raj, D. V. Morrissey, M. DiFiglia, 
N.  Aronin, A.  Khvorova, Mol. Ther. 2016, 24, 1836; 
b) T. N.  Lamichhane, A.  Jeyaram, D. B.  Patel, B.  Parajuli, 
N. K.  Livingston, N.  Arumugasaamy, J. S.  Schardt, S. M.  Jay, 
Cell Mol. Bioeng. 2016, 9, 315; c) L.  Alvarez-Erviti, Y. Q.  Seow, 
H. F.  Yin, C.  Betts, S.  Lakhal, M. J. A.  Wood, Nat. Biotechnol. 
2011, 29, 341; d) D. M.  Sun, X. Y.  Zhuang, X. Y.  Xiang, Y. L.  Liu, 
S. Y. Zhang, C. R. Liu, S. Barnes, W. Grizzle, D. Miller, H. G. Zhang, 
Mol. Ther. 2010, 18, 1606; e) E. V. Batrakova, M. S. Kim, Wiley Inter-
discip. Rev.: Nanomed. Nanobiotechnol. 2016, 8, 744; f) M. J. Haney, 

Adv. Mater. 2020, 32, 2002440



www.advmat.dewww.advancedsciencenews.com

2002440 (36 of 37) © 2020 The Authors. Published by Wiley-VCH GmbH

N. L. Klyachko, Y. L. Zhaoa, R. Gupta, E. G. Plotnikova, Z. J. He, 
T.  Patel, A.  Piroyan, M.  Sokolsky, A. V.  Kabanov, E. V.  Batrakova, 
J. Controlled Release 2015, 207, 18.

[244] a) J. Wahlgren, L. K. T. De, M. Brisslert, F. Vaziri Sani, E. Telemo, 
P.  Sunnerhagen, H.  Valadi, Nucleic Acids Res. 2012, 40, 
e130; b) S. A. A.  Kooijmans, S.  Stremersch, K.  Braeckmans, 
S. C.  de  Smedt, A.  Hendrix, M. J. A.  Wood, R. M.  Schiffelers, 
K. Raemdonck, P. Vader, J. Controlled Release 2013, 172, 229.

[245] N.  Yim, S. W.  Ryu, K.  Choi, K. R.  Lee, S.  Lee, H.  Choi, J.  Kim, 
M. R. Shaker, W. Sun, J. H. Park, D. Kim, W. D. Heo, C. Choi, Nat. 
Commun. 2016, 7, 12277.

[246] Z. G. Yang, J. F. Shi, J. Xie, Y. F. Wang, J. Y. Sun, T. Z. Liu, Y. R. Zhao, 
X. T. Zhao, X. M. Wang, Y. F. Ma, V. Malkoc, C. L. Chiang, W. Y. Deng, 
Y. X. Chen, Y. Fu, K. J. Kwak, Y. M. Fan, C. Kang, C. C. Yin, J. Rhee, 
P.  Bertani, J.  Otero, W.  Lu, K.  Yun, A. S.  Lee, W.  Jiang, L. S.  Teng, 
B. Y. S. Kim, L. J. Lee, Nat. Biomed. Eng. 2020, 4, 69.

[247] a) C.  Ciardiello, L.  Cavallini, C.  Spinelli, J. L.  Yang, M.  Reis-
Sobreiro, P.  de  Candia, V. R.  Minciacchi, D.  Di Vizio, Int. J. Mol. 
Sci. 2016, 17, 175.

[248] J. R.  Chevillet, Q.  Kang, I. K.  Ruf, H. A.  Briggs, L. N.  Vojtech, 
S. M.  Hughes, H. H.  Cheng, J. D.  Arroyo, E. K.  Meredith, 
E. N.  Gallichotte, E. L.  Pogosova-Agadjanyan, C.  Morrissey, 
D. L. Stirewalt, F. Hladik, E. Y. Yu, C. S. Higano, M. Tewari, Proc. 
Natl. Acad. Sci. U. S. A. 2014, 111, 14888.

[249] J. Kowal, G. Arras, M. Colombo, M. Jouve, J. P. Morath, B. Primdal-
Bengtson, F. Dingli, D. Loew, M. Tkach, C. Thery, Proc. Natl. Acad. 
Sci. U. S. A. 2016, 113, E968.

[250] H. Y.  Zhang, D.  Freitas, H. S.  Kim, K.  Fabijanic, Z.  Li, 
H. Y. Chen, M. T. Mark, H. Molina, A. B. Martin, L. Bojmar, J. Fang, 
S. Rampersaud, A. Hoshino, I. Matei, C. M. Kenific, M. Nakajima, 
A. P. Mutvei, P. Sansone, W. Buehring, H. J. Wang, J. P.  Jimenez, 
L.  Cohen-Gould, N.  Paknejad, M.  Brendel, K.  Manova-Todorova, 
A.  Magalhaes, J. A.  Ferreira, H.  Osorio, A. M.  Silva, A.  Massey, 
J. R.  Cubillos-Ruiz, G.  Galletti, P.  Giannakakou, A. M.  Cuervo, 
J.  Blenis, R.  Schwartz, M. S.  Brady, H.  Peinado, J.  Bromberg, 
H. Matsui, C. A. Reis, D. Lyden, Nat. Cell Biol. 2018, 20, 332.

[251] a) S. J.  Sohl, J. B.  Schnur, G. H.  Montgomery, J. Pain Symptom 
Manage. 2009, 38, 775; b) W. H.  Redd, G. H.  Montgomery, 
K. N. DuHamel, J. Natl. Cancer Inst. 2001, 93, 810; c) F. M. Safdie, 

T.  Dorff, D.  Quinn, L.  Fontana, M.  Wei, C.  Lee, P.  Cohen, 
V. D. Longo, Aging 2009, 1, 988.

[252] I. Mellman, G. Coukos, G. Dranoff, Nature 2011, 480, 480.
[253] J. Rieth, S. Subramanian, Int. J. Mol. Sci. 2018, 19, 1340.
[254] L. M. S. Pereira, S. T. M. Gomes, R. Ishak, A. C. R. Vallinoto, Front. 

Immunol. 2017, 8, 605.
[255] R.  Sackstein, T.  Schatton, S. R.  Barthel, Lab. Invest. 2017, 97,  

669.
[256] D. M. Gilkes, G. L. Semenza, D. Wirtz, Nat. Rev. Cancer 2014, 14, 

430.
[257] Y.  Yang, G. H.  Nam, G. B.  Kim, Y. K.  Kim, I. S.  Kim, Adv. Drug 

Delivery Rev. 2019, 151–152, 2.
[258] a) Y.  Ikeda, K. Kiyotani, P. Y. Yew, S. Sato, Y.  Imai, R. Yamaguchi, 

S.  Miyano, K.  Fujiwara, K.  Hasegawa, Y.  Nakamura, Oncol. Rep. 
2017, 37, 2603; b) A.  Hosoi, K.  Takeda, K.  Nagaoka, T.  Iino, 
H.  Matsushita, S.  Ueha, S.  Aoki, K.  Matsushima, M.  Kubo, 
T.  Morikawa, K.  Kitaura, R.  Suzuki, K.  Kakimi, Sci. Rep. 2018, 8, 
1058.

[259] S.  Samanta, S.  Rajasingh, N.  Drosos, Z. G.  Zhou, B.  Dawn, 
J. Rajasingh, Acta Pharmacol. Sin. 2018, 39, 501.

[260] M.  D’Anca, C.  Fenoglio, M.  Serpente, B.  Arosio, M.  Cesari, 
E. A.  Scarpini, D.  Galimberti, Front. Aging Neurosci. 2019,  
11, 232.

[261] T. L. Whiteside, Adv. Clin. Chem. 2016, 74, 103.
[262] J. M.  Pitt, M.  Charrier, S.  Viaud, F.  Andre, B.  Besse, N.  Chaput, 

L. Zitvogel, J. Immunol. 2014, 193, 1006.
[263] S.  Cosenza, M.  Ruiz, K.  Toupet, C.  Jorgensen, D.  Noel, Sci. Rep. 

2017, 7, 16214.
[264] Z. Li, H. Wang, H. Yin, C. Bennett, H. G. Zhang, P. Guo, Sci. Rep. 

2018, 8, 14644.
[265] R. Munagala, F. Aqil, J.  Jeyabalan, R. C. Gupta, Cancer Lett. 2016, 

371, 48.
[266] Y. K.  Yoo, J.  Lee, H.  Kim, K. S.  Hwang, D. S.  Yoon, J. H.  Lee, 

Micromachines 2018, 9, 634.
[267] S. Dai, D. Wei, Z. Wu, X. Zhou, X. Wei, H. Huang, G. Li, Mol. Ther. 

2008, 16, 782.
[268] M. A. Morse, J. Garst, T. Osada, S. Khan, A. Hobeika, T. M. Clay, 

N. Valente, R. Shreeniwas, M. A. Sutton, A. Delcayre, D. H. Hsu, 
J. B. Le Pecq, H. K. Lyerly, J. Transl. Med. 2005, 3, 9.

Gi-Hoon Nam is a post-doctoral researcher at KIST. He obtained his M.D. from Korea University, 
and joined Prof. Kim’s group in 2013 and received a Ph.D. from KU-KIST Graduate School of 
Converging Science and Technology in 2019. His current research interests include cancer immu-
notherapy and exosome engineering.

Adv. Mater. 2020, 32, 2002440



www.advmat.dewww.advancedsciencenews.com

2002440 (37 of 37) © 2020 The Authors. Published by Wiley-VCH GmbH

Yoonjeong Choi received a B.S. degree from Korea University in 2017. She joined Prof. Kim’s 
group as a Ph.D. candidate at KU-KIST Graduate School of Converging Science and Technology. 
Her current research interests include cancer immunotherapy using biocompatible nanocarrier 
engineering and drug repurposing.

In-San Kim has been a principal research scientist at the Biomedical Research Institute of KIST 
since 2014 and has been a professor at the KU-KIST Graduate School of Converging Science and 
Technology, Korea University since 2015. He received his M.D. and Ph.D. from Kyungpook National 
University (KNU) Medical School. His current research focuses on cancer immunotherapy based 
on a complex adaptive therapeutic strategy employing multiple disciplines of science and tech-
nology, including exosome.

Adv. Mater. 2020, 32, 2002440


