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The emergence of immunotherapy has marked a new epoch in cancer treatment, presenting substantial
clinical benefits. Extracellular vesicles (EVs), as natural nanocarriers, can deliver biologically active agents
in cancer therapy with their inherent biocompatibility and negligible immunogenicity. However, natural
EVs have limitations such as inadequate targeting capability, low loading efficacy, and unpredictable side
effects. Through progress in genetic engineering, EVs have been modified for enhanced delivery of
immunomodulatory agents and antigen presentation with specific cancer targeting ability, deepening the
role of EVs in cancer immunotherapy. This review briefly describes typical EV sources, isolation methods,
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and adjustable targeting of EVs. Furthermore, this review highlights the genetic engineering strategies
developed for delivering immunomodulatory agents and antigen presentation in EV-based systems. The
prospects and challenges of genetically engineered EVs as cancer immunotherapy in clinical translation
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rsc.li/nanoscale are also discussed.

1. Introduction

Naturally derived nanomaterials like cell-based nanovesicles
are gaining dramatic attention owing to their favorable bio-
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compatibility, diminished immunogenicity, extended blood
circulation time, and appropriate nano-scale dimensions, posi-
tioning them as attractive candidates for drug delivery.
Extracellular vesicles (EVs), which encompass different types
of membrane-enclosed particles secreted by cells into the
extracellular milieu, play an important role in cell-to-cell
communication.” EVs can be classified into three major sub-
classes based on their size: small EVs (sEVs with <200 nm),
large EVs (IEVs with 200-1000 nm), and apoptotic bodies
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Fig. 1 Biogenesis and characteristics of extracellular vesicles. Created with BioRender.

(ABs with 100 nm-5 um).* Large EVs, known as microvesicles,
are generated through direct outward budding of the plasma
membrane. Apoptotic bodies are produced by cells undergoing
apoptosis. Exosomes, a subset of small EVs, exhibit sizes
between 50 and 150 nm. Their biogenesis commences with
inward budding of the plasma membrane, followed by the for-
mation of intraluminal vesicles during endosomal processing
and release into the extracellular space (Fig. 1). As such, exo-
somes encapsulate both membranous and cytosolic molecules,
making them captivating subjects in diverse biomedical
domains in recent decades.

Cancer immunotherapy, aiming to improve the ability of
the immune system to recognize and eliminate tumors, rep-
resents one of the most rapidly advancing domains in clinical
medicine. Steady development of cancer immunotherapy
involves leveraging various elements of the immune system to
treat tumors, including antibodies, cells, and proteins.’>*
Notable advancements have been made through approaches
such as adoptive cell therapy based on the injection of tumor-
activated T cells and checkpoint blockade inhibitors, which
prevent the deactivation of cytotoxic T cells by blocking
specific inhibitory receptor interactions. These strategies have
significantly improved the long-term survival rates of patients
with aggressive cancers.”>°

With recent advancements introducing EVs as promising
candidates for various therapeutic and diagnostic applications,
their utilization in cancer immunotherapy has garnered advan-
tages. In comparison with conventional cell-based immu-
notherapy that requires meticulous and time-sensitive prepa-
ration, EV-based therapy is cell-free and thereby offers a more
practical approach by exhibiting enhanced stability for
extended storage without compromising efficacy.”® In

8318 | Nanoscale, 2024, 16, 8317-8334

addition, EVs outperform synthetic nanocarriers like lipo-
somes or polymeric nanoparticles in terms of lower toxicity to
healthy cells and environmentally friendly isolation, as they do
not require organic solvents and various chemical materials
for isolation.'® EVs originating from a specific source inher-
ently carry biologically active molecules such as nucleic acids,
proteins, and glycans, establishing their nature as connate car-
riers. Moreover, they can be modified via different methods to
deliver various functional cargoes and target specific signaling
pathways. However, although EVs have shown promise as ver-
satile therapeutics, the optimal cargo composition and loading
strategies for maximizing their efficacy in cancer immunother-
apy remain to be determined. Additionally, strategies to
enhance the targeting abilities of EVs while minimizing off-
target effects need further investigation. Different aspects of
EV-based systems for therapeutic applications have been dis-
cussed in many recent reviews."' ™ In this review, we specifi-
cally focus on and discuss recent advances in developing
genetic engineering strategies for boosting EV-mediated
cancer immunotherapy. Our discussions will help to identify
key knowledge gaps in more effectively engineering EVs via
genetic engineering as well as provide useful perspectives in
introducing new functionalities to EVs as a powerful tool for
cell-free cancer immunotherapy.

2. Extracellular vesicles for cancer
therapy
2.1 Cell sources

2.1.1 Mesenchymal stem cells (MSCs). Mesenchymal stem
cells (MSCs) represent a type of multipotent stem cells that

This journal is © The Royal Society of Chemistry 2024
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exist in a wide range of tissues. MSC-derived EVs not only can
transfer bioactive molecules for immunomodulation, such as
cytokines, growth factors, and miRNA, but also can regulate
the activity of immune cells. Additionally, EVs from MSCs
intrinsically exhibit tumor homing abilities, akin to their
recruitment to sites of inflammation, making them candidates
for anti-tumor therapy.'* Nevertheless, accumulating evidence
indicates that MSC-derived EVs can be a double-edged sword,
either inhibiting or promoting tumor progression in different
situations depending on their source (adipose tissue, bone
marrow, and peripheral blood) and the route of administration
(intramuscular, intravenous, and subcutaneous injection).*

Several studies have demonstrated that miRNAs encapsu-
lated in native EVs derived from MSCs, such as miR-7-5p,
miR-146b, miR-142-3p, and miR-let-7c, are capable of suppres-
sing the development and metastasis of cancer.'®™*® For
example, a recent study'® by Wang et al elucidated that
miR-30b-5p shuttled by bone marrow MSC-derived exosomes
could promote cell apoptosis and prevent tumorigenesis in
non-small cell lung cancer (NSCLC) via the EZH2/PI3K/AKT
axis. Conversely, a number of studies indicated the tumor-pro-
moting effect of MSC-derived EVs,”°* likely due to the
enriched presence of tumor-supportive miRNAs (e.g,
miRNA-21 and 34a) and proteins (e.g., PDGFR-, TIMP-1, and
TIMP-2).>* Ren et al.*® reported that EVs isolated from human
bone marrow-derived MSCs significantly increased tumor
growth, intra-tumoral angiogenesis as well as macrophage M2
polarization via miR-21-5p delivery. In another study, Biswas
et al.®* showed that exosomes secreted by tumor-educated
MSCs induced differentiation of monocytic myeloid-derived
suppressor cells (MDSCs) into highly immunosuppressive
M2 macrophages at tumor sites and thereby promoted breast
cancer progression. Apart from regulating macrophage pheno-
types, MSC-derived EVs have also been demonstrated to play a
role in suppressing the proliferation and function of other
immune cells, including natural killer (NK) cells, dendritic
cells (DCs), T cells and B cells.”>*® In some cases, they could
likely induce apoptosis in activated immune cells, leading to
inhibited immune responses.

Apart from utilizing the intrinsic payload, MSC-derived EVs
have been used as a carrier for anti-tumor immunotherapy.
Deng et al®” recently demonstrated the potential of EV-
mediated delivery of CD38 siRNA to overcome the resistance of
tumors to PD-1/PD-L1 inhibitors by promoting macrophage
repolarization to the M1 phenotype.

2.1.2 Cancer Cells. Apart from immune cells, extensive
efforts have also been made to explore the potential of EVs
derived from tumor cells in delivering cancer-specific antigens
as part of cancer immunotherapy strategies. However, it
should be noted that tumor-derived exosomes (TEXs) also
contain immune inhibitory molecules, such as Fas ligand (Fas-
L), transforming growth factor beta (TGF-) and prostaglandin
E2 (PGE2), which can inhibit differentiation or decrease the
cytotoxicity of proinflammatory cells (e.g., NK cells, CD8 T
cells, DCs),>**? meanwhile promoting the proliferation of anti-
inflammatory cells (e.g., Tregs and MDSCs). Therefore, they
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often would be strategically engineered to circumvent their
immunosuppressive properties as well as enhance immune
activities.’®>* For instance, Rossowska et al®! genetically
engineered MC38 colon carcinoma (CRC) cells for over-
expression of interleukin 12 (IL-12) and shRNA targeting TGF-
p1, followed by EV collection from engineered cells, which
induced tumor inhibition as opposed to TEXs from unmodi-
fied MC38 cells. In another study, TEXs were painted with the
functional domain of high mobility group nucleosome-
binding protein 1 (HMGN1) to boost the activity of DCs.*® In
mouse models with large tumor burdens, most notably large
poorly immunogenic orthotopic hepatocellular carcinoma
(HCC), the engineered TEXs promoted DC activation,
increased homing to lymphoid tissues, elicited long-lasting
antitumor immunity, and contributed to an augmented
memory T cell response.

2.1.3 Dendritic Cells. DCs are professional antigen-present-
ing cells (APCs) for the activation of cytotoxic T lymphocytes.*?
Consistently, EVs derived from DCs, both exosomes®® and
large EVs,*” have been shown to bear abundant signature pro-
teins from their producer cells, such as major histocompatibil-
ity complex (MHC) and co-stimulatory molecules, allowing the
activation of T cells. Considered as the most prospective EV-
based therapeutic in cancer immunotherapy, DC-derived EVs
have been studied for decades and some have been progressed
to clinical trials. Yet, only modest immune response can be eli-
cited by the individual use of DC-derived EVs in part due to
the lack of sufficient antigen presented on them. To enhance
their anti-tumor immunity, some stimuli were administered or
adjuvants like poly (I:C) and CpG DNA were co-delivered.*®
Mastumoto et al.? reported that small EVs secreted from oval-
bumin-activated DCs could stimulate macrophages and DCs
in vitro and in vivo through toll-like receptor 4 signaling and
exhibit strong in vivo antitumor effects. A phase II clinical trial
has confirmed the antitumor effect of mature DC-derived exo-
somes when used as a maintenance immunotherapy after
chemotherapy in patients with advanced NSCLC
(NCT01159288).*° This similar strategy was also used to pulse
DCs with an HCC antigen, a-fetoprotein, to produce exosome-
based vaccines.*' Exosomes collected from antigen-modified
DCs demonstrated their potential as a cell-free alternative for
DC vaccines by eliciting antigen-specific immune response in
ectopic or orthotopic HCC mice. Instead of using a specific
antigen, in a recent report by Xu et al.,** the authors used anti-
gens derived from a whole tumor cell and the CpG adjuvant to
activate DCs, endowing the EVs with significantly upregulated
levels of co-stimulatory molecules (CD80 and CD86) and the
MHC-peptide complex. The EVs were further equipped with
the targeting ability by overexpressing aCD19 scFv and the
immune checkpoint blocking capability by PD-L1 siRNA treat-
ment. The multifunctional DC-EVs showed impressive ability
to accumulate in huCD19-expressing solid tumors following
intravenous injection and effectively reshaped the immuno-
suppressive tumor microenvironment.

2.1.4 Macrophages. Tumor-associated macrophages
(TAMs) are the most abundant immune cells in tumor tissues.
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Thus, TAM-derived EVs are appealing candidates for immuno-
modulation and cancer immunotherapy.**** M1 macrophages
are the classically activated phenotypes that exert tumor-inhi-
biting abilities, while M2 macrophages are the alternatively
activated counterparts that promote tumor progression and
immunosuppression. In analogous to their parental cells, EVs
derived from M1 macrophages have demonstrated that they
not only possess tumor-homing ability,”> but also can repolar-
ize M2 macrophages to the M1 phenotype.*>*® A main cause
of TAM-associated immunosuppression involves signal regulat-
ory protein alpha (SIRPa) on macrophages that ligates with
CD47, a “don’t eat me” signal overexpressed on tumor cell
surface. Accordingly, blocking the CD47-SIRPa signaling
becomes an efficient strategy to re-educate TAMs to boost
cancer immunotherapy. Based on this concept, Nie et al. pre-
pared exosomes derived from M1 macrophages, followed by
conjugation with the antibodies of CD47 and SIRPa through
pH-sensitive linkers.”” The modified M1 exosomes efficiently
accumulated in tumor sites due to the targeting ability of
aCD47 and then released the antibodies upon the cleavage of
the pH-sensitive bond in the acidic tumor microenvironment.
The synergism of M1 exosome and antibodies resulted in
efficient reprogramming of pro-tumoral M2 to anti-tumoral
M1 macrophages and potent anti-tumor efficacy with minor
side effects.

2.1.5 T cells. T cells play a vital role in active anti-tumor
immunity by recognizing and responding to antigens followed
by orchestrating a targeted immune response. There are a
variety of T cells, each exerting a unique immune function.
EVs derived from T cells have shown great potential for cancer
immunotherapy. Supporting information has been provided in
some reports regarding cytotoxic CD8 T cell-derived EVs,
showing that the EVs could mediate depletion of mesenchymal
tumor stromal cells and cancer-associated fibroblasts.*®
Consequently, they lead to vigorous attenuation of tumor inva-
sion and metastasis. EVs derived from other T cell subsets,
such as helper CD4 T cells*® and activated CD3 T cells,*® have
also demonstrated their therapeutic potential in cancer immu-
notherapy. One study by Fu et al. indicated that exosomes pro-
duced from CAR-T cells carried a high level of cytotoxic mole-
cules and expressed a low level of PD1. These properties made
them safer than the respective CAR-T therapy because they
have a lower risk to induce cytokine release syndrome.>!
Besides, modifying the EVs or loading anti-cancer drugs could
further enhance their anti-cancer efficacy.> For instance,
Jung et al. developed IL-2-tethered exosomes from engineered
Jurkat T cells to augment the immune responses of CD8 T
cells.® This surface engineering of exosomes resulted in
significantly modified levels of miRNAs that are crucial in
activating CD8 T cells, thereby amplifying their antitumor
immune effects.

2.1.6 Natural killer cells. As an important component of
the innate immune system, natural killer (NK) cells can
destroy harmful cells, just like cytotoxic T cells, but do not
require activation by an antigen. Several studies have demon-
strated that EVs secreted from NK cells contain typical NK
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markers (e.g. CD56) and cytotoxic proteins (e.g. perforin, gran-
zyme and FasL), thereby capable of directly inducing tumor
cell lysis or inhibiting tumor cell proliferation.>*
Additionally, they can enhance the anti-tumor activity of other
immune cells, such as cytotoxic T cells, through intercellular
signaling cytokines and chemokines such as interferon (IFN)-
¥, tumor necrosis factor (TNF), interleukin (IL)-6, and granulo-
cyte-macrophage  colony-stimulating  factor (GM-CSF).>®
Interestingly, it has been found that NK cell-derived EVs could
re-activate the cytotoxic function of defective NK cells in the
tumor microenvironment (TME), indicating their potential in
anti-tumor treatments.>® Besides their intrinsic capabilities,
NK cell-derived EVs can be engineered for other purposes,
such as cytokine priming (e.g. 1L-12, IL-15)°""® and genetic
engineering.’®®® More information on NK cell-derived EVs can
be found in another recently published elegant review.>*

2.1.7 Other sources. Other immune cells, such as neutro-
phils,®" monocytes,*> and B cells,* can also serve as sources of
EVs for cancer immunotherapeutic applications. Beyond
eukaryotes, bacteria and archaea are able to release extracellu-
lar vesicles as well. Outer membrane vesicles (OMVs), secreted
by Gram-negative bacteria, have garnered considerable atten-
tion because they can activate a variety of toll-like receptor
(TLR) signaling pathways due to their inherited package of a
large number of immunogenic components.**%*°

In addition to employing naturally secreted EVs, parental
cells or modified EVs post-isolation can be engineered to
endow EVs with specific characteristics or cargoes to enhance
their immunotherapeutic potential. Genetic engineering rep-
resents one versatile and effective strategy with bare limit-
ations in cell sources. The HEK 293T cell line has been a
popular candidate for its great transfectability to be a universal
donor of EVs with customized properties. Of note, another
source receiving great attention is red blood cells (RBCs) as
they are readily available from the blood bank, thereby allow-
ing large-scale EV production; additionally, they are enucleated
cells devoid of DNA, causing no safety concern of horizontal
gene transfer.®® Le and coworkers has developed a strategy to
generate scalable amounts of RBC-derived EVs for the delivery
of therapeutic RNA drugs such as antisense oligonucleotides
(ASOs),%” siRNA,*® and Cas9 messenger RNA®® for cancer
therapy with low cytotoxicity. The discussed cell sources and
their characteristics are briefly summarized in Fig. 2.

2.2 Isolation approaches

Although EVs have many appealing merits for cancer immu-
notherapy, a standardized isolation and purification procedure
with high efficiency and simplicity remains one of the major
challenges hindering their clinical translation.

The most common approach to isolate EVs involves ultra-
centrifugation (UC) to process cell culture supernatants con-
taining released EVs.®®””! With a series of centrifugation steps
at progressively higher g-force, cell debris, large particles and
some other unwanted particles can be removed, and EV pellets
can be obtained. Disadvantages of this method include incom-
plete isolation, possible protein aggregates and damage with

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Various cell sources for the production of EVs for cancer immunotherapy. Created with BioRender.

the ultra-high shear stress.”” Another established method,

density-gradient centrifugation (DGC), based on ultracentrifu-
gation utilizes density gradients induced by sucrose or iodixa-
nol to separate components of different buoyant densities,
thereby enabling efficient purification of EVs from protein
aggregates,”>®” whereas this method requires a long proces-
sing time and expensive equipment, limiting its broad employ-
ment for scale-up applications.

Size exclusion chromatography (SEC), also known as spatial
or molecular exclusion chromatography, uses a column with
porous beads to allow small EVs to enter and entrap in the
pores.”” This method is frequently used in combination with
ultracentrifugation. It gives rise to higher yields and more intact
physiological conditions of EVs. Similarly, ultrafiltration by
using membrane filters with defined molecular weight cutoffs
to concentrate and isolate EVs based on their size is an easy-to-
use method but may cause EV deformation upon filtration. The
tangential flow filtration (TFF) method utilizes a cutoff filter
similar to ultrafiltration but is specifically designed to permit
the discharge of waste in a direction orthogonal to the sample
flow.”* This design prevents the formation of a filter cake and
yields relatively high-purity EVs while continuously removing
smaller molecules and contaminants.

Besides physiochemical properties, biological markers on
the surface of EVs have been taken into consideration to
develop isolation and purification methods. Immunoaffinity
capture is a method that allows the selective capture of EVs
expressing specific markers by antibodies that are generally
prefixed to a particular carrier, such as magnetic particles or
chromatography matrices. Currently, the most commonly used
carrier is immunomagnetic beads. Clayton et al.”> have iso-
lated EVs derived from APCs using magnetic beads coated

This journal is © The Royal Society of Chemistry 2024

with antibodies specific for MHC class II. Similarly based on
immunoaffinity, a strategy using microfluidic devices with
antibody-coated chip surfaces for EV isolation has been
described in recent years.”®”’® Kanwar et al. developed a plat-
form called ExoChip to specifically capture CD63-specific exo-
somes from serum in an hour.”” With narrow channels inter-
connected with circular chambers, an extended retention time
of exosomes in the channels led to more efficient capture.
Moreover, the device could simultaneously quantify the iso-
lated exosomes. However, EVs captured by specific antibodies
can only induce a very small yield since they cannot be easily
eluted as intact vesicles.

2.3 Specific target

It is widely acknowledged that EVs can inherit targeting ability
from their parental cells, exemplified by the tumor-homing
ability of M1 macrophage-derived EVs®® and the lymphoid
homing capability of EVs derived from the mature DCs.”
Despite this, a comparative study has revealed that systemic
administration of EVs derived from most cell lines induces
preferential accumulation in the liver, lungs, spleen and gas-
trointestinal tract.®® To confer the targeting capabilities of EVs
to other tissues or specific cell types, introducing specific tar-
geting moieties to the EV surface is necessary. It has been vali-
dated that 80% of the proteins in exosomes are highly con-
served among different cell types, some of which are used as
the biomarkers of exosomes, including lysosome-associated
membrane glycoprotein 2b (Lamp2b), TSG101, heat shock pro-
teins, and the tetraspanins CD63, CD9, and CD81. Inspired by
this concept, a well-studied strategy to endow EVs with target-
ing properties is to fuse targeting moieties with EV. membrane
proteins. This approach was used by Alvarez-Ervit et al., who

Nanoscale, 2024, 16, 8317-8334 | 8321
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engineered DCs to express a fusion protein of Lamp2b and
brain-specific rabies viral glycoprotein (RVG), a peptide that
binds the acetylcholine receptor.®’ EVs isolated from these
cells demonstrated increased accumulation in the brains of
mice and successfully delivered the siRNA of interest, mani-
festing the potential of EVs as targeted drug delivery systems.
The same approach was used by Tian et al. to achieve targeted
delivery of doxorubicin to integrin-positive breast cancer cells
in vitro and in vivo by exosomes that overexpress the ay integ-
rin-specific RGD peptide fused to Lamp2b.®> When using such
a strategy to introduce target moieties, the choice of EV sorting
domains should be considered, i.e., the surface protein that is
known to be enriched on EVs, according to the cell source. For
instance, in HEK 293T cells, fusing moieties to the tetraspanin
CD9, CD63 or CD81 would result in a significantly higher
expression on EVs as compared to fusing to Lamp2b or the
C1C2 domain of lactadherin.®® Apart from utilizing exosomal
surface proteins, foreign membrane proteins can be employed
for the conjugation of targeting moieties. For example, Wang
et al. designed a plasmid encoding fusion proteins of VSV-G
fusogen and anti-GPC3 scFv, which can efficiently bind HCC
cells.®* After lentiviral transduction, the obtained vesicles pre-

(a) Helical linker (b)

anti-CD2 scFv

PDGFR
transmembrane
domain
Anti-CD2
scFv
§’ co2
(c)
o < *
oo dq Py
s 8,000 — -
-3
D~ *k
o=
5§ 6,000 336
[0] ! 1 .
ge Jurkat
@ .
23 MV I
8 S 4000 | W Exo *
52
29
BE 2000
g2 . 49
90T 28
- il - [
Non- Original Optimized
targeted scFv scFv

View Article Online

Nanoscale

sented anti-GPC3 on their surface and showed significantly
higher accumulation in HepG2 cells both in vitro and in vivo,
thus facilitating anti-cancer targeted drug delivery.

In the context of cancer immunotherapy, exosomes have
been utilized for antibody display to activate T cells. A method
of crosslinking T cells and cancer cells has been described by
co-displaying anti-CD3 and anti-EGFR single-chain variable
fragments (scFvs) on a construct of the transmembrane
domain of human platelet-derived growth factor receptor
(PDGFR), commercialized as pDisplay.®® The transfected cells
expressing the fusion construct produced EVs containing both
antibodies against CD3 and EGFR. In such a way, the engin-
eered EVs could redirect and activate cytotoxic T cells against
triple-negative breast cancer (TNBC) cells, eliciting potent anti-
tumor immunity both in vitro and in vivo. Likewise, in a more
recent study, Stranford et al. utilized the pDisplay system to
passively load high-affinity T cell-targeting domains on the EV
surface, enabling the targeted delivery of biomolecules to T
cells.®® Specifically, the engineered EVs carrying substantially
expressed anti-CD2 scFvs showed a 100-fold increase in
binding efficiency for CD2+ Jurkat T cells than the non-tar-
geted EVs (Fig. 3).
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Fig. 3 A representative study employing pDisplay to achieve the targeting ability of EVs to T cells. (a) lllustration of the structures of the PDGFR
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A more straightforward strategy to achieve the targeting
ability of EVs involves an anchor peptide of CD63. Gao et al.
reported a particular peptide, CP05, that shows a strong
affinity towards the second extravesicular loop of CD63.*
Direct painting of exosomes with different moieties conjugated
to CPO5 redirected systemic distribution of exosomes to
specific tissues. As a proof of concept, loading of a phosphoro-
diamidate morpholino oligomer on exosomes via CP05 at
extremely low doses achieved elevated dystrophin expression
in muscle with functional improvement without any detectable
toxicity. This strategy provides a new avenue for exosome
engineering, effective conjugation of targeting moieties,®®
cargo delivery®® and surface modification®® with great simpli-
city, opening a new avenue for exosome engineering.

2.4 Biomimetic nanovesicles

Despite substantial advancements in the field of naturally-
derived EVs, their relatively low yield remains a substantial
impediment to widespread applications. Accordingly, various
strategies have been developed to address the technical issues.
Among them, biomimetic nanovesicles, also known as cell-
derived nanovesicles (CNVs), have emerged as a promising
alternative to EVs. CNVs are typically generated through
mechanical extrusion of donor cells using nanosized filters or
microchannels within microfluidic devices, resulting in a sub-
stantially higher yield.*®**%9°! Notably, CNVs closely resemble
EVs in terms of size and protein components. Studies have
revealed that CNVs share more than 70% of the same mem-
brane proteins found in naturally occurring EVs and their
batch-to-batch variation can be well-controlled and minimized
to 10%.%° In subsequent sections of this review, CNVs will be
discussed within the broader context of EVs.

A study by Jang et al. reported a 100-fold increase in the
yield of CNVs compared to that of exosomes released from the
same number of cells.®® This method relies on the serial extru-
sion of cells through filters with increasingly smaller pore
sizes to generate CNVs. To validate the therapeutic efficacy,
CNVs produced from macrophages were loaded with doxo-
rubicin to treat immunocompetent CT26 mouse tumors.
Encouragingly, CNVs showed similar anti-tumor effects to exo-
somes harvested from the same cells and caused minimal sys-
temic side effects even with a 20-fold higher dose adminis-
tration of the free drug. Employing this technique, Yang et al.
generated CNVs from non-tumorigenic epithelial MCF-10A
cells for siRNA delivery.”’ The yield of the nanovesicles
reached around 150-fold higher that of exosomes from the
same cell source. Several exosomal biomarkers, including
CD63, CD9, CD81and TSG101, were detected on the surface of
both vesicle types, but at higher levels on secreted exosomes as
anticipated. With a siRNA against cyclin-dependent kinase 4
(CDK4) loaded via electroporation, CNVs could significantly
downregulate the CDK4 expression in vitro and in vivo, validat-
ing their potential as effective EV substitutes for drug delivery
systems.

A recent study by Wang et al. further equipped CNVs with
efficient cytosolic delivery and target specificity by genetically

This journal is © The Royal Society of Chemistry 2024
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engineering the producer cells, i.e., HEK 293, to drive the co-
expression of a viral fusogen, vesicular stomatitis virus G
protein (VSV-G), and a cancer cell targeting moiety GPC3.%*
The all-in-one CNV platform demonstrated effective and selec-
tive binding to tumor cells, fulfilling endosomal escape and
cytosolic delivery of different therapeutics, such as siRNA,
gelonin, and paclitaxel. Ultimately, drug-loaded CNVs resulted
in an enhanced tumor treatment efficacy compared to the free
drug as well as nanovesicles without targeting moieties or
fusogens.

3. Genetically engineered EVs for
cancer immunotherapy

Genetic engineering has undergone a revolutionary advance-
ment in its fundamental technology, positioning it as a versa-
tile tool across a broad spectrum of biomedical applications in
recent decades. To broaden and improve the functionalities of
EVs, genetic engineering has been substantially employed for
EV modification. In addition to the previously discussed tar-
geting capabilities, EVs have been genetically engineered to
modulate immunity within the context of cancer immunother-
apy (Fig. 4). This review delves into two primary engineering
directions: immunomodulatory drug delivery and antigen
presentation.

3.1 Drug delivery

One hallmark of EVs is that they are naturally derived, endow-
ing them with high biocompatibility. Moreover, the lipid
bilayer membrane can be a natural barrier to prevent thera-
peutic cargoes from possible degradation by serum protease.’?
Therefore, EVs have become increasingly appealing as delivery
carriers when compared to synthetic carriers. Exosomes, in
particular, have been considered a natural alternative to lipo-
somes as delivery systems because of their low immunogeni-
city, evasion from phagocytosis by monocytes and macro-
phages, and enhanced retention in circulation.”® Here, we
provide an overview of two different loading strategies. One is
based on modulating the producer cells, commonly by genetic
engineering approaches, to favor the endogenous loading of
cargoes of interest during EV biogenesis. Alternatively, the
cargoes can be loaded in EVs after their isolation by physical
or chemical approaches. Examples of these loading techniques
are shown in Table 1.

3.1.1 Exogenous loading. Performing modification after EV
isolation to load cargoes is referred to as exogenous loading in
our discussions. A well-utilized method is electroporation,
which creates transient pores in the EV membranes under an
electrical field to allow the diffusion of cargo molecules from
an external solution into the inner vesicle lumen. This strategy
can be highly efficient for the entry of small molecules, such
as miRNA, siRNA and ASO. Mendt et al. isolated EVs from
MSCs and exogenously loaded siRNA or short hairpin RNA
against the oncogene KrasG12D by electroporation to treat
pancreatic cancer.”®®* After intraperitoneal injection, pro-
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found tumor regression and prolonged mouse survival were
achieved in both orthotopic xenograft and genetic mouse
models. Moreover, the siRNA-loaded EVs demonstrated signifi-
cantly higher therapeutic efficacy when compared with lipo-
somes carrying similar levels of siRNA, which is possibly
attributed to the presence of CD47 on the surface of EVs that
extended the circulation and retention of administered EVs.
With these encouraging results, they are currently undergoing
a phase I clinical trial (NCT03608631).”° Aiming to block the
interaction between PD-L1 and PD-1 with RNA interference,
Liu et al. electroporated anti-PD-L1 siRNA (siPD-L1) into the
EVs derived from M1 macrophages.®® Direct release of siPD-L1
into the cytoplasm was achieved with the presence of a viral
fusion protein VSV-G on the EV surface, triggering robust gene
silencing and leading to the elevation of CD8+ T cell
population.

Despite the common use, a major concern of the electro-
poration method is the generation of siRNA nanoaggregates,
potentially interfering therapeutic efficacy.®””°® Of note, some
commercial non-viral transfection reagents showed higher
loading efficiency than electroporation for the loading of
siRNA into RBCEVs.®” Additionally, electroporation shows a
limitation in loading large cargoes, such as mRNA and
plasmid DNA. An early example was the delivery of CRISPR/
Cas9 gene editing tool by RBC-derived EVs.®® Specifically, elec-
troporation resulted in a loading efficiency of 18% for the
Cas9 mRNA, and the observed gene knockout efficiency was
only ~10% when the EVs were tested to deliver the DNA plas-
mids of Cas9 and GFP gRNA to 293T-EGFP cells.

Some studies demonstrated the feasibility of simply incu-
bating the EVs with the cargo of interest to allow surface
encapsulation. This method is generally used for hydro-

8324 | Nanoscale, 2024, 16, 8317-8334

phobic drugs for their ability to interact with and cross the
lipid bilayer EV membrane.”” However, genetic cargoes,
including RNA and DNA, are hydrophilic and thus are
difficult to load passively into EVs by this method. To
enhance the loading efficiency, the EV membrane can be
genetically modified with some functional moieties as
binding sites (anchor). For example, the streptavidin plasmid
was transferred to the cells to produce SAC-EVs, which can
specifically bind to biotinylated molecules to enable efficient
loading of immunostimulatory CpG DNA.?! Dooley et al. gen-
erated exosomes overexpressing a surface glycoprotein, pros-
taglandin F2 receptor negative regulator (PTGFRN), via virally
transfecting HEK 293 cells.”® PTGFRN+ exosomes allowed
efficient tethering of a variety of cargoes, including cytokines,
antibody fragments, RNA binding proteins, vaccine antigens
and Cas9 (Fig. 5a). A subsequent study utilized the PTGFRN"
exosome platform for efficient exogenous loading of ASOs by
co-incubation for 30 minutes.”" Compared with free ASOs,
enhanced delivery mediated by the PTGFRN+ exosomes has
been achieved to macrophages, monocytes, and MDSCs in
the liver, peripheral blood, bone marrow, and tumor micro-
environment (TME). As a proof of concept, ASO-STAT6 was
delivered by the PTGFRN+ exosomes, showing effective repro-
gramming of immunosuppressive M2 macrophages to proin-
flammatory M1 macrophages both in vitro and in vivo. In syn-
geneic models of CRC and HCC, the exosome-mediated
ASO-STAT6 monotherapy resulted in >90% tumor growth
inhibition and 50-80% complete elimination. This study pro-
vides one of the first descriptions of an engineered exosome
therapeutic candidate delivering an ASO targeting a transcrip-
tion factor that controls the macrophage phenotype for
cancer immunotherapy.

This journal is © The Royal Society of Chemistry 2024
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3.1.2 Endogenous loading. Since EVs naturally bear
nucleic acids from their parental cells, preconditioning cells
with transfection or transduction-based approaches offer feasi-
bility to endogenous loading of cargoes on EVs. Koh et al. pro-
vided an example of using exosomes as antagonists for the
competitive inhibition of tumor immune evasion signals.’
Exosomes carrying SIRPa were generated by transfecting HEK
293T cells with a plasmid encoding a high-affinity variant of
SIRPa, which led to disrupted CD47-SIRPa interaction
between cancer cells and TAMs, thereby facilitating prime
effective anti-tumor T cell response. Based on the similar prin-
ciple of immune checkpoint blockade, Li et al. generated a
stable HEK 293T cell line expressing anti-PD-L1 scFv to
produce aPD-L1 nanovesicles for remodeling the anti-inflam-
matory TME into a pro-inflammatory state.'’® Further loading
glutamine antagonists with the aPD-L1 nanovesicles via elec-
troporation facilitated the upregulation of oxidative metab-
olism in effector T cells to promote their differentiation into a

8326 | Nanoscale, 2024, 16, 8317-8334

highly activated phenotype, ultimately enhancing the efficacy
of CAR-T therapy against solid tumors in immunocompetent
mouse models.

Apart from proteins, RNA cargoes can also be loaded into
EVs in an endogenous manner. Both small RNAs and mRNAs
encapsulated in exosomes can be transferred to another cell
and be functional in the new location.'®* Ohno et al intro-
duced miRNA let-7a into exosomes by transfecting HEK 293T
cells using a lipofection method, which induced tumor inhi-
bition in breast cancer mouse models."®> Zhu et al. achieved
endogenous loading of microRNA 142-5p within TEXs for gene
silencing of epidermal growth factor (EGF) and hepatocyte
growth factor (HGF), thereby accelerating the radiosensitivity
of nasopharyngeal carcinoma cells."®?

Aiming at mRNA loading, Wang et al. developed an
approach for selective recruitment of mRNA within microvesi-
cles by taking advantage of the binding ability of the transacti-
vator of transcription (Tat) protein to the stem loop-containing

This journal is © The Royal Society of Chemistry 2024
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trans-activating response (TAR) element RNA.'®* Specifically,
two expression constructs were transferred into HEK 293
cells: one being a short Tat peptide fused to the C-terminus
of arrestin domain containing protein 1 (ARRDC1) and the
second being TAR fused to the 5' end of a cargo mRNA. After
binding occurred, the Tat-TAR system selectively packaged
TAR-labeled mRNAs into the ARRDC1-mediated microvesi-
cles (ARMMs) during EV biogenesis. A large macromolecular
CRISPR/Cas9 complex was also successfully packaged into
ARMMs via the interaction of ARRDC1 with the WW
domains in WW-Cas9 fusion proteins. The cargo-loaded
ARMMs demonstrated effective translation of mRNAs into
functional proteins or CRISPR/Cas9-mediated gene silencing
in recipient cells.

As previously mentioned, conventional electroporation can
effectively insert small nucleic acids into exosomes but has
poor performance in delivering large mRNA molecules. To
address this problem, Yang et al. designed a cellular nanopora-
tion (CNP) device to shuttle nucleic acid cargoes from the
buffer into the cells attached on the chip surface under transi-
ent electrical pulses.'®® This method allowed the production of
large quantities of exosomes and efficient loading of miRNA
with a higher concentration into the exosomes when compared
with the conventional electroporation-based approach. More
importantly, CNP achieved a high efficiency of large nucleic
acid mRNA loading with a 100-fold higher level than bulk elec-
troporation (Fig. 5b). Similarly, a recent report by Dong et al.
developed a modified electroporation platform for higher
yields of EVs (up to a 45-fold increase relative to the control
group) and efficient mRNA loading.'® 1t is achieved by using
nano- and millisecond pulse stimulation combined with a
microfluidic setup. It is demonstrated that the level of mRNAs
complementary to the plasmid DNA that had been encapsu-
lated within the EVs was 10°-fold higher than that in the
control group. As a proof of concept, a mouse embryonic fibro-
blast line that stably expressed CD64 was engineered by the
platform to produce IFN-y mRNA loading EVs, which enabled
the immobilization of anti-CD71 and anti-PD-L1 for preferen-
tial targeting to glioblastoma cells. Treatment with the
immune sEVs induced increased infiltration of effector T cells,
upregulation of MHC-I on GBM cells, and re-polarization of
suppressive myeloid cells, and ultimately elicited potent anti-
tumor efficacy in preclinical GBM models, including models
that are intrinsically resistant to immunotherapy. Of note,
endogenous loading strategies with an expression cassette for
a therapeutic gene may lead to parallel enrichment of mRNA
and protein in the extracellular vesicles generated by those
cells,'®” making it difficult to distinguish the newly translated
protein from the mRNA in recipient cells.

A recent study has developed a strategy, termed GEMINI
(genetically encoded multifunctional integrated nanovesicles),
for achieving Cas9 delivery to T cells. EVs from Cas9 and
sgRNA-expressing cells showed nuclease function.?® With the
equipment of anti-CD2 scFvs for T cell targeting and VSV-G
display for increased EV uptake, GEMINI validated its effective-
ness in delivering recombinant Cas9 RNP by the complexing

This journal is © The Royal Society of Chemistry 2024
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of Cas9 and single-guide RNA to cut the gene encoding C-X-C
chemokine co-receptor type 4 in primary human CD4+ T cells.
Although not in a cancer model, this work demonstrated the
large therapeutic cargo delivery of EVs to defined cell popu-
lations, as well as providing integrated tools with elaborate
designs for targeting, cargo loading and vesicle fusion, which
can be widely applicable for a range of applications in cancer
immunotherapy.

Together, these studies shed light on the great potential of
EVs as carriers for therapeutic drugs to modulate immune
activity in vitro and in vivo through a variety of approaches.
Still, the selection of the most suitable method for clinical
application remains to be determined. Beyond developing
optimal EV-based delivery systems, thorough considerations
should encompass the identification of the optimal payload
and the evaluation of desired on-target effects, unwanted off-
target effects and potential effects on non-target cells.

3.2 Antigen presentation

To increase the responsiveness to current cancer immunother-
apy, researchers have made efforts to increase antigen presen-
tation to induce activation of T cells. The ability to express
membrane proteins is a unique feature of EVs as compared to
synthetic carriers, providing new opportunities for developing
antitumor vaccines. Compared to the classical vaccine admin-
istration containing soluble antigens, antigens presented by
EVs showed a more potent antigen-specific antitumor immune
response, highlighting the potential of EVs for vaccine
development.

Tumor-derived EVs, especially TEXs, naturally carry tumor-
associated antigens, thereby holding the potential as cancer
vaccines. Yet, the application of TEXs alone cannot produce
satisfying antitumor immunity in vivo due to TEX-induced
immunosuppression and limited immunogenicity.
Modification to TEXs is necessary to enhance specific antigeni-
city. For example, Li et al. generated leukemia cell-derived exo-
somes (LEXs) harboring overexpressed CD80 and CD86
through lentiviral transduction, which promoted CD4+ T cell
proliferation and Th1 cytokine secretion more efficiently than
unmodified LEXs.''® Another study utilizing murine mela-
noma B16BL6 as producer cells developed a strategy to
enhance the antigen capacity of TEXs with endogenous
loading of immunostimulatory CpG DNA via streptavidin-
biotin interactions.’® These CpG DNA-modified exosomes
efficiently and simultaneously delivered tumor antigens
together with the adjuvant to the same APC, inducing more
potent antigen-specific immune response when compared
with the simple co-administration of exosomes and CpG DNA.

The ability of DC-derived EVs to sustain similar immunosti-
mulatory properties of their parent cells makes them among
the highly auspicious candidates for anticancer vaccine devel-
opment. A study has illustrated stronger in vivo immunostimu-
latory effects associated with smaller exosomes derived from
DCs as compared with larger microvesicles, which is possibly
due to the higher payload loading within exosomes.''' Liu
et al. developed a strategy to deliver an antigen to lymph nodes
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(LNs) for activation of broad-spectrum T-cell responses using
exosomes derived from DCs virally transduced with a plasmid
encoding ovalbumin.”® A variety of functional molecules were
assessed on the surface of the vesicles, including some co-
stimulatory molecules that are involved in the process of
antigen presentation (CD80, CD86, CD40 and so on) and
various chemokine receptors that can enhance the migration
to LN (CCR2, CCR5, CCR?7). The engineered exosomes showed
efficient accumulation in the peripheral LNs within 12 h and
elicited robust CD8" T-cell responses in vivo. Another interest-
ing study for the development of cell-free DC-EV vaccines
investigated the possibility of exploiting transcription-induced
chimeric RNAs (chiRNAs) as neoantigens.'"” Transcription-
induced chiRNAs consist of fused mRNA transcripts originat-
ing from two or more unrelated genes. This study used
chiRNAs encoding for astrotactin 2, an integral membrane
protein involved in neural development, and pregnancy-associ-
ated plasma protein-A, a secreted metalloproteinase that
cleaves the insulin-like growth factor binding proteins. The
chiRNAs were introduced into DC-EVs by lentiviral transduc-
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tion, forming an anticancer vaccine termed DEX,_p, which
demonstrated antigen cross-presentation capability evidenced
by high levels of MHC-I, MHC-II, ICAM, CD80, and CDS86.
Moreover, DEX, p vaccination resulted in potent anti-tumor
immunity and prolonged survival in a syngeneic immunocom-
petent esophageal cancer model, which is a difficult-to-treat
‘cold’ solid tumor.

Macrophage is another APC type and as well has been
engineered to enhance antigen presentation with their EVs.
Wang et al recently described a strategy to equip
M1 macrophage-derived vesicles with antigens by incorporat-
ing tumor cell nuclei, generating chimeric exosomes (aMT-
exos).""® Tumor antigens, represented by ovalbumin, as well as
various immune activation indicators represented by CD86,
MHC I, and MHC 1I were observed in the aMT-exos. As a
result, they showed potent efficacy in suppressing tumor
growth and prolonging survival in multiple murine tumor
models including lymphoma, TNBC, and melanoma. In terms
of the underlying mechanisms, aMT-exos could enter LNs and
activate prime T cells in both the classical antigen presen-
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tation-induced immunostimulatory manner (ie. uptake by
DCs or macrophages followed by downstream T cell activation)
and a unique “direct exosome interaction” manner (i.e. direct
activation of T cells with encapsulated factors). Engineered
TEXs potentially can exert their functions in similar manners.
For DC-derived EVs, they are more likely to only have the direct
manner to interact with T cells, similar to their parental cells
(Fig. 6).

Another strategy for enhanced antigen presentation to elicit
immune response involves membrane engineering of tumor
cells with foreign antigens. This may be achieved by exploiting
the fusion ability of fusogenic liposomes or viruses. Inspired
by this concept, Yang et al. developed a fusogenic exosome
platform, mVSVG-Exo, by genetically introducing a viral fusion
protein, VSV-G, to the surface of exosomes, thereby enabling
transfer of active membrane proteins into the target cell
surface."'* Subsequently, the platform was utilized to achieve
xenogenization of tumor cells to either enhance the antigeni-
city or generate danger signals for increased recognition by the

—_~
Q
N
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immune system.''

mVSVG-Exo mediated DC maturation by
stimulating TLR4 signaling and induced cross-presentation of
tumor antigens to CD8+ T cells. When combined with anti-
PD-L1, the combinational treatment induced a specific and
long-lasting systemic adaptive immune response that can era-
dicate the primary tumor and inhibit recurrence (Fig. 7).
Imparting exosomes with fusion capabilities additionally
facilitate delivery, in particular cytosolic delivery, of thera-
peutic agents. Relevant reports in this regard have been men-
tioned in previous sections.?*#%%3

These studies open new avenues for engineering EVs for
antigen-specific vaccines in cancer immunotherapy.
Although it is yet far from the clinical translation of engin-
eered EV-based vaccines, it is possible that an ‘all-in-one’
approach for generating therapeutically active EVs with
antigen presentation, cytosolic delivery and minimal toxicity
may be realized. The implementation of such a comprehen-
sive approach holds promise for potential tangible clinical
benefits in the future.
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115 with permission from American Association for the Advancement of Science, copyright 2020.

This journal is © The Royal Society of Chemistry 2024

Nanoscale, 2024, 16, 8317-8334 | 8329


https://doi.org/10.1039/d3nr06565k

Published on 25 March 2024. Downloaded on 3/20/2026 6:01:53 PM.

Minireview

4. Conclusion and outlook

To sum up, the prospects of EV-based strategies in cancer
immunotherapy are multifaceted. Firstly, being cell-free entities,
EVs show enhanced stability and allow extended storage, which
is particularly favorable for clinical applications. Secondly, their
intrinsic biocompatibility, low immunogenicity, inherited
surface protein presentation and encapsulation of bioactive
agents make them outperformed synthetic nanocarriers.
Besides, EVs can be tailored using various techniques, like
genetic engineering, for targeted and efficient delivery of thera-
peutic agents, enhancing the precision of cancer treatment.

Despite these promising aspects, unleashing the full poten-
tial of EV-based drug delivery in cancer immunotherapy as
well as their clinical translation face several challenges.''®
Owing to their inherent complexity, size heterogeneity, and
batch-to-batch variations encountered both during biological
processes inside the cells and during the manufacturing
process, the product heterogeneity of EVs is higher than those
of purely synthetic systems, potentially affecting the effective-
ness of treatment. Therefore, standardization of the isolation,
purification, and characterization methods for EVs is crucial
for ensuring reproducibility. Of note is that large-scale pro-
duction with cost-effectiveness for the clinical setting is in
demand. While we mentioned in this review that some studies
developed novel strategies for significantly increased yields of
EVs, the required equipment or condition could be too compli-
cated and costly for clinical-level production. To move the field
forward, these pressing questions emerging from the initial
stages need to be addressed.

From the translational standpoint, ensuring the safety pro-
files and efficacy reliability of EV-based therapy necessitates a
comprehensive understanding of underlying mechanisms and
potential consequences. Several pivotal questions emerge: to
what extent do the functions of EV-based carriers rely on their
cellular origin? What are the implications of EVs’ intrinsic
cargo —nucleic acids, proteins and various factors, which will
be co-delivered with the EV-based delivery systems to the target
cells and may exert physiological effects? How to selectively
isolate functional relevant EVs while discriminating against
those deemed “useless” or “trash” EVs given the potential het-
erogenicity in cargo content among EVs? How do EVs dynami-
cally interact with the complex TME? What happens to EV-
based carriers once administered in vivo in terms of biodistri-
bution, clearance, and persistence? Addressing these ques-
tions is essential for harnessing their merits in cancer immu-
notherapy and accelerating the clinical translation of EV-based
delivery platforms. From the genetic engineering perspective,
the specific focus in this manuscript, important questions
include: what safety concerns arise from genetically engin-
eered EVs? How can we overcome limitations in loading large
therapeutic payloads (e.g., mRNA) without compromising EV
stability? How do different encapsulation strategies influence
the release of genetic cargo from EVs? How to achieve efficient
endosomal escape to allow the genetic cargo to reach their
intracellular target?
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While understanding the essentials of EV biology remains
pivotal, strategic combinations with other therapeutic modal-
ities hold immense promise. Given the context of the volatility
and complexity of tumor immune systems, achieving signifi-
cant efficacy with individual therapy is challenging.
Combining EV-based immunotherapy with other treatments,
such as cell therapy and bio-scaffold-based strategies, holds
the potential to boost the anti-tumor efficacy. Efforts can be
directed towards optimizing synergistic effects and dosing
schedules.

Moreover, if multi-disciplinary technologies can be com-
bined as much as possible, such as optics, physics, clinical
science, and chemistry, it would likely help to overcome exist-
ing barriers as well as expand the potential of EV-based
therapy. The recent decades have witnessed rapid advance-
ments in all these technologies. It is expected that the conver-
gence of multidisciplinary research and strategic combinations
will shape the clinical impact of EVs revolutionizing cancer
immunotherapy and advancing precision medicine.
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