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Abstract

Background: Breast cancer remains a global health challenge, necessitating
innovative therapeutic approaches. Immunomodulation and immunotherapy
have emerged as promising strategies for breast cancer treatment. Engineered
exosomes are the sort of exosomes modified with surface decoration and internal
therapeutic molecules. Through suitable modifications, engineered exosomes
exhibit the capability to overcome the limitations associated with traditional
therapeutic approaches. This ability opens up novel avenues for the development
of more effective, personalized, and minimally invasive interventions.

Main body: In this comprehensive review, we explore the molecular insights
and therapeutic potential of engineered exosomes in breast cancer. We discuss
the strategies employed for exosome engineering and delve into their molecular
mechanisms in reshaping the immune microenvironment of breast cancer.
Conclusions: By elucidating the contribution of engineered exosomes to
breast cancer immunomodulation, this review underscores the transformative
potential of this emerging field for improving breast cancer therapy.

KEYWORDS
breast cancer, engineered exosomes, immune microenvironment, immunomodulation,
immunotherapy
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1 | INTRODUCTION

Breast cancer (BC) represents a significant global health
concern, accounting for a substantial portion of cancer-
related deaths worldwide."? Conventional therapies,
including surgery, radiation and chemotherapy, have
demonstrated limited success in advanced-stage disease.’
Recent advances in cancer immunotherapy have opened
new avenues for more targeted and effective therapeutic
strategies.* At present, BC immunotherapy encom-
passes various strategies, including immune checkpoint
blockade, tumour vaccines, chimeric antigen receptor
T (CAR-T) cell therapy and several other innovative
approaches.” However, the road to effective immunother-
apy is fraught with complexities, necessitating a nuanced
understanding of the immune microenvironment within
the BC milieu.®

Exosomes, small extracellular vesicles with diameters
ranging from 30 to 150 nm, have garnered significant atten-
tion for their potential applications in immunotherapy.’
Originating from intracellular multivesicular bodies, exo-
somes are enveloped by the cell membrane before being
released into the extracellular environments.® Packed with
various biomolecules, including proteins, nucleic acids,
lipids and other cellular components, exosomes play a
crucial role in intercellular communication.”!° The phys-
iological mechanism of exosomes involves their function
as carriers of information, influencing immune responses
and cell-to-cell communication through the transfer of
specific biomolecules.!! This includes the regulation of
T cells, B cells and antigen-presenting cells, impacting
the intensity and direction of immune responses. Fur-
thermore, the nucleic acid molecules within exosomes,
particularly microRNA (miRNA) and messenger RNA,
have the ability to modulate gene expression in recipient
cells, thereby affecting the activity and function of immune
cells.'?

In recent years, the concept of engineering exosomes
has emerged as a transformative approach to harness and
enhance their therapeutic potential. Engineered exosomes
involve the manipulation of these vesicles to achieve spe-
cific modifications in their cargo or surface properties. This
engineering process allows researchers to tailor exosomes
for targeted drug delivery, diagnostic purposes, or mod-
ulation of specific cellular functions.'* The modification
of exosomes can be achieved through various techniques,
including genetic engineering of parent cells, direct exo-
some loading, or surface modifications. These tailored
exosomes can then be utilized in a range of applications,
from delivering therapeutic payloads to specific tissues to
serving as diagnostic biomarkers or even as vehicles for
gene therapy.'* The ability to precisely engineer exosomes
opens up new avenues for addressing the limitations of

traditional therapeutic approaches and enables the devel-
opment of more effective, personalized and minimally
invasive interventions.” Hence, the primary focus in uti-
lizing exosomes for antitumour immunotherapy lies in the
exploration of engineered exosomes obtained through vari-
ous processing methods. In this comprehensive review, we
explore the molecular insights and therapeutic potential
of engineered exosomes in BC. We discuss the strate-
gies employed for exosome engineering and delve into
their molecular mechanisms in reshaping the immune
microenvironment of BC. By elucidating the contribution
of engineered exosomes to BC immunomodulation, this
review underscores the transformative potential of this
emerging field for improving BC therapy.

2 | EXOSOME BIOLOGY AND
BIOGENESIS

Exosomes, small extracellular vesicles with a diameter of
30-150 nm, have emerged as potent mediators of intercel-
lular communication.'® Their role extends beyond cellular
waste disposal, positioning them as crucial players in
physiological and pathological processes."

Exosomes are born within the endosomal pathway, a
network intricately involved in cellular trafficking and
sorting. The journey begins with the internalization of
extracellular materials into early endosomes.'® These early
endosomes mature into multivesicular bodies (MVBs)
through a complex process guided by endosomal matura-
tion proteins.'” Within MVBs, the endosomal membrane
undergoes invagination, leading to the formation of intra-
luminal vesicles (ILVs). This encapsulation of cytoplas-
mic components within ILVs is a hallmark of exosome
biogenesis.”’ MVBs can either fuse with lysosomes for
degradation or, more notably, fuse with the cell membrane
for exosome release into the extracellular space (Figure 1).
The molecular mechanisms regulating the trafficking of
MVBs and the fusion events are tightly controlled. This
controlled release allows exosomes to function as carri-
ers of bioactive cargo, facilitating communication between
cells and influencing the microenvironment.”!

The selective loading of cargo into ILVs is a finely tuned
process critical for the functional diversity of exosomes.?
The Endosomal Sorting Complex Required for Transport
(ESCRT) machinery, comprising ESCRT-0, ESCRT-I,
ESCRT-II and ESCRT-III complexes, orchestrates this
sorting process. ESCRT-O recognizes ubiquitinated
cargo, ESCRT-I and ESCRT-II facilitate membrane
deformation and ESCRT-III drives membrane scission,
leading to ILV formation.”*** Additionally, ESCRT-
independent pathways involving tetraspanins, lipids
and heat shock proteins contribute to cargo sorting



CAO ET AL.

CLINICAL AND TRANSLATIONAL MEDICINE

o Microvesicles
[+ ]

Exosomes

MVB

N
Rab
@ ESCRT@ GTPases

Lysosome

@.

Early
endosome

<
O Apoptotic bodies

(B8] 8. SNB AR /AR AL B8R B E

FIGURE 1 Biology of exosome production and secretion.
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providing alternative avenues for exosome

3 | STRATEGIES FOR EXOSOME
ENGINEERING

3.1 | Engineering strategies for targeted
delivery

Precision in targeting is essential for -effective
immunomodulation. Here, the focus shifts to the var-
ious engineering strategies employed to enhance the
targeted delivery of exosomes to BC cells and immune
cells within the tumour microenvironment (TME). This
section elucidates specific engineering strategies, each
contributing to the intricate orchestration of targeted
delivery (Figure 2).

3.1.1 | Surface modifications for enhanced
specificity

Surface modifications represent a cornerstone in targeted
delivery. This involves the strategic incorporation of lig-

ands or antibodies onto the exosome surface, enabling
recognition and binding to specific receptors overex-
pressed on target cells. The section details various surface
modification techniques, including bioconjugation and
genetic engineering, providing insights into the method-
ologies employed to equip exosomes with homing capabil-
ities necessary for precise targeting in BC therapy.

Bioconjugation technology is a versatile and indispens-
able tool in the field of biotechnology and molecular
biology. It involves the covalent linkage of two or more
different biological molecules to create a functional and
often multifunctional entity. The primary aim of biocon-
jugation is to combine the unique properties of distinct
biomolecules, such as proteins, peptides, nucleic acids,
or small molecules, to generate innovative and tailored
structures with diverse applications.” In recent years, the
bioconjugation of small and large molecules with exo-
some surfaces has become a very interesting and emerging
approach for achieving specific goals, therapeutic pur-
poses, in vivo imaging, etc.?°

It is noteworthy that, in the realm of enhancing the
targeting specificity of exosomes toward immune cells,
Choi et al. discovered that mannose-conjugated modi-
fied exosomes exhibited a heightened affinity for mannose
receptors on dendritic cells (DCs). This phenomenon
resulted in an increased uptake of engineered exosomes
by DCs.?” This discovery opens new possibilities for the
application of exosomes in immunotherapy, particularly
in augmenting treatment efficacy and minimizing side
effects. The incorporation of bioengineered components,
such as peptides or proteins, onto exosome surfaces offers
notable advantages in BC therapy, enhancing both target-
ing precision and tissue penetration, thereby promoting
increased accumulation within cancerous tissues. How-
ever, this strategy is not without challenges. Concerns arise
over the potential immunogenicity of bioengineered ele-
ments, necessitating careful consideration. Moreover, the
complexity associated with the synthesis and characteri-
zation of these components poses obstacles that must be
addressed. Thorough examination of long-term effects and
safety considerations is imperative to advance the devel-
opment and application of bioengineered exosomes in BC
treatment.”®

As for genetic engineering, Zhang et al. utilized the
CRISPRI system to externally engineer peptides that
specifically target tumour-associated macrophages tumor-
associated macrophages (TAMs) onto the exosome mem-
brane. This modification enabled exosomes to selectively
home in on tumour tissues and precisely target M2-
like TAMs, leading to the induction of TAMs polarizing
towards the M1 phenotype.”’ Moreover, the study also
highlights the potential of genetically engineered exo-
somes in targeting DCs. Briefly, exosome producer cells
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stability and immunomodulatory cargo loading.

undergo genetic engineering to co-express a glycosylation
domain (GD) inserted into the extensive extracellular loop
of CD63, a well-established scaffold protein for exosomes,
along with fucosyltransferase IX (FUT9). This modifica-
tion results in the production of exosomes that carry Lewis
X ligands. The inclusion of Lewis X allows these exosomes
to selectively interact with DC-specific intercellular adhe-
sion molecule-3 grabbing non-integrin expressed on the
surface of DCs, thereby conferring a heightened speci-
ficity for activated DCs.*" In addition, exosomes modified
with CD40 ligand (CD40L) can specifically target DCs
expressing CD40 on their surface, enhancing DC targeting
through CD40L-CD40 interactions.?' Similarly, the opti-
mization of exosomes through the incorporation of ULBPs
and MICA ligands represents a strategic approach to aug-
ment their recognition by natural killer (NK) cells.*? It
is crucial to comprehend that the activation of the NK
receptor group 2 member D (NKG2D) by NKG2D lig-
ands (NKG2DLs) expressed on NK cells induces pivotal
immune effector functions, including cytokine produc-
tion and cellular cytotoxicity.>> Notably, NKG2DLs are
categorized as ‘stress-inducible’ molecules and encom-
pass families such as ULBPs and MICA.** In conclusion,
these studies present promising avenues for advancing
tumour immunotherapy through precision targeting of
innate immune cells. The potential to modulate TAMs,
DCs and NK cells underscores the versatility and promis-
ing applications of genetic engineering in the evolving
landscape of cancer treatment. In addition to the afore-

Immunomodulatory Cargo Loading

Strategies for exosome engineering. Surface modifications for enhanced specificity, nanoparticle coating for enhanced

mentioned innate immune cells, the study revealed that
exosomes engineered with genetic inserts of programmed
death ligand 1/cytotoxic T-lymphocyte-associated antigen
4 (PD-L1/CTLA-4) on their surface could selectively bind
to PD-1 and CDS8O0 receptors on the surface of T cells.®
Although this modification leads to immune suppres-
sion of T lymphocytes, thus promoting immune escape in
tumours and limiting the potential for immunotherapy in
cancer. However, it also provides us with a way to enhance
the specificity of T cell targeting. This is achieved by
genetically engineering exosomes to surface-insert specific
peptides targeting T cells. It is well established that CD28
on T cells binds to CD80/CD86 ligands present on antigen-
presenting cells. This interaction serves to activate and
initiate downstream signaling, thereby facilitating T cell
function, proliferation and survival.*® Therefore, future
studies may explore the application of genetic engineer-
ing methods to incorporate CD80/CD86 onto the surface
of exosomes. This approach aims to construct engineered
exosomes that can evade the immunosuppression caused
by immune checkpoint molecules such as PD-L1/CTLA-4.
Moreover, it may enhance the targeting specificity of exo-
somes against T cells. The significance of these findings lies
in the potential to shape the TME, promoting an immune
response that is conducive to tumour elimination. Genetic
modification of exosome-producing cells emerges as a
promising strategy, offering distinct advantages in tailoring
exosomes for enhanced therapeutic efficacy. This approach
allows for the expression of specific therapeutic proteins
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or RNA, enabling the production of customized exosomes
with controlled cargo content and release kinetics. How-
ever, several challenges accompany this method. Safety
concerns associated with genetic modifications necessi-
tate comprehensive investigation into potential long-term
effects. Additionally, challenges related to scalability and
regulatory approval for genetically modified exosomes
must be addressed to ensure their successful translation
into clinical applications.?’

312 |
stability

Nanoparticle coating for enhanced

Nanoparticle coating stands as a pivotal strategy within
the realm of engineering exosomes, offering a multifaceted
approach to enhance their stability, bioavailability and
overall performance. This technique involves enveloping
exosomes with biocompatible nanoparticles, such as lipo-
somes or polymers, contributing to the robustness of these
nanoscale carriers.*®

The presence of nanoparticle coatings on exosome
surfaces imparts distinct properties to these nanocarri-
ers. It can alter the surface charge, influence interac-
tions with biological entities and modulate the release
kinetics of cargo molecules. For example, the fusion of
tumour-derived exosomes and cationic liposomes can
yield hybrid lipid nanovesicles characterized by positive
surface charge.” Given that cationic liposomes tend to
bind more effectively to target cell membranes with a
negative surface charge, this leads to enhanced absorp-
tion of nanoparticle-coating exosomes by the target cells.*
Fascinatingly, diverse liposomes exhibit distinct prop-
erties, resulting in variations in the characteristics of
engineered exosomes. In a study by Han et al., fusion
nanocarriers composed of photothermal sensitive lipo-
somes and exosomes were employed. This design enabled
engineered exosomes to achieve tumour targeting through
the upregulation of vascular cell adhesion molecule-1
expression in tumour tissues, triggered by photothermal
effects.*’ Interestingly, Cheng et al. devised hybrid thera-
peutic nanovesicles through the fusion of genetically engi-
neered exosomes with thermosensitive liposomes loaded
with drugs.*' In essence, genetic engineering techniques
were employed to induce the overexpression of CD47 on
the exosome surface, which were then fused with ther-
mosensitive liposomes. It is noteworthy that the elevated
CD47 levels on various tumour cells activate a “don’t
eat me” signal, shielding the exosomes from phagocy-
tosis by the mononuclear macrophage system.*” As a
result, the hybrid therapeutic nanovesicles demonstrated
prolonged blood circulation and achieved preferential
accumulation at the tumour sites simultaneously. These

3

results suggest that multiple engineering techniques can
be combined to improve targeted exosome delivery. The
hybrid approach of combining exosomes with synthetic
nanoparticles offers a synergistic blend of advantages.
This strategy capitalizes on the strengths of both systems,
improving overall stability, cargo loading efficiency and
targeting capabilities for enhanced therapeutic outcomes.
However, challenges exist in the form of complex fab-
rication processes and concerns regarding the potential
toxicity of synthetic nanoparticles. For example, the treat-
ment method of “Dacarbazine-primed carbon quantum
dots coated with BC cell-derived exosomes” represents
an innovative approach that enhances the treatment of
BC. This strategy involves coating dacarbazine-primed car-
bon quantum dots onto the surface of exosomes derived
from BC cells. The utilization of dacarbazine pre-treatment
enhances therapeutic efficacy, while the source of exo-
somes imparts specificity to the treatment.*> However, it
is essential to note potential drawbacks, such as the pos-
sible toxicity associated with synthesized carbon quantum
dots and the complexity of the preparation process, which
may pose challenges for clinical applications.** Therefore,
a comprehensive evaluation of safety, efficacy, and the res-
olution of potential technical challenges are crucial for
advancing the development of this therapeutic strategy.
In summary, nanoparticle coating emerges as a powerful
tool in engineering exosomes, enhancing their stability and
expanding their potential applications in drug delivery,
diagnostics and theranostics. While nanoparticle coating
significantly enhances stability, challenges remain, includ-
ing potential alterations to exosome functionality and the
need for fine-tuning coating materials. Future research
directions should focus on optimizing coating techniques,
ensuring minimal interference with exosome properties
and addressing concerns related to potential immuno-
genicity or toxicity associated with the nanoparticles used.

3.2 | Immunomodulatory cargo loading
This section unravels the diverse cargo options for loading
into engineered exosomes, including cytokines, immune
checkpoint inhibitors (ICIs) and tumour antigens. Molec-
ular insights into cargo loading strategies are discussed,
emphasizing their implications in reprogramming the
immune microenvironment in BC. The review sheds light
on the strategic choices in cargo loading to achieve optimal
therapeutic outcomes (Figure 2).

Within the realm of cytokines, interleukin-12 (IL-12)
is acknowledged as a pro-inflammatory cytokine and
has been extensively explored as a promising candidate
for cancer immunotherapy.*> Notably, engineered exo-
somes over-loaded with IL-12 exhibited activation of DCs,
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emerging as effective adjuvants to promote the induc-
tion of specific anti-tumour responses in immunotherapy
regimens.*® In another study, a stimulator of interferon
genes (STING) agonist, capable of activating the STING
pathway to induce type I interferon responses and cytokine
production, was loaded into exosomes. These engineered
exosomes, upon uptake by DCs, activated CD8+ T cell-
mediated anti-tumour immune responses. This highlights
the potential of engineered exosomes as carriers for STING
agonists in promoting anti-tumour immune therapy.*’ In
terms of future directions, the potential for further clinical
and foundational research is highlighted. The application
of engineered exosomes in cancer immunotherapy opens
avenues for refining treatment strategies and exploring
novel combinations of cytokines and immune modulators.
Additionally, investigations into the specific mechanisms
underlying the observed immune responses could deepen
our understanding and inform the design of more targeted
and effective therapeutic interventions.

For ICIs, PD-1 antibodies were loaded onto exo-
some carriers using the streptavidin-biotin method,
enabling the engineered exosomes to release suppressed T
lymphocytes.*® Additionally, in the recent study by Chen
et al., the authors detail the development and therapeutic
application of exosomes overexpressing a high-affinity
variant of human PD-1 (havPD-1) as ICIs and drug
nanocarriers for tumour immunotherapy and chemother-
apy. This achievement necessitated the establishment
of a tumour cell line lacking human leukocyte antigen
class I and PD-L1, while simultaneously overexpressing
the high-affinity havPD-1.*° While the current focus
primarily centers on PD-1/PD-L1 inhibitors, there is a
growing need to explore and successfully load various ICIs
onto exosomes. This expansion is crucial for achieving
a more comprehensive and precise immune therapeutic
approach. In the context of diseases like BC, known for
intricate immune escape mechanisms, such advancements
hold considerable promise. Future research directions
should encompass the identification and investigation of
immune checkpoints applicable to BC, broadening the
scope of immune therapeutic interventions. Optimization
of loaded immune checkpoints on exosomes is imperative
for enhancing treatment efficacy and specificity. Addition-
ally, a deeper understanding of the role and mechanisms
of exosomes in immune modulation is essential, unveiling
further therapeutic potential and advantages.

The utilization of exosomes derived from tumour cells
for the development of tumour vaccines is a promis-
ing avenue in cancer immunotherapy. The presence of
numerous tumour antigens within these exosomes pro-
vides a robust foundation for the stimulation of potent
anti-tumour immunity, as highlighted by the works of var-
ious researchers.’*>! One such tumour antigen, fibroblast

activating protein-a (FAP), has garnered attention due to
its overexpression in cancer-associated fibroblasts (CAFs)
across more than 90% of human tumour tissues.”” In a
notable study by Hu et al., a novel approach was intro-
duced wherein FAP gene-engineered tumour cell-derived
exosome-like nanovesicles (eNVs-FAP) were developed as
a convenient and scalable tumour vaccine.’® The signifi-
cance of this study lies in the mechanistic insights provided
by the analysis of eNVs-FAP. It was revealed that these
nanovesicles played a crucial role in promoting the mat-
uration of DCs. Additionally, they were found to enhance
the infiltration of effector T cells into target tumour cells
and FAP-positive CAFs (FAP*CAFs). Moreover, eNVs-
FAP demonstrated the potential to reduce the proportion
of immunosuppressive cells within the TME.>® While this
research showcases a notable advancement in the field of
cancer immunotherapy, several areas merit further explo-
ration for future studies. Firstly, a deeper understanding
of the specific mechanisms underlying the interactions
between eNVs-FAP and immune cells is essential. Unrav-
eling the intricate details of how these nanovesicles mod-
ulate DC maturation and T cell infiltration could pave
the way for targeted optimization. Additionally, explor-
ing the versatility of exosomes from various tumour types
and their antigenic contents could uncover a broader spec-
trum of tumour vaccines. Comparative studies between
different tumour-derived exosomes may elucidate unique
features and antigens, providing a basis for develop-
ing personalized and highly effective immunotherapeutic
strategies.

Loading exosomes with therapeutic agents, such
as chemotherapeutic drugs or small interfering RNA
(siRNA), represents a promising strategy to bolster their
anti-cancer properties through targeted drug delivery to
cancer cells. This approach holds distinct advantages in
precision medicine. However, challenges arise in terms
of loading efficiency, with variability in the stability of
loaded cargo within exosomes. The loading process itself
introduces complexities, altering the natural properties of
exosomes and potentially impacting their biodistribution
and cellular uptake. Striking a balance between efficient
cargo loading and preserving the inherent characteristics
of exosomes is essential for realizing the full therapeutic
potential of this strategy.”*

4 | ENGINEERED EXOSOMES FOR
IMMUNOMODULATION IN BC

This chapter will analyze the immunomodulatory role
of engineered exosomes in BC, including inducing TAM
polarization, promoting DC maturation and regulating T
cell immune activity (Table 1, Figure 3).
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TABLE 1 Engineered exosomes for immunomodulation in breast cancer.
Cargoes or Surface
Engineering strategy protein Target cell Mechanism Ref.
Cargo loading miR-511-3p TAM Inhibiting tumour growth by carrying —511-3p 62
to reprogram TAM into M1-like
macrophages
Surface modification IL4RPep-1 TAM Improving the targeting specificity of TAMs c2
Surface modification aCD47 and aSIRP«x TAM Enhancing the phagocytosis capacity of o4
macrophages towards breast cancer cells
Cargo loading PH20 TAM Enhancing M1 polarization in TAMs &
Cargo loading ICD inducers, ELANE DC Promoting in situ activation of cDCls 74
and Hiltonol
Surface modification CD40L DC Enhancing the targeting of exosomes to DCs 4l
Surface modification CD62L T Cell Enhancing the targeting of exosomes to TDLN 80
Surface modification 0X40L T Cell Facilitating the penetration of CD8+ T cells 80
and alleviating the immune suppression by
Tregs
Surface modification anti-human CD3 and T Cell Enabling dual targeting of T cells for CD3 and 84

anti-human HER2
antibodies

HER2-positive breast cancer
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FIGURE 3

Engineered exosomes for immunomodulation in breast cancer. Engineered exosomes actively contribute to inducing

tumour-associated macrophage (TAM) polarization, enhancing dendritic cell (DC maturation and modulating T-cell immune activity.

4.1 | Induction of TAM polarization by
engineered exosomes

TAMs represent a subset of immune cells within the
intricate landscape of the TME, actively participating in
pivotal processes such as tumourigenesis, development

and metastasis.”> >’ The two distinctive subtypes of TAMs,
namely the classically activated M1 type and the selectively
activated M2 type, play divergent roles in influencing the
tumour milieu.’® M1-type macrophages demonstrate a pro-
clivity for secreting inflammatory cytokines, thereby exert-
ing anti-tumour effects. In contrast, M2-type macrophages,
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characterized by their secretion of anti-tumour cytokines,
paradoxically contribute to tumour progression.> Notably,
within the TME, TAMs often exhibit a propensity for
polarization towards the M2 type.”® This underscores
the significance of regulating TAM polarization as a
strategic approach to impede the progression of BC. In
essence, understanding and modulating the delicate bal-
ance between M1 and M2 polarization within TAMs
emerge as critical considerations in devising interventions
aimed at slowing the development of BC.

Prior investigations have established that miRNAs play
a pivotal role in modulating the polarization of TAMs.®°
This revelation opens up a new avenue for leveraging
miRNAs as a novel approach to tumour immunotherapy.
Furthermore, exosomes, as emerging carriers of miRNAs,
offer a promising means to actively engage in the immune
regulation of tumours. The integration of miRNAs into
the realm of immunotherapy represents a paradigm shift,
and exosomes serve as innovative vehicles for the targeted
delivery of these regulatory molecules.®' Numerous studies
have explored the use of engineered exosomes loaded with
miRNAs to finely tune the polarization of TAMs, thereby
exerting a direct impact on the intricate processes govern-
ing the development of BC. For example, Gunassekaran
et al. conducted a groundbreaking study wherein they
transfected exosomes derived from M1 macrophages with
miR-511-3p. Additionally, they engineered these exosomes
with a modification of IL4RPep-1 (an IL4 receptor-binding
peptide) to target TAMs expressing the IL-4 receptor,
resulting in the creation of IL4R-Exo (si/mi).%” Notably,
the IL-4R holds significance in the context of TAMs,
as its elevated expression on their surface facilitates the
binding with IL-4, thereby promoting TAM polarization
towards the M2 phenotype and consequently fostering
tumour development.®* By virtue of its targeted design,
IL4R-Exo (si/mi) can improve the targeting specificity of
TAMs. At the same time, IL4R-Exo (si/mi) inhibits tumour
growth by carrying miR-511-3p to reprogram TAM into
M1-like macrophages.®” The above research findings high-
light the innovative application of genetically engineered
exosomes in regulating BC by enhancing their targeting
capabilities towards TAMs through surface modification.
Furthermore, the study underscores the critical role played
by tailored loading of immunomodulatory cargo into exo-
somes, contributing to the overall effectiveness of these
engineered exosomes in cancer immunotherapy. The find-
ings of this study pave the way for further exploration
and refinement of targeted exosome-based therapies in the
realm of cancer immunotherapy.

Regarding surface modification for enhanced specificity,
in the regulation of TAMs in BC, bioconjugation tech-
niques have found application alongside genetic engineer-
ing technologies. Exosomes modified with azide, originat-

ing from M1 macrophages, are synthesized into exosome
nano-bioconjugates by conjugating them with antibodies
specific to CD47 and SIRPa (aCD47 and aSIRP«), which
are modified with dibenzocyclooctyne, using pH-sensitive
linkers.%* As a result, within the acidic TME, the benzoic-
imine bonds of the nano-bioconjugates undergo cleavage,
liberating aSIRPa and aCD47. These components individ-
ually inhibit SIRPa on macrophages and CD47, leading to
the elimination of the “don’t eat me” signalling. Conse-
quently, this process enhances the phagocytosis capacity
of macrophages towards BC cells.®* For future research
directions, a deeper exploration into the optimal design of
these bioconjugated exosomes, considering factors such
as linker stability and specificity, could provide insights
into refining the approach. Additionally, investigate the
broader applicability of this strategy in various cancer
types and the potential impact on the broader immune.
In the realm of loading immunomodulatory cargo,
hyaluronic acid, alongside miRNAs, can be integrated
into exosomes, exerting an influence on the polariza-
tion of TAMs. It’s noteworthy that high molecular weight
hyaluronic acid has demonstrated the ability to inhibit
M1 polarization while promoting M2 polarization.®>® To
counteract this effect, hyaluronidase comes into play by
degrading high molecular weight hyaluronic acid into its
low molecular weight counterpart, thereby mitigating the
M2-induced immunosuppressive response.®’ In a ground-
breaking approach, Feng et al. pioneered an advanced
exosome-based drug delivery system termed Exos-PH20-
FA. Utilizing genetic engineering, they expressed human
hyaluronidase (PH20) and employed self-assembly tech-
niques to integrate folic acid (FA) into the exosomes.
Within the context of BC, Exos-PH20-FA efficiently trans-
formed polymer hyaluronic acid into a low molecular
weight form. This transformation significantly enhanced
M1 polarization in TAMs, ultimately contributing to an
amplified anti-tumour effect.®® In the latest research, Li
et al. reported a genetically engineered artificial exosome-
constructed hydrogel. Initially, artificial exosomes were
prepared through an extrusion method from geneti-
cally engineered M1-type macrophages with overexpressed
Siglec-10, denoted as SM1Aexo. The as-prepared SM1Aexo
were further chemically modified through a Schiff base
reaction, wherein they underwent chemical modifica-
tion with sodium alginate oxide (OSA). The reaction
involved the aldehyde groups of OSA and the amine
groups of macrophage membrane proteins, resulting in
the formation of a hydrogel, referred to as O-SM1Aexo@M
hydrogel. The O-SM1Aexo@M hydrogel can target peri-
toneal macrophages and polarize M2-type macrophages
into the M1 phenotype, exerting anticancer effects in
triple-negative BC.%° Similarly, Yu et al. have engineered
exosomes derived from MI-type macrophages, referred to
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as OX40L (tumour necrosis factor receptor superfamily
member 4) Ml-exos. These exosomes activate the adap-
tive immune response through the 0X40/0X40L pathway.
Furthermore, they can reprogram M2-like TAMs into M1-
like macrophages, achieving an effective synergistic effect
between innate and adaptive immunity. This approach has
demonstrated a potent therapeutic effect in a mouse BC
model.”’

In summary, this research signifies a critical step toward
understanding and manipulating the immune response
in BC through exosome-mediated immunomodulation.
Future research directions may explore optimizing cargo
selection, refining engineering techniques, and investigat-
ing the broader implications of exosome-based therapies
for personalized BC treatment.

4.2 | Promotion of DC maturation by
engineered exosomes

DCs play a pivotal role in initiating and regulating both
innate and adaptive immunity within the TME.”" Conse-
quently, various DC-targeted vaccines have been designed
and are undergoing evaluation in numerous clinical trials
to enhance cancer immunotherapy.’”> The targeted deliv-
ery of antigens and adjuvants to DCs in vivo is a crucial
strategy in the development of DC vaccines.”

Building on this, Huang et al. engineered an in situ
DC vaccine, termed HELA-Exos, by loading immunogenic
cell death immunogenic cell death (ICD) inducers, human
neutrophil elastase (ELANE) and Hiltonol (TLR3 agonist)
into BC-derived exosomes engineered with a-lactalbumin
(a-LA). HELA-Exos demonstrated robust antitumour effi-
cacy in both mouse models and human BC organoids. This
effect was attributed to the promotion of in situ activation
of conventional type 1 DCs (cDCls), leading to enhanced
tumour-reactive CD8+ T cell responses.”* The strategy
proposed here is promising for generating an in situ DC-
primed vaccine and can be extended to various types of
cancers. The study highlights the significance of engineer-
ing exosomal cargoes to regulate DC maturation, empha-
sizing the importance of this approach in BC. Future
research should aim to identify additional immunomod-
ulatory cargoes capable of modulating the activity of DCs
in BC. This involves exploring different antigens and
molecular signals to stimulate DC maturation, as well
as optimizing exosome engineering for enhanced efficacy
in modulating immune responses. Additionally, exosomes
modified with CD40L can enhance the targeting of exo-
somes to DCs.*! This engineered exosome, through CD40L
modification, may have the potential to boost the immune
response against BC. Further exploration is warranted to
investigate the effects of these engineered exosomes and

3

their ability to enhance immune responses in BC. More-
over, the combination of CD40L modification with the
engineering of exosomal cargoes holds the potential to syn-
ergistically stimulate DC maturation, thereby increasing
their ability to elicit cytotoxic effects against BC.

4.3 | Modulation of T cell immune
activity by engineered exosomes

T lymphocytes constitute a crucial component of the
immune system with profound implications for tumour
dynamics. Within the TME, T cells can be broadly cat-
egorized based on surface molecules into three groups:
CD4+ T cells, CD8+ T cells and regulatory T cells (Tregs).””
Among these, CD4+ T cells and CD8+ T cells pre-
dominantly exert anti-tumour effects in BC. Conversely,
Tregs function as immunosuppressive cells, dampening
the body’s anti-tumour immune response and thereby
fostering the progression of BC.”®

Enhancing the specific targeting of exosomes to T lym-
phocytes has been a challenging task. Interestingly, recent
advances in BC research have shed light on this issue.
Unlike other cancers, BC can lead to tumour-draining
lymph node (TDLN) metastasis, which is the most com-
mon type of metastasis.”””’® Moreover, TDLNs serve as
primary immune organs for cancer immunity, where
tumour antigens and leukocytes are initially drained.”
Therefore, improving the targeting of exosomes to TDLNs
could enhance the immunomodulation of T lymphocytes
within them. To achieve this, current research has spe-
cialized in designing exosomes targeted for lymph nodes.
Through genetic engineering, these exosomes are mod-
ified to express CD62L on their surface, guiding white
blood cells to migrate and home to lymph nodes.* Addi-
tionally, the combination of targeted delivery engineering
strategies with exosomal cargo engineering has been a
crucial approach to enhancing the immunomodulatory
potential of exosomes. Therefore, while surface-modifying
with CD62L, molecules such as OX40L, involved in T
cell expansion and regulation of T cell suppression,®*
are also engineered onto exosomes. This engineered exo-
some activation of effector T cells and inhibition of Treg
induction amplifies the anti-tumour immune response,
suppressing the development of BC. In addition to target-
ing lymph nodes for specific T cell modulation, more direct
approaches have been developed, such as surface modi-
fication with CD3 antibodies to target T lymphocytes.®*
Although this research is conducted in BC, these engi-
neered exosomes can also target T cells in other types
of cancer. Consistent with the studies mentioned earlier,
efforts have been made to enhance the specificity of exo-
somes. OX40L has been added to facilitate the penetration
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of CD8+ T cells and alleviate the immune suppression by
Tregs. Notably, this engineered exosome is equipped with
a monoclonal antibody targeting the epidermal growth
factor receptor. This feature enables the exosomes to selec-
tively target tumour tissues, thereby boosting the immune
response against cancer.* In addition, another engineered
exosome has been designed through genetic manipula-
tion to display anti-human CD3 and anti-human HER2
antibodies, enabling dual targeting of T cells for CD3
and HER2-positive BC.* This work demonstrates the pre-
clinical feasibility of utilizing endogenous exosomes for
targeted BC immunotherapy. In addition, surface mod-
ification of IL-2 on DC-derived exosomes enables tar-
geted delivery of engineered exosomes to lymphocytes
and enhances binding to IL-2 receptors on CD8+T cells,
thereby inducing CD8+T cell activation.®

Looking ahead, future clinical and basic research in
BC could focus on translating these engineered exosome
strategies into clinical settings. Rigorous evaluation in
clinical trials, exploring safety and efficacy across diverse
patient populations, will be essential. Additionally, deeper
investigations into the mechanisms underlying exosome-
T cell interactions and their impact on broader immune
responses could provide crucial insights for refining these
approaches.

5 | PROSPECTIVE APPLICATIONS OF
ENGINEERED EXOSOMES IN BC
IMMUNOTHERAPY

Immunotherapy stands out as one of the most promis-
ing approaches for treating BC. However, past research
has indicated that BC is often considered an “immune
cold” tumour.®® This designation stems from the lower
presence of lymphocytes infiltrating the immune microen-
vironment in secondary BC, rendering it less responsive to
immunotherapeutic interventions.®” Hence, there is a crit-
ical need to enhance immunotherapy methods to improve
their efficacy in BC. In light of the distinctive attributes
of engineered exosomes outlined earlier, these tailored
exosomes have emerged as a crucial tool in adjuvant
immunotherapy for BC. Their unique properties position
them as valuable assets in augmenting the effectiveness of
immunotherapeutic interventions against BC.

5.1 | Engineered exosomes as drug
delivery vehicles

For effective cancer therapy, it is crucial to have targeted
drug delivery vehicles with minimal immunogenicity and
toxicity. In this study, a strategy was employed to mit-

igate immunogenicity and toxicity by utilizing mouse
immature DCs (imDCs) for exosome production. Through
the genetic modification of imDCs, a fusion peptide was
created by integrating the exosome membrane protein
(Lamp2b) with the av integrin-specific iRGD peptide,
enhancing tumour-targeting capabilities. This engineered
exosome was then loaded with Doxorubicin (Dox) using
electroporation, achieving an impressive encapsulation
efficiency of up to 20%. Notably, iRGD exosomes exhibited
highly efficient targeting and Dox delivery specifically to
alpha v integrin-positive BC cells in vitro. This innovative
approach holds promise for advancing targeted and low-
toxicity drug delivery systems in cancer therapeutics.®®
While the focus of this study is on loading chemothera-
peutic agents into exosomes, it opens up a new avenue
for immunotherapy agents. Interestingly, a recent study
has explored the utilization of exosomes for delivering
immune activators. Specifically, the RIG-I pathway can
be triggered by RNA containing 5’ triphosphate, resulting
in the release of type I interferon and immune activa-
tion. Therefore, RIG-I agonists have been investigated
as a means to elicit immune responses against can-
cer, showcasing the potential of exosomes in the field
of immunotherapy. This demonstrates the versatility of
exosome-based platforms in delivering various therapeutic
agents for different treatment modalities.***° Addition-
ally, Peng et al. successfully loaded RIG-I agonists into
exosomes derived from red blood cells. The engineered
exosomes demonstrated the capability to selectively tar-
get aggregation within BC cells. Upon reaching the target
cells, they activated the RIG-I pathway, ultimately lead-
ing to cell death in both mouse and human BC cells. This
innovative approach highlights the potential of utilizing
EVs for targeted delivery of immune activators, providing a
promising strategy for cancer treatment.”’ This innovative
approach not only emphasizes the versatility of exosome-
based platforms but also suggests a promising strategy for
targeted delivery of immune activators, further expanding
the therapeutic possibilities in cancer treatment. Overall,
these studies collectively contribute to advancing the field
of cancer therapy by harnessing the potential of engineered
exosomes for targeted drug delivery and immunotherapy.
Future research directions could explore optimizing these
strategies for clinical applications and addressing chal-
lenges associated with large-scale production and clinical
translation.

5.2 | Engineered exosomes as vaccines
for BC immunotherapy

Tumour vaccines leverage elevated concentrations
of tumour antigens to activate DCs. Activated DCs,
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in turn, prompt T cells to generate an anti-tumour
immune response, effectively suppressing tumours.’?
Exosomes derived from tumours play a pivotal role
by carrying tumour antigens and presenting them to
antigen-presenting cells, thereby instigating an antitu-
mour immune response.>”> To enhance their capacity
to induce immune responses, tumour-derived exosomes
can undergo surface modification or cargo loading."***
Recently, numerous studies have utilized tumour-derived
engineered exosomes as a foundation for immunological
vaccines targeting BC. For example, the in situ DCs-
primed vaccine (HELA-Exos), loaded with ICD inducers,
ELANE and Hiltonol, has been confirmed in in vivo
studies to enhance the immune response against BC
by stimulating cDCls, thereby increasing CD8+ T cell-
mediated immunity.”* These research findings underscore
the significance of engineered exosomes in the develop-
ment of DC-targeted vaccines. In addition to DC-targeted
vaccines, more research is exploring the application of T
cells-targeted vaccines in BC. Muzaffer et al. pioneered the
development of exosome-based vaccines by incorporating
two immunoadjuvant agents, a TLR9 ligand (K-type CpG
ODN) and a TLR3 ligand (p(I:C)), into exosomes derived
from BC cells. Engineered exosomes co-encapsulating
both ligands exhibited enhanced immunostimulatory
properties, activating antigen-specific primary and mem-
ory T cell responses and effectively suppressing BC
growth in vivo. Collectively, these findings suggest that an
exosome-based therapeutic vaccine can stimulate robust
cellular and humoral anti-tumour immunity, demon-
strating effectiveness in reversing established tumours.”
This approach shows promise as a personalized strategy
for tumour therapy with potential clinical applications.
Future research directions may involve refining and
optimizing the engineering of exosomes for enhanced
specificity, exploring combination therapies, and con-
ducting more extensive clinical trials to validate their
efficacy and safety in diverse patient populations. Addi-
tionally, investigations into the underlying mechanisms
of exosome-mediated immune responses could provide
insights for further therapeutic advancements.

While engineered exosome vaccines may activate the
immune system, especially T cells, to attack and elimi-
nate tumour cells, this can lead to long-term anti-tumour
immune effects. Well-designed vaccines are expected to
induce the immune system to develop persistent immune
memory against tumours, enabling a more effective
response when facing the same tumour in the future.”
However, prolonged use of engineered exosome vaccines
may result in excessive activation of the immune sys-
tem, triggering inappropriate immune responses and even
potentially leading to the onset of autoimmune diseases.
Continued exposure to exosome vaccines may cause the

3

immune system to become tolerant to the signals they gen-
erate, thereby weakening immune responses.’® To compre-
hensively understand the long-term effects of engineered
exosome vaccines on the immune system, large-scale and
long-term clinical studies are necessary. Such research
helps evaluate the long-term safety, effectiveness, and
overall impact on the immune status of patients.

5.3 | Engineered exosomes from CAR-T
cell for BC immunotherapy

CAR-T cell therapy, a form of immunotherapy created
through the genetic engineering of CAR into T cells,
has emerged as a novel and precise approach to can-
cer treatment.”””® Despite its remarkable targeting effi-
cacy, the application of CAR-T therapy is hampered by
associated toxic side effects, including cytokine release
syndrome (CRS) and CAR-T-related encephalopathy syn-
drome (CRES).” These side effects, albeit manageable,
highlight the need for alternative strategies to enhance
safety and efficacy.

As a potential solution to mitigate some of the limi-
tations of CAR-T therapy, CAR-T cell-derived exosomes
have emerged as a novel therapeutic modality.'’° Exo-
somes released by CAR-T cells carry CAR on their surface,
expressing a high level of cytotoxic molecules that endow
them with potent anti-tumour capabilities.'’! Notably,
CAR exosomes lack PD-1 expression, offering an advan-
tage over CAR-T cells, as their anti-BC immune effect
remains unaffected by recombinant PD-L1 treatment. In
a preclinical in vivo model of cytokine release syndrome,
the administration of CAR exosomes demonstrates a rel-
atively safe profile when compared to CAR-T therapy.'!
This suggests that engineered exosomes expressing CAR
obtained through T-cell modification could represent a
promising and safer strategy for BC treatment. The piv-
otal aspect of this research is centred on the identifica-
tion of target proteins exclusive to BC. Building on the
observation of mesenchymal (MSLN) overexpression in
triple-negative BC (TNBC),'”? Yang et al. pioneered the
development of MSLN-targeted CAR-T exosomes for treat-
ing TNBC. Significantly, these targeted CAR-T exosomes
demonstrated remarkable efficacy in restraining tumour
growth in both endogenous and exogenous MSLN-positive
TNBC models.'” Their mechanism of action involved the
induction of tumour cell death through the release of per-
forin and granzyme B. This targeted therapeutic approach
showcases the potential of tailored CAR-T exosomes in
addressing specific BC subtypes, exemplifying a targeted
and effective strategy for TNBC treatment.

Moving forward, further exploration is warranted in
identifying specific target proteins exclusively expressed in
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BC, ensuring the precision and efficacy of CAR exosomes.
Additionally, ongoing research should focus on expanding
the application of CAR exosomes to various BC subtypes
and investigating their potential in combination with other
therapeutic modalities. The ultimate goal is to advance this
novel approach from preclinical studies to clinical trials,
offering a transformative and personalized strategy for BC
immunotherapy.

5.4 | Combination therapy of engineered
exosomes with other immunotherapies

In a groundbreaking study, Tian et al. harnessed the
potential of a brain tumour-targeting cyclic RGDyK pep-
tide to modify the exosome surface. Simultaneously, they
ingeniously loaded these exosomes with siRNA targeting
PD-L1, introducing a powerful tool for immune check-
point blockade. This engineered exosome not only elevates
the precision of tumour targeting but also remarkably
amplifies the efficacy of ICIs.'°* In a parallel explo-
ration, a dual-targeting strategy emerged, wherein the exo-
some surface underwent simultaneous modification with
two antibodies—anti-PD-L1 and anti-CD40. This strate-
gic maneuver sought to simultaneously engage with both
tumour cells and DCs. By activating DCs and suppressing
PD-L1 expression on tumour cells, the combined cancer
immunotherapy exhibited a synergistic effect, showcasing
a notable enhancement in inhibiting tumour growth.!%®
The culmination of these findings underscores the poten-
tial of synergistic therapies, fusing engineered exosomes
with other immunotherapies, paving the way for advanced
cancer treatment.

In BC, Wu et al. investigated the concurrent use of
DC-derived exosomes along with surface-modified IL-2
and ICIs. The findings indicated that the combination
of engineered exosomes and ICIs rendered tumour cells
more responsive to the effects of ICIs. Mechanistically,
this combination led to an augmentation in the number
of tumour-infiltrating lymphocytes and activated T cells
in the spleen.®> This provides a viable strategy for the
treatment and prevention of metastatic BC.

6 | CONCLUSIONS AND FUTURE
CHALLENGES

Exosomes, versatile in their distribution and immune char-
acteristics, offer a unique potential in BC immunother-
apy by effortlessly navigating tissue barriers. However,
exosome-based BC therapy faces significant challenges,
including limited targeting efficiency hindering precise
tumour navigation and technical difficulties in cargo load-

ing and controlled release crucial for therapeutic success.
Immunogenicity and safety concerns complicate clinical
application, demanding thorough investigation and miti-
gation. The lack of standardized methods for isolating and
producing therapeutic exosomes impedes reproducibil-
ity, creating a substantial barrier to clinical translation.
Biological barriers, exemplified by the blood-brain bar-
rier, further limit exosome delivery, reducing therapeutic
potential.'’° In response, ongoing research focuses on
innovative strategies, including engineered targeting lig-
ands to enhance exosome specificity and advanced cargo
loading techniques (e.g. electroporation and sonication)
for optimized release. Immunomodulatory approaches,
such as surface modification, address immunogenicity
concerns. Active pursuit of standardization protocols for
the isolation and production of therapeutic exosomes, pro-
moting consistency and reliability in research and clinical
applications. This includes the development of innovative
strategies such as nanomaterial-assisted isolation and the
utilization of techniques like extracellular vesicle detection
to improve the overall process.'?’~1%° Researchers explore
inventive delivery systems to overcome biological barri-
ers, improving exosome distribution. This collective effort
seeks to advance the field and unlock the full therapeutic
potential of exosomes in BC therapy.

In our exploration of this frontier, we delve into diverse
strategies for loading therapeutic agents into exosomes
and augmenting their targeting precision. A comprehen-
sive analysis is presented, highlighting the advantages and
limitations of each method. Recent experimental studies
showcasing the application of engineered exosomes in BC
immunotherapy further underscore the dynamic nature
of this field, with ongoing research providing evolving
insights and promising prospects.

Despite these advancements, the current application of
engineered exosomes in BC immunotherapy remains pre-
dominantly within the realm of preclinical studies, posing
a substantial hurdle in transitioning these findings to clin-
ical practice.!'” The inherent heterogeneity of exosomes
introduces a critical consideration, as excessive modi-
fications may compromise their overall effectiveness."’
Overcoming challenges related to achieving optimal load-
ing efficiency and enabling mass production is crucial for
the future clinical integration of engineered exosomes."
Each method of exosome processing brings its own set
of limitations, emphasizing the necessity for scalable
production methods that are pivotal for clinical applica-
tions. This underscores the imperative need for continued
research into refining engineering and production tech-
niques. Additionally, scaling up exosome production for
clinical use presents challenges including low yield, purity
concerns, reproducibility issues, adapting to bioreactors,
regulatory compliance, storage stability, cost and scalable



CAO ET AL.

CLINICAL AND TRANSLATIONAL MEDICINE
. ‘OpenAccess.

13 of 16

analytics.” Potential solutions to facilitate the transition
from laboratory to clinical settings may involve opti-
mizing culture conditions, adhering to GMP standards,
implementing robust purification steps, standardizing pro-
tocols, using scalable bioreactors, engaging with regulatory
agencies early, developing stability protocols, identifying
cost-effective strategies and implementing scalable ana-
lytics like NTA or mass spectrometry. A multidisciplinary
approach is crucial for a successful transition to clinical
settings.

Moreover, the clinical application of engineered exo-
some vaccines may encounter regulatory and ethical
challenges. Regulatory hurdles include difficulties in clas-
sification and approval, the need for standardization of
production, dose optimization and long-term safety mon-
itoring. Ethical considerations involve the complexity of
obtaining informed consent, issues of equitable access,
concerns about privacy and data security, the potential
for enhancement and global collaboration. To success-
fully advance the dissemination of engineered exosome
vaccines, collaboration among scientists, physicians, reg-
ulatory agencies and ethicists is imperative. This collective
effort aims to ensure the safety and efficacy of treat-
ments while balancing scientific development with ethical
principles.

While the current landscape of research on engineered
exosomes in BC immunotherapy holds great promise,
future endeavours must focus on bridging the gap between
preclinical investigations and clinical application. It is
worth noting that establishing a standardized framework
for the characterization and quality control of engineered
exosomes is crucial to ensure consistency and reliability
in preclinical and clinical research. However, there is cur-
rently no universally recognized quality control standard
for such a framework, and this is an area that researchers
need to further refine in the future. These efforts are
essential to unlock the full clinical potential of engi-
neered exosomes, thereby augmenting their value in BC
immunotherapy.
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