7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

MINIREVIEW

Recent advances in therapeutic engineered

’ M) Check for updates ‘
extracellular vesicles

Cite this: Nanoscale, 2024, 16, 7825

Chenlu Yao,® Hong Zhang*® and Chao Wang () *2

Extracellular vesicles (EVs) are natural particles secreted by living cells, which hold significant potential for
various therapeutic applications. Native EVs have specific components and structures, allowing them to
cross biological barriers, and circulate in vivo for a long time. Native EVs have also been bioengineered to
enhance their therapeutic efficacy and targeting affinity. Recently, the therapeutic potential of surface-
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engineered EVs has been explored in the treatment of tumors, autoimmune diseases, infections and
other diseases by ongoing research and clinical trials. In this review, we will introduce the modified
methods of engineered EVs, summarize the application of engineered EVs in preclinical and clinical trials,
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1. Introduction

Extracellular vesicles (EVs), small particles derived from cells,
were first discovered in the 1980s, when they were regarded as
cell dust." Subsequently, researchers investigated the structures
and biological functions of EVs in intracellular communication
and the transport of various biomolecules, including RNAs, pro-
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and discuss the opportunities and challenges for the clinical translation of surface-engineered EVs.

teins, and lipids, to recipient cells or tissues.>* In the 2010s,
scientists gained a better understanding of the preparation, iso-
lation and functions of EVs, particularly in the fields of cancer
treatment and immunology, revealing their critical roles in
immune responses and tumor development.*” In recent years,
scientists further developed EVs as cell-free therapeutics for
drug delivery, immunomodulation, and therapy. EV-based
therapies offer the potential for scalable production, improved
storage and transport, reduced adverse effects, and overcoming
the biological barriers due to their nanosize.*”

The surface engineering of extracellular vesicles could
achieve many additional goals. One dominating purpose is to
endow EVs with targeting affinity. Even though some EVs have
been reported to intrinsically target specific cells, previous lit-
erature has revealed that it is insufficient to achieve accumu-
lation in vivo.*° Another motivation for EV surface engineering
is the introduction of therapeutic molecules. Compared with
loading drugs, especially for large molecules, modification on
the surface may be more accessible. To achieve the above pur-
poses, researchers have utilized mainly genetic and chemical
methods to modify the surface of extracellular vesicles and
apply these extracellular vesicles in different disease therapies.

2. Source of EVs

Compared with parental cells, EVs are reported to lack certain
structural proteins, such as actin, but can inherit surface pro-
teins and some secreted proteins from the mother cells.'®*
This inherent property simplifies the development of EVs for
potential applications, eliminating the need for additional pro-
cedures to introduce specific proteins of interest. Moreover,
multiple proteins may collectively contribute to specific func-
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tions of EVs, enhancing their efficacy in these roles."”
However, EVs secreted from mother cells exhibit heterogeneity,
resulting in variations in the abundance of proteins of interest
among individual EVs. Furthermore, the quality of EVs is
greatly influenced by the conditions of the mother cells. EVs
can be derived from various cell types and sources, each of
which may have specific characteristics and functions.

2.1. Blood cell-derived EVs

Extracellular vesicles derived from blood cells, including Red
Blood Cells (RBCs) and platelets could be produced in an
easier protocol, because of the lack of nuclei and composite
organelles.®™"” Additionally, as RBCs and platelets are the
most two abundant cells in the blood, the output of EVs of
RBCs and PEVs could be produced on a large scale.'® However,
as these blood cells cannot reproduce in vitro, it is difficult to
insert interested genes into these EVs.

RBC-derived EVs are released during various physiological
and pathological conditions, reflecting the state of their parent
cells. These vesicles carry a cargo rich in proteins, lipids, and
microRNAs, including cytoskeletal proteins and antioxidant
enzymes, which are also widely utilized for drug delivery.'®
Platelet-derived EVs are key players in hemostasis, thrombosis,
and inflammation. Laden with platelet-specific molecules like
glycoprotein IIb/IIIa and P-selectin, as well as bioactive mole-
cules such as growth factors and cytokines, these EVs orches-
trate various physiological responses.'®>°

2.2. Immune cell-derived EVs

Extracellular vesicles from immune cells, including
macrophages,*'** dendritic cells,”** and T cells,***” are also
utilized in disease therapy because of their immunomodula-
tion capacity. For instance, T cell-derived EVs carry surface
markers and cytokines characteristic of T cell subtypes, facili-
tating antigen presentation, immune activation, and regu-
lation.?® B cell-derived EVs may contain immunoglobulins and
antigens, participating in humoral immune responses and
antibody-mediated immunity.>**° Similarly, NK cell-derived
EVs modulate target cell recognition and immune responses
through the transfer of cytotoxic molecules and regulatory
proteins.?!%?

Macrophages and dendritic cells, as key antigen-presenting
cells, release EVs with significant immunomodulatory func-
tions. These EVs carry antigen-presenting molecules such as
MHC molecules and co-stimulatory molecules, facilitating
antigen presentation and T cell activation.”™** Furthermore,
macrophage-derived EVs may contain inflammatory mediators
such as cytokines and chemokines, regulating local immune
responses and inflammation.?* Dendritic cell-derived EVs play
crucial roles in immune tolerance and suppression by promot-
ing regulatory T cell differentiation and suppressing effector T
cell responses.®®

2.3. Tumor-derived EVs

Tumor-derived EVs (TEXs) play crucial roles in various stages
of cancer progression, including tumor growth, angiogenesis,
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metastasis, immune evasion, and drug resistance. They facili-
tate intercellular communication by transferring oncogenic
molecules, promoting tumor-stroma interactions, and modu-
lating the behavior of recipient cells within the tumor micro-
environment.” TEXs have inherited specific surface proteins
from tumor cells, leading to the tumor-targeting ability.*®
Moreover, TEXs have emerged as promising biomarkers for
cancer diagnosis, prognosis, and treatment response predic-
tion, offering non-invasive avenues for monitoring disease pro-
gression and guiding therapeutic interventions.?”

2.4. Stem cell-derived EVs

Extracellular vesicles derived from stem cells are also strong
candidates for the next generation of drugs.’®*° These EVs
play crucial roles in intercellular communication, tissue repair,
immune modulation, and regeneration. They exert their effects
by transferring regulatory molecules to recipient cells, influen-
cing cellular processes such as proliferation, differentiation,
apoptosis, and inflammation.*® Stem cell-derived EVs offer
several advantages over stem cell-based therapies, including
reduced risk of tumorigenicity, immunogenicity, and ethical
concerns associated with cell transplantation. MSC EVs have
been reported to play a vital role in tissue repair,*! and thera-
peutics of COVID-19.** That may contribute to the large scale
of MSC reproduction.

2.5. Bacteria-derived EVs

Outer membrane vesicles (OMVs) carry a variety of proteins
from the parent bacterial cell surface, playing crucial roles in
bacterial physiology, virulence, and host-pathogen inter-
actions.”® These proteins may include adhesins such as coagu-
lase, adhesion factors, and lectins, facilitating bacterial attach-
ment to host cell surfaces and establishment of infection.***>
Additionally, OMVs may harbor virulence factors such as
toxins, lytic enzymes, and lipopolysaccharides (LPSs), which,
when released into host cells vie OMVs, can induce cell
damage and inflammation, and promote pathogen invasion
and disease progression. OMVs, especially from E. coli., are uti-
lized in tumor therapy, as LPSs on the surface of OMVs are
immunomodulators to activate an immune response.*®*”

2.6. Plant-derived EVs

Plant EVs play crucial roles in regulating plant growth and
development, responding to stress, and mediating intercellular
communication. They are released from various cellular com-
partments such as chloroplasts, mitochondria, endoplasmic
reticulum, and Golgi apparatus into the extracellular space,
facilitating long-distance communication within and outside
the plant organism and influencing the physiological and
metabolic states of recipient cells.*®*° Moreover, plant EVs are
strong candidates for the next generation of drug delivery
systems because of the high output of nanovesicles.’>>!

2.7. Isolation methods of EVs

Various methods exist for isolating EVs from complex biologi-
cal samples. These methods include ultracentrifugation, size
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exclusion chromatography, ultrafiltration, immunoaffinity
capture, precipitation, and microfluidic devices.’*>® Each
method has its advantages and limitations, and the choice
depends on factors such as sample type, desired purity, yield,
and downstream applications. Integration of multiple isolation
techniques often enhances the purity and yield of isolated
EVs, facilitating their functional characterization and enabling
their use in research and clinical settings.

3. Surface engineering strategies on
EVs

Researchers are trying to introduce interesting peptides or
other molecules on the surface of EVs to broaden the appli-
cations of EVs. Some molecules including aptamers, nanobo-
dies, or specific cell-targeted peptides could endow EVs with
targeted capacity, solving the off-target problem. Some mole-
cules like maleimide can capture antigens after being modi-
fied on the surface of EVs, boosting the immune response
through interactions with antigen-presenting cells. Other
molecules such as SIRP-a and aPD-L1 could modulate the
immune microenvironment of tumor sites, enhancing the
therapeutic efficacy of EVs. To modify EVs with these mole-
cules, the most two common strategies are genetic modifi-
cation and chemical modification (Fig. 1).

3.1. Genetic modification on EVs

To fuse the interested proteins on the membranes of EVs,
researchers introduce the target gene through plasmid or lenti-
virus into the parental cells, inverting the target gene into the
gene of parental cells. Then, EVs secreted by these cells will
carry these proteins. Typically, the interested protein is fused
with specific membrane surface proteins of the parent cells,
such as Lamp2b, CD63, and CD9. For example, Wang et al.
ligated a cardiomyocyte specific peptide (CMP) to the extra-exo-
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Fig. 1 Schematic diagram of surface-engineered extracellular vesicles.
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somal N-terminus of Lamp2b on cardiosphere-derived cells.>*
Additionally, Scott et al. fused CD63 of HEK293T cells with an
anti-CoV-2 nanobody to neutralize SARS-CoV-2 in vitro.>® Kim
and colleagues also truncated CD9 to display SACE-2 variants
on the surface of extracellular vesicles.’® This fusion allows
these proteins to effectively localize to the surface of EVs. The
choice of fusion protein depends on specific application
requirements.

Gene modification techniques offer robust tools for engin-
eering EVs and can be used to achieve various purposes,
including targeted delivery, imaging and therapeutics. In
detail, by introducing specific targeting proteins, EVs can
selectively deliver their cargo to specific cells or tissues,
enabling efficient targeted therapy. For instance, IL-3 was
introduced into EVs derived from HEK293 cells to enhance the
binding affinity of EVs in Chronic Myeloid Leukemia (CML)
blasts, where IL-3 receptors were overexpressed.”” The fusion
of fluorescent or other imaging-labeled proteins to the surface
of EVs also allows real-time tracking of EV distribution and
delivery in vivo.

Through the incorporation of therapeutic proteins or RNA,
EVs can be engineered into effective drug carriers for the treat-
ment of conditions such as cancer, infections, and various dis-
eases. For example, EV overexpressed SIRP-a could increase
cancer cell phagocytosis, boosting the immune response.”®

3.2. Chemical modification on the surface of EVs

Unlike genetic modifications which usually display proteins
on EVs, modifications based on chemical methods could
display peptides or other molecules on EVs.>® Chemical modi-
fication strategies can be categorized into two distinct
approaches based on the timing of the modifications: pre-iso-
lation modifications and post-isolation modifications.
Chemical modifications encompass several techniques, includ-
ing electrostatic incorporation, click chemistry and covalent
conjugation. As the membrane surface of the cells is negatively
charged, the positively charged molecules could simply absorb
on the surface by electrostatic incorporation. For instance, Qin
and colleagues displayed positive tumor antigens on the
surface of OMVs through electrostatic incorporation.®

Additionally, click chemistry also plays a crucial role in the
modification of extracellular vesicles (EVs). Click chemistry is
typically an efficient method that allows for rapid surface
modification of EVs.®®? It could also be used to introduce a
wide range of molecular modifications, such as drugs, target-
ing molecules, and fluorescent labels. Both fluorescent dyes
and targeting peptides conjugated with azide groups could
simply modify the NHS-engineered EV surface by click
chemistry.®

Moreover, covalent conjugation is another widely utilized
technique for tailoring EVs’ surface properties, offering several
key advantages. This approach involves the attachment of
various molecules to the EV surface through covalent bonds,
resulting in a functionalized EV platform. For instance, DSPE-
PEG, phospholipid-polyethylene glycol, could typically react
with hydroxyl or amine groups on the surface of membranes,
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to form covalent bonds. Wang et al. functionalized targeting
peptides with DSPE-PEG and modified them on the surface of
donor cells.®® The advantages of covalent conjugation include:
(1) robust stability to the modified EVs, preventing the detach-
ment of surface molecules and ensuring their persistence
during storage and circulation in biological environments; (2)
fine control over the degree and nature of modification, tailor-
ing EVs to meet diverse research and clinical needs; and (3)
minimizing non-specific protein adsorption to EV surfaces,
maintaining their purity.

These chemical modification strategies can be utilized to
endow EVs with specific functionalities, such as targeted drug
delivery, real-time imaging, and therapeutic capabilities. For
instance, cardiac homing peptides were conjugated on the
surface of EVs, endowing EVs with affinity towards the
infracted hearts.®> The insertion of fluorescent molecules
labeled on the surface of EVs also helps to identify the location
of the infraction.®®

3.3. Physical modification on the surface of EVs

Physical modification strategies offer versatile approaches for
surface engineering of extracellular vesicles (EVs), enabling
precise control over their surface properties and
functionalities.®”’°® These strategies involve the manipulation
of EVs through physical means without directly altering their
genetic or biochemical compositions.

One common physical modification strategy is membrane
permeabilization, which involves techniques such as soni-
cation, freeze-thaw cycles, or electroporation. These methods
disrupt the integrity of the EV membrane, allowing for the
insertion or attachment of exogenous molecules onto the EV
surface.®® This enables the introduction of targeting ligands,
therapeutic agents, or imaging probes onto EVs, thereby
enhancing their targeting specificity or therapeutic efficacy.
Rayamajhi et al hybridized macrophage-derived EVs with
gadolinium-infused liposomes using sonication and mem-
brane extrusion, achieving magnetic resonance imaging.”®

Another physical modification approach is membrane
fusion, where EVs are fused with liposomes or synthetic nano-
particles carrying desired surface modifications.®” This
enables the transfer of surface proteins, lipids, or other mole-
cules from the synthetic carriers to EVs, leading to the engin-
eering of EVs with customized surface functionalities. Li et al.
modified MSC EVs with platelet membranes based on extru-
sion, endowing EVs with the binding ability to monocytes.”*
This strategy successfully targeted the infracted heart and rea-
lized cardiac repair.

3.4. Metabolic engineering on the surface of EVs

Metabolic engineering strategies involve manipulating the cel-
lular metabolism of EV-producing cells to modulate the bio-
synthesis and incorporation of specific molecules into EV
membranes. One approach is to engineer donor cells to overex-
press or knockdown genes involved in lipid metabolism, such
as enzymes responsible for lipid synthesis or modification.”
This can lead to the production of EVs with altered lipid com-
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positions, which in turn influence their surface properties and
interactions with target cells or tissues.

Another metabolic engineering strategy involves the modu-
lation of glycosylation pathways in donor cells to control the
glycosylation patterns on EV surfaces.®” Glycosylation plays
crucial roles in EV biogenesis, cargo sorting, and intercellular
communication, making it an attractive target for surface
engineering.”?> By manipulating the expression of glycosyl-
transferases or glycosidases, researchers can engineer EVs
with specific glycan structures on their surfaces, which can
modulate their targeting, uptake, and immunogenicity pro-
files. For instance, Lim et al. modified EVs with an exogenous
azide group based on metabolic glycoengineering to enhance
the targeting affinity of EVs towards target tissues.”

3.5. Lipid-based engineering on the surface of EVs

Lipid-based engineering strategies involve the manipulation of
lipid composition and structure on the EV surface. One
common approach is lipid insertion or incorporation, where
lipids with desired functionalities, such as targeting ligands or
therapeutic molecules, are inserted into the EV membrane.”?
This can be achieved through various techniques, including
membrane fusion, incubation with lipid-modified molecules,
and extrusion through lipid bilayers. For instance, Jhan et al.
fused EVs with synthetic lipids to realize highly efficient gene
delivery.®® Lipid exchange is another strategy, where the native
lipids of EVs are replaced with synthetic or modified lipids car-
rying specific functionalities.”® This can be accomplished
using methods such as solvent-based lipid exchange or mem-
brane extrusion. Additionally, lipid conjugation involves the
covalent attachment of molecules of interest, such as targeting
ligands or imaging agents, to lipid molecules, which are then
incorporated into the EV membrane.”” The choice of different
modification techniques depends on the specific goals of the
study and the intended applications. Overall, chemical modifi-
cations of EVs provide a versatile toolkit for tailoring these
vesicles to meet various research and clinical needs.

4. EVs for different disease therapy
and clinical translation
4.1. Engineered EVs for cancer therapy

The therapeutic potential of EVs for tumors has been evalu-
ated in recent years with encouraging outcomes. Drug delivery
systems and tumor vaccines based on EVs could inhibit tumor
growth in pre-clinical trials.””"®" Compared with their parent
cells, EVs have lower immunogenicity and cytotoxicity. When
loading drugs on EVs, these natural nanoscale carriers could
enhance the targeting ability, and prolong the circulation time
compared with free drugs. Researchers have also modified the
surface of EVs derived from various cells and utilized engin-
eered EVs for targeted therapy and immunotherapy (Table 1).
4.1.1. Surface-engineered EVs for targeted therapy. Even
though extracellular vesicles have been utilized as drug deliv-
ery carriers in tumors, some EVs lack tumor-targeted capacity

This journal is © The Royal Society of Chemistry 2024
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Table 1 The summary of surface-engineered EVs for cancer therapy

Therapy Parent cells Surface engineering Outcomes Ref.
Targeted therapy MPA-MB-231; HCT-116 PHA Enhanced binding affinity of EVs 74
Targeted therapy MSCs Targeting peptides Improved uptake of EVs 83
Targeted therapy Neuro2A Anti-EGFR nanobodies 88
Targeted therapy HEK293T IL-3 Enhanced targeting ability 57
Targeted therapy HEK293T CDH17nanobody Targeted delivery of drugs 90
Targeted therapy imDCs iRGD Enhanced binding ability 85
Targeted therapy Grapefruits Aptamers Enhanced targeting ability 91
Immunotherapy 4T1; B16F10 SIRP-a and PD-1 Boosting multi-targeted ICB therapy 98
Immunotherapy HEK293T PD-1 Boosting anti-tumor immunity 99
Immunotherapy HEK293T SIRP-a Increased cancer cell phagocytosis 58
Immunotherapy HEK293T CD64 Carrying aPD-L1; introducing ICB therapy 100
Immunotherapy HEK293T aPD-L1 Strengthen ICB therapy 131
Immunotherapy Jurkat T IL-2 Improving anti-cancer efficacy 132
Immunotherapy CAR-T Gene engineering Potent antitumor effects and low toxicity 133
Immunotherapy imDCs aPD-L1 Introducing ICB therapy 103
Immunotherapy DC2.4 Anti-CD19, PD-1 Targeting tumor cells; enhancing ICB therapy 104
Immunotherapy E. coli PD-1 Increasing anti-tumor efficacy 134
Immunotherapy E. coli TAAs Triggering potential antitumor immunity 60
Immunotherapy E. coli TAAs In situ controllable production of tumor antigens 107
Immunotherapy E. coli TAAs Display antigens 106
Immunotherapy E. coli Maleimide group Capture of TAAs 108
Immunotherapy E. coli Maleimide group Capture of TAAs after PTT 109

and the targeted capacity could partially be due to the surface
characteristics. So, researchers modified the surface of EVs
with targeted molecules, including PHA, targeting peptides,
ScFv or aptamers to enhance the binding affinity of engineered
EVs to the tumor site.

PEGylated hyaluronic acid (PHA) was reported to have
strong affinity to CD44-overexpressing cells,®* which are
usually utilized in the surface engineering of nanomaterials.
Considering that the tumor site is also a CD44-abundant
tissue, Lim et al. modified MDA-MB-231 cells and HCT-116
cells with PHA, based on biorthogonal copper-free click chem-
istry (BCC) and metabolic glycoengineering (MGE).”* This
strategy could successfully increase the tumor targeting of EVs
derived from these two cell lines, as the fluorescence signal of
PHA-EVs in the tumor site was about 2-fold higher than that of
bare EVs.

Apart from targeted small molecules, targeted peptides are
also utilized to enhance the targeting affinity of EVs. Sajeesh
and colleagues have engineered adult human BM-MSCs with
azide-modified cathepsin K-targeting peptide sequence based
on copper-free click chemistry.®? Cathepsin K is overexpressed
in the wall of abdominal aortic aneurysm (AAA).** The cellular
uptake of EVs increased sharply after the medication. The
ex vivo binding of engineered EVs was about 10 times higher
than that of bare EVs, indicating enhanced binding affinity of
EVs towards the tumor site.*® Tian et al. modified immature
DCs with the iRGD targeting peptide and isolated EVs from
engineered cells.®® These EVs were loaded with doxorubicin
via electroporation, which could enhance tumor binding
affinity by about 3 times, compared with unmodified EVs. This
strategy could inhibit MDA-MB-231 tumor growth and reduce
cardiac damage compared with free DOX.

Single-chain variable antibodies (scFv) have significant
applications in achieving tumor-targeting of EVs as they could

This journal is © The Royal Society of Chemistry 2024

bind with specific tumor-associated antigens. Human
Epidermal Growth Factor Receptor 2 (HER2) is a membrane-
bound receptor protein, which has become an important
target in breast cancer.®® Longatti and colleagues transfected
HEK293 cells with the vector of anti-Her2-scFv and confirmed
the high affinity of the engineered exosomes to HER2-positive
cells.’” The epidermal growth factor receptor (EGFR) is
another target of some tumor cells, which is overexpressed on
tumor cells. Kooijmans et al. modified Neutro2A cell lines with
anti-EGFR nanobodies and collected EVs derived from these
cells, evaluating their association with tumor cells.*® This
Cadherin 17 (CDH17) is reported as one of the most upregu-
lated genes in gastric cancers (GC).*® Hence Xia et al. devel-
oped a delivery platform based on EVs from HEK293 cells
modified with CDH17 nanobodies to deliver imaging probes
and other drugs.’® This smart strategy was confirmed to
accumulate more than three times in the tumor site compared
with unmodified EVs, showing higher therapeutic efficacy in
GC mouse models.

The above-mentioned EVs are derived from animal cells.
Plant-derived extracellular vesicles, however, could be pro-
duced with mass production, and after simple modification,
they could also be endowed with high affinity.® Moon et al.
engineered EVs derived from grapefruits with a targeted
aptamer.”’ These engineered EVs could have 3 times higher
affinity towards blood-brain barrier endothelial cells, com-
pared with unmodified EVs, indicating their potential in tar-
geting brain tumors.

4.1.2. Surface-engineered EVs for immunotherapy. In the
tumor microenvironment, there are various tumor-infiltrating
immune cells, including tumor-associated macrophages, T
cells and dendritic cells.”” Enhancing the immune response
towards cancer cells has become a revolutionary strategy to

treat cancers.”>®* However, various mechanisms have been
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reported to suppress this immune response toward
cancer.”™®” Therefore, drugs to modulate immune cells have
been investigated, such as immune checkpoint inhibitors or
other activators/inhibitors towards specific immune -cells.
Considering the huge side effects of the above drugs, research-
ers began to modify extracellular vesicles, derived from various
cells, such as tumor cells, HEK293 cells, and DCs with these
molecules, boosting the immune response toward tumors.
Extracellular vesicles derived from tumor cells (TEXs) offer
advantages in tumor immunotherapy, including their natural
antigen presentation, immune stimulation, targeting capabili-
ties, drug delivery potential, and immune monitoring ability.
These attributes make TEXs a promising tool for enhancing
immune therapy and improving immune responses. To further
enhance the effectiveness of tumor treatment, SIRPa was
edited on the surface of breast cancer cells and carried on the
extracellular vesicles derived from these cancer cells.”® SIRPa
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EVs were fused with PD-1 EVs, boosting both the innate
immune response and the adaptive immune response towards
tumors (Fig. 2A). Consequently, these fused EVs could success-
fully inhibit tumor growth and protect the mice from tumor
recurrence and metastasis.

HEK293 (Human Embryonic Kidney 293) cells are widely
utilized EV-producers in tumor immunotherapy. For example,
Koh et al. developed exosomes derived from HEK293 cells over-
expressing SIRPo on the surface to intervene in the CD47-
SIRPq axis.”® These SIRPa-EVs could enhance the phagocytosis
of bone marrow-derived macrophages in vitro two times com-
pared with unmodified EVs. In vivo experiments, SIRPa EVs
could selectively target tumor sites, further inhibiting the
tumor growth significantly, even compared with CD47 anti-
body. Additionally, Li and colleagues modified HEK293 cells
with the overexpression of PD-1 and utilized PD-1-EVs to treat
cancers.” These PD-1-EVs could induce apoptosis of tumor
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Fig. 2 The design of surface-engineered EVs for tumor therapy. (A) The preparation of multi-targeted extracellular vesicles.’® Reproduced with per-
mission. Copyright 2021, Wiley. (B) Scheme of the preparation of CD64—-NVs—aPD-L1-CP and mechanisms.’°® Reproduced with permission.
Copyright, 2021, Ivyspring International. (C) Scheme of the immune-boosting mechanism of EVs—PD-1-aCD19.1%* Reproduced with permission.
Copyright, 2023, Elsevier. (D) Genetically engineered bacteria-derived-OMV-based oral tumor vaccine.'®” Reproduced with permission. Copyright,
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cells in vitro via the expression of Fasl and GramB. The antitu-
mor efficacy of PD-1-EVs was even more significant compared
with anti-PD-L1. To carry PD-L1 antibodies, Li et al. geneti-
cally engineered EVs from HEK293T cells with the display of
CD64, working as a linker to catch antibodies (Fig. 2B).'° This
strategy could block PD-L1 of tumor cells in vivo, showing
great therapeutic efficacy loaded with cyclophosphamide in
the engineered EVs. Besides, Shi et al transfected Expi 293
cells with «CD3 and aHER2 scFv, achieving dual targeting to T
cells and breast cancer cells.'*" These aCD3-aHER2-EVs could
inhibit HER-2 expressing tumor growth and upregulate the
percentage of T cells in the tumor site.

Apart from the primary investigation, HEK293 cells are also
employed for the large-scale production of EVs. Their high pro-
liferation rate and stability make them suitable for the mass
production of EVs, meeting the quantity requirements for
research and applications. Codiak Biosciences evaluated the
therapeutic efficacy of intratumorally-administered HEK293-
exosomes overexpressed PTGFRN on the surface to enhance
the targeting delivery of the STING activator to antigen-pre-
senting cells in solid tumors (NCT04592484). They also pro-
posed to treat patients suffering from cutaneous T-cell lym-
phoma with HEK293-exosomes displayed IL-12 on the surface
(NCT05156229). Moreover, Codiak Biosciences registered the
use of HEK293-derived exosomes, the STAT6 anti-sense oligo-
nucleotide (ASO) in tumor treatment. This strategy was pro-
posed for the targeted delivery of drugs towards the myeloid,
repolarizing macrophages from the immune suppressive M2 to
the proinflammatory M1 phenotype (NCT05375604).

Dendritic cells (DCs) are professional antigen-presenting
cells, originating mainly from bone marrow. They also play an
important role in the anti-tumor immune response, as they
can capture tumor-associated antigens, and process and
present these antigens via MHC molecules, subsequently acti-
vating naive T cells.'® Considering the complex interaction
between DCs and other immune cells and the capacity to
display antigens, EVs derived from DCs are also utilized in
tumor immunotherapy. Dai et al. developed antigens including
EVs derived from DCs and these EVs were also armed with
aPD-L1, to prevent immune escape through the PD-1-PD-L1
axis.'® This strategy could remarkably inhibit tumor growth
and protect mice from tumor recurrence by boosting the
immune response in the tumor site and lung tissues. To repro-
gram the immune microenvironment and enhance the tumor
affinity, Xu and colleagues genetically engineered DC EVs with
aCD19 and PD-1, loaded with TAAs and CPG (Fig. 2C)."** This
smart strategy could be used to interact with tumor cells, DCs,
and macrophages because of the overexpression of PD-1, and
modulate T cells due to MHCII and CD80 expressed on the
surface of EVs. Engineered EVs were confirmed to accumulate
more than four times compared with unmodified EVs. In
general, these multifunctional EVs could reverse not only the
immunosuppressive microenvironment in situ, but also the
lung premetastatic niches in mouse models.

Outer membrane vesicles (OMVs) are secreted by most bac-
teria, containing a broad range of pathogen-associated mole-
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cular patterns (PAMPs), regarded as ideal vaccine adjuvants as
they could boost the innate immune response.'®® Because of
this intrinsic characteristic, OMVs has become a candidate to
display tumor-associated antigens (TAAs) to activate the
immune response towards tumors. Qin et al. simply displayed
TAAs on the surface of OMVs by electrostatic interactions.®®
This strategy could successfully elicit DC maturation and acti-
vation in vitro and further inhibit the metastasis of melanoma
in mouse models with negligible toxicity. Moreover, Cheng
and colleagues simplified the antigen display process with a
plug-and-display system, and they modified the surface of
OMVs with different antigen peptides.’®® Featuring different
antigen peptides, these OMVs showed remarkable therapeutic
efficacy in mouse melanoma and colorectal cancer models.
They could also protect mice in the long term, with immune
memory 80 days after the last vaccination, indicating the appli-
cation potential of prophylactic vaccines. Apart from the prepa-
ration of OMVs in vitro, in situ produced OMVs could also
boost the maturation of DCs. Yue et al. orally administered
gene-engineered E. coli with TAAs (Fig. 2D).'”” This engineered
E. coli could then produce OMVs with antigens in the intestine
and OMVs could penetrate epithelial barriers, captured by
DCs, followed by the rapid maturation of DCs. This strategy
could also inhibit subcutaneous colorectal cancers, and elicit
long-term immune memory in mouse models. Apart from
directly displaying the antigens on the surface of OMYVs,
researchers also modified OMVs with the maleimide group to
enhance the antigen capture capacity of DCs.'**'%° Maleimide
endows OMVs with high affinity to antigens, and after
migration to the draining lymph nodes, OMV-Mal carried with
TAAs could be taken up by immature DCs, boosting the matu-
ration of DCs. OMVs modified with maleimide and loaded
with 1-methyl-tryptophan (1-MT) could modulate both regulat-
ory T cells and DCs after photothermal therapy.'®® 1-MT is an
inhibitor of IDO, which could lead to a decrease of Treg, while
the modification of the Mal group endows OMVs with carrying
TAAs to DCs. This strategy could notably prolong the life span
of tumor-bearing mice.

4.2. Engineered EVs for inflammatory disease therapy

Inflammatory diseases, including autoimmune diseases and
infectious diseases, are disturbing people’s health globally.
Autoimmune diseases are usually related to uncontrollable
immune responses, such as rheumatoid arthritis (RA), type I
diabetes and ulcerative colitis."'® You et al. developed MSC
EVs conjugated with dextran sulfate on the surface, achieving
the targeted reprogramming macrophages in inflamed joints
(Table 2).""" An upregulated expression of PD-1 was confirmed
in inflamed tissue in autoimmune patients.'** To suppress the
overwhelmed immune response and also increase the target-
ing affinity of EVs, the PD-1/L1 axis has been introduced into
the treatment of autoimmune diseases. Becker modified a lym-
phoblast cell line, K562, with the expression of PD-L1 and uti-
lized PD-L1 EVs to treat type I diabetes (Fig. 3A)."** This strat-
egy could successfully suppress T cell activation in vitro, nearly
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Table 2 The summary of surface-engineered EVs for autoimmune and infectious diseases

Diseases Parent cells Surface engineering Outcomes Ref.
I diabetes K562 PD-L1 Suppressing T cell activation 113
Autoimmune diseases MSCs PD-L1 Reshaping the inflammatory ecosystem 114
RA MSCs Dextran sulfate Reprogramming macrophages in inflammatory joints 111
COVID-19 HEK293 ACE-2 variants Protecting K18-hACE-2 mice from infection 56
COVID-19 HEK293 ACE-2 Protecting mice from infection 115
COVID-19 HEK293 COVID-19 nanobody Neutralizing SARS-CoV-2 55
COVID-19 MSCs ACE-2 Inhibiting the infection of pseudovirus 116

the same level as healthy controls, further inducing the
reduction of T cell cytotoxicity towards targeted cells in vitro.

Our group genetically engineered MSC EVs with the over-
expression of PD-L1 and treat two autoimmune mouse models
with MSC-EV-PD-L1 (Fig. 3B).""* In vitro, engineered EVs
could bind with T cells, macrophages and dendritic cells,
reverse the activation of T cells and BMDCs, and polarize
macrophages towards M2 as well. In autoimmune mouse
models, MSC-EV-PD-L1 could accumulate in the inflamma-
tory colon and skin in ulcerative colitis and psoriasis, respect-
ively. Furthermore, the excessive inflammation was relieved
after the accumulation of engineered EVs, with a remarkable
reduction of T cells and macrophages in the inflamed tissue,
indicating the clinical potential of this strategy in the future.

Infectious diseases are usually caused by the infection of
bacteria, fungi and viruses. SARS-CoV-2, a coronavirus that was
first discovered in 2019, has led to millions of deaths all over
the world. ACE-2, a protein that is expressed in some cells, has
been regarded as a receptor for the spike protein of this virus,
leading to further viral infection. Kim et al. engineered EVs to
display ACE-2 variants on CD9 scaffolds (Fig. 3C).>® ACE-2-EVs
could inhibit the infection of wild-type viruses and delta var-
iants in cell lines. Additionally, these EVs are also confirmed
to protect mice expressing human ACE-2 from the viral infec-
tion, with a down-regulated proinflammatory response after
treatment. Besides, Wu et al. developed ACE-2-engineered
extracellular vesicles, protecting the infection of pseudovirus
with the S protein in various cells in vitro and suppressing the
entry of pseudovirus in the mouse model.'*> Xie et al. also
modified ACE-2 EVs, neutralizing the pseudovirus in vitro and
block the infection of pseudovirus in the hACE2 mouse
model."*® Moreover, Scott embedded an anti-CoV-2 nanobody
in CD63, a widely expressed protein in EVs, to neutralize
virus.”® The results confirmed that EVs with the nanobody can
successfully bind with the spike protein of SARS-CoV-2 and
protect cells in vitro.

Surface-engineered extracellular vesicles derived from MSCs
have been tested in clinical trials for the treatment of
COVID-19 (Table 4). Tel-Aviv Sourasky Medical Center evalu-
ated the biosafety of exosomes derived from MSCs and over-
expressed CD24 in patients with either moderate or severe
COVID-19 infection (NCT04747574). Eli Sprecher proposed to
treat patients suffering from COVID-19 with exosomes over-
expressed CD24 at a dose of 10" daily for five days
(NCT04969172). Other two medical societies also registered

7832 | Nanoscale, 2024, 16, 7825-7840

the use of engineered MSC EVs with the overexpression of
CD24 for phase II. Athens Medical Society proposed to treat
SARS-CoV-2 positive patients with two doses of modified EVs,
10° and 10'%, respectively (NCT04902183). OBCTCD-24 Ltd
registered to evaluate the safety and therapeutic efficacy of
engineered MSC EVs (EUCTR2021-004259-17-GR).

4.3. Engineered EVs for the treatment of other diseases

Cardiovascular diseases are one of the leading causes of death
in the world.'"” Extracellular vesicles have been utilized in the
therapy of cardiovascular diseases, due to the specific RNAs
contained in EVs."'® However, the targeting ability of EVs has
limited their further application. Therefore, to enhance the tar-
geting capacity of MSC EVs, Li et al. modified EVs with platelet
membranes (Table 3).”" With the expression of platelet specific
proteins, like CD62P, EVs could bind with monocytes in vitro
and target the infracted hearts in vivo. Pei et al. also utilized a
platelet membrane to improve the targeting ability of macro-
phage-derived EVs.''® Moreover, targeting peptides have been
modified on the surface of blank EVs to improve their reten-
tion in specific tissues. For example, MSC EVs conjugated with
the c¢(RGDyk) peptide, could cross the blood-brain barrier
(BBB) and target the ischemic brain via intravenous injec-
tion.®® MSC EVs could also target the ischemic heart after
fusing with another targeting peptide. Besides, Wang et al.
genetically modified MSCs with CD47 and developed their EVs
for myocardial infarction reperfusion injury treatment."”® With
the expression of CD47, engineered EVs could accumulate 5
times in the heart, compared with unmodified EVs.

Apart from MSC EVs, cardiosphere-derived cells (CDCs)
could also be utilized in the targeting treatment of cardio-
vascular diseases. Vandergriff et al. engineered CDC-EVs with
a cardiac homing peptide, achieving increased retention of the
exosomes (Fig. 4A).*> Besides, Wang and colleagues engin-
eered targeting EVs through a donor cell-assisted membrane
modification, to increase the targeting affinity to blood cells.®*
Moreover, Mentkowski also modified CDCs with a cardiomyo-
cyte-specific peptide (CMP) and isolated CMP-EVs for cardio-
myocyte targeting (Fig. 4B).>* CMP EVs could selectively bind
with cardiomyocytes in vitro, with negligible binding affinity to
cardiac fibroblasts and HUVECs in vitro. These EVs also
showed enhanced uptake in the heart compared with blank
EVs, indicating their therapeutic potential in the future.

Central nervous system (CNS) injuries including stroke,
Parkinson’s disease and Alzheimer’s disease (AD) are disturbing

This journal is © The Royal Society of Chemistry 2024
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Table 3 The summary of surface-engineered EVs for other diseases

Diseases Parent cells Surface engineering Outcomes Ref.
Cardiac repair MSCs Platelet membrane Accumulating in the infracted hearts 71
Viral myocarditis Macrophages Platelet membrane Increasing the targeting capacity of EVs 119
Cerebral ischemia MSCs Targeting peptide Crossing the BBB 63
Myocardial infarction CDCs Targeting peptide Increasing retention of the infarcted heart 65
Myocardial infarction MSCs Targeting peptide Increasing retention 120
Heart injury CDCs Targeting peptide Targeting affinity to cardiomyocytes 54
Angiogenesis K562 RGD targeting peptide Increasing targeting of blood vessels 64
Myocardial infarction reperfusion injury MSCs CD47 Improving biodistribution in the heart 135
Central nervous system injuries M2 microglia DA7R; SDF-1 Enhancing accumulation in the ischemic area 122
White matter injury MSCs SIRP-a Attenuating neuroinflammation 123
Alzheimer’s disease MSCs SHP2 Restoring mitophagy in AD mice 127
Alzheimer’s disease MSCs Hypoxic condition Regulating immune responses in AD mice 128
Alzheimer’s disease MSCs AD condition Prolonging lift-time of AD mice 129
Alzheimer’s disease MSCs RVG peptide Enhancing the accumulation of EVs 130

Table 4 List of clinical trials on the use of surface-engineered EVs

Registered
Title Sponsor Status time Reference
A phase I feasibility study to evaluate the safety of CD24-exosomes in  Tel-Aviv Sourasky Medical PhaseI  2020.9.25 NCT04747574
patients with moderate/severe COVID-19 infection Center
A phase II randomized, double-blind, placebo-controlled study to Eli Sprecher Phase II 2021.7.11 NCT04969172
evaluate the safety and efficacy of exosomes overexpressing CD24 to
prevent clinical deterioration in patients with moderate or severe
COVID-19 infection
A phase II randomized, single-blind dose study to evaluate the safety ~Athens Medical Society Phase II 2021.6.21 NCT04902183
and efficacy of exosomes overexpressing CD24 in 10° dose versus 10'°
dose, for the prevention of clinical deterioration in patients with
moderate or severe COVID-19
A clinical trial for the safety and efficacy of exosomes that OBCTCD-24 Phase II 2022.1.28 EUCTR2021-
overexpress CD24 for preventing the deterioration of moderate or 004259-17-GR
severe COVID-19
Phase 1II trial of a vaccination with tumor antigen-loaded dendritic Gustave Roussy, Cancer Phase II  2010.7.8 NCT01159288
cell-derived exosomes on patients with unresectable non-small cell Campus, Grand Paris
lung cancer responding to induction chemotherapy
A first-in-human study of CDK-002 (exoSTING) in subjects with Codiak BioSciences Phase I/ 2020.10.18 NCT04592484
advanced/metastatic, recurrent, injectable solid tumors 1I
A phase 1/2a study of CDK-003 in patients with cutaneous T-cell Codiak BioSciences Phase I/ 2021.12.14 NCT05156229
lymphoma (CTCL) Ila
A study of exoASO-STAT6 (CDK-004) in patients with advanced Codiak BioSciences Phasel 2022.5.16 NCT05375604
hepatocellular carcinoma (HCC) and patients with liver metastases
from either primary gastric cancer or colorectal cancer (CRC)
iExosomes in treating participants with metastatic pancreatic cancer ~M.D. Anderson Cancer Phasel  2021.1.27 NCT03608631

with KrasG12D mutation

human health."" As free drugs are difficult to accumulate in the

CNS due to the blood-brain barrier (BBB), EVs seem to be a
potential platform to carry drugs across the BBB, alleviating CNS
injury. Ruan et al. modified EVs derived from M2 microglia with
the targeting peptide and the stem cell recruiting factor to
enhance the accumulation of EVs in the ischemic area of the
stroke mouse model and increase neurogenesis (Fig. 4C)."*>
Besides, Gao engineered MSCs with SIRP-a and isolated EV-SIRP-
o to calm down neuroinflammation.'”® These engineered EVs
could not only alleviate white matter injury, but also induce M2
polarization due to the recruitment of Treg.

AD is reported as a progressive neurodegenerative disorder
with a huge prevalence globally, which could be alleviated by
mitophagy.'** Tyrosine phosphatase-2 (SHP-2) is a phospha-
tase whose expression is upregulated during mitophagy.'*®
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SHP-2 is a potential drug to induce mitophagy but its appli-
cation is hindered by its poor BBB penetration and poor stabi-
lity."*® Considering this, our group displayed SHP-2 on the
surface of MSC EVs to solve this problem."” EVs-SHP-2 had
high BBB penetration ability in AD mice, because of the exist-
ence of AP1-42. The higher accumulation of SHP-2 led to a
remarkable reduction of Ap1-42, and improvement of cogni-
tive decline, indicating therapeutic potential in AD treatment.
Besides, researchers also engineered EVs by exposing parental
MSCs within different conditions and collecting these EVs to
treat AD. For instance, Cui et al. utilized EVs from hypoxia-con-
ditioned MSCs to regulate immune responses in the brains

and alleviate Ap accumulation.

128

Santamaria et al. developed

EVs from MSCs exposed to AD mouse brain homogenates
in vitro and these EVs could recover memory function and
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prolong the lifespan of AD mice.'*® Additionally, Cui et al.
modified EVs with the RVG peptide, to enhance the target
capacity of MSC EVs. This strategy successfully increases the
delivery efficacy of EVs in AD treatment and improves the
memory capacity of AD mice."*°

5. Conclusion and perspectives

Engineered extracellular vesicles, working as drug delivery
systems, are currently a subject of extensive research and devel-

This journal is © The Royal Society of Chemistry 2024

construction of CDC-derived targeted exosomes. Reproduced with per-
122

opment. Their present status involves successful laboratory
demonstrations of using surface-engineered EVs in the treat-
ment of various diseases, including tumors, autoimmune dis-
eases, infections and other diseases shown above. Early-stage
clinical trials are also exploring their potential, particularly in
COVID-19. Furthermore, there is growing commercial interest
in the applications of EVs, leading to increased investment
and collaboration in this field.

Surface engineering of extracellular vesicles (EVs) encompasses
various techniques aimed at enhancing their stability, targeting
specificity, and therapeutic efficacy. These techniques include
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chemical conjugation, where molecules like lipids, peptides, anti-
bodies, or aptamers are covalently attached to EV surfaces, ensur-
ing stable attachment and imparting specific functionalities.
Besides, genetic engineering modifies the EV surface composition
during biogenesis within donor cells, allowing for precise control
over surface properties. Click chemistry offers selective and
efficient conjugation of bioactive molecules, enabling rapid and
specific modification of EV surfaces. Moreover, comprehensive
characterization ensures biological compatibility and evaluates
changes in EV size, morphology, and surface properties post-
modification. These techniques enable precise customization of
EV surface properties, facilitating the development of tailored EV-
based therapeutics and diagnostics with enhanced efficacy and
specificity.

Five different modification methods are utilized in the
surface engineering of EVs, namely chemical engineering,
genetic engineering, physical modification, metabolic engin-
eering and lipid-based modification, each of them having dis-
tinct advantages and disadvantages. Chemical modification is
mostly preferred for its high speed and flexibility, as it allows
quick engineering within a short time using various mole-
cules, including peptides and aptamers across different cells
or their extracellular vesicles. However, it lacks the precision
and control of genetic engineering and may introduce unin-
tended effects on the stability and biological activity of EVs.
Moreover, certain chemicals utilized in chemical engineering
may be toxic to extracellular vesicles.

On the other hand, genetic modification provides a high
degree of specificity and control, allowing precise adjustments
to EV composition without affecting their biological activity.
Genetically engineered EVs tend to exhibit long-term stability
enabling target gene overexpression. Nevertheless, genetic
engineering is more time-consuming and labor-intensive,
requiring specialized skills and equipment and is not univer-
sally applicable to all cell types.

The advantages of physical modification include simplicity,
lower costs, and minimal impact on cells. However, its draw-
backs include potential unpredictable effects on vesicle stabi-
lity and function, as well as challenges in achieving precise
control. In contrast, metabolic engineering could have precise
control over vesicle composition and yield, thus enhancing
their potential for drug delivery or therapeutic efficacy.
However, metabolic engineering requires a deep understand-
ing of cellular metabolic pathways and may involve complex
genetic engineering techniques, resulting in higher costs and
technical hurdles. Lastly, lipid-based surface engineering uti-
lizes the properties of lipids to modulate the surface character-
istics of vesicles. Advantages include the ability to modify the
external surface properties of vesicles without affecting their
internal contents, thus enhancing their potential applications
in drug delivery and biological imaging. However, this method
requires in-depth research into lipid chemistry and biology
and may face challenges related to lipid stability and vesicle
structure. Researchers should select the approach that best
aligns with their needs based on specific research objectives,
available resources, and experimental conditions.
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However, achieving the clinical use of surface-engineered
extracellular vesicles is full of challenges. As extracellular vesi-
cles are heterogeneous, it is urgent to employ various quality
control (QC) measurements to ensure the stability and biosaf-
ety of engineered EVs. Moreover, the loading ratio of displayed
peptides should be measured to ensure lot-to-lot consistency.
Additionally, the yield of extracellular vesicles from cultured
cells should also be increased with some physical methods to
guarantee large scale EV production.

Looking forward, future development of surface-engineered
EVs should focus on standardization and quality control,
advanced large-scale production techniques, and the initiation
of more clinical trials to validate the efficacy and safety of
surface-engineered EVs disease treatments.
Furthermore, exploring their application in multimodal deliv-
ery systems could open new avenues for innovative medical
treatments. In summary, surface-engineered EVs working as
drug delivery systems have significant potential in improving
the diagnosis and treatment of various diseases.
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