Molecular Therapy

Oncology

Review

Harnessing exosomes as a platform for drug
delivery in breast cancer: A systematic review
for in vivo and in vitro studies

Abdulwahab Teflischi Gharavi,'* Saeed Irian,! Azadeh Niknejad,! Keykavous Parang,’ and Mona Salimi?

!Department of Cell and Molecular Sciences, Faculty of Biological Sciences, Kharazmi University, Tehran, Iran; 2Department of Physiology and Pharmacology, Pasteur

Institute of Iran, Tehran, Iran; 3Center for Targeted Drug Delivery, Department of Biomedical and Pharmaceutical Sciences, Chapman University School of Pharmacy,

Harry and Diane Rinker Health Science Campus, Irvine, CA 92618-1908, USA

Breast cancer remains a significant global health concern,
emphasizing the critical need for effective treatment strategies,
especially targeted therapies. This systematic review summa-
rizes the findings from in vitro and in vivo studies regarding
the therapeutic potential of exosomes as drug delivery plat-
forms in the field of breast cancer treatment. A comprehensive
search was conducted across bibliographic datasets, including
Web of Science, PubMed, and Scopus, using relevant queries
from several related published articles and the Medical Subject
Headings Database. Then, all morphological, biomechanical,
histopathological, and cellular-molecular outcomes were sys-
tematically collected. A total of 30 studies were identified based
on the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis guidelines. These studies underwent assessment
using the Systematic Review Centre for Laboratory Animal
Experimentation risk of bias assessment tool. The results indi-
cate that exosomes exhibit promise as effective drug delivery
platforms, capable of hindering cancer cell viability, prolifera-
tion, migration, and angiogenesis. However, a comprehensive
assessment is challenging due to some studies deviating from
guidelines and having incomplete methodology. Addressing
these, future studies should detail methodologies, optimize
dosing, and enhance exosome production. Standardization in
reporting, consistent protocols, and exploration of alternative
sources are crucial.

INTRODUCTION

Breast cancer

Breast cancer is a complex and heterogeneous disease, standing as
the most prevalent malignant tumor among women globally, consti-
tuting around 36% of all cancer cases. It poses a significant health
concern among women due to its high mortality rate, as indicated
by the 5-year survival rate. In 2020, approximately 685,000 women
globally succumbed to breast cancer, constituting 16% of all cancer-
related fatalities among women, equating to 1 in every 6 such
deaths.’

Breast cancers are classified based on their histopathological charac-
teristics and, more recently, molecular features. The gene expression

profiling of the hormone receptors (HRs) (estrogen receptor [ER] or
progesterone receptor [PR]), human epidermal growth factor 2
(HER-2), and the nuclear protein Ki-67 has led to the identification
of five breast cancer subtypes: luminal A (HR+ (ER+ and/or PR+)/
HER-2—/Ki-67—), luminal B (HR+/(ER+ and/or PR+)/HER-2—/+,
Ki-67+), HER-2 positive (HR— (ER—, PR—)/HER-2+), normal-like
(HR+ (ER+ and/or PR+)/HER-2—/Ki-67—), and triple-negative
breast cancer (TNBC) or basal-like (HR— (ER—, PR—)/HER-2—/
basal marker +).>”> Although normal-like and luminal A breast tu-
mors exhibit different expression patterns, they share similar features,
pathological markers, and prognosis.” Among these subtypes, TNBC
is of particular interest due to its invasive clinical characteristics and
the absence of standard targeted systemic therapy.”

It is worth mentioning that treatment options for breast cancer
patients typically include surgery (such as radical mastectomy and
breast-conserving therapy), radiotherapy, chemotherapy, hormone
therapy, and immune therapy.** However, in the past 25 years, tar-
geted therapy has emerged as a significant advancement in breast can-
cer treatment. In this context, precision medicine plays a crucial role
in providing highly personalized therapies based on the genetic
profiling of the patient’s cancer.> By employing targeted agents
specific to the genetic characteristics of cancer, targeted therapy re-
duces systemic toxicity and addresses the lack of specificity associated
with conventional chemotherapy as the first-line approach in cancer

treatment.' !

Nanotechnology in cancer treatment
Recently, nanotechnology has emerged as a promising approach for
cancer therapy by providing suitable carriers.'” Indeed, these carriers
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known as nanocarriers, have the capability to transport various types
of agents, including chemical drugs, nucleic acids (DNA and RNAs),
proteins, and radioactive elements, to the recipient cells. This plat-
form offers enhanced drug solubility and prolongs the half-life of
agents. One of the most intriguing aspects of nanocarriers is that tar-
geted nanocarriers can specifically deliver their cargo to the targeted
cells. This targeted delivery reduces systemic toxicity and minimizes
off-target effects while simultaneously improving treatment effi-
ciency.'>'* Thus, by harnessing the potential of nanocarriers, we
have witnessed significant advancements in the delivery of anticancer
agents to the desired cells.

Nanocarriers can be classified into two primary categories: synthetic
nanoparticles and biological/bio-inspired nanovectors. The first cate-
gory, synthetic nanoparticles can be further divided into two sub-
groups: inorganic and organic nanoparticles. Inorganic nanoparticles
include metallic nanoparticles, silica and polystyrene nanoparticles,
carbon-based nanoparticles, quantum dots, and hybrid inorganic
nanoparticles. Organic nanoparticles encompass lipid-based nano-
particles like micelles, macromolecular nanoassemblies such as
nanodendrimers, ferritin-based nanoparticles, protein-based nano-
particles, nanogels, and hybrid organic nanoparticles. The second
category, biological and bio-inspired nanovectors can be classified
into three main subgroups. The first subgroup comprises virus-like
particles, including plant and animal viruses, as well as bacterio-
phages. The second subgroup consists of oncolytic viruses, which
are specifically designed to target and destroy cancer cells. The third
subgroup includes cellular vesicles, which contain Gram(+) or
Gram(—) bacterial minicells, bacterial outer membrane vesicles,
and extracellular vesicles (EVs).'>'>!®

EVs are a general term used to describe lipid bilayer membrane ves-
icles derived from cells possessing a spherical shape.'”*” EVs play a
critical role in various pathophysiological processes and hold tremen-
dous potential for clinical applications.”" According to the guidelines
provided by the International Society of Extracellular Vesicles, EVs
are classified into four major families: oncosomes, apoptotic bodies,
plasma membrane-derived vesicles called ectosomes (also known as
microvesicles/microparticles), and exosomes, which are referred as
small EVs.*>*’

Exosomes

Exosomes are nanoscale vesicles with a size ranging from 30 to
200 nm, originating from late endosome/multivesicular bodies.
They are characterized by the presence of protein markers such as
CD9, CD63, CD81, and TSG 101. Exosomes possess the remarkable
ability to transport various cargoes, including proteins, lipids, and nu-
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cleic acids.

These nanoscaled vesicles play a decisive role in intercellular commu-
nication, as well as in tumorigenesis and cancer development.””*®
Moreover, exosomes have wide-ranging applications, serving as bio-
markers for tumor diagnosis and prognosis, as well as drug delivery
systems for cancer treatment,””*" in particular, for breast cancer.”’ *
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Exosomes are manipulated using various approaches to make them
more suitable for breast cancer-targeted therapy.®'

In this regard, exosomes can be manipulated using different ap-
proaches to enhance their suitability for targeted therapy in breast
cancer. Two main strategies are commonly employed for exosome
modification. The first approach involves direct modification of
exosomes, wherein therapeutic cargoes such as genetic elements,
biomolecules, and drugs are directly loaded into exosomes.
This approach involves several steps, including incubation, freeze-
thaw cycles, electroporation, sonication, extrusion, and membrane
permeabilization.®”

The second strategy is termed indirect exosome modification,
wherein parental cells are modified using physical or genetic tech-
niques, allowing them to serve as sources of the engineered exo-
somes.’®* Besides, certain molecules such as antibodies, receptors,
or desired ligands can be attached on the surface of the exosome to
target cancerous cells.”*> As a consequence, by utilizing targeted
exosomes loaded with therapeutic biodegradable agents, the delivery
efficiency can be significantly improved.®®

Given the significant potential of exosomes as promising drug deliv-
ery carriers for cancer treatment and considering the growing
importance of exosome research, this systematic review aims to
widely summarize the in vitro and in vivo findings regarding the
therapeutic capabilities of exosomes, with a specific focus on breast
cancer treatment with more inclusion criteria in comparison with
previous reviews written about the application of exosomes as
drug delivery agents. This review specifically focuses on the
following aspects: quality assessment in in vivo experiments consid-
ering factors such as study design methodology, a statistical analysis,
reporting quality, adherence to Minimal Information for Studies of
Extracellular Vesicles (MISEV2018) guidelines, stability in the
context of factors such as storage conditions and freeze-thaw cycles,
animal models and their relevance to breast cancer, source of exo-
somes, isolation and characterization techniques, evaluating their
reliability and standardization, as well as evaluating the therapeutic
potential of the exosomes contents in breast cancer. By addressing
these specific aspects, this systematic review provides an updated
overview of the therapeutic potential of utilizing exosomes in breast
cancer treatment.

SYSTEMATIC REVIEW AND CRITERIA FOR

EXCLUSION AND INCLUSION

This systematic review was performed in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) guidelines. On October 6, 2022, a survey was
conducted using the Web of Science, PubMed, and Scopus databases
as bibliographic datasets. The search queries used were “exosomes
OR small extracellular vesicles” AND “drug delivery systems”
AND “breast cancer”, which were derived from several relevant
published studies and the Medical Subject Headings (MeSH)
database.
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The articles retrieved from the three databases were pooled and im-
ported to EndNote, where duplicates were removed. Initially, ab-
stracts were retrieved, and then a refined list was generated based
on predefined inclusion or exclusion criteria. Next, the related full
texts were downloaded and assessed for eligibility. Criteria were uti-
lized in a manner that included only original research publications
written in English, with the search keywords in both the title and
the abstract.

In the first stage, the entire existing reports on the application of exo-
somes as a drug delivery system for breast cancer therapy were
included. At this stage, reports that were not original such as reviews,
letters, commentaries, and conference proceedings, were excluded. In
addition, non-peer-reviewed articles, those written in languages other
than English, and articles not specifically related to exosome applica-
tion in breast cancer and drug delivery were also excluded.

In the second stage, both in vitro and in vivo experiments were
included if they reported at least one exosomal protein marker and
provided information on the exosome size. The summary of this
approach is reported as a flowchart in (Figure 1).

Quality assessment of the studies

The collected studies were assessed for study design, with a focus on
assessing the quality of in vivo experiments. Due to a lack of compre-
hensive guidelines to ensure the quality of in vitro experiments for
systematic reviews, the assessment was limited to the quality of in vivo
experiments.”” For this purpose, the Systematic Review Centre for
Laboratory Animal Experimentation (SYRCLE) risk of bias assess-
ment tool was utilized to evaluate the risk of bias in these articles.”®
In addition, the quality of reporting and adherence to exosome char-
acterization methods and purity criteria outlined in the MISEV2018
guidelines were investigated.

Data collection

The study design and results of the study have been extracted individ-
ually as data for this systematic review. Texts, tables, figures, supple-
mental materials, and references were utilized to gather the necessary
data. The study design information encompassed details about the
animal models employed, such as sex and species, age, disease model,
sample size, and the year of study. In addition, details regarding the
exosomes, including the extraction and characterization methods, or-
igins, size distribution, storage conditions, and exosomal markers,
were extracted.

Details on treatment parameters, including groups of studies, type of
therapeutic agents, concentration/quantity and volume used, delivery
route of administration, and treatment frequency were also collected.
Furthermore, data on the timing of the euthanasia process for the an-
imal models were accumulated. The outcomes extracted from the
in vivo and in vitro studies were of qualitative and quantitative nature
wherever available. Moreover, general study features, including au-
thors and publication year were extracted. After analyzing the study
outcomes, they were qualitatively represented in the tables.

SELECTION AND ANALYSIS

All 364 retrieved articles were pooled into EndNote X9.3.3 software.
Following the exclusion of 78 duplicate articles, the titles and ab-
stracts of the remaining 286 articles were analyzed. Of these, we
excluded 223 articles due to their lack of original data, including
books, reviews, and editorial articles (n = 181), articles unrelated
to exosomes (n = 19), cancer treatment (n = 2), breast cancer
(n = 15), or drug delivery systems (n = 5), and articles not written
in English (n = 1).

The full text of the remaining 63 articles was assessed for eligibility
criteria, resulting in the exclusion of 33 articles that lacked either
in vivo or in vitro results. Specifically, 26 articles lacked in vivo results,
two articles only presented in vivo outcomes, three articles did not
report at least one exosomal protein marker, and two articles did
not determine the exosome size. Finally, a total of 30 reports were
included in the present systematic review’' * (Figure 2).

In Figure 2A, different animal models used in 30 reports are depicted.
These reports collectively employed 814 mice to establish breast tu-
mor-bearing animal models. All the studies included in this review
were published from 2015 to 2022 (Figure 2B). The selected 30 studies
used a wide range of therapeutic agents to develop exosome-based
drug delivery systems that could be effective in breast cancer treat-
ment (Figure 2C). The adherence to MISEV2018 guidelines for exo-
some characterization and purity is illustrated in Figures 2D and
2E.°""% In addition, the total sample size of the experiments was
not explicitly stated in four studies.”>*>***¢

We summarized the details of the studies in Tables 1, 2, 3, and 4. In
Table 1, descriptions of the animal models, including gender,
sample size, and the methods used to establish tumor animal
models are reported. The source of exosomes, isolation and charac-
terization methods, storage conditions, expression markers of
the exosomes, and adherence to relevant guidelines, including
MISEV2018 criteria, are distinctly defined in Table 2. The ap-
proaches for generating exosome-based drug delivery systems,
quantities and concentrations of exosome-based drugs, the routes
of administration, injection frequencies, and animal groups for
in vivo studies are detailed in Table 3. The key in vitro and in vivo
outcomes are demonstrated in Table 4, providing insight into
cellular uptake, anticancer evaluation, anti-metastatic effects as
well as biodistribution assessment, in vivo antitumor effects, and
histopathological and functional evaluations. The collective findings
contribute to a comprehensive understanding of exosome-based
drug delivery systems, highlighting their potential in advancing
breast cancer therapeutics.

Biases analysis

In biomedical research, the reliability and validity of study outcomes
are crucial for advancing scientific knowledge and informing
medical practices. Methodological biases and poor reporting can
lead to skewed outcomes, misleading estimates, and hinder the
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Figure 1. PRISMA flow diagram systematic review preparation
PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analysis.
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Records excluded (n=33)
® Only in vitro studies (n=26)
® Only in vivo reported (n=2)
o Not have at least one exosomal protein
marker (n=3)
@ Did not determine exosome size (n=2)
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Figure 2. An overview of the study characteristics, including (A) animal models, (B) year of publication, (C) various types of exosome-based drug delivery
systems, (D) adherence of articles to MISEV2018 exosome characterization criteria, and (E) adherence of articles to MISEV2018 exosome purity criteria.

reproducibility of studies. Thus, we assessed both outcomes and
methodologies for in vivo sections as shown in Table 5.

All 30 studies provided essential details regarding animal models,
such as age, gender, and species, indicating a low risk for baseline gen-
eration bias.”' " However, the focus shifted to the explicit mention of
random allocation of animal groups.

Random allocation and sequence generation bias

Among the 30 studies, 11 did not explicitly mention the random
allocation of animal groups, resulting in an unclear risk of sequence
generation bias,3>3440:42:44,46,50,50,52,53,56.59 (3 the other hand, the re-
maining 19 studies were classified as low risk for the sequence gener-
ation bias, as they adequately addressed the random allocation of
animal groups.31,33,35—39,41,43,45,47—49,51,54,55,57,58,6() ThlS hlghllghts the

importance of transparently reporting randomization procedures to
minimize bias.

Outcome assessment and reporting bias

Regarding random outcome assessment and reporting bias, all studies
were assigned a low risk, as they reported some quantitative results
for in vivo experiments and used statistical methods for data anal-
ysis.”' " This reflects a positive trend in ensuring transparency and
reliability in reporting study outcomes.

Blinding and bias in performance and detection

With respect to blinding in performance bias, two studies explicitly
stated that blinding was not performed during the experiments, re-
sulting in a high-risk classification.”*’ One study was assigned as
low risk for performance bias,”” and the remaining studies had
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Table 1. Features of breast tumor animal models in summary

First author Year Animal Gender Sample size Established methods BC type
BALB, hymi
Wang et al.”! 2018 /c'at ymic female 30 BT474 (107) cells inoculated into mammary fat pad human HER-2+
nude mice
) MDA-MB-231-D3H2LN cells (2 x 10°) and 1 x 10°
5 BALB/c athymic . . - -
Zhou et al. 2021 nude mice female NR of stimulated PBMCs injected subcutaneously human triple negative
into mammary fat pads
Zhao et al.” 2020 BALB/c mice female 24 4T1 cells (1.0 x 10° cells) injected into the mammary fat pad murine triple negative
MDA-MB-231 cells (2 x 10°
Xie et al.** 2021 BALB/c nude mice female 20 R X 31 ce S,( x 10°%) were mammary human triple negative
implanted in the mice
Wang et al.” 2019 BALB/c mice female 40 mice were injected with 1 x 10° of 4T1 cells into their flanks murine triple negative
Tian et al.*® 2020 BALB/c mice female 25 1 x 10 of 4T1 cells were implanted in mice murine triple negative
6 P .
BALB/c] mice female 40 1 x 107 of 4T1-FLuc cells were injected into the murine triple negative
mammary fat pad
Sietal” 2022 NSG mice were injected subcutaneously into their
NSG mice female NR right flanks by fresh harvested tumor or fresh frozen murine triple negative
tumor tissues minced into small fragments
. 6 .
Pi et al*® 2018 athymic m}/nu female T 2 x 10” of MDA-MB-468 cells for orthotopic human triple negative
outbred mice mammary fat-pad xenograft tumor
i injected with 1.25 x 10° of 4T1 cell
BALB/c mice female 18 e were fmjectec Wi * © cems murine triple negative
in the mammary fat pad
i injected with 1 x 10° of Cal cell
. NSG-SGM3 mice female 18 frice were Injec ed with 1 107 of Cal cells human triple negative
Peng et al.*’ 2022 into the mammary fat pad
. .. . 6
BALB/c nude mice female 12 the nlude mice were injected with 5 x 10° of MDA-MB-468 human triple negative
cells into the mammary fat pad
BALB/c mice female 20 mice were injected intravenously with 2.5 x 10° of 4T1-hEGFR cells murine triple negative
OBrien et al** 2018 BALB/c'athymic female 0 mice lreceived‘ an ilnjection of 1 x 107 HCC-luc human HER-2+
nude mice cells into the inguinal mammary fat pad
1 x 10° cells of 4T1 or TUBO tumor cells were
Naseri et al."! 2018 BALB/c mice female 40 inoculated subcutaneously in the flank murine triple negative and HER-2+
region of mice
2 0.5 x 10° of 4T1 cells i ite flanks of
Martins-Marques et al.** 2016 Swiss nude mice female NR x AO C.e AS 11 oppostte Hanks murine triple negative
female mice were injected subcutaneously
1 x 10° of MDA-MB-231 cell inj i
Lietal® 2020 BALB/c nude mice female 20 . x 1070 31 cells per pad were injected in human triple negative
right mammary pad for orthotopic tumor model
, 1 x 10° of MDA-MB-231 inj 1
Jung et al 2018 BALB/c nu/nu mice female NR i x 10 0, 3 were injected subcutaneously human triple negative
into the right flaks of mice
0.8 x 10° of 8FImC-FLuc-T11 cell fi
BALB/c mice female 42 > U ob e ue cells/mouse for murine triple negative
i orthotopic tumor model
Haney et al.*’ 2020
i i 0.1 x 10° of MDA-MB-231 cells were injected to i .
athymic nu/nu mice female 42 . . human triple negative
left side mammary fat pad mice
, 10° of MDA-MB-231 cell inj
Hadla et al.*® 2016 nude mice female NR 3x 1070 31 cells were injected human triple negative

subcutaneously into mice

(Continued on next page)
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Table 1. Continued

First author Year Animal Gender Sample size Established methods BC type
7 1 x 107 cells of MDA-MB-231 cell i
Gong et al.”’ 2019 BALB/c nude mice male 40 L cerso ce” suspension was human triple negative
injected into right flank of male mice
inj ly in flank
Gomari et al.* 2019 B6 nude mice female 16 $§Esf \:als Olé] Joe fc E;S;L(l)bzzlt;neous ¥ in fan murine HER-2+
6 - -
Feng et al.”’ 2021 BALB/c mice female 16 1> 107 of 4T1-luc cells were iy ected into murine triple negative BC
the mammary gland of mice
mice have a subcutaneous injection in the right
5 hind li ith 10° of BT-20 cell
Cheng et al.>® 2022 NSG mice female 20 ind 1ml?s WIF 5% ,0 N L 0 ,Ce s and human triple negative
they received intraperitoneal injection of
human PBMCs (20 x 10° cells per mouse)
5 ice h beutz injecti ith 1 x 10°
Nguyen Cao et al.”* 2022 BALB/c nude mice female 20 frice have a subcultaneous yection w1 x human luminal-A
of MCF-7 cells into the right back region
_ e h . ith 1
Ahmed et al.”” 2015 BALB/c mice female 24 m17c ¢havea stcutanleous injection wit X murine triple negative
107 4T1 cells into their mammary fat pads
5 . i thotopically inoculated with 1 x . . .
H 17 201 BALB femal 1 e were or I
ong et a 019 /c mice emale 8 10° of 4T1 cells into the mammary fat pad murine triple negative
Liu et 215" 2019 BALB/c mi femal 60 mice were subcutaneously injected at ine tril i
et ak ¢ mice emate the right flanks with 1 x 10° of 4T1 cells murine triple negative
. 2 x 10° of MDA-hyb1 cells were injected . .
Mel tal.”” 2019 NOD SCID femal 12 h tripl t
crereta fmice emate subcutaneously into female NOD SCID mice tman triple negative
1.5 x 10° of HCC 1954 cells were subcutaneously
5 implanted into the right flank of NSG mi
Shi et al.*® 2020 NSG mice female 10 pmplanied Mo The rignt Fank 0f TSk mice human HER-2+
then 2 i.p. injections of 20 x 10” activated
human PBMCs) with a 9-day interval
6 P .
Usman et al.”’ 2018 nude mice female 32 5 107 of C{“a cells were injected subct{taneously 1n human triple negative
the left and right flanks of female nude mice
58 . 2 x 10° of MDA-MB-231 were inoculated . i
Wan et al. 2018 BALB/c mice female 36 subcutancously to the flanks of BALB/c mice human triple negative
0 x 10° of MDA-MB-231 cell inj
Wang et al. 9 2017 BALB/c mice female 42 3.0 x 1070 . 3 cetls were lnjecte'd human triple negative
subcutaneously into the right flanks of the mice
6 - -
Xiong et al.*’ 2019 BALB/c mice female 30 1 x 107 of 4T1 cells were injected into murine triple negative

the mammary fat pad of mice
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Table 2. Summary of isolation and characterization methods, storage conditions, and marker expression of exosomes

Adherence to

MISEV2018 Adherence
exosome to MISEV2018
Characterization Storage characterization ~exosome purity

First author Year Origin Isolation method method condition  Size distribution (nm) Exosomal markers criteria criteria

Wang et al.’! 2018 HEK239 and 293FT ultracentrifugation NTA, TEM, WB fresh 30-100 CD63 CD81 MFGES8 no no

Zhou et al.* 2021 human AT-MCS ultracentrifugation NTA, TEM, WB NR 80-100 CD9 CD63 CD81 no no

Zhao et al.* 2020 autologous breast gradient centrifugation DLS, TEM, WB —80°C ~124 CD9 TSG101 yes yes

cancer cells
Xie et al.™* 2021 MDA-MB-231 ultracentrifugation NTA, TEM, AEM, —80°C  80-200 CD9 CD63 no no
flow cytometry

Wang et al.” 2019 RAW 264.7 ultracentrifugation NTA, DLS, TEM, WB  NR 75.3 CD9 TSG101 Alix no no

Tian et al.* 2020 4T1 ultracentrifugation NTA, TEM, WB NR 50-100 CD63 CD81 no no

Siet al.”’ 2022 HEK293F ultrafiltration NTA, WB —80°C  78.2-151.1 CD63 Hsp70 GAPDH no no

Pietal® 2018 HEK293T modified differential .y i tEM wB NR 96-179 TSG101 no no
ultracentrifugation

1 ifi iffe ial TA, TEM, WB, § .

Peng et al.”” 2022 human RBCs modified (,il erelntla N W —80°C 120-200 TSG101 Alix GAPDHGPA yes yes
ultracentrifugation flow cytometry

O’Brien et al.* 2018 human MSCs ultrafiltration NTA,TEM, WB NR 30-150 CD63 no no

Naseri et al.*! 2018 mice BUDMSCs  Cxosome iselation DLS, TEM, WB NR 107.3 CD63 CDS81 no no
kit (Exoquick)

> HEK293 CX43

Martins-Marques et al.** 2016 or CX43— * ultracentrifugation TEM, WB fresh <100 CD63 CD81 no yes

Lietal® 2020 RAW 264.7 ultracentrifugation with 1)) ¢ gy, g NR ~100 CD63 CDS1 no no
hypotonic treatment

Jung et al.** 2018 MDA-MB-231 exosome isolation NTA, TEM, WB NR 30-200 CD9 CD63 Hsp70 no no
kit (Exoquick)

Haney et al® 2020 RAW 264.7 ultracentrifugation NTA, DLS TEM,WB —80°C ~110.8 CD63 TSG101Hsp90 no no
AB cell culture- NTA, SEM, WB,

Hadla et al."® 2016 MDA-MB-231 cet cufture : NR 101 CD63 Lampl FLOT1 TUBAIA no no
nanovesicles solution fluorescence microscopy

Gong et al.”’ 2019 THP-1 ultracentrifugation NTA, TEM, WB —80°C 179.4 CD63 CD81 ACTIN no no

Gomari et al.** 2019 MSCs exosome isolation kit DLS, TEM, WB NR 120 CD9 CD63 CD81 no no

0 PH20-expressing . . o
Feng et al. 2021 multi-step gradient force NTA, TEM, WB —80°C 100 CD9 CD63 no no
HEK293T
Cheng et al.”’ 2022 Expi293F ultracentrifugation NTA, TEM, WB NR 105-115 CD9 CD63 CD81 no no
5 isolation
N, 17! 2022 HEK293T exosome 150 NTA, TEM, WB —80° ~11 D63 CD81 i
guyen Cao et al 0. 93 kit (Exoquick) 80°C 7 CD63 CD81 syntenin yes yes

Ahmed et al.” 2015 HEK293 and 4T1 ultracentrifugation AFM, WB NR ~50 TSG101 Alix no no

Hong et al.” 2019 HEK293T ultracentrifugation DLS, TEM, WB 4°C ~100 TSG101 CD81 Alix yes yes

Liu et al.” 2019 4T1 ultracentrifugation NTA, DLS, TEM, WB —80°C ~126.71 CD9 CD63 no no

Melzer et al.” 2019 human MSCs ultracentrifugation NTA, TEM, WB —80°C ~171.4 CD63 no no

(Continued on next page)
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Table 2. Continued

Adherence to

MISEV2018 Adherence
exosome to MISEV2018
Characterization Storage characterization exosome purity
First author Year Origin Isolation method method condition  Size distribution (nm) Exosomal markers criteria criteria
Shi et al.”® 2020 Expi293 ultracentrifugation NTA, TEM, WB NR ~199 CD9 CD63 CD81 no yes
Alix TSG101
Usman et al.”’ 2018 human RBCs ultracentrifugation NTA, TEM, WB —80°C 140 ;tI(l);Xatm yes yes
GAPDH
Annexin II,
TSG101
5 TEM, cryo-SEM HSC70
58 . . . 5 5 _ene N
Wan et al. 2018 mice DCs ultracentrifugation cryo-TEM, NTA, WB 80°C 100 cDY no no
CD59
CD55
59 total NTA,TEM, fl t
Wang et al.”’ 2017 mice primary DCs ot exosome . Horescent  _gooc ~77 CD63 no no
isolation kit microscopy
Alix
TSG101
NTA,TEM, fl FLOT1
Xiong et al.*’ 2019 RAW 264.7 ultracentrifugation ow NR ~106 o no no
cytometry CD9
Hsp70
LFA-1

BC, breast cancer; BMDMSC, bone marrow-derived mesenchymal stem cell; NR, not reported; MFGES, milk fat globule-EGF factor 8 protein; SEM, scanning electron microscopy; WB, western blotting.
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Table 3. Summary of exosome-based therapeutic agents, animal studies, and treatment parameters

Exosome-based

Methods for generating

Volume of Route of

Frequency of

irst author ear therapeutic agent and loadin; reated groups uanti injection administration administration uthanasia
Fi hi Y, herapeutic ag d loading T) d group Quantity injecti dministrati dministrati Euthanasi
1. untreated (PBS or saline) NR 100 pL ip. days 1,2,4,6,8,9,11,14 NR
2. EVs only 2 x 10° EV 100 pL ip. days 1, 8 NR
Wangetal” 2018 EXO-DEPT lcell engineering and 3. CNOB .(6-chloro-9-mtro-5-0xo—5H-benZo(a) 3 mg/kg 100 L ip. days 24,6, 9, 11, 14 NR
incubation phenoxazine) only
4. undirected loaded EVs + CNOB (3 mg/kg) 2 x 10° EV 100 pL ip. +iv. days 1,2,4,6,8,9,11,14 NR
5. Exo-DEPTs + CNOB (3 mg/kg) 2 x 10° EV 100 pL ip. +1iv. days 1,2,4,6,8,9,11,14 NR
1. untreated (PBS) NR 100 pL it. days 0, 3,6, 9, 12 45 days
2 11 fecti ith
Zhouetal® 2021 EVs-424 cel” transfection wit 2. EV-unloaded miR-424 30 g 100pL it days 0,3, 6,9, 12 45 days
miR-424 mimics
3. EV-424 30 ug 100 pL it. days 0, 3,6, 9, 12 45 days
1. untreated (saline) NR NR iv. days 14, 16, 18, 20 30 days
2. free siS100A4 1 mg/kg siRNA NR iv. days 14, 16, 18 ,20 30 days
CBSA/siS100A4@ 3. CBSA/siS100A4 (1 mg/kg siRNA) NR NR iv. days 14, 16, 18, 20 30 days
Zhao et al.” 2020 incubation
Exosome 4. CBSA/siS100A4@Liposome (1 mg/kg siRNA) NR NR iv. days 14, 16, 18, 20 30 days
5. CBSA/siS100A4@Exosome (1 mg/kg siRNA) NR NR iv. days 14, 16, 18, 20 30 days
6. CBSA/siNC@Exosome (1 mg/kg siRNA) NR NR iv. days 14, 16, 18, 20 30 days
1. untreated (saline) NR NR iv. every 3 days (8 doses) 7 weeks
2. exosome 150 pg/kg NR iv. every 3 days (8 doses) 7 weeks
Xie et al.™ 2021 Exo-DOX sonication
3. free DOX 300 pg/kg NR iv. every 3 days (8 doses) 7 weeks
4. Exo-DOX(300 pg/kg DOX) NR NR iv. every 3 days (8 doses) 7 weeks
1. untreated (PBS) NR NR iv. every 3 days 27 days
X 2. PTX 5 mg/kg NR iv. every 3 days 27 days
Wangetal® 2019 PTX- M1-Exos sonication
3. M1-Exos NR NR iv. every 3 days 27 days
4. PTX-M1-Exos (5 mg/kg PTX) NR NR iv. every 3 days 27 days
1. untreated (PBS) NR NR iv. days 0, 3 16 days
incubation for 2. free ICG 2 mg/kg NR iv. days 0, 3 16 days
ID@MSNs and
Tian etal’® 2020 ID@E-MSNs @MBNs an 3 free DOX 0.5 mg/kg NR iv. days 0, 3 16 days
sonication for
ID@E-MSNs 4. ID@MSNs (2 mg/kg ICG + 0.5 mg/kg DOX) NR NR iv. days 0, 3 16 days
5. ID@E-MSNs (2 mg/kg ICG + 0.5 mg/kg DOX) NR NR iv. days 0, 3 16 days

(Continued on next page)
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Table 3. Continued

Exosome-based Methods for generating

Volume of Route of

Frequency of

First author Year therapeutic agent  and loading Treated groups Quantity injection  administration administration Euthanasia
1. untreated (PBS) NR NR iv. every 3 days (4 doses) 20 days
2. EGFR/CD47 .
mAb-EV NR NR iv. every 3 days (4 doses) 20 days
3. EGFR/CD47 mAb-
EV-Ver-A (0.5 mg/kg NR NR iv. every 3 days (4 doses) 20 days
Ver-A)
4. EGFR/CD47 mAb-
EV-Ver-A (1.5 mg/kg ~ NR NR iv. every 3 days (4 doses) 20 days
Ver-A)
primary TNBC 5. EGFR/CDA47 mAb-
Xenograft EV-Ver-A (2 mg/kg NR NR iv. every 3 days (4 doses) 20 days
synthesis for Ab Ver-A)
7 ttachment via link
Sietal”’ 2022 mAb-EV-Ver-A 0 STITER TR 6. EGFR/CD47 mAb-
" EV-Ver-A (2.5 mg/kg NR NR iv. every 3 days (4 doses) 20 days
Ver-A
Ver-A)
7. EGFR mAb-EV-
Ver-A (0.5 mg/kg NR NR iv. every 3 days (4 doses) 20 days
Ver-A)
8. CD47mAb-EV-
Ver-A (0.5 mg/kg NR NR iv. every 3 days (4 doses) 20 days
Ver-A)
1. untreated (PBS) NR NR iv. days 0, 4, 9, 15, 21, 26 NR
PDX 2.EV NR NR iv. days 0, 4, 9, 15, 21, 26 NR
3. mAb-EV-Ver-A
N. , 4,9, 15, 21, 2
(0.5 mg/kg Ver-A) R NR iv. days 0, 4, 9, 15 6 NR
1. untreated (PBS) NR NR iv. once a week 9 weeks
transfection for siRNA . 0.5 mg siRNA/ .
Pi et al*® 2018 EGFI‘{Q},HH‘M‘/ and incubation for 2. EGFR ptamer/EV/siScramble 5 mg EV/kg mice NR iv. once a week 9 weeks
EV/siSurvivin aptamer display
. iRNA,
3. EGFRptamer/EV/siSurvivin 0-5 mg SiRNA/ iv. once a week 9 weeks

5 mg EV/kg mice

(Continued on next page)
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Table 3. Continued

Exosome-based Methods for generating Volume of Route of Frequency of
First author Year therapeutic agent and loadin, Treated groups Quanti injection administration administration Euthanasia
p 8 8 group ty )
1. untreated NR NR it. days 3, 6,9,12,15 18 days
intratumorally NSG- -
SGM3 models 2. NC RNA-EVs 2.5 mg/kg NR it days 3, 6,9, 12, 15 18 days
3. immRNA-EVs 2.5 mg/kg NR it days 3, 6,9, 12, 15 18 days
1. untreated NR NR it. days 3, 6,9, 12, 15 18 days
intratumorally BALB/c 2 .NC RNA-EVs 5 mg/kg NR it days 3, 6,9, 12, 15 18 days
immRNA and transfection for RNA  models 3. immRNA-EVs 2.5 mg/kg NR it. days 3, 6,9, 12, 15 18 days
3p-125b-ASO- conjugation with -

Peng et al.”” 2022 loaded RBCEV tetrameric streptavidin 4. 3p-125b-ASO-EVs 5 mg/kg NR Lt days 3,6, 9,12, 15 18 days
with EGFR and biotinylated anti- 1. untreated NR NR iv. days 2, 4, 6, 8, 10 11 days
nanobody EGFR nanobody -

2. NC RNA-EVs 25 mg/kg NR iv. days 2,4, 6,8, 10 11 days
3. immRNA-EVs 25 mg/kg NR iv. days 2, 4, 6, 8, 10 11 days
intrapulmonary models
4. Ctrl-VHH- .
immRNA-EVs 25 mg/kg NR iv. days 2, 4, 6, 8, 10 11 days
5. EGFR-VHH-. .
immRNA-EVs 25 mg/kg NR iv. days 2, 4, 6, 8, 10 11 days
1. MSC-379 1 x 10° cell NR iv. once a week 6 weeks
. 0 EV-miR379 ) ) 2.1 x 10° MSC-NTC 1 x 10° cell NR iv. once a week 6 weeks
O’Brien et al. 2018 N cell engineering
enriched 3.2.6 x 10’ MSC-NTC EVs 2.6 x 107 particles NR iv. once a week 6 weeks
4. MSC-379 EVs 2.6 x 107 particles NR iv. once a week 6 weeks
1. untreated (PBS) NR NR iv. every 48 h 36 days
2. unloaded MSCs-Exo 30 ug NR iv. every 48 h 36 days
3. MSCs-Exo loaded
4T1 tumor with LNA-anti-miR 30 pg NR iv. every 48 h 36 days
negative control
4. MSCs-Exo loaded
with LNA-anti-miR- 30 pg NR iv. every 48 h 36 days
MSCs-Exo-loaded 142-3p

Naseri et al.*' 2018 LNA-anti-miR- sonication

142-3p 1. untreated (PBS) NR NR iv. every 48 h 40 days
2. unloaded MSCs-Exo 30 ug NR iv. every 48 h 40 days

3. MSCs-Exo loaded
TUBO tumor with LNA-anti-miR 30 ug NR iv. every 48 h 40 days
negative control

4. MSCs-Exo loaded
with LNA-anti-miR- 30 pg NR iv. every 48 h 40 days
142-3p

(Continued on next page)
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Table 3. Continued

Exosome-based

Methods for generating

Volume of Route of

Frequency of

First author Year therapeutic agent  and loading Treated groups Quantity injection  administration administration Euthanasia
1. untreated (PBS) NR NR it. days 5, 8, 11 day 11
2. EV CX43— NR NR it days 5, 8, 11 day 11
Martins- 3. EV CX43+ NR NR it. days 5, 8, 11 day 11
Marques 2016 EV (Cx43+) DOX electroporation
ctal? 4. DOX 2 mg/kg NR it days 5,8, 11 day 11
5. EV (CX43—) DOX (2 mg/kg) NR NR it days 5, 8, 11 day 11
6. EV (CX43+) DOX (2 mg/kg) NR NR it days 5, 8, 11 day 11
incubation for DOX 1. untreated (PBS) NR 100 pL iv. every 3 days (6 doses) 18 days
loading in PLGA 2. DOX 5 mg/kg 100 pL iv. every 3 days (6 doses) 18 days
Lietal® 2020 MEP-D co extrusion for 3. PL-D (5 mg/kg DOX) NR 100 pL v, every 3 days (6 doses) 18 days
exosome-loading
ligation binding 4. EP-D (5 mg/kg DOX) NR 100 pL iv. every 3 days (6 doses) 18 days
peptide 5. MEP-D (5 mg/kg DOX) NR 100 pL iv. every 3 days (6 doses) 18 days
SPIO-labeled incubation for SPIO 1. untreated (PBS) NR NR it every 2 days 3 weeks
Jung et al.** 2018 Olaparib-loaded and electroporation for 2. Olaparib-loaded exosome 100 ug/mL NR it every 2 days 3 weeks
cxosome Olaparib 3. Olaparib 100 uM NR it every 2 days 3 weeks
1. EV-DOX (2.5 mg/kg 1 x 10° particles/ .
DOX) 100 ul/mouse 10 mL/kg ~ iv. days 1, 4, 7, 10, 14 19 days
2.EV-PTX (0.5 mg/kg 1 x 10 particles/ )
1 L/k; V. 1,4,7,10, 14 1
PTX) 100 pL/mouse Oml/kg  iv days 0 9 days
9 .
3.EV Lo 107 particles/ e days 1, 4,7, 10, 14 19 days
T11 models 100 pL/mouse
4 Doxil (2.5 mefkg NR 10 mi/kg  iv. days 1, 4, 7, 10, 14 19 days
DOX
;'TT;SXOI (0.5 mg/kg NR 10 mL/kg  iv. days 1, 4,7, 10, 14 19 days
145 EV-PTX and .
Haney et al. 2020 EV-DOX sonication 6. untreated (saline) NR 10 mL/kg ~ iv. days 1, 4, 7, 10, 14 19 days
1. EV-DOX (2.5 mg/kg 1 x 10 particles/ .
DOX) 100 ul/mouse 10 mL/kg  iv. days 1, 4, 7, 10, 14 65 days
2.EV-PTX (0.5 mg/kg 1 x 10° particles/ .
PTX) 100 uL/mouse 10 mL/kg ~ iv. days 1, 4, 7, 10, 14 65 days
1 x 10 particles
MDA-MB-231 models 3 gy (exosome only) 10: uIOJ/nﬁzit;Z es/ 10 mL/kg  iv. days 1, 4, 7, 10, 14 65 days
4. Doxil 2.5 mg/kg 10 mL/kg ~ iv. days 1, 4, 7, 10, 14 65 days
5. Taxol 0.5 mg/kg 10 mL/kg ~ iv. days 1, 4, 7, 10, 14 65 days
6. untreated (saline) NR 10 mL/kg ~ iv. days 1, 4, 7, 10, 14 65 days

(Continued on next page)
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Table 3. Continued

Exosome-based Methods for generating Volume of Route of Frequency of
First author Year therapeutic agent  and loading Treated groups Quantity injection  administration administration Euthanasia
1. untreated NR NR ip. twice in week (5 doses) 16 days
2. DOX 3 mg/kg NR ip. twice in week (5 doses) 16 days
Hadlaetal.®® 2016 Exo-DOX electroporation
3. Doxil (liposomal DOX, 6 mg/kg DOX) NR NR ip. twice in week (5 doses) 16 days
4. ExoDOX (6 mg/kg DOX) NR NR ip. twice in week (5 doses) 16 days
1. untreated (PBS) NR NR iv. weekly 5 weeks
2. Exo NR NR iv. weekly 5 weeks
3. cho-miR159 0.1 nmoL/kg NR iv. weekly 5 weeks
4. DOX 5 mg/kg NR iv. weekly 5 weeks
Gongetal” 2019 Co-Al5-Exo incubation 5. A.15 Exo NR NR iv. weekly 5 weeks
6. A.15 Exo/cho-miR159 (0.1 nmoL/kg miR) NR NR iv. weekly 5 weeks
7. A.15 Exo/DOX (5 mg/kg DOX) NR NR iv. weekly 5 weeks
. Al5-E .1 L/kg mi k
8. Co A15-Exo (0.1 nmoL/kg miR) and (5 mg/kg NR NR iv. weekly 5 weeks
DOX)
1. untreated (PBS) NR NR iv. twice in week (6 doses) NR
cell engineering for
Gomari et al®® 2019 targeted exo- targeted exosomes 2. untargeted Exo-DOX 1.5 mg/kg NR iv. twice in week (6 doses) NR
) DOX electroporation for 3. targeted Exo-DOX 1.5 mg/kg NR iv. twice in week (6 doses) NR
DOX loading
4. free DOX 1.5 mg/kg NR iv. twice in week (6 doses) NR
1. untreated (saline) NR NR iv. days 7, 10, 13, 16, 19 22 days
2. free DOX NR NR iv. days 7, 10, 13, 16, 19 22 days
cell engineering for 100 ug DOX/
Exox-PH20 3. DOX@Exos-Con (control) i(()[())si)trgnteotil()tein NR iv. days 7, 10, 13, 16, 19 22 days
Feng et al.*® 2021 DOX@Exo- incubation for FA P
getal PH20-FA coating 100 pg DOX/
electroporation for 4. DOX@Exos-PH20 200 pg total NR iv. days 7, 10, 13, 16, 19 22 days
DOX loading exosome protein
100 pg DOX/
5. DOX@Exo0-PH20-FA 200 ug total NR iv. days 7, 10, 13, 16, 19 22 days
exosome protein
1. untreated (PBS) NR NR iv. every other day (6 doses) 50 days
2. exosomes 10 mg/kg NR iv. every other day (6 doses) 50 days
3. PD-1-OX40LExos 10 mg/kg NR iv. every other day (6 doses) 50 days
Chengetal® 2022 GEMINI-Exos cell engineering 4. aCD3-aEGFR-Exos 10 mg/kg NR iv. every other day (6 doses) 50 days
1 ki
5. PD-1-OX40LExos + aCD3-oEGFR-Exos f(?rI:agc/hg NR iv. every other day (6 doses) 50 days
6. CD3-aEGFR-PD-1-OX40L GEMINI-Exos 10 mg/kg NR iv. every other day (6 doses) 50 days

(Continued on next page)
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Table 3. Continued

Exosome-based Methods for generating

Volume of Route of

Frequency of

First author Year therapeutic agent  and loading Treated groups Quantity injection  administration administration Euthanasia
1. untreated (PBS) NR NR iv. day 0 14 days
2. PBS + US (3 min) NR NR iv. day 0 14 days
Nguyen Cao ;;((:fnrlrffx (0 myke OG0t melke PO+ (1)04Tng//kkg IIS"EX+ NR . day 0 14 days
etga 1Y”' 2022 SBC-EV(ICG/PTX) incubation 4 meke
4. EV(ICG?PTX) (10 mg/kg ICG + 0.4 mg/kg PTX) NR NR iv. day 0 14 days
+ US (3 min)
5. SBC-EV(ICG-PTX) (10 mg/kg ICG + 0.4 mg/kg .
PTX) + US (3 min) NR NR iv. day 0 14 days
1. exosome 150 pg NR iv. NR 4 weeks
into tail vein 2. PTEN-CT-1
loaded L engineeri e).(osoml\i CT-loaded 150 pg NR iv. NR 4 weeks
Ahmed et al®> 2015 PTEN-CT-loade: ce engmeer‘mg
exosome electroporation 1. exosome 150 ug NR it. NR 4 weeks
into tumor _CT-
2. PTEN-CT-loaded 150 pg NR it. NR 4 weeks
exosome
1. PBS + 2 mg/kg anti-PD-L1 NR NR it +ip. every 3 days (3 doses) 18 days
Hongetal” 2019 Exo-PH20 cell engineering 2. Exo(control) + 2 mg/kg anti-PD-L1 50 ug NR it +ip. every 3 days (3 doses) 18 days
3. Exo-PH20 + 2 mg/kg anti-PD-L1 50 ug NR it +ip. every 3 days (3 doses) 18 days
1. control NR NR iv. NR 12 days
2. USI (2 W, 3 min) + US2 (3 W, 3 min) - - - NR 12 days
3. DVDMS 2 mg/kg NR iv. NR 12 days
4. DVDMS + US1 2 mg/kg NR iv. NR 12 days
) Exo-DVDMS- 5. DVDMS + US2 2 mg/kg NR iv. NR 12 days
Liu et al.”* 2019 sonodynamic incubation -
therapy 6. DVDMS + US1 + US2 2 mg/kg NR iv. NR 12 days
7. Exo-DVDMS 2 mg/kg NR iv. NR 12 days
8. Exo-DVDMS + US1 2 mg/kg NR iv. NR 12 days
9. Exo-DVDMS + US2 2 mg/kg NR iv. NR 12 days
10. Exo-DVDMS + US1 + US2 2 mg/kg NR iv. NR 12 days
1. control exosomes NR 100 pL iv. twice in week (6 doses) 21 days
55 Taxol-loaded
Melzer et al.”> 2019 axol-loade incubation 2. Taxol exosomes NR 100 pL iv. twice in week (6 doses) 21 days
exosomes
3. Taxol 5 mg/kg 100 pL iv. twice in week (6 doses) 21 days
h
1. PBS (control) NR NR iv. Z‘(I)ESZ)M er days (6 33 days
Shi et al.” 2020 SMART-Exo cell engineering =
2. aCD3-¢HER2 SMART-Exos 13 x 10 NR iv. every other days (6 33 days
particles doses)

(Continued on next page)
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Table 3. Continued

Exosome-based

Methods for generating

Volume of Route of

Frequency of

First author Year therapeutic agent  and loading Treated groups Quantity injection  administration administration Euthanasia
1. untreated - - it every 3 days 44 days
11
2. UE-EVs 8‘25, x 10 NR it. every 3 days 44 days
particles
57 125b-ASO-loaded .
Usman et al. 2018 electroporation 825 x 10"
RBCEVs 3. NC-ASO E-EVs ) NR it every 3 days 44 days
particles
8.25 x 10"
4. 125b-ASO E-EVs X NR it. every 3 days 44 days
particles
1. control NR NR iv. every 2 days 21 days
2. ENV NR NR iv. every 2 days 21 days
. ioati 3. AS1411-ENV NR NR iv. every 2 days 21 days
Wanetal™ 2018 ASl411-ENV.prx getion for ASI4l e !
sonication for PTX 4. PTX 7.5 mg/kg NR iv. every 2 days 21 days
5. ENV-PTX (7.5 mg/kg) NR NR iv. every 2 days 21 days
6. AS1411-ENV-PTX (7.5 mg/kg) NR NR iv. every 2 days 21 days
1. PBS (control) NR NR iv. every other day 25 days
2. let-7 NR NR iv. every other day 25 days
LA LEV-let 7 ligation for AS141 3. EVs 150 pg NR iv. every other day 25 days
Wang etal.”” 2017 miRNA € electroporation for 4. T-AS1411 NR NR iv. every other day 25 days
miRNA 5. AS1411-EVS 150 pg NR iv. every other day 25 days
6. EVs-let-7 150 pg NR iv. every other day 25 days
7. AS1411-EVs-let-7 150 pg NR iv. every other day 25 days
1. PBS (control) NR NR iv. once a week 28 days
2. Rex NR NR iv. once a week 28 days
nanoprecipitation
ss fi Ps 3. Pt(lau)HSA NPs (4.55 mg/kg Pt) NR NR iv. once a week 28 days
Xiong etal” 2019 NPs/Rex process for NPs
sonication for loading 4 NPs/Rex (4.55 mg/kg Pt) NR NR iv. once a week 28 days
into Rex
5. HSA NR NR iv. once a week 28 days
6. cisplatin 4.55 mg/kg NR iv. once a week 28 days
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Ctrl-VHH-immRNA, control exosome containing VHH antibody and immRNA; ENV, extracellular nanovesicle; Exo-DEPT, exosome-delivered enzyme prodrug therapy; DOX@Exo-PH20-FA, exosome express PH20 and
modified by FA containing doxorubicin; EP-D, exosome-loaded PLGA and DOX; Exo-DVDMS, exosomes loaded by sinoporphyrin sodium; MSC-NTC, non-transfected mesenchymal stem cells; MEP-D, membrane-coated
exosome-loaded PLGA and DOX; NPs/Rex, nanoparticle loaded into RAW-derived exosomes; NC-ASO E-EVs, negative control anti-sense oligonucleotide loaded into electroporated EVs; UE-EVs, un-electroporated EVs;
US, ultrasound.
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Table 4. Some central in vitro and in vivo outputs

First author Year In vitro In vivo
Exo-DEPT i 11 h in HER-2- i
31 X0 induced cell deat ' R overexpressing Exo-DEPTs combined with CNOB suppressed
Wang et al. 2018 breast cancer cells by converting the CNOB into 9-p orthotonic BT474 xenorafts tumor erowth
amino-6-chloro-5H-benzo[a] phenoxazine-5-one (MCHB) p S &
miR-424-5p delivered via exosomes promoted
pro-inflammation and enhanced antitumor cytotoxicity. . R .
3 K R i . the intratumoral administration of miR-424-5p encapsulated
Zhou et al. 2021 Exosomes increased secretion of pro-inflammatory cytokines, X .
. i . in exosomes significantly repressed tumor growth
decreased production of anti-inflammatory cytokines
and promoted the apoptosis in tumor cells
BSA/siS100A4@E hi higher affini
encapsulating of CBSA and siS100A4 into exosomes CBS '/515 00 @ xos9me ad a hig 'er alfinity t'oward
33 . . . lungs in comparison with the CBSA/siS100A4@Liposome,
Zhao et al. 2020 protected siRNA from degradation with . R,
. s also by acting through gene silencing, it inhibited the
excellent biocompatibility .
growth of malignant breast cancer cells
Exo-DOX hindered angiogenesis and breast cancer metastasis
. 34 S . . to the lungs. CD47 expressed on surface of Exo-DOX
Xie et al. 2021 Exo-DOX inhibited proliferation of cancer cells prevented the clearance of Exo-DOX from the blood,
resulting in the increased antitumor effect of Exo-DOX
MI-Exos increased t}?e expresspn of caspase-3 in })reast administration of PTX-M1-Exos resulted in the higher
35 cancer cells and provided a pro-inflammatory environment .
Wang et al. 2019 . . . antitumor effects than that of M1-Exos or
which enhances the antitumor activity via
. PTX groups alone
caspase-3-mediated pathway
ID@E-MSNs were effectively taken up by the tumor cell and
. 36 accumulated in tumor with the help of the exosome membrane. ID@E-MSNs were accumulated in tumor tissue and
Tian et al. 2020 . .
ID@E-MSNs also improved the photothermal effect suppressed the growth and metastasis of tumor
of ICG and cytotoxicity of DOX
animal study demonstrated that targeted exosomes
. 37 Ver-A encapsulated into exosomes, had high by displaying specific Ab against CD47 and EGFR
Sietal 2022 . . L .
cytotoxicity against TNBC containing Ver-A could effectively target TNBC and
subsequently block tumor growth in both animal groups
targeted siRNA-loaded exosomes that displaying epidermal
Pi et al.*® 2018 exosomes were able to targetedly deliver siRNA to the cancer cells growth factor receptor aptamer on the surface blocked
tumor growth in orthotopic breast cancer models
EGFR-binding nanobody administered via intrapulmonary
deli facilitated th ulation of RBCEVs i tastati
39 RBCEV-delivered RNAs induced cell death in both ¢ very Jaciiatoc Bie aceumu abion of (LS 1 Bl ie
Peng et al. 2022 mouse and human breast cancer cells cancer cells. Moreover after intratumoral injection of RBCEV's
loaded with immRNA or 3p-125bASO, it caused
prominent suppression of breast cancer metastasis to the lung
. 10 miR-379 encapsulated in the exosomes caused a significant administration of cell-free Evs enriched with miR-379
O’Brien et al. 2018 L . . .
reduction in mRNA and protein expression of cyclooxygenase 2 led to an antitumor effect
MSCs-Exo could efficiently deliver anti-miR-142-3p to MSCs-Exo with potential to penetrate into the tumor
Naseri et al*! 2018 reduce the expression of miR-142-3p and increased the site were suitable nanovehicles to deliver the inhibitory
) transcription of the regulatory target genes leading oligonucleotides into the tumor tissues to downregulate
to breast cancer cell death the expression levels of miR-142-3p
. 2 presence of Cx43 in exosomes increased releasing of presence of Cx43 on the surface of the DOX-loaded
Martins-Marques et al. 2016 o . . -
luciferin from exosomes into tumor cells exosomes reduced the cardiotoxicity of DOX
' . targeted exosomes sngmﬁcant}ly improved the cellular {argeted exosomes loading DOX repressed
Liet al. 2020 uptake efficiency and the antitumor efficacy . .
tumor growth and induced tumor apoptosis
of DOX
i distribution of Olaparib/SPIO-labeled exosomes was
44 flow cytometry and fluorescence microscopy showed that i X i L K
Jung et al. 2018 successively imaged using MPI showing induction
exosomes were completely taken up by the cells .
apoptosis and arrested tumor growth
exosomes with high drug loading rate, efficiently L
- -1 S TNB!
Haney et al.*’ 2020 accumulated in TNBC cells and showed drug oaded exosomes targeted TNBC in vivo and
. . . abolished tumor growth
anti-proliferation effect
DOX encapsulated in exosomes had a low toxicity,
46 DOX-loaded exosomes limited myocardial-endothelial which allowed to treat mice at a higher concentration
Hadla et al. 2016

crossing of DOX

of DOX leading to the reduced volume
of breast tumors

(Continued on next page)

Molecular Therapy: Oncology Vol. 32 June 2024 17


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

Table 4. Continued

First author Year In vitro In vivo
getal DOX and Cho-miR159 to TNBC cells e ’
adverse impacts
imaging outcomes showed the selective distribution
flow cytometry results revealed significant differences in of targeted DOX-loaded exosomes in the
Gomari et al.*® 2019 binding of targeted exosomes, which carries Dox to target tissues of the murine breast cancer model.
HER-2+ breast cancer cells greater than free DOX Doxorubicin-loaded exosomes diminished
the tumor growth rate
Exos-PH20-FA all h i f
in vitro outcomes demonstrated that Exos-PH20-FA c}}l(:ximthefa ba &ijra:a:llt;;lciii:e ;’Zry ©
49 targetedly delivered DOX and induced cell death Torerapy bY geing &
Feng et al. 2021 . R . modification. Exos-PH20-FA improved tumor
as well as reduced hyaluronidase-induced metastasis K X
treatment efficiency and reduced the side effects
of tumor cells
of cancer treatment
tivati f anti i ity by GEMINI-E
0 GEMINI-Exos redirected and activated T cells actval mg ° Aan Leancer HTlmAurAuAy i . 08
Cheng et al. 2022 toward killine EGFR- TNBC cells resulted in highly potent inhibition against
i established TNBC tumors in mice
high-resolution PA imaging visualized the preferential
t ulati f SBC-EV (ICG/PTX) i
SBC-EV (ICG/PTX) efficiently demonstrated anticancer umor accufn N 1.on ° . . ( / A) 1 n .
51 . . . tumor-bearing mice. A single intravenous injection
Nguyen Cao et al. 2022 activity against breast tumor cells by using the A 3 N .
. . of the therapeutic exosomes along with US irradiation
chemo-sonodynamic therapeutic strategy -, . L
51gn1ﬁcantly hindered tumor growth in mice,
without systemic toxicity
. exosome—medlated de.hver?r of 1nFrmsn}c PTEN PTEC-CT delivered by exosomes reduced
Ahmed et al. 2015 domain reduced proliferation, migration X o
. tumorigenesis in breast tumor models
and colony forming
. . . Exo-PH20 penetrated into tumor tissues via HA
Hong et al.” 2019 low_n}(’lecmapwelght oligo-HA had potential degradation. Also, Exo-PH20 treatment successfully
to activate DCs i . -
activated the maturation and migration of DCs
tumor-derived exosomes exhibited high stability
endocytosis of Exo-DVDMS by lysosomes. and specificity toward the tumors. Furthermore,
Liu et al.™* 2019 This system induced multiple cell exosomes served as a functionalized nanostructure
death-signaling pathways inhibited tumor metastasis higher than
that of free form
Taxol-loaded led th
55 human-derived exosomes loaded with Taxol inhibited axoLod ? e).(osomes reveate a_more an
Melzer et al.” 2019 . 60% reduction in subcutaneous primary tumors.
cancer cell growth and showed cytotoxic effects ) |
Distant organ metastasis also reduced
SMART-E; directed and activated toxi
. 56 SMART-Exos redirected and activated cytotoxic 08 redirected and ac 1ya ¢ CYtO oxe
Shi et al. 2020 . T cells toward HER-2— tumor with specific
T cells toward HER-2-expressing breast cancer cells i .
antitumor activity
57 RBC-EVs were used for delivery of therapeutic RNA RBC-EVs delivered therapeutic RNA to
Usman et al. 2018 . L
with no observable cytotoxicity in human cells xenograft mouse models
a new and rapid method for production of targeted exosomes by AS1411peptide and encapsulated
Wan et al.”® 2018 drug-targeting nanovesicles developed for with PTX efficiently inhibited tumor growth
cancer treatment in mice models
AS1411-EVs loaded with labeled miRNA let-7 selectively
Wang et al® 2017 AS1411-EVs loaded with miRNA let-7 targetedly targeted tumor tissues in tumor-bearing mice and inhibited
ang etat delivered miRNA to MDA-MB-231 cells tumor growth. Importantly, this drug delivery system had
no side effects or immune responses
NPs/Rex enhanced colloidal stability of therapeutic NPs/Rex prolonged blood circulation of therapeutic agent,
Xiong et al.*’ 2019 agents and reduced cell proliferation as well as increased smart organ tropism, enhanced biocompatibility,

arrested cell cycle of breast cancer cells

and reduced metastatic nodules of lungs

unclear risk for the bias.
study acquired a high risk for blinding in detection bias due to the
absence of blinded assessors for the results.’® Three studies stated
that they employed the blinded reviewers to assess their outcomes;
hence, they were classified as low risk for blinding in detection

31-37,41-60

It is worth to mentioning that one

18 Molecular Therapy: Oncology Vol. 32 June 2024

bias.”>*>*” The remaining 26 studies did not provide information
on the blinding of their assessors. Hence, they were designated as
an unclear risk for blinding in detection bias.*' 7*'7>%*%"% These
findings underscore the importance of transparently reporting blind-
ing procedures to minimize bias in experimental outcomes.
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Table 5. SYRCLE risk of bias assessment tool was employed to assess risk of bias

First author Year Selection bias Performance bias Detection bias Attrition bias Reporting bias Other
Sequence Baseline Allocation Random Lo Random Lo Incomplete Selective Other sources
generation generation concealment housing Blinding outcome Blinding outcome data outcor?qe of bias

assessment reporting

Wang et al.”’ 2018 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Zhou et al.*? 2021 unclear risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Zhao et al.” 2020 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Xie et al.** 2021 unclear risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Wang et al.” 2019 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Tian et al.” 2020 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Si et al’” 2022 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Pi et al.®® 2018 low risk low risk unclear risk unclear risk high risk low risk high risk low risk low risk unclear risk

Peng et al.® 2022 low risk low risk unclear risk unclear risk low risk low risk low risk low risk low risk unclear risk

O’Brien et al.*’ 2018 unclear risk low risk unclear risk unclear risk high risk low risk low risk low risk low risk unclear risk

Naseri et al.*! 2018 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Martins- . . . . . . . . . .

Marques et al."” 2016 unclear risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Li et al.”? 2020 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Jung et al.** 2018 unclear risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Haney et al."’ 2020 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Hadla et al.* 2016 unclear risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Gong et al.”’ 2019 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Gomari et al.** 2019 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Feng et al.”’ 2021 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Cheng et al.”’ 2022 unclear risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Nguyen Cao et al.”’ 2022 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Ahmed et al.” 2015 unclear risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Hong et al.” 2019 unclear risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Liu et al.”* 2019 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Melzer et al.” 2019 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Shi et al.”® 2020 unclear risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Usman et al.”’ 2018 low risk low risk unclear risk unclear risk unclear risk low risk low risk low risk low risk unclear risk

Wan et al.”® 2018 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Wang et al.” 2017 unclear risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk

Xiong et al.®’ 2019 low risk low risk unclear risk unclear risk unclear risk low risk unclear risk low risk low risk unclear risk
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Attrition bias
All studies reported complete data, even in cases where cancer animal
models died before the end of the experiment. Consequently, these
studies were allocated as low risk for attrition bias,”’*° demon-
strating a positive aspect of methodological rigor in handling and re-
porting data.

Allocation concealment and random housing

None of the studies mentioned allocation concealment or random
housing; hence, an unclear risk was specified for these two biases.”' %’
This indicates a potential area for improvement in reporting method-
ologies to enhance the overall transparency and reproducibility of
in vivo studies.

All the studies had unclear risks in terms of other biases,>' "’

empha-
sizing the need for comprehensive reporting to assess potential sour-
ces of bias. Addressing biases such as performance and detection bias
is crucial for interpreting study results accurately. This assessment
highlights the critical importance of transparent and comprehensive
reporting in in vivo studies to ensure methodological rigor and mini-
mize biases. While the majority of studies demonstrated low risk in
certain aspects, areas such as random allocation, blinding, and report-
ing of potential biases remain as opportunities for improvement.
Enhancing reporting standards can contribute to the credibility and
reproducibility of biomedical research, ultimately advancing our un-
derstanding of complex biological systems.

REPORTING QUALITY

Ensuring the transparency and reproducibility of scientific research
relies heavily on the quality of reporting. The reporting quality across
the reviewed studies’'
interpretation, reproducibility, and overall reliability of the study

outcomes.

was inconsistent which may impact the

In vitro experiments

A notable finding in the examined studies is the lack of reporting on
key parameters in in vitro experiments. In terms of in vitro experi-
ments, none of the studies reported either seeding density, passage
number of exosome-secreting cells, or cell viability at the time of har-
vest. Although exosome depletion protocols were reported for all
studies that depleted exosomes from medium or blood samples,
many did not provide details of centrifugation parameters, such as
rotor type, adjusted K factor, and the volume centrifuged for exosome
isolation. These details are crucial for understanding the experimental
conditions and ensuring the reliability of in vitro results.

In vivo experiments

Among the in vivo experiments, only five studies highlighted how the
sample size had been calculated.”"”**>*” Notably, among the 30
studies investigated in this systematic review, two studies reported
the outcomes without corresponding details in the methodology sec-
tion, posing challenges to reproducibility.**
the selected studies, five separate studies reported pharmacokinetics

(PK) experiments.*>>**>**% In terms of outcome reporting, almost

Remarkably, among

20 Molecular Therapy: Oncology Vol. 32 June 2024

all of the studies reported actual numerical data,”' ™ contributing

to transparency in outcome reporting. This is essential for the scien-
tific community to critically evaluate study findings and draw mean-
ingful conclusions.

Inconsistencies in reporting practices, especially regarding crucial
details in in vitro experiments and sample size calculation in in vivo
experiments, highlight the importance of standardizing reporting
guidelines. Addressing these gaps can enhance the overall transpar-
ency, reproducibility, and reliability of research outcomes.

ANIMAL MODELS

The selection of appropriate animal models is a crucial aspect of
breast cancer research, impacting the translatability and relevance
of findings to human biology. In all 30 studies, diverse mouse
models were utilized to establish tumor-bearing models,>' ©°
showcasing the importance of considering different strains for
experimental purposes. Among them, 11 studies used BALB/
3339:36,41.49,52-5458-60 " 4 nq five selected BALB/c nude mice as tu-
mor-bearing models.”******”*! Three studies established tumor-
bearing animal models by using BALB/c athymic nude
mice.”””>* Si et al. utilized BALB/cJ mice for 4T1 firefly luciferase
gene (4T1-FLuc) tumor model and NOD SCID gamma (NSG) mice
for a TNBC patient cell model.”” Peng et al. applied three types of
mice, including BALB/c for 4T1 and high epithelial growth factor
receptor (EGFR) tumor models, NSG-SGM3 mice for a cAla model,
and BALB/c nude mice for an MDA-MB-468 model.”” Haney et al.
conducted a study utilizing BALB/c mice for an 8FImC-FLuc-T11
model and athymic nu/nu mice for a MDA-MB-231 model.*’

Five studies applied other types of mice as tumor-bearing models,
with Pi et al., Cheng et al., and Hadla et al. using athymic nu/nu
outbred mice, NSG mice, and nude mice, respectively, and the re-
maining by Gomari et al. and Martin-Marques et al., utilizing B6
nude and Swiss nude mice as breast cancer mice models.*®*>*¢8>0
Furthermore, Shi et al,, Melzer et al., and Usman et al. selected

NSG mice, NOD SCID mice and nude mice as tumor-bearing mice
55-57

models.”

CELL LINE DIVERSITY

In 29 studies, various types of breast cancer cell lines were inoculated
into mice,”’ " reflecting the common practice of using established
cell lines for modeling breast cancer. However, Si et al. implanted tu-
mor cells isolated from TNBC patients,”” offering a more clinically
relevant perspective. Interestingly, a single study employed male
mice as a breast tumor model,”’ introducing an intriguing dimension
to the understanding of breast cancer in non-traditional contexts. A
summary of this section is shown in Table 1.

The comprehensive overview of animal models and cell lines in breast
cancer research highlights the diversity of approaches employed by
researchers. The choices made in model selection can significantly
impact the relevance and translatability of study outcomes. Under-
standing the rationale behind these choices provides valuable insights
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for future research, emphasizing the need for thoughtful consider-
ation of model characteristics in breast cancer studies.

SOURCE OF EXOSOMES

We explored the diverse range of sources for exosomes identified
across 30 studies, shedding light on the implications of these choices
for in vitro and in vivo experiments. Among the 30 studies, 5
used mesenchymal stem cells (MSCs) as their source of exo-
somes, > >10-41:48:55 Notably Zhou et al., O’Brien et al., and Melzer
et al. utilized human MSCs,*>**> while Naseri et al. used murine
MSCs,”" and Gomari et al. did not specify the origin of their
MSCs.*® Four studies considered RAW 264.7 cells as a source for exo-
some extraction,”>*>°° while the MDA-MB-231 cell line was used in

three studies for exosome isolation.>****° In another five studies, exo-
somes were separated from human embryonic kidney 239 (HEK239)

T CellS 38,42,49,51,53

Ahmed et al. mentioned HEK239 and 4T1 cell lines as two sources for
exosome fabrication for in vitro and in vivo experiments.”” Liu et al.
and Tian et al. applied 4T1-derived exosomes as delivery agents.”>>*
Wang et al. generated therapeutic exosomes using both HEK239 and
293FT cells, mixing them for targeted breast cancer therapy,”’ and
showcasing innovative approaches to therapeutic development. Si
et al. isolated exosomes from HEK293F cells.”’

Furthermore, in two studies performed by Gong et al. and Cheng
et al., exosomes were extracted from THP1 (human leukemia mono-
cytic) and Expi293 F (highly transfectable 293 cells) cells and used as a
delivery system to transfer therapeutic agents to cancerous cells.*”*
Shi et al. used Expi 293 cells as origins of therapeutic exosomes.”®

Wan et al. and Wang et al. departed from traditional cell sources by
utilizing dendritic cells (DCs) for exosome harvesting, introducing a
novel approach to exosome isolation.”>** Interestingly, Peng et al.
and Usman et al. used red blood cells (RBCs) as sources for exosome
isolation.’>”” Moreover, Zhao et al. noted that exosomes isolated
from autologous breast cancer cells showed - therapeutic efficacy as
a drug carrier.”

The wide array of exosome sources in breast cancer research reflects
the innovative and diverse approaches adopted by researchers. The
choice of cell lines, stem cells, and unconventional sources has impli-
cations for the development of therapeutic exosomes. Understanding
the strengths and limitations of each source is crucial for advancing
our knowledge and harnessing the full potential of exosomes in breast
cancer therapeutics.

Isolation, characterization, and storage conditions of exosomes

The isolation techniques varied across the 30 studies. In the
realm of exosome isolation, 19 out of the 30 studies made
use of the usual ultracentrifugation method for exosome isola-

L 31,32,34-36,42,43,45,47,48,50,52-58,60 . .
tion. PELERID2R00 Two studies introduced a modi-
fied ultracentrifugation technique, one using 60% iodixanol at

100,000 x g for 70 min,”® and the other employing 60% sucrose

at 50,000 x g for 16 h to extract exosomes.”’ Zhao et al. and
Feng et al. also employed gradient centrifugation as a modified
approach to isolate exosomes.’”*’

collected by ultrafiltration,’® whereas five others used solution-
41,44,46,51,59

In one study, exosomes were
based kits for isolation of exosomes.

Across all 30 studies, a size distribution ranging from 30 to 200 nm
was reported for exosomes, assessed through various methods such
as nanoparticle tracking analysis (NTA), dynamic light scattering
(DLS), or atomic force microscopy (AFM). Furthermore, the presence
of exosomal markers, including cluster of differentiation markers
(CD9, CD63, CD81, CD59, CD55), tumor susceptibility gene 101
(TSG101), ALG-2-interacting protein X (ALIX), heat shock proteins
(Hsc70, Hsp70, and 90), lysosomal-associated membrane protein 1
(Lampl), Flotillin 1(FLOT1), tubulin alpha-1A chain (TUBA1A),
syntenin, ACTIN, stomatin, leukocyte-associated antigen-1 (LFA-
1), Annexin II, and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was confirmed by western blotting, flow cytometry, and
fluorescence microscopy. The integrity of the exosome membrane
and morphology was examined by transmission electron microscopy
(TEM), scanning electron microscopy, and AFM.>' =%

Another parameter evaluated in this section was the storage
condition of exosomes. Only two articles reported freshly pre-
pared exosomes.””** Hong et al. reported that their exosomes
were stored at 4°C,” whereas 13 others stored exosomes at
—80°C before use,’>?*?73%45:47:49313435,57°59 The remaining 14
studies provided no details on the storage conditions of the

32,35,36,38,40,41,43,44,46,48,50,52,56,60
exosomes.” 777" PSSO

These findings highlight the diversity in methodologies employed in
exosome research, emphasizing the need for standardized protocols.
The varied storage conditions observed may impact the stability
and functionality of exosomes, making it imperative for researchers
to carefully consider and report such details.

Adherence to MISEV2018 for exosome characterization and
purity

To align with MISEV2018 guidelines, vesicles must undergo charac-
terization through the quantitation of exosomes using either protein
concentration or particle count. In addition, identification of at least
two positive EV protein markers (one transmembrane and one cyto-
solic marker) is required, along with one source-appropriate negative
(non-EV protein marker). Furthermore, two complementary single-
vesicle analysis approaches should be employed to investigate
morphology and biophysical properties, including count and size
distribution.

Among the 30 studies, only 5 fulfilled these criteria.”***">>*” This
indicates a notable gap in adherence to standardized characterization
protocols within the broader research landscape on exosomes. More-
over, seven studies reported the purity of exosomes by examining
the presence of negative/depleted markers, specifically non-EV
contaminants.”>*>*"3»3%%7 Thijs emphasizes a subset of studies
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A schematic figure shows the timeline of the studies which were assessed in this systematic review.

that went beyond mere quantitation and positive marker identifica-
tion, taking into account the potential presence of contaminants.

The limited number of studies meeting the MISEV2018 criteria sug-
gests the need for increased awareness and adherence to standardized
guidelines in the field of exosome research. Consistent and rigorous
adherence to these guidelines will enhance the reproducibility and
comparability of results, fostering a more robust and reliable founda-
tion for advancements in exosome-related studies.

THE THERAPEUTICS USED AS EXOSOMAL CARGOES

The findings offer a comprehensive overview of the diverse range of
therapeutics employed as exosomal cargoes in the context of exo-
some-based drug delivery systems for breast cancer treatment. The
30 studies included in the analysis showcased a variety of therapeutic

agents utilized in these systems (Figure 3).*' ™

Chemotherapy drugs, such as paclitaxel (PTX) and DOX, were prom-
inently featured in four studies, emphasizing their relevance in the
development of exosome-mediated drug delivery strategies for breast
cancer.>*>*>%% 1y addition, four studies encapsulated exosomes with

antitumor RNAs, including microRNAs miR-424-5p and miR-379,

22 Molecular Therapy: Oncology Vol. 32 June 2024

anti-microRNAs such as LNA (locked nucleic acid)-antimiR-142-
3p, and antisense oligonucleotide (ASO-125b), 7404157

Six studies utilized a combination of several types of nanoparticles
and therapeutic materials.”>*****">>° For example, Zhao et al.
used cationic bovine serum albumin (CBSA) and small interfering
RNA (siRNA) against S100A4 (siS100A4) as exosome cargoes.33
Another study carried out by Tian et al., developed a drug delivery
system through loading indocyanine green (ICG) and DOX into
the porous silicon nanoparticles (MSNs), designated as ID@E-
MSNs, which were then encapsulated with the 4T1-derived exo-
somes.”® Jung et al. applied exosomes loaded with supermagnetic
iron oxide (SPIO) nanoparticles and Olaparib to develop a magnetic
particle imaging (MPI) system based on theranostic exosomes.**

Cao et al. also generated a drug delivery system by adding ICG, so-
dium bicarbonate (SBC), photoacoustic imaging agent (PA), and
PTX into exosomes to be used as breast cancer therapy or imaging
system.”’ Melzer et al. developed a drug delivery system by loading
liposomal PTX into human MSC-derived exosomes.”” In addition,
Xiong et al. designed an exosome-based delivery system using the
nanoparticles that included laurate functionalized Pt(IV) pro-drug
(Pt(lau)) and human serum albumin (HSA), which were then
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stabilized by lecithin and loaded into RAW 246.7-derived exosomes
(Rex).®°

Furthermore, nine studies focused on targeted exosomes with surface
molecules for specific therapeutic agent delivery to cancer
cells 31:37-39:42:43,47-49

containing the humanized E. coli nitroreductase (HChrR6) mRNA,
and incubated them with EVs displaying anti-HER2 scFv (high-affin-
ity single-chain fragment variable antibody against human epidermal
growth factor receptor 2) on the surface, enabling them to target
HER-2+ human breast tumors.’" Li et al. used exosomes containing
DOX-loaded PLGA (polylactic-co-glycolic acid) and surface modified
them by adding a peptide targeting mesenchymal-epithelial transition
factor (c-Met) with the ability to selectively treat TNBC.*’ Hong et al.
developed a delivery system utilizing the genetically modified exo-
somes capable of overexpressing human hyaluronidase (PH20) com-
bined with anti-programmed death ligand 1 (PD-L1) to trigger im-
mune response in breast cancer.”” Similarly, Feng et al. fabricated a
DOX@Exos-PH20-FA delivery system using exosomes overexpress-
ing PH20 on the surface and encapsulating DOX. This drug delivery
system could target hyaluronan (HA), a hallmark of a wide range of
solid tumors, with the help of folic acid (FA) displayed on the
surface.”’

Among these, Wang et al. generated exosomes

Gong et al. loaded DOX as well as cholesterol-modified miR-159
(Cho-miR-159) into the THP-1 cell-derived exosomes induced by
phorbol 12-myristate 13-acetate to overexpress exosomal metallopro-
teinase 15 (A15-Exo) for targeted delivery to TNBC cells.”’ Pi et al.
packaged survivin siRNA within the modified exosomes displaying
epidermal growth factor receptor aptamer on the surface to specif-
ically deliver the cargo to TNBC cells.”® Martin-Marques et al. pro-
duced exosomes containing DOX and expressing gap junction pro-
tein connexin43 (Cx43) on the surface.*?

Interestingly, Peng et al. loaded immunomodulatory RNA (im-
mRNA) and 5 triphosphorylated antisense oligonucleotide (3p-
125b-ASO) into exosomes derived from RBCs displaying an
epidermal growth factor receptor EGFR-binding nanobody on the
surface for targeted immune therapy against breast cancer and its
metastatic form.*® Similarly, Gomari et al. used genetically engineered
exosomes displaying lysosome-associated membrane glycoprotein 2b
and designed ankyrin repeat protein (LAMP2b DARPin) on the sur-
face and loaded them with DOX to selectively target HER-2+ breast
cancer cells.”® Wan et al. and Wang et al. employed DC-derived exo-
somes displaying the polyethylene glycol or polypeptide-cholestrol-
AS1411 aptamer, which binds to nucleolin, a protein overexpressed
in breast cancer cell membranes, and loaded them with PTX or
lethal-7 (let-7) miRNAs.”>” A drug delivery system developed by
Si et al. to deliver verrucarin A (Ver-A) used exosomes expressing
EGFR and CD47 on the outer face.”’

In addition to the aforementioned studies, two reports were found on
genetically manipulated exosomes capable of activating anticancer
immunity and inducing cancer cell death through surface-displayed

antibodies against CD3" human T cells, EGFR, programmed death
1 (PD-1) and OX40 ligand (OX40L), or anti-HER-2 antibodies.”””°
In another study, Liu et al. used tumor-derived exosomes to deliver
sinoporphyrin sodium (DVDMS) toward breast tumors for sonody-
namic therapy.” Finally, Ahmed et al. developed a novel exosome-
mediated system for delivering the C terminus of phosphatase and
tensin homolog (PTEN-CT) into various cancer cells.”

The diverse range of therapeutics used as exosomal cargoes in the
explored studies showcases the richness of innovation in the field
of exosome-based drug delivery for breast cancer treatment. These
findings hold promise for the development of more effective and tar-
geted therapeutic strategies in the ongoing efforts to combat breast
cancer.

APPROACHES FOR GENERATING EXOSOME-BASED
DRUG DELIVERY SYSTEMS

The results presented shed light on the diverse approaches employed
for generating exosome-based drug delivery systems, reflecting the
dynamic landscape of innovation in this field. As stated earlier in
the introduction, several techniques have been devised for loading
cargo into exosomes. The findings from the 30 studies explored in
this section underscore the multiplicity of strategies adopted by
researchers.

Six distinct studies investigated the incubation method for establish-
ing an exosomal drug delivery system.’>*>*°3%3% This approach
involves the co-incubation of therapeutic agents with exosomes, al-
lowing for the passive loading of cargoes into the vesicles. In addition,
three studies used sonication to load therapeutic agents into the exo-
somes,”*>*! demonstrating the versatility of physical methods in
cargo loading. An additional approach involved electroporation,
with the goal of developing an exosome-based drug delivery sys-
tem.***>” Electroporation involves the application of electric pulses
to create transient pores in the exosome membrane, facilitating the
loading of therapeutic agents.

In addition, five studies utilized an indirect durg-loading approach
by employing engineered cells.’**>*>>°° This innovative strategy
involves modifying parent cells to produce exosomes loaded with
therapeutic agents, providing a unique and controlled approach to
cargo incorporation. Furthermore, a combined strategy, including
the genetically cell engineering method to produce targeted
exosomes and electroporation/incubation technique to load drug-
gable molecules into the exosomes, was explored by four different
groups.’>***>*> This hybrid approach leverages the strengths of
both methods to enhance the specificity and efficiency of exo-
some-based drug delivery.

Finally, nine different studies evaluated a combination of direct
methods, including electroporation, EV transfection, and sonication
to load therapeutic agents into exosomes. Subsequently, the surface
of the exosomes was modified using a ligation method.”®?%#>#+28-60
This comprehensive approach integrates multiple loading techniques
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with surface modification, offering a multifaceted strategy for
tailoring exosomes for specific therapeutic applications.

The diversity in the approaches for generating exosome-based drug
delivery systems reflects the complexity of the field and the contin-
uous exploration of novel methods. Each approach has its unique
advantages and challenges, and the selection of a specific method
may depend on the nature of the therapeutic cargo, the desired target-
ing specificity, and the intended application.

QUANTITIES AND CONCENTRATIONS OF EXOSOME-
BASED DRUGS

The studies varied significantly in the quantities of exosomes used as
therapeutic drug carriers. The range of quantities across the 30 studies
indicates a lack of standardized dosing, reflecting the experimental
nature of exosome-based drug delivery.

All 30 studies utilized a wide range of quantities of exosomes as
therapeutic drug carriers.”' °® Among these, five studies specifically
reported the number of exosomes as nanocarriers. In this regard,
Wang et al. used 2 x 10 particles in 100 puL of phosphate buffered
saline (PBS). O’Brien et al. and Haney et al. applied 2.6 x 10” and
1 x 10” of exosomes, respectively. Shi et al. and Usman et al. used
1.5 x 10" and 8.25 x 10'! exosomes, respectively.”"***>*%*” This
specificity in reporting nanocarrier quantities suggests a growing
awareness of the importance of precision in exosome dosage, a critical
factor in optimizing therapeutic outcomes. The variability may stem
from different therapeutic goals, targeted diseases, or experimental
conditions.

Ten studies only reported information on the concentration of ther-
apeutic agents loaded into the exosomes without specifying the dose
of the exosomes used,’*?> 7424647313550 [nterestingly, Li et al. and
Melzer et al. reported both the volume of the injected exosomes
and the concentration of the loaded therapeutic agents.">”
studies addressed the concentration of the exosomes used, with
Zhou et al. employing 30 pg/100 pL and Jung et al. using
100 pg/mL of exosomes.”>** Four studies stated the amount of the
administered exosome in the animal models based on the weight of
the mice models.”***°*>* This approach adds a layer of complexity
to dosing considerations, acknowledging the importance of adapting
dosage to the characteristics of the recipients. Furthermore, five
studies documented the final amount of exosomes in terms of micro-
grams, with Naseri et al. applying 30 ng, Ahmed et al. and Wang et al.
using 150 pg, Hong et al. employing 50 ng, and Feng et al. utilizing
200 pg of exosomes per 100 pg of prescriptive DOX.*!*7%2%%7
This divergence in concentration suggests ongoing exploration of
optimal conditions for drug loading and delivery efficiency.

Two

While the variability in quantities and concentrations reflects the
early stages of research, it also underscores the importance of refining
dosing strategies for optimal therapeutic efficacy. The results high-
light the need for further standardization in the field of exosome-
based drug delivery.
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ASSESSMENT OF DRUG LOADING

The results highlight the diversity of methodologies used to assess
drug loading, emphasizing the complexity of characterizing the
encapsulation process. The loading and encapsulation efficiency of
drugs have been presented in 21 studies, either qualitatively or quan-
titatively,”>?*?93$4174951,52,5435,57760 Among these studies, 5 pointed
out the absorbance-based method, where the absorbance of drugs such
as DOX was compared before and after loading into the exosomes to
determine the encapsulation yield.***>*®*%4>% Similarly, Naseri et al.
reported the yield of LNA-anti-miR-142-3p encapsulation into the
delivering exosomes by measuring the absorbance at 260 nm before
and after the ultracentrifugation process."’

Two studies used gel shift assay to show the encapsulation process of
RNAs into the therapeutic exosomes.””*® Another two studies carried
out by Usman et al. and Wang et al. used quantitative reverse-tran-
scription PCR (qRT-PCR)-based techniques to quantify the loading

of RNAs into exosomes,”””” providing a molecular-level assessment
of the encapsulation process. These methods contribute to a more

nuanced understanding of RNA encapsulation efficiency.

Jung et al. utilized TEM and MPI techniques to demonstrate the
encapsulation of SPIO in the theranostic exosomes.*? Likewise, Li
et al. used TEM and DLS analysis to report the encapsulation of
PLGA and DOX into exosomes.*> Gong et al. reported the encapsula-
tion of DOX and cho-miR159 into the exosome-based delivery system
by fluorescence microscopy images.”” Haney et al. also used a similar
method based on fluorescence microscopy images to reflect the encap-
sulation of PTX or doxorubicin into the macrophage-derived exo-
somes as a drug delivery system.*” These imaging-based methods offer
direct visualization of the encapsulation process, providing valuable
insights into the distribution of loaded agents within exosomes.

Ahmed et al. employed trypsin digestion and western blotting to
verify the encapsulation of PTEN-CT into exosomes.’” Cao et al.
and Melzer et al. applied liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) to quantify the amount of ICG and PTX
loaded into the therapeutic exosomes.”’>> This high-precision
method ensures accurate measurement of drug concentrations,
contributing to a quantitative understanding of drug loading.

Tian et al. reported the encapsulation of MSN, ICG, and DOX into
exosomes using the Avanti mini extruder.”® Furthermore, Xiong
et al. determined the encapsulation efficiency of HSA/Pt(IV)/lecithin
into the therapeutic exosomes using graphite furnace atomic absorp-
tion spectroscopy (GFAAS),”” demonstrating the versatility of tech-
niques used in drug quantification. Finally, Wan et al. measured the
amount of the loaded PTX employing high-performance liquid chro-
matography (HPLC).”®

The diverse array of techniques employed in assessing drug loading in
exosome-based drug delivery systems reflects the multidisciplinary
nature of this field. Each method brings its unique advantages,
contributing to a comprehensive understanding of encapsulation
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efficiency. As this area of research continues to evolve, the combina-
tion of multiple assessment techniques and the standardization of
methodologies will be crucial for establishing robust protocols in
the development of effective exosome-based drug delivery systems.

STABILITY OF THE EXOSOME-BASED DRUG
DELIVERY SYSTEMS

In addition to the importance of in vitro stability of exosomes, the sta-
bility of exosomes in blood/serum is crucial due to their interaction
with blood proteins, which is a prerequisite for in vivo experiments.

Overall, 17 studies reported on the stability of exosome-based drug de-
livery systems, >4 %4>44:46-48,31.5254°60 A yong these, two studies used
a gel shift assay to assess the stability of the therapeutic exosomes con-
taining RNAs.”»”® This method allows for the visual confirmation of
stability by examining the interactions between exosomes and loaded
RNAs. Six studies determined the size of the exosomes encapsulating
the therapeutic agents by NTA and DLS to reveal exosome stability in
serum, PBS, or a cell culture medium under various storage
conditions. > 149860 However, Melzer et al. used an NTA-based
technique to measure particle mobility to confirm the stability of the
liposomal PTX (Taxol)-loaded exosomes.”” This method contributes
to a nuanced understanding of exosome stability by examining particle
dynamics.

Xie et al. demonstrated the stability of exosomes containing DOX for
at least 4 h in mouse serum using a flow cytometry-based approach.”
Likewise Usman et al. assessed the stability of PKH26-labeled EVs
encapsulating ASO-125b in mice blood using a flow cytometry-based
approach,” providing real-time insights into the stability of the deliv-
ery system in a physiological environment. Shi et al. reported that
synthetic multivalent antibody retargeted exosomes (SMART-Exos)
had stability in mice blood for at least 6 h using an enzyme-linked
immunosorbent assay (ELISA)-based method,® showcasing the
versatility of techniques employed to assess stability.

Hadla et al. performed an experiment in which stability of the exo-
somes containing DOX was investigated by measuring the DOX con-
centration in a cell culture medium.® This approach provides a direct
assessment of the stability of the therapeutic cargo in a relevant
environment.

On the other hand, a few studies were focused on the stability of the
cargoes encapsulated into the exosomes. For instance, Ahmed et al.
addressed the stability of PTEN-CT loaded into exosomes using
trypsin and western blotting,”* offering a specific analysis of the sta-
bility of the therapeutic cargo. Usman et al. measured the fluorescence
of labeled RNAs electroporated into exosomes using a microplate
reader,” providing a quantitative measure of cargo stability. Finally,
two studies simply stated that the exosomes used as a delivery system
were stable without presenting any supporting evidence."”**

The results underscore the multi-faceted nature of stability assess-
ment in exosome-based drug delivery systems. The diverse array of

techniques used in these studies reflects the complexity of evaluating
stability in different contexts. As this field advances, standardization
of stability assessment protocols and a more detailed presentation of
evidence will be crucial for establishing the reliability and reproduc-
ibility of exosome-based drug delivery systems in both in vitro and
in vivo settings.

ROUTES OF ADMINISTRATION AND INJECTION
FREQUENCY OF EXOSOME-BASED DRUG DELIVERY
SYSTEMS

The choice of administration routes and injection frequencies plays a
pivotal role in determining the efficacy and targeted delivery of exo-
some-based drug delivery systems. Three routes of administration
employed in all 30 studies included intratumoral (i.t.), intravenous
(iv.), and intraperitoneal (ip.) injections.”’ *° This variety reflects
the versatility of exosome-based drug delivery systems, allowing re-
searchers to tailor their approaches based on specific therapeutic
goals, targeted tissues, and the nature of the cargo.

Tail vein injections were utilized in 21 studies to deliver therapeutic
exosomes to mouse models.”’ %404 1:4345:47751,34756,58°60 Thjq poute
is advantageous for systemic delivery, allowing for the distribution
of exosomes throughout the body and facilitating their interaction
with target tissues. The widespread use of tail vein injections indicates
the interest in systemic delivery and the potential for targeting mul-

tiple organs or tissues simultaneously.

Four groups delivered cargoes entrapped in exosomes intratumorally
to animal models,”******” highlighting the interest in localized deliv-
ery of therapeutic cargo. Two studies compared i.t. and i.v. routes of
injection in different groups and reported their respective find-
ings.”>** Comparing i.t. and i.v. routes of injection provide valuable
insights into the advantages and limitations of these two delivery
methods, contributing to the optimization of targeted therapies.

Hadla et al. administered exosomes containing DOX intraperitone-
ally to mouse models.”” Wang et al. administered therapeutic
exosomes loaded with HChrR6 mRNA intraperitoneally, while
6-chloro-9-nitro-5-oxo-5H-benzo(a)phenoxazine, the substrate of
HChrR6 enzyme, was intravenously injected into the mice to examine
the therapeutic effects of the exosome-based drug delivery system.”’
Furthermore, Hong et al. administered exosomes displaying PH20 in-
tratumorally, while anti-PD-L1 was administered intraperitoneally.”®

The variety in routes of administration across these studies empha-
sizes the need for tailored approaches in exosome-based drug deliv-
ery. The selection of a specific route depends on factors such as the
therapeutic goal, targeted tissues, and the nature of the cargo. As
this field advances, a deeper understanding of the advantages and lim-
itations of each administration route will contribute to the develop-
ment of more effective and targeted exosome-based drug delivery
systems. In addition, the consideration of injection frequency is
crucial for determining the sustained therapeutic effects and opti-
mizing the overall treatment regimen.
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IN VIVO TECHNIQUES AND THE RELATED OUTCOMES
ASSOCIATED WITH THE EXOSOME-BASED DRUG
DELIVERY SYSTEM

An overview of the biodistribution assessment and in vivo antitumor
effects of exosome-based drug delivery systems across 30 studies
highlights the significance of understanding the distribution patterns
of therapeutic agents and the subsequent impact on tumor reduction
and overall antitumor efficacy.

Biodistribution assessment

Biodistribution serves as a crucial method to validate the tumor tar-
geting of exosome-based drug delivery systems in vivo. Among the
13 studies focusing on biodistribution, various strategies, such
as in vivo or ex vivo fluorescence/bioluminescence imaging, were
utilized to assess the biodistribution of the delivery systems in animals
or organs such as the heart, kidneys, liver, lungs, spleen, brain,
and tumor. These 13 studies generally suggest that exosomes can
enhance the tropism of the therapeutic agents toward specific
regions.””;(””’“’43’47’49’51’54’57’59’60 Out of these 13 studies, five em-
ployed a targeted exosome-based drug delivery system displaying
specific molecules such as peptides and other ligands on the exosome
surface to bind to target cells. They demonstrated that targeted exo-
somes exhibited efficient uptake by specific types of breast tumors
with minimal off-target biodistribution,***”~**>

The diverse techniques used for biodistribution assessment, such as
whole-body photoacoustic imaging, ex vivo imaging, and fluores-
cence imaging, contribute valuable insights. In one study, Cao
et al. used whole-body PA imaging to assess the accumulation of
drug-loaded exosomes in the mouse model.”’ Furthermore, Xie
et al. isolated major organ tissues from mouse models to determine
the biodistribution of DOX-loaded exosomes using ex vivo imaging.
They reported that DOX loaded into the exosomes had been accu-
mulated in the lungs more than the liver, suggesting the potential of
exosomes in reducing lung metastatic nudes.”* Likewise, Ahmed
et al. utilized fluorescence imaging to assess the biodistribution of
PTEN-CT exosomes in cryo-sections of the heart, lungs, liver, kid-
neys, and spleen.5 2

In another study performed by Haney et al., mouse model tissues were
used to compare the difference between the biodistribution of the
drug-loaded exosomes in solid tumor tissues using different routes
of injection such as i.p., i.t., and i.v. The results indicated the i.v. in-
jections as the most effective route.*” Peng et al. employed a flow cy-
tometry-based approach to track the intrapulmonary distribution of
the EGFR-targeted RBC-derived exosomes.” Jung et al. utilized mi-
crocomputed tomography and MPI methods to assess the bio-
distribution of SPIO- and Olaparib-loaded exosomes in the whole
body of the tumor-bearing animal model.**

Interesting, we found only one study in which the biodistribution of
DOX-loaded exosomes was evaluated in tumor tissues of the mouse
model using LC-MS/MS analysis.*® In addition, Wan et al. employed
an HPLC technique to investigate the biodistribution of the targeted
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exosome-based PTX delivery system that displayed AS1411 aptamer
on surface.”

The findings emphasize the importance of biodistribution assessment
in validating the effectiveness of exosome-based drug delivery sys-
tems. The diverse range of techniques employed across these studies
provides valuable insights into the potential of exosomes for targeted
and efficient drug delivery in various in vivo settings.

In vivo antitumor effect of the exosome-based drug delivery
system

The findings span various aspects, including reductions in tumor size,
volume, and weight, anti-metastatic effects, prevention of body
weight loss, increased survival rates, and additional insights gained
through histopathology and functional evaluations.

Antitumor efficacy

All 30 studies investigated the in vivo antitumor effects of the exo-
some-based drug delivery system.”’ * Among these, several studies
indicated that the administration of the therapeutic exosomes in
mouse tumor-bearing models led to a reduction in tumor size, tumor
volume, and tumor weight, thereby demonstrating the in vivo anti-
tumor efficacy of the exosome-based drug delivery system.”"****>
This uniformity across a diverse range of studies underscores the reli-
ability and repeatability of the observed antitumor effects.

In addition to the general antitumor impacts of the therapeutic exo-
somes, five studies emphasized that the therapeutic-loaded exosomes
exhibited in vivo anti-metastatic effects by reducing the metastatic no-
des in the lungs of the mouse models.”****>**° This multifaceted
impact on both primary and metastatic tumors enhances the thera-
peutic value of exosome-based drug delivery systems.

In addition, 12 studies revealed that the use of the encapsu-
lated anticancer therapeutics prevented the body weight loss in
mouse models, which is a common side effect of the cancer ther-
apy. 35374346
apies may not only be effective in reducing tumors but also in
minimizing adverse effects commonly associated with cancer
treatments.

4975153563560 This suggests that exosome-based ther-

Across all the analyzed 30 studies, four specifically emphasized that
the exosome-based cancer therapy resulted in increased survival rates
among the mouse models, further highlighting the efficacy of the can-
cer therapy using therapeutic exosomes,”>*"*”>>
that directly translates to the potential clinical benefits of such thera-

peutic interventions.

This is a key metric

Validation through histopathology

A proper method for validating the findings of in vivo antitumor ef-
fects of exosome-based drug delivery systems is histopathology,
which was employed by 26 studies.”>>"*?~*#*"%° Histopathology
serves as a powerful tool, offering both qualitative and quantitative
insights into the structural and molecular alterations within tumor
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tissues, thus providing a comprehensive validation of the therapeutic
efficacy.

Among these studies, three specifically applied hematoxylin and eosin
(H&E) staining to visualize metastatic nudes in the mice lung tissues
treated with the exosome-based drug delivery systems.”>***’ This
technique provides a direct and microscopic assessment of the struc-
tural changes in tumor tissues, offering a qualitative validation of the
therapeutic effects. The visualization of metastatic nodes in the lungs
of mouse models treated with exosome-based drug delivery systems
establishes a direct correlation between treatment and structural
changes, confirming the in vivo antitumor efficacy.

The application of the terminal deoxynucleotidyl transferase dUTP
nick labeling (TUNEL) assay adds a quantitative dimension to the
validation process, specifically highlighting the increased apoptotic
rates following treatment. This not only supports the antitumor effi-
cacy but also provides insights into the mechanisms underlying the
therapeutic impact of exosome-based drug delivery systems. Feng
et al. revealed that the administration of DOX@Exos-PH20-FA
increased apoptotic rate in all the treated animal groups using the
TUNEL assay.*’ Peng et al. observed the apoptotic process in tumor
tissues of the mouse model by employing TUNEL staining, and they
also visualized the metastatic zones in the lung tissues using H&E
staining following treatment with exosomes loaded with immRNAs.*
Similarly, Wang et al. utilized the TUNEL assay to demonstrate the
apoptosis mechanism in mice tumor tissues. They also utilized
H&E staining to assess the side effects of PTX loaded in M1 macro-
phage-derived exosomes in various organs such as the heart, liver,
spleen, lungs, and kidneys.” Li et al. reported apoptotic induction
and antitumor effects of exosomes encapsulating PLGA and DOX,
and displaying a c-Met binding peptide on the surface targeted to-
ward TNBC mice models.*’

Immunohistochemistry (IHC) antibody staining techniques used by
several studies enable the visualization and quantification of specific
proteins associated with antitumor effects. This adds specificity to
the validation process, linking observed outcomes to molecular
changes in tumor tissues. In the study conducted by Tian et al., the
anticancer effects of the ID@E-MSNs drug delivery system using
H&E and Ki67 IHC antibody in both non-treated and treated tumor
*% In a separate study, Si et al.
prepared targeted exosomes enclosing Ver-A and displaying anti-
bodies against EGFR and CD47 on their surface to evaluate both its
antitumor properties and the related side effects in a mice model.
They demonstrated that the exosomes specifically targeted the tumor
tissues expressing EGFR and CD47 using the IHC approach, while
other tissues were not influenced by the targeted exosomes verifying
by H&E staining.”” O’Brian et al. stained tumor tissues of the mice
models by H&E to reveal the in vivo antitumor effects of miR-379-en-
riched exosomes. In addition, they used IHC to demonstrate the
in vivo anti-angiogenic activity of the exosomes encapsulated with
miR379. The rate of tumor growth in both treated and untreated
groups was compared using ultrasound and oxygenated/deoxygen-

tissues of mouse models were unveiled.

ated photoacoustic imaging to provide a standard approach for
assessment.*

In alignment with this study, Gomari et al. conducted an H&E exper-
iment on tumor tissues of mouse models to verify the significant anti-
tumor activity of DOX loaded in the targeted exosomes. They also uti-
lized an IHC test to confirm the presence of HER-2 ligands for
targeted therapy.*® Two other studies used H&E staining of the tumor
tissues as well as various animal organs such as the heart, kidneys,
liver, spleen, and lungs to assess the in vivo antitumor activity and
potential side effects of the therapeutics loaded into exosomes.*"”’
H&E and Sirius Red staining were used by Martin-Marques et al. to
perform histological analysis on the heart tissues and immunofluores-
cent staining to assess the presence of Cx43 in doxorubicin-loaded
exosomes. Their findings demonstrated a reduction in the doxoru-
bicin-induced cardiotoxicity due to the targeted uptake of the exo-
some-based delivery system by tumor cells. The study also evaluated
apoptosis through analysis of B cell lymphoma 2 protein (Bcl-2) and
Bcl-2-associated X protein (Bax) expression levels in tumor sections
following treatment."> Consistently, Hadla et al. also reported lower
cytotoxicity as the side effect of DOX for the exosomes loaded with
DOX, examined by H&E staining of the heart tissues.*’

The combination of H&E staining with other techniques, such as
immunofluorescent staining, RT-PCR, and western blot analysis, as
demonstrated by various studies, enables a comprehensive assessment
of both antitumor activity and potential side effects. This multidimen-
sional approach ensures a thorough understanding of the treatment’s
impact on tumor cells, surrounding tissues, and major organs.

Jung et al. employed three methods, including H&E staining, fluores-
cent imaging of labeled exosomes, and THC staining against cleaved
caspase-3 to explore the antitumor activity of Olaparib/SPIO-loaded
exosomes.”* Gong et al. used H&E staining for tumor and heart tis-
sues in mouse models and employed IHC staining with anti-Ki-67,
CD31, transcription factor 7 (TCF7), and MYC antibodies in the tu-
mor tissues to confirm the antitumor and the related side effects of
the targeted exosomes expressing metalloproteinase 15 (Al5) on
the surface and loaded with DOX.*’

Furthermore, Cheng et al. reported on the anticancer effect of the
immune-modulating exosomes (GEMINI-Exos) through modu-
lating the immune system. To this end, they expressed the anti-
bodies specific for human T cell CD3, EGFR, immune checkpoint
modulators, PD-1, and OX40L on the surface. Immunohistofluores-
cence imaging was used to observe the infiltration of T cells into
breast tumors implanted in the mouse models, reflecting the anti-
cancer activity of GEMINI-Exos.”® Ahmed et al. utilized the THC
method to examine the expression of PTEN, Ki-67, and caspase-3
in tumor tissues. Their study verified the antitumor activity of the
PTEN-CT-loaded exosomes in the animal groups.”” In addition,
Liu et al. employed H&E and THC methods, using antibodies against
proliferating cell nuclear antigen (PCNA) and matrix metalloprotei-
nase 9 (MMP9), as well as the TUNEL assay on tumor or lung
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sections in tumor-bearing mice models. Their findings demon-
strated the antitumor and anti-metastatic activity of EXO-
DVDMS as a sonodynamic therapy strategy.™

Melzer et al. reported that Taxol-loaded exosomes can reduce metas-
tasis of breast tumor cells. They used fluorescent microscopy and
RT-PCR on tissue sections of the mouse models to validate their find-
ings.”” Based on the H&E staining of tumor and lung sections, Usman
et al. demonstrated that ASO-125b encapsulated into the RBC-EVs
reduced breast-tumor cell proliferation and metastasis to the lungs.””
Xiong et al. utilized the TUNEL assay and the IHC technique with
antibodies against Bax, Bcl2, PCNA, and p53 on tumor sections
collected from the mouse models. Their study reported that nanopar-
ticles (NPs)/Rex had antitumor effects and highlighted that exosomes
reduced the side effects of Pt(IV) using the H&E staining for the ma-
jor organ tissues of animal models.”’

Furthermore, Wan et al. revealed an antitumor property for the tar-
geted DC-derived exosomes encapsulating PTX and displaying
AS1411 aptamer on the surface. They used H&E and Ki-67 IHC stain-
ing techniques to support their findings.”® In contrast, Wang et al.
loaded let-7 miRNA into the exosomes displaying AS1411 aptamer
to induce tumor cell death. They utilized western blot analysis to
show the expression of cMyc and Kirsten rat sarcoma virus (KRAS)
proteins. The study also confirmed the reduction of off-target effects
of this delivery system through H&E staining for the major organ tis-
sues in mice.”

The incorporation of immunofluorescence microscopy and flow cy-
tometry in studies reveals the immune-related aspects of exosome-
based therapies. Hong et al. used immunofluorescence microscopy
to observe tumor sections of mouse models and assess the degrada-
tion of HA caused by MSC-derived exosomes displaying PH20.
They also demonstrated a number of tumor-infiltrating CD8"
T cells in tumor-draining lymph nodes through flow cytometry.>
Similarly, Shi et al. disclosed the infiltration of CD3" T cells following
the administration of «CD3-o.HER2 SMART-Exos.”® They used im-
munohistofluorescence images and flow cytometry to confirm their
findings.

The collective use of histopathological techniques in the evaluated
studies establishes a robust foundation for validating the in vivo
antitumor effects of exosome-based drug delivery systems. From
structural assessments to quantitative apoptosis measurements and
molecular correlations, these studies showcase the versatility and
depth of histopathological validation.

The comprehensive evaluation of exosome-based drug delivery sys-
tems extends beyond traditional histopathological analysis, encom-
passing a spectrum of functional assessments to provide a holistic
understanding of their impact on various physiological and immu-
nological parameters. The studies conducted collectively contribute
valuable insights into the immunomodulatory effects, systemic re-
sponses, and safety profiles of exosome-based therapies.
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Tian et al. conducted functional evaluations of the liver and kidney in
the mice treated with ID@E-MSN. They measured the level of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), creati-
nine (CRE), and blood urea nitrogen in the blood samples to assess
liver and kidney function.’® This analysis ensures that the therapeutic
interventions do not compromise the normal functioning of these vi-
tal organs, reinforcing the safety profile of the exosome-based drug
delivery system. The titer of different immunological factors was
also checked in the mice by Peng et al., who explored the immuno-
modulatory effect of engineered exosomes.’ The measurement of
various immunological factors unveils the potential of exosomes to
modulate immune responses, shedding light on their broader impact
beyond direct antitumor effects.

Feng et al. determined the hyaluronidase activity of modified exo-
somes displaying FA and PH20 on the surface, signifying a nuanced
exploration of the enzymatic functions associated with exosome in-
teractions. They quantified the levels of interferon-gamma and tumor
necrosis factor alpha (TNF-a) in the serum using the ELISA and as-
sessed the percentage of the CD3*CD8" T cells by flow cytometry,*
providing a detailed understanding of the immunological responses
triggered by these modified exosomes.

Similar to the latter study, Cheng et al. investigated CD8" and T reg-
ulatory cells and determined ALT and CRE levels in the blood sam-
ples of the mouse models,™ delving into the immune cell dynamics
influenced by exosome-based therapies. Xiong et al. reported that
exosomes encapsulated with human serum albumin (HSA) and
Pt(IV) induced an immune response and reduced the side effects of
Pt(IV) underscoring the intricate balance between therapeutic effi-
cacy and safety. They quantified the levels of TNF-a, IL-6, and IL-
12, as well as hemolysis, alkaline phosphatase (ALP), AST, and
ALT in the serum of the mouse models,” unveiling the systemic im-
pacts of exosome treatments, guiding the assessment of their overall
safety and potential immune-stimulating effects.

Wan et al. conducted a comprehensive range of blood tests to
examine the levels of white blood cells, RBCs, ALT, ALP, AST,
urea, and CRE in tumor-bearing mice with exosomal PTX. The
exosomal PTX had lower side effects than the naked PTX.”® This
thorough examination aids in delineating the hematological and
biochemical consequences, crucial for understanding the overall
impact on the physiological well-being of the treated animals.

The inclusion of these diverse functional assessments enriches the un-
derstanding of exosome-based drug delivery systems. Beyond their
antitumor efficacy, these studies illuminate the intricate interactions
with the immune system, validate the safety of the therapeutic inter-
ventions through organ function evaluations, and provide a founda-
tion for considering exosomes not only as drug carriers but also as
immunomodulatory agents. The assessment of immunomodulatory
effects, hyaluronidase activity, and cytokine levels further broadens
the scope of the evaluation, considering the complex interactions be-
tween the immune system and the administered exosomes.
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The comprehensive exploration of biodistribution patterns and in vivo
antitumor effects of exosome-based drug delivery systems demon-
strates the versatility and effectiveness of these delivery platforms.
The integration of advanced imaging techniques, quantitative
analyses, and histopathological assessments contributes to a nuanced
understanding of the therapeutic potential and safety profile of exo-
some-based drug delivery systems in vivo.

IN VITRO TECHNIQUES AND OUTCOMES

The collective findings from the in vitro assessments underscore the
remarkable potential of exosome-based drug delivery systems in tar-
geting breast cancer cells. The integration of various techniques, from
3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyl
bromide (MTT) assays to advanced molecular and imaging methods,
provides a robust foundation for validating the therapeutic efficacy.
Moreover, the identification of anti-metastatic effects broadens the
scope of these systems, positioning them as promising candidates
for comprehensive cancer treatment strategies.

traditional tetrazolium

Cellular uptake and cellular binding assessment

The extensive evaluation of cellular uptake and binding mechanisms
is a cornerstone in understanding the effectiveness of exosome-based
drug delivery systems. This comprehensive assessment, spanning 30
studies, delves into the intricacies of how these systems interact
with tumor cells, utilizing a myriad of techniques to provide a
nuanced understanding of their behavior.

To evaluate the uptake or binding of exosome-based drug delivery
systems, a comprehensive assessment was conducted across 30
studies.”’ *” Among these, 25 studies used fluorescent agents such
as PKH-26, PKH-67, 3,3-dioctadecyloxacarbocyanine, cyanine-3,
carboxyfluorescein succinimidyl ester, CD63 fusion green fluorescent
protein, or ICG. Confocal or inverted fluorescent microscopes were
used to track the uptake by tumor cells.”' >72%#1:43 7485170 Thig tradi-
tional yet robust approach allows for real-time visualization, offering
insights into the initial stages of cellular interaction.

Out of the 25 studies, 7 incorporated alternative methods in addition
to fluorescent imaging.’'*”***®>*~>° Techniques such as quantitative
PCR (qPCR), FD500-uptake assay, flow cytometry, and ELISA, show-
case the versatility in confirming and quantifying cellular uptake and
binding. For instance, Peng et al. employed qPCR to confirm the up-
take of the 3p-125b-ASO- and immRNA-loaded exosomes by 4T1
cells.” Liu et al. employed an FD500-uptake assay to approve the up-
take of EXO-DVDMS by breast cancer cells.”* Furthermore, Gomari
et al,, Si et al., Wang et al., Melzer et al., and Shi et al. used a flow cy-
tometry approach to demonstrate the binding ability of the selective
drug-loaded exosomes to targeted breast cancer cells.”"?”*%>>2¢
Wang et al. and Usman et al. used gPCR to verify the uptake of ther-
apeutic exosomes encapsulating let-7 miR or ASO-125b by target
cells.”””” Pi et al. measured the fluorescent intensity of the Alexa
Flour-tagged siRNA to verify the uptake of the siRNA-loaded exo-
somes by cancer cells.”® Interestingly, Feng et al. utilized a flow cy-
tometry-based assay to explore the selective entry of drug-loaded

exosomes via determining the intracellular concentration of DOX.*
By determining the intracellular concentration of DOX, they added
a quantitative dimension, shedding light on the efficiency of drug de-
livery at the cellular level. Finally, Cheng et al. established an ELISA
assay to follow the binding ability of the engineered exosomes to
breast cancer cells.”® This quantitative approach contributes to a
more precise assessment of the binding dynamics.

To further evaluate the subcellular distributions, Li et al., Xie et al.,
and Liu et al. employed fluorescent microscopy imaging to display
lysosomal endocytosis of exosomes,”**»** while Xiong et al. utilized
a GFAAS technique to demonstrate the subcellular localization of
NPs/Rex in 4T1 cells through energy-expenditure endocytosis.”’
This detailed examination contributes to understanding the fate of
exosomes within cells, providing clues about potential pathways
and mechanisms involved in their cellular processing.

These studies illuminate the complex interplay between exosome-
based drug delivery systems and tumor cells. By employing a diverse
array of techniques, researchers have not only visualized cellular
interactions but also validated and quantified these processes,
enhancing the robustness of their observations.

In vitro anticancer evaluation of the exosome-based drug
delivery systems

The studies presented employ a variety of experimental approaches,
ranging from conventional assays like MTT to more specialized tech-
niques such as flow cytometry, luminescence assays, and enzymatic
activity assays.

31-60 - . .
" in vitro outcomes from diverse

Across all 30 reported studies,
analytical approaches, which were considered complementary data,
consistently confirmed the anticancer properties of the exosome-
based delivery systems. One study reported that the targeted exo-
some-based delivery of HChrR6 mRNA resulted in cancer cell death,
as assessed through MTT assay.”’ Another study investigated the
apoptotic effect of miR-424-5p-loaded exosomes as a delivery system
on tumor cells. This drug delivery system was assessed by two
different approaches: CaspaseGlo 3/7 and lactate dehydrogenase
release assays. This study identified miR-424-5p as a key regulatory
factor that modulates pro-inflammatory cytokines, leading to anti-
cancer activity. In addition, QRT-PCR was employed to assess the
expression of PD-L1 by miR-424-5p, leading to an enhanced efficacy
of the system in inducing anticancer effects.”* The integration of qRT-
PCR to assess PD-L1 expression further enhanced the understanding
of the system’s anticancer effects.

Various studies utilized cytotoxicity assays such as MTT, cell count-
ing kit-8 (CCK-8), and CellTiter-Glo luminescence assays to eval-
uate the impact of exosome-loaded drugs on cancer cells. Xie
et al. utilized an MTT assay to assess either cytotoxicity effect of
DOX-loaded exosomes or compare the cytotoxic effect between
breast cancer cells (MDA-MB-231) and normal human umbilical
vein endothelial cells (HUVECs).”* Similarly, Wang et al. proved
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the anticancer activity of PTX-loaded exosomes using MTT assay.
They also utilized Annexin V/PI and caspase-3 activity assays to
both measure caspase-3 activity and unveil the apoptotic effects
induced by the modified exosomes. In addition, they detected the
influence of exosomes on the release of pro-inflammatory cytokines,
potentially beneficial in cancer therapy.” Tian et al. employed the
approach of CCK-8 to reveal the anticancer activity of ID@E-
MSNs. They also performed Annexin V/PI assay and western blot-
ting for the cleaved caspase-3/9 to validate apoptosis induction in
the cancer cells treated with ID@E-MSNs.”® The use of Annexin
V/PI and caspase-3 activity assays added depth by unveiling
apoptotic effects induced by modified exosomes.

A single report among the 22 studies demonstrated the anticancer ef-
ficacy of the targeted exosomes displaying anti-EGFR and loaded
with Ver-A, using a wide range of cytotoxicity assays on TNBC
cells.”” Pi et al. also used qRT-PCR analysis and MTT assay to
demonstrate the efficient delivery of survivin siRNA to cancer cells,
and the corresponding in vitro anticancer activity.”® Consistent with
other studies, Naseri et al. generated the exosomes capable of deliv-
ering miR-142-3p to breast cancer cells, which consequently caused
cytotoxic and apoptotic effects.*' Martin-Marques et al. employed a
variety of in vitro experiments, including the MTT assay, cell-cycle
progression assay, 5-bromo-2'-deoxyuridine incorporation analysis,
staining of Ki-67-positive cells, and Trypan blue exclusion to demon-
strate the therapeutic efficacy of DOX loaded into the targeted exo-
somes.” Li et al. validated the anticancer activity of the targeted exo-
somes displaying a peptide against c-Met and loaded with PLGA and
DOX, using the MTT assay, TUNEL staining, and Annexin V/PI
methods.*’

On the other hand, Jung et al. applied CCK-8 instead of MTT assay,
along with an apoptosis detection kit to evaluate the anticancer
properties of Olaparib/SPIO-loaded exosomes.”* Hadla et al. and
Haney et al. revealed the cytotoxic effects of the DOX/PTX-loaded
exosomes via MTT and CellTiter-Glo luminescence assays.’>* In
addition, they verified that the designed exosome-based drug deliv-
ery system caused less cardiotoxicity than DOX alone.*

Gong et al. designed a drug delivery system based on exosomes ex-
hibiting A15 on the surface, carrying DOX and Cho-miR159. Their
findings showed an in vitro anticancer efficacy against breast cells,
evaluated using the CCK-8 and Annexin V/PI assays. By employing
qRT-PCR, they also identified miR159’s potential to reduce TCF7
expression level, enhancing the efficacy of the drug delivery
system.”

Both Gomari et al. and Feng et al. developed targeted drug delivery
systems by loading DOX into engineered exosomes. The first
group employed LAMP2b DARPin and the second used PH20
and FA to specifically target breast cancer cells. They both utilized
MTT assay to validate the cytotoxicity effects of the drug-loaded
exosomes.***’ Moreover, Hong et al. demonstrated exosomes

overexpressing PH20 on the surface could stimulate cancer immu-
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nity responses by activating DCs through the degradation of HA,
as measured by in vitro enzymatic activity and DC activation
assays.”

Nguyen Cao et al. developed SBC-, ICG-, and PTX-loaded exosomes
and used MTT and flow cytometry-based techniques to measure the
intracellular reactive oxygen species (ROS) levels to show the cytotox-
icity of the therapeutic exosomes. They also reported an apoptotic ef-
fect on breast cancer cells for this exosome-based drug delivery sys-
tem using Annexin V/PI assay.”' Xiong et al. employed Annexin
V/PI and caspase-3/7 activity assays to demonstrate the apoptotic ef-
fects of Rex delivering HSA/Pt(IV) on breast cancer cells.”’

Wan et al. used PI staining and cell-cycle arrest techniques to uncover
that DC-derived exosomes displaying AS1411 and encapsulated PTX
reduced the proliferation and viability of breast cancer cells.” Like-
wise, Wang et al. stated that DC-derived exosomes displaying
AS1411 and encapsulated let-7 reduced breast cancer cell viability,
as determined by 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt (WST-8)
reduction assay.”” In line with the aforementioned studies, one study
in which exosomes were encapsulated with PTEN-CT displayed an
anti-breast cancer effect using both MTT and Annexin V/PI
methods.”

In addition, Liu et al. used both MTT and calcein AM/PI double stain-
ing assays to report the cytotoxic effects of Exo-DVDMS-mediated
sonodynamic therapy. They also stated that this delivery system ele-
vates the level of intracellular ROS using flow cytometry.”* Melzer
et al. uncovered the cytotoxic property of Taxol-loaded exosomes
via fluorescent imaging and cell-cycle arrest approaches.”> Peng
et al. uncovered the immunomodulatory impact of RNA loaded
into the targeted exosomes with antitumor immunity activity through
triggering the retinoic acid-inducible gene I pathway which in turn
induced apoptosis in breast cancer cells, as measured by an Annexin
V/PI assay kit.””

Cheng et al. and Shi et al. reported that GEMINI-Exos and SMART-
Exos, respectively, induced antitumor CD3"CD8" T cell responses,
leading to tumor cell death,>*® showcasing the potential of these
systems in harnessing immune responses against cancer. Usman
et al. demonstrated that RBC-EVs loaded with ASO-125b dimin-
ished cell viability, as revealed by crystal violet staining.”” Finally,
Zhao et al. introduced a safe drug delivery system using exosome-
mediated siRNA, which showed no detrimental effect on healthy
HUVECs.”

The comprehensive nature of these studies not only validates the anti-
cancer potential of exosome-based drug delivery systems but also lays
the foundation for future research avenues. Further investigations
into the specific mechanisms underlying the observed effects, long-
term safety profiles, and potential clinical applications will be crucial
for translating these promising findings into practical therapeutic
solutions.


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

ANTI-METASTATIC EFFECTS OF THE EXOSOME-
BASED DRUG DELIVERY SYSTEMS

In addition to the previously mentioned cytotoxic and apoptotic
effects observed in exosome-based therapeutic delivery systems,
selected studies have highlighted other properties, including
anti-metastatic, anti-angiogenic, and anti-migration effects, enrich-
ing our comprehension of the intricate interactions between exo-
somes and cancer cells. In one study, O’Brien et al. revealed that
microRNA-379 loaded into exosomes causes a reduction in the
proangiogenic marker cyclooxygenase 2 mRNA expression.*’
This observation underscores the potential of exosome-based sys-
tems in modulating angiogenesis, a process tightly linked to metas-
tasis. Similarly, Xie et al. applied the vessel formation assay to
unveil the in vitro anti-angiogenic effects of DOX-loaded exo-
somes, which were found to inhibit angiogenesis and suppress
metastasis.”

To further investigate the anti-migration effects of the exosome-based
drug delivery systems, eight studies were identified, each employing
different methods,>=*%36:42:47:49:52:59 Among these studies, Zhao et al.,
Feng et al., and Gong et al. reported on the anti-migration efficacy of
the exosomes containing siRNA or DOX utilizing transwell and scratch
assays. In this context, Zhao et al. demonstrated that siRNA-loaded exo-
somes decreased the migration capability of breast cancer cells. Consis-
tently, Feng et al. reported that DOX@Exos-PH20-FA inhibited cancer
cell migration due to a hyaluronidase activity of PH20 in the drug de-
livery system. This is while Gong et al. showed that therapeutic exo-
somes displaying A15 on the surface could inhibit MDA-MB-231 cell

. s 33,47,49
migration.

Furthermore, Xie et al. reported an anti-migration effect for DOX-
loaded exosomes using a transwell experiment.”* Wang et al. used
the transwell assay to uncover the anti-migration effect of
nucleolin-targeted exosomes encapsulated with let-7 miR.”> Martin-
Marques et al. used the colony formation assay to show an anti-
migration activity for the targeted exosomes loaded with DOX.
Both free doxorubicin and exosomal DOX exhibited similar anti-
migration effects. In addition, they assessed cell motility using
time-lapse video microscopy and reported that DOX-loaded
targeted exosomes displaying Cx43 on the surface significantly
reduced cancer cell motility.**

In a separate study, Ahmed et al. utilized soft agar and scratch assays
to demonstrate that PTEN-CT loaded into exosomes inhibited the
migration of breast cancer cells.”> Notably, Tian et al. evaluated the
levels of MMP2/9 via western blotting and stated that ID@E-MSNs
reduced the level of MMP2/9, suggesting an anti-metastatic role for

the exosome-based drug delivery system.*®

The observed anti-angiogenic and anti-migration effects underscore
the potential of exosome-based drug delivery systems in addressing
critical aspects of cancer progression. These insights pave the way

for the development of more effective and targeted therapies, opening
new avenues for advancing cancer therapeutics.

The studies collectively contribute to our understanding of the intri-
cate interactions between exosomes and cancer cells, paving the way
for the development of more effective and targeted therapies. The
diverse approaches in cellular uptake, anticancer evaluation, and
anti-metastatic effects collectively establish exosome-based drug
delivery systems as a compelling avenue for advancing cancer
therapeutics.

EFFICACY OF EXOSOMES VERSUS OTHER
NANOCARRIERS AS A DRUG DELIVERY SYSTEM

In the realm of cancer therapeutics, the quest for an optimal drug de-
livery system has fueled extensive research, with exosomes emerging
as a promising contender. To underscore the superiority of exosomes
as a drug delivery system for cancer cells compared with other nano-
sized carriers, all 30 studies were examined in detail.’'*” Among
these studies, only seven studies investigated the difference between
exosomes and other nanoparticles in terms of the efficiency in deliv-
ering therapeutic agents.”>*»*>*®>%5% These investigations provide
valuable insights into the unique advantages conferred by exosomes
in the context of drug delivery for cancer treatment.

One study carried out by Zhao et al. showed that CBSA and siS100A4
loaded into exosomes accumulated to a greater extent in tumor cells
and exhibited less cytotoxicity against normal cells when compared
with liposomes loaded with the drugs.”® Likewise, Haney et al. and
Hadla et al. loaded DOX or PTX into both exosomes and liposomes
as nanocarriers, and observed that exosomes encapsulated with the
drugs acted more efficiently in terms of having anticancer activity,
both in vitro and in vivo and had less cytotoxicity toward the control
cells than those encapsulated into liposomes.*>*®

Similarly, Melzer et al. conducted a comparison of the therapeutic ef-
ficacy between PTX-loaded exosomes and PTX alone, revealing a
similar anticancer efficacy. However, the concentration of Taxol
was about 1,000-fold lower in exosomes, indicating the enhanced po-
tency of exosomal PTX. They used HUVEC-derived exosomes
instead of MSC-derived exosomes and confirmed that PTX-loaded
MSC-derived exosomes exhibited greater cytotoxic effects than the
PTX-loaded HUVEC-derived exosomes.”” Likewise, Liu et al. re-
ported that 4T1-derived exosomes had more efficacy in delivering
the DVDMS toward tumor cells compared with RBC-EVs.”* In this
regard, Xiong et al. demonstrated that exosomes strengthen the ther-
apeutic index of HSA/Pt(IV) compared with the naked HSA/Pt(IV).*

In another study, Li et al. used PLGA as a DOX carrier and compared
it with the targeted exosomes loaded with both DOX and PLGA. They
showed that the antitumor activity of doxorubicin and PLGA within
targeted exosomes was more effective than the naked PLGA and
DOX. Besides, the exosomes could increase the drug accumulation
in the tumor tissue and reduced biodistribution, due to their targeted
generation.”’

These comparative studies collectively underscore the superiority
of exosomes over other nanocarriers in terms of enhanced drug
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delivery, reduced cytotoxicity, and targeted therapeutic effects.
The findings pave the way for further investigations into the un-
derlying mechanisms that contribute to the unique advantages of
exosomes.

FUTURE PERSPECTIVES

Breast cancer remains a significant health concern for women world-
wide, highlighting the critical need for effective treatment strategies.®”
Recent research, as mentioned earlier in this systematic review, un-
derscores the pivotal role of selective drug delivery systems, also
known as targeted therapies, in breast cancer treatment.”” Among
these targeted delivery systems, exosomes, naturally occurring vesi-
cles secreted by all types of eukaryotic cells, emerge as promising plat-
forms for drug delivery.”' This systematic review gathers cellular,
biochemical, histopathological, and immunological data from various
articles to explore the role of exosomes as a therapeutic delivery plat-
form for breast cancer treatment. By analyzing the outcomes and
considering previous reviews, coupled with the inherent versatility
of exosomes that can be manipulated using different strategies, this
review presents exosomes as novel platforms for delivering therapeu-
tic agents to target sites. In this systematic review, we conducted a
comprehensive assessment of scientific works utilizing small EVs or
exosomes as drug delivery systems, employing stringent inclusion
and exclusion criteria to achieve a comprehensive and systematic
evaluation of the potential of exosomes as drug delivery agents in
breast cancer.

This systematic review concludes that exosomes, as a drug delivery
system, exhibit strong attachment to the cells and facile uptake by
tumor cells, aligning with the findings of earlier systematic reviews
that have examined the binding efficacy of the targeted exosomes
to breast cancer cells. In addition, we have observed satisfactory
uptake of exosomes loaded with various cargos by different
cells,>!»7739:42:43:47750:53,56.38.59 A ccording to our analysis, therapeutic
exosomes serve as safe drug delivery systems, introducing cell death in
breast cancer cells through multiple mechanisms with minimal side
effects. To our knowledge, no previous study has systematically ad-
dressed the mechanism of action of therapeutic exosomes in breast
cancer.

Apart from different cell death mechanisms induced by the therapeu-
tic exosomes, this review also assesses the role of the exosomes loaded
with various anticancer agents in cellular migration and organ metas-
tasis. Exosomes encapsulated with a wide range of anticancer agents
could offer a novel approach to anti-metastatic therapies. Further-
more, we highlight the advantages of exosomes as nanocarriers for
breast cancer treatment compared with the synthetic counterparts
such as liposome or PLGA. Limited studies have compared the effi-
cacy of exosomes with synthetic nanocarriers for delivering anti-

33,43,45,46,54,55,60
cancer molecules. 02520

Moreover, this systematic review emphasizes that the flexibility of

exosomes extends not only to the diverse range of therapeutics that
can be encapsulated within them but also to the materials employed
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in cancer imaging. Similar advantages have been addressed in other
: : 0 10,70,72
reviews or systematic reviews "’

Prior to advancing the therapeutic exosomes into clinical trials, it is
crucial to conduct in vivo trials to evaluate their effectiveness. Hence,
we carefully analyzed all 30 studies with regard to their utilization of
tumor mouse models. These studies employed various in vivo models
of breast cancer, using tumor-bearing mice to corroborate the po-
tency of the exosome-based drug delivery systems. In this regard, a
number of breast cancer cell lines including the TNBC cell lines,
MDA-MB-231, MDA-MB-468 and 4T1, HER-2 + TUBO breast
cancer cell line, and MCF-7 (hormone-positive breast cancer cell
line) were utilized to establish the mice models. Diverse routes of in-
jection, such as i.p., i.t, and i.v. routes were employed to deliver
exosomes containing therapeutics into mouse models.”’ * To the
best of our knowledge, this is the first systematic review that catego-
rizes the breast tumor-bearing animal models used to assess the
therapeutic potential of exosome-based drug delivery systems.
Based on the in vivo and in vitro findings, we propose that the ther-
apeutic exosomes hold great promise for efficiently treating breast

31-60,70,72
cancer.” "%

Despite the numerous reported benefits of exosome-based drug deliv-
ery systems in the 30 studies reviewed, and their potential use in the
treatment of breast cancer, there still remain several issues that need
to be addressed before drawing reliable conclusions. Inconsistency in
the outcomes and methodologies relating to in vivo biodistribution of
the exosome-based drug delivery systems can be regarded as another
drawback in this systematic review. These studies are also limited by
factors such as lack of stability evaluation in biological fluids, inade-
quate assessment of storage conditions, insufficient evaluation of
encapsulation efficiency in exosomes, and a lack of survival rate in
the tumor-bearing mice, all of which can influence our conclusions
on the application of exosomes as therapeutic carriers. Furthermore,
challenges arise from the absence of appropriate methodologies for
randomization processes in animal housing and blinding of perfor-
mance according to SYRCLE tool bias assessment guidelines, result-
ing in most articles having an unclear risk of bias.”'~*’

The field of exosome research has been hindered by several other lim-
itations, including the lack of standardization, limited in vivo studies,
insufficient characterization, limited understanding of mechanisms,
and challenges associated with large-scale production and cost-effec-
tiveness. These factors have impeded the progress and translation of
exosome-based therapies for breast cancer treatment. It is noteworthy
that the majority of studies focused on evaluating exosome-based
drug delivery systems in tumor-bearing mice, which may be attrib-
uted to the ease of establishing the cancer animal models and the
lower quantity of exosomes required compared with other animal
models. Nonetheless, in vivo studies typically require a larger quantity
of exosomes than in vitro experiments.

To address these limitations in future studies, it is crucial to provide
more detailed methodologies regarding the doses used, animals
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studied, and the maintenance conditions of the exosomes to ensure
more reliable results. In looking toward future perspectives for exo-
some-based drug delivery systems in breast cancer treatment, several
key considerations and potential directions emerge.

Enhanced reporting standards

Addressing the inconsistency in reporting quality is crucial. Future
studies should adhere to standardized reporting guidelines, such as
MISEV2018, ensuring transparency and reproducibility. Clear docu-
mentation of in vitro experiment details, including seeding density,
cell viability, and exosome depletion protocols, will enhance the reli-
ability of study outcomes.

Optimization of exosome sources

Understanding the implications of different exosome sources is essen-
tial. Future research could delve into comparative studies, exploring
the advantages and disadvantages of using various cell types for exo-
some isolation. Moreover, investigating the potential of engineered
exosomes with enhanced targeting capabilities may offer new avenues
for personalized and precise drug delivery.

Standard reporting

In our opinion, for a more informative conclusion, it would be
essential to strive for standardized reporting of methodologies and
outcomes in future studies. It is crucial to establish standardized
methods for the isolation, purification, characterization, and quan-
tification of exosomes. Having consistent protocols will enable
better comparison across studies and enhance the reproducibility
of data.

Advanced isolation techniques

While current studies employ diverse exosome isolation techniques,
future research could focus on developing novel, efficient, and scal-
able methods. Also, there is a lack of accurate and precise evaluation
of the purity of the isolated exosomes. Exploring alternative ap-
proaches beyond ultracentrifugation, such as microfluidics or affin-
ity-based methods, may improve the scalability and purity of exosome
isolation.

Standardized dosage and drug loading protocols

One issue is the lack of data on doses of the administered exosomes
in vivo, and a lack of optimal procedure for achieving the desired
dose. More research is required to determine the optimal dosing
and delivery route of exosomes for drug delivery in breast cancer.
Thus, the PK and biodistribution studies in vivo will assist in
designing more effective treatment strategies using exosomes.
Furthermore, the 30 selected studies lack sufficient biochemical and
immunological analysis to further demonstrate the efficiency of the
drug delivery system in cancer therapy and explore the off-tar-
gets.”' °° Establishing standardized dosing protocols for exosome-
based drug delivery systems is also crucial for comparing outcomes
across studies. Future research should aim to define optimal quanti-
ties and concentrations of exosomes, considering different therapeu-
tic goals and targeted diseases. In addition, developing universal

methodologies for assessing drug loading efficiency will enhance
the comparability of results.

Innovative cargo loading strategies

The exploration of novel cargo loading strategies is a promising
avenue. Future studies could focus on refining existing methods
such as electroporation and sonication or introducing innovative
techniques for loading therapeutic agents into exosomes. Achieving
efficient and controlled cargo loading is vital for maximizing the ther-
apeutic potential of exosome-based drug delivery systems.

In vivo imaging techniques

Advancements in in vivo imaging techniques can provide deeper in-
sights into the biodistribution and antitumor effects of exosome-
based drug delivery systems. Integrating advanced imaging modal-
ities, such as intravital microscopy or molecular imaging, can enhance
our understanding of real-time interactions between therapeutic exo-
somes and target tissues.

Immunomodulatory effects and safety profiling

Future research should delve into the immunomodulatory effects and
safety profiles of exosome-based therapies. Comprehensive evalua-
tions beyond traditional histopathological analyses, including assess-
ments of systemic responses and immunological parameters, will
contribute to a more nuanced understanding of the overall impact
of these systems.

Enhancing the therapeutic efficacy

Another aspect of enhancing the therapeutic efficacy of exosomes is
improving tumor cell recognition by incorporating targeting ligands
or engineering exosomes with higher specificity toward tumor cells.
Future research should also explore more the potential of combining
different therapeutics within exosomes as versatile carriers to generate
synergistic effects and overcome drug resistance. These cargo mole-
cules can include nucleic acids and proteins, in addition to small-
molecule chemotherapeutic drugs.

High cost of production

Indeed, using exosomes as a drug delivery system, particularly in
breast cancer, poses challenges due to the high cost of large-scale pro-
duction and the issue of low yield.”* To overcome this issue, employ-
ing three-dimensional cultures in huge bioreactors, which can yield
up to 40-fold more exosomes, is highly suggested.””* In addition,
other non-human sources of exosomes, such as bovine milk, are rec-
ommended in this context.”> Thus, developing cost-effective strate-
gies is crucial for scalable exosome production for clinical studies.

Clinical translation

Finally, bridging the gap between preclinical research and clinical ap-
plications is paramount. Future studies should prioritize translational
research, conducting robust preclinical trials that pave the way for
clinical trials. Collaboration between researchers, clinicians, and in-
dustry partners is key to advancing exosome-based drug delivery sys-
tems from bench to bedside.

Molecular Therapy: Oncology Vol. 32 June 2024 33


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

CONCLUSIONS

The extensive research conducted on exosome applications in drug
delivery systems will undoubtedly provide new insights into dealing
with different diseases and disorders. Hence, it is of vital importance
to understand the progress made and the challenges that currently
exist in this field. The studies investigated in this systematic review
focused on the potential of exosomes as a delivery platform for breast
cancer treatment, both in in vitro and in vivo. The findings support
the notion that exosomes can be manipulated using different methods
and utilized for theranostic approaches such as targeted therapy in
breast cancer.

However, several improvements are still needed to overcome the re-
maining issues, such as the limited long-term stability of exosomes,
inefficient loading of the therapeutics, clearance of exosomes from
circulation, and the transition from the bench-scale to clinical pro-
duction. Moving forward, it is necessary to translate some of the
promising preclinical studies into well-designed clinical studies to
evaluate the safety, efficacy, and long-term use of exosomes in breast
cancer patients. It should be noted that only a few research findings
propose exosomes as FDA-approved nanomedicines. In other words,
formulations containing exosomes must stick to GMP regulations for
quality control. This highlights the challenges that lie ahead in suc-
cessfully translating exosome-based therapies, particularly for breast
cancer therapy, into clinical applications.
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