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Abstract: Breast cancer, a multifaceted and heterogeneous disease, poses significant challenges in
terms of understanding its intricate resistance mechanisms and devising effective therapeutic strate-
gies. This review provides a comprehensive overview of the intricate landscape of extracellular
vesicles (EVs) in the context of breast cancer, highlighting their diverse subtypes, biogenesis, and
roles in intercellular communication within the tumour microenvironment (TME). The discussion
spans various aspects, from EVs and stromal cells in breast cancer to their influence on angiogenesis,
immune response, and chemoresistance. The impact of EV production in different culture systems,
including two dimensional (2D), three dimensional (3D), and organoid models, is explored. Further-
more, this review delves into the therapeutic potential of EVs in breast cancer, presenting emerging
strategies such as engineered EVs for gene delivery, nanoplatforms for targeted chemotherapy, and
disrupting tumour derived EVs as a treatment approach. Understanding these complex interactions
of EV within the breast cancer milieu is crucial for identifying resistance mechanisms and developing
new therapeutic targets.

Keywords: breast cancer; drug delivery; extracellular vesicles; nanotechnology; therapeutic resistance

1. Introduction

Breast cancer is a pervasive global health challenge, ranking as the most common
cancer among women worldwide [1]. Incidence rates vary across regions, with higher occur-
rences in developed countries due to extensive mammography screening, and transitioning
countries such as Iran, China, and Mexico have comparatively lower rates. Breast cancer
remains a leading cause of cancer-related deaths. Factors such as age, genetics, hormonal
influences, and lifestyle choices contribute to its prevalence [2]. As of 2020, breast cancer
remains a global health challenge, with 2.3 million women diagnosed and 685,000 deaths
reported [3]. Asia accounted for nearly half (45.4%) of the 2.3 million cases of breast cancer
that were diagnosed in 2020 [4]. In 2050, there will be 1,503,694 breast cancer death cases
worldwide (1,481,463 women and 22,231 men) [5]. The peak age of breast cancer onset in
some Asian countries is notably younger than in Europe and North America. The decline
in breast cancer incidence in the USA and the United Kingdom, particularly in women
aged 50–59 is probably linked to decreased use of hormonal treatment [6]. However, ris-
ing incidence rates in China and South Korea reflect changing reproductive patterns and
lifestyle factors associated with economic development [7]. Meanwhile, breast cancer is
the overall most common cancer type in Malaysia [8]. There has been a projected 31%
increase in new breast cancer cases globally by 2040 [5], highlighting the need for continued
efforts in prevention, early detection, and treatment to address this growing public health
challenge. Despite being the most prevalent cancer worldwide, the 5-year relative survival
rate for women with invasive breast cancer is 86% [9], which is a noteworthy advancement
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in breast cancer survival compared to Malaysia’s 71.4–74.9% [10]. By the end of 2020,
7.8 million women who had been diagnosed with breast cancer in the past five years were
alive, reflecting the impact of improved detection and treatment programs globally [11].

Breast cancer encompasses a spectrum of diseases, including non-invasive and inva-
sive types [12]. Non-invasive breast cancers, such as ductal carcinoma in situ (DCIS) and
lobular carcinoma in situ (LCIS), originate within breast tissue without invading surround-
ing areas, posing a lower immediate threat but requiring monitoring as they can progress
to invasive cancer [13]. Invasive breast cancers, predominantly invasive ductal carcinoma
(IDC) and invasive lobular carcinoma (ILC), breach the ducts or lobules, spreading to
nearby tissues and potentially metastasizing to distant organs [14]. These invasive cancers
are further classified based on molecular characteristics, such as hormone receptor status
(HR-positive or HER2-positive) and triple-negative status (lacking expression of oestrogen,
progesterone, and HER2 receptors), influencing treatment strategies and prognosis. HR-
positive tumours respond to hormone therapies, while HER2-positive cancers benefit from
targeted HER2 inhibitors [15]. Triple-negative breast cancer (TNBC) presents challenges
due to the absence of these targets, requiring aggressive treatments like chemotherapy and
radiation, alongside emerging targeted therapies under investigation. Ongoing research
aims to improve outcomes across all breast cancer subtypes through better understanding
and tailored therapeutic approaches [16]. The ongoing efforts in early detection, treatment
advancements, and global initiatives continue to shape the landscape of breast cancer
management and contribute to improved outcomes for affected individuals [17].

The challenges in breast cancer treatment, including tumour heterogeneity and drug
resistance, highlight the need for newer drugs. Understanding hypoxia, autophagy, apop-
tosis, and the tumour microenvironment (TME) is crucial for overcoming resistance and
developing effective therapies [18]. EVs play a key role in breast cancer by promoting
angiogenesis, immune modulation, and pre-metastatic niche formation [19]. Investigating
extracellular vesicles’s (EVs) involvement in hypoxia, autophagy, apoptosis, and TME
modulation is essential. Addressing these complexities through research and development
efforts can enhance breast cancer care and patient outcomes, contributing to oncology
advancements.

2. A Complex Interplay
2.1. Hypoxia

In animals under limiting oxygen conditions, the expression of a large set of genes
is transcriptionally activated at the cellular level to form part of the oxygen homeostasis
and adaptive response [20]. The hypoxia-inducible factors (HIFs) are the key transcription
factors mediating this cellular transcriptional response. Prolyl hydroxylation of HIFα is
catalysed by the HIF prolyl-hydroxylases (PHD1–3 in human), leading to HIFα degrada-
tion via the polyubiquitination by VHL complex [21]. The HIF asparaginyl hydroxylase,
factor inhibiting HIF (FIH), catalyses the oxygen-dependent hydroxylation of HIFα which
blocks HIFα association with co-activators p300/CBP, thereby reducing HIF transcriptional
activity [22]. Under limiting oxygen concentrations, the activity of both the PHDs and FIH
are suppressed, leading to the stabilisation and activation of the HIF. Upregulation of HIFα
is frequently observed in solid tumours and has been linked to poor patient prognosis [23].
Furthermore, solid tumour microenvironment is often hypoxic due to the high rate of cell
proliferation and abnormal vasculature. For example, in breast cancer, both isoforms of
HIFα (HIF1α and HIF2α) are linked to aggressive phenotype and poor prognosis, respec-
tively [24]. However, a previous study (Chen et al. explored) using two distinct subtypes
of human breast cancer cell lines cultured in two dimensional (2D) and hypoxia-mimicking
agents (HMAs) were used to induce hypoxia. The finding has showed opposing prolifer-
ative effects against one breast cancer cell type upon pharmacological activation of HIF.
Therefore, the role of the hypoxia pathway (and thus, HIF) is highly complex in cancer
and warrants further studies, especially in an advanced and more physiologically-relevant
cellular cancer model such as the PDOs [25]. Studying the molecular responses, particularly
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the activation of HIFs, provides insights into the signalling pathways that contribute to
breast cancer progression and resistance.

2.2. Autophagy

Autophagy, a complex catabolic process, plays a crucial role in maintaining cellular
homeostasis by forming double-membrane vesicles known as autophagosomes [26]. These
autophagosomes engulf and transport intracellular contents to lysosomes for degradation
by hydrolytic enzymes, providing energy and building blocks for cellular recycling [27].
The proper functioning of autophagy is essential for cancer prevention, as it contributes to
the clearance of damaged organelles and aggregated molecules in normal cells. Dysfunc-
tional autophagy can significantly impact cell fate and contribute to tumourigenesis [28].
Increased autophagy-related gene signatures are observed in normal mammary glands,
which are lost during breast cancer progression. Notably, the autophagy-related gene
Beclin1 has been linked to breast cancer, with Beclin1 deficiency associated with tumourige-
nesis [29]. Conversely, increased Beclin1 activity has been shown to prevent the progression
of HER2-positive tumours [30]. The tumour-suppressive effects of autophagy in breast
cancer are primarily attributed to Beclin1, frequently found to be monoallelically deleted in
human breast cancer cells [31]. The tumour-suppressive Forkhead Box O (FOXO) transcrip-
tion factors, responsible for regulating cellular homeostasis, stem cell maintenance, and
aging, are associated with promoting autophagy. The loss of FOXO3 reduces autophagic
activity and induces mammary tumour formation [32]. Identifying specific autophagy-
related genes and pathways involved in breast cancer allows for the exploration of potential
therapeutic targets to enhance treatment efficacy.

2.3. Apoptosis

Dysregulation of apoptosis, the programmed cell death process, is a common feature
in cancer, including breast cancer [33]. Apoptosis is a tightly regulated mechanism that elim-
inates damaged or unwanted cells, playing a crucial role in maintaining tissue homeostasis.
In cancer, this balance is disrupted, and cancer cells often acquire the ability to evade apop-
tosis, contributing to uncontrolled cell growth and tumour progression. In breast cancer,
dysregulation of apoptosis can occur through various mechanisms, including alterations in
the expression or function of key proteins involved in the apoptotic pathway [34]. Some
factors contributing to apoptosis dysregulation in breast cancer include p53 mutation, over
expression of HER2, activation of the PI3K/AKT/mTOR pathway and overexpression
of anti-apoptotic proteins such as r B-cell leukemia/lymphoma 2 (Bcl-2) [35,36]. Identi-
fying factors contributing to apoptosis dysregulation, such as p53 mutations and altered
expression of apoptosis-related proteins, offers opportunities for therapeutic intervention
to restore normal cell death mechanisms.

2.4. Tumour Microenvironment (TME)

TME in breast cancer is a complex ecosystem comprising various cell types, including
immune cells, tumour-associated fibroblasts, endothelial cells, and extracellular matrix com-
ponents (ECM) [37]. These components interact dynamically, shaping tumour behaviour
and therapeutic responses. Immune cells within the TME, such as tumour-infiltrating
lymphocytes (TILs) and tumour-associated macrophages (TAMs), play crucial roles in
tumour progression and treatment outcomes [38]. TILs, including CD8+ cytotoxic T cells
and CD4+ helper T cells, have prognostic and predictive value across different breast cancer
subtypes. TAMs, which can adopt pro-tumorigenic M2 phenotypes, contribute to tumour
growth and therapy resistance [39]. Cancer-associated fibroblasts (CAFs) are key stromal
cells that regulate tumour initiation, angiogenesis, and metastasis through extracellular
matrix remodelling and secretion of growth factors. Angiogenesis, facilitated by factors like
hypoxia-inducible factor (HIF), supports tumour growth and metastasis by promoting the
formation of new blood vessels [40]. Additionally, dysfunctional adipocytes in the TME,
known as cancer-associated adipocytes (CAAs), contribute to breast cancer progression
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through secretion of pro-tumorigenic factors. Understanding these interactions within the
TME is essential for developing targeted therapies and prognostic markers to improve
outcomes for breast cancer patients [41]. The Hedgehog (Hh), Wnt, Notch, and NF-κB path-
ways not only influence metastasis individually but also cross-regulate each other, further
increasing TME complexity and fuelling cancer progression. The Hh and Notch signalling
pathways are involved in mediating interactions between cancer cells and macrophages,
contributing to the dynamics within the TME [42]. Notch facilitates communication be-
tween cancer cells and TME components; it can act as either an oncogene or a tumour
suppressor. Meanwhile, the Hedgehog (Hh) pathway also plays a critical role in mediating
interactions between cancer cells and the TME. Activation of the Hh pathway has been
associated with the recruitment of stromal cells, including macrophages, to the TME. Wnt
is involved in controlling factors responsible for epithelial-mesenchymal transition (EMT),
a key step in metastasis [43]. Lastly, NF-κB regulates genes that control the inflammatory
response, promoting tumour growth. This dynamic interplay between cancer cells and the
TME significantly influences metastatic potential. Stromal cells, immune components, mes-
enchymal stem cells, and myeloid-derived suppressor cells contribute to the cellular milieu,
while the ECM provides structural support [44]. Signalling molecules, including cytokines,
chemokines, and growth factors, mediate communication within the TME. Abnormal blood
vessels, hypoxia, and immune responses play pivotal roles. The TME’s reciprocal influence
on cancer cells and vice versa shapes tumour progression, invasion, and metastasis [45].
Since signalling pathways like Hh, Wnt, Notch, and NF-κB within the TME influence
metastasis and cancer progression, identifying specific targets within these pathways may
offer therapeutic opportunities to disrupt the supportive microenvironment and impede
metastatic spread [46]. The understanding of the TME has evolved significantly since
Stephen Paget’s pioneering “seed and soil” theory proposed in 1889 [47].

Traditionally, cancer research has primarily focused on intrinsic factors of cancer
cells, but in recent years, there has been a paradigm shift towards recognizing the crucial
role of the TME in cancer development and progression [48]. This shift has led to the
exploration of novel therapeutic strategies targeting the TME, particularly in breast cancer.
Immune checkpoint inhibitors (ICIs), such as programmed cell death protein 1 (PD-1),
programmed cell death protein ligand-1 (PD-L1), and cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) inhibitors, have emerged as promising treatments, especially in TNBC,
where increased immune cell infiltration makes it more susceptible to immunotherapy.
Clinical trials combining ICIs with chemotherapy have shown significant improvements
in overall survival and response rates among patients with advanced non-small cell lung
cancer (NSCLC) [49]. Another randomized controlled trial, encompassing 4468 patients,
evaluated PD-1/PD-L1 inhibitors combined with chemotherapy in triple-negative breast
cancer (TNBC) patients. The findings indicate significant improvements in pathological
complete response (pCR), event-free survival (EFS), and overall survival (OS) compared to
chemotherapy alone or placebo plus chemotherapy [50]. Additionally, strategies to modu-
late TAMs for therapeutic purposes, such as bisphosphonates such as oral bisphosphonate
clodronate, zoledronic acid and pamidronate, are commonly used in the treatment of bone
metastases in various cancers, including breast cancer. Their ability to modulate TAMs may
contribute to their anti-tumour effects beyond their role in bone protection, in addition,
antibody-drug conjugates (ADCs) targeting antigens such as CD47, CD163, and CSF1R are
being investigated [51]. In hormone receptor-positive breast cancer, targeting the TME with
aromatase inhibitors (AIs) proves highly effective. Both steroidal (e.g., exemestane) and
non-steroidal (e.g., anastrozole and letrozole) demonstrate statistically equivalent effective-
ness in long-term treatment. Notably, studies haven’t shown a significant advantage for
5 years of continuous AI therapy compared to a sequence of 2 years of tamoxifen followed
by 3 years of AI treatment [52]. Meanwhile, anti-angiogenic agents like bevacizumab,
has demonstrated efficacy in both adjuvant and metastatic settings whereby in a phase
3 trial for operable triple-negative breast cancer, patients received chemotherapy alone or
with bevacizumab [53]. After about 31.5 months, no significant survival difference was
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observed between the groups. Bevacizumab showed potential benefit in patients with
high pre-treatment VEGFR-2 levels but increased adverse events like hypertension. The
study suggests caution in recommending bevacizumab for adjuvant treatment pending
further survival analysis [54]. Furthermore, emerging research is focusing on the role of
CAAs and their secretome in promoting tumour progression, suggesting new avenues for
therapeutic intervention. Overall, harnessing the complex interactions within the TME
offers promising opportunities for developing more effective and personalized treatments
for breast cancer patients.

2.5. Cancer Stem Cells (CSCs)

The breast CSC (BCSC) niche consists of various non-malignant cells that interact
with CSCs, promoting self-renewal, therapy resistance, and metastasis [55]. BCSCs ex-
hibit plasticity and can transition between different states, such as mesenchymal-like and
epithelial-like phenotypes [56]. These phenotypic variations contribute to tumour het-
erogeneity and metastatic potential. High levels of CSCs within tumours are associated
with poor prognosis and increased risk of cancer relapse [57]. However, CSCs also exhibit
resistance to conventional cancer therapies, including chemotherapy and radiation [58].
They activate molecular pathways that enhance DNA repair mechanisms, detoxification
enzymes, and anti-oxidant capabilities, rendering them resistant to treatment. One such
mechanism involves the downregulation of major histocompatibility complex class I (MHC-
I) molecules and molecules involved in peptide loading, rendering BCSCs less recognizable
by CD8+ T cells [59]. However, the absence of MHC-I may render BCSCs susceptible to
killing by Natural Killer (NK) cells, which preferentially target BCSCs due to the upregula-
tion of NK ligands [60]. Additionally, radiotherapy can increase the expression of stress
ligands on surviving BCSCs, enhancing their susceptibility to NK cell-mediated killing.
Despite this, BCSCs may exhibit reduced susceptibility to NK-mediated killing due to
the downregulation of NK-activating NKG2D ligands, allowing them to escape immune
surveillance [61]. Furthermore, BCSCs overexpress several immunosuppressive molecules,
including immune checkpoint (IC) ligands such as (PD-L1), PD-L2, CD276, CD155, CD200,
and CD47. These molecules weaken the activity of NK and T cells and promote stemness
in BCSCs. For example, PD-L1 and PD-L2 inhibit NK and effector T-cell function while
promoting stemness by inducing the expression of stem cell markers. Similarly, CD276,
CD155, CD200, and CD47 inhibit T and NK cell killing and induce an immunosuppressive
tumour microenvironment [62,63]. In addition to immune checkpoint ligands, BCSCs
secrete immunosuppressive cytokines and molecules such as transforming growth factor
(TGF)-β, interleukin (IL)-6, IL-8, and vascular endothelial growth factor (VEGF) [64,65].
These factors convert immune cells into tumour-promoting allies and contribute to tumour
progression and metastasis. For instance, TGF-β induces epithelial-to-mesenchymal tran-
sition (EMT), promotes angiogenesis, and induces immunosuppression by favouring the
infiltration of T regulatory cells (Tregs) and myeloid-derived suppressor cells (MDSCs) into
tumours [66]. IL-6 and IL-8 further sustain BCSCs’ stem-like qualities and progression by
stimulating the expression of genes involved in stemness, tumorigenesis, migration, and
metastasis [67].

2.6. Other Apoptosis Resistant in Breast Cancer

Breast cancer cells often develop resistance to apoptosis, allowing them to evade cell
death and proliferate uncontrollably [68]. This resistance is attributed to various factors, in-
cluding upregulation of antiapoptotic proteins like BCL-2 family members. Genetic changes
and dysregulation of gene expression can disrupt the balance between cell proliferation and
apoptosis, contributing to malignant transformation and tumour growth [69]. Mutations
or deletions of the p53 gene are found in a significant portion of breast cancer tissues, and
this alteration is associated with a poor prognosis for patients [70]. Wild-type p53 protein,
when expressed normally, induces apoptosis in tumour cells, regardless of p53 mutation
status. It does so by activating the expression of several proapoptotic genes, including Fas,
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TNF-related apoptosis-inducing ligand (TRAIL) receptors, and Bcl-2-associated X-protein
(BAX) [71]. Thus, mutations in p53 or downstream deficiencies in the p53 pathway can lead
to resistance to apoptosis in breast cancer cells [68]. Additionally, the interaction between
p53 and apoptosis-stimulating proteins (ASPP) enhances p53’s ability to induce apoptosis,
but ASPP is often downregulated in breast cancer tissues, reducing the sensitivity of cancer
cells to apoptosis stimuli [72]. Meanwhile, in a significant proportion of breast cancers,
there is overexpression or amplification of tyrosine kinase receptors such as epidermal
growth factor receptor (EGFR) and HER2, leading to increased activation of the phospho-
inositide 3-kinases (PI3K) pathway [73]. This pathway promotes cell survival, proliferation,
metastasis, and angiogenesis while inhibiting apoptosis. PI3K activates AKT, which then
phosphorylates and inhibits proapoptotic factors such as Bcl-2-associated death promoter
(BAD) and caspase 9, decreases p53 levels, and reduces the expression of proapoptotic fac-
tors like Fas-L [74]. Additionally, AKT activates factors that promote cell proliferation. The
upregulation of PI3K/AKT signalling in breast cancer tissues decreases the sensitivity of
these cells to apoptosis induction. However, the tumour suppressor gene phosphatase and
tensin homolog (PTEN) acts as a negative regulator of the PI3K pathway by antagonizing
its signalling [75]. PTEN dephosphorylates a lipid product required for AKT activation,
thus inhibiting the PI3K pathway. Deletion or mutation of PTEN is found in a significant
portion of breast cancers and is associated with reduced apoptosis and increased tumour
development in animal models [76]. Inhibitor of apoptosis (IAP) family proteins, including
X-linked IAP (XIAP) and survivin, play critical roles in apoptosis resistance. Upregulation
of XIAP inhibitscaspase activity and promotes resistance to apoptosis induced by various
stimuli, including chemotherapy and radiotherapy [77]. Survivin, which is normally absent
in adult tissues but highly expressed in tumours, contributes to a higher apoptotic thresh-
old in breast tumour cells. Downregulation of the proapoptotic protein XIAP-associated
factor 1 (XAF1), which counteracts XIAP inhibition, is observed in breast cancer cell lines
and tissues [78].

2.7. Angiogenesis

Angiogenesis, the process of new blood vessel formation, is critical for tumour growth
and metastasis in breast cancer [79]. HIFs play a central role in regulating angiogenesis by
controlling the expression of genes involved in metabolism, angiogenesis, and cell division.
Tumour angiogenesis is initiated when pro-angiogenic factors such as VEGF and fibroblast
growth factors (FGFs) disrupt the balance between pro- and anti-angiogenic factors in
the tumour microenvironment [80]. This process leads to the recruitment of endothelial
cells (ECs) and the formation of new blood vessels, supplying the tumour with oxygen
and nutrients. The dysregulation of angiogenesis is a hallmark of cancer progression, and
elevated levels of angiogenic factors are associated with poor prognosis in breast cancer
patients [81]. In breast cancer, angiogenesis is essential for tumour growth, progression,
and metastasis. Tumour cells produce angiogenic factors such as VEGF interleukin-8
(IL-8), basic fibroblast growth factor (bFGF/FGF-2), and matrix metalloproteinases (MMPs),
which promote the formation of new blood vessels [82]. Elevated levels of angiogenic
growth factors correlate with the aggressiveness and risk of invasive breast cancer and
are associated with poor prognosis. The interaction between VEGF and its receptors,
particularly VEGFR-1 and VEGFR-2, plays a crucial role in breast cancer development,
progression, and metastasis [83]. Additionally, IL-8 enhances angiogenesis by stimulating
the production of VEGF in endothelial cells (ECs) and promoting EC proliferation, survival,
and migration. bFGF/FGF-2 and MMPs also contribute to angiogenesis and tumour
progression by modulating extracellular matrix remodelling and destabilizing existing
blood vessel walls. Targeting these pro-angiogenic factors and their receptors has been
explored as a therapeutic strategy for breast cancer and other angiogenic diseases [84].
Research delves into the role of circular RNAs (circRNAs) in contributing to various aspects
of breast carcinogenesis, including angiogenesis, cell proliferation, apoptosis, epitheli-al-
to-mesenchymal transition (EMT), metastasis, and drug resistance. Nearly ten circRNAs,
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including hsa_circ_0005046, hsa_circ_0001791, hsa_circ_006054, hsa_circ_100219, circVRK1,
circAGFG1, circSEPT9, circTADA2A-E6, circTADA2A-E5/E6, and hsa_circ_0044234, have
demonstrated a high potential as angiogenesis marker [85]. Table 1 demonstrated the
overall cellular mechanisms of breast cancer progression.

Table 1. Cellular processes in breast cancer progression.

Mechanism Description Role in Breast Cancer Potential Therapeutic Targets

Hypoxia
Activation of cellular transcriptional response
mediated by hypoxia-inducible factors (HIFs)
under limiting oxygen conditions.

Linked to aggressive
phenotype, poor prognosis HIF inhibitors, FIH inhibitors

Autophagy

Catabolic process involving formation of
autophagosomes, essential for cellular
homeostasis. Dysfunctional autophagy
implicated in tumorigenesis.

Loss of autophagy-related
gene signatures in cancer

Beclin1, FOXO
transcription factors

Apoptosis
Programmed cell death process. Dysregulation
contributes to uncontrolled cell growth and
tumour progression.

Evade apoptosis, contribute
to tumour growth

p53 activators,
Bcl-2 inhibitors,

PI3K/AKT inhibitors

Tumour Microenvironment
(TME)

Complex ecosystem comprising various cell
types, including immune cells, fibroblasts, and
endothelial cells. Key role in tumour
behaviour and therapy responses.

Shapes tumour progression
and therapeutic responses

Immune checkpoint
inhibitors, targeting TAMs,

anti-angiogenic agents

Cancer Stem Cells (CSCs)

Subpopulation of tumour cells with
self-renewal and therapy resistance properties.
Interaction with non-malignant cells in the
niche promotes tumorigenesis.

Associated with poor
prognosis, therapy resistance

Targeting CSC-specific
markers, immune

checkpoint inhibitors

Angiogenesis Process of new blood vessel formation. Critical
for tumour growth and metastasis.

Essential for tumour
progression, metastasis

VEGF inhibitors,
angiogenesis inhibitors

By illuminating the involvement of EVs in hypoxia, autophagy, apoptosis, and modu-
lation of the TME, we can unravel the complexities of breast cancer biology [86]. Tackling
these intricacies through dedicated research and development endeavours is imperative for
propelling breast cancer care forward, enhancing patient outcomes, and driving continued
advancements in the field of oncology.

3. Extracellular Vesicles

EVs are membrane-derived vesicles of varying sizes, ranging from 40 to 1000 nm,
continuously released by both eukaryotic and prokaryotic cells into biological fluids [87].
EVs were initially described by Wolf in 1967 as “platelet dust” produced during platelet
separation from plasma, later termed EVs [88]. Clancy et al. observed EV release from both
normal and tumour cells, implicating them in pathophysiological processes [89]. Salomon
et al. identified reticulocyte-released vesicles during maturation, termed “exosomes”.
EVs are classified into subtypes, including exomeres, exosomes, microvesicles, apoptotic
bodies, migrasomes, and oncosomes [90]. The International Society for Extracellular
Vesicles recommends the generic term “EVs” due to subtype marker absence. EVs are
classified based on size (“small EVs” (sEVs) and “medium/large EVs” (m/lEVs) with
defined size ranges) or density (low, middle, high), origin (e.g., podocyte EVs, hypoxic
EVs, large oncosomes, apoptotic bodies), biochemical components (e.g., CD63+/CD81+-
EVs, Annexin A5-stained EVs), and even the physiological state of the producing cell [91].
Hence, operational terms such as “small EVs” and “large EVs” are encouraged to describe
subpopulations of EVs based on characteristics such as size, density, molecular composition,
or cellular origin [92].

Tumour-derived EVs carry cargo that can influence recipient cells, potentially promot-
ing tumour cell migration, invasion, angiogenesis, and immune evasion, contributing to
cancer progression [93]. Exosomes, well-studied nanovesicles, are formed through com-
plex endocytic pathways involving early endosome formation, intraluminal vesicle (ILV)
generation, and multivesicular body (MVB) fusion with the plasma membrane [94]. These
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exosomes typically range in size from 30 to 150 nm. Meanwhile, exomeres, non-membrane
vesicles smaller than 50 nm nanoparticles, were recently discovered, lacking lipid bilay-
ers. Microvesicles (MVs), larger in size (100–1000 nm), are released directly through the
plasma membrane. MVs directly bud from the cell membrane and are promoted by the
endocytic–lysosomal (ESCRT) pathway, increased Ca2+, and cytoskeleton changes [95].
Migrasomes, migration-dependent membrane-bound vesicular structures that contain
cellular contents and small vesicles, is typically in the range of 500–3000 nm [96]. Apop-
totic bodies, varying in size from 1 to 5 µm, are heterogeneous vesicles released during
programmed cell death and encapsulate dying cell contents [97]. Lastly, large oncosomes
typically in the range of 1–10 µm, carriers of carcinogens, are larger vesicles released by
tumour cells through amoeba-like movement [98]. Despite their heterogeneity, each EV
possesses unique characteristics, contributing to the complexity of accurately differentiating
subtypes. Understanding EVs, their biogenesis, and role in intercellular communication
provides insights into physiological and pathological processes, with potential implications
for therapeutic development [99]. Table 2 described the common EV subtypes and their
general characteristics.

Table 2. EV Subtypes and their characteristics.

Subtype Size (nm) Origin Release Mechanism Cargo Function

Exomeres <50 Various ESCRT-independent Proteins, lipids Signalling, intercellular
communication

Exosomes 30–150 Endosomes
Multivesicular body

fusion with
plasma membrane

Proteins, mRNA,
miRNA, DNA

Signalling, antigen
presentation, immune
modulation

Microvesicles 100–1000 Plasma membrane Direct budding Proteins, lipids,
mRNA, miRNA

Cell adhesion,
coagulation,
inflammation

Apoptotic bodies 1000–5000 Cytoplasm Membrane blebbing Cellular debris, DNA,
proteins Clearance of dead cells

Migrasomes 500–3000 Cytoplasm Dependent on cell
migration

Cellular components,
small vesicles Cell migration

Oncosomes 1000–10,000 Tumour cells Amoeboid protrusions Tumour proteins,
DNA, RNA

Tumour progression,
metastasis

3.1. EVs and Stromal Cells in Breast Cancer

Within the stroma, various cell types play crucial roles in the dynamics of tumour-
stromal interactions. Key players include cancer-associated fibroblasts, endothelial cells,
immune cells, and mesenchymal stromal cells (MSCs) [100]. Components expressed by
the stroma of breast carcinomas, such as matrix metalloproteases, their tissue inhibitors,
integrins, cytokines, or toll-like receptors, are associated with metastasis development [101].
Notably, based on the expression of these factors, two distinct types of breast cancer stroma
can be identified, exerting significantly different influences on patient prognosis. Evidence
also suggests the existence of bidirectional signalling between cancer cells and tumour
stroma cells, with prognostic implications [102]. This insight opens up avenues for novel
therapeutic strategies in breast cancer. Understanding the complex interactions within
the tumour microenvironment, including the stromal components, is crucial for develop-
ing targeted and effective treatments to improve patient outcomes since the intercellular
communication between cancer cells and the TME is mediated, in part, by EVs. Recently,
single-cell RNA sequencing of five triple-negative breast cancer unveiled two distinct
subpopulations of CAFs and perivascular-like (PVL) cells [103]. CAFs exhibited two
states—one resembling myofibroblasts and the other characterized by high expression of
growth factors and immunomodulatory molecules [104]. PVL cells clustered into two states
consistent with a differentiated and immature phenotype. These stromal states exhibited
distinct morphologies, spatial relationships, and functional properties in regulating the
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extracellular matrix [103]. A study has found that the intricate crosstalk orchestrated by
stromal cells through exosomes which carried RNA and signalling pathways enhances the
resistance of breast cancer cells to therapy [105]. Researchers investigated TNBC-derived
exosomes and their cargo of microRNAs (miRNAs), including miR-185-5p, miR-652-5p,
and miR-1246, in the activation of normal fibroblasts (NFs) into CAFs, enhanced the inva-
sion potential of normal breast epithelial cells, resembling the in vivo TME [106]. Another
specific example is miR-105, which is secreted by breast cancer cells in EVs and has been
implicated in mediating metabolic reprogramming of CAFs through MYC signalling and
contributes to breast cancer growth [107]. A study that delves into the intricate role of EVs
containing miR-205 and miR-31 derived from human MSCs in breast cancer metastasis
found that these EVs supported the progression of the primary breast tumour and they
also concurrently suppressed metastasis in breast cancer cells that lacked organ-specific
commitment [108]. Inhibition of these miRNAs could potentially prevent metastasis or
even induce dormancy in cancer cells.

3.2. Breast Cancer-Secreted EVs Targeting Angiogenesis

Angiogenesis, the formation of new blood vessels, plays a crucial role in tumour
growth and metastasis across various cancers, including breast cancer [109]. Stromal
Interaction Molecule 1 (STIM1) promotes angiogenesis by reducing exosomal miR-145 in
breast cancer MDA-MB-231 cells. The findings shed light on the complex interplay between
STIM1, exosomal miR-145, and angiogenesis, offering potential therapeutic insights [110].
Exosomal Small Nucleolar RNA Host Gene 1 (SNHG1) from hypoxic breast cancer cells
could enhance tumour angiogenesis and growth by regulating the miR-216b-5p/JAK2
axis [111]. The findings suggest that SNHG1 may serve as a potential therapeutic target
for breast cancer. Interestingly, serum exosomal-annexin A2 (exo-AnxA2) has been linked
to angiogenesis and metastasis in breast cancer. The study has found that higher levels of
exosomal-AnxA2 levels were associated with worse prognosis, including tumour grade,
overall survival, and disease-free survival. This was more prevalent in TNBC subtype
compared to other subtypes [112].

3.3. EVs Regulating Immune Response in Breast Cancer

Bidirectional communication between tumour cells and the immune system occurs
within the TME, with a focus on the role of EVs in releasing immune-associated factors that
contribute to the regulation of immune responses in the TME [113]. The EVs are key compo-
nents in mediating communication between tumour cells and the immune response within
the TME [114]. While EVs carry various tumour antigens that could potentially induce
immunosuppression, emerging research indicates that tumour-derived EVs play a crucial
role in facilitating communication between tumour cells and the immune system [115].
These EVs release immune-associated factors into the TME, influencing the immune re-
sponse dynamics. Researchers have found that the TNBC had the lowest serum EV levels,
while oestrogen receptor (ER)+HER2+ had the highest. This finding was also reflected
in tumour tissues, with ER+HER2+ tumours showing higher levels of EV markers [116].
The high EV scores in tumours were associated with higher levels of immunosuppressive
cells like M2 macrophages and mast cells, and lower levels of tumour-infiltrating lym-
phocytes (TILs) [116]. TNBC-EVs displayed the most potent immunosuppressive effect,
decreasing activated T cells and increasing regulatory T cells and IL-10 production. A
study has mentioned EVs derived from different breast cancer cell lines in modulating the
TME, specifically focusing on their impact on natural killer (NK) cells and regulatory T
cells (T-regs) [117]. EVs from both Luminal B (BT474) and triple-negative (HS578T) breast
cancer cell lines cultured in 2D and 3D models triggered activation of CD335+/CD11b+

NK cells, a subset associated with cytotoxic activity. Interestingly, BT474-derived EVs
significantly decreased the population of CD39+ T-regs, known for suppressing immune
responses [117,118].
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3.4. EVs and Chemoresistance

The emergence of treatment resistance poses a formidable challenge in breast cancer
management. Bidirectional communication between breast cancer cells and the TME, facili-
tated by EVs, plays a pivotal role in treatment response [119]. TNBC, EVs from resistant
cells, transfer mitochondria to sensitive cells, heightening resistance. Endocrine therapy
resistance in ER+ breast cancer involves EVs carrying miRNAs, such as miR-181a-2, dis-
rupting hormonal signalling [120]. Aromatase inhibitor (AI) resistance is linked to elevated
EV secretion and Rab GTPase expression [121]. Additionally, resistance to trastuzumab
emtansine (T-DM1) in HER2+ breast cancer is associated with T-DM1 binding to HER2+

breast cancer cell-secreted exosomes [122]. Exosomal miRNAs, including miR-423-5p and
miR-9-5p, contribute to resistance against cisplatin and tamoxifen, respectively. Notably,
EVs carrying miR-378a-3p and miR-378d activate Wnt and Notch pathways, fostering a
drug-resistant phenotype [123]. Meanwhile, development of resistance to radiotherapy due
to expression of transforming growth factor-β1 (TGF-β1) is implicated as an endogenous
factor, particularly when secreted in an EV-associated form (TGF-β1EV) within radiated
tumours which eventually enhanced infiltration of Tregs and phosphorylation of protein
kinase C zeta (PKC-ζ) in breast tumour tissue [124]. Another study has demonstrated that
EVs released by drug-resistant cancer cells can transfer integral plasma membrane pro-
teins, such as P-glycoprotein (P-gp), to recipient drug-sensitive cells, effectively conferring
functional multidrug resistance (MDR) in a short period [125]. The selective packaging
of proteins like Ezrin-Radixin-Moesin (ERM) and CD44 in EVs from drug-resistant breast
cancer cells has been shown, with this protein complex playing a role in transferring P-gp
via EVs and conferring MDR to recipient cells. Moreover, EVs isolated from doxorubicin-
and docetaxel-resistant breast cancer cells have been shown to increase drug resistance in
non-tumorigenic breast cells by altering the expression of genes associated with cell prolifer-
ation and apoptosis pathways [126]. Additionally, EVs released from breast cancer cells can
activate signalling pathways like PI3K/Akt, Akt2, FAK, and ERK1/2 in non-tumorigenic
breast cells, enhancing their invasiveness and migration abilities [127]. In addition, a study
has demonstrated that exosome (Exo)-PD-L1 dose-dependently inhibited the expression of
markers of T-cell activation, such as CD3/CD28-driven ERK phosphorylation and NF-κB
activation, as well as PHA-induced IL-2 secretion, further showed that Exo-PD-L1 could
interact with PD-1 and suppress T-cell cytotoxicity, thereby promoting tumour growth
in vivo [128]. Additionally, as the most malignant type of breast cancer, TNBC-derived
microparticles can also load PD-L1, especially in patients receiving chemoradiotherapy.
Microparticle PD-L1 can negatively regulate CD8+ T cells and polarize macrophages to
M2, resulting in an immunosuppressive microenvironment that promotes tumour progres-
sion [129]. Another study demonstrated that PD-L1+ TEVs effectively sequester antibody
PD-L1, resulting in accelerated clearance of TEV-bound antibody PD-L1 by macrophages.
This leads to an inadequate blockade of tumour PD-L1 and subsequent resistance to anti-
body PD-L1 therapy [130]. As a result, reduced concentration and faster clearance of the
antibodies may result in insufficient time for the drugs to exert their intended action. A
study was mentioned that high PD-L2EV levels were associated with reduced progression-
free and overall survival. Tumour derived EVs (TEVs) released by tumours may sequester
anti-PD-L2 antibodies that are supposed to block immune response against cancer. De-
creased PD-L2EV post-chemo is linked to a better response. NOTCH1/ERBB3-positive
CTCs and high pre-CT PD-L2EV are associated with shorter progression-free. PD-L2EV
emerged as a promising TNBC risk biomarker, possibly guiding anti-PD-1 therapy el-
igibility [131]. This impairment in the antitumour ability of the immunotherapy could
contribute to the development of drug resistance [132]. Horizontal transfer of mitochondrial
DNA (mtDNA) in EVs from hormonal therapy-resistant (HTR) metastatic breast cancer
patients promotes oestrogen receptor-independent oxidative phosphorylation (OXPHOS)
and fosters endocrine therapy resistance in OXPHOS-dependent breast cancer, particularly
in cancer stem-like cells [133]. Figure 1 showed the different ways in which exosomes
contribute to breast cancer progression.
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4. Impact of EV Production in 2D, 3D, and Organoid Culture

The choice between 2D, 3D, and organoid culture systems significantly impacts extra-
cellular vesicle (EV) production and the physiological relevance of cancer models. While
2D cultures offer simplicity and cost-effectiveness, they lack the complexity necessary to
replicate the intricate 3D architecture and cell–cell interactions of real tissues, potentially
limiting their predictive accuracy for in vivo cellular behaviour [134–138]. In contrast, 3D
cultures, including spheroids and organoids, better mimic physiological conditions, pro-
moting increased EV production and offering a more accurate representation of tumour
biology [139–143]. Patient-derived xenografts (PDXs) also play a crucial role in preserving
the tumour microenvironment and recapitulating intratumor heterogeneity, making them
invaluable tools for preclinical drug testing and personalized medicine approaches [144–149].

Furthermore, EVs secreted by tumour organoids and patient-derived organoids (PDOs)
serve as crucial mediators of intercellular communication, influencing tumour progression
and metastasis [150–156]. PDOs, in particular, offer a robust 3D in vitro model that faith-
fully mirrors the characteristics of the original tumour, making them valuable predictive
biomarkers for treatment response in cancer patients [157,158]. Despite being relatively
more costly and time-consuming to establish, PDOs provide a cost-effective platform for
high-throughput anti-cancer drug discovery and offer significant potential for advanc-
ing personalized medicine and targeted drug development, ultimately contributing to
advancements in cancer research and therapy [159]. Table 3 demonstrated overview of the
differences between 2D and 3D culture systems for studying EVs.
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Table 3. 2D and 3D culture systems for studying EVs.

Aspect 2D Culture 3D Culture

EV Production Lower production compared to 3D culture Higher production compared to 2D culture

EV Identity and Purity Similar identity and purity to 3D culture Similar identity and purity to 2D culture

Functional Properties Stronger anti-inflammatory and anti-fibrotic effects
compared to 3D EVs

Weaker anti-inflammatory and anti-fibrotic effects
compared to 2D EVs

Culture Environment Cells grown as a monolayer on flat surfaces Cells grown as spheroids in a more physiologically
relevant environment

Impact on EV Composition Differences observed in protein cargo between EVs
from 2D and 3D cultures

Differences observed in protein cargo between EVs
from 3D and 2D cultures

Therapeutic Potential Demonstrated efficacy in mouse model of lung injury Reduced efficacy in mouse model of lung injury
compared to 2D EVs

Research Importance Highlighted importance of considering culture
conditions when studying MSC-derived EVs

Emphasized the impact of culture conditions on
EV production and properties

5. Therapeutic Potential of EVs in Breast Cancer

Blood serum miRNAs, which are biomarkers for breast cancer, are enriched in exo-
somes. Studies have identified specific exosomal miRNAs, such as miR-1246 and miR-21,
that are elevated in breast cancer patient plasma, indicating the potential presence of breast
cancer [160]. Exosomal miRNAs have also shown promise as biomarkers for treatment
response. For instance, plasma-derived exosomal miR-375 and miR-122 were found to
predict neoadjuvant response and breast cancer recurrence [161]. Additionally, exosomal
miRNAs were associated with various clinical parameters, such as pathologic complete
response, in breast cancer patients [162].

Several cancer-related proteins are present in tumour exosomes, and their profiling can
potentially predict therapy resistance. Exosomal proteins, such as TRPC5 and GSTP1, have
been linked to chemotherapy response and chemoresistance [163]. Furthermore, the levels
of certain exosomal proteins, including CD82, were able to distinguish between patients
with breast cancer and healthy subjects. Despite the promising potential of exosomes as
biomarkers, the field is still in its early stages, and more research is needed to establish
standardized procedures for clinical applications [164,165].

Modified exosomes derived from genetically engineered dental pulp mesenchymal
stem cells (DPSCs) were used as carriers for delivering the tumour suppressor miR-34a to
inhibit the proliferation of breast carcinoma cells [166]. The study also demonstrated that
genetically modified DPSCs could secrete exosomes enriched with therapeutic miRNAs,
highlighting the feasibility of utilizing exosome-based vehicles for gene delivery [167].
EVs, naturally occurring phospholipid-based particles, showed potential as drug carriers
whereby drugs (porphyrins of varying hydrophobicities) were encapsulated into EVs
derived from different cell types (endothelial, cancer, and stem cells) through passive
and active encapsulation methods (electroporation, saponin, extrusion, and dialysis) [168].
EVs loaded with hydrophilic porphyrins demonstrated a stronger phototoxic effect than
free drugs in a breast cancer cell model. These findings provide a solid foundation for
developing EVs as effective drug carriers using practical and transferable methods [169].
Moraes et al. observed that human exosomes derived from adipose tissue-MSCs that have
been enriched with miR-424-5p would downregulate PD-L1 expression [170]. Tumour
cells that received these exosomes presented high levels of apoptosis when co-cultured
with T cells. Finally, when miR-424-5p was delivered via exosomes intratumorally in mice,
breast cancer grew slowly, and tumour growth was strongly suppressed. Another study
has mentioned that EVs, isolated from human umbilical cord mesenchymal stem cells
(hUCMSCs) encapsulated with cannabidiol (CBD) using a sonication method, resulted in
decreased expression of proteins involved in inflammation and metastasis while increasing
the expression of proteins involved in apoptosis. This combination approach has potential
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clinical significance for reducing side effects and enhancing the therapeutic efficacy of DOX
in TNBC [171].

Another study involving SMART-Exos, which are exosomes expressing dual mon-
oclonal antibodies against CD3 for T cells and EGFR for targeting cancer cells, revealed
promising results in the context of cancer immunotherapy. SMART-Exos were found to
bind to both T cells and EGFR-positive TNBC cells. The in vitro toxicity investigations
demonstrated that SMART-Exos induced strong and specific cytotoxicity against TNBC
cells expressing EGFR. This suggests that the engineered exosomes have the potential to se-
lectively target and induce cell death in cancer cells, particularly those of the triple-negative
breast cancer subtype. These findings highlight the promising role of exosomes, especially
those engineered with specific antibodies, in cancer immunotherapy [172,173].

EVs derived from mesothelin (MSLN)-targeted chimeric antigen receptor T cells
(CAR-T) cells have demonstrated efficacy in targeting MSLN-positive and triple-negative
breast cancer cells. These EVs achieve their antitumour effect by secreting perforin and
granzyme B. Notably, the study reported a significant antitumour effect with low toxicity
in vivo, utilizing both BT-549 and MDA231-MSLN xenograft breast tumour models. This
suggests that EVs derived from CAR-T cells targeting MSLN have the potential to be an
effective and low-toxicity treatment strategy for triple-negative breast cancer [174].

A nanoplatform was developed using macrophage-derived exosomes coated on
poly(lactic-co-glycolic acid) nanoparticles for targeted chemotherapy of TNBC and to
enhance tumour targetability, the exosome surface was further modified with a peptide
targeting the mesenchymal-epithelial transition factor (c-Met), which is overexpressed in
TNBC cells [175]. The engineered exosome-coated nanoparticles exhibited significantly
improved cellular uptake efficiency and antitumour efficacy of doxorubicin. In vivo studies
demonstrated remarkable tumour-targeting efficacy, leading to increased inhibition of
tumour growth, inducing intense tumour apoptosis. This research suggests that engineered
macrophage exosome-coated nanoparticles could be a promising drug delivery strategy for
the treatment of TNBC [176].

Another novel strategy involves disrupting exosomes as a means to treat breast can-
cer. Targeting different steps in the exosomal life cycle, including release, transfer of
biomolecules, and uptake, may offer new avenues for managing the disease. Blocking
exosome secretion has been shown to increase the sensitivity of cancer cells to chemothera-
peutic agents. Additionally, antibodies targeting exosomal surface markers, such as CD9
and CD63, have been demonstrated to stimulate the removal of cancer-derived exosomes
by macrophages, reducing metastases in vivo [177].

Clinical trials are underway to evaluate the diagnostic and predictive value of exo-
somes in breast cancer [178]. A study registered with ClinicalTrials.gov under the iden-
tifier NCT05955521, sponsored by Samsung Medical Center, indeed seems to focus on
the evaluation of circulating tumour DNA (ctDNA) and exosomes in triple-negative and
HER2-positive breast cancer patients who have undergone neoadjuvant chemotherapy.
This type of research is crucial for advancing our understanding of the role of exosomes
and ctDNA in breast cancer management. Similarly, another clinical trial, NCT05831397,
corresponds to a study sponsored by Istituti Clinici Scientifici Maugeri, Italy. The study is
focused on EVs in breast cancer patients who have undergone neoadjuvant chemotherapy.
Monitoring changes in EVs may offer insights into treatment response, disease progression,
and potential biomarkers for breast cancer. This will eventually lead to developing a new
method for the detection of tumour-derived-EVs associated proteins is based on the use
of Single Molecule Array (SiMoA), a digital ELISA technology able to detect and quantify
extremely low concentrations of target proteins or particles. A recruiting study involves
the use of GlyExo-Capture technology to isolate glycosylated EV from the serum of both
cancer patients and non-cancer individuals. A machine learning technique will be em-
ployed to establish an early diagnosis model for breast cancer based on the GlyExo-Capture
platform using miRNA sequencing. The findings will then be validated through qPCR
experiments [179–182].

ClinicalTrials.gov


Pharmaceutics 2024, 16, 654 14 of 23

Exosome-mediated RNA interference” or “exosome-based RNAi” refers to the use of
exosomes as delivery vehicles for RNAi therapeutics, where the RNA molecules carried
by exosomes can silence or regulate gene expression in recipient cells [183,184]. A study
investigated targeting the MAPK/ERK pathway in TNBC by silencing MEK1 through
RNAi and delivering anti-MEK1 siRNA using exosomes. MEK1 knockdown inhibited
MAPK/ERK signalling, reversing the mesenchymal phenotype, reducing cell migration
and invasion, and decreasing MMP-2/MMP-9 expression. Exosome-mediated delivery
of anti-MEK1 siRNA effectively inhibited tumour growth, metastasis, and angiogenesis,
suggesting potential for TNBC therapy [185]. Another study investigated RNA interference
(RNAi) targeting the PIK3CA oncogene in breast cancer cells. PIK3CA downregulation via
siRNA inhibited the PI3K/AKT/mTOR pathway, reduced cell viability, induced apoptosis,
and impaired cell migration, with EMT reversal. Exosome-mediated siPIK3CA delivery
showed superior efficacy over lipofectamine-based methods, suggesting exosomes as
promising RNAi carriers in breast cancer treatment [186]. Exosomes engineered from
HEK293T cells targeted HER2-positive breast cancer cells by expressing a fusion protein
of LAMP2b and DARPin G3, enabling specific binding to HER2 receptors. Loaded with
siRNA targeting the TPD52 gene, these engineered exosomes efficiently downregulated
TPD52 gene expression in SKBR3 cells by up to 70%. This approach offers potential
for gene therapy and drug delivery to HER2-positive cancer cells, enhancing targeted
treatment options [187]. Autologous breast cancer cell-derived exosomes exhibit lung-
targeting ability, forming CBSA/siS100A4@Exosome nanoparticles. These nanoparticles,
combining CBSA and siS100A4, coated with exosome membranes, effectively target the
lung, protecting siRNA and demonstrating biocompatibility. In vivo, they outperform
CBSA/siS100A4@Liposome, significantly inhibiting breast cancer growth by gene silencing,
suggesting promise as postoperative metastasis suppressors [188]. Table 4 explained the
potential therapeutic and diagnostic applications of exosomes in breast cancer whereas
Table 5 described the summary of clinical trials exploring the role of EVs in breast cancer
treatment and diagnosis.

Table 4. Exosomes in breast cancer: therapeutic and diagnostic implications.

EV Type Application Approach Examples

Exosomes

Biomarkers for breast cancer Profiling exosomal miRNAs miR-1246 and miR-21 identified as elevated in
breast cancer patient plasma

Profiling exosomal proteins TRPC5, GSTP1, CD82 associated with
therapy resistance

Gene delivery Modified exosomes as carriers Genetically engineered DPSC-derived exosomes
delivering miR-34a for breast carcinoma inhibition

Drug delivery Passive and active
encapsulation methods

EVs loaded with hydrophilic porphyrins for
enhanced phototoxic effect in breast cancer cells

Cancer immunotherapy
Engineering exosomes

expressing dual
monoclonal antibodies

SMART-Exos targeting CD3 and EGFR for specific
cytotoxicity against TNBC cells

CAR-T derived EVs EVs from CAR-T cells targeting MSLN-positive
TNBC cells, secreting perforin and granzyme B

Diagnostic and predictive value Profiling exosomal miRNAs miR-375 and miR-122 predicting neoadjuvant
response and breast cancer recurrence

Profiling exosomal proteins CD82 levels distinguishing between breast cancer
patients and healthy subjects

EVs derived from
stem cells

Drug delivery Modified EVs loaded with
therapeutic miRNAs

hUCMSC-derived EVs encapsulated with CBD
reducing inflammation and metastasis in TNBC

Cancer immunotherapy Modified EVs targeting
specific antigens

DPSC-derived EVs enriched with miR-424-5p
downregulating PD-L1 expression in tumor cells
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Table 4. Cont.

EV Type Application Approach Examples

EVs derived from
macrophages

Targeted chemotherapy Coating nanoparticles
with exosomes

Macrophage-derived EV-coated nanoparticles
delivering doxorubicin for TNBC treatment

Disrupting exosomal life cycle Blocking exosome secretion Inhibition of exosome secretion increasing cancer
cell sensitivity to chemotherapy

Antibodies targeting
exosomal surface markers

CD9 and CD63 antibodies stimulating removal of
cancer-derived exosomes by macrophages

Table 5. Summary of clinical trials of EV against breast cancer.

Clinical Trial
Identifier Sponsor Focus

NCT05955521 Samsung Medical Center Evaluation of ctDNA and exosomes in triple-negative and
HER2-positive breast cancer patients post-neoadjuvant chemotherapy

NCT05831397 Istituti Clinici Scientifici Maugeri, Italy
Study on EVs in breast cancer patients post-neoadjuvant chemotherapy,
utilizing Single Molecule Array (SiMoA) technology for
protein detection

Recruiting Study Unknown Use of GlyExo-Capture technology to isolate glycosylated EVs from
serum for early breast cancer detection, validated through qPCR

6. Challenges and Future Prospective of EVs

One significant challenge in harnessing EVs for drug delivery lies in achieving efficient
loading of therapeutic agents. This limitation arises from various factors, including the size
and type of the cargo, loading methods, cargo stability, homogeneity of cargo distribution
within EVs, the heterogeneity of EV subtypes, and the accurate quantification of loaded
cargo [189,190] The diverse nature of EVs, encompassing exosomes, microvesicles, and
others, further complicates the optimization process [191]. Researchers are actively working
on refining loading protocols, developing engineered EVs with enhanced loading capacities,
and exploring different cargo types to overcome these challenges. While achieving high
encapsulation efficiencies remains a hurdle, the potential advantages of using EVs, such as
their natural targeting abilities and low immunogenicity, continue to drive research efforts
in advancing EVs as promising drug delivery vehicles. Exploring new techniques for EV
isolation and purification, promising advancements in high-quality storage technologies,
clearer understanding and application of EVs, and improved proficiency in nanotechnol-
ogy are needed [192]. Rapid advancements in advanced EV analytical techniques are
providing more information about the biogenesis, content, and function of EVs. High-
sensitivity detection of individual vesicles and subpopulations is made possible by flow
cytometry techniques including imaging flow cytometry (IFCM) and vesicle flow cytometry
(VFC) [193,194]. New developments in electrochemical biosensing, including the integrated
magneto-electrochemical sensor (iMEX), offer sensitive and quick exosome detection with
potential uses in medical diagnosis [195]. Label-free EV detection and characterisation are
possible with surface plasmon resonance (SPR) and quartz crystal microbalance (QCM)
technologies [196]. On the other hand, optofluidic smartphone-based devices, such as the
mobile exosome detector (µMED), enable a quick and portable diagnosis [197]. Multiplexed
assessment of biomarkers on single EVs is made possible by fluorescence-based approaches
such as single EV analysis (SEA), which facilitates in-depth characterisation. Paper-based
aptasensors and other paper-based platforms provide easy and affordable ways to anal-
yse electric vehicle emissions [198]. These advanced techniques hold great promise for
advancing our understanding of EV biology and translating research findings into clinical
applications. These developments are expected to provide more practical options for future
exosome applications.
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In conclusion, emerging EVs technology holds promise for oncology treatment, but a
deeper understanding is essential to navigate the challenges and capitalize on opportunities
in the rapidly evolving landscape of cancer nanotechnology and biology.
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24. Kozal, K.; Krześlak, A. The Role of Hypoxia-Inducible Factor Isoforms in Breast Cancer and Perspectives on Their Inhibition in
Therapy. Cancers 2022, 14, 4518. [CrossRef] [PubMed]

25. Chen, Z.; Han, F.; Du, Y.; Shi, H.; Zhou, W. Hypoxic microenvironment in cancer: Molecular mechanisms and therapeutic
interventions. Signal Transduct. Target. Ther. 2023, 8, 70. [CrossRef] [PubMed]

26. Gómez-Virgilio, L.; Silva-Lucero, M.D.; Flores-Morelos, D.S.; Gallardo-Nieto, J.; Lopez-Toledo, G.; Abarca-Fernandez, A.M.;
Zacapala-Gómez, A.E.; Luna-Muñoz, J.; Montiel-Sosa, F.; Soto-Rojas, L.O.; et al. Autophagy: A Key Regulator of Homeostasis
and Disease: An Overview of Molecular Mechanisms and Modulators. Cells 2022, 11, 2262. [CrossRef] [PubMed]

27. Khandia, R.; Dadar, M.; Munjal, A.; Dhama, K.; Karthik, K.; Tiwari, R.; Yatoo, M.I.; Iqbal, H.M.N.; Singh, K.P.; Joshi, S.K.; et al.
A Comprehensive Review of Autophagy and Its Various Roles in Infectious, Non-Infectious, and Lifestyle Diseases: Current
Knowledge and Prospects for Disease Prevention, Novel Drug Design, and Therapy. Cells 2019, 8, 674. [CrossRef]

28. Mathew, R.; Karantza-Wadsworth, V.; White, E. Role of autophagy in cancer. Nat. Rev. Cancer 2007, 7, 961–967. [CrossRef]
29. Wu, Q.; Sharma, D. Autophagy and Breast Cancer: Connected in Growth, Progression, and Therapy. Cells 2023, 12, 1156.

[CrossRef]
30. Vega-Rubín-de-Celis, S.; Zou, Z.; Fernández, Á.F.; Ci, B.; Kim, M.; Xiao, G.; Xie, Y.; Levine, B. Increased autophagy blocks

HER2-mediated breast tumorigenesis. Proc. Natl. Acad. Sci. USA 2018, 115, 4176–4181. [CrossRef]
31. Niklaus, N.J.; Tokarchuk, I.; Zbinden, M.; Schläfli, A.M.; Maycotte, P.; Tschan, M.P. The Multifaceted Functions of Autophagy in

Breast Cancer Development and Treatment. Cells 2021, 10, 1447. [CrossRef]
32. Yadav, R.K.; Chauhan, A.S.; Zhuang, L.; Gan, B. FoxO transcription factors in cancer metabolism. Semin. Cancer Biol. 2018, 50,

65–76. [CrossRef]
33. Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef] [PubMed]
34. Pfeffer, C.M.; Singh AT, K. Apoptosis: A Target for Anticancer Therapy. Int. J. Mol. Sci. 2018, 19, 448. [CrossRef]
35. Carpenter, R.L.; Lo, H.W. Regulation of Apoptosis by HER2 in Breast Cancer. J. Carcinog. Mutagen. 2013, 2013 (Suppl. 7), 3.

[CrossRef] [PubMed]
36. Marvalim, C.; Datta, A.; Lee, S.C. Role of p53 in breast cancer progression: An insight into p53 targeted therapy. Theranostics 2023,

13, 1421–1442. [CrossRef]
37. Mayer, S.; Milo, T.; Isaacson, A.; Halperin, C.; Miyara, S.; Stein, Y.; Lior, C.; Pevsner-Fischer, M.; Tzahor, E.; Mayo, A.; et al. The

tumor microenvironment shows a hierarchy of cell-cell interactions dominated by fibroblasts. Nat. Commun. 2023, 14, 5810.
[CrossRef] [PubMed]

38. Petty, A.J.; Owen, D.H.; Yang, Y.; Huang, X. Targeting Tumor-Associated Macrophages in Cancer Immunotherapy. Cancers 2021,
13, 5318. [CrossRef]

39. Fanale, D.; Dimino, A.; Pedone, E.; Brando, C.; Corsini, L.R.; Filorizzo, C.; Fiorino, A.; Lisanti, M.C.; Magrin, L.; Randazzo, U.; et al.
Prognostic and Predictive Role of Tumor-Infiltrating Lymphocytes (TILs) in Ovarian Cancer. Cancers 2022, 14, 4344. [CrossRef]

40. Ermakov, M.S.; Nushtaeva, A.A.; Richter, V.A.; Koval, O.A. Cancer-associated fibroblasts and their role in tumor progression.
Vavilovskii Zhurnal Genet. I Sel. 2022, 26, 14–21. [CrossRef]

41. Anderson, N.M.; Simon, M.C. The tumor microenvironment. Curr. Biol. CB 2020, 30, R921–R925. [CrossRef] [PubMed]
42. Kumar, V.; Vashishta, M.; Kong, L.; Wu, X.; Lu, J.J.; Guha, C.; Dwarakanath, B.S. The Role of Notch, Hedgehog, and Wnt Signaling

Pathways in the Resistance of Tumors to Anticancer Therapies. Front. Cell Dev. Biol. 2021, 9, 650772. [CrossRef] [PubMed]
43. Wang, Z.; Li, Y.; Kong, D.; Sarkar, F.H. The role of Notch signaling pathway in epithelial-mesenchymal transition (EMT) during

development and tumor aggressiveness. Curr. Drug Targets 2010, 11, 745–751. [CrossRef] [PubMed]
44. Zhang, T.; Ma, C.; Zhang, Z.; Zhang, H.; Hu, H. NF-κB signaling in inflammation and cancer. MedComm 2021, 2, 618–653.

[CrossRef]
45. Greten, F.R.; Grivennikov, S.I. Inflammation and Cancer: Triggers, Mechanisms, and Consequences. Immunity 2019, 51, 27–41.

[CrossRef]
46. Li, Y.R.; Fang, Y.; Lyu, Z.; Zhu, Y.; Yang, L. Exploring the dynamic interplay between cancer stem cells and the tumor microenvi-

ronment: Implications for novel therapeutic strategies. J. Transl. Med. 2023, 21, 686. [CrossRef] [PubMed]
47. Ribatti, D.; Mangialardi, G.; Vacca, A. Stephen Paget and the ‘seed and soil’ theory of metastatic dissemination. Clin. Exp. Med.

2006, 6, 145–149. [CrossRef]
48. Neophytou, C.M.; Panagi, M.; Stylianopoulos, T.; Papageorgis, P. The Role of Tumor Microenvironment in Cancer Metastasis:

Molecular Mechanisms and Therapeutic Opportunities. Cancers 2021, 13, 2053. [CrossRef]

https://doi.org/10.1016/j.ajpath.2020.04.003
https://doi.org/10.1155/2014/239356
https://doi.org/10.1016/j.cmet.2010.03.001
https://www.ncbi.nlm.nih.gov/pubmed/20399150
https://doi.org/10.1007/s40675-017-0062-7
https://www.ncbi.nlm.nih.gov/pubmed/28944164
https://doi.org/10.3390/cancers14184518
https://www.ncbi.nlm.nih.gov/pubmed/36139678
https://doi.org/10.1038/s41392-023-01332-8
https://www.ncbi.nlm.nih.gov/pubmed/36797231
https://doi.org/10.3390/cells11152262
https://www.ncbi.nlm.nih.gov/pubmed/35892559
https://doi.org/10.3390/cells8070674
https://doi.org/10.1038/nrc2254
https://doi.org/10.3390/cells12081156
https://doi.org/10.1073/pnas.1717800115
https://doi.org/10.3390/cells10061447
https://doi.org/10.1016/j.semcancer.2018.01.004
https://doi.org/10.1080/01926230701320337
https://www.ncbi.nlm.nih.gov/pubmed/17562483
https://doi.org/10.3390/ijms19020448
https://doi.org/10.4172/2157-2518.S7-003
https://www.ncbi.nlm.nih.gov/pubmed/27088047
https://doi.org/10.7150/thno.81847
https://doi.org/10.1038/s41467-023-41518-w
https://www.ncbi.nlm.nih.gov/pubmed/37726308
https://doi.org/10.3390/cancers13215318
https://doi.org/10.3390/cancers14184344
https://doi.org/10.18699/VJGB-22-03
https://doi.org/10.1016/j.cub.2020.06.081
https://www.ncbi.nlm.nih.gov/pubmed/32810447
https://doi.org/10.3389/fcell.2021.650772
https://www.ncbi.nlm.nih.gov/pubmed/33968932
https://doi.org/10.2174/138945010791170860
https://www.ncbi.nlm.nih.gov/pubmed/20041844
https://doi.org/10.1002/mco2.104
https://doi.org/10.1016/j.immuni.2019.06.025
https://doi.org/10.1186/s12967-023-04575-9
https://www.ncbi.nlm.nih.gov/pubmed/37784157
https://doi.org/10.1007/s10238-006-0117-4
https://doi.org/10.3390/cancers13092053


Pharmaceutics 2024, 16, 654 18 of 23

49. Dafni, U.; Tsourti, Z.; Vervita, K.; Peters, S. Immune checkpoint inhibitors, alone or in combination with chemotherapy, as
first-line treatment for advanced non-small cell lung cancer. A systematic review and network meta-analysis. Lung Cancer 2019,
134, 127–140. [CrossRef]

50. Zhang, M.; Song, J.; Yang, H.; Jin, F.; Zheng, A. Efficacy and safety of PD-1/PD-L1 inhibitors in triple-negative breast cancer:
A systematic review and meta-analysis. Acta Oncol. 2022, 61, 1105–1115. [CrossRef]

51. Al Jarroudi, O.; El Bairi, K.; Curigliano, G.; Afqir, S. Antibody-Drug Conjugates: A New Therapeutic Approach for Triple-Negative
Breast Cancer. Cancer Treat. Res. 2023, 188, 1–27. [CrossRef]

52. De Placido, S.; Gallo, C.; De Laurentiis, M.; Bisagni, G.; Arpino, G.; Sarobba, M.G.; Riccardi, F.; Russo, A.; Del Mastro, L.;
Cogoni, A.A.; et al. GIM Investigators Adjuvant anastrozole versus exemestane versus letrozole, upfront or after 2 years of
tamoxifen, in endocrine-sensitive breast cancer (FATA-GIM3): A randomised, phase 3 trial. The Lancet. Oncology 2018, 19,
474–485.

53. Bell, R.; Brown, J.; Parmar, M.; Toi, M.; Suter, T.; Steger, G.G.; Pivot, X.; Mackey, J.; Jackisch, C.; Dent, R.; et al. Final efficacy and
updated safety results of the randomized phase III BEATRICE trial evaluating adjuvant bevacizumab-containing therapy in
triple-negative early breast cancer. Ann. Oncol. 2017, 28, 754–760. [CrossRef]

54. Elmakaty, I.; Abdo, R.; Elsabagh, A.; Elsayed, A.; Malki, M.I. Comparative efficacy and safety of PD-1/PD-L1 inhibitors in triple
negative breast cancer: A systematic review and network meta-analysis of randomized controlled trials. Cancer Cell Int. 2023,
23, 90. [CrossRef]

55. Wang, L.; Jin, Z.; Master, R.P.; Maharjan, C.K.; Carelock, M.E.; Reccoppa TB, A.; Kim, M.C.; Kolb, R.; Zhang, W. Breast Cancer
Stem Cells: Signaling Pathways, Cellular Interactions, and Therapeutic Implications. Cancers 2022, 14, 3287. [CrossRef]

56. Saha, T.; Lukong, K.E. Breast Cancer Stem-Like Cells in Drug Resistance: A Review of Mechanisms and Novel Therapeutic
Strategies to Overcome Drug Resistance. Front. Oncol. 2022, 12, 856974. [CrossRef]

57. Zheng, Q.; Zhang, M.; Zhou, F.; Zhang, L.; Meng, X. The Breast Cancer Stem Cells Traits and Drug Resistance. Front. Pharmacol.
2021, 11, 599965. [CrossRef]

58. Zhou, H.M.; Zhang, J.G.; Zhang, X.; Li, Q. Targeting cancer stem cells for reversing therapy resistance: Mechanism, signaling, and
prospective agents. Signal Transduct. Target. Ther. 2021, 6, 62. [CrossRef]

59. Taylor, B.C.; Balko, J.M. Mechanisms of MHC-I Downregulation and Role in Immunotherapy Response. Front. Immunol. 2022,
13, 844866. [CrossRef]

60. Kong, D.; Hughes, C.J.; Ford, H.L. Cellular Plasticity in Breast Cancer Progression and Therapy. Front. Mol. Biosci. 2020, 7, 72.
[CrossRef]

61. Ramos, J.; Das, J.; Felty, Q.; Yoo, C.; Poppiti, R.; Murrell, D.; Foster, P.J.; Roy, D. NRF1 motif sequence-enriched genes involved in
ER/PR −ve HER2 +ve breast cancer signaling pathways. Breast Cancer Res. Treat. 2018, 172, 469–485. [CrossRef]

62. Han, Y.; Liu, D.; Li, L. PD-1/PD-L1 pathway: Current researches in cancer. Am. J. Cancer Res. 2020, 10, 727–742.
63. Zhang, L.; Zhang, M.; Xu, J.; Li, S.; Chen, Y.; Wang, W.; Yang, J.; Li, S.; Gu, M. The role of the programmed cell death protein-

1/programmed death-ligand 1 pathway, regulatory T cells and T helper 17 cells in tumor immunity: A narrative review. Ann.
Transl. Med. 2020, 8, 1526. [CrossRef]

64. Esquivel-Velázquez, M.; Ostoa-Saloma, P.; Palacios-Arreola, M.I.; Nava-Castro, K.E.; Castro, J.I.; Morales-Montor, J. The role of
cytokines in breast cancer development and progression. J. Interferon Cytokine Res. 2015, 35, 1–16. [CrossRef]

65. Motz, G.T.; Coukos, G. The parallel lives of angiogenesis and immunosuppression: Cancer and other tales. Nat. Reviews. Immunol.
2011, 11, 702–711. [CrossRef]

66. Wang, X.; Eichhorn, P.J.A.; Thiery, J.P. TGF-β, EMT, and resistance to anti-cancer treatment. Semin. Cancer Biol. 2023, 97, 1–11.
[CrossRef]

67. Chen, J.; Wei, Y.; Yang, W.; Huang, Q.; Chen, Y.; Zeng, K.; Chen, J. IL-6: The Link Between Inflammation, Immunity and Breast
Cancer. Front. Oncol. 2022, 12, 903800. [CrossRef]

68. Emran, T.B.; Shahriar, A.; Mahmud, A.R.; Rahman, T.; Abir, M.H.; Siddiquee, M.F.; Ahmed, H.; Rahman, N.; Nainu, F.;
Wahyudin, E.; et al. Multidrug Resistance in Cancer: Understanding Molecular Mechanisms, Immunoprevention and Therapeutic
Approaches. Front. Oncol. 2022, 12, 891652. [CrossRef] [PubMed]

69. Qian, S.; Wei, Z.; Yang, W.; Huang, J.; Yang, Y.; Wang, J. The role of BCL-2 family proteins in regulating apoptosis and cancer
therapy. Front. Oncol. 2022, 12, 985363. [CrossRef] [PubMed]

70. Blandino, G.; Di Agostino, S. New therapeutic strategies to treat human cancers expressing mutant p53 proteins. J. Exp. Clin.
Cancer Res. 2018, 37, 30. [CrossRef] [PubMed]

71. Montinaro, A.; Walczak, H. Harnessing TRAIL-induced cell death for cancer therapy: A long walk with thrilling discoveries. Cell
Death Differ. 2023, 30, 237–249. [CrossRef] [PubMed]

72. Rahman, M.A.; Park, M.N.; Rahman, M.H.; Rashid, M.M.; Islam, R.; Uddin, M.J.; Hannan, M.A.; Kim, B. p53 Modulation
of Autophagy Signaling in Cancer Therapies: Perspectives Mechanism and Therapeutic Targets. Front. Cell Dev. Biol. 2022,
10, 761080. [CrossRef] [PubMed]

73. Hsu, J.L.; Hung, M.C. The role of HER2, EGFR, and other receptor tyrosine kinases in breast cancer. Cancer Metastasis Rev. 2016,
35, 575–588. [CrossRef] [PubMed]

https://doi.org/10.1016/j.lungcan.2019.05.029
https://doi.org/10.1080/0284186X.2022.2106795
https://doi.org/10.1007/978-3-031-33602-7_1
https://doi.org/10.1093/annonc/mdw665
https://doi.org/10.1186/s12935-023-02941-7
https://doi.org/10.3390/cancers14133287
https://doi.org/10.3389/fonc.2022.856974
https://doi.org/10.3389/fphar.2020.599965
https://doi.org/10.1038/s41392-020-00430-1
https://doi.org/10.3389/fimmu.2022.844866
https://doi.org/10.3389/fmolb.2020.00072
https://doi.org/10.1007/s10549-018-4905-9
https://doi.org/10.21037/atm-20-6719
https://doi.org/10.1089/jir.2014.0026
https://doi.org/10.1038/nri3064
https://doi.org/10.1016/j.semcancer.2023.10.004
https://doi.org/10.3389/fonc.2022.903800
https://doi.org/10.3389/fonc.2022.891652
https://www.ncbi.nlm.nih.gov/pubmed/35814435
https://doi.org/10.3389/fonc.2022.985363
https://www.ncbi.nlm.nih.gov/pubmed/36313628
https://doi.org/10.1186/s13046-018-0705-7
https://www.ncbi.nlm.nih.gov/pubmed/29448954
https://doi.org/10.1038/s41418-022-01059-z
https://www.ncbi.nlm.nih.gov/pubmed/36195672
https://doi.org/10.3389/fcell.2022.761080
https://www.ncbi.nlm.nih.gov/pubmed/35155422
https://doi.org/10.1007/s10555-016-9649-6
https://www.ncbi.nlm.nih.gov/pubmed/27913999


Pharmaceutics 2024, 16, 654 19 of 23

74. Templeton, A.J.; Diez-Gonzalez, L.; Ace, O.; Vera-Badillo, F.; Seruga, B.; Jordán, J.; Amir, E.; Pandiella, A.; Ocaña, A. Prognostic
relevance of receptor tyrosine kinase expression in breast cancer: A meta-analysis. Cancer Treat. Rev. 2014, 40, 1048–1055.
[CrossRef] [PubMed]

75. Zhang, J.; Zhang, Y.; Lin, X.; Han, X.; Meredith, K.L.; Li, Z. The effects of the tumor suppressor gene PTEN on the proliferation
and apoptosis of breast cancer cells via AKT phosphorylation. Transl. Cancer Res. 2023, 12, 1863–1872. [CrossRef] [PubMed]

76. Chen, J.; Sun, J.; Wang, Q.; Du, Y.; Cheng, J.; Yi, J.; Xie, B.; Jin, S.; Chen, G.; Wang, L.; et al. Systemic Deficiency of PTEN Accelerates
Breast Cancer Growth and Metastasis. Front. Oncol. 2022, 12, 825484. [CrossRef] [PubMed]

77. Cetraro, P.; Plaza-Diaz, J.; MacKenzie, A.; Abadía-Molina, F. A Review of the Current Impact of Inhibitors of Apoptosis Proteins
and Their Repression in Cancer. Cancers 2022, 14, 1671. [CrossRef] [PubMed]

78. Chen, X.; Duan, N.; Zhang, C.; Zhang, W. Survivin and Tumorigenesis: Molecular Mechanisms and Therapeutic Strategies.
J. Cancer 2016, 7, 314–323. [CrossRef] [PubMed]

79. Madu, C.O.; Wang, S.; Madu, C.O.; Lu, Y. Angiogenesis in Breast Cancer Progression, Diagnosis, and Treatment. J. Cancer 2020,
11, 4474–4494. [CrossRef]

80. Liu, Z.L.; Chen, H.H.; Zheng, L.L.; Sun, L.P.; Shi, L. Angiogenic signaling pathways and anti-angiogenic therapy for cancer. Signal
Transduct. Target. Ther. 2023, 8, 198. [CrossRef]

81. Lugano, R.; Ramachandran, M.; Dimberg, A. Tumor angiogenesis: Causes, consequences, challenges and opportunities. Cell. Mol.
Life Sci. CMLS 2020, 77, 1745–1770. [CrossRef] [PubMed]

82. Quintero-Fabián, S.; Arreola, R.; Becerril-Villanueva, E.; Torres-Romero, J.C.; Arana-Argáez, V.; Lara-Riegos, J.; Ramírez-Camacho, M.A.;
Alvarez-Sánchez, M.E. Role of Matrix Metalloproteinases in Angiogenesis and Cancer. Front. Oncol. 2019, 9, 1370. [CrossRef]
[PubMed]

83. Ntellas, P.; Mavroeidis, L.; Gkoura, S.; Gazouli, I.; Amylidi, A.L.; Papadaki, A.; Zarkavelis, G.; Mauri, D.; Karpathiou, G.; Kolettas,
E.; et al. Old Player-New Tricks: Non Angiogenic Effects of the VEGF/VEGFR Pathway in Cancer. Cancers 2020, 12, 3145.
[CrossRef]

84. Pathak, A.; Pal, A.K.; Roy, S.; Nandave, M.; Jain, K. Role of Angiogenesis and Its Biomarkers in Development of Targeted Tumor
Therapies. Stem Cells Int. 2024, 2024, 9077926. [CrossRef] [PubMed]

85. Namee, N.M.; O’Driscoll, L. Extracellular vesicles and anti-cancer drug resistance. Biochim. Et Biophys. Acta. Rev. Cancer 2018,
1870, 123–136. [CrossRef] [PubMed]

86. Yáñez-Mó, M.; Siljander, P.R.; Andreu, Z.; Zavec, A.B.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.; et al.
Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4, 27066. [CrossRef]

87. De Palma, F.D.E.; Salvatore, F.; Pol, J.G.; Kroemer, G.; Maiuri, M.C. Circular RNAs as Potential Biomarkers in Breast Cancer.
Biomedicines 2022, 10, 725. [CrossRef] [PubMed]

88. Couch, Y.; Buzàs, E.I.; Di Vizio, D.; Gho, Y.S.; Harrison, P.; Hill, A.F.; Lötvall, J.; Raposo, G.; Stahl, P.D.; Théry, C.; et al. A brief
history of nearly EV-erything—The rise and rise of extracellular vesicles. J. Extracell. Vesicles 2021, 10, e12144. [CrossRef]

89. Clancy, J.W.; D’Souza-Schorey, C. Tumor-Derived Extracellular Vesicles: Multifunctional Entities in the Tumor Microenvironment.
Annu. Rev. Pathol. 2023, 18, 205–229. [CrossRef]

90. Salomon, C.; Das, S.; Erdbrügger, U.; Kalluri, R.; Kiang Lim, S.; Olefsky, J.M.; Rice, G.E.; Sahoo, S.; Andy Tao, W.; Vader, P.;
et al. Extracellular Vesicles and Their Emerging Roles as Cellular Messengers in Endocrinology: An Endocrine Society Scientific
Statement. Endocr. Rev. 2022, 43, 441–468. [CrossRef]

91. Welsh, J.A.; Goberdhan, D.C.I.; O’Driscoll, L.; Buzas, E.I.; Blenkiron, C.; Bussolati, B.; Cai, H.; Di Vizio, D.; Driedonks TA, P.;
Erdbrügger, U.; et al. Minimal information for studies of extracellular vesicles (MISEV2023): From basic to advanced approaches.
J. Extracell. Vesicles 2024, 13, e12404. [CrossRef]

92. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;
Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef] [PubMed]

93. Bao, Q.; Huang, Q.; Chen, Y.; Wang, Q.; Sang, R.; Wang, L.; Xie, Y.; Chen, W. Tumor-Derived Extracellular Vesicles Regulate
Cancer Progression in the Tumor Microenvironment. Front. Mol. Biosci. 2022, 8, 796385. [CrossRef]

94. Wang, Y.; Xiao, T.; Zhao, C.; Li, G. The Regulation of Exosome Generation and Function in Physiological and Pathological
Processes. Int. J. Mol. Sci. 2023, 25, 255. [CrossRef] [PubMed]

95. Clancy, J.W.; Schmidtmann, M.; D’Souza-Schorey, C. The ins and outs of microvesicles. FASEB Bioadvances 2021, 3, 399–406.
[CrossRef]

96. Jiang, Y.; Liu, X.; Ye, J.; Ma, Y.; Mao, J.; Feng, D.; Wang, X. Migrasomes, a new mode of intercellular communication. Cell Commun.
Signal. CCS 2023, 21, 105. [CrossRef] [PubMed]

97. Battistelli, M.; Falcieri, E. Apoptotic Bodies: Particular Extracellular Vesicles Involved in Intercellular Communication. Biology
2020, 9, 21. [CrossRef]

98. Minciacchi, V.R.; You, S.; Spinelli, C.; Morley, S.; Zandian, M.; Aspuria, P.J.; Cavallini, L.; Ciardiello, C.; Reis Sobreiro, M.;
Morello, M.; et al. Large oncosomes contain distinct protein cargo and represent a separate functional class of tumor-derived
extracellular vesicles. Oncotarget 2015, 6, 11327–11341. [CrossRef]

https://doi.org/10.1016/j.ctrv.2014.08.003
https://www.ncbi.nlm.nih.gov/pubmed/25217796
https://doi.org/10.21037/tcr-23-826
https://www.ncbi.nlm.nih.gov/pubmed/37588750
https://doi.org/10.3389/fonc.2022.825484
https://www.ncbi.nlm.nih.gov/pubmed/35372075
https://doi.org/10.3390/cancers14071671
https://www.ncbi.nlm.nih.gov/pubmed/35406442
https://doi.org/10.7150/jca.13332
https://www.ncbi.nlm.nih.gov/pubmed/26918045
https://doi.org/10.7150/jca.44313
https://doi.org/10.1038/s41392-023-01460-1
https://doi.org/10.1007/s00018-019-03351-7
https://www.ncbi.nlm.nih.gov/pubmed/31690961
https://doi.org/10.3389/fonc.2019.01370
https://www.ncbi.nlm.nih.gov/pubmed/31921634
https://doi.org/10.3390/cancers12113145
https://doi.org/10.1155/2024/9077926
https://www.ncbi.nlm.nih.gov/pubmed/38213742
https://doi.org/10.1016/j.bbcan.2018.07.003
https://www.ncbi.nlm.nih.gov/pubmed/30003999
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.3390/biomedicines10030725
https://www.ncbi.nlm.nih.gov/pubmed/35327527
https://doi.org/10.1002/jev2.12144
https://doi.org/10.1146/annurev-pathmechdis-031521-022116
https://doi.org/10.1210/endrev/bnac009
https://doi.org/10.1002/jev2.12404
https://doi.org/10.1080/20013078.2018.1535750
https://www.ncbi.nlm.nih.gov/pubmed/30637094
https://doi.org/10.3389/fmolb.2021.796385
https://doi.org/10.3390/ijms25010255
https://www.ncbi.nlm.nih.gov/pubmed/38203424
https://doi.org/10.1096/fba.2020-00127
https://doi.org/10.1186/s12964-023-01121-4
https://www.ncbi.nlm.nih.gov/pubmed/37158915
https://doi.org/10.3390/biology9010021
https://doi.org/10.18632/oncotarget.3598


Pharmaceutics 2024, 16, 654 20 of 23

99. Chan, A.M.L.; Cheah, J.M.; Lokanathan, Y.; Ng, M.H.; Law, J.X. Natural Killer Cell-Derived Extracellular Vesicles as a Promising
Immunotherapeutic Strategy for Cancer: A Systematic Review. Int. J. Mol. Sci. 2023, 24, 4026. [CrossRef]

100. Arima, Y.; Matsueda, S.; Saya, H. Significance of Cancer-Associated Fibroblasts in the Interactions of Cancer Cells with the Tumor
Microenvironment of Heterogeneous Tumor Tissue. Cancers 2023, 15, 2536. [CrossRef]

101. Baghy, K.; Ladányi, A.; Reszegi, A.; Kovalszky, I. Insights into the Tumor Microenvironment-Components, Functions and
Therapeutics. Int. J. Mol. Sci. 2023, 24, 17536. [CrossRef]

102. Eiro, N.; Gonzalez, L.O.; Fraile, M.; Cid, S.; Schneider, J.; Vizoso, F.J. Breast Cancer Tumor Stroma: Cellular Components,
Phenotypic Heterogeneity, Intercellular Communication, Prognostic Implications and Therapeutic Opportunities. Cancers 2019,
11, 664. [CrossRef]

103. Wu, S.Z.; Roden, D.L.; Wang, C.; Holliday, H.; Harvey, K.; Cazet, A.S.; Murphy, K.J.; Pereira, B.; Al-Eryani, G.; Bartonicek, N.;
et al. Stromal cell diversity associated with immune evasion in human triple-negative breast cancer. EMBO J. 2020, 39, e104063.
[CrossRef]

104. Louault, K.; Li, R.R.; DeClerck, Y.A. Cancer-Associated Fibroblasts: Understanding Their Heterogeneity. Cancers 2020, 12, 3108.
[CrossRef]

105. Boelens, M.C.; Wu, T.J.; Nabet, B.Y.; Xu, B.; Qiu, Y.; Yoon, T.; Azzam, D.J.; Twyman-Saint Victor, C.; Wiemann, B.Z.; Ishwaran, H.;
et al. Exosome transfer from stromal to breast cancer cells regulates therapy resistance pathways. Cell 2014, 159, 499–513.
[CrossRef] [PubMed]

106. Scognamiglio, I.; Cocca, L.; Puoti, I.; Palma, F.; Ingenito, F.; Quintavalle, C.; Affinito, A.; Roscigno, G.; Nuzzo, S.; Chianese, R.V.;
et al. Exosomal microRNAs synergistically trigger stromal fibroblasts in breast cancer. Mol. Therapy. Nucleic Acids 2022, 28, 17–31.
[CrossRef] [PubMed]

107. Castillo-Sanchez, R.; Churruca-Schuind, A.; Martinez-Ival, M.; Salazar, E.P. Cancer-associated Fibroblasts Communicate with
Breast Tumor Cells Through Extracellular Vesicles in Tumor Development. Technol. Cancer Res. Treat. 2022, 21, 15330338221131647.
[CrossRef]

108. Vallabhaneni, K.C.; Penfornis, P.; Xing, F.; Hassler, Y.; Adams, K.V.; Mo, Y.Y.; Watabe, K.; Pochampally, R. Stromal cell extracellular
vesicular cargo mediated regulation of breast cancer cell metastasis via ubiquitin conjugating enzyme E2 N pathway. Oncotarget
2017, 8, 109861–109876. [CrossRef] [PubMed]

109. Nishida, N.; Yano, H.; Nishida, T.; Kamura, T.; Kojiro, M. Angiogenesis in cancer. Vasc. Health Risk Manag. 2006, 2, 213–219.
[CrossRef]

110. Pan, S.; Zhao, X.; Shao, C.; Fu, B.; Huang, Y.; Zhang, N.; Dou, X.; Zhang, Z.; Qiu, Y.; Wang, R.; et al. STIM1 promotes angiogenesis
by reducing exosomal miR-145 in breast cancer MDA-MB-231 cells. Cell Death Dis. 2021, 12, 38. [CrossRef]

111. Dai, G.; Yang, Y.; Liu, S.; Liu, H. Hypoxic Breast Cancer Cell-Derived Exosomal SNHG1 Promotes Breast Cancer Growth and
Angiogenesis via Regulating miR-216b-5p/JAK2 Axis. Cancer Manag. Res. 2022, 14, 123–133. [CrossRef] [PubMed]

112. Chaudhary, P.; Gibbs, L.D.; Maji, S.; Lewis, C.M.; Suzuki, S.; Vishwanatha, J.K. Serum exosomal-annexin A2 is associated with
African-American triple-negative breast cancer and promotes angiogenesis. Breast Cancer Res. BCR 2020, 22, 11. [CrossRef]
[PubMed]

113. Yim KH, W.; Al Hrout, A.; Borgoni, S.; Chahwan, R. Extracellular Vesicles Orchestrate Immune and Tumor Interaction Networks.
Cancers 2020, 12, 3696. [CrossRef] [PubMed]

114. Rybak, K.; Robatzek, S. Functions of Extracellular Vesicles in Immunity and Virulence. Plant Physiol. 2019, 179, 1236–1247.
[CrossRef] [PubMed]

115. Ma, F.; Vayalil, J.; Lee, G.; Wang, Y.; Peng, G. Emerging role of tumor-derived extracellular vesicles in T cell suppression and
dysfunction in the tumor microenvironment. J. Immunother. Cancer 2021, 9, e003217. [CrossRef] [PubMed]

116. Graham, R.; Gazinska, P.; Zhang, B.; Khiabany, A.; Sinha, S.; Alaguthurai, T.; Flores-Borja, F.; Vicencio, J.; Beuron, F.; Roxanis, I.;
et al. Serum-derived extracellular vesicles from breast cancer patients contribute to differential regulation of T-cell-mediated
immune-escape mechanisms in breast cancer subtypes. Front. Immunol. 2023, 14, 1204224. [CrossRef] [PubMed]

117. Santoro, J.; Carrese, B.; Peluso, M.S.; Coppola, L.; D’Aiuto, M.; Mossetti, G.; Salvatore, M.; Smaldone, G. Influence of Breast
Cancer Extracellular Vesicles on Immune Cell Activation: A Pilot Study. Biology 2023, 12, 1531. [CrossRef] [PubMed]

118. Wu, F.; Xie, M.; Hun, M.; She, Z.; Li, C.; Luo, S.; Chen, X.; Wan, W.; Wen, C.; Tian, J. Natural Killer Cell-Derived Extracellular
Vesicles: Novel Players in Cancer Immunotherapy. Front. Immunol. 2021, 12, 658698. [CrossRef]

119. Chehelgerdi, M.; Chehelgerdi, M.; Allela, O.Q.B.; Pecho, R.D.C.; Jayasankar, N.; Rao, D.P.; Thamaraikani, T.; Vasanthan, M.;
Viktor, P.; Lakshmaiya, N.; et al. Progressing nanotechnology to improve targeted cancer treatment: Overcoming hurdles in its
clinical implementation. Mol. Cancer 2023, 22, 169. [CrossRef] [PubMed]

120. Das, K.; Paul, S.; Ghosh, A.; Gupta, S.; Mukherjee, T.; Shankar, P.; Sharma, A.; Keshava, S.; Chauhan, S.C.; Kashyap, V.K.; et al.
Extracellular Vesicles in Triple-Negative Breast Cancer: Immune Regulation, Biomarkers, and Immunotherapeutic Potential.
Cancers 2023, 15, 4879. [CrossRef]

121. García-Becerra, R.; Santos, N.; Díaz, L.; Camacho, J. Mechanisms of resistance to endocrine therapy in breast cancer: Focus on
signaling pathways, miRNAs and genetically based resistance. Int. J. Mol. Sci. 2012, 14, 108–145. [CrossRef] [PubMed]

122. Barok, M.; Puhka, M.; Vereb, G.; Szollosi, J.; Isola, J.; Joensuu, H. Cancer-derived exosomes from HER2-positive cancer cells
carry trastuzumab-emtansine into cancer cells leading to growth inhibition and caspase activation. BMC Cancer 2018, 18, 504.
[CrossRef] [PubMed]

https://doi.org/10.3390/ijms24044026
https://doi.org/10.3390/cancers15092536
https://doi.org/10.3390/ijms242417536
https://doi.org/10.3390/cancers11050664
https://doi.org/10.15252/embj.2019104063
https://doi.org/10.3390/cancers12113108
https://doi.org/10.1016/j.cell.2014.09.051
https://www.ncbi.nlm.nih.gov/pubmed/25417103
https://doi.org/10.1016/j.omtn.2022.02.013
https://www.ncbi.nlm.nih.gov/pubmed/35317202
https://doi.org/10.1177/15330338221131647
https://doi.org/10.18632/oncotarget.22371
https://www.ncbi.nlm.nih.gov/pubmed/29299114
https://doi.org/10.2147/vhrm.2006.2.3.213
https://doi.org/10.1038/s41419-020-03304-0
https://doi.org/10.2147/CMAR.S327621
https://www.ncbi.nlm.nih.gov/pubmed/35027847
https://doi.org/10.1186/s13058-020-1251-8
https://www.ncbi.nlm.nih.gov/pubmed/31992335
https://doi.org/10.3390/cancers12123696
https://www.ncbi.nlm.nih.gov/pubmed/33317058
https://doi.org/10.1104/pp.18.01557
https://www.ncbi.nlm.nih.gov/pubmed/30705070
https://doi.org/10.1136/jitc-2021-003217
https://www.ncbi.nlm.nih.gov/pubmed/34642246
https://doi.org/10.3389/fimmu.2023.1204224
https://www.ncbi.nlm.nih.gov/pubmed/37441083
https://doi.org/10.3390/biology12121531
https://www.ncbi.nlm.nih.gov/pubmed/38132355
https://doi.org/10.3389/fimmu.2021.658698
https://doi.org/10.1186/s12943-023-01865-0
https://www.ncbi.nlm.nih.gov/pubmed/37814270
https://doi.org/10.3390/cancers15194879
https://doi.org/10.3390/ijms14010108
https://www.ncbi.nlm.nih.gov/pubmed/23344024
https://doi.org/10.1186/s12885-018-4418-2
https://www.ncbi.nlm.nih.gov/pubmed/29720111


Pharmaceutics 2024, 16, 654 21 of 23

123. Zhang, X.; Wang, C.; Yu, J.; Bu, J.; Ai, F.; Wang, Y.; Lin, J.; Zhu, X. Extracellular vesicles in the treatment and diagnosis of breast
cancer: A status update. Front. Endocrinol. 2023, 14, 1202493. [CrossRef] [PubMed]

124. Zhang, F.; Zheng, Z.; Wang, L.; Zeng, W.; Wei, W.; Zhang, C.; Zhao, Z.; Liang, W. PKC-ζ mediated reduction of the extracellular
vesicles-associated TGF-β1 overcomes radiotherapy resistance in breast cancer. Breast Cancer Res. BCR 2023, 25, 38. [CrossRef]
[PubMed]

125. Pokharel, D.; Padula, M.P.; Lu, J.F.; Jaiswal, R.; Djordjevic, S.P.; Bebawy, M. The Role of CD44 and ERM Proteins in Expression
and Functionality of P-glycoprotein in Breast Cancer Cells. Molecules 2016, 21, 290. [CrossRef] [PubMed]

126. Fontana, F.; Carollo, E.; Melling, G.E.; Carter, D.R.F. Extracellular Vesicles: Emerging Modulators of Cancer Drug Resistance.
Cancers 2021, 13, 749. [CrossRef] [PubMed]

127. Leal-Orta, E.; Ramirez-Ricardo, J.; Cortes-Reynosa, P.; Galindo-Hernandez, O.; Salazar, E.P. Role of PI3K/Akt on migration and
invasion of MCF10A cells treated with extracellular vesicles from MDA-MB-231 cells stimulated with linoleic acid. J. Cell Commun.
Signal. 2019, 13, 235–244. [CrossRef] [PubMed]

128. Yang, Y.; Li, C.W.; Chan, L.C.; Wei, Y.; Hsu, J.M.; Xia, W.; Cha, J.H.; Hou, J.; Hsu, J.L.; Sun, L.; et al. Exosomal PD-L1 harbors
active defense function to suppress T cell killing of breast cancer cells and promote tumor growth. Cell Res. 2018, 28, 862–864.
[CrossRef] [PubMed]

129. Li, C.; Qiu, S.; Jin, K.; Zheng, X.; Zhou, X.; Jin, D.; Xu, B.; Jin, X. Tumor-derived microparticles promote the progression of
triple-negative breast cancer via PD-L1-associated immune suppression. Cancer Lett. 2021, 523, 43–56. [CrossRef]

130. Chen, J.; Yang, J.; Wang, W.; Guo, D.; Zhang, C.; Wang, S.; Lu, X.; Huang, X.; Wang, P.; Zhang, G.; et al. Tumor extracellular
vesicles mediate anti-PD-L1 therapy resistance by decoying anti-PD-L1. Cell. Mol. Immunol. 2022, 19, 1290–1301. [CrossRef]

131. Hoffmann, O.; Wormland, S.; Bittner, A.K.; Collenburg, M.; Horn, P.A.; Kimmig, R.; Kasimir-Bauer, S.; Rebmann, V. Programmed
death receptor ligand-2 (PD-L2) bearing extracellular vesicles as a new biomarker to identify early triple-negative breast cancer
patients at high risk for relapse. J. Cancer Res. Clin. Oncol. 2023, 149, 1159–1174. [CrossRef]

132. Wei, Y.N.; Yan, C.Y.; Zhao, M.L.; Zhao, X.H. The role and application of vesicles in triple-negative breast cancer: Opportunities
and challenges. Mol. Ther. Oncolytics 2023, 31, 100752. [CrossRef]

133. Sansone, P.; Savini, C.; Kurelac, I.; Chang, Q.; Amato, L.B.; Strillacci, A.; Stepanova, A.; Iommarini, L.; Mastroleo, C.; Daly, L.;
et al. Packaging and transfer of mitochondrial DNA via exosomes regulate escape from dormancy in hormonal therapy-resistant
breast cancer. Proc. Natl. Acad. Sci. USA 2017, 114, E9066–E9075. [CrossRef]

134. Habanjar, O.; Diab-Assaf, M.; Caldefie-Chezet, F.; Delort, L. 3D Cell Culture Systems: Tumor Application, Advantages, and
Disadvantages. Int. J. Mol. Sci. 2021, 22, 12200. [CrossRef] [PubMed]

135. Shyam, R.; Reddy, L.V.K.; Palaniappan, A. Fabrication and Characterization Techniques of In Vitro 3D Tissue Models. Int. J. Mol.
Sci. 2023, 24, 1912. [CrossRef]
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