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Abstract

Extracellular vesicles (EVs) are a heterogeneous group of cell-derived membrane vesicles
comprising apoptotic bodies, microvesicles and small EVs also called as exosomes. Exosomes
when initially identified were considered as a waste product but the advancement in research
techniques have provided insight into the important roles of exosomes in cell-cell communication,
various biological process and disease, including cancer. As an important component of EVSs,
exosomes contain various biomolecules such as microRNAs (miRs), lipids and proteins that
largely reflect the characteristics of their parent cells. Notably, cancer cells generate and secrete
many more exosomes than normal cells. A growing body of evidence suggests that exosomes, as
mediators of intercellular crosstalk, play a role in tumorigenesis, cancer cell invasion,
angiogenesis, tumor microenvironment (TME) formation and cancer metastasis. As we gain more
insights into the association between exosomes and cancer, the potential of exosomes for clinical
use is becoming more intriguing. This review is focused on the role of exosomes in breast cancer,
in terms of breast cancer biology, mechanism of action, potential as biomarkers and therapeutic
opportunities.
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Introduction

Breast cancer is the second leading cause of cancer death among women, and the most
commonly diagnosed cancer among US women (1). Worldwide, more than two million
women were newly diagnosed with breast cancer in 2018 (2).

The study of Extracellular Vesicles (EVs) has rapidly expanded in the past decade. Although
the term exosomes is often used in general terms to describe vesicles isolated by different
methods, we use it here to describe small EVs (SEVS) with the following characteristics: 1)
originated from the endosomal pathway and release by multivesicular bodies (MVB) (3); 2)
a size ranging from 30 to 150nm; and 3) a set of cell-derived cargos and surface markers
specific for a given cell type (4). For decades, membrane protein markers such as
tetraspanins (CD63, CD81, CD9) have been considered to be exosome-specific markers and
have been widely used for exosome isolation and characterization. However, rapidly
developing techniques and new knowledge constantly endow the name “exosomes” with
new meaning. Using a combination of high-resolution density gradient fractionation and
direct immunoaffinity capture (DIC), a recent study reported that there is a unique group of
EVs, named non-classical exosomes, that share the same size and cellular origin with classic
exosomes, but lack detectable tetraspanin markers (5). This indicates that EV may have an
even more heterogenous composition than was originally appreciated. In the field of breast
cancer, exosomes are being widely investigated for their application in cancer diagnostics,
monitoring, prognostics and therapeutics. For example, some species of exosome-
encapsulated miRs such as miR-1246, miR-21, are candidate biomarkers for early detection
of breast cancer (6,7). Exosomes are also being explored as nanodrug delivery systems to
deliver anti-miR (anti-microRNA) to alter cancer cell gene expression, or are loaded with
anti-cancer drugs (8,9). At the same time, exosomes play a role in breast cancer invasion,
metastasis, and tumor microenvironment (TME) formation (10,11). It is clear that our
understanding of the role of exosomes in various processes such as cell-cell signaling is
continually evolving and while many studies support that exosomes function to mediate
intercellular interactions in the TME, the nature of these interactions require further
investigation. Exactly how exosomes regulate cell-cell communication in the TME, who is
directing the conversation between cell types and whether the exposure time (short-term or
chronic) to exosomes could fundamentally define the course of the disease needs further
exploration to determine the mechanistic aspects of issuing, transmitting, receiving and
reacting to DNA, RNA and protein messages within exosomes.

Here we review current research specifically focusing on breast cancer cell communication
mediated by exosomes, their interactions with stromal and immune cells, the potential
clinical implications of exosome targeting and their use as disease biomarkers.

Exosome characterization

Exosomes arise from the endosomal pathway

Exosomes are small EVs originating from the endosomal pathway (Figure 1). Cells undergo
endocytosis to form endocytic vesicles, which fuse together to produce an early endosome.
Exosome formation begins with repeated invagination of the endosome lipid-bilayer, which
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generates intraluminal vesicles (ILVs) which are contained within the endosome called
MVBs. These MVBs, which are sometimes called late endosomes, fuse with the plasma
membrane to release exosomes outside of the cell. There are two independent mechanisms
proposed for MVB formation and cargo sorting into the exosomes: 1) mediated via the
endosomal sorting complex required for transport (ESCRT), and 2) via sphingolipid
ceramide-mediated processes. The ESCRT machinery consists of four sequentially recruited
complexes-ESCRT O/I/11/111 and other accessory components (12,13). Tsg101 and Alix,
which have important roles in the assembly of the ESCRT machinery, are often used as
markers to identify exosomes. For ESCRT-independent mechanisms, neutral
sphingomyelinase and ceramide are required of exosome production. If not targeted for
degradation by autophagy, the MVB will fuse with the plasma membrane, delivering
exosomes into the extracellular space which relies on small GTPases such as RAb27a,
Rab31 and Rab11 (12,13).

Exosomes carry a specific set of cell-derived cargo

A variety of cellular cargos are found inside exosomes, including nucleic acids (NAS),
proteins and lipids (Figure 2). Well-known exosome-enriched proteins such as Tsg101 and
those belonging to the tetraspanin family are frequently used as exosome markers in
immunoblotting (5). In terms of DNA as a cargo, it is reported that more than 90% of
amplifiable plasma circulating-free DNA (cfDNA) is associated with plasma exosomes,
including single-stranded DNA and possibly double-stranded DNA, a large fraction of which
is ctDNA in cancer patients (5,14,15). DNA-seq and RNA-seq of exosome derived NAs
revealed that exosomal DNA (exo-DNA) and exosomal mRNA (exo-mRNA) are an
unbiased representation of the human genome and transcriptome, while some species of
microRNA are greatly enriched in exosomes compared to cells, along with other species of
non-coding RNA (16). Exosomal microRNAs are a major form of extracellular microRNAs.
The sorting and packaging mechanisms for exosomal microRNAs are previously well
summarized (17,18). In cancer cells, microRNAs are frequently deregulated, packaged in
tumor associated exosome (TAES) and actively secreted into bodily fluids, making them
ideal biomarkers for cancer (19). Exosomal microRNAs as biomarkers in breast cancer will
be discussed further in this review. Furthermore, recent studies have demonstrated that the
exosomal proteome can be used to distinguish between tumor and non-tumor tissues (20),
this highlights the application of exosomes in early detection of cancer and to classify
primary tumor types.

Exosomes can be isolated and characterized using multiple methods

Exosomes are released by both normal and cancer cells. They are found in almost all types
of body fluids including blood (21) (Figure 3). When isolated, exosomes are not easily
degraded by repeated freezing and thawing, protecting the entities inside, which greatly
strengthens their utility as biomarkers.

Using a high-resolution intravital real-time imaging system, Anoek et al. were able to
visualize exosome trafficking among breast cancer cells and stromal cells in mice (22). More
generally, a wide variety of methods have been developed and compared to isolate exosomes
from cell culture media or body fluids to characterize them in vitro (23). Centrifugation-
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based methods have been widely used and compared (24). These methods require the pre-
clearing of cells and cell debris from blood or cell culture media by multiple steps of
centrifugation, then exosomes are pelleted and recovered during ultracentrifugation
(100,000x). Though inexpensive and scalable, the method cannot efficiently separate large
protein molecules and exosomes (25). Exosomes of the highest purity can be acquired by
density gradient separation, though this usually requires a large amount of starting material
(26). Size-exclusion chromatography (SEC) enriches exosomes by vesicle size, efficiently
removing contamination caused by large proteins or protein aggregates and is widely used
for exosome isolation from serum or plasma (27), despite low exosome recovery rates.

To confirm the successful isolation of exosomes, the joint use of complementary techniques
is proposed. Immunoblotting, Electron microscopy (EM) and Nanoparticle tracking analysis
(NTA) are commonly used for exosome characterization (28). EM is valuable for visualizing
the microstructure and size of exosomes, and determines the vesicle heterogeneity while
NTA or resistive pulse sensing can efficiently measures the concentration and size
distribution of vesicles (29-31). Immunoblotting for positive and negative markers of
exosomes validates successful isolation and rules out the possibility of cellular protein
contamination (4). In addition to these classical methods, novel techniques such as Raman
tweezers microspectroscopy (RTM) and flow cytometric methods have been proposed to
characterize the global chemical composition or surface markers of exosomes (28,32).
Currently much of the literature on exosomes, including those studies cited here, are limited
in their characterization of the EVs they are studying, and the field needs to standardize and
validate isolation methods and agree on nomenclature in order to draw stronger conclusions
from the available research covering a broad spectrum of vesicle types due to the molecular
and functional heterogeneity of EVs.

Exosomes in breast cancer: from tumor macroenvironment to tumor microenvironment

Metastatic cancer poses the biggest threat to all cancer patients and is responsible for > 90%
of cancer-related deaths (33). According to the original “seed and soil” theory by Stephen
Paget, the “seed”-cancer cells may spread but only form metastases in congenial “soil” (34).
During the process of metastatic cancer development, signals produced by tumor cells at the
primary site are sent to other locations of the body, fertilizing the “soil” and establishing the
pre-metastatic niche, making it suitable for circulating tumor cells to seed thereafter. In other
words, a host-tumor “macroenvironment” is formed (35). Breast cancer is not a single
disease, but a heterogeneous group of diseases possessing both inter- and intra-tumor
heterogeneity. The histopathologic heterogeneity in breast cancer can be illustrated based on
the physical exam and imaging. Accordingly, the morphological features can classify breast
cancer into different subtypes, of which IDC (invasive ductal carcinoma) and ILC (invasive
lobular carcinoma) are the major subtypes accounting for 40-75% and 5-15% of the total
cases, respectively. Breast cancer can be subclassified based upon the expression of ER
(estrogen receptor), PR (progesterone receptor) and HER-2 (human epidermal growth
receptor 2) proteins. Further, molecular heterogeneity classifies the disease into five major
subtypes based on the expression of gene signatures including Luminal A, Luminal B,
Triple-negative/basal-like, HER2-enriched, and normal-like. The biological behavior of
BCCs in different subtypes has proved substantially different. Accordingly, the metastatic
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pattern of breast cancer subtypes varies and has been stressed as “organotropism”, which
means that a certain type of BCC displays an obvious preference to metastasize to one or a
few specific organs. For example, TNBC has been shown to have higher rates of metastases
to brain, lung and liver. The phenomenon of organotropism is complex and is shown to be
regulated by the subtype of breast cancer, the host microenvironment of distal organs, the
interaction between disseminated cancer cells (DTCs) and local cells, and secretory and
receptive traits of BCCs. For example, Chen et al. showed that TNBC cells release exosomes
that carry immunosuppressive PD-L1 protein /n vitro, and Yang et al. demonstrated that
these exosomes attenuate cellular immunity against BCCs and contribute to tumor growth /in
vivo (36,37). On the contrary, exosomes secreted by PD-L1-low MCF7 (positive for
hormone receptors) do not have similar effect (37). Of note, a comprehensive analysis and
comparison of exosomal proteome in various subtypes of BCC is further warranted to better
characterize BCC secretome, intercellular crosstalk during the establishment of pre-
metastatic niche, and the organotropic metastasis of breast cancer.

Exosome-mediated cell-cell signaling can occur during different phases of breast cancer
metastasis and plays an important role to modulate the host microenvironment to establish a
pre-metastatic niche. In this context, it has been shown that exosomal miR-105 can
efficiently disrupt cell junctions of endothelial cells which accelerates the intravasation of
localized BCCs (38). Furthermore, It has been shown that the exosomes secreted by tropic
tumor cells can be uptaken preferentially by organ cells of respective destination (10),
indicating that stromal cells can differential uptake tropic tumor cell exosomes in metastatic
target organs. The bidirectional communication between BCCs and stromal cells continues
when micrometastatic or metastatic tumor has formed, which educates cells of both sides
and facilitate TME formation (39,40). This is how cell-particle-cell communication
multidimensionally promotes breast cancer metastasis.

The role of exosomes in intercellular communication between breast cancer cells (BCCs)
and cells in the TME is a research hotspot because secreted substances are key components
of TME (Figure 4). For example, the injection of exosomes from BCCs with metastatic
tropism to a specific organ was shown to facilitate or redirect the metastatic behavior of
BCCs with a different organ preference or without organotropism (10,41). This indicates
that tumor exosomes may help to establish a premetastatic niche and mediate organ tropism.
Rodrigues et al. showed that the type of integrins on the tumor exosome membrane, which
may ligate with ligands at distant organs, may determine exosome uptake by organ-specific
cells and thus affecting the organ tropism of breast cancer metastasis (10). They further
showed that integrins a6p1 and a6p4 were associated with lung metastasis while avp5 was
linked to liver metastasis (10). The same group also reported that the uptake of tumor
exosomal CEMIP protein by brain endothelial and microglial cells promotes vascular
remodeling and inflammation, leading to the formation of a pre-metastatic niche (42). These
studies provide enough evidence to show that exosomes play a key role in establishing a pre-
metastatic niche by modulating the host tumor microenvironment to support breast cancer
metastasis and organotropism.

Even after the cancer cells find a congenial soil, they usually “hide” in the form of
micrometastases rather than expanding immediately. After many years, small aggregates of
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cells exit dormancy and grow into clinically significant macrometastases (43). Cancer cells
are not completely inactive during dormancy. They recruit and educate stromal cells and
immune cells into tumor supportive cells such as cancer-associated fibroblasts (CAFs) and
tumor-associated macrophages (TAMs), which contribute to the TME, a tumor-favoring
niche in which the tumor cells survive or progress, and which includes blood vessels, tumor
associated cells, and the extracellular matrix (ECM) (44). The establishment of the TME
relies largely on cellular complexity and dynamic intercellular signaling between cancer
cells and non-transformed supporting cells (45) and exosomes play an important role in this
intercellular signaling/communication. These signals include traditional cytokines,
chemokines, growth factors, inflammatory mediators and matrix remodeling enzymes, and
reactive stromal cells co-opted by the tumor, go through further transition into tumor-
associated stromal cells (TASCs) (46). Not only are tumor cell-derived exosomes part of the
intercellular communication to establish the tumor macroenvironment, but they are crucial to
formation of TME. This vicious BCC-stromal cell crosstalk, in part facilitated by exosomes,
continuously contributes to the accumulation of tumor mass.

The overall relationship between exosomes, cancer metastasis and TME has been
extensively reviewed, previously (47-49). This article focuses on the current evidence
highlighting the role of exosomes in cell-cell communication between different cell types in
the breast cancer disease. It should be noted that the majority of the studies discussed here
use a combination of /n vitro exosome isolation methods coupled with 7n vitro or in vivo
phenotypic studies. This approach provides compelling data for the role of exosomes in cell-
cell communication, with direct /n vivo evidence in several studies, though extensive studies
are still required to truly demonstrate that what is being studied are exosomes compared to
other types of EVs, the origin of these exosomes, their cargo and their ultimate targets in
recipient cells.

Exosome-mediated communication among BCCs and with non-transformed epithelial cells

Cell-to-cell crosstalk between subpopulations within the TME may be accomplished by
exosome secretion. A variety of studies have been reported that assess the effect of
exosomes derived from non-transformed epithelial cells on cancer cell phenotypes, as well
as exosomes exchanged between tumor cell populations. Almost two-thirds of breast cancer
cases are estrogen receptor (ER) alpha positive and estrogen signaling plays an important
role in BCC viability and growth. Recent studies have shown that exosomes may play a
critical role in regulating estrogen signaling in breast cancer. Using /in vitro BCC models, it
has been shown that BCC-derived exosomes containing the transcriptional co-regulator
MTAL may regulate estrogen signaling and hypoxic response in recipient cells in vitro,
suggesting a role for exosomes in promoting communication between breast cancer
subpopulations (50). MicroRNAs contribute to diverse cellular processes and are a key
exosomal cargo, which may modulate the behavior of recipient cells. Studies have shown
that metastatic BCC derived exosomes that are enriched in miR-9 and miR-155 can be taken
in by recipient BCCs and decrease the expression of the tumor suppressor genes PTEN and
DUSP14, in turn promoting the tumorigenicity of the recipient cells (51). Similarly, Ding et
al. demonstrated that BCC cells with low metastatic ability exhibited enhanced migration
and invasion after receiving exosomes containing miR-222 at least in part due to the
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subsequent down-regulation of the PDLIM2 tumor suppressor gene and activation of the
NF-kB pathway (52). Further, miR-222 was increased in breast cancer patient plasma
derived exosomes, suggesting a potential clinical relevance to their findings (52). While
mounting evidence supports a key role for exosomal miRs in cell-cell communication, each
miR has many cellular targets making understanding their effects in target cells highly
complex. Therefore, extensive validation studies are required to demonstrate the effect of
tumor or stromal derived exosomal miRs in target responder cells in order to determine the
mechanism of their function.

Breast cancer cells arise from transformed epithelial cells in breast tissue. During and after
transformation, cancer cells continue to communicate with surrounding normal epithelial
cells, sending or receiving various signals of growth or survival (53). Several recent studies
provide evidence that exosomes may play a critical role to facilitate this bidirectional
communication. Melo et al. showed BCC exosomes can efficiently promote normal breast
epithelial cells to form tumors /n vivo (54). Meanwhile, a study by Dutta et al. reported that
exosomes from breast cancer cell lines can induce reactive oxygen species (ROS) and
autophagy in human primary mammary epithelial cells (HMECs) followed by an induction
of the DNA damage response (DDR) and p53 stabilization (55). Conversely, epithelial cell
derived exosomes may inhibit exosome secretion by BCCs in a tissue-specific manner (56).
A study by Takasugi and colleagues showed that in senescent non-malignant epithelial cells,
packaging of EphA2 into exosomes is increased and that these exosomes may enhance the
proliferation of MCF7 cells /n vitro, suggesting that non-transformed epithelial cells can
support the growth of tumor cells in the TME through exosomes (57). While these studies
provide compelling evidence to support the role of exosomes between BCCs and non-
transformed epithelial cells, further /n vivo studies are warranted to decipher the underlying
mechanisms of signaling and the specificity of exosome mediated signaling.

Exosome-mediated communication between breast cancer and immune cells

The role of immune cells in tumorigenesis is a double-edged sword. On one hand, immune
cells help to enhance the anti-tumor immune response and act to eliminate cancer cells;
while on the other, immune cells can be corrupted by cancer cells and become pro-
tumorigenic. Interestingly, exosome signaling has been shown to play a pivotal role in the
crosstalk between immune and cancer cells (58). Here we summarize exosome-mediated
interactions between BCC and dendritic cells (DCs), macrophages, natural killer cells,
cytotoxic T lymphocytes, and other specialized immune cell types.

Cytokines are inducible molecules which play an important role in intercellular
communication between immune cells, inflammation, tumor initiation and tumor metastasis.
Interestingly, it has been shown that breast cancer exosomes can activate cytokine
production. For example, Maji et al. showed /in vivo that MDA-MB-231 released exosomes
are taken up by macrophages which is associated with higher secretion of IL1, IL6, and
TNFa (41). In addition, M2 macrophages are known to have anti-inflammatory and pro-
tumorigenic effects (59) and exosomes are shown to modulate the polarization of
macrophages. Ham et al. reported that BCCs exosomes transfer gp130 to macrophages /n
vitro, which alters macrophage polarization by activating the STAT3 pathway (60). /n vitro
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and ex vivo studies suggest that epigallocatechin gallate treated 4T1 cells secrete exosomes
that contain miR-16, which can then be transferred to macrophages and enhances M2
polarization (61). On the contrary, BCCs may be influenced by exosomes secreted by
macrophages, such as activated tumor-associated macrophages (TAM) which may promote
BCC invasion by exosomal transfer of miR-223 (62). Using an /n vivo BCC dormancy
model, Walker et. al reported that M1 macrophage exosomes can reverse BCC quiescence
and induce BCC proliferation (63). This sheds new light on the role of M1 macrophages in
breast cancer mediated by exosomes.

DCs are professional antigen-presenting cells that respond to tumor-associated antigens.
When treated with the topoisomerase inhibitor Topotecan or irradiated, BCCs release
exosomes containing immunostimulatory dsDNA, which activates STING signaling in DCs
and induces IL6 production and IFN-1 activation. (64,65). Ning et al. recently demonstrated
that exosomes from 4T1 cells caused apoptosis of DCs and suppressed their maturation (66),
highlighting one more process that could be modulated by exosomes.

Lastly, neutrophils can also communicate with BCCs through transfer of exosomes. Under
normal circumstances, neutrophils protect against microbial infections and are facilitators of
wound healing. However, in the TME, they are manipulated by cancer cells to create a
favorable state for tumor growth (67). In a study by Leal et al., BCC-derived exosomes
induced the formation of neutrophil extracellular traps (NET), promoting cancer associated
thrombosis (68). It is likely that different exosome cargoes are responsible for the
differential effects on immune cells and in regulating cellular crosstalk. While further studies
are needed there is a growing body of evidence supporting cancer and immune cell crosstalk
via exosomes which may have clinical importance.

Exosome-mediated communication between BCCs and stromal fibroblasts

Exosome-mediated intercellular signaling between cancer cells and stromal fibroblasts can
regulate breast cancer progression, drug resistance, and cancer promoting inflammatory
responses. RNA transferred by stromal fibroblast exosomes can stimulate both STAT1
signaling in BCCs and pattern recognition receptor (RIG1) on immune cells, which together
promote the proliferation of therapy-resistant BCCs (39). Specifically, Nabet et al. reported
that fibroblast released exosomes containing RNA RN7SL1 can be delivered to BCCs to
enhance tumor metastasis and therapy resistance (69). This adds to the understanding of how
damage associated molecular patterns (DAMPs) promote aggressive features of breast
cancer. Using patient-derived xenografts (PDXs), Pasquale et al. demonstrated that
exosomes can carry mitochondrial DNA (mtDNA) from (mouse) fibroblasts to (human)
BCCs, leading to enhanced oxidative phosphorylation and escape of BCC from dormancy
and increased therapy resistance (70). However, further studies are required to understand
mtDNA transfer via exosomes and its relevance in BCC development and progression. In
addition to exosomal NAs, exosomal proteins also have a role in cell-cell crosstalk. Luga et
al. exploited both /n vivo and in vitro breast cancer models to demonstrate that fibroblast-
derived exosomes promote BCC protrusive activity and migration by activating the Wnt-
regulated planar cell polarity pathway and these phenotypes were inhibited following
knockdown of CD81 (71).
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At the same time, stromal fibroblasts can also receive signals carried by exosomes from
BCCs. CAFs are involved in tumorigenesis and studies demonstrate that normal fibroblasts
exhibit CAF phenotypes after uptake of exosomal miR-9 from BCCs, in turn promoting /n
vivo tumor growth (72). Similarly, BCC exosomes containing miR-122 decrease glucose
uptake of lung fibroblasts, facilitating establishment of a premetastatic niche with
reprogrammed glucose metabolism. Thus a tumor-favorable microenvironment may
accommodate the increased energy consumption of BCCs during growth and metastasis
(73).

A subgroup of fibroblasts transdifferentiate into adipocytes (74). Cancer associated
adipocytes (CAAs) are adipocytes that are reprogrammed to an activated state with
phenotypic changes during interaction with tumor cells. CAAs generally exist at the invasive
front of tumors, showing enhanced ECM-remodeling and cancer-promoting ability
compared to their normal counterparts (75). In the TME, adipocyte precursor cells, also
named preadipocytes, play a role in tumor-stomal interaction (76). Gernapudi et. al reported
that after treatment of preadipocyte-derived exosomes which contain miR-140, ductal
carcinoma in situ (DCIS) cells showed enhanced stem cell activity and self-renewal ability
in vitro, and tumor formation /in vivo (76). Conversely, BCC exosomes containing miR-155
can reprogram the metabolism of adipocytes, which may promote metastasis (11). By and
large, these studies highlight the importance of exosome mediated crosstalk between BCCs
and fibroblasts and suggest an important role in tumor progression and development which
is just beginning to be understood.

Exosome-mediated communication between BCCs and mesenchymal stem cell

Mesenchymal stem cell (MSCs) are a group of multipotent stem cells with the potential to
differentiate into a variety of mesodermal lineages including chondrocytes, osteoblasts,
adipocytes, pericytes, muscle cells and fibroblasts. Stromal fibroblasts, pericytes and
adipocytes are key components of tumor stromal cell population (45). Evidence suggests
that exosome-mediated cell-cell interaction between BCCs and MSCs contribute to TME
establishment (77,78). Using breast cancer cell models, Pakravan et al. showed that MSC
exosomes lead to a significant decrease of vascular endothelial growth factor (VEGF)
secretion by BCCs. The authors showed that this is due to exosomal miR-100 and miR-16
modulation of the mTOR/HIF-1a signaling axis in BCCs (79). As with other cell types, the
crosstalk mediated by exosomes is bidirectional and studies show that after pre-exposure to
BCCs, MSCs may produce exosomes which can in turn promote BCC proliferation,
establishing a feed-forward communication loop. Conversely, exosomal miR222/223 from
MSCs may keep BCCs from escaping quiescence and confer drug resistance (40). Similarly,
Ono et at. also demonstrated that bone marrow MSCs promote BCC dormancy by
transferring miR-23b (80). Although the studies are limited, researches focusing on
exosome-mediated MSC-BCC interactions will likely further study these avenues with the
goal of exploiting them for the prevention and management of cancer relapse.

Exosome-mediated communication between BCCs and endothelial cells

Lining the lumen of blood vessels, endothelial cell plays a critical role in neo-angiogenesis.
In the context of cancer, excessive proliferation of endothelial cells are usually associated
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with cancer development and progression (81). The communication between cancer cells
and endothelial cells is important in three ways. First, increased tumor mass requires
increased blood flow and nutrient delivery to maintain growth, during which the expansion
of blood vessels is vital. Second, tumor cells must break into vessels to enter the
bloodstream (intravasation) and then exit the blood stream (extravasation) in order to
colonize distant sites (81). Third, the secretory function of endothelial cells are required to
establish a microenvironment (82). Multiple studies show that exosome-mediated cell-to-cell
signaling between endothelial cells and BCCs is crucial to breast cancer progression.

Zhou et al. provided evidence that exosomes from metastatic BCCs induce the migration of
endothelial cells /n vitro, via the targeted degradation of tight junction protein ZO-1 by
exosomal miR-105 (38). Using mouse models, they further demonstrated that the injection
of miR-105-high exosomes lead to increased vascular permeability at multiple sites.
Furthermore, the mice developed multi-organ metastases after injection of miR-105-
overexpressing BCCs, in contrast to the control group (38). BCC exosomal miR-939 can
also reprogram endothelial cells, altering their barrier functions by downregulating VE-
cadherin (83). BCC exosomes are also associated with angiogenic activity and quiescence of
endothelial cells. When treated with the anti-angiogenic Docosahexaenoic acid (DHA), the
microRNA contents of BCC exosomes are altered, and increased miR-23b/320b reduced
endothelial cell vessel formation /n vitro (84). Further, BCC exosomes containing tissue
factor can confer a pro-inflammatory and pro-adhesive phenotype to endothelial cells in a
PAR-dependent manner (85). Of note, the majority of the studies discussed here explored the
role of exosomal miRNAs in the cross talk between BCCs and other cell types. This
suggests that the role of exosomal proteome is yet to be explored further in this cross talk.

While there is increasing evidence for the significant role of exosomes in breast cancer,
many questions remain. For example, it is yet to be determined how exosomes play a part in
BCC intravasation and extravasation, or how exosome regulation of angiogenesis differs
between primary breast tumors and distant metastasis. As with other cell types, further
research is warranted to understand the complex relationship between BCC and endothelial
cells and its role in cancer progression.

Exosomes and clinical application

Exosomal biomolecules as breast cancer biomarkers

Efficient screening for breast cancer allowing early diagnosis and monitoring of disease is
critical for improved outcomes. To this end, multiple biomarkers including tissue markers
(for example hormone receptors, HER2, Ki67), genetic markers (such as BRCA1/2) and
serum markers (CA 15.3, CA549) have been developed (86). Many of them, however, either
require an invasive tumor biopsy, or cannot provide comprehensive information about the
cancer status, making “precision medicine” challenging to achieve. Tumor-derived
exosomes, as an important part of liquid biopsies (i.e. sampling and analysis of non-solid
biological tissue, largely blood), are promising biomarker candidates due to their tumor cell
origin, stability, heterogeneous constituents (protein, DNA, RNA, lipid, etc.), and easy-to-
obtain nature. For example, tumor exo-DNA can reveal the mutational status of cancer cells
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(87). Given that every tumor has a unique genetic footprint, exosomes provide a unique
opportunity for enabling precision medicine guided detection and treatment of breast cancer.

Blood serum miRNAs are biomarkers of breast cancer and as this review has highlighted,
miRNAs are enriched in exosomes, though understanding their function in target cells
requires further characterization (88). Using small RNA sequencing, Hannafon et al.
reported that exosomal miRs, miR-1246 and miR-21, are significantly elevated in breast
cancer patient plasma, and may indicate the presence of breast cancer (7). In addition,
exosomal miRNAs may be biomarkers of treatment response. Wu et al. found that plasma
derived exosomal miR-375 and miR-122 can predict neoadjuvant response and breast cancer
recurrence in stage Il and 111 breast cancer patients (89). In a randomized phase 11
neoadjuvant clinical trial (GeparSixto, NCT01426880) which recruited patients with HER2-
positive breast cancer and triple-negative breast cancer (TNBC), an exosomal miRNA
signature was able to predict multiple clinical parameters such as pathological complete
response (90). In the same trial, plasma exosomal miR-374 was associated with tumor size
in patients with TNBC, while another group of exosomal miRNAs (miR-382, miR-185,
miR-376a, miR-410, miR-628, miR-433) could be used in the same way for patients with
HER2-positive disease (90).

These studies suggest a role of exosomal miRNAs derived from patient blood samples as
potential clinical biomarkers of breast cancer diagnosis and treatment response however, the
majority of studies lack direct evidence demonstrating origin of the exosomes and target
engagement in responder cells. Although exciting, exosome miRNA studies need to be
interpreted with caution until in-depth studies are available demonstrating the origin of these
miRNAs (tumor or other cell types), their targets in responder cells and the biological
association with breast cancer progression.

A number of cancer-related proteins are present in tumor exosomes. Using a pluronic block-
copolymer based enrichment method followed by proteomic profiling, Zhong et at. showed
that 60 exosomal proteins, including epidermal growth factor receptor (EGFR), could
separate advanced breast cancer patients from a normal control group (91). Similar to
exosomal miRNAs, some exosomal proteins can potentially predict therapy resistance. In a
cohort of breast cancer patients, Teng et al. showed that in unresectable metastatic breast
tumors, increased blood exosomal TRPC5 was related to chemotherapy response and
acquired chemoresistance (92). Similarly, exosomal GSTP1 can be upregulated in
chemoresistant breast cancer tissues and patient blood (93). Finally, serum exosomal CD82
levels was able to distinguish patients with breast cancer and healthy subjects (94).

Although the clinical application of exosomes in cancer diagnosis and monitoring is
intriguing, this research area is still in its infancy and additional studies are needed to
understand the diagnostic and prognostic utility of exosomes and to standardize procedures
and analyses for clinical applications.

Exploiting exosomes as drug delivery systems

As we discussed in the previous sections, exosomes are natural carriers of various
biomolecules to fulfill cell-cell communication. In the era of precision medicine and
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individualized therapy, these nanovesicles have the potential for specific drug delivery due to
their non-immunogenic, targetable and degradable nature, maintaining an advantage over
synthetic drug carriers (95). Studies have shown that exosomes can deliver therapeutic
proteins and RNAs directly into target cells (96,97). A study by Jung et al. suggested that
under hypoxic conditions, MDA-MB-231 can secret exosomes that are preferentially taken
in by hypoxic cells /n vitro (98). Injection of Olaparib-loaded exosomes intratumorally
resulted in cancer cell apoptosis and delay of tumor growth (98). Exosomes secreted from
stromal cells can have similar functions, for example, mesenchymal stem cell-derived
exosomes were able to deliver paclitaxel (PTX) and miR (mirNa-142-3p) inhibitor into
mouse breast tumors and inhibit /n vivo tumorigenesis (8,9). The targeted delivery of anti-
cancer drug remains a challenge in cancer therapy, and the modification of exosome surface
proteins might enable such a targeting approach. By expressing a fusion protein which
contained GE11 oligopeptide in donor cells and introducing miRNA into GE11-positve
exosomes, Ohno et al. were able to deliver let-7a, a putative tumor suppressor, to EGFR-
positive breast cancer cells /n vivoto inhibit tumor growth (99). Similarly, by conjugating
Designed Ankyrin Repeated Proteins to the exosome-specific protein LAMP2, Gomari et al.
were able to generate exosomes that specifically recognize HER2 on BCCs, and increase the
efficiency of drug delivery (100). Vesicle-based drug-delivery are promising to overcome
limitations of conventional anti-cancer drug administration, while bioactive exosomes have
the potential to improve breast cancer therapeutics.

Disruption of exosomes as a novel strategy to treat breast cancer

Due to the important role of exosomes in intercellular communication and the establishment
of the TME, disruption of this communication may be a novel way of managing breast
cancer. Different steps including exosome release, exosomal transfer of biomolecules, and
exosome uptake are potential drug targets. Release of exosomes has been shown to affect
drug retention in cancer cells /n vitro whereby blocking exosome secretion by small
molecules can increase the sensitivity of cells to chemotherapeutic agents such as 5-
fluorouracil (101). In addition to data suggesting that blocking exosome secretion may alter
response to chemotherapies, recent immunology studies suggest that exosomes could be
potential mediators of response to immunotherapy. For example, PD-L1 is trafficked via
exosomes involving a protein ALIX. When ALIX is depleted, PD-L1 undergoes reduced
exosomal trafficking and PD-L1 levels increase on the cell surface. Consistent with this,
ALIX depleted cells show enhanced immunosuppression of T cells (102). Taken together,
these studies open new avenues to explore exosomes as targets of novel therapeutic
strategies.

In addition, Nishida-Aoki et al. demonstrated that antibodies targeting CD9 and CD63 can
stimulate the active removal of cancer-derived exosomes by macrophages (103), which
could be a novel cancer therapy. They showed /n vivo that when mice bearing MDA-
MB-231 xenografts were treated with human anti-CD9 and anti-CD63 antibodies,
metastases were significantly reduced (103) suggesting that exosome depletion is an
approach worth further attention, however, it remains a challenge to distinguish and
selectively deplete only cancer-derived exosomes and not other beneficial exosomes simply
based on surface markers. To address this, validated markers or techniques are necessary
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which can discriminate subpopulations of exosomes effectively. Overall, these limited yet
interesting studies show that exosomes hold potential as being novel drug targets.

Exosomes in breast cancer clinical trials

Clinically, exosomes are being evaluated as diagnostic tools and as biomarkers predictive of
treatment response. There are on-going clinical trials focusing on exosomes as cancer
biomarkers in patients with breast cancer. For example, one trial (NCT02977468) is
determining whether exosomes can serve as biomarkers of response to pembrolizumab in
patients with TNBC. In another clinical trial (NCT02662621) exosomal HSP70 is being
explored for the diagnosis of early-stage breast cancer. In a multicenter prospective trial,
researchers are exploring proteomic profiling of exosomes for the prediction of
leptomeningeal metastasis (NCT03974204). It should be noted that there are a great number
of clinical trials exploring the value of cfDNA as prognostic and predictive factors, and that
the majority of cfDNA analysis techniques are assessing all cell free DNA which is
generally found in exosomes, thus results from these trials may also be relevant to the field
of exosomes.

Conclusions and future perspectives

Studies to understand the role of exosomes in cancer are rapidly expanding. Tumor-derived
exosomes transmitted distally contribute to the breast tumor “macroenvironment” by altering
tumor-host interactions, while in the breast tumor “microenvironment” BCCs secrete
exosomes in a paracrine manner to affect adjacent stromal cells and vice versa. Clinically,
exosomes are being explored as nanosized anti-cancer drug carriers to achieve targeted drug
delivery, and by manipulating their composition and surface proteins. Furthermore,
exosomes have exciting potential as biomarkers with which to screen for early-stage cancer,
monitor treatment response and track cancer progression.

Nevertheless, many open questions remain, for example what drives exosome release and
exosome contents, whether short-term exposures to exosomes can change disease course or
are chronic exposures necessary for evolution/adaptation, and what determines the
selectivity of exosomes for specific target cells. It will be important to determine if all
exosomes mediate diverse intercellular interactions or if specific subsets exist which are
designated to individual ‘tasks’ or specific target cells, and if so, how that is regulated.
Currently, the majority of exosome studies are performed using /n vitro systems and not in
more complex micro- and macro-environments, thereby limiting the understanding of
exosome biology. Exosomes are highly heterogenous, with distribution in multiple origins
and destinations difficult to be recapitulated /n vitro, and hence /n vivo studies must be
included in future studies. Furthermore, sophisticated technologies and approaches including
better exosome markers are required to understand tissue of origin, which will then help to
better understand exosome-mediated signaling and to exploit exosomes as biomarkers.
Central to the progress this research field is expected to make will be the standardization and
validation of isolation methods and nomenclature to allow a more specific understanding of
exosomes rather than EV's more broadly. Despite these challenges, we believe that ultimately
exosomes may play an important role in the management of breast cancer.
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Figure 1. Classical model of the endocytic pathway, exosome biogenesis and release.
Exosome biogenesis occurs via the endosomal pathway. First, early endosomes are formed

as a result of cell cytosis. During endosome maturation, the endosome membrane
invaginates, giving rise to intraluminal vesicles (ILVs) which are packaged into
multivesicular bodies or MVBs (also called late endosomes). The MVBs fuse with the
plasma membrane and releases the ILVs, now termed exosomes, into the intracellular space.
Alternatively, MVBs can fuse with lysosomes and are targeted for autophagy. The Rab
family proteins play a critical role in the biogenesis of both multivesicular bodies and
€X0S0mes.
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Exosomes have a heterogeneous composition and can host a wide array of cargos including
DNA, RNA, microRNAs, proteins and lipids. Individual exosomes contain a specific set of
proteins and RNAs that characterize their parent cells and pathological state and account for
their biological functions. Exosome cargo can exist inside the lumen of the exosome or
within its lipid bilayer. MHC 1/11, Major histocompatibility complex I/11; HSP60/70/90, heat
shock protein 60/70/90; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; PTK, protein
kinase; Vps, vacuolar protein sorting-associated protein; CHMP, charged multivesicular
body protein; Rap, Ras-related protein; RhoC, Rho-related GTP-binding protein.
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Figure 3. Exosome isolation and characterization: A Key step for the study of exosome content
and function.

Exosomes are found in many types of body fluid and can be isolated by a variety of methods
such as ultracentrifugation, size-exclusion columns (SEC) and marker based pull-down
assays (commercial kits). Isolated exosomes are characterized by a combination of
techniques including staining for exosome-specific protein markers (using immunoblotting),
nanoparticle tracking analysis (NTA), and electron microscopy (EM). These techniques have
been widely applied to evaluate the quality and concentration of isolated exosomes. Of note,
the methods for exosome isolation, purification and characterization are developing rapidly
as insights are gained into the biological features of exosomes. CSF, cerebrospinal fluid.
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Figure 4. Exosomes mediate cell to cell crosstalk in the TME.
Cellular components of the tumor microenvironment (TME) includes malignant cells such

as breast cancer cells (BCC) and non-malignant stromal cells such as immune cells,
mesenchymal stem cell (MSC)-derived cell populations, endothelial cells and epithelial
cells. Exosomes released by BCCs may transform the function of cells in the TME to favor
breast cancer progression and metastasis. Studies also suggest that BCC derived exosomes
can mobilize neutrophils and skew M2 polarization to promote breast cancer progression as
well as activating endothelial cells to support tumor angiogenesis. BCCs can also uptake
exosomes from the TME. This bidirectional exosome-mediated transfer of cellular
substances, such as proteins and nucleic acids, greatly affects the dynamics of the TME and
likely contributes to breast cancer progression and metastasis.
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