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Abstract

Recent advancements in the field of cancer have established that the process of metastasis is
organ-specific with tumor cell dissemination occurring in the very early stages of disease. Pre-
metastatic niches are actively remodeled and transformed by both primary tumor specific factors
and by influences from the extracellular matrix.Although improvements in cancer therapies have
significantly improved outcomes in patients with early stage disease, the risk of recurrence and
relapse leading to mortality remains high. Recent studies have emerged highlighting the influence
of dormant tumor cells and exosomes as key players in cancer relapse. In this review we discuss
the critical mediators of tumor progression and their link to cancer dormancy, while also exploring
possible therapeutics for targeting relapse.
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1. Introduction

Considerable advancements in cancer treatments have evolved over the years due to
improved diagnostic and therapeutic strategies. However, much more needs to be done to
target metastatic progression of tumor cells which is the primary cause of cancer-related
deaths. Until recently, most of our knowledge on metastases indicated that spreading of
tumor cells, a hallmark of metastasis, occurred in later stages of disease progression.
However, we now know that the dissemination of tumor cells occurs in the early stages
of the disease [1,2], and it appears to be organ-specific, with a number of studies describing
the incidence of early tumor cell spreading, in some cases, long before a primary tumor
is even palpable [1,3-7]. Furthermore, in roughly 5-10 % of cases, a metastatic lesion

is detected with an unknown primary origin [8,9]. More recent foundational studies have
revealed the formation of a pre-metastatic niche (PMN)10 at distant organ sites, which
essentially cultivates a microenvironment that is conducive to tumor cell seeding and
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survival. This is in contrast to the metastatic niche which is largely dependent on the arrival
of circulating cancer cells (CTCs). Cancer cells are noticeably absent in PMNSs, and instead,
the preparation of PMNs for tumor cell survival is heavily influenced by remodelling of

the extracellular matrix (ECM) and tumor-cell secreted factors [10]. Cardiac and skeletal
muscle, for example, rarely provide a growth promoting environment for cancer; however,
the perivascular niche has been shown to support the survival of breast disseminated tumor
cells (DTCs). Additionally, laminin-111, which is present in the basement membrane of
glandular organs, provides an environment especially conducive to the survival and growth
of mammary epithelial cells while also promoting quiescence and resistance to cytotoxic
therapies [7,11]. In contrast, the presence of collagen-1 has been attributed with increased
cancer invasion and metastatic potential [12—14]. In breast and prostate cancers, adjuvant
therapies targeting hormone signalling have dramatically improved patient outcomes,
however, in a meta-analysis of over 60,000 breast cancer patients treated with early-stage
disease treated with endocrine therapy experienced breast cancer recurrences from 5

to 20 years after initial diagnosis [15]. Understanding the mechanisms responsible for
cancer recurrence, most notably, tumor cell dormancy, and developing improved therapeutic
strategies is essential to improving patient outcomes.

microenvironment

Cancer is a complex and systemic disease, which incorporates numerous components of
both tumor and stromal cells embedded within the extracellular matrix (ECM) [16-19]. The
microenvironment of a developing tumor is composed of proliferating tumor cells, tumor
stroma, angiogenic interactions and immune responses and it is defined as the complex and
dynamic interactions between cancer cells and the ECM [20]. The evolution and function
of the cells in the tumor microenvironment mirror many of the processes of wound healing
and inflammation, however, in cancer, these processes become aberrant [3, 21-23]. Of
important consideration, tumor associated macrophages (TAMs) play an important role in
the secretion of growth factors, angiogenesis, tissue remodeling and the suppression of
adaptive immunity. Additionally, bone marrow derived stem cells (BMDSCs) also secrete
growth factors that can promote the differentiation of BMDSCs to osteoblasts, fibroblasts,
chondrocytes and adipocytes. Primary and metastatic tumors are known to recruit BMDSCs
to the microenvironment where they differentiate into cancer-associated fibroblasts (CAFs),
promoting tumor survival and persistence [24].

Several decades of in-depth cancer research has been focused on a tumor-cell autonomous
view of cancer, however, more recently it has become apparent that tumor cells do not act
alone, but rather, they persist in a fertile tumor microenvironment which is governed by
tumor-stroma interactions to promote metastasis and cancer progression [17, 23,25-29]. As
the cancer continues to evolve, the surrounding tumor stroma and ECM is also transformed
into an activated state which is maintained by continuous paracrine signaling between the
tumor cells and the host stroma, thereby, cultivating an environment permissive to cancer
progression [20,23].

Fibroblasts were first identified by Virchow and Duvall in 1858, as cells that function
to synthesize collagen in connective tissues [30,31]. Phenotypically, fibroblasts are spindle-
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shaped, which can become polarized with migratory signaling. In normal tissues, fibroblasts
are thought to be in a dormant state because of their relatively low metabolic activity

[32]. Quiescent fibroblasts are generally found in the interstitial stromal layers between the
parenchyma and mature tissues [32]. These quiescent cells become activated by influences
from their environmental stimuli, thus promoting proliferation, migration, and deposition of
ECM proteins [23,32,33]. Once activated, these fibroblasts display significantly increased
contractile and metabolic activity, which are critical components of wound repair and
connective tissue production; in cancer, however, these typically normal processes become
dysregulated [32]. With chronic inflammation or wound insults, either in the context of
physical, toxic, autoimmune or metabolic disorders, the repair response will continue
unrestricted, resulting in a condition called tissue fibrosis [23,32,34]. In the context of
cancer, the tumor stroma is mainly comprised of fibroblasts; many studies to date have
established that fibroblasts residing in the tumor microenvironment have a significant
influence on cancer progression and invasion [19,25-27], [29, 35-37]. Fibroblasts in the
tumor microenvironment which become activated are termed cancer-associated fibroblasts
(CAFs) [26,34,38, 39]. Dysregulation of wound healing results from signaling responses
which remain elevated and sustained even once the wound is resolved; this is typically
observed in tissue fibrosis and cancer progression [33, 40]. CAFs are generally identified
by their expression of a-smooth muscle actin (a-SMA), a cytoskeletal protein typically
found in smooth muscle cells [32]. Early studies in the 1970s described a mechanism by
which cancer cells recruit activated fibroblasts that are functionally similar to myofibroblasts
associated with wound healing [41,42]. This recruitment is largely regulated by growth
factors secreted by the primary cancer cells and immune cells. TGF-B, PDGF and FGF-2
are the main mediators of activation in fibroblasts in both acute and chronic tissue damage
and repair [32]. Of importance when examining ECM matrix influences on metastasis,
TGF-B, has been shown to increase the activity of lysyl oxidase (LOX), the primary enzyme
responsible to collagen crosslinking and remodeling [43]. The mechanism responsible

for fibroblast activation is still not completely understood; however, it has been shown

that reversion of phenotype and behavior of malignant cells can be modified by altering

the tumor ECM [44,45], suggesting that tumor cells do not act autonomously; rather,

they are heavily influenced by the signaling and composition of the ECM in the tumor
microenvironment.

3. Pre-metastatic niche (PMN) and the metastatic niche

In recent years, studies have emerged highlighting the importance of primary-tumor derived
soluble factors which function to prime distant tissue sites for tumor cell homing and
adhesion. In response to these primary-tumor derived growth factors, macrophages and
progenitor cells congregate at tissue sites called premetastatic niches (PMNs). PMN
formation is largely dependent on modifications by the primary tumor, usually via soluble
secreted factors. These future metastatic sites are actively formed via careful curation of
microenvironments which are conducive to both survival and outgrowth of tumor cells long
before their arrival at these distant sites [10]. Once these CTCs arrive at these secondary
sites, colonization and engraftment occur, hence creating the metastatic niche. To cultivate
an environment supportive of tumor cell growth and expansion, the PMN is noted in many
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studies as being formed first [10,46-50]. Bone marrow derived haematopoietic stem cells
expressing VEGFR-1, have been noted as key contributors of the premetastatic niche,
localizing to premetastatic sites long before the arrival of tumor cells [49]. Interestingly,
these cells, of myeloid lineage, also express VLA-4, a fibronectin receptor [49]. Moreover,
fibronectin expression is also increased in these premetastatic sites, suggesting that this
increased stromal deposition paired with the localization of myeloid cells provide attractive
disembarking sites for disseminating tumor cells [51]. At the PMN, recruited myeloid cells
interact with various other cell types such as stromal and endothelial cells providing an array
of chemokines, growth factors and matrix modifying factors, all favoring tissue remodelling
and thereby, accelerating the assembly of the metastatic niche [51].

In a recent in vivo study, loss of the hydrogen peroxide scavenger, Peroxiredoxin-1
(PRDX1), resulted in a significant increase in both collagen remodelling and deposition
in mammary ECM [52]. Furthermore, primary tumor-derived secreted factors resulted

in a SRC-induced phosphorylation of PRDX1 in mammary fibroblasts, resulting in its
inactivation [52]. Phosphorylated PRDX1 fails to bind lysyl oxidase (LOX), leading to
the accumulation of LOX in the ECM and enhanced collagen remodelling, promoting the
pre-metastatic niche and enhancing breast cancer progression [52]. Earlier studies have
also shown that inhibition of LOX synthesis in human breast cancer cells decreased the
accumulation of myeloid cells [53].

Local tissue modification is essential for supporting and promoting tumor cell invasion

and metastasis. Several studies have emerged over the years emphasizing the importance

of MMPs in the PMN because of their ability to degrade ECM during inflammatory
responses. MMP9 has been established as a key player in the formation of the PMN,
specifically in endothelial cells and in VEGFR1 expressing myeloid cells in the lung [54].
The mechanical properties of the ECM along with its stiffness and tensile strength has

been shown to have a significant impact on promoting tumor cell dissemination in the
mammary gland, while also being preserved even after transition to the metastatic niche

of softer microenvironments such as bone marrow [55]. The evolution of the metastatic
niche initially begins in response to growth factors secreted by the primary tumor leading

to recruitment and accumulation of haematopoietic progenitor cells. Stromal-derived growth
factor secreted by platelets function to recruit metastatic tumor cells allowing them to
engraft the niche, creating micrometastases. Location specific adhesion integrins such a P-
selectin and E-selectin function to promote metastatic tumor cell adhesion and extravasation
at metastatic sites. Progression to a macrometastasis is partly dependent on recruitment of
endothelial progenitor cells which mediate the angiogenic switch necessary to promote the
progression to metastatic disease [7,10,49,51].

4. Tumor dormancy

Tumor dormancy is classically described as the delay of tumor growth between the
formation of a primary tumor and the incidence of metastatic growths [56]. From a
clinical perspective, tumor dormancy is described as the metastatic recurrence of disease,
during a time period where the patient remains asymptomatic with the appearance of
minimal residual disease following either surgical or therapeutic intervention of the
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primary tumor [2,56,57]. Tumor dormancy uncovers the ability of circulating tumor cells
(CTCs), disseminated tumor cells (DTCs) and other micrometastases to remain viable in
small populations following the resection of the primary tumor [2]. These cells remain
undetected for extended periods of time, for even years to decades, allowing for extended
periods of asymptomatic residual disease and resistance to treatment. These dormant cells,
however, will not remain as such, and they will eventually initiate the progression of
metastatic disease to secondary sites in the body [2,56-58]. Traditional chemotherapy is
targeted towards proliferating cells; however, these therapies are ineffective on dormant
cells [59,60]. Breast cancer is particularly noted for having extended periods of tumor
dormancy, with metastases occurring at times, many years after initial treatment. In a study
using a murine mouse model for dormancy in breast cancer, it was shown that cytotoxic
chemotherapies, such as doxorubicin, spared the non-dividing, dormant cells [60,61]. In
metastatic latency, these cells that have survived chemotherapy remain undetectable by
conventional diagnostics, nor do patients manifest symptoms. As a result, when CTCs
and DTCs are detected in either the blood or bone marrow, it is evidence of residual
disease in latency and it is a risk factor for recurrence of disease in these patients [59].
CTCs isolated from the blood of cancer patients can provide critical information about the
progression of the cancer, in addition to better informed treatment design and selection. In
over 200 clinical trials, CTC counts and surface marker expression have uncovered their
prognostic importance with respect to the progression of metastatic disease, by utilizing
these characteristics to evaluate therapeutic response and treatment driven clonal selection
[62].

In a significant percentage of breast cancer patients, metastases to distant sites in the

body occur after years of latency. Many studies have attributed this phenomenon to DTCs
which are kept dormant, until they receive a cue to wake up. This cue or signal remains

a poorly understood aspect of cancer biology. However, a recent study revealed that
dormant DTCs take up occupancy on the microvasculature of the lung, bone marrow and
brain—all sites that are well accepted as typical locations for breast cancer metastases
[7,22,63]. Using organotypic microvascular niches, the study demonstrated that endothelial
thrombospondin-1 induced sustained breast cancer cell quiescence [7]. Since the early
seventies, studies have shown that tumor dormancy could be induced in vivo by preventing
neovascularization [64]. However, in angiogenic vasculature, sprouting vessels were shown
to accelerate breast cancer cell growth, revealing that stable vasculature creates a dormant
niche, while neovasculature initiates metastatic growth [7]. Although currently, the cues
and signals responsible for disrupting tumor dormancy are largely unknown, more recent
studies have examined the influence of certain patient lifestyle exposures, such as alcohol,
on disrupting the tumor microenvironments which maintain the DTC dormant niche. Such
environmental exposures injure the dormant niche, resulting in its reactivation, hence
leading to metastatic progression and growth [65]. Tumors are known to secrete diffusible
substances that stimulate and promote neovascularization [66]. Using a model of diabetic
retinopathy for carcinoma implantation, a prolonged avascular state resulted in restricted
tumor size, suggesting that normal vitreous functions to inhibit capillary proliferation

[66]. Furthermore, in breast cancer, tumor-intrinsic signalling and specific bone marrow
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niches have been recognized as playing a key role in dictating the dormancy state of bone
disseminated tumor cells [48].

Two models of tumor dormancy have emerged, cellular dormancy and tumor mass
dormancy. Cellular dormancy is characteristic of single, non-proliferative DTCs, which
enter a quiescent state in response to either intrinsic signals or signals from the external
microenvironment. Contrary to this theory, tumor mass dormancy is classified as a state of
equilibrium between proliferating DTCs and those undergoing apoptosis [67]. This dynamic
is heavily controlled and regulated by stromal cells within the microenvironment, angiogenic
dormancy and immunologic dormancy [56,59,67]. The enhanced secretion of angiogenic
suppressors and the inhibition of factors promoting angiogenesis, in addition to immune
clearance of certain DTC populations and immune escape of other DTC populations,
describe angiogenic and immunological dormancy, respectively [2,7,68]. The dual role of
the immune system functions to both identify and eliminate tumor cells, while also shaping
the immunogenicity of tumor cells. The tumor microenvironment plays a critical role in

the regulation of both tumor development and progression, and it has been implicated in
tumorigenesis in a wide array of cancers [69]. This environment cultivates the integration of
tumor cells with their surrounding cells via circulatory and lymphatic systems, in addition
to influencing neighbouring adipocytes, fibroblasts, dendritic cells and CAFs. Consequently,
the tumor microenvironment houses the capability to determine whether the tumor will
persist and manipulate cells in its vicinity [21,34,69].

microenvironment, therapeutic resistance and relapse

Tumor relapse, treatment resistance and metastasis remain the major etiology responsible for
the poor survival rates in cancer patients with advanced disease. Even with surgical resection
and treatments, a primary cause of relapse and metastatic progression is due to cancer stem
cells (CSCs) which are resistant to chemotherapy, allowing them to persist in the body,
relatively undetected and unphased [70]. Studies of acquired relapse in cancer patients have
indicated that tumor cells, upon treatment, experience a strong selective pressure resulting in
clonal evolution of treatment resistant tumor cells. These cells which are neoplastic in origin,
acquire somatic mutations and phenotypic alterations which vary greatly from their original
cellular state.

Distant or local tumor recurrence is predominantly influenced by the tumor
microenvironment, which provides a rich and adaptive atmosphere, cultivating cellular
growth and proliferation of relapsed, highly resistant tumor cells. Merging of tumor cells
with proteins and stromal cells of the extracellular matrix, such as collagen | and CAFs,
respectively, have been well described in the promotion of metastatic disease [24,34,62,71].
Adhesion of tumor cells to the matrix influences the activation of gene signatures which
play a critical role in disseminating cancer cells to distant sites while also activating tissue-
dependent dormancy [62]. Patients with chemotherapeutic resistance or radiation resistance
have been noted as having significantly higher numbers of CTCs transformed into CSCs via
epithelial to mesenchymal transition (EMT) [62,72]. Clinical studies have linked observed
EMT phenotypes in advanced malignancies to poor patient survival [73]. In studies of ductal
carcinoma /n situ (DCIS), alterations in the architecture of the extracellular matrix leading to
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crosslinking and linearization of collagen fibers surrounding the duct perimeter were notably
more frequent in DCIS lesions with characteristics typically associated with poor prognosis
and survival [12,74-76].

6. Chronic inflammation, microenvironment and dormancy

In the extracellular matrix (ECM), chronic inflammation is one of the main drivers

of fibrosis, whereby continuous immune responses occur simultaneously with tissue

repair and remodelling. Cancers have often been described as wounds that do not heal,
precisely because the cellular and biochemical processes that occur in wound healing are
characteristically similar to those that are observed in the growth and development of the
tumor stroma. However, once the reactive processes of wound healing are complete, the
system reinstates its equilibrium, while in cancer, these processes continue and progress,
unchecked. Radio-therapy, often a first line of treatment for many cancers, has been well
described as promoting reactive oxygen species (ROS) mediated proliferation through DNA
damage and inflammation, and in some instances, compromising organ function. According
to a recent study, elevated levels of CCL5 was associated with a poor prognosis because

it was associated with a decrease in recurrence-free survival. Furthermore, CCL5 functions
as a chemoattractant for collagen-depositing macrophages to the residual tumor, leading to
elevated concentrations of crosslinked collagen, which has been well-described to increase
tissue stiffness and promote cell migration [12,13,63,77]. In colorectal cancer, depletion of
CCR2+ macrophages were found to inhibit tumor growth by decreasing CCR2+-mediated
collagen deposition [78]. CCL5 has been described as a key player in many components

of tumor progression, including invasion, metastasis and recurrence [79]. In glioblastoma,
upregulation of CCL5 was correlated with recurrence following treatment [80], and in

triple negative breast cancer, following neoadjuvant chemotherapy, expression of CCL5 was
correlated with residual tumor size [81]. In Her2+ or hormone receptor positive breast
cancers, elevated CCL5 expression was observed in residual tumor cells which persisted
post-therapy, promoting recurrence of disease [77]. Several studies have emerged suggesting
that tumor associated macrophages serve a protective role for cancer cells from immune
cells in the microenvironment [77,82-84]. In a model of chemotherapy treated breast cancer,
depletion of macrophages enhanced CD8 + T cells [85], and in a study of over 100 luminal-
like tumors, high levels of CD204 were correlated with a decrease in relapse-free survival
[86].

7. Extracellular matrix and tumor dormancy in breast Cancer

The ECM is a critical component of tumor tissue, and this microenvironment mimics a
wound healing state by maintaining itself in a state of perpetual fibrotic repair. Alterations
to the architecture, and stromal integrity contributing to stiffness in the mammary gland has
been recognized as a characteristic leading to poor prognosis and disease progression in
breast cancer [26,87]. Normal mammary gland is a soft and flexible tissue, mostly composed
of relaxed, helical collagen fibers. In malignant progression, the architecture of the
mammary gland undergoes collagen crosslinking via lysyl oxidase (LOX) family enzymes,
contributing to increased stiffness of the gland. A biophysical and histological analysis
showed that that stromal stiffness is highest at the invasive front of highly aggressive
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breast cancers, such as HER2 amplified, and triple-negative breast cancer compared to
luminal tumors. Moreover, collagen fibril orientation has been correlated with poor survival
regardless of tumor size, grade, subtype and nodal status [12,16,75]. In estrogen-receptor
negative breast cancer, stroma-related gene-signatures were found to predict resistance to
neoadjuvant chemotherapy [88]. Such studies, which have emerged more recently have
further identified the contributions of the tumor microenvironment, specifically, the ECM
as key regulators in the progression of metastatic disease. Strong evidence has emerged in
recent years supporting the notion that specific ECM proteins function to promote cellular
dormancy. In breast cancer, endothelial-derived thrombospondin-1, which is present on the
microvasculature, induces continuous breast cancer cell quiescence, however, in sprouting
neovasculature, this suppressive signal is lost [7]. Further analysis has revealed that
sprouting vasculature accelerates breast cancer cell growth and progression via the presence
of enhanced tumor promoting factors, TGF-p1 and periostin7. Primary tumors are known to
condition premetastatic sites for tumor cell dissemination by secreting a milieu of proteins
and lipids which function to remodel the distal tissue, cultivating a microenvironment
encouraging the retention, growth and survival of DTCs. These alterations in tissue
architecture for the growth of metastases are characterized as the premetastatic niche;
remodelling of the ECM is particularly important in identifying the metastatic potential of
a tumor [10,89]. Given the crucial role that the ECM plays in the progression of metastatic
disease clinical approaches targeting fibrosis and integrin signalling create an alternative
strategy in the reduction of aggressive, metastatic cancers, and ultimately improving patient
outcomes. Currently, multiple therapies have been developed for the reduction of tissue
fibrosis. Pirfenidone, an anti-fibrotic drug originally used in the treatment of idiopathic
pulmonary fibrosis, has recently been suggested to function as an anti-fibrotic drug targeting
tumor progression to treat metastatic progression in solid cancers.

Although the leading therapies in the treatment of cancers are chemotherapy and
radiotherapy, multidrug resistance has increased over the years, leading to cancer relapse
and poor overall outcomes in these patients. Recent research has shown that the tumor
microenvironment plays a critical role in cancer progression and in multidrug resistance
[90]. The tumor microenvironment is highly complex and heterogenous and gaining a
thorough understanding of how the microenvironment supports tumor growth and metastatic
progression is critical to develop effective therapeutic strategies for the treatment of cancer
(Fig. 1). The ECM is a 3D structure composed various proteins, such as collagen, elastin,
laminins, fibronectin and proteoglycans, which provide support to tissues. As a tumor grows,
a variety of factors including hypoxia, inflammation, and tumor cell heterogeneity all induce
modifications to the proteins of the ECM resulting in elevated collagen deposition and

ECM disorganization, resulting in a stiff matrix which has been shown to promote tumor
progression. Moreover, the ECM has also been shown to support tumors by providing
growth factors and signals for proliferation, and enabling evasion of growth suppressors,
while also inducing neoangiogenesis [7,13,91]. Use of FDA approved angiotensin 11 receptor
agonists such as Losartan, Olmesartan, Valssartan or Candersartan, which are typically
utilized for the treatment of hypertension, reduced mortality in gastro-esophageal cancer
patients [92]. This study suggests that Losartan functions by inhibiting TGF- signalling,
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resulting in a reduction of secreted collagen | and desmoplasia, facilitating improved
delivery of chemotherapeutics to the tumor [92-95].

Lung microenvironment and dormancy

Multiple cancer types utilize the lungs as a prime target organ for metastatic dissemination
of cancer cells, and it is the surrounding microenvironment and premetastatic niches that
provide a fertile ground for metastatic growth by reawakening quiescent cells. Conditions
of hypoxia and inflammation in the lung microenvironment promote the development of
metastases. The lysyl oxidase (LOX) family of enzymes have been well described as
collagen crosslinking enzymes which facilitate ECM remodelling, and the promotion of
EMT. The expression of the enzyme, lysyl oxidase like 2 (LOXL?2), is elevated under
hypoxic conditions of the tumor microenvironment, and it has been associated with
metastatic progression and poor prognosis in lung, breast and hepatocellular carcinoma
[89,96-98]. Furthermore, inflammation in the lungs may enhance the proliferation of
dormant metastatic breast cancer cells by activation of Tank-binding kinase-1 (TBK1).
TBK1 promotes EMT and invasion of lung cancer cells via phosphorylation of synthase
kinase-3p (GSK-3p) and expression of zinc finger E-box-binding homeobox 1 (ZEB1)
[99,100]. In the lungs, microenvironments with low levels of TGF-B2 were shown to
activate dormant DTCs, allowing for metastatic growth [101,102]. In normal tissue, periostin
(POSTN), is a secretory protein expressed in bone tissues, and in the ECM, where it
functions as an adhesion protein, regulating cell adhesion and differentiation of osteogenic
cells. However, in cancer, it is often upregulated and specifically, in lung cancer, studies
have shown that POSTN interacts with Wnt1 and Wnt3A, enhancing Whnt signalling and
promoting tumor cell growth. Because the lungs are leukocyte-rich, macrophages express
a4 integrins inducing protein kinase B (Akt) which interact with vascular cell adhesion
molecule 1 (VCAM-1) promoting lung metastases. VCAM-1 serves to aid the attachment of
metastases-associated macrophages to cancer cells by a4 integrin, hence, protecting cancer
cells from cytokine-mediated apoptosis such as TNF-Related Apoptosis Inducing Ligand
(TRAIL) [103].

The lung ECM is composed of a wide variety of matrisomal proteins which provide
structural support to the tissue paired with soluble factors and remodelling enzymes which
associate with the matrix. The functions of the central airways and parenchyma are largely
influenced by the composition and architecture of the ECM. Recent studies have identified
circulating ECM-related proteins in non-small cell lung cancer (NSCLC) patient plasma
[104]. Further associations have been made linking the ECM composition of NSCLC tumors
with an increased risk of recurrence, highlighting the critical role of the ECM in regulating
metastatic progression, dormancy and relapse [105]. Mechanisms regulating tumor cell
dormancy have been described as being mediated via mitogenic and stress response
pathways such as, TGFB/BMP, Src, FAK, EGFR and integrin, paired with ERK/p38, JNK
and cyclin and other downstream regulators of the cell cycle, mediating cell cycle activity.
Crosstalk between integrin, EGFR and uPAR influence downstream signalling of FAK
which mediates dormancy via p38 and p27-dependent signalling [106]. Quiescent signalling,
typically found in stem cells, have been found to promotes dormancy and metastasis in
cancer. These signals originate from the ECM and interact with Wnt and Notch signalling
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to mediate these pathways of dormancy in breast cancer [107]. Similar transcriptional
signatures between breast metastases in the lung and aggressive metastatic lung cancer,
reveal that similar pathways of ECM-mediated dormancy and metastatic progression exist
across differing cancer types [48,108].

In NSCLC, stiff ECMs have been shown to promote FAK activation and increased Wnt
signalling, driving NSCLC viability. Moreover, LOX and LOXL2 enzymes are upregulated
in NSCLC, increasing the metastatic progression of lung tumor cells. The activity of
LOX-family proteins in lung cancer depends on the histological subtype and genomic
profile of the tumor, however, studies have emerged identifying the loss of LKB1 as

a key regulator in activating mTOR-HIF1a signalling, causing LOX expression in the
tumor microenvironment, leading to LOX-mediated collagen crosslinking and increased
stiffness of the tumor tissue [109]. Cancer-associated fibroblasts (CAFs) display increased
LOX secretion and elevated glycolytic and autophagic activity in comparison to normal

lung fibroblasts. CAFs have been well-described in both breast and lung cancers for

their role in promoting metastatic progression. Collagen turnover is partly an autophagic
process, suggesting that activation of autophagy by CAFs and collagen fibrillogenesis,

may promote quiescence and dormancy in lung cancer [110]. The lungs are comprised of

a highly heterogeneous fibroblast population which can contribute to ECM remodelling

in lung tumors when specific fibroblast phenotypes are allowed to expand unregulated.
Compounding the effects of increased stiffness of the ECM, cancer cell-secreted growth
factors such as TGFB, PDGF, and FG2, in addition to immune cells function to both recruit
and promote fibroblasts to a myofibroblast-like state which drive proliferation and inhibition
of apoptosis. These specific features of the ECM that characterize NSCLC may provide key
information for use in clinical practice when deciding which therapies are the most effective.

The first barrier against cancer cell infiltration into the brain are endothelial cells. However,
the unique microenvironment of the brain including microglia, astrocytes and paracrine
growth factors all contribute to the development of metastatic disease [111]. In breast
cancer metastasis to the brain, cancer cells have been found to exclusively extravasate via
capillaries and they were also found to overexpress the metalloproteinase-9 (MMP-9) which
has been well described as promoting angiogenesis and growth in brain tumors. Moreover,
activated astrocytes also secrete MMP-9 aiding the extravasation of cancer cells into the
brain [54]. Elevated expression of Glial fibrillary acidic protein (GFAP) and nestin maintain
the cellular phenotype of astrocytes while also cultivating a supportive microenvironment
for growth and proliferation. Together, such research has shown that activated astrocytes in
the tumor microenvironment may promote the progression of metastatic disease in the brain
[54,111].

Individuals with advanced melanoma often experience metastatic disease in the brain, and
unfortunately with poor prognosis. The mechanisms responsible for the development of
melanoma originating brain metastases are still not well understood, however, a recent study
has shown that brain micrometastases composed of dormant melanoma cells contain specific
transcriptional signatures. In a panel of differential gene expression of 35 genes, levels
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of cysteine-rich protein 61 (CYR61) and of preferentially expressed antigen in melanoma
(PRAME), have been shown to regulate the response to microenvironmental cues in the
brain by disseminated melanoma cells [112-114]. Although mechanisms of angiogenic
dormancy in cancer remains largely unknown, dormant metastatic cells have been shown to
have higher expression of angiomotin which serves as a regulator of antiangiogenic activity
[115]. In brain metastases, in addition to melanoma, lung and breast, cancers cells are found
in perivascular niches which provide an optimal environment for survival and dormancy

of DTCs [7,116]. In brain metastases, elevated levels of vascular endothelial growth factor
A (VEGF-A) re-awaken dormant cells, intimating the critical role of angiogenesis in the
development of metastatic disease in the brain [111,113,115,116].

10. Bone microenvironment

One of the most common target organs for metastasis, particularly in patients with advanced
prostate and breast cancers, is the bone [117, 118]. The development of bone metastases
characterizes one of the most complex components of oncogenic progression, due to the
multifaceted and intricate functions of haematopoiesis, osteogenesis and osteolysis, which
all characterize the bone microenvironment [48,118]. During systemic dissemination of
cancer cells, the spongy tissue of the red bone marrow accumulates DTCs from practically
all types of cancers, with its rich microenvironment appropriated by cancers cells, cultivating
its progression into further metastatic disease [117]. Over 30 years ago, it was observed

that metastasis to the bone was only observed in locations of high hematopoietic activity

of red bone marrow [119]. Furthermore, some cancers are able to thrive in bone by their
ability to destroy calcified bone matrix while in other cases initiating the generation of new
bone tissue [120]. DTCs detected in the bone marrow have been characterized as one of

the only sites in the body which houses minimal residual disease from almost every type

of cancer without developing bone metastases in most instances. In the incidence that bone
metastases do develop, such as in breast or prostate cancer, DTCs are detected in the bone
marrow at much higher frequencies compared to the rate in which metastatic disease will
develop [121,122]. Collectively, this points to the notion that although many types of cancer
have the ability to enter dormancy in the bone, it is the regulation of dormancy and its
awakening that is the principle behind relapse and progression of metastatic disease. Within
the bone marrow microenvironment, a variety of cell types have been shown to promote the
dormant state. Secreted factors from osteoblasts promote quiescence of hematopoietic stem
cells (HSCs) [118]. Prostate DTCs are known to bind to Annexin 11, serving to mediate HSC
adhesion within the microenvironmental niche. Moreover, this binding upregulates both the
AXL family of receptors and the TGF-p receptors which are known to enhance the dormant
state [123,124]. Breast cancer cells localized to the microvasculature of the bone marrow
are facilitated to a quiescent state by thrombospondin-1 (TSP-1) secreting endothelial

cells [7]. TSP-1, which functions as a tumor suppressing and anti-angiogenic factor, is
found to accelerate micrometastatic growth when its expression is lost [7]. Osteolytic
metastases in the bone marrow from originating breast cancer cells, have been shown to
secrete parathyroid hormone-related protein (PTHRP), tumor necrosis factor (TNFa) and
interleukin 6 (IL-6) [125]. These factors have been well-described in osteoclast formation,
further promoting their metastatic capabilities in the bone.
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Accumulating evidence has emerged suggesting that spreading of metastatic cells occurs
much earlier than what was initially thought. Evidence of early tumor cell dissemination
was shown by the detection of DTCs in the bone marrow of MMTV-PyMT and MMTV-
HER2 transgenic mice and in patients with ductal carcinoma /n situ [126]. Mounting
clinical evidence has described the presence of DTCs in the bone marrow of patients

with early-stage cancer. Hypoxia in the primary tumor has been described as influencing
the generation of a subpopulation of DTCs in breast cancer that disseminate and highly
express NR2F1 mediated pro-dormancy genes which enable cancer cells to escape

the lethal effects of chemotherapeutic treatment [126]. In the bone microenvironment,

the CXCL12/CXCR4 signalling cascade, functions to attract tumor cells to the bone.

The chemoattractant CXCL12 is expressed throughout the bone microenvironment, on
osteoblasts, endothelial, bone marrow stromal cells and mesenchymal stem cells [127].
Through its receptor, CXCR4, hematopoietic stem cells are recruited to the bone marrow,
promoting invasion and metastasis in melanoma, breast cancer and prostate cancers. Studies
have suggested that phosphatidylinositol 4-kinase 111 localizes to lipid rafts on CXCR4,
enhancing invasion of tumor cells to distant metastatic sites [128]. Interestingly, upon
inhibition of CXCL12-CXCR4 in prostate cancer, formation of metastatic bone tumors
was diminished, while pre-existing tumors in the bone structures remained uncompromised
[129]. The creation of a premetastatic niche was observed in LOX-secreting breast tumors.
In breast cancer, the secretion of LOX disrupted the normal homeostasis of the bone by
forming osteolytic lesions in the bone, further enhancing and promoting metastatic growth
[48]. Once DTCs localize to specific niches supporting their survival in the endosteal

bone microenvironment, tumor cells can evade the immune system, and they can acquire

a dormant phenotype rendering them resistant to chemotherapy. Dormancy within the
bone has been attributed to GAS6 binding to the protein tyrosine kinase receptor MER

in lymphoblastic leukemial24, [130], and in prostate cancer, the interaction between
GAS6/AXL and osteoblasts was shown to induce dormancy [131]. /n vitro studies have
shown that conditioned media collected from differentiated osteoblasts induced quiescence
in prostate cancer cells. This suggests the critical role of secreted factors in signalling-
induced dormancy, specifically, through osteoblast-secreted factors growth differentiation
factor 10 (GDF10) and transforming growth factor-beta 2 (TGFp2) [124,130,132]. In
prostate cancer, these secreted factors induced tumor cell dormancy in the bone via
activation of the TGFPRIII-p38MAPK-pS249/pT252-RB pathway. Clinically, low levels of
TGFBRIII correlate with an overall poor prognosis and increased metastatic progression

in prostate cancer patients [132]. The unique characteristics of the bone microenvironment
function to induce dormancy in cancer cells, and increased osteoclast activity which is
typically observed in conditions of high bone turnover have been suggested to play a critical
role in the reactivation of dormant cancer cells residing in the bone. In multiple myeloma,
DTCs colonizing the bone were shown to increase osteoclastic bone resorption via the
soluble receptor activator of nuclear factor kappa-B ligand (SRANKL). This resulted in the
release of dormant tumor cells from the niche of endosteal bone, while at the same time,
leaving DTCs in soft tissue environments largely unaffected [133].
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Exosomes and tumor progression

Exosomes are small, membrane bound vesicles ranging in size from 50-100 nm in diameter
[134]. Increasing evidence suggests that exosomes play a critical role in cancer cell
communication, both locally and systemically. Specifically, cancer-derived exosomes may
participate in the recruitment and remodelling of the tumor microenvironment [134,135].
Tumor cells of epithelial origin have been shown to secrete exosomes with epithelial cell
adhesion molecules (EpCAM) as part of its cargo [135,136]. Exosomes from breast, gastric
and pancreatic cancers have been shown to express proteins of the human epidermal receptor
(HER) family of proteins. Moreover, proinflammatory environments which enhance the
expression of membrane receptor proteins such as ICAM-1, has been well-established as
increasing the adhesion of exosomes to target cells, thereby, facilitating tumor progression
[137]. Interestingly, exosomes have also been shown to fuse with the plasma membrane

of target cells, resulting in the release of exocytic cargo directly into to the cytoplasm.

More recently, studies have emerged highlighting the importance of organ-specific cell
uptake of tumor-derived exosomes in the preparation of the pre-metastatic niche [134].
Specifically, tumor-derived exosomes have been shown to attribute to vascular permeability,
inflammation and bone marrow progenitor cell recruitment in metastatic progression and

in the formation of the PMN. Recent studies have also revealed the prognostic potential

of exosomal protein signatures in identifying which melanoma patients were most at-risk
for metastatic progression of their cancer [10,134]. It has been suggested that exosomal
integrins on tumor-derived exosomes, are key mediators of PMN formation and organ-
specific colonization of distant sites by enhancing fusion with target cells [134]. Quantitative
mass spectrometry of liver-, lung- and brain-tropic metastatic exosomes, revealed six
members of the integrin family among the most abundant adhesion molecules present on
these tumor-derived exosomes; this further highlighted a critical link between the presence
of exosomal integrins and metastatic tropism [134]. Furthermore, integrin alpha 6 and
integrins beta 1 and 4, were significantly expressed in lung-tropic exosomes, while integrin
beta 5 was expressed in liver-tropic exosomes [134]. In lung cancer PMN formation,
exosomal integrin alpha 6 beta 4 activate the Src-S100A4 axis. Collectively, these data
indicate that exosomal integrins are not only critical in adhesion, but they also activate
signalling and inflammatory pathways in target cells at distant sites, reprogramming the
organ and cultivating the growth of metastatic cells [134]. Exosomes have also been

shown to promote drug resistance. CAF-secreted exosomal miR-21 taken up by ovarian
cancer cells was found to decrease the expression of APAF1, a pro-apoptotic gene,

leading to chemotherapeutic resistance and reduced apoptosis of ovarian cancer cells [138].
Additionally, M2-polarized macrophage derived exosomes diminished sensitivity to cisplatin
and exosomal miR-21 reduced apoptosis while also enhancing the PI3K/AKT signalling
pathway in gastric cancer cells [139]. Gemcitabine treated CAFs increased secretion of Snail
and miR-146a-enriched exosomes, thereby, facilitating tumor cell and CAFs survival [140].

Exosomes also play a critical role in lymphangiogenesis, influencing the immune system
and its lymphatic organs. Since most cancers metastasize via lymphatic organs by
dissemination to distant organs, exosome-mediated metastasis to sentinel lymph nodes in
melanoma, promoted PMN formation via increasing expression of gene profiles contributing
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to angiogenesis, ECM remodelling and tumor-cell recruitment. Exosomes from MDA-
MB-231 breast cancer cells influenced growth of the primary tumor and lymph metastasis
by activation of macrophage polarization to M2 tumor-supporting macrophages in axillary
lymph nodes. These studies reveal the critical roles of exosomes not only in preparing

the PMN, but also as promoters and regulators of tumor cell dissemination through the
lymphatic system [134,138]. The interest in exosomes has grown as they emerge as
promising targets for diagnostic and therapeutic strategies. More recently, non-modified,
proinflammatory exosomes derived from immune cells were utilized as a therapeutic in
cancer. These exosomes induced the secretion of pro-inflammatory cytokines, resulting in
the inhibition of tumor growth and proving to be a potent stimulator of the immune system
[141]. Similarly, in B16F10 cells, natural killer cell- derived exosomes were found to induce
apoptosis and inhibit tumor growth /n vitro and /in vivo, respectively [142]. PEGylated
liposome nanoparticles, modelled after exosome-like particles, were found to accumulate
within metastatic sites in the lung. Although the use of exosomes and exosome-like particles
have potential for enhancing the targeting of metastases in cancer therapies, challenges

still remain regarding the optimization of mechanisms of exosome delivery and uptake at
metastatic sites.

12. Targeting cancer dormancy

The two clinical models available for targeting dormant DTCs are, 1) to maintain a state
of dormancy throughout the patient’s life, or 2) to eliminate dormant DTCs [143]. To
date, successful execution of either avenue has proven difficult because each requires the
identification and utilization of unique window of time, allowing for the identification of
dormant tumor cells and selection of therapeutic treatments for desired clinical outcomes.

Therapies targeting the maintenance of tumor dormancy in breast cancer was described

in oestrogen-receptor (ER) positive patients who were treated with tamoxifen, an ER
antagonist, for five to ten years after initial diagnosis. In patients who were treated with
tamoxifen for five years, rates of cancer recurrence in early ER + breast cancer was roughly
halved [144]. Maintenance of tamoxifen therapy for ten years after initial diagnosis further
reduced the rate of cancer reccurence [145]. These studies suggest that continuation of
tamoxifen therapy restricts DTC proliferation, thereby, preventing metastatic progression.
However, even with sustained tamoxifen treatment, a little over 20 % of patients experienced
disease reccurence [145], indicating that even in extended therapies, maintaining disease
dormancy proves to be a challenge. In NSCLC, senescent-like dormant cells are established
by the upregulation of YAP/TEAD activity. Studies have suggested that inhibition of YAP/
TEAD could eradicate dormancy, however, this approach has its complications because it
may enable the recurrence of chemoresistant tumors [146].

In 79 % of breast cancer patients treated with docetaxel following treatment with adjuvant
fluorouracil, epirubicin and cyclophosphamide (FEC) chemotherapy, enduring DTCs were
eliminated, allowing for improved metastasis-free survival [147]. Interestingly, patients
with DTC elimination experienced similar rates of metastasis-free survival to those who
were DTC negative at the initiation of the study. This strongly suggests that DTCs are
critical players in metastatic progression, and elimination of these cell populations indeed
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enhances overall survival in breast cancer patients [147]. Currently, the major frontline
treatment for approximately 60 % of cancers is radiotherapy. In breast cancer, irradiation
was shown to induce phenotypic transformation of myofibroblasts in the microenvironment
to CAFs [26]. CAFs are activated by irradiation, and they have been well-described as
secreting a variety of growth factors and chemokines, and also as regulating architectural
remodelling of the stromal microenvironment via production and processing of collagen
[148]. This microenvironmental remodelling and increased collagen deposition results in a
stiff extracellular matrix, which in breast cancer has been well-described as contributing to
increased metastatic potential [12,75]. Crosslinked collagen fiber angles have been used as
a diagnostic feature typically attributed to more advanced breast cancer [12]. Furthermore,
irradiation leads to vascular destruction in the tumor microenvironment contributing to
hypoxia, a key contributor to radioresistance. Hypoxia has been shown to enhance cancer
stem cell dormancy, correlating with increased incidence of tumor recurrence and overall
poor prognosis [149].

Because dormant tumor cells are able to evade chemotherapy and/or radiotherapies by
means of their state of quiescence, recent advances in immunotherapies have shown promise
for the treatment of dormancy in cancer. More recently, dormant tumor cells were shown
to be more sensitive to immunotherapy if targeted during the critical window prior to
clinical recurrence of cancer [150]. Multiple studies have shown that upregulation of
UPR-associated genes play a critical role in regulating tumor dormancy [146,151,152].
Furthermore, in prostate cancer, the expression of survival receptors such as endothelial
receptor A (ETp) induces the expression of antiapoptotic genes, allowing tumor cells to
evade cancer therapies [153,154]. Melanoma, compared to prostate and ovarian cancers,
displays increased sensitivity to immunotherapy possibly due to lower expression of ETa,
hence, reduced tumor cell evasion of therapeutics. Recent studies describing neoantigens,
which are random somatic mutations in tumor cells that are not characteristic of normal
cells, may provide a tumor-specific target for immune attack. Various clinical trials have
described antitumor immune responses via recognition of tumor neoantigens by CD8+ and
CD4 + T cells [155]. In advanced melanoma [156] and glioblastoma [157], neoantigen
tumor vaccines have been developed and tested; neoantigen targeted vaccines for cancers are
currently in clinical trials [158,159]. Another point to take into consideration, however, is
that DTCs have fewer mutations and neoantigens, in addition to poor antigen presentation,
in comparison to primary tumors and metastases. These characteristics make targeting
quiescent DTCs via enhanced T cell response or vaccine, challenging [2, 143]. Therapies
which do not depend on MHC antigen presentation such as chimeric antigen receptors
(CAR), may provide an alternative treatment option. However, CAR T cell therapy does
have its own set of obstacles because it requires the identification of homogenously
expressed DTC-specific surface antigens; in the past, this has hindered its utilization in

the treatment of solid tumors [160].

13. Concluding remarks

The work described here highlights the critical role of the tumor microenvironment in
regulating tumor dormancy and relapse. The field of cancer has made many advancements
in the development of therapeutics for targeted treatment of cancer, with renewed focus
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on gaining a more comprehensive understanding of tumor cell dormancy and its link with
relapse of disease. In this review, we have addressed the key components of the tumor
microenvironment and its role in dictating the progression to metastatic disease. Specifically,
to ensure metastasis-free survival in cancer patients, it is critical to understand the biology
of DTC survival via maintenance of dormancy and triggered reawakening of these cells
leading to relapse, in addition to designing therapeutics blocking or eliminating the intricate
signalling involved in dormancy. In the near future it will be essential to establish a thorough
understanding of exosomes and their biology, specifically in the realm of exosome-mediated
metastatic progression and dormancy. Answers to key questions regarding how these cancer
cells are able to evade immune recognition and action are crucial to enhancing our ability to
prevent metastatic progression of disease and to improve patient outcomes
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Fig. 1.
Tumor Microenvironment, Dormancy and the Pre-metastatic Niche.
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