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Abstract

Metastasis is a complex systemic disease that develops as a result of interactions between tumor 

cells and their local and distant microenvironments. Local and systemic immune-related changes 

play especially critical roles in limiting or enabling the development of metastatic disease. 

Although anti-tumor immune responses likely eliminate most early primary and metastatic lesions, 

factors secreted by cancer or stromal cells in the primary tumor can mobilize and activate cells in 

distant organs in a way that promotes the outgrowth of disseminated cancer cells into 

macrometastatic lesions. Therefore, the prevention, detection, and effective treatment of metastatic 

disease require a deeper understanding of the systemic effects of primary tumors as well as 

predisposing hereditary and acquired host factors including chronic inflammatory conditions. The 

success of immunotherapy in a subset of cancer patients is an example of how modulating the 

microenvironment and tumor-immune cell interactions can be exploited for the effective eradiation 

of even advanced-stage tumors. Here, we highlight emerging insights and clinical implications of 

cancer as a systemic disease.
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1. Introduction

Metastasis is the leading cause of cancer-associated mortality [1, 2]. Our ability to 

effectively treat metastatic disease has not changed significantly in the past few decades, 

emphasizing the importance of early detection and prevention of metastatic progression. 

Recent data from experimental models and clinical experience suggest that cancer is a 
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systemic disease even at early stages, since primary tumors can alter their local and systemic 

environments in ways that affect metastasis development [3–5]. Disseminated and 

circulating tumor cells (DTCs and CTCs) can be detected in patients even with early stage 

disease [6] and although not all of these cells develop into fullblown metastatic lesions, their 

detection indicates metastatic spread and aids clinical prognostication [7]. Many tumor-

derived factors systemically alter distant organs and prime resident mesenchymal and 

inflammatory cells to form both pre-metastatic and post-dissemination niches to foster 

metastatic outgrowth [8, 9]. But some primary tumors also secrete factors that inhibit 

metastases [10–13], suggesting a complex role for tumor-derived factors in metastasis 

development. Finally, tumor-educated stromal components, most notably bone marrow cells 

(BMCs), in turn, may act in a systemic manner by infiltrating primary and secondary sites 

where they exert pro- or anti-tumorigenic effects. For instance, in the process of systemic 

instigation BMCs undergo education, mobilization, and recruitment to tumors where they 

contribute to the development of a tumor microenvironment that fosters cancer progression 

and metastasis [3].

Indeed, early signs of metastatic disease include systemic changes in other organs such as 

splenomegaly (enlargement of spleen), thrombocytosis [14, 15] (increased platelet numbers), 

and neutrophilia [16] (increased neutrophil numbers), which have been shown to serve as 

independent prognostic factors for metastatic disease in various cancer types. Most of these 

comorbidities relate to inflammatory and immunological processes, and treatment of the 

underlying cause of the pathological complications may reduce tumor progression and 

metastasis. Supporting this idea, many systemic effects on host physiology have also been 

observed in animal models of cancer [14, 17] where their effect on metastatic progression 

has been tested experimentally. For instance, the use of an anti-platelet antibody to decrease 

platelet counts in ovarian carcinoma-bearing mice with thrombocytosis significantly reduced 

tumor growth and angiogenesis [14], while antibody-mediated depletion of Ly6G+ 

neutrophils decreased pulmonary metastasis in a mouse model of breast cancer [17]. 

Similarly, removal of the spleen, which is an important reservoir of myeloid cells such as 

neutrophils, reduced lung metastasis without affecting primary tumor growth [17].

Numerous systemic host factors related to chronic inflammation (e.g., obesity, asthma, 

psoriasis) also impact the risk of metastatic disease and patient outcomes. Additional risk 

factors associated with life-style, such as diet and exercise, also act on immune-related 

pathways [18], thus highlighting a key role of the immune system in determining metastatic 

outgrowth. In line with this, immunotherapy is one of the few curative therapies even for 

diffusely metastatic disease, although its success has been limited to certain cancer types and 

a subset of patients [19, 20]. Better understanding of tumor-induced and host-related 

systemic influences on metastasis should aid the discovery of new therapeutic approaches 

aimed at targeting disseminated disease. In this Review, we focus on the current 

understanding of drivers of metastasis, with particular focus on systemic pathophysiological 

processes that influence the biology of CTCs/DTCs and metastases. We discuss how these 

emerging paradigms of systemic interactions may guide therapeutic strategies designed to 

detect and prevent metastatic relapse.
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2. Systemic spread of cancer cells: Disseminated and circulating tumor 

cells

During the complex, multi-step process of metastasis [21, 22], individual cancer cells and 

multi-cellular clusters detach from primary tumors and shed into the bloodstream and 

lymphatic system enabling systemic dissemination to distant sites and seeding of new 

metastatic colonies in secondary tissues [23] (Figure 1). Most CTCs quickly lose viability 

and do not survive due to detachment-induced anoikis, hemodynamic shear forces and 

mechanical trauma, or attack and clearance by the immune system, particularly by natural 

killer (NK) cells. Association with platelets or other CTCs to form multi-cellular clumps can 

enhance survival in circulation and protect tumor cells from immunosurveillance [7, 24]. 

Surviving CTCs and clusters arrest in capillaries of distant organs by entrapment or adhesion 

to the endothelium [25]. CTC clusters in particular are more likely to get physically lodged 

in the blood vessel lumen compared to single CTCs, although clusters are also capable of 

maneuvering through capillary-sized vessels as a single-cell chain [26]. Extravasated tumor 

cells penetrate the foreign tissue where they reside as DTCs (Figure 1). At this point, DTCs 

either stay dormant or colonize the tissue by expanding into clinically detectable 

macrometastases. Multi-cellular clusters also show advantages in survival and proliferation 

at secondary sites accumulating into increased metastatic efficiency [7], with the probability 

of a single CTC successfully forming a metastatic colony being utterly small.

Recent technological advances have significantly improved our ability to detect, quantify, 

and molecularly characterize CTCs and DTCs. While DTCs are associated with poor clinical 

outcome, such as DTCs in bone marrow aspirates from breast cancer patients [6], analyses 

of CTCs in peripheral blood are more clinically appealing due to the relative ease with 

which they can be collected. Just like DTCs, CTCs are detectable in patients with most 

advanced stage cancers, including breast, prostate, and lung cancer, and they are associated 

with poor prognosis [7]. Moreover, changes in CTC numbers can reflect therapeutic 

response or resistance [27–29], and guide treatment decisions [30]. Both, DTCs and CTCs 

are detectable years after removal of the primary tumor, as was shown for CTCs in prostate 

cancer patients [31]. Because some CTCs may represent intermediaries between primary 

tumors and metastatic lesions, they have been characterized at the cellular and molecular 

level to better understand metastasis-initiating cells. A recent study in metastatic breast 

cancer patients demonstrated that a subpopulation of CTCs expressing EPCAM, CD44, 

CD47, and MET, harbored metastasis-initiating capabilities in immunocompromised mice, 

and higher numbers of these cells correlated with shorter overall survival and increased 

number of metastatic sites [32]. However, whether this specific subpopulation can initiate 

metastases in patients remains unclear. In addition to single-cell CTCs, CTC clusters can 

also be detected in the bloodstream of patients with various cancer types including lung [33] 

and breast carcinomas [34], although at a much lower frequency than single CTCs, and their 

presence is associated with adverse outcomes. Additionally, in primary tumors such clusters 

may be identifiable by their presence of leader cells that drive collective migration. Leader 

cells are histologically [35] and epigenetically [36] distinct in primary tumors, and may 

serve as useful predictive markers for risk of recurrence. Therapeutic targeting CTCs/DTCs 

may also be feasible and could benefit a subset of patients. For instance, in a small breast 
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cancer patient cohort that received trastuzumab for treatment of HER2+ DTCs in the bone 

marrow, only patients whose marrow failed to clear (2 out of 10) eventually relapsed, while 

the other remained disease-free [37].

The ability to detect tumor cells outside of a visible tumor mass has led to attempts to 

correlate traditional histopathological markers with the presence of CTCs or DTCs; 

however, success in this area has been limited [4]. Many molecular markers, such as ER 

(estrogen receptor), PR (progesterone receptor), and HER2 in breast cancer, can be 

discordant between primary and metastatic tumors (and different metastatic sites), and are 

also heterogenous among CTCs [38] and DTCs [39]. This suggests that treatment designed 

based on primary tumor biopsies may not always be effective in metastatic disease. On the 

other hand, some metastatic tumors may respond to targeted therapies even if the target was 

not detected in the initial diagnostic biopsy. Our inability to accurately predict whether 

DTCs/CTCs will eventually form overt metastatic lesions hinders their clinical application. 

Hence, better characterization of DTCs/CTCs and delineation of molecular mechanisms that 

enable their outgrowth are needed prior to the design of therapeutic strategies to target them.

3. Evolutionary changes during systemic spread: The clonality of 

metastases

Recent single-cell genome sequencing and multi-color lineage tracing studies in both cancer 

patients [40, 41] and in animal models [7, 42–44] challenge the conventional model that 

each metastasis arises from a single primary tumor cell and instead reveal that most 

secondary lesions are composed of multiple genetically distinct subclones (Figure 2). 

However, whether a polyclonal seed develops into a polyclonal macrometastasis may depend 

on the organ site of metastasis. Data in a pancreatic cancer animal model demonstrated that 

while the majority of small metastatic lesions were polyclonal, metastases that grew out in 

the lung and liver drifted towards monoclonality, but peritoneal and diaphragmatic 

metastases remained polyclonal [42]. This suggests that some secondary sites may provide a 

more permissive state for the expansion of polyclonal seeds.

Polyclonal metastases could arise by multiple different mechanisms including tumor-

intrinsic and microenvironment-driven (Figure 2). Collective migration and spreading of 

cancer cells as a cohesive group [45] has been observed in preclinical [43] and clinical [46–

48] studies, and could create polyclonal metastatic lesion. Studies using in vivo and in vitro 
models demonstrated that leader cells at invasive fronts displaying motile, mesenchymal 

features drive the invasion and dissemination events of multiple clones resulting in spread of 

polyclonal cell clusters that eventually metastasize together as CTC clusters [34, 36, 42, 43, 

49]. Polyclonal metastases could also arise due to intratumor subclonal heterogeneity within 

primary tumors where certain subclones may directly or indirectly, through the local and 

systemic environment, enhance metastatic outgrowth. For example, in a xenograft model of 

breast cancer polyclonal tumors were more metastatic than their monoclonal counterparts 

and yielded polyclonal metastases, which was driven by clonal cooperation between FIGF- 

and IL11-expressing subclones [50]. Specifically, FIGF increases endothelial vessel 

leakiness, while IL-11 promotes angiogenesis and also leads to the recruitment and 
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activation of neutrophils that form a premetastatic niche and enable the outgrowth of 

macrometastatic lesions composed of a mixture of cancer cells [51]. Similarly, one subclone 

could act in paracrine fashion to increase the metastatic potential of other subclones, as has 

been shown in pancreatic cancer wherein non-metastatic cancer cells secrete SPARC that 

increases the metastatic behavior of cancer stem cells [52]. Alternatively, polyclonal 

metastases could arise through re-seeding or metastasis-to-metastasis seeding as shown by 

deep-sequencing analyses in metastatic prostate cancer patients [40] and in animal models 

[53]. Interestingly, in prostate cancer patients, metastasis-to-metastasis spread occurred both 

as monoclonal and polyclonal seeding leading to increased intratumor genetic heterogeneity 

[40].

In patients with multiple distant metastatic lesions, metastases tend to be more closely 

related to each other than to the primary tumor, as observed in prostate cancer [40], 

medulloblastoma [54], and breast cancer [55, 56]. Furthermore, metastases located in the 

same organ are more closely related than those in different organs, as described in pancreatic 

and prostate cancer patients [40, 57]. Intriguingly, metastases within close physical 

proximity are also often more similar to each other than to more distant lesions [40], raising 

the question whether similarity between metastases in the same organ arises as a result of 

localized migration or from tissue-specific seeding. This also suggests that micro- and 

macroenvironments have distinct effects on the clonal evolution of cancer metastases by 

driving the selection for cancer cells with different properties and increasing cellular genetic 

heterogeneity within and between lesions. Whether subclonal competition for resources in 

the primary tumor could promote metastasis is an interesting, yet unresolved question. In 

support of the competition model, one recent study showed that multiple related tumor 

subclones in prostate cancer patients compete for dominance across the entirety of the host 

[40]. However, further mechanistic studies will be needed to dissect this competition process 

and its contribution to metastasis.

Besides the cellular and genetic composition of the tumor itself, germline genetic differences 

of the host can also impact both tumor development and metastasis. For example, host 

polymorphisms have been shown to influence metastasis susceptibility [58, 59]. A 

pioneering study that crossed male mice carrying the MMTV-PyMT oncogene to females of 

various inbred strains demonstrated that the maternal genotype significantly altered the 

metastatic capacity in the progeny and highlighted the significance of host genetic 

background for metastasis [59]. One such determinant of metastatic capability was later 

identified to be MMP9 as genetic ablation or pharmacologic inhibition in C57BL/6 mice 

drastically reduced lung metastasis burden without affecting primary mammary tumor 

growth [60]. In this model, MMP9 was predominately produced by neutrophils and related 

to angiogenesis in the lung metastases. Interestingly, the anti-metastatic outcome of MMP9 
ablation was strain dependent, as FVB/N mice showed no effect on lung metastasis [60], 

suggesting that responses to MMP inhibition are controlled by genetic differences. Similarly, 

a study on hepatocellular carcinoma found while different strains of male mice developed 

liver cancer spontaneously or due to hepatocarcinogens, the primary differences between 

stains were in latency of the primary tumor and occurrence of pulmonary metastases [61]. 

Furthermore, different strains of inbred mice have a 10-fold range of response to growth 

factor-stimulated angiogenesis in the corneal micropocket assay [62], suggesting genetic 

Alečković et al. Page 5

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



factors could control angiogenic potential and thus progression of cancer. In line with this, 

single nucleotide polymorphisms (SNPs) in several genes, such as SIPA1, RRP1B, BRD4, 

and ARID4B have been reported to associate with risk of metastatic breast cancer [58]. 

Interestingly, a recent study identified LM01 as a neuroblastoma susceptibility gene that also 

functions as an oncogene and a metastasis-promoter in high-risk neuroblastoma through 

synergy with MYCN [63]. Specifically, transgenic expression of LM01 in a zebrafish model 

reduced latency and enhanced penetrance of neuroblastomagenesis through boosted 

proliferation while increased hematogenous dissemination and distant metastasis were 

linked to neuroblastoma cell invasion and migration and integrin expression.

4. Systemic cellular and molecular drivers of metastasis

While the intrinsic properties of cancer cells are important determinants of their metastatic 

ability and organ-site preference [22], non-neoplastic cells also have a major impact on 

metastatic spread and outgrowth. Tumor cells extensively communicate with cellular and 

non-cellular components of local and distant sites to facilitate the construction of metastasis-

supportive environments even before tumor cell arrival at secondary organs by creating a 

pre-metastatic niche [5, 64] (Figure 1). Signaling between tumor and stromal compartments 

comprises a large set of factors including cytokines, chemokines, exosomes, circulating 

miRNAs, extracellular matrix (ECM) components, gap junctions, and mechanical cues [8, 

64, 65]. Pre-metastatic niche formation in target organs is a complex process, involving 

systemic signaling, cell recruitment and activation, that collectively creates a more favorable 

microenvironment for DTCs. The tissue-specificity of pre-metastatic niches might be guided 

by exosomes secreted by organotropic cancer cells that preferentially fuse with resident cells 

at their predicted destination depending on exosomal integrin expression patterns [66]. For 

example, lung-tropic exosomes fuse with SPC+ epithelial cells and S100A4+ fibroblasts, 

while liver-tropic exosomes fuse with F4/80 Kupffer cells. This uptake prepares the 

premetastatic niche for cancer cell arrival by upregulation of different S100 proteins, such as 

S100P and S110A8 in the liver, and promotes pro-migratory and pro-inflammatory activities 

at the secondary sites (Figure 3). The pre-metastatic niche subsequently evolves into a 

metastatic niche upon direct interactions with metastasized cancer cells, and further 

recruitment of stromal cells and circulating factors. At this stage, DTCs need to evade and 

suppress cytotoxic leukocyte activity, such as CD8+ T cells and NK cells, and establish an 

immunosuppressive microenvironment.

a. Secreted factors in metastatic progression

Tumor cell-derived cytokines and chemokines mobilize and recruit various local and distant 

stromal cells including leukocytes into primary and secondary sites (Figure 3). For example, 

Angiotensin II, CXCL12 (SDF-1α), G-CSF, and OPN mobilize bone marrow- and spleen-

resident cells into circulation and promote tumor development and metastasis [3]. Similarly, 

in murine cancer models tumor-derived VEGF-A and PIGF trigger release of bone marrow-

resident endothelial progenitors and VEGFR1+ BMCs that subsequently mediate tumor 

angiogenesis [67] and the formation of a premetastatic niche by increasing MMP9 

expression in pre-metastatic lung endothelial cells via VEGFR-1/Flt-1 tyrosine kinase 

signaling [68] or upregulating fibronectin expression in lung fibroblasts that leads to the 
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recruitment of pro-metastatic VEGFR1+ BMCs [69]. Tumor-secreted VEGF-A, TGF-β, and 

TNF-α also induce S100A8 and S100A9 expression in the lung that recruits circulating pro-

metastatic CD11b+ myeloid cells in a VEGFR1-dependent manner [70]. Similarly, 

accumulation of tumor-secreted LOX recruited bone-marrow-derived myeloid cells to pre-

metastatic niches in the lung [71]. Tumor-secreted factors also contribute to the evolution of 

paraneoplastic conditions. IL-6 released by ovarian carcinoma in a mouse model has been 

shown to increase hepatic TPO production, which in turn impinged on bone marrow 

megakaryocytes, resulting in an accelerated rate of platelet production [14]. Similar systemic 

effects have also been tied to factors released by tumor-associated stromal cells. CXCL12 is 

secreted by cancer-associated fibroblasts (CAFs) in primary breast tumors [72] and in a 

xenograft model of mammary carcinoma, endothelial progenitors and hematopoietic stem 

and progenitor cells were mobilized from the bone marrow in response to fibroblast-derived 

CXCL12 [73]. Importantly, elevated levels of many of these tumor- and stroma-derived 

cytokines are also detectable in primary tumors and plasma of patients with different cancer 

types and higher levels are associated with poor prognosis and increased metastatic burden 

[3]. Many of the mobilized cell populations are also expanded and rendered pro-tumorigenic 

by tumor-derived factors before their dissemination into circulation. For instance, melanoma 

exosomes educate BMCs toward a pro-metastatic phenotype through transfer of MET in a 

murine melanoma model [74] (Figure 3). Furthermore, these exosomes induce vascular 

permeability in mouse lungs, thereby further promoting metastatic progression of melanoma 

[74]. In fact, many tumor-induced systemically acting factors, such as COX2, ANGPTL4, 

and matrix metalloproteinases (MMPs), increase metastasis by stimulating vascular 

permeability, which is essential for extravasation to organs such as the lung or brain where 

the vasculature is lined with tightly adjoined endothelial cells [75]. Interestingly, a recent 

study of leptomeningeal metastasis, which occurs when cancer cells infiltrate the 

cerebrospinal fluid (CSF), found tumor-secreted Complement component 3 (C3) could bind 

and activate the C3a receptor on the epithelial cells of the choroid plexus thereby disrupting 

the blood-brain barrier [76]. This allowed plasma mitogens to enter the CSF and promote 

metastatic growth. Importantly, C3 expression in primary tumors from patients with different 

solid tumors correlated with clinical outcome and was predictive of leptomeningeal relapse, 

implying that blocking C3 signaling may be an effective therapy for the treatment of 

leptomeningeal metastasis.

b. The role of hematopoietic cells in metastatic progression

The key role of the immune system in the microenvironmental regulation of metastasis was 

highlighted in a recent genome-wide in vivo screen for regulators of metastatic colonization 

[77]. Using 810 mutant mouse strains, the authors identified 23 genes whose disruption 

modified lung metastatic abilities, noting that all but four of them associated with immune-

related phenotypic traits. One of these factors, Spns2, regulates lymphocyte trafficking and 

its loss greatly reduces circulating lymphocyte numbers [77]. Nevertheless, mice lacking 

Spns2 were able to recruit higher percentages of effector T and NK cells at the secondary 

site, leading to increased tumor cell killing and overall decreased metastatic burden.

The systemic role of mobilized immune cell populations in metastasis is context-dependent, 

most notably for myeloid cell like neutrophils and monocytes. Gr1+CD11b+ myeloid cells, 
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which encompass neutrophils and other granulocytes and strongly mediate tumor 

immunosuppression, secrete MMPs at the tumor-stroma interface of primary murine 

mammary carcinomas leading to improved tumor cell invasion and metastasis [78]. They can 

also be recruited to the lungs of mammary tumor-bearing mice where they alter the 

microenvironment and shift the balance of immune protection in favor of tumor promotion 

[79, 80]. Populations of Gr1+CD11b+ myeloid cells are significantly expanded in the bone 

marrow and spleens of tumor-bearing mice [81], in line with clinical observations of their 

elevated circulating numbers in cancer patients [82]. In murine models of lung metastasis, 

mammary tumors have been shown to elicit a systemic neutrophilic inflammatory cascade 

by secreting CCL2 and inducing IL-1β expression in tumor-associated macrophages, which 

led to systemic production of IL-17 by yδ T cells and G-CSF-dependent expansion and 

polarization of CD11 b+Ly6G+Ly6C+F4/80− neutrophils [83, 84]. The latter suppressed 

cytotoxic CD8+ T lymphocytes to promote cancer cell dissemination and metastatic 

outgrowth. Neutralizing CCL2 in the adjuvant setting, blocking IL-17 or G-CSF and absence 

of yδ T cells prevented neutrophil accumulation, downregulated the T-cell-suppressive 

phenotype and overall decreased pulmonary metastasis. These observations are in line with 

other studies in mammary tumor models in which recruitment of monocytes, such as 

macrophages and preosteoclasts, to the lung and bone by tumor-derived CCL2 ultimately led 

to increased metastasis at these secondary sites [85, 86]. However, if the abovementioned 

neutralization of CCL2 was administered not in the adjuvant, but in the neo-adjuvant context 

followed by cessation of the therapy, then inhibition of inflammation actually resulted in 

enhanced metastasis [84], in line with another report that adjuvant combination therapy with 

paclitaxel and an IL-1β inhibitor enhanced metastasis [87]. These studies highlight the 

complex, context-dependent role of immune cells in cancer progression in which timing of 

the treatment (e.g. neo-adjuvant vs. adjuvant) is a critical determinant of their effect on 

metastasis.

CD11 b+/Ly6G+ neutrophils mobilized by breast cancer-derived G-CSF have also been 

reported to inhibit NK cell function [17], thereby significantly increasing the intraluminal 

survival of CTCs (Figure 3). In these models, neutrophils also facilitated extravasation of 

CTCs by secreting IL-1β and MMPs. Likewise, in a murine model of metastatic mammary 

carcinoma, cancer cells induced the formation of neutrophil extracellular traps (NETs) at 

host sites which promoted metastasis of CTCs [88]. Such NETs were also detected in 

clinical samples from triple-negative breast cancer (TNBC) patients [88]. Importantly, as 

neutrophils have a very short half-life and their expansion is tumor-induced, surgical 

removal of the primary tumor led to their immediate reduction in animal models [89]. 

Similarly, neutrophil depletion significantly reduced pulmonary and lymph node metastasis 

in these models. In line with these pre-clinical observations, neutrophils have been suggested 

as markers of poor prognosis in a variety of cancers, including lung [90], pancreatic [91], 

ovarian [92], gastric [93], colorectal [94], and renal [95] cancer. Furthermore, elevated 

plasma G-CSF levels have been associated with severe leukocytosis (abnormally high 

leukocyte count) and poor prognosis [96, 97], while IL-1β secretion in primary breast 

cancers has been correlated with disease progression [98]. Finally, an “IL-1 signature” in 

blood leukocytes from patients with metastatic HER2-negative breast cancer was linked with 
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poor prognosis [98], but could be attenuated by IL-1 blockade, suggesting that patients with 

IL-1 signature genes could benefit from therapy targeting IL-1 signaling.

Conversely, studies using pre-clinical models have also shown an anti-metastatic effect for 

neutrophils by promoting tumor cell killing and preventing metastatic establishment [99]. In 

agreement, a recent report demonstrated that early-stage primary breast carcinomas induce 

systemic inflammation to mobilize IL-1β-expressing neutrophils that infiltrate distant 

metastases and prevent their subsequent colonization by maintaining them in a dormant 

state, but importantly, do not result in the clearance of metastatic cells [13]. To this end, 

analysis of tumor specimens of breast cancer patients with lymph node-positive disease who 

are at increased risk of distant metastasis, revealed that high IL-1β levels in primary tumors 

associated with improved overall and distant metastasis-free survival [13]. At first glance, 

these various reports may seem discrepant; however, neutrophils and monocytes are very 

heterogeneous and plastic cell populations with varying phenotypes under different 

conditions. A striking confirmation of the importance of context and neutrophil 

heterogeneity was described in a recent paper discussed above focusing on mechanisms by 

which clonal cooperation in primary tumors promotes metastasis in an experimental model 

of breast cancer [51]. In this study the depletion of neutrophils could either promote or 

decrease lung metastases depending on the expression of IL11 and FIGF in the primary 

tumor. Singlecell RNA-sequencing revealed that lung neutrophils had activated pro-

metastatic profiles when primary tumors expressed doxycycline-inducible IL11 and FIGF, 

but more naive, presumably anti-tumor, profiles in mice not fed with doxycycline whose 

primary tumors lacked IL11 and FIGF expression. These data emphasize the functional and 

clinical relevance of cellular heterogeneity of both cancer and stromal cells within tumors 

and at distant sites.

Aside from cellular heterogeneity, spatial heterogeneity also contributes to differential tumor 

progression and clinical outcomes. Recent studies on TNBC found spatially distinct tumor 

immune microenvironments can stratify TNBC patients [100, 101]. While cold TNBCs have 

only very few immune cells, most of which are macrophages, some TNBCs show immune 

cell accumulation either within the tumor (mixed) or specially segregated from the tumor 

(compartmentalized) [100]. Importantly, patients with a mixed tumors have better outcomes 

than those harboring compartmentalized tumors. In line with this, another study on TNBC 

showed that an immunoreactive microenvironment with tumoral infiltration of granzymeB
+CD8+ T cells, a type 1 IFN signature, and elevated expression of immune inhibitory 

molecules including IDO and PD-L1 is linked to good outcomes, while a distinct poor-

outcome immunomodulatory microenvironment exhibits stromal restriction of CD8+ T cells, 

stromal expression of PD-L1, and enrichment for signatures of cholesterol biosynthesis 

[101].

Interestingly, a recent study using intravital two-photon imaging directly observed the arrival 

of CTCs and subsequent host interactions in the mouse lung thereby shedding light on the 

early roles of different immune cell populations at the secondary site. Shear flow in the 

capillaries generated immune-reacting microparticles through fragmentation of CTCs [102]. 

These particles were taken up by waves of distinct myeloid subpopulations: first, by 

neutrophils, then conventional monocytes, followed by non-alveolar macrophages, patrolling 
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monocytes and dendritic cells (DCs). While monocytes and macrophages were able to 

extravasate into the lung parenchyma after microparticle ingestion, where they dominated 

early metastatic lesions and promoted their outgrowth, lung-resident DCs migrated to the 

lymph nodes to activate an antimetastatic T cell response [102].

Thrombocytosis is frequently observed in cancer patients and correlates with worse 

prognosis [103]. In line with this, platelets facilitated metastasis of murine colon cancer cells 

by secreting CXCL5 and CXCL7, which recruit CXCR2+ granulocytes to sites of CTCs 

trapped inside the lumen [104] (Figure 3). Preventing host-tumor cell interactions by 

interfering with platelet function or granulocyte recruitment impaired tumor cell seeding and 

metastasis. Similarly, tumor-derived cytokines can be absorbed by platelets, which are 

recruited to responding murine tumor sites where they aid vessel formation and tumor 

progression, which can be inhibited by aspirin administration [105].

c. The role of stromal cells in metastatic progression

Other non-inflammatory resident and distant stromal cells can also be educated and recruited 

to primary and secondary tumors where they collectively shape metastatic progression. For 

example, endothelial progenitor cells can be recruited to tumors to promote tumor 

angiogenesis [67]. OPN secreted by TNBC activates and mobilizes BMCs not only to 

primary tumors of tumor-bearing mice, but also to weakly metastatic DTCs in the lungs, 

where they secrete GRN, causing resident fibroblasts to adopt a CAF phenotype and express 

pro-inflammatory and matrix-remodeling genes that further support tumor progression [106, 

107] (Figure 3). Similarly, in models of pancreatic cancer, macrophage-derived granulin 

promoted metastasis by stimulating periostin secretion by myofibroblasts and liver fibrosis 

[108]. Interestingly, recent single-cell sequencing approaches have identified spatially and 

functionally distinct subclasses within stromal populations, such as CAFs [109, 110]. Three 

functionally distinct CAF subclasses identified in a genetically engineered mouse model of 

breast cancer were attributable to different origins, including the perivascular niche, the 

mammary fat pad and the transformed epithelium [109]. Gene profiles for each CAF subtype 

also held independent prognostic capability in clinical cohorts by association to metastatic 

disease. Another study found four distinct CAF subsets (CAF-S1 to CAF-S4) in human 

breast cancer with distinct properties and levels of activation [110]. These subclasses 

accumulated differentially in juxta-tumor compared to tumors and among different breast 

cancer subtypes. Interestingly, TNBC could be divided into two subgroups according to 

enrichment of either CAF-S1 or CAF-S4. Unlike CAF-S4-, CAF-S1-enriched TNBC 

exhibited an immunosuppressive environment with high content in FOXP3+T cells and low 

infiltration of CD8+ T cells. Specifically, by secreting CXCL12, CAF-S1 attracted 

CD4+CD25+ T cells, retained them through OX40L, PD-L2, and JAM2, promoted their 

survival and differentiation into CD25Hl9hFOXP3Hl0h T cells through B7H3, CD73, and 

DPP4. Finally, in contrast to CAF-S4, CAF-S1 enhanced the regulatory T cell capacity to 

inhibit T effector proliferation.

The resident stromal cells at secondary tissue sites can also affect metastatic outgrowth, 

either by suppressing or enhancing survival of DTCs and their progression into 

macrometastatic lesions. Preclinical studies have analyzed the stromal contribution to 
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metastasis at various secondary sites, including the brain. For example, astrocyte-induced 

downregulation of PTEN by exosomal miR-19a led to increased CCL2 secretion by brain-

metastatic tumor cells which in turn recruited brain-derived IBA1+ myeloid cells [111]. The 

latter reciprocally enhanced the outgrowth of brain metastatic tumor cells. Importantly, 

PTEN loss in brain metastases corresponded to higher CCL2 expression and IBA1+ myeloid 

cell recruitment in cancer patients, validating the clinical significance of these findings. 

Similarly, brain-metastatic murine mammary and lung cancer cells can assemble gap 

junctions with astrocytes to transfer cGAMP, which triggered the production of 

inflammatory cytokines IFN-α and TNF through the STING pathway [112]. These factors in 

turn stimulated the STAT1 and NF-kB pathways in the brain metastatic cells, thereby 

supporting tumor growth and chemoresistance. Using another murine brain metastasis 

model, a recent study demonstrated that a subpopulation of reactive astrocytes surrounding 

metastatic lesions expressed phospho-STAT3 (pSTAT3), which modulated innate and 

adaptive immune responses that cumulatively promoted metastatic outgrowth [113]. 

Specifically, pSTAT3+ astrocytes inhibited activation of CD8+ T cells, while promoting 

expansion of the CD74+IBA1 + microglia and macrophage populations. Given that almost 

90% of all brain metastases are pSTAT3+ and that they correlate with worse clinical outcome 

[113], this immune response may also be important in promoting brain metastasis in cancer 

patients. In contrast to this cooperative tumor-stroma interactions at the metastatic site, a 

recent study found DTCs from lung and mammary carcinoma models use L1CAM to spread 

on capillaries in the perivascular niche of multiple secondary organs, thereby displacing 

resident pericytes [114], which use L1CAM for perivascular spreading under normal 

conditions. L1CAM activates mechanotransduction effectors YAP and MRTF in DTCs and 

enables their outgrowth upon their infiltration of target organs and after they exit from a 

period of dormancy. Overall, these findings signify the dynamic and reciprocal cross-talk 

between tumor cells and the metastatic niche in driving tumor.

6. Systemic host factors affect metastatic outcomes

Underlying host physiological processes have also been implicated in metastatic and in 

clinical outcome. For instance, age-related changes may influence disease progression, 

because aging has multiple effects on tissue homeostasis with either pro- or anti-tumorigenic 

consequences. For example, age-associated senescent osteoblasts have been shown to 

establish a bone metastatic niche by secreting IL-6 to support breast cancer metastases [115] 

and inhibitors of the p38MAPK-MK2 pathway limited metastatic outgrowth in this model 

[116]. Similarly, aged fibroblasts secrete a Wnt antagonist, sFRP2, which after activating a 

multi-step signaling cascade in melanoma cells ultimately results in loss of a key redox 

effector, APE1 [117]. This loss renders melanoma cells more sensitive to oxidative stress, 

increases their resistance to targeted therapy, and augments angiogenesis and metastasis. 

Hematopoietic age was also shown to be an important determinant of TNBC progression 

[118]. Consistent with clinical observations that younger TNBC patients have worse 

prognosis compared to older women [119], a recent study found that TNBC is more 

aggressive in young compared to old mice due to the increased responsiveness of Sca1+cKit
− BMCs to TNBC-derived signals including OPN [118]. In this study, young BMCs rescued 

tumor growth in old mice. On the other hand, age is associated with increasing immune 
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dysfunction and the implications of these age-related changes to cancer pathogenesis and 

progression have yet to be understood.

Epidemiological evidence indicates that obesity is associated with higher cancer risk [120] 

and with higher incidence of metastasis [121, 122]. In line with this, a recent study of mouse 

mammary tumor models confirmed that obesity-associated inflammation promotes 

metastatic progression by increasing lung neutrophilia, which is further intensified by the 

primary tumor [123]. The increase in lung neutrophils translated to increased lung metastasis 

in a GM-CSF- and IL-5-dependent fashion. Importantly, weight loss was sufficient to 

reverse these effects by reducing circulating GM-CSF and IL-5 levels in both mouse models 

and humans [123]. In addition, obesity impaired mouse and human NK cell anti-tumor 

activity by perturbing their cellular metabolism and trafficking [124]. On the other hand, 

recent data has demonstrated that obesity is associated with better outcomes upon immune 

and targeted therapies [125]. In this retrospective, multi-cohort analysis metastatic 

melanoma patients that responded to such therapies disproportionately included overweight 

patients. In line with these clinical observations, a study across multiple species and tumor 

models demonstrated that while obesity resulted in increased immune aging, tumor 

progression and leptin-induced, PD-1-mediated T cell dysfunction, it was also associated 

with increased efficacy of PD-1/PD-L1 blockade in both tumor-bearing mice and in cancer 

patients [126].

Other life-style and ethnicity-related differences may contribute to metastasis development, 

clinical outcomes, and therapy resistance. For example, diet can influence tumor and 

metastatic progression and treatment sensitivity [18, 127]. In lymphoma, melanoma, and 

colorectal cancer models, a moderate reduction in protein, but not carbohydrate intake, 

without overall calorie changes, induced the unfolded protein response (UPR) in carcinoma 

cells through activation of the IRE1α/RIG1 pathway, which in turn induced cytokine 

production and a tumor-specific cytotoxic T cell response [127]. Likewise, epidemiological 

evidence indicates that regular exercise could decrease cancer incidence and improve clinical 

outcomes [18, 128–130]. Exercise may regulate tumor growth through physical (e.g., 

increased blood flow and shear stress on the vascular bed) and endocrine (e.g., stress 

hormones and myokines) mechanisms, thereby increasing the mobilization and infiltration 

of innate and cytotoxic immune cells into the tumor microenvironment [131, 132]. For 

example, a recent study using five different mouse cancer models showed that voluntary 

running led to increased accumulation and activation of NK cells in an epinephrine- and 

IL-6-dependent manner, thereby reducing tumor growth by 60% [131]. Similarly, daily 

stretching for 10 minutes reduced tumor growth by more than 50% in a mouse orthotopic 

breast cancer model through activation of cytotoxic immune responses [132].

Pre-clinical evidence also exists in support of the idea that systemic changes associated with 

pregnancy can affect outgrowth of incipient breast tumors. To this end, mouse models using 

human breast cancer xenografts show that systemic estrogen signaling helped mobilize and 

recruit pro-angiogenic myeloid cells from the bone marrow to distant tumor sites, promoting 

tumor growth of even ER-negative breast carcinoma [133, 134]. Similarly, after pregnancy 

involution-associated inflammation in rodent models is defined by a dramatically increased 

immune cell infiltrate including immunosuppressive myeloid and FoxP3+ regulatory T cells 
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[135], and an impairment of antigen-specific activation of T cells [136]. This involution-

associated immune suppression may contribute to the tumor growth-promoting attributes of 

the involuting mammary gland and may also negatively impact the outcome of patients 

diagnosed with breast cancer within five years postpartum [137]. Importantly, ibuprofen 

treatment during involution reduced tumor growth and enhanced anti-tumor immunity in 

animal models [138], implying that ibuprofen use in the postpartum period may be 

beneficial to reduce breast cancer risk and improve outcomes.

Chronic inflammation may represent another risk factor for the development of metastases, 

as has been suggested for asthma in lung metastasis [139]. Allergy-induced pulmonary 

inflammation in a syngeneic melanoma mouse model caused the lungs to serve as a target 

tissue for metastasis through recruitment of CTCs in a CD4+ T cell-dependent manner, 

which was attenuated by asthma treatment [139]. Interestingly, the incidence of asthma was 

higher among breast cancer patients with lung metastases than in those without [90], 

suggesting that ameliorating asthma-associated pulmonary inflammation may benefit breast 

cancer patients with this disease. Similarly, in a mouse model of arthritis, systemic 

inflammation significantly increased breast cancer metastases to lungs and bones [140]. The 

pre-metastatic lungs of arthritic mice were highly inflamed and treatment with an anti-IL-17 

antibody significantly reduced inflammation and metastatic burden [140]. In psoriasis, 

lymphocyte-derived IL-17 regulates neutrophil expansion via systemic induction of G-CSF 

[141] - a mechanism by which yδ T cells have been shown to increase pulmonary metastasis 

in mouse models of breast cancer [89].

Surgical resection of primary tumors may be an additional risk factor for metastatic relapse, 

particularly in breast cancer patients some of whom develop distant recurrence soon after 

primary tumor resection. A recent study in a mouse model of dormancy showed a systemic 

inflammatory response initiated as part of a wound-healing response to a primary tumor 

resection surgery promoted the emergence of metastatic tumors that were previously 

restricted by a tumor-specific T cell response [142]. Furthermore, perioperative anti-

inflammatory treatment markedly reduced tumor outgrowth in this model. However, in 

another model of metastatic mammary carcinoma surgical resection of the primary tumor 

did not affect metastatic outgrowth [51], suggesting that surgery could have variable effects 

on metastatic outcome that may be tumor- and/or host-specific. Hence, it will be necessary 

to delineate the effect of surgery on metastatic outgrowth in order to assess which patients 

would benefit from a perioperative anti-inflammatory treatment to reduce the risk of early 

metastatic recurrence.

7. Metastatic latency

In certain cancer types, such as prostate cancer and ER+ breast cancer, metastasis can 

develop years or even decades after the removal of a primary tumor [22]. The long latency 

period between initial treatment and eventual metastatic recurrence suggests that some 

DTCs may persist in a dormant state for a long time. Systemic processes such as an anti-

tumor immune response may play a role in both the dormancy and “awakening” of these 

cells. Clinical observations describing that immunosuppressed organ transplant recipients 

develop metastasis from donors who have been cured of cancer years (or even decades) 
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earlier [75] support this hypothesis. Findings from human lung and breast cancer xenograft 

models suggest that latent DTCs may reside in a stem cell-like state regulated by the SOX 

family of transcription factors and actively silence WNT signaling to enter quiescence and 

evade innate immunity, particularly NK cell-mediated clearance [143]. The stem cell-like 

characteristics, marked by expression of SOX2 and SOX9, also potentiate metastatic 

outgrowth under permissive conditions. In a recent study, using a genome-wide CRISPR 

screen MSK1 was identified as a key regulator of metastasis dormancy in ER+ breast cancer 

by modulating GATA3 and FOXA1 expression and luminal differentiation [144]. Loss of 

MSK1 increased breast cancer cell bone homing and growth capacities. In line with this, in 

ER+ breast cancer patients, early metastasis was associated with low tumor MSK1 
expression suggesting that MSK1 could be used for the stratification of ER+ breast cancer 

patients into low and high risk for recurrence groups. Similarly, comprehensive molecular 

profiling of breast tumors in combination with mathematical modeling was able to identify 

ER+ breast cancer patients who are at risk for late metastatic recurrence [145]. These results 

suggest that in at least a subset of cases metastatic dormancy may be determined by tumor 

cell intrinsic factors. However, besides tumor-specific factors, growth inhibitory signals from 

the host microenvironment and the perivascular niche, including TGF-β and BMP, can also 

contribute to metastatic dormancy [146]. The ultimate determinants of whether or not a 

given tumor cell or population of cells can give rise to a clinically significant metastasis may 

thus include not only the biology of the cancer cells themselves but also the physiologic 

state of the host.

8. Preventing and treating metastatic disease

The design of effective clinical interventions requires a deeper understanding of “seed” and 

“soil” that allow metastatic outgrowth. While there has been substantial effort to uncover the 

molecular determinants of cancer progression and organotropism, the clinical translation of 

these findings has been challenging. Reliable biomarkers that can be used to accurately 

identify either patients at risk of distant metastases or the organ specificity of metastases are 

still lacking. Since metastasis in many patients is a recurrence after surgical removal of the 

primary tumor and systemic therapy, drivers of metastatic outgrowth and therapeutic 

resistance cannot be distinguished. Moreover, targeted therapies directed at tumor-stromal 

interactions, while promising, are still in early stages of development, with the exception of 

immune checkpoint blockade therapy in some tumor types. Furthermore, how systemic 

responses to malignancy could be used to design effective therapies is still an area of active 

research. Nevertheless, consideration of cancer as a systemic disease opens a number of 

potential preventative and therapeutic avenues and integrates the patient’s general health and 

life-style in cancer treatment.

Circulating factors derived from cancer cells or tumor-associated stromal cells that induce 

systemic host responses could be used as biomarkers to detect or predict risk of recurrence 

[8, 65, 147]. Some circulating tumor markers are already used in the clinic, such as PSA for 

prostate cancer, CA-125 for ovarian cancer, AFP for liver cancer, and HCG for germ cell 

tumors, including testicular and ovarian cancers [148]. In addition, circulating cell-free 

nucleic acids such as circulating tumor DNA (ctDNA) and miRNAs are also promising 

biomarkers. ctDNAs are detected and primarily tracked based on tumor-specific genetic and 
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epigenetic alterations. For instance, whole-genome sequencing of ctDNA was used to 

identify cancer-associated chromosomal markers in a subset of women with breast cancer 

[149]. Similarly, cancer-derived exosomes and their tumor-specific cargo have been 

proposed as promising diagnostic and prognostic biomarkers [66, 74, 150]. Finally, 

improvements in imaging technology have opened avenues for early detection of some 

cancer types, and some of these also allow for the earlier detection of metastatic spread. To 

this end, systemic tumor-associated factors could be incorporated into clinical practice as 

non-invasive imaging biomarkers.

The ability to identify tumors capable of eliciting a host systemic response or responding to 

changes in the host systemic environment will carry significant implications for future risk 

stratification strategies. For example, the identification of changes in the systemic 

environment may allow for more accurate classification of patients based on likelihood of 

relapse. Ultimately, this knowledge may enable oncologists to more accurately identify 

patients who may benefit from specific adjuvant therapies at a time when the progression to 

overt metastatic disease can still be prevented or at least significantly delayed. In addition, 

circulating stromal cells, particularly immune cells, may aid the prognostic assessments of 

malignancies. For example, the ratio of circulating neutrophils to lymphocytes has been 

reported to associate with outcome for patients with various cancer types, particularly 

advanced colon and pancreatic cancers, and could be used to predict survival and stratify 

treatment [91, 92, 94]. Circulating C-reactive protein and albumin measuring systemic 

inflammation have been used as independent prognostic factor for cancer patients in a 

variety of clinical scenarios [151].

One can envision opportunities for therapeutic intervention at multiple steps along the 

metastatic cascade. For example, targeting cancer-derived systemic factors, such as 

cytokines, that trigger host responses to ultimately support disease progression may serve as 

a means to interdict the systemic lines of metastatic support. Circulating factors could 

relatively easily be inhibited or restored, depending on their function in metastatic 

progression, as well as measured non-invasively (e.g., a blood test), enabling the efficacy of 

their therapeutic targeting to be monitored and adjusted during therapy. For example, in a 

preclinical model of non-small-cell lung cancer anti-OPN antibodies were shown to inhibit 

the growth of metastatic lesions in the lungs [152]. Similarly, inhibition of GRN prevented 

hepatocellular carcinoma metastasis in a preclinical mouse model [153].

Pre-clinical efforts to target the metastatic microenvironment at early stages of dissemination 

have also proven effective. Mammary tumor models demonstrated that bisphosphonates 

generate metastasis-suppressive hematopoietic myeloid/osteoclast progenitor cells [154, 

155]. However, G-CSF promoted resistance to the bisphosphonate zoledronic acid (ZA), and 

breast cancer patients with high circulating G-CSF experienced significantly worse 

outcomes with adjuvant bisphosphonates [155].

As primary tumors can mobilize pro-tumorigenic BMCs to aid the outgrowth of 

disseminated tumors, specific therapies targeting these long-range systemic lines of 

molecular communication may have clinical significance. In a recent preclinical study of 

systemic instigation by luminal breast carcinomas, aspirin treatment abrogated the pro-
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angiogenic role of mobilized platelets [105], in accordance with clinical data describing that 

aspirin use resulted in a modest decrease in cancer risk and progression of breast [156] and 

colorectal [157] cancer, particularly in patients with PIK3CA mutant colorectal tumors 

[158]. Furthermore, a recent breast cancer study demonstrated that the prometastatic platelet 

function can be directly inhibited by tamoxifen [159]. Some evidence suggests that systemic 

tumor-induced effects should be targeted early during the metastatic cascade. For instance, 

depletion of neutrophils in a mouse model of breast cancer was more effective when applied 

during primary tumor growth than after the removal of the primary tumor [89]. However, the 

generalizability of this finding is still not clear.

In the past few years much effort has gone into the application of immunotherapy with 

promising results in a subset of patients [19]. The identification of new methods to reactivate 

cytotoxic immune function or induce immunosurveillance has become crucial for the 

development of effective therapeutic strategies. While some preclinical studies demonstrated 

that depletion of specific immune cell types (e.g., neutrophils or yδ T cells) decreased 

metastatic incidence [17, 89], others have reported increased metastatic colonization when 

neutrophil-derived cytokines were depleted at a particular time in early dissemination [13, 

84, 160]. However, it is unlikely that such approaches would be feasible in cancer patients. 

Indeed, clinical success will surely rely on understanding the role of systemically acting 

factors at all stages of disease progression. Here, more tumor-specific targeting approaches 

will be required to avoid general immune-related complications, as those seen even with 

immune checkpoint inhibitors that have already been approved for clinical use [19]. Studies 

will also need to address when such immunotherapies will be most effective during the 

metastatic cascade, especially with cell populations whose effects may be context-

dependent.

9. Summary and future directions

Considering cancer as a systemic disease opens avenues for novel ways to target metastasis, 

which is responsible for most cancer-related deaths. Future targeting of the metastatic 

process is likely to involve three critical steps. First, it will be important to identify and 

characterize local and systemic factors that facilitate the establishment of a metastatic tumor 

and develop ways to interfere with these. Second, it will be equally important to develop 

efficient and reproducible ways to screen individual patients for the risk of developing 

metastatic disease based on both host- and tumor-specific factors. This can be accomplished 

by performing detailed molecular profiling of both cancer and host cells at primary and 

metastatic sites as well as assessing the immune status of the host (e.g., past infectious 

diseases, microbiome). Third, it would also be important to consider the effects of cancer 

treatment on the risk of metastatic recurrence as ineffective treatment not only fails to limit 

tumor growth, but may inadvertently accelerate disease progression. Mathematical modeling 

of tumor evolution considering all known host and tumor factors as well as treatment design 

will likely aid the design of individualized cancer therapies. Because some of the tumor-

promoting systemic effects are linked to modifiable factors such as chronic inflammation, 

obesity, and exercise, many cancers and metastatic relapses are potentially preventable. 

Basic pre-clinical and clinical studies have led to a large knowledge base regarding the 

underlying biology and clinical presentation of metastatic tumors. The next steps will 
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involve integrating information about the systemic nature of cancer signaling into ongoing 

development of individualized therapy.
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Figure 1. Mechanism of metastatic progression.
During primary tumor growth cancer cells can shed into the circulation and disseminate to 

distant sites, which may even occur at a very early stage of primary tumor development. 

Tumor-secreted factors can recruit, expand and activate various stromal cells, including 

spleen- and bone marrow-resident cells, and facilitate the formation of pre-metastatic niches 

at secondary sites. The recruited stromal cells aid the dissemination of carcinoma cells 

survival in circulation, and metastatic seeding and colonization. Immune evasion and 

angiogenesis are necessary steps of tumor progression mediated by tumor- and stroma-

derived factors. Self-seeding of the tumor at later stages and re-seeding from metastatic 

lesions increase intratumoral heterogeneity and the risk of therapeutic resistance.
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Figure 2. Clonality of métastasés.
Metastatic lesions can be monoclonal or polyclonal. Monoclonal seeding of circulating 

tumor cells (CTCs) shed from the primary tumor or monoclonal expansion of a subclone 

within a polyclonal metastasis can give rise to a monoclonal metastatic lesion. Polyclonal 

métastasés can emerge through multiple different mechanisms. Clonal cooperation promotes 

the metastatic abilities of poorly metastatic subclones. Collective migration and 

dissemination as CTC clusters lead to formation of polyclonal disseminated tumor cell 

(DTC) clusters at the secondary site. Re-seeding from the primary tumor or from other 

metastatic lesions can also contribute to metastatic heterogeneity.
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Figure 3. Local and systemic factors contributing to metastatic progression.
Primary tumors secrete various factors that act systemically to promote metastatic 

dissemination (blue box). These factors can affect stromal cells at distant sites (systemic 

macroenvironments), such as the spleen, liver and bone marrow, leading to their activation, 

expansion, and/or recruitment. Several cancer-related complications arise due to expansion 

of stromal cells, such as neutrophilia (increased neutrophil numbers) and thrombocytosis 

(increased platelet numbers). Activated and recruited stromal cells in turn can affect 

metastasis at the primary site (not shown), in circulation or at distant tissues (local 

microenvironments). Interactions of cancer cells and stromal cells at distant sites are tissue-
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specific as each secondary site varies in its physical properties and cellular and matrix 

composition. For instance, fenestrated endothelia in the bone and lung are likely permissive 

to tumor cell passage, while lung capillaries lined with a basement membrane and the blood-

brain-barrier require specific mediators of cancer cell extravasation for successful metastatic 

seeding. Anti-tumor immune cells, such as cytotoxic CD8+ T cells which are expanded and 

recruited from the lymph node, can clear tumor cells from the circulation or at distant sites. 

Tumor cells gain immune protection through coating by platelets and actions of other 

immune and stromal cells, including neutrophils. The latter can also form neutrophil 

extracellular traps (NETs) to promote extravasation.
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