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SUMMARY

Circulating tumor cells are metastatic precursors in several cancer types. Their
biology and clinical utility are subject to numerous investigations, yet one aspect
that is often neglected is their entanglement with the tumor microenvironment,
namely the cross talk with stromal and immune cells and their relationships with
other tumor-derived components such as circulating tumor DNA and extracellular
vesicles in circulation.Wewill focus our short review specifically on these aspects,
i.e., providing some examples of the liaison that circulating tumor cells have with
stromal or immune cells and illustrating their relationship with other circulating
tumor derivatives such as circulating tumor DNA and extracellular vesicles.

INTRODUCTION

Despite continuous advances in cancer research and therapy, metastasis still accounts for the majority of

cancer-related deaths. Circulating tumor cells (CTCs) are cancer cells that have shed from a solid tumor

lesion and entered into the bloodstream, acting as seeds that can potentially spread to distant sites and

cause new metastatic lesions (Aceto et al., 2015; Yu et al., 2011). Therefore, these cells are crucial to under-

standing the roots of blood-borne metastasis and are consequently of great biological interest. In periph-

eral blood samples, CTCs are extremely rare compared to blood cells, and, in most patients with advanced

cancer, we can typically expect to find between 0 and 10 cancer cells per 10 mL of blood. Nevertheless,

despite their rarity, it is believed that CTCs are hierarchically organized, with only very few of them being

able to survive the bloodstream, extravasate, and complete the metastatic process. CTCs have been de-

tected in many different epithelial cancers, including breast, prostate, lung, colon, and pancreatic cancer,

and also in cancers that do not expressmarkers of epithelial origin, such as glioblastomamultiforme or mel-

anoma (Aceto et al., 2015; Alix-Panabières and Pantel, 2014).

While the majority of CTCs travel alone in the peripheral circulation and their presence is associated with a

poor clinical outcome (Cristofanilli et al., 2004; Wang et al., 2017), some have been shown to navigate the

bloodstream as multicellular aggregates (CTC clusters) (Aceto et al., 2014). These CTC clusters (Heeke

et al., 2019; Noman et al., 2014) can be found as aggregates of more than one cancer cell, i.e., homotypic

CTC clusters, or in combination with other cell types such as immune or stromal cells, i.e., heterotypic CTC

clusters (Aceto et al., 2015; Duda et al., 2010; Heeke et al., 2019; Szczerba et al., 2019). CTC clusters have

been shown to be endowed with a higher metastatic potential compared to single CTCs and have been

associated with worse clinical outcome in patients with multiple cancer types (Aceto et al., 2014; Murlidhar

et al., 2017; Wang et al., 2017; Zhang et al., 2017a). Thus, CTCs are not only of biological importance for a

better understanding of metastasis and its Achilles’ heels but also are valuable in the clinical setting to

pinpoint patients with a poorer prognosis. While CTCs are yet to reach their full potential in the clinic,

recent studies have shown encouraging data toward their utility in early stages of localized prostate cancer

(Broncy and Paterlini-Bréchot, 2019) and how they could serve as a helpful early treatment monitoring tool

in breast cancer (Schochter et al., 2019).

Importantly, CTCs are not the only cancer-derived material contained in liquid biopsies—these contain

other elements such as extracellular vesicles (EVs), micro-RNAs (miRNAs), or circulating cell-free tumor

DNA (ctDNA), each of which can be of clinical relevance (Gold et al., 2015). Firstly, ctDNA refers to the frac-

tion of cell-free DNA (cfDNA) that is shed into circulation by tumor cells, thus reflecting themutational land-

scape of their primary tumor. CtDNA can be highly fragmented and, especially in early stages of disease,

only represents a small fraction of the total cfDNA, hampering accurate ctDNA detection (Mouliere et al.,

2018). Exosomes are defined as a subset of EVs of smaller size, �30–150 nm (Kalluri and LeBleu, 2020;
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Whiteside, 2016), originating from the endosomal compartment and released by viable cells into the

bloodstream via exocytosis (Cocucci and Meldolesi, 2015; Kalluri and LeBleu, 2020).

Technologies for the identification and characterization of tumor-derived components in liquid biopsies

have been developed extensively, yet vary substantially regarding the principles that characterize them.

For example, CTCs are typically isolated with antigen-dependent or antigen-independent technologies.

The former relies on the presence of specific biomarkers for CTC capture, while the latter utilizes other fea-

tures such as size or deformability (Ferreira et al., 2016). The most well-known example of antigen-depen-

dent isolation is the CellSearch system, which isolates EpCAM-positive CTCs and is currently the only FDA-

cleared test for monitoring patients with metastatic breast, prostate, and colorectal cancer (Swennenhuis

et al., 2016). Additionally, epitope-independent, size-based platforms have also become a popular method

in recent years, allowing not only the capture but also the harvest of live CTCs (Miller et al., 2018). However,

despite this variety of CTC isolation technologies, there are still numerous limitations. With many methods

depending on specific biomarkers, the isolation efficiency may be compromised due to the heterogeneity

of CTCs, but more importantly, there may be technology-driven biases, in this case, promoting the enrich-

ment of high-antigen expressing CTCs. The same occurs with other types of technology, such as those that

are size-based and that favor the enrichment of larger CTCs (Castro-Giner and Aceto, 2020). Isolation of

ctDNA is considered less technically challenging, with several commercial kits available, which have

been reviewed and compared extensively elsewhere (Diefenbach et al., 2018; van der Leest et al., 2020;

van Dessel et al., 2019). However, while most ctDNA studies opt for the manual QIAamp (QA) platform,

there is still limited consensus or standardization regarding the use of these techniques on patient samples,

which will be an important aspect moving forward in the clinical setting (van der Leest et al., 2020). As for

EVs, such as exosomes, there are also various isolation methods based on different principles, including

precipitation-based methods or commercially available columns (Patel et al., 2019). Currently, also in

this case, the main limitation is that protocols are not standardized and are instead selected based on

the downstream applications. We speculate that introduction of standard operating procedures (SOPs)

for liquid biopsy sampling, biomarker extraction, handling, and storage protocols will be a critical step

for the extensive use of CTCs, ctDNA, and exosomes in the clinic. Importantly, the clinical utility of

CTCs, ctDNA, and exosomes not solely depends on their inherent biological properties but also on the

chosen method of analysis. For instance, ctDNA interrogation based on targeted sequencing of a panel

of selected cancer genes may not be feasible for interrogation of cancers with very low mutational burden

as provided in most pediatric cancers (Peneder et al., 2021). Thus, we argue that a multi-analyte interroga-

tion in combination with thoroughly deliberated downstream analysis methods based on individual condi-

tions may provide the most successful outcomes for cancer detection, disease monitoring, and therapy

management.

Together, as a number of increasingly precise technologies emerge, our understanding of the features that

characterize tumor-derived components in liquid biopsies improves. It is unquestionable, however, that

several unresolved ‘‘mysteries’’ still frame the liquid biopsy field, some of which are summarized below.

In particular, these revolve around the role of each of these tumor-derived components in relation to

each other and to the tumor microenvironment (TME) and to which extent can they be exploited to gain

fundamental insights about disease progression and vulnerabilities.
UNRESOLVED MYSTERIES IN THE CTC FIELD

Mutational heterogeneity and correlation with the primary tumor

Tumors generally consist of multiple clonal subpopulations with distinct genotypic and phenotypic signa-

tures. This observation is frequently referred to as intratumor heterogeneity, and it is the consequence of

mutational alterations as well as epigenetic, transcriptional, and post-translational modifications, resulting

in spatial and temporal differences. Intratumor heterogeneity is believed to be a major contributor to can-

cer progression and inherent resistance to therapy, for instance, through the expansion of rare, pre-existing

drug-tolerant subpopulations (Dagogo-Jack and Shaw, 2018; Diaz et al., 2012; Stanta and Bonin, 2018). Se-

lective advantages of single cells within a large tumor are able to give rise to dominant clones in a clinically

relevant time (Waclaw et al., 2015); however, very little is known about the exact molecular drivers, as well as

the spatial arrangements involved in this process. Molecular characterization of drug-tolerant clones may

provide valuable insights into the mechanisms of drug resistance and enable identification of distinct bio-

logical features to specifically target them.
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Intratumor heterogeneity makes comprehensive tumor profiling a challenging task. Molecular data ob-

tained from classical tissue biopsies may only represent a small part of the entire tumor complexity and

not necessarily the most relevant part. Approaches to better recapitulate intratumor heterogeneity (or

to capture highly relevant tumor subclones) have shifted the attention toward tumor-derived material

that can be detected in blood circulation (Ignatiadis et al., 2021; Parikh et al., 2019). While it is unlikely

that tumor-derived components in liquid biopsies may represent the entire tumor heterogeneity, informa-

tion obtained from CTCs is possibly related to highly aggressive tumor subclones (i.e. capable to survive,

proliferate, and migrate out of the tumor), as recently demonstrated in non-small cell lung cancer (Chemi

et al., 2019). Future efforts will be needed in large patient cohorts to determine to which extent the infor-

mation derived from tumor-derived components in liquid biopsies captures tumor heterogeneity but, most

importantly, to which extent it captures disease progression-relevant tumor subclones.
Early vs. late metastasis seeding

A comprehensive understanding of the metastatic cascade not only requires investigation of the cellular

cross talk and molecular drivers involved in this process but also reveals the timing of the occurring events.

Temporal dynamics of primary tumor progression, CTC shedding, extravasation at distant sites, dormancy

of micro-metastatic lesions, and outgrowth to overt, detectable metastasis are poorly understood.

Considering the occurrence of the first cancer-initiatingmutation, metastasis seeding can be seen as a rela-

tively late event. Estimations suggest that it takes about 10 years for a healthy cell to gain driver mutations

and to obtain fitness to start forming a malignant tumor (Hu and Curtis, 2020). Based on mathematical

models, it was concluded that many patients with breast cancer had metastatic occurrences before the pri-

mary tumor becomes clinically detectable. Interestingly, this model also provides evidence for a long-last-

ing dormancy of disseminated tumor cells prior to metastatic outgrowth (Hanin and Pavlova, 2016). More

specifically, comparing genomic profiles of paired primary tumors and metastasis in patients with breast,

colorectal, and lung cancer, it was estimated that metastatic seeding occurs 2–4 years prior to primary tu-

mor diagnosis (Hu et al., 2020). Consistent with these observations, animal models report early dissemina-

tion of tumor cells in breast cancer xenografts (Harper et al., 2016; Hosseini et al., 2016).

Controversial models have emerged though, trying to describe the spatiotemporal behavior of tumor cell

dissemination (Hu and Curtis, 2020). Supported by observations that only a very small subset of dissemi-

nated tumor cells successfully seed metastases, the minor clone linear progression model states that

only small subclones within the primary tumor undergo genetic alterations that confer fitness to seed

metastasis and that this happens relatively late in primary tumor evolution. However, if disseminated tumor

cells would derive from rare subpopulations only, metastases should possess private driver mutations that

would not be detectable by bulk sequencing of the primary tumor. Instead, analysis of paired primary tu-

mors and metastases among patients with breast, colorectal, and lung cancer revealed that the majority of

driver mutations in metastasis correspond to their primary tumor (Hu et al., 2020). This emphasizes the ma-

jor clone linear progression model, arguing that metastasis derives from early dissemination of a dominant

clone with selective advantages, resulting in genetic and phenotypic similarities between metastasis and

the primary tumor. The parallel progression model on the other hand suggests a very early dissemination

of tumor cells, followed by independent evolution and acquisition of private driver mutations in primary

tumor and metastasis, resulting in genomic divergence (Klein, 2009). Although early metastatic spread

of tumor cells seems reasonable in certain tumor types (Harper et al., 2016; Hosseini et al., 2016; Hu

et al., 2019, 2020), frequently matched mutational profiles in paired primary tumors and metastasis (Hu

and Curtis, 2020) fail to entirely support this model.

For a comprehensive discussion on the spatial and temporal dynamics of cancer progression, we also need

to consider the idea of metastasis-to-metastasis dissemination. It seems plausible that tumor cells do not

irreversibly lose their invasive and migratory properties once reaching secondary tumor sites, suggesting

that tumor cell spread does not stop there. In fact, in a phylogenetic analysis of metastatic prostate cancers,

it was recently revealed that metastasis-to-metastasis seeding is a very common event. Performing whole-

genome sequencing of samples obtained from primary tumors and corresponding metastases of ten

patients with prostate cancer, the clonal relationship between different tumor sites for each patient was

determined. Multiple metastases matched the mutational profiles of each other more than the profile of

the primary tumor, with a higher similarity of metastases in close spatial proximity (Gundem et al., 2015).

In a similar approach, comparing single-nucleotide variant (SNV) and copy number alteration (CNA)
iScience 24, 103073, September 24, 2021 3
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profiles in primary tumors and associated metastases from autopsied patients with breast cancer, support-

ing evidence was provided for the cross-seeding of cancer cells from metastatic precursors to new meta-

static sites in a clinically relevant time frame, suggesting metastasis-to-metastasis dissemination as a domi-

nant route of cancer progression in patients with breast cancer after primary tumor resection (Brown et al.,

2017).

Together, while certainly a more detailed understanding of the temporal dynamics that characterize cancer

progression is needed, it is likely that timing of the events will depend on a variety of factors including

mutational profile, fitness of the immune system, and presence of specific TME-related signals. In this

context, it is conceivable that individual tumors growing in individual patients are characterized by their

own individual temporal dynamics, some of which comprising dissemination events that occur early and

some others where dissemination is a late event.

Which primary tumor cells become CTCs

The spatial relationship of CTCs with the primary tumor and the detailed mechanisms leading to CTC intra-

vasation are still poorly characterized. Previously, we mentioned that local differences in the TME

contribute to intratumor heterogeneity in multiple ways. It seems obvious that these differences could

also result in unequal intravasation potential from the primary tumor, indicating the possibility that CTC

may more likely represent certain subclones with enhanced ability to spread.

One example is provided by intratumor hypoxia, shown to play a role in the spread of cancer. The term hyp-

oxia refers to a reduction in normal oxygen levels in the tumor tissue. It is a general hallmark of neoplastic

tissues across various cancer types, whereby uncontrolled proliferation and reduced blood supply lead to

reduced oxygen availability (Bhandari et al., 2019; Harris, 2002). As a result of aberrant vascularization and

variable oxygen demand from changes in tumor cell metabolism, oxygen levels vary among different tumor

subregions, ranging from well-oxygenated to anoxic and necrotic areas. Although hypoxia is generally

toxic to cells, tumor cells in hypoxic regions are in some cases capable to survive and even develop selec-

tive advantages (Harris, 2002), including an enhanced metastatic potential (Brizel et al., 1996). Hypoxia has

been often suggested to induce an epithelial-to-mesenchymal transition (EMT) in vitro (Chen et al., 2010;

Copple, 2010; Lei et al., 2013; Lou et al., 2015; Sahlgren et al., 2008; Yang et al., 2008); however, recent ev-

idence suggests that the majority of single CTCs in breast cancer xenografts derive from normoxic tumor

regions (Donato et al., 2020). In contrast, it was shown that spontaneous hypoxia occurrence in vivo leads to

cell-cell junction upregulation and intravasation of clustered CTCs with increased metastatic ability (Do-

nato et al., 2020).Together, uneven occurrence of hypoxia in particular tumor regions may be one of the

signals involved in cancer cell intravasation and formation of CTCs with aggressive phenotypes.

Further studies are required in this context, investigating the spatial andmolecular features that demarcate

cells within the tumor with high propensity to intravasate. We speculate that these may include a variety of

factors and vary across cancer types. Identification of those signals that dictate the entry of cancer cells in

the bloodstream may be a fundamental new way to block metastasis at its start.

Interaction of CTCs with other components

The entire tumor mass does not only consist of heterogeneous cancer cell populations but also comprises

several other elements, such as endothelial cells, cancer-associated fibroblasts (CAFs), infiltrating immune

cells, extracellular matrix (ECM) components, and other secreted factors, summarized as the TME. The

maintenance, progression, and response to therapy of a primary or metastatic cancerous lesion are not

only determined by genetic alterations in tumor cells but also in many ways rely on the influence of the

TME in an intercorrelated manner (Junttila and de Sauvage, 2013).

The accomplishment of metastasis requires the execution of a multistep process, including intravasation of

single or clustered CTCs in the bloodstream, survival within circulation, extravasation, and establishment of

a proliferative distant lesion. Accumulating evidence vigorously suggest that the environmental cross talk

of tumor cells with the TME is not limited to the primary tumor. In fact, there is considerable evidence sup-

porting a role for non-neoplastic cells in each and every step of themetastatic cascade (Hurtado et al., 2020;

Kitamura et al., 2015). These include CAFs (Duda et al., 2010; Liu et al., 2016), different types of immune cells

(Sprouse et al., 2019; Szczerba et al., 2019), and platelets (Gay and Felding-Habermann, 2011; Labelle et al.,

2011). However, we can assume that immune and stromal partners of CTCs will depend on the status of the
4 iScience 24, 103073, September 24, 2021



Figure 1. Relationship between CTCs and the tumor microenvironment during metastasis

Schematic representation of the metastatic cascade and the interactions between CTCs and other elements that impact this process. Both immune and

stromal cells impact metastasis at the primary site and promote cancer cell intravasation. Once in the bloodstream, CTC survival and ability to metastasize is

influenced by other cell types. Finally, CTCs can carry stromal cells to the secondary site, creating a favorable metastatic niche. CAF, cancer-associated

fibroblast; ECM, extracellular matrix; PMN-MDSC, polymorphonucler myeloid-derived suppressor cells; TAM, tumor-associated macrophage; cfDNA, cell-

free DNA.
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TME at the intravasation site; thus, further studies are needed to reveal all possible interaction partners

involved in various cancer types and their metastases. In addition to other cell types, CTCs could also

interact with different tumor-derived components in circulation. This idea has encouraged studies to inves-

tigate how these elements interact with each other and potentially promote metastasis in an intercorre-

lated manner. These relationships (Figure 1) and their clinical importance will be discussed in more detail

in the following sections.

RELATIONSHIP BETWEEN CTCS AND OTHER CELL TYPES

The crucial role of the TME in tumor biology was impressively demonstrated through the clinical success of

immune checkpoint inhibitors (ICIs) in several cancer types, including melanoma and non-small cell lung
iScience 24, 103073, September 24, 2021 5
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cancer (NSCLC) (Brahmer et al., 2012; Hodi et al., 2010; Larkin et al., 2015; Powles et al., 2014; Rosenberg

et al., 2016). ICIs aim to stimulate the cytotoxic activity of the immune system against cancer cells by block-

ing the inhibitory signal in T cells, particularly mediated through the PD1/PD-L1 or CTLA-4/CD80/86 axis

(Waldman et al., 2020). However, selecting patients that are likely to benefit from ICI therapy still remains

a challenge. Expression of PD-L1 in tumor biopsies does not necessarily correlate with response to ICI, as

recently shown in melanoma (Hodi et al., 2018; Larkin et al., 2019). Prevailing limitations in the evaluation of

PD-L1 protein expression in tumor biopsies may have a considerable impact on this. In contrast, PD-L1

expression analysis in CTCs holds promise to be a complementary biomarker to predict responses to ICI

therapy and, through longitudinal liquid biopsy sampling, could enable monitoring of disease dynamics

and allow rapid therapy decisions (Kloten and Krahn, 2019).

It is now known that many different cell types may influence the dissemination of cancer cells from the pri-

mary site. In this context, CAFs are versatile players that secrete a great number of cytokines, growth fac-

tors, and other molecules that influence metastasis initiation. It has been found that CAFs can promote

metastasis by modifying extracellular matrix stiffness, via the increase of N-cadherin expression, inducing

epithelial-mesenchymal transition, via paracrine secretion of transforming growth factor b (TGF-b), and

even via recruiting of tumor-associated macrophages (TAMs) through cytokines such as CCL-2 (Hurtado

et al., 2020). These TAMs have also been reported as promoters of an aggressive microenvironment that

fosters an invasive phenotype in small-cell lung cancer in vitro and directly promote intravasation in other

cancers including glioma and breast cancer, where they initiate a paracrine signaling loop that involves tu-

mor-derived colony-stimulating factor 1 (CSF-1) and macrophage-derived epidermal growth factor (EGF

(Hamilton and Rath, 2017). Additionally, in non-small-cell lung cancer and inflammatory breast cancer,

CTC levels have been found to correlate with the degree of immune surveillance, especially in regard to

certain immune cell types. Specifically, the number of CTCs was inversely correlated to CD8-positive pe-

ripheral T lymphocytes in patients with breast cancer and to CD3-positive, CD4-positive, and CD8-positive

peripheral T lymphocytes in patients with NSCLC (Mego et al., 2016; Ye et al., 2017). However, the respon-

sible biological mechanisms of CTC and T lymphocyte interactions are yet to be fully unraveled. This cor-

relation was also found for NK cells in NSCLC (Ye et al., 2017), which is not surprising considering their cyto-

toxic effects on CTCs (Dianat-Moghadam et al., 2021).

Once in the bloodstream, CTCs have been found in cooperation with different cell types including plate-

lets, neutrophils, macrophages, myeloid-derived suppressor cells (MDSCs), and even CAFs. Firstly, it has

been shown that platelets are ‘‘educated’’ by CTCs and share a reciprocal relationship with them in which

both cell types influence each other (Heeke et al., 2019). It is thought that platelets assist CTCs in multiple

ways including anoikis prevention, by providing integrin signaling and immune escape, e.g., via TGF-b

secretion that suppresses cytolytic natural killer cells. However, the molecular mechanisms supporting

these processes are still to be fully characterized, including the events leading to the activation of platelets

by CTCs (Heeke et al., 2019). In addition to direct contact, platelets also produce cytokines that influence

the CTC phenotype, such as an increase of tissue factor (TF) and P2Y12 receptor activity (Heeke et al., 2019).

Moreover, neutrophils have been shown to promote CTC extravasation onmultiple occasions, either via an

interaction with the endothelial cells of vessel walls, mediated by intercellular adhesion molecule-1 (ICAM-

1), or via the formation of neutrophil extracellular traps in an IL-8 and b1-integrin-dependent manner

(Heeke et al., 2019). CTC-neutrophil clusters have also been studied in patients with breast cancer and mu-

rinemodels, revealing an even closer relationship mediated by vascular cell adhesionmolecule-1 (VCAM-1)

and leading to increased proliferation and metastatic ability of CTCs that are partnered with neutrophils

within the bloodstream (Szczerba et al., 2019). Another study has revealed that polymorphonuclear

(PMN)MDSCs, which are related to neutrophils andmonocytes, directly interact with CTCs promoting their

dissemination and metastatic potential via a Nodal-Notch1-Jagged1 signaling axis in response to PMN-

MDSC-secreted reactive oxygen species (Sprouse et al., 2019). Further, it has also been suggested that

macrophages not only interact with CTCs via multiple cytokines but also fuse with them forming ‘‘tuma-

crophages’’ that can better evade immune detection (Zhang et al., 2017b). More on the functional side,

it has been shown that CTCs are able to carry their partner cells to the metastatic site, creating a favorable

environment and facilitating the growth of metastatic lesions, as is the case for CAFs that can increase the

efficiency of lung metastasis (Duda et al., 2010).

Enhanced knowledge on the versatile entanglements involved in assisting CTCs on their way to metastasis

have encouraged studies to investigate how these interactions could be subject to pharmacologic
6 iScience 24, 103073, September 24, 2021
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intervention in order to suppress metastasis. For instance, acetylsalicylic acid (aspirin) is a well-established

anti-platelet agent, leading to reduced platelet activation through inhibition of thromboxane A2 (TXA2)

synthesis via cyclooxygenase-1 (COX-1) (Schafer, 1995). The ‘‘Add-Aspirin’’ trial is currently investigating

the effects of daily administration of low- (100 mg) and medium-dose (300 mg) aspirin on disease recur-

rence and survival after primary therapy in common non-metastatic solid tumors (Coyle et al., 2016).

More studies, monitoring the effects of selected agents on CTC intravasation, CTC count, and CTC extrav-

asation will be required in the future to assess the full potential of targeting CTC interactions with non-ma-

lignant cells. For example, studies investigating the direct effect of ICIs on CTCs could provide interesting

insights in the abilites of ICIs to suppress metastasis in a direct fashion. Development and validation of well-

designed in vitro models, preclinical models, and rational clinical designs are urgently needed in this

regard.

Together, it is becoming increasingly clear that the TME and in particular immune and stromal cells are a

key component during metastatic cancer progression. A comprehensive and quantitative definition of

these partnerships during cancer dissemination is required to define a better picture of metastasis biology

and most importantly of its vulnerabilities.
RELATIONSHIP BETWEEN CTCS, EXOSOMES, AND CTDNA

We now appreciate how secretion of exosomes is a common event across most cells and tissues with critical

roles in health and disease (Osaki and Okada, 2019; Raposo and Stoorvogel, 2013; Whiteside, 2016). Exo-

somes mediate cellular communication either through direct interaction with target proteins, hereby acti-

vating signaling pathways, or by fusing with the recipient cell membrane and leading to the release of the

cargo into the cytoplasm (Guo et al., 2019). A mechanism was suggested whereby exosomes released by

primary tumor cells induce signaling pathways in recipient cells, leading to enhanced metastatic potential

(Fu et al., 2018). In this study, they created an in vitro model where they observed that hepatocellular car-

cinoma (HCC)-derived exosomes, containing SMAD Family Member 3 (SMAD3) protein andmRNA, induce

ROS increase in HCC cells through enhanced TGF-b/SMAD3 signaling, resulting in facilitated cell adhe-

sion. They also reported delivery of bioactive materials from tumor-derived exosomes to CTCs in vivo,

again resulting in enhanced cell viability and cell adhesion. To evaluate the clinical significance of these

findings, they compared levels of SMAD3-containing exosomes in human peripheral blood and found

high levels of SMAD3-containing exosomes correlated with a reduced disease-free survival of patients

with HCC (Fu et al., 2018). In addition to directly enhancing the fitness of CTCs to adhere to the endothe-

lium, extravasate, and formmetastatic lesions, tumor-derived exosomes may also influence metastasis and

CTC viability in an indirect manner. It was recently shown that tumor-derived exosomes carrying PD-L1 have

the ability to induce immune suppression by binding PD-1 expressed on T cells (Theodoraki et al., 2018).

This might not only facilitate immune system evasion in the primary tumor but also elsewhere, i.e. including

CTCs.

Several reports have also suggested the ability of tumor-derived exosomes to influence metastasis by pre-

paring a pre-metastatic niche for organotropic CTC seeding (Hood et al., 2011; Hoshino et al., 2015; Pei-

nado et al., 2012). It was revealed that tumor-derived exosomes show distinct integrin expression patterns,

determining preferred sites of exosomal uptake (Hoshino et al., 2015). They linked exosomal integrins a6b4

and a6b1 with lung metastasis, while exosomal integrin avb5 was associated with liver metastasis in mouse

models. Targeting these integrins via genetic knockout reduced exosome uptake, resulting in decreased

metastasis in lung and liver, respectively. Mechanistically, following uptake in recipient cells, tumor-derived

exosome integrins activate proto-oncogene tyrosine-protein kinase Src and proinflammatory S100 gene

expression to promote migration and inflammation, i.e. to ‘‘prepare’’ the pre-metastatic niche. It was

also demonstrated that melanoma-derived exosomes are able to transfer the oncoprotein c-Met to

bone marrow progenitor cells, resulting in increased c-Met signaling and enhanced motility in recipient

cells. Motile bone marrow progenitor cells then facilitate metastasis through formation of a suitable micro-

environment in the pre-metastatic niche (Peinado et al., 2012). Further, transfer of cancer-secretedmiRNAs,

abundantly found in tumor-derived-exosomes, may also play a pivotal role in promoting metastasis. It was

reported that overexpression of miR-105 in non-metastatic cancer cells induces vascular permeability in

distant organs by efficiently destroying tight junctions and integrity of these natural barriers against metas-

tasis, i.e. facilitating CTC extravasation (Zhou et al., 2014). Interestingly, studies have identified hypoxia as a

key regulator for exosome-mediated support of angiogenesis and vascular leakage (King et al., 2012; Ku-

charzewska et al., 2013). More generally, however, exosomes represent a very heterogeneous population
iScience 24, 103073, September 24, 2021 7
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and most likely reflect features of the cancerous lesion they originate from. Given this, not surprisingly,

other studies suggest the ability of tumor-derived exosomes to inhibit tumor cell metastasis by increasing

the number of lung-patrolling monocytes, recruiting NK cells, and inducing macrophage differentiation

and phagocytosis (Plebanek et al., 2017). Exosomes and their characterization certainly deserve great

attention in the future, as they could provide very useful information along disease progression and along

the analysis of other tumor-derived components.

Differently from exosomes, ctDNA has already gained a prominent role in the clinical setting. ctDNA levels

typically increase hand-in-hand with tumor burden (Mouliere et al., 2018). Correlation of ctDNA abundance

with poor prognosis highlights ctDNA as an accurate biomarker for tumor progression (Bratman et al.,

2020; Vandekerkhove et al., 2021). Studies also demonstrated the feasibility of ctDNA analysis for accurate

and sensitive assessment of treatment response and monitoring of residual disease (McDonald et al., 2019;

Tie et al., 2016). The huge potential of ctDNA analysis for early diagnostic purposes was recently demon-

strated. Using a blood test based on the simultaneous assessment of mutations in cell-free DNA and levels

of circulating protein markers, investigators were able to detect cancer types such as the ovary, liver, stom-

ach, pancreas, and esophagus with sensitivities ranging from 69 to 98% and a specificity of more than 99%

(Cohen et al., 2018).

Unlike CTCs, which per definition represent living descendants of a tumor lesion and thus rather reflect

invasive and migratory tumor subclones, the majority of ctDNA derives from dying cells, i.e. apoptotic

and necrotic tumor areas (Diaz and Bardelli, 2014). Therefore, highly proliferative and drug-resistant ge-

netic information may be underrepresented and ctDNA may rather be highly representative of tumor re-

gions exposed to insufficient oxygenation or strong immune system cytotoxic activity. While genetic infor-

mation obtained from ctDNAmay not reflect the most invasive tumor subclones, a complementary analysis

of ctDNA alongside exosomes and CTCs in liquid biopsies could provide a more comprehensive picture of

the tumor profile and constitute a precious tool for monitoring disease dynamics.

Altogether, while CTCs, exosomes, and ctDNA represent per se highly valuable tumor-derived compo-

nents, they are also characterized by inherent differences. These fundamental differences, mostly dictated

by the biological processes that lead to their generation, impact on the information that is available from

each of these components, arguing that a more comprehensive analysis of liquid biopsies might positively

influence the diagnosis and treatment of cancer.
CONCLUDING REMARKS

The metastatic spread of cancer is a complex, multi-step process that involves a variety of factors. These

factors are entangled with each other and define disease aggressiveness but also therapeutic opportu-

nities. Investigations of the TME have clearly revealed a prominent role for non-neoplastic cells in shaping

the metastatic cascade in various cancer types, and it is also apparent how various tumor-derived compo-

nents obtained from liquid biopsies may provide complementary tools to investigate cancer biology in a

minimally invasive fashion. Integration of all these components with the latest tools (e.g. artificial intelli-

gence, integrative biology) and together with the analysis of large patient cohorts will be key for exploiting

the resources that a liquid biopsy may offer, aiming to improve diagnosis, stratification, and treatment of

cancer.
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