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Abstract

Sections

Inrecentyears, exceptional technological advances have enabled the
identification and interrogation of rare circulating tumour cells (CTCs)
fromblood samples of patients, leading to new fields of research and
fostering the promise for paradigm-changing, liquid biopsy-based
clinical applications. Analysis of CTCs has revealed distinct biological
phenotypes, including the presence of CTC clusters and the interaction
between CTCs and immune or stromal cells, impacting metastasis
formation and providing new insights into cancer vulnerabilities. Here
we review the progress made in understanding biological features of
CTCsand provide insight into exploiting these developments to design
future clinical tools for improving the diagnosis and treatment of cancer.
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Introduction

Despite advancesin cancer research and treatment, metastasis remains
theleading cause of cancer-related death worldwide'. The limitation of
currentclinical diagnostic tools to predict metastatic progression and
detect minimal residual disease is amajor hurdle to improve outcomes.
Standard-of-care (SOC) approaches such as tissue biopsies, imaging
modalities and tumour markers are often limited in their ability to
capture all relevant aspects of a patient’s cancer due to insufficient
diagnostic thresholds, sampling bias related to temporal and spatial
tumour heterogeneity, and limited access to metastatic lesions™’.

Blood-based tumour-derived materials provide an alternative,
real-time and minimally invasive method for early detection, prognosis
and prediction of response to anticancer agents*’. Among the most
intriguingliquid analytes are circulating tumour cells (CTCs), which are
shed from primary and/or metastatic tumours into the bloodstream
to eventually seed metastases at distant sites. As pioneers of the meta-
static process, CTCs are extraordinary cells that offer an opportunity to
capture and interrogate the most aggressive cancer clones, providing
aprivilegedinsightinto thebiology and vulnerabilities of blood-borne
metastasis>’.

Anentireresearchfield dedicatedtotheinvestigation of CTCsasa
liquid biopsy analyte has produced remarkable progress and led to the
translational implementation of CTCs as biomarkers in the setting of
clinical trials”®. However, despite scientific advances and technological
innovations, the rare nature of CTCs poses considerable challenges,
and as a consequence, their use in routine clinical practice has been
slow*’™2, Moving use of CTCs forward to realize their full potential as
ahighly accurate and predictive tool for antimetastatic therapies has
both opportunities and challenges.

Here we provide a current and comprehensive overview of state-
of-the-art developments in this dynamic field, with a focus on the
role of CTCs in blood-borne metastasis. We describe various aspects
influencing the metastatic potential of CTCs, including the formation
of homotypic (cancer cells only) and heterotypic (cancer cells together
withimmune or stromal cells) clusters. We further review current tech-
nologies for CTC detection, capture and downstream analysis. Clinical
translational aspects are discussed in reference to current and future
trials aimed at targeting CTCs. Finally, we highlight key challenges
and necessary research priorities to foster translational applications.

Progression of CTCs to metastasis
Patterns of metastatic cancer dissemination
Metastasis occurs via direct intravasation of tumour cells into blood
vessels or the lymphatic system and, less frequently, by their direct
spreading into neighbouringtissues. Although the tumour, node and
metastasis (TNM) staging system uses positive lymph node status as
amarker of advanced cancer®, to date there is limited experimental
evidence that cancer cells must traverse the lymphatic system before
seeding distant metastasis. Incontrast, alarger body of literature sup-
ports the haematogenous route as a main metastasis conduit'". We
therefore focus this Review on blood-borne dissemination of cancer.
While decades of scientific research has revealed detailed patho-
genetic mechanisms leading to primary tumour formation, the
biological foundations of metastatic disease remain inadequately
understood. Nevertheless, over the past 20 years important progress
hasbeenmadein elucidatingkey aspectsin this regard. Metastasisis a
multistep process contingent on invasive, metastasis-competent cell
clones in the primary tumour (or metastatic lesions) that escape via
intravasation and transit the bloodstream as CTCs. Whentheyreacha

point of extravasation, CTCs can hometo distant niches and grow into
secondary lesions***,

Two mechanistic models of cancer cell dissemination have been
proposed: (1) the linear or late dissemination model and (2) the parallel
progression or early dissemination model. The former postulates that
natural selection within the primary tumour will lead to the dissemina-
tion of the fittest tumour cell clones over time to give rise to metastasis,
where only small degrees of divergence should be present between
metastatic and primary lesions'. Along these lines, primary tumour
and metastatic tissue typically demonstrate high level of genetic simi-
larities, including in metachronous lesions''®. However, contradictory
observations of genetic discrepancies between metastases and primary
tumours favour the notion that tumour cell escape may occur early
during tumour evolution'*’, perhaps even at preneoplastic stages**?,
following the logic of a parallel progression model'*”****, Opponents
of this theory argue that extensive intratumour heterogeneity might
obscure shared but rare metastasis-competent subclones, which are
not detected by current sequencing technologies.

These models of metastatic spread were enriched by phylogeny
studies applying evolutionary principles, which revealed additional,
and more complex than originally anticipated, patterns of metastasis-
to-metastasis dissemination and tumour self-seeding” %, Although
plausible and repeatedly confirmed in both mouse models and patient
samples of various cancer types® 2, this concept has been challenged
too, giventhe knowledge that complete phylogenyis difficult toachieve
with current methods and their limitations (for example, insufficient
sequencing depth, sampling bias and heterogeneity, and different
bioinformatics approaches)®?%. Nevertheless, the analysis of unique
subclonal somatic mutations that occur during branching and progres-
sion of cancer cell lineages has revealed that metastatic spread follows
intricate patterns, with monoclonal or polyclonal seeding between
metastatic lesions?******, Consequently, cancer cell dissemination is
likely not only a solitary endeavour but may also occur via polyclonal
events that play a central role in diversifying the metastatic process,
far away in both space and time from the primary tumour®>",

Step-by-step sequence of metastatic events

Thefirstcritical step in metastatic disseminationis cancer cellinvasion,
followed by intravasation into the proximal blood vessels (Fig. 1a,b).
Accesstothecirculation canbe achieved via passive shedding or active
cellinvasion®. In the case of passive shedding, tumour fluid dynamics
and reduced barrier function of immature tumour neovasculature
facilitate physical expulsion of tumour cells into the periphery**°.
However, the frequency and exact conditions leading to passive tumour
cell shedding remain poorly understood.

Active cancer cellinvasion can be triggered by hypoxia*'. Hypoxia-
inducible factor la (HIF1a) increases expression of the adhesion mole-
cules L1celladhesion molecule (LICAM; via angiopoietin-like protein 4
(ANGPTL4) signalling)*> and CXC-chemokine receptor 4 (CXCR4)*,
resulting in enhanced CTC-endothelium binding and intravasation.
Hypoxia has further beenlinked to the formation and intravasation of
CTC clusters, via upregulation of cell-cell adhesion molecules*
(Fig.1a). Expression of HIF prolyl hydroxylase 2 (HIFPH2) by endothelial
cells promotes escape of tumour cellsinto blood vessels by impeding
endothelial integrity and vessel maturation**. Transient binding of
tumour cells to perivascular macrophages furtherincreases endothe-
lial permeability through the production of vascular endothelial
growth factor A (VEGFA), in a HIFla-independent manner®. Vascular
endothelial cells caninduce metabolic changes in cancer cells, such as
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the downregulation of phosphoglycerate dehydrogenase (PHGDH), to

further facilitate cancer cell invasion via activation of the hexosamine-
sialic acid pathway and increased sialylation of integrin aVB3 (ref.*®)

Primary tumour site Circulation

Myoepithelial cell Basement membrane
‘ ‘ Breast epithelial cell

Hypoxia

Ié
N

T MMP
T ANGPTL4
a Invasion 1T cXCR4

Invadopodlum
T N-WASP

Endothelium-
secreted
factor

b Intravasation

{ Tight junction
T HIFPH2

(Fig. 1b). Tumour cell-intrinsic factors contributing to active inva-
sion include the loss of function of nuclear receptor subfamily 2
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Fig.1|Stepwise progression of the metastatic cascade. a, Invasion of cancer
cells. The formation of invasive features (for example, invadopodia) and
hypoxic conditions (indicated by a blue haze) favour release of cancer cells away
from the primary tumour site via upregulation of hypoxia inducible factor 1a
(HIF1a), NMYC downstream-regulated gene 1 protein (NDRG1) and vascular
endothelial growth factor A (VEGFA). This is further enhanced by metastasis-
promoting features, including the expression of CXC-chemokine receptor 4
(CXCR4) and angiopoietin-like protein 4 (ANGPTL-4), the secretion of matrix
metalloproteinases (MMPs), decreased expression of phosphoglycerate
dehydrogenase (PHGDH) and cytoskeletal rearrangements. External conditions
conducive to spreading are further provided by physical factors (for example,
fluid pressure and stiffness) and surrounding cells (for example, cancer-
associated fibroblasts and endothelial cells) in the tumour microenvironment.
Mechanical stimuli from the tumour microenvironment promote pro-metastatic
conditions by activating Yes-associated protein 1(YAP)-transcriptional co-activator
with PDZ-binding motif (TAZ) in cancer associated fibroblasts, favouring cancer
cellinvasion. Further, paracrine factors secreted by endothelial cells may
reduce PHGDH levels in cancer cells, potentiating cell migration and invasion.
Intravasation (part b) and circulation (part c). Circulating tumour cells (CTCs)
and their clusters have ashort half-life in circulation, due to hostile conditions,
including physical forces (that is, shear stress) and anoikis. CTCs can escape the

immune system via downregulation of major histocompatibility complex class |
(MHC-I), expression ofimmune checkpoint molecules (for example, programmed
celldeath protein1(PD1) ligand 1(PDL1) and CD47) or through support from
platelets and neutrophils. Cell-intrinsic factors (for example, expression of anti-
apoptotic factors) enhance CTC survival and successful transit, while circadian
rhythmicity (and related hormone fluctuations) dictates the timing of CTC
intravasation events, reaching a peak during the rest phase. d, Extravasation.

The efficiency of extravasation relies upon the expression of adhesion molecules
(for example, CD44, mucin1(MUCI) and sialyl-Lewis A (sLeA)/sialyl-Lewis X
(sLeX), chemokine release, physical properties (for example, CTC cluster size and
deformability) and supporting cells (for example, neutrophils via the formation
of neutrophil extracellular traps (NETs)). Signalling via transforming growth
factor-B (TGFf)/SMAD family member 3 (SMAD3) leads to the upregulation

of various adhesion-related molecules and facilitates CTC vascular adhesion.

e, Successful hominginto a new environment is dependent on niche factors

(that s, various organ-specific cell types), but is also influenced by the preset
metastatic potential of CTCs. f, CTCs may spread from the primary tumour or
from metastatic lesions to either seed new metastasis (metastasis-to-metastasis
dissemination) or return to the primary tumour site (tumour self-seeding). DTC,
disseminated tumour cell; HIFPH2, hypoxia-inducible factor prolyl hydroxylase 2;
NK natural killer; N-WASP, neural Wiskott-Aldrich syndrome protein.
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signalling, the expression of epithelial-to-mesenchymal transition
(EMT)-related transcription factors (for example, TWIST1 and zinc-
finger E-box-binding homeobox (ZEB1))*” and the formation of invado-
podiavianeural Wiskott-Aldrich syndrome protein (N-WASP)-directed
cytoskeletal reorganization*® (Fig. 1a).

Althoughas many as1 x 10° cancer cells per gram of tumour tissue
are estimated to be shed into the circulation*’, metastatic efficiency of
CTCsappearstobelow, with estimates around 0.01%°**'. CTCs gener-
ally exhibit short circulation times (25-30 min for single CTCs and
6-10 minfor CTC clusters), where the shorter circulation time of clus-
ters may be ascribed to a rapid arrest and homing at distant sites.
Arapid escape and less exposure to hostile conditions in blood may ulti-
mately contribute to CTCsurvival. These hostile circulatory conditions
include high shear stress causing deformation, anoikis, fragmentation
and cell death®”. Remarkably, the process of fragmentation can trigger
the priming and accumulation of pro-metastatic immune cells (for
example, myeloid cells), promoting successful metastatic colonization
of surviving CTCs*? (Fig. 1c). Moderate levels of shear stress can also lead
to transcriptional changes, favouring motility and migration®. CTCs
in circulation can enter cell cycle arrest or increase the expression of
anti-apoptotic proteins such as BCL-2 (refs.’***). To evade clearance by
immune cells, CTCs can express programmed cell death protein 1(PD1)
ligand 1 (PDL1) or CD47 (refs.**®) (Fig. 1c). Neutrophils support CTCs
incirculation by enhancing their proliferation and survival*’, as well as
suppressing the host’s adaptive immune system (CD8" T cells)®° and
innate immune system (natural killer (NK) cells)® (Fig. 1c).

Extravasation, inanalogy tointravasation, may be promoted pas-
sively or actively. Both mechanical trapping (with capillaries as small
asafewmicrometresin diameter) and active adhesion may depend on
CTC configuration (for example, single CTC versus CTC cluster)®, clus-
ter composition (homotypic versus heterotypic)®*** and geometrical
shape®. Active CTC extravasation mimics diapedesis of leukocytesin
terms of cytoskeletal and signalling changes®, including the expression
of ligands and receptors for direct endothelial cell wall interaction®”
(Fig. 1c). For example, expression of sialylated carbohydrate ligands
(sialyl-Lewis A and sialyl-Lewis X)°®, mucin1(MUC1)® or CD44 (ref.”®)
by cancer cells and their ligation to selectins, intercellular adhesion
molecule 1 (ICAMLI) or B1integrin on endothelial cells triggers CTC
rolling and subsequent adhesion, enabling transendothelial migration
(Fig. 1d). Endothelial adhesion is further enhanced via inflammatory
mediators such as CXC-chemokine 12 (CXCL12)". Reactive oxygen spe-
cies (ROS) and SMAD family member 3 (SMAD3) enhance CTC adhesion
via transforming growth factor-B (TGFp) signalling”. The secretion
of ANGPTL4, VEGF, matrix metalloproteinases and CC-chemokine
ligand 2 (CCL2) by cancer cells or adisintegrin and metalloproteinase 12
(ADAM12) by endothelial cells increases endothelial permeability
to facilitate extravasation’ ", CTC-induced damage to endothelial
cells presents another means of escape, mediated by programmed
endothelial cell necrosis via receptor-interacting serine/threonine-
proteinkinase1(RIPK1)". Furthermore, various other cell types besides
endothelial cells extrinsically support CTC extravasation. Platelets, for
example, facilitate extravasation via ATP-P2Y purinoceptor 2 (P2Y2)
interaction, causing endothelial retraction®*. Neutrophilsimmobilized
via endothelial glycocalyx binding create a pro-inflammatory local
milieu through secretion of interleukin-8 (IL-8) and CXCL1, resulting
in vascular leakiness®”, release of neutrophil extracellular traps’®,
macrophage 1 antigen (MAC-1)-mediated ‘docking’ platforms” or
matrix metalloproteinases® that promote dissemination (Fig. 1c,d).
Experimental mouse and zebrafish models show that endothelial cells

themselves may act as accomplices by wrapping around and expulsing
arrested CTCs*’.

After exiting the bloodstream, CTCs may home into their new
metastatic site as disseminated tumour cells (DTCs) (Fig. 1e). While
a comprehensive review of metastatic colonization upon extravasa-
tion is beyond the scope of this Review and has been provided well
elsewhere®* ", we briefly discuss several key factors dictating DTC fate.
Homing may be influenced by anatomical features, as well as by bio-
logical characteristics, of CTCs. For instance, in the case of colorectal
cancer, a ‘direct’ vascular connection between the primary site and
the metastatic site enables rapid entrapment of CTCs in the liver®.
On the molecular side, CTCs may undergo chemotaxis to the bone
marrow via expression of CXCR4 (ref.®*). When travelling as heterotypic
clusters with platelets, CTCs attract granulocytes that help establish
neoplastic lesions at secondary sites®.

Inthe metastatic niche, the associated microenvironment exerts a
criticalinfluence on CTCs as they stop and possibly enter a stage of dor-
mancy®. Organ-specific cell types have been suggested to provide DTC
sanctuaries and promote dormancy, including perivascular osteoblasts
inbone®*® NK cells and hepatic stellate cellsin the liver®, astrocytesin
thebrain® and haematopoietic stem cells inthe bone marrow?® (Fig. 1e).
Activation and proliferation of DTCs can be subsequently prompted
by inflammatory stimuli or osteoclast activity via calcium-associated
signalling”“2. Whether physical factors differ between organs and
influence metastasis remains poorly understood.

Physical and metabolic hallmarks of CTC biology

Tumour mechanics and physical properties are intricately linked with
the state and function of cancer cells, tumour progression and metas-
tasis”. Typically, tumours are stiffer than healthy tissue, often due to
changes in their extracellular matrix®*. Rigidity can lead to gene expres-
sion changes promoting tumour cell motility, while perpendicular
alignment facilitates spread (sometimes referred to as ‘highways’ for
tumour cell invasion)***. Leaky tumour vasculature can cause fluid
accumulation, which, incombination with space constraints presentin
arapidly growing tumour mass, resultsin high interstitial pressure and
flow gradients, creating permissive avenues for tumour cell escape®*.
Cancer cells can actively migrate by repurposing their nucleus to cre-
ate hydrostatic pressure, pulling and releasing the nucleus, akinto an
engine piston, viaactomyosin contractility’®. Mechanical stimuli from
the tumour microenvironment promotes pro-metastatic conditions
via Yes-associated protein 1 (YAP)-transcriptional co-activator with
PDZ-binding motif (TAZ)-dependent cancer-associated fibroblast (CAF)
activation and enhanced cell invasion and migration®”*®. Once in the
bloodstream, CTCs experience various shear stress levels, where high
levels lead to cellular fragmentation® and intermediate levels may
promote endothelial adhesion and extravasation*’.

Homeostatic and metabolic stimuli affect CTCs throughout
the metastatic passage. ROS from myeloid-derived suppressor cells
lead to the upregulation of NOTCH1 expression on CTCs through the
ROS-nuclear factor erythroid 2-related factor 2 (NRF2)-antioxidant
response element axis, and NOTCH1 relays proliferative signals via
its ligand JAGGED1, promoting proliferation and survival®. Studies
using the 4T1 syngeneic mouse model of breast cancer reveal that
CTCs, compared with the primary tumour, have elevated mitochon-
drial biogenesis and respiration via peroxisome proliferator-activated
receptor-y co-activator la (PGC1A) upregulation, as well as increased
mitochondrial DNA and ATP production'®®'®". In human epidermal
growth factor receptor 2 (HER2)-positive breast cancer, oxidative stress
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transitions CTCs to a HER2-negative status, providing one possible
explanation for the observed phenotypic discrepancy between primary
lesions and metastatic lesions'®. In the study cited, both HER2-positive
cellsand HER2-negative cells exhibited comparable tumour-initiating
capacity, but HER2-negative CTCs were less proliferative. Oxidative
stress experienced by metastasizing cancer cells can be counter-
acted via fatty acid oxidation driven by nuclear receptor subfamily 4
group A member 1 (NUR77) and mitochondrial trifunctional enzyme
subunit-B signalling to maintain NADPH and ATP levels'®. CTC cluster-
ing enhances metastatic potential by ROS clearance via mitophagy and
HIF1a activity'*.

Metabolic features of CTCs can also influence the metastatic pro-
cess. CTCs can increase their survival and metastatic potential by
dynamically adapting to organ-specific requirements via metabolic
changes that counteract oxidative stressin the oxygen-rich lung envi-
ronment'®'%, Mice receiving a fat-rich diet show increased release
of CTCs with excess free fatty acids incorporated into the cellular
membrane, promoting tissue invasion and increased lung metasta-
sis'””. Palmitic acid has been shown to increase metastatic capability of
cancer cells viaCD36-mediated signalling'®. Lipid rafts and raft-specific
proteins, such as caveolin and flotillin, are also emerging asimportant
regulators of metastatic potential, CTC survival and, therefore, patient
prognosis'”’. The metastatic potential of CTCs is additionally enhanced
by extracellular glucose via the exchange factor directly activated by
cAMP1(EPAC)-RAP1and O-linked B-N-acetylglucosamine pathways",
pyruvate metabolism via a-ketoglutarate-induced collagen remodel-
ling™ or the production of superoxide via a mitochondrial overload
through aerobic glycolysis™. Interestingly, heterogeneity in glucose
metabolism affects metastatic potential and growth capabilities dif-
ferently; while the downregulation of PHGDH increases invasive and
migratory potential, high PHGDH expression is required for tumour
growth at the primary or metastatic sites*’. Protein catabolism'” via
proline dehydrogenase, iron metabolism via stabilization of pro-
metastatic collagen lysyl hydroxylase dimers™ or acidic conditions
via cathepsin B-mediated degradation of extracellular matrix™ further
contribute to increasing metastasis. Collectively, these dataallude to
the extraordinary physical and metabolic plasticity of CTCs, allowing
them to surmount adverse conditions to successfully spread.

Biological features of CTCs

CTCphenotypic heterogeneity and CTC clusters

Epithelial cells typically undergo anoikis upon losing touch with
their surrounding environment; thus, metastatic seeding is generally
inefficient®®*"'%, Therefore, this raises the following question: what
properties do CTCs have that sanction their successful metastatic dis-
semination? Enhanced survival and tumour-seeding capacity seems
to be contained within a small fraction of tumour-initiating cells or
metastasis-initiating cells with stem-like properties™"” . EMT has
been proposed as a crucial requirement for metastasis, because it
increases both contact-independent survival (that is, resistance to
anoikis) and invasive potential*"*'?°, Preclinical studies have dem-
onstrated that EMT transcription factors, such as SNAIL and TWIST,
suppress cell-cell contact and increase motility and invasiveness in
vitro''?2, However, silencing of SNAIL and TWIST could reduce but
not completely inhibit metastasis in vivo, challenging the necessity of
EMT-related transcriptional regulators for the metastatic process'*>'**,
Remarkably, in various models based on EMT lineage tracing, loss of
epithelial cadherin (E-cadherin) or modulation of TWIST expression
demonstrated that EMT prevents the successful seeding of metastatic

tumours'>, Observations of epithelial-to-mesenchymal plasticity
suggest that this transformation need not be binary and irreversible
butrather may be fluent and transitional, functioning as aninfluencer
rather than a driver of metastasis'** %, Accordingly, an intermediate
level of EMT has been described in CTCs, and correlates with plas-
ticity, stem cell-like characteristics, poor treatment response and
disease progression'®"”?8_Such hybrid states have been observed at
theinvasive edge of xenografts and patient tumour tissues of common
carcinoma types®'?** yet their functional contribution to inva-
sion, dissemination and metastatic colonization requires further
investigation.

Both plasticity-dependent and plasticity-independent routes of
metastasis may exist in parallel'”. An essential counterargument to
the necessity of EMT was provided by observations of cell contact-
dependent, collectively migrating and highly metastatic CTC clusters,
which were first described several decades ago™"'**. The polyclonal
nature of metastatic colonies?**"**** and the mutually beneficial or
synergistic interactions between subclones™*"** indicate that cancer
spread occurs not only via single CTCs but also via heterogeneous
CTC clusters® . Several studies show that CTC clusters, comprising
aminority of the total CTC eventsinthe peripheral circulation, display
up to a100-fold increase in metastatic potential compared with indi-
vidual CTCs**"'*"* Evidence from patient samples and mouse models
demonstrate that intratumour hypoxia triggers the upregulation of
genes encoding proteins involved in cell adhesion to enable collec-
tive CTC cluster shedding®. We and others have demonstrated that
homotypic clustering enhances various cellular properties, including
upregulating stem-like features®**"*® via methylation of metastasis
suppressor genes® and hypomethylation of binding sites for the
transcription factors OCT4, SOX2 and NANOG' (Fig. 2a). Clustering
may further be enhanced by circulating galectin 3 or cancer-associated
MUCI (ref.”*”), homotypicICAMinteractions™® or CD44 interacting with
p21 protein-activated kinase 2 (PAK2)™. It can also increase survival
and self-renewal capacity via CDK6 or via increased size or number
of desmosome and hemidesmosomes®**°, CD44 was among the first
markerstoidentify breast cancer cells with increased tumour-initiating
capacity in solid tumours'’, and was later shown, together with MET,
epithelial cell adhesion molecule (EpCAM) and CD47, to characterize
highly metastatic subpopulations"®. Importantly, CD44 expression
isubiquitous in the haematopoietic cell compartment, and therefore
should be cautiously used asa CTC marker on its own'*°. Expression of
CK14, previously ascribed to stem-like cells, is enriched in CTC clusters
compared with single CTCs and is required for distant metastasis*.
A phenotypic signature in CTCs with stem-like features (EpCAM",
HER2*, EGFR*, heparanase (HPSE)", NOTCHI") was shown to confer
competency for brain and lung metastasis'*'.

Clustering occurs not only between CTCs (homotypic) but also
between CTCs and other cell types (heterotypic clusters), including
platelets, myeloid cells and CAFs***°*">"*7 (Fig, 2b). The interaction
of CTCs with platelets occurs rapidly in the circulation'*, promot-
ing plasticity and metastasis-initiating capacity'?, for example via
RhoA-MYPT1-PP1-mediated YAP1signalling®® and increased vascular
permeability via platelet-derived ATP-P2Y2 interaction®. Platelets
provide protection against T cell-mediated clearance via the glyco-
protein A repetitions predominant (GARP)-TGFp axis'*, as well as
NK cell-mediated clearance via platelet-derived major histocompat-
ibility complex class I (ref.'**). We demonstrated for the first time that
neutrophils are another accomplice in forming heterotypic CTC clus-
ters®. Neutrophils are recruited by CXCL5- and CXCL7-dependent
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Fig. 2| Biological features of circulating tumour cell clusters. Clustering of
circulating tumour cells (CTCs) may occur exclusively between tumour cells
(homotypic CTC clusters), as well as between tumour cells and other cell types
(heterotypic CTC clusters). This results in enhanced proliferation and survival
inthe circulation, enabling superior metastatic proficiency. a, Homotypic
clustering of CTCs leads to the creation of typically oligoclonal clusters, kept
together by cell adhesion molecules (for example, plakoglobin, claudins and
CD44). Expression of these molecules and cluster formation are promoted by
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hypoxic conditions. CTC clustering triggers epigenetic changes (for example,
hypomethylation of binding sites for OCT4, NANOG and SOX2), leading to
stem-like cell behaviour, which facilitates metastasis seeding. b, Heterotypic CTC
clusters (for example, between tumour cells and neutrophils, cancer-associated
fibroblasts or platelets) display increased proliferation, invasion and homing at
the metastatic site, as well as protection againstimmune surveillance. E-cadherin,
epithelial cadherin; GPIb-I1X-V, glycoprotein Ib-IX-V; GPVI, glycoprotein VI;
N-cadherin, neural cadherin; VCAM], vascular cell adhesion molecule 1.

chemotaxis®, and establish cell contact with CTCs via vascular cell
adhesion molecule 1 (VCAMI1)-mediated adhesion, increasing their
proliferative and metastatic potential® (Fig. 2b). They also facilitate
adhesion and extravasation via the formation of neutrophil extracel-
lular traps’ or IL-1B and matrix metalloproteinase secretion® (Fig. 1c).
Neutrophils also offer CTCs protection from immune surveillance®*,
abenefit similarly observed for CTC clustering with myeloid-derived
suppressor cells and macrophages®”'*%, Heterotypic adherens junctions
between invasive cancer cells and stromal CAFs mediated by E-cadherin
and neural cadherin (N-cadherin), respectively, have been shown to
promote collective invasion, where CAFs function as leader cells with
migratory-invasive features'**'*” and support metastasis (tumours
bring their ownsoil)"*’ (Fig. 2b). Beyond the biological implications of
clustering, mathematical models propose that cluster shape addition-
ally affects CTC behaviour in the circulation. Compact clusters flow
closer to the endothelial wall than linear ones™, yet passage of clusters
through narrow capillaries occurs in ‘single chains™'. Together, the
phenotypic plasticity and variations in clustering profoundly impact
the ability of CTCs to metastasize, highlighting possible strategies to
interfere with the metastatic process.

Molecular heterogeneity of CTCs

CTCsare dynamic cell populations that are constantly replenished from
multiple tumour regions and anatomical locations, enabling a snap-
shot assessment of tumour heterogeneity. By studying the genomic,

transcriptomic and epigenetic profile of CTCs, we can further explore
their biology. The development of single-cell technologies and sophisti-
cated bioinformatics tools has allowed the dissection of rare CTC popu-
lations at single-cell resolution™ For example, single-CTC analysis has
uncovered copy number variants, therapeutic targets (for example,
HER2) and resistance mutations (for example, in PIK3CA) that only par-
tially overlap with primary tumours or metastatic lesions fromthe same
patient'*>"*>* Dynamically regulated HER2 expressionin CTCs differs
from HER2 expression in primary tumours: HER2-positive CTCs may
activate multiple redundant pathways (for example, insulin receptor,
MET and IGF1), while HER2-negative cells show activation of Notch and
DNA damage components'®2. Mutationally defined metastasis-prone
CTCsubclones exhibit similarities but also private alterations compared
with primary tumours', including mutations in genes encoding pro-
teins regulating motility (for example, dynein axonemal heavy chain 8
(DNAHS), ephrinBreceptor 1(EPHBI)"¢, microtubule-actin crosslinking
factor 1 (MACFI) and neural precursor cell-expressed developmen-
tally downregulated protein 9 (VEDD9)™’). Activation of stem cell-like
signalling pathways such as Wnt and Notch”**"** and dedifferentiation
vialoss of NK2 homeobox 1(NKX2-1)'*° further enhance the metastatic
potential of CTCs. Aninvivo loss-of-function CRISPR screen identified
specificmolecular dependencies required by CTCs for successful com-
pletion of the metastatic cascade’’. For example, knockout of the gene
encoding PLK1led to aremarkable reduction in CTC intravasation, as
well as metastasis formation'®.. Other regulatory elements, including
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long non-coding RNAs such as colon cancer-associated transcript 1
(CCATI) and HOX transcript antisense RNA (HOTAIR), have been shown
to function as key pro-metastatic contributors by inducing microenvi-
ronmental changes that promote invasion, migration and organotropic
colonization via the TGF-ZEB1/ZEB2 axis or the nuclear factor-kB
(NF-kB) pathway'®’>. CTCs from different primary tumours exhibit
‘preset’ organotropism, and CTCs captured from different vascular sites
exhibit distinct molecular features'®. For instance, a series of seminal
studies identified gene expression features that mediate metastasis
of breast cancer to the lungs, brain or bone'**, Tropism to bone has
also been linked to SMAD signalling' and ZEB1 activity in breast cancer
cells with an epithelial phenotype'®. MYC was identified as a crucial
regulator for tropism and adaptation to the brain microenvironment'®’.
Differences at the molecular level between CTC clusters and single CTCs
include the higher expression of the cell-cell junction molecules plako-
globin and claudins®'¥’, hypomethylation of binding sites for stem cell-
like transcriptionfactors (thatis, NANOG, OCT4 and SOX2) andincreased
proliferationin clusters'. Insummary, CTC phenotypicand molecular
heterogeneity fuels the adaptive processes required for metastasis.

168

Timing of CTCrelease

Inaddition to the aforementioned dimensions of heterogeneity, propa-
gation dynamics of CTCsis emerging as anequally important element
for tumour cell dissemination"”". The role of the circadian rhythm for
tumour onset”>"”> and growth dynamics'*"”” has been investigated
and explored clinically viathe concept of chronotherapy. Thisaims to
increase the efficacy of antineoplastic drugs by administering treat-
ment at optimized times”*'%°, However, the effect of the circadian
rhythm on CTC release and metastatic dissemination was determined
only recently”®"”!, Current practice for detecting CTCs assumes that
peripheral blood counts do not change significantly throughout the
day. This has potentially caused inconsistent results, limiting the clini-
cal implementation of CTCs as a liquid biopsy analyte. Observations
from use of fluorescence in vivo flow cytometry in orthotopic mouse
models of human prostate cancer suggested that CTCs are subject
to circadian rhythmicity'”’. Our laboratory recently elucidated those
temporal dynamics of CTC intravasation, which vary dramatically
based oncircadianrhythm, bothin mouse models andin patients with
breast cancer, and are dictated by rhythmic variationsinhormonelevels
(for example, melatonin) that resultin the highest CTC counts during
sleep'° (Fig. 1c). That study also demonstrated marked differencesin
Ki67 expressioninboth the primary tumour and CTCs, reaching a peak
during the rest phase, suggesting the need to standardize the timing of
tissue biopsies used for prognostic and predictive information (that
is, directly influencing clinical decision-making). These findings argue
for a re-evaluation of current biopsy standards and suggest innova-
tive, time-controlled clinical trials exploring their translational value.

Detection and analysis of CTCs

Implementing CTCs as aliquid biopsy analyte in the clinic will require
unbiased, effective, rapid and affordable capture technologies to reli-
ably isolate sufficient numbers of CTCs. These capture technologies
must also be compatible with advanced sequencing tools and func-
tional assays, to generate data for accurate patient stratification and
therapeutic decision-making (Fig.3a). Whenisolated in aviable form,
CTCsarealso amenable to an exceptional range of molecular and func-
tional investigations of the biology and vulnerabilities of metastatic
cancer (Fig. 3a). Since they may represent aggressive subclones with
high metastatic propensity, CTCs fulfil aunique role as aliquid biopsy

analyte. We speculate that their phenotypic and molecular analysis
might reveal more relevant information than classical tissue biopsies
(isolation of random subclones)™"*? or analysis of other circulating
analytes such as circulating tumour DNA (detection of dying sub-
clones)™®. However, this will need to be further investigated. Access
through minimally invasive blood draws could allow frequent, lon-
gitudinal assessment of the effect of clinical interventions and may
enable early detection of cancer or recurrence'*. This renders CTCs
asanideal source of biomarkers for real-time clinical applications and
personalized medicine. Due to their rare nature, however, capturing
CTCsremains challenging, and efficient CTC enrichment is critical for
reproducible downstream analysis and applications.

The past decade resulted in several technological advances to
improve CTC detection and analysis®'®, exploiting distinct character-
isticsand phenotypes of CTCs. Broadly speaking, these can be divided
into antigen-dependent and antigen-independent methods (Fig.3a). To
date, the most widely used approaches use antigens expressed on CTCs
and minimally expressed on other cells in circulation to enable posi-
tive selection. Toimprove discrimination, this approach is often com-
bined with depletion of haematopoietic cells viaCD45-based negative
selection. Boththe US Food and Drug Administration (FDA)-approved
CellSearch system (Menarini Silicon Biosystems, Italy) and AdnaTest
CTCSelect (QIAGEN, Germany) use immunomagnetic selection based
on EpCAM expression'®'®’, Further markers, including pan-CK and
CD45, are applied to increase sensitivity and specificity, respectively.
The magnetic-activated cell separation (MACS) technology (Miltenyi
Biotec, Germany) applies antibody-coated magnetic beads for CTC cap-
ture'”. The geometrically enhanced differentialimmunocapture (GEDI)
method combines microfluidics with different antibodies depending
on the tumour type (for example, HER2 for breast cancer, and PMSA
for prostate cancer) and cytokeratin positivity for enumeration's®,

Antigen-agnostic detection technologies exploit physical prop-
erties such as size, charge, density or elasticity for CTC enrichment.
Filter-based devices, density gradient centrifugation, capture surfaces
and microfluidic systems such as ISET (Rarecells Diagnostics, France),
CTC-iChip (TellBio, USA), Smart Biosurface Slides and the FDA-cleared
Parsortix (ANGLE, UK) all enable detection of CTCs based on physical
properties’®**?, Multimodality approaches are being developed to
further increase sensitivity and specificity. For instance, Isoflux (Flux-
ion Biosciences, USA) combines flow control and immunomagnetic
beads'*, while the Cyttel system (CYTTEL Biosciences, China) is an
image-based detection tool that sequentially combines centrifuga-
tion, immunohistochemistry and fluorescence in situ hybridization
to identify CTCs'”. The microfluidic platforms Parsortix and CTC-
iChip can also be combined with marker-based positive and negative
selection (for example, EpCAM, EGFR, HER2 and CD45), imaging and
micromanipulation to isolate pure CTC subsets**1*"1%,

To tackle low CTC numbers in peripheral blood samples, innova-
tive in vivo CTC detection technologies have been developed. For
instance, direct intravascular CTC-catching guidewires coated with
EpCAM-directed antibodies (CellCollector (GILUPI, Germany)) allow
direct extraction of CTCs from the circulation system™°. Cytapheresis
enables cell fraction enrichment from large blood volumes, and com-
bined with antigen-dependent selection, it appears to be promising
for CTC isolation'””. However, implementation of this approach in
routine clinical practice may be difficult due to the length and invasive-
ness of the procedure, as well as the poor vascular health of heavily
treated patients with cancer. Studies comparing different approaches
togainaccesstothe vasculature demonstrate higher CTC numbersin
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tumour-draining vessels than in peripheral locations in patients with
early-stage non-small-cell lung cancer'®*'®, This principle offers an
attractive liquid biopsy scenario for patients with early-stage cancer
treated with surgery. Although important, implementation of these
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findings remainsimpractical for routine CTC assessment or for patients
with advanced-stage disease who do not undergo surgery.

The advances in capture technologies enabled CTC research to
move far beyond mere enumeration. Detailed molecular and functional
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Fig. 3| Circulating tumour cell capture, analysis and clinical trial designs.
Available circulating tumour cell (CTC) detection technologies and examples of
how CTCs can beincluded in clinical trial designs. a, CTC capture toolsinclude
antigen-dependent technologies (for example, immune capture viaimmobilized
antibodies, antibody coated beads or coated intravascular guidewires) and
antigen-independent technologies (for example, density gradient centrifugation,
microfluidic systems based on deformability and size, size-based filtration
systems, electrical charge-based technologies or cytapheresis). The latter do
notrequire a priori knowledge of phenotypic profiles and are thought to capture
more heterogeneous CTC populations compared with antigen-dependent
methods. Downstream analysis of CTCs includes direct drug phenotyping, the
creation of CTC-derived xenograft ‘avatar’ models and multi-omics interrogations
at the single cell-level: epigenomic, proteomic, genomic and transcriptomic.

b, Validation of the use of CTCs in the setting of innovative clinical trials includes

randomizing and benchmarking CTCs against standard-of-care (SOC) diagnostic
and therapeutic approaches or other liquid biopsy analytes (for example,
circulating tumour DNA (ctDNA)) and testing of CTC-based treatment strategies.
The figure shows various possibilities for CTC-based clinical trial design:
randomization of CTC-based liquid biopsies versus tissue biopsies to guide the
choice of therapy; randomization based on the presence of CTCs (positive versus
negative) to guide the choice of therapy (that is, experimental or targeted

versus SOC); randomization of patients who are positive for CTCs to treatment
with different targeted or experimental drugs; randomization according to
longitudinal or repeated CTC assessment to guide subsequent lines of therapy
(forexample, targeted or experimental treatment versus SOC); randomized trials
which compare either use of CTCs alone with SOC diagnostic approaches (for
example, medical imaging) or use of other liquid biopsy analytes (for example,
ctDNA) or eachindividual modality with combined use of modalities.

analysis has enabled the dissection of genomic, epigenomic, transcrip-
tomic, proteomic and functional properties of CTCs at the bulk and
single-cell levels. Comprehensive reviews have extensively covered
these developments™>'81%9290 and therefore we mention only aspects
of cell multi-omics and functional assessment of CTCs. For instance,
single-cell interrogation of individual CTCs and CTC clusters com-
bined with drug phenotyping can identify biological dependencies
and potential therapeutic targets'. Single-cell resolution mass spec-
trometry’* and bead-based immunoassays on microfluidic platforms
have been developed to characterize CTC proteins and secreted fac-
tors?*>?%, Although demonstrated in experimental proof-of-principle
studies®**2%, the low success rates of ex vivo CTC cultures representa
considerable challenge for their clinical translation.

Generally, while CTC capture and downstream analysis seems
feasible and clinically relevant, many of the techniques outlined are far
from being routinely applied today. Available CTC technologies have
limitations that must be addressed to enable a robust entry into the
clinical setting. This includes abetter understanding of epitope expres-
sionand plasticity, as well as addressingissuesrelating to cell loss due
tosize and deformability differences, low CTC purity, device clogging,
thelarge amounts of blood needed, the time required and difficulties
with automation. Additional challenges relate to the improvement of
functional assays (for example, more efficient culture methods and
CTC-derived xenografts), as well as rigorous validation of molecu-
lar analysis (for example, accounting for stochastic variations, low
sequencing coverage, amplification bias and high error rates, as well
asvariation in bioinformatics approaches™?). Overcoming these chal-
lenges could eventually propel CTCsinto the limelight of personalized
medicine as minimally invasive, yet comprehensively informative
sources of biomarkers.

CTC-based clinical applications

Vulnerabilities and targeting of CTCs

Current strategies for eliminating metastasis are identical to those
applied to primary tumours: targeting growth and tumorigenesis
instead of the metastatic process itself>*°%, Surgery or systemic ther-
apy for the primary tumour will not necessarily remove the source of
metastasis, as dissemination may have already occurred”?***?, Most
antineoplastic drugs are initially tested in the metastatic setting and
thenreused in the adjuvant setting to prevent metastatic disease, with
only partial success®”. This paucity of truly metastasis-targeting agents
isbeing challenged by several preclinical studies and thoughts for future
clinical trial designs**”?'°, Because metastatic cancers represent the

progeny of CTCs, which may be derived from selected subpopulations
intumours, targeting CTCs at various steps of the metastatic cascade
would, inprinciple, directly interrupt the metastatic progression (Fig. 4).

Targeting hypoxia-induced cluster release using vascular nor-
malization-inducing agents (for example, ephrin B2 Fc chimaera
protein, which fine-tunes VEGF receptor (VEGFR) signalling?) has
been suggested as a strategy to prevent metastasis in a preclinical
models* (Fig. 4a). The PLK1inhibitor BI 2536 also prevents CTC intra-
vasation', and its clinical use could therefore provide a method to
curb metastatic spread (Fig. 4a). Intravasation and extravasation
could also be prevented by targeting integrins, cadherins and cell-
surface glycoproteins??, targeting of invadopodia (for example, via
N-WASP inhibition)**“¢, or antibody targeting of CD36 and P-selectin
orallbp3 and a6l integrin antagonists*? (Fig. 4a). One class of drug
currently under development aims to inhibit HPSE, which induces
ICAMI-mediated celladhesionin CTC clusters**. Urokinase, a throm-
bolytic agent that dissolves fibrin, also suppresses clustering in
vitro and decreases the number of CTC clusters in mice”*. Further,
Na“/K*-ATPase inhibitors (for example, digoxin) show great promise
duetotheircluster-dissociation capabilitiesin vivo, ultimately leading
to metastasis suppression in mice' (Fig. 4b). Currently, asingle-arm,
proof-of-mechanism, therapeutic exploratory phase I study of digoxin
in patients with advanced or metastatic breast cancer is investigat-
ing whether cardiac glycosides are able to disrupt CTC clusters in
patients with breast cancer (NCT03928210)?". Heterotypic cluster-
ing can also be disrupted through cell-cell dissociation. Disrupting
platelet-cancer cell interactions by blocking key platelet receptors
on CTCs, such as glycoprotein Ib-IX-V and glycoprotein VI, reduces
metastatic potential®*>?'®?" (Fig. 4b). Disrupting cell-cellinteractions
in CTC-neutrophil clusters via VCAMI targeting curbs proliferation
and metastatic efficiency®. On the other hand, VCAM1-mediated
affinity of CTCs for neutrophils could be exploited forimmune-based
targeting by arming the latter with nanoscale liposomes carrying
tumour necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) and the E-selectin adhesion receptor to functionalize those
neutrophils by mimicking the cytotoxic activity of NK cells”® (Fig. 4c).
Metabolic and homeostatic vulnerabilities could also be targeted
by inhibiting pyruvate metabolism by preventing a-ketoglutarate-
induced activity of prolyl 4-hydroxylase (P4HA), hampering proline
metabolism or increasing oxidative stress'°>"* (Fig. 4c). Immune
checkpointinhibitors could mark CTCs for killing by T cells” (Fig. 4d),
and dual targeting of EpCAM or HER2 in combination with use of
an immune checkpoint inhibitor (that is, PD1, PDL1 or cytotoxic T
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Fig. 4| Circulating tumour cell-targeting strategies. Outlined here are
various potential circulating tumour cell (CTC)-targeting strategies that are
proposed on the basis of recent experimental work. a, Inhibition of cancer cell
intravasation via normalization of the hypoxic tumour microenvironment;
forexample, by ephrin B2 Fc chimaera protein (EpB2) treatment leading to
modulation of vascular endothelial growth factor receptor (VEGFR) signalling
and vascular normalization, blockade of intravasation-relevant proteins (for
example, Polo-like kinase (PLK1) inhibition) or blocking of cellular interactions
between cancer and endothelial cells (for example, integrin-targeted
antibodies). b, Dissociation of CTC clusters or prevention of their formation,
for example via Na*/K"-ATPase inhibition, heparanase (HPSE) inhibition,
stimulation with the urokinase-type plasminogen activator (urokinase)

orinhibition of platelet receptors on CTCs. ¢, Targeting CTC survival via
metabolicinterference by increasing oxidative stress and inhibition of
pyruvate or proline metabolism, or by use of E-selectin/tumour necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL)-coated nanoliposomes

that mimic the activity of natural killer (NK) cells. d, ‘Demasking’ CTCs for
immune clearance by targeting immune evasion viaimmune checkpoint
inhibitors against programmed cell death protein1(PD1) and PD1 ligand 1
(PDL1), cytotoxic T lymphocyte-associated antigen 4 (CTLA4) or CD47. e, Use
of engineered CTCs as therapeutic vehicles (for example, prodrug conjugates)
or CTCs for tumour vaccine development. f, CTC-based chronotherapy (that
is, delivering treatments to be maximally effective at the times of greatest CTC
production). VCAMLI, vascular cell adhesion molecule 1.

lymphocyte-associated protein 4 (CTLA4)) produces greater cancer
cell killing compared with single-agent therapy®***°. CTCs can also
beused for cancer vaccine production using mechanically disrupted
CTCs as nanolysates®” (Fig. 4e). The capacity of CTCs to home to
existing tumour microenviroments®® could be exploited therapeuti-
cally through the identification of homing signals and the delivery of
therapeutic payloads (Fig. 4e). As a proof of principle, systemically
administered CTCs engineered to express the prodrug-converting
enzyme cytosine deaminase-uracil phosphoribosyl transferase were
able to convert non-toxic 5’-fluorocytosine into the cytotoxic com-
pound 5’-fluoruridine monophosphate, resulting in CTC suicide upon

homing to neoplastic tissues and killing of surrounding cancer cells
as a bystander effect??. Lastly, given recent findings regarding the
rhythmicity of CTC release into the bloodstream'®, currently available
therapeutic opportunities could be optimized, through chronother-
apy-based designs, to achieve maximal effects during peaks of CTC
production (Fig. 4f). These approaches offer exciting opportunities
for targeting CTCs in future studies; however, given the complex-
ity of the metastatic process, and the limited history of approaches
purposely designed to target metastatic cells, their implementation
in the clinical setting and demonstration of clinical value will require
highly innovative and ambitious trial designs.
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Glossary

Adjuvant setting

A clinical setting in which a therapy is
given in addition to the primary therapy to
maximize its effectiveness, in an attempt
to reduce the risk of cancer relapse.

Anoikis

The induction of programmed cell death
(apoptosis) in anchorage-dependent
cells (for example, epithelial cells) after
their detachment from the extracellular
matrix or neighbouring cells.

Antigen-agnostic
Without a priori knowledge of antigenic
epitope expression.

Biomarkers

Measurable parameters of biological
processes that have diagnostic,
prognostic or predictive significance;
they can be used to monitor
pathological processes or therapeutic
interventions.

Cancer vaccine

A form of immunotherapy that uses
tumour-associated antigens to activate
and condition the patient’s immune
system against the patient’s cancer.

Circadian rhythm

Endogenous (internal) rhythms driven
by biochemical oscillators with a period
of approximately 24 hours that have
major influences on the functions of

an organism.

Cytapheresis

A procedure in which various cells
are separated from withdrawn blood
and retained so that large amounts
of plasma and cellular components
can be harvested for transfusions and
various other purposes.

Diapedesis

The final step of the leukocyte
extravasation cascade when leukocytes
transmigrate across the blood
endothelial cell barrier in response

to acute inflammation.

Glycocalyx

The protein or lipid-bound carbohydrate
portion of the extracellular side of

the cell membrane of eukaryotic or
prokaryotic cells.

Immunomagnetic selection
Isolation of cells via antibody-
conjugated magnets, based on cell
surface antigen expression.

Lipid rafts

Specialized microdomains in the
membrane of eukaryotic cells
containing dynamic assemblies

of cholesterol, sphingolipids and
glycosphingolipids; they are involved
in the activation of signalling cascades
by favouring specific protein-protein
interactions.

Metachronous lesions

Two (or more) independent primary
malignancies, of which the second

(or third, fourth, fifth and so on) arises
more than 6 months after the diagnosis
of the first.

Phylogeny

The study of relationships among
or within cancer cells that focuses
on observed heritable traits, such
as DNA or amino acid sequences
or morphology.

Minimal residual disease
Malignant cells that remain in patients
after therapy without symptoms or
overt signs of disease.

Mitophagy
The selective degradation of
mitochondria by autophagy.

Necrosis

Passive, uncontrolled cell death due to
damaging insults (for example, the result
of mechanical injury, exposure to toxins,
hypoxia, hypothermia or infection),
resulting in an uncontrolled release of
cellular contents into the surrounding
environment, promoting inflammation.

Organotropism

The affinity for cancerous growth in
particular organs, organ systems or
somatic tissues leading to a nonrandom
distribution of metastatic cancer cells.

Personalized medicine

The tailoring of treatment to the indli-
vidual patient based on the patient's pre-
dicted response or risk of disease based
on the fundamental understanding of
the molecular basis of disease.

Private alterations

Rare gene mutations that are usually
foundonlyinasinglecellorina
small population of cells, as opposed
to public mutations, which occur

in founder clones and therefore all
tumour cells.

Shear stress

Tangential or frictional force tending
to cause mechanical stress and
deformation of a material by slippage
along a plane or planes parallel to the
imposed stress.

Stem-like

A characteristic of cancer cells with
traits akin to haematopoietic stem
cells, including the ability to self-
renew, differentiate, and generate
progeny cells.

Prognostic and predictive value of CTCs

Asof10 October 2022, the search term ‘circulating tumour cells’yielded
366 studies at ClinicalTrials.gov, of which 218 studies were in progress,
reflecting the growing interest in CTCs as biomarkers for precision
oncology. Inthe setting of such trials, CTCs have been detected in the
peripheral blood of all major carcinomas, and their prognostic value
has been demonstrated in breast, prostate and colorectal cancer, as
well as in small cell and non-small-cell lung cancers®*%, In patients
newly diagnosed with metastatic breast cancer, elevated CTC counts
before therapy are predictive of shorter disease-free and overall sur-
vival’»>?%2% Negative correlation between pretreatment CTC numbers
and clinical prognosis has also been reported for patients with colo-
rectal®® and prostate?*"** cancers. Importantly, several studies have
demonstrated that changes in CTC numbers in response to therapy
provide superior prognostic information compared with baseline
CTCstatus, with persistence of CTCs after therapy conferring aworse
prognosis®**?**, Evaluation of CTC cluster abundance, in addition

to single-CTC counts, significantly improves the prognostic value in
patients undergoing therapy®>. However, given that most of these
studies were performed with antigen-dependent CTC technologies,
enumerationinthis context poses therisk of generating false-negative
results.

CTCs counts are detectable 7-9 weeks before clinical manifesta-
tion of the disease, suggesting that CTC analysis in patients can aid in
the prognostication of minimal residual disease and relapse in late
stages of disease?**, as well as providing a tool for early cancer detec-
tion*?”, CTCs collected at surgery revealed high mutational overlap
with metastasis detected 10 months later (91%) in non-small-cell lung
cancer’*. Despite the value of CTCs for risk stratification, therapeutic
patient stratification using CTCs has been explored in several clinical
trials so far with limited success, including longitudinal monitoring of
response and occurrence of therapy resistance”%?**, While the inter-
ventional SWOG-S0500 trial failed to show a benefit of CTC count-
guided intervention versus physician’s choice at disease progression’,
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Box 1

Challenges and priorities in circulating tumour cell research and

clinical implementation

Unanswered questions in circulating tumour cell (CTC)
biology:

e How can we distinguish disease-relevant CTCs from
disease-irrelevant CTCs?
How truly representative are CTCs of tumour heterogeneity and
the most aggressive tumour subclones? How many CTCs need
to be analysed to answer this?
Which aspects of CTC biology will be crucial for the development
of CTC- and metastasis-targeted therapies?
e How do interactions between CTCs and non-neoplastic cells
determine their metastatic tropism and capability?
How do physical features of CTCs determine their metastatic
tropism and capability?
e Can organotropism in CTCs be exploited for diagnostic and
therapeutic purposes?
How can we increase the currently low culture efficiency of CTCs?
o Are different culture conditions required for different CTC

populations?

the METABREAST STIC CTC trial demonstrated instances whereby CTC
count can be helpful in guiding therapeutic decisions*®.

Several interventional studies have explored the benefit of therapy
choice based on molecular characteristics of CTCs**°**2, Two proof-
of-principle studies targeted HER2-positive CTCs in HER2-negative
metastatic breast cancer with trastuzumab-emtansine or lapatinib
(HER2-targeted therapies)®****'. Thus far, the studies have revealed
only a marginal benefit, although one study (DETECT IlI) still awaits
completion®”. Inmetastatic prostate cancer, androgen receptor splice
variant 7 (AR-V7) expression in CTCs predicts outcome in patients
treated with endocrine therapy (PROPHECY trial)******, This led to
a phase Il trial focused on the response of patients with metastatic
castration-resistant prostate cancer and AR-V7-positive CTCs to the
microtubule inhibitor cabazitaxel™. Nevertheless, given the recent
negativeresultinthattrial, the European Society for Medical Oncology
guidelines do not endorse AR-V7 testing in this setting, as there is no
benefit over current decision algorithms™2%*,

In summary, CTCs have been incorporated into the fifth edition
of the WHO Classification of Tumours: Breast Tumours**® and the sev-
enth edition of the A/JCC Cancer Staging Manual’*’. The term ‘cMO
(i+)’ indicates that there is no overt metastasis but tumour cells have
beendetectedinblood, bone marrow or lymph nodes. However, CTCs
have yet to beincluded in clinical practice guidelines of major cancer
societies, including the European Society for Medical Oncology or
the American Society for Clinical Oncology. Arguably, the true power
of CTCs lies in their potential to represent highly metastatic tumour
subclones and their richness as up-to-date sources of biomarkers for
molecular and functional studies. CTCs asliving cells are, in principle,
amenable to ex vivo cell culture and drug phenotyping, potentially in

a timely manner and suitable to inform treatment decisions?*?%52*,

Unanswered questions on the clinical implementation
of CTC biology:
e Can we use CTCs for the early detection of cancer and associated
relapses?
e How can we extend the clinical validity of CTCs beyond
enumeration and prognostication?
¢ How does the effect of circadian rhythm on intravasation and
metastatic activity impact the timing of sampling and therapy?
How does the location of sampling (that is, tumour-draining vessel
versus peripheral vasculature) influence CTC abundance and
characteristics?
o How do current treatments affect CTC abundance and metastatic
abilities?
Are there clinically used therapies that unknowingly release CTCs?
Can we exploit the findings underlying CTC biology to interrupt
the metastatic cascade and improve patient outcomes?
e Can CTC-based drug phenotyping result in better treatment
opportunities for patients with advanced cancers?

although such workflows will have to be significantly improved to
reachtheclinicalside. Innovative, randomized and prospectiveinter-
ventional trials will reveal whether there are clear benefits from using
CTCs as diagnostic tools against SOC techniques in specific cancer
types (Fig. 3b). The predicted strengths of CTCs should be prioritized in
future validation efforts, specifically the detection of minimal residual
disease, expression of clinically actionable targets for therapy selection
and longitudinal follow-up (Fig. 3b).

Future challenges and priorities for CTC research

Outlining key challenges in CTC biology on one hand and promoting
their clinical implementation on the other is intended to help define
research priorities that address the development of CTCs as supe-
rior sources of biomarkers for improved personalized cancer care
(Box 1). A formidable task lies in the better understanding of tumour
clonality and its relationship with CTCs. Are CTCs part of the most
aggressive clones, and are they relevant to treatment decisions? How
many CTCs need to be analysed to provide such information? In vivo
models of spontaneous metastasis using barcoding to track tumour
clones and subsequently analyse their molecular characteristics will
be instrumental in this regard. Elucidating mechanisms that dictate
intravasation and extravasation will provide alternative therapeutic
targets for antimetastatic therapies. Although drug phenotyping of
CTCsinpatients with advanced disease is currently hampered by insuf-
ficient material and limited tools, the development of technologies
that allow efficient capture and improved culture conditions for CTCs
may enablereal-time drug testing. Timing of CTC interrogation willbe
critical to enable meaningful and representative application of liquid
biopsies. The current standard of clinical diagnostic procedures relying
ontraditional work schedules will require re-evaluationin light of the
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circadian dependency of tumour biology. Incorporating this knowledge
into diagnostic algorithms could dramatically influence the clinical
value of CTCs as a liquid biopsy analyte and even change treatment
schedules to maximize clinical outcome. The timing of CTC dissemina-
tionalso closely relates to the presence of DTCs**~*", Evidence for the
early dissemination of CTCs" and parallel progression of cancer??>%
argues for a detailed consideration of potential CTC reservoirs (pri-
mary tumour, macrometastatic and micrometastatic lesions, as well
as DTCs) tounlock the full prognostic and predictive potential of CTCs.
Whilesingle CTCsand CTC clusters are responsible for haematogenous
seeding of proliferating macrometastatic tumours, logically they are
by extension also the source of dormant and micrometastaticlesions.
When and how CTCs and their clusters enter dormancy remains elusive,
and this aspect warrants further investigation. This knowledge could
lead to novel biomarkers and therapeutic strategies to target minimal
residual disease and prevent further disease spread.

Priorities addressing the clinical application of CTCs should focus
on improving the detection of cancer via liquid biopsies over SOC
technologies. In the setting of early-stage cancers this is of particular
importance but faces serious challenges regarding sensitivity and spec-
ificity. This could be addressed by benchmarking CTCs side-by-side
with other circulating analytes (for example, circulating tumour DNA
and exosomes) to increase the positive and negative predictive value,
or by comparing and combining liquid biopsies with SOC modalities
(Fig.3b).CTCs have already been validated asindependent prognostic
markers, and have therefore extended the traditional TNM system.
Beyond enumeration, we expect CTCs to unleash their potential as pre-
dictive biomarkers for patient stratification based on the detection of
therapeutictargets or resistance mechanisms, including longitudinal
surveillance. Whether treatment decisions based on CTC readouts will
complement or even surpass treatment decisions based on standard
tissue biopsies needs testing and validation in interventional and
time-controlled clinical trials.

Conclusion
Metastasis remains a formidable obstacle to improve outcomes for
patients with cancer asit corresponds to most cases of cancer-related
death*>, A deeper understanding of the biological processes under-
lying the capacity of tumour cells to seed tumours at distant sites is
beginning to materialize, driven partly by rigorous investigationsinto
CTCs as precursors of blood-borne metastasis. Early observations
of CTC clusters'****¢ and more recent dissection of their biological
traits have highlighted their complexity but have also exposed vulner-
abilities and, therefore, targetable opportunities. The intrapatient
heterogeneity of CTCs offers an intriguing alternative to a compre-
hensive biopsy of a patient’s cancer, especially considering that CTCs
may be enriched in metastasis-forming cells compared with the bulk
of the tumour. A plethora of observational studies and a handful of
interventional trials validating the use of CTCs for prognostication and
therapy stratification have emerged over the past decade. Realizing the
full potential of CTCs will, however, require an evolution from mere
enumeration and prognostication towards highly controlled molecular
characterization to develop precise predictive biomarkers. Technol-
ogy and innovation are likely to pave the way for enhanced detection
and detailed characterization of rare, yet precious CTC populations,
thereby overcoming current diagnostic and therapeutic limitations.
Even now, major efforts are under way to move metastasis into the
focus of therapeutic strategies (with the likes of the Metastasis Work-
ing Group)®”’. Successful translation of our knowledge of metastasis

biology and implementation of efficient CTC capture methods in
innovative clinical trial design and clinical-translational frameworks
will substantially strengthen these efforts. We envision a future where
CTCs might have a key role inpatient stratification and therapeutic
decision-making by enabling the timely identification of aggressive
tumour subclones, which is relevant for designing highly effective
cancer therapies. Ultimately, targeting CTCs and their clusters may
prevent further metastatic spread and favour survival.
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