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ABSTRACT
Circulating tumour cells (CTCs) and CTC clusters are 
considered metastatic precursors due to their ability 
to seed distant metastasis. However, navigating the 
bloodstream presents a significant challenge for CTCs, 
as they must endure fluid shear forces and resist 
detachment-induced anoikis. Consequently, while a large 
number of cells from the primary tumour may enter the 
circulation, only a tiny fraction will result in metastasis. 
Nevertheless, the metastatic potency dramatically 
increases when CTCs travel in conjunction with other 
cell types to form CTC clusters, including neutrophils, 
myeloid-derived suppressor cells, macrophages, platelets, 
cancer-associated fibroblasts and red blood cells found in 
circulation. Such heterotypic CTC clustering events have 
been identified in a variety of cancer types and may serve 
as intriguing therapeutic targets and novel biomarkers for 
liquid biopsy. This review summarises recent advances 
in microfluidic technologies designed for the isolation 
of CTC clusters and explores the biological properties of 
distinct types of CTC clusters within the circulatory system. 
Investigation of the mechanisms of CTC cluster–blood 
microenvironment interactions may offer a promising 
avenue for gaining fresh insights into CTC cluster-
mediated metastatic progression and reveal potential 
opportunities for devising personalised antimetastasis 
treatments.

INTRODUCTION
Cancer stands as a major leading cause of 
mortality globally, with distant metastasis 
accounting for nearly 90% of all cancer-
related deaths.1 2 First identified by Ashworth 
in the mid-19th century, circulating tumour 
cells (CTCs) are considered metastatic 
precursors that leave the primary sites, transit 
in circulation and eventually give rise to 
distant metastasis.3 4 The blood circulation 
appears to be a harsh microenvironment for 
the survival of CTCs, as they have to resist 
the tear of fluid shear forces,5 reprogramme 
themselves to avoid the detachment-induced 
anoikis6 and evade the surveillance by the 
immune cells patrolling in the bloodstream.7 

Given these obstacles, it has been shown that 
only a tiny fraction of CTCs will survive in 
circulation and eventually establish distant 
metastasis.8

Isolating rare CTCs from billions of 
surrounding blood cells presents a signif-
icant technological challenge. However, 
recent advances in microfluidic technolo-
gies have enabled the successful isolation 
of viable CTCs from blood circulation, such 
as antigen-dependent CellSearch systems 
and antigen-independent microfluidic CTC 
isolation chips.9 10 These technologies have 
made it feasible to perform systematic molec-
ular profiling and ex vivo culturing of CTCs 
and have shown to be powerful platforms 
supporting both biological characterisation 
and clinical application of CTC liquid biopsy. 
Recent studies have shown that although 
the viability of single CTCs in circulation is 
extremely low, their proliferative and meta-
static potential may be dramatically enhanced 
when they travel as CTC clusters or are inter-
connected with other cell types in the blood-
stream, such as neutrophils, myeloid-derived 
suppressor cells (MDSC), macrophages, 
platelets, cancer-associated fibroblasts (CAFs) 
or red cell count (RCC).11 12

The clustering of CTCs may protect them 
from shear forces, anoikis and surveillance by 
the immune system, and it has been demon-
strated that the presence and increased 
number of CTC clusters in circulation are 
associated with worse prognosis in a variety of 
cancer types.11 12 CTC clusters exhibit a meta-
static potential that is 23–50 times greater 
than single CTCs,4 and they are reported to 
be responsible for about 97% of metastases.13 
Moreover, the unique cell type composi-
tions within each individual CTC cluster may 
significantly influence their metastatic poten-
tial.11 12
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Therefore, the detection and characterisation of CTC 
clusters are highly relevant for cancer diagnosis and treat-
ment. Either homotypic or heterotypic interactions within 
CTC clusters could play a critical role in the metastatic 
progression. Through precise molecular analysis of the 
composition and dynamics of CTC clusters derived from 
individual patients, novel therapeutic strategies could be 
employed to treat metastasis in a patient-specific manner.

Technologies for the isolation of CTC clusters
Although distinct physical or biological properties of 
CTCs have been used to isolate single CTCs, isolation 
of CTC clusters is more challenging given their extreme 
rarity, vast heterogeneities in size and differences in 
intercellular compositions.14 CTC cluster isolation 
methods can be broadly categorised into direct isolation 
and microfluidic techniques. Direct isolation methods 
include the use of magnetic beads with specific antibodies 
attached or simple filtration based on cluster size. Micro-
fluidic techniques, on the other hand, employ a combi-
nation of screenings based on various properties of CTC 
clusters, including physical and biological characteris-
tics. Among the direct isolation methods, Magsweeper is 
based on immunomagnetic beads and a set of magnetic 
rods covered with a plastic sheath. By sweeping through 
the sample well, washing in fresh buffer, releasing and 
repeating for several rounds, it can collect CTCs with high 
purity. The purity reaches 100% with a capture efficiency 
above 80% while the contaminating white cell count 
(WCC) is fewer than 2×10⁴.15 Another method, EasySep, 
involves a negative depletion step to remove CD45+cells 
after RBC lysis. This two-step purification strategy reaches 
twice the capture efficiency of the EpCAM-positive selec-
tion method (58%), and the WBC contamination level is 
lower than 1%.16 However, these two methods are unable 
to remove single CTCs effectively and may damage the 
CTC clusters during the enrichment steps. The Screen-
Cell device addresses this issue partially by allowing 
blood to flow through a single-use, low-cost microporous 
membrane filter for size-selective isolation. This method 
has a sensitivity above 90% when the concentration is 
greater than 5 cells/mL of blood and shows the ability 
to retain CTC clusters.17 A similar method, FMSA, uses 
a flexible structure at the microscale to minimise cell 
damage, achieving a 90% capture efficiency and 80% 
viability from 7.5 mL of whole blood.18

Microfluidic technologies appear to offer more spec-
ificity in capturing CTC clusters while preserving their 
viability. Researchers have recently developed shifted 
triangular pillars that could form two openings (Cluster 
Chip), thus resulting in drag forces from two directions 
that help the clusters stay stable on the upper side. By 
applying a defined pressure to the fluid, smaller blood 
cells may pass quickly through the filter while larger CTC 
clusters would be retained (figure  1A).19 At a flow rate 
of 2.5 mL/hour, the Cluster Chip exhibits a capture effi-
ciency of 99% for MDA-MB-231 clusters consisting of at 
least four cells, 70% for three-cell clusters and 41% for 

two-cell clusters, and the integrity of captured clusters 
is well preserved. However, this method is less effective 
for capturing small CTC clusters and may cause cellular 
damage and loss of viable clusters. Moreover, its processing 
speed is quite slow, taking up to 3 hours for the complete 
processing of 7.5 mL blood. Another device based on 
mesh microwells with slanted sidewalls was recently devel-
oped (Cluster-Well). The cross-like mesh structure in the 
microwells may function as a stable supporting platform 
for CTC clusters. The mesh microwell structure may help 
CTC clusters resist the shear force and avoid potential 
damage (figure 1B).20 At a flow rate of 25 mL/hour, this 
device captures over 90% of the MDA-MB-231 doublets 
and almost all the larger clusters. Importantly, the frac-
tion of contaminating WBC and platelets is lower than 
0.06% and 0.025%, respectively. Since this method relies 
on filtration, some CTC clusters could still be damaged.

Apart from the multiple-opening filtration methods, 
the deterministic lateral displacement (DLD) technology 
has been developed for the isolation of CTC clusters. This 
method consists of two stages. The first stage consists of an 
array of cylindrical micropillars with row shifts. Because 
of the designed space between the micropillars, blood 
cells and single CTCs will go down directly while the 
large CTC clusters will be isolated by DLD. In the second 
stage, the pillars are asymmetric, which could cause rota-
tions of small asymmetric clusters, while the symmetric 
singlets will be continuously separated by going down 
vertically (figure  1C).21 This technology relies on fluid 
mechanics to separate large CTC clusters, small CTC 
clusters and the rest of the blood cells, thus minimising 
the mechanical damage caused by the flow. The method 
achieved capture efficiencies of 90%, 89% and 97% for 
large clusters, small clusters and single cells, respectively. 
Remarkably, this two-stage DLD cluster capture chip 
yielded a 99.9987%–99.9995% reduction of RCC in stage 
1 and a 99.9966%–99.9990% reduction of RCC in stage 
2. For WCC, the reductions were 96.6893%–98.0501% 
and 99.5373%–99.8005% in stages 1 and 2, respectively. 
However, the blood processing speed was relatively low, 
only about 0.5 mL/hour. One advantage of this device 
is that there was minimal fragmentation of CTC clusters 
during its operation, thus enabling the recovery of viable 
CTC clusters.21 Compared with the two-dimensional tech-
nologies, a three-dimensional (3-D) microfluidic device 
has recently been developed. This device consists of a 3-D 
scaffold coated with hydrogel, which could be dissolved 
rapidly at 37℃, thus allowing efficient and safe release of 
CTC clusters. Furthermore, the hydrogel within the 3-D 
scaffold is functionalised with anti-EpCAM monoclonal 
antibody, which could support the antigen-dependent 
enrichment of epithelial CTC clusters (figure  1D).22 
Through quantitative experiments, they demonstrated a 
capture rate of 115.38% for two-cell clusters, 98.33% for 
three-cell clusters, 93.62% for four-cell clusters, 97.50% 
for clusters with 5–8 cells, and 68.42% for clusters with 
more than nine cells.22 The overview of these isolation 
methods is summarised in table 1.



3Yang Y, et al. BMJ Oncology 2024;3:e000437. doi:10.1136/bmjonc-2024-000437

ReviewOpen access

Figure 1  Overview of representative microfluidic technologies that are used for circulating tumour cell (CTC) cluster isolation. 
(A) Filtration method with shifted triangular pillars, forming two openings to restrain the CTC clusters stably. (B) Filtration 
method with mesh microwell, the cross-like mesh structure in the microwells can help to hold the CTC clusters. (C) DLD-
based method with two stages. Stages 1 and 2 are used to isolate large and small clusters, respectively, according to the 
difference between the hydrodynamic characteristics of clusters and other cells. (D) Three-dimensional (3-D) structured filtration 
method. The scaffold is coated with a thermosensitive hydrogel which will dissolve at 37°C and attached with corresponding 
antibodies, resulting a safe release of CTC clusters. (E) A combination method of DLD and affinity (HB-Chip) was used to isolate 
CTC-platelet clusters or other types of heterotypic CTC clusters. (Created with BioRender.com). DLD, deterministic lateral 
displacement; HB, herringbone; RBC, red blood cell.
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Remarkably, some researchers have recently developed 
a CTC cluster isolation device that specifically targets 
platelets-containing CTC clusters (figure 1E).23 This tech-
nology first used the DLD device, followed by the enrich-
ment using an antibody-coated herringbone CTC chip 
(HB-Chip) strategy. By coating the HB-Chip with CD41 
antibody, the researchers achieved an efficient capture of 
CTC-platelet clusters (figure  1E). This method reliably 
detected CTC-platelet clusters in 66% of lung cancer, 60% 
of breast cancer and 83% of melanoma patient samples, 
respectively. However, this method yields relatively low 
purity, with the number of contaminating leukocytes up 
to 105/mL.23

Thus, microfluidic devices with distinct design princi-
ples have been successfully developed to isolate viable 
CTC clusters from the blood microenvironment, allowing 
subsequent molecular and functional characterisations of 
these rare metastatic precursors at single-cell resolutions.

Homotypic CTC clusters
CD44-positive homotypic CTC clusters were shown to 
maintain lipid raft integrity on cell membranes, enhance 
stemness and survival, and suppress anoikis.24 25 Mecha-
nistically, the overexpression of γ-secretase within CTC 

clusters induced CD44 cleavage and generated the CD44 
intracellular domain (CD44 ICD), which could subse-
quently activate the Rac1-Pak2 pathway to promote the 
survival of CTCs (figure 2A, ①).24 This implied that ther-
apeutically targeting γ-secretase, CD44 ICD or the Rac-
Pak2 axis may be effective in disrupting homotypic CTC 
clusters. Apart from this, when the CTC clusters travel in 
the bloodstream, the outer layer of cells could protect the 
inner CTCs from shear force (figure 2A, ②).5 Remarkably, 
CTC clusters were shown to be able to reshape themselves 
into a chain-like structure (figure 2A, ③), which may facil-
itate their traverse through the capillary-sized vessels.26 
These clusters appeared to have a lower turnover rate 
in circulation as compared with singlets, thus potentially 
facilitating more efficient metastatic extravasation.26

Seminal work by Aceto et al has shown that Plakoglobin 
plays a pivotal role in the generation of CTC clusters, 
contributing to both adherens junctions and desmo-
somes formation (figure 2C).4 It was found that the inter-
cellular adhesion molecule (ICAM) could regulate the 
assembly of CTC clusters by inducing CTC aggregates.27 
Using single-cell epigenomic profiling technologies, it 
was elegantly demonstrated that the hypomethylation of 

Table 1  Comparision of different CTC and/or CTC cluster isolation strategies

Technology Key feature Strengths Weaknesses
Capture 
efficiency

Contamination 
level

Magsweeper15 Use of magnetic 
beads and rods for 
enrichment

High purity Not specific for 
CTC clusters

>80%; 
background 
WCC <2×10⁴

Negligibly low

EasySep16 Negative enrichment 
by depleting 
CD45+cells

Convenient Not specific for 
CTC clusters; low 
capture rates rate

>58% <1% WCC

ScreenCell17 Size-based 
microporous 
membrane filter

single-use, low cost Potential cluster 
damage; contain 
single CTCs

>90% (including 
single CTCs)

/

FMSA18 Size-based 
microporous 
membrane filter

Reduced CTC damages Contain single 
CTCs

~90% /

Cluster Chip 19 Shifted triangular 
pillars

High efficiency for large 
CTC clusters; preserves 
cell viability

Less effective for 
small CTC clusters; 
slow process time

Up to 99% 
for large CTC 
clusters

/

Cluster-Well20 Mesh microwells with 
slanted sidewalls

Resists shear force; fast 
process time

Potential CTC 
cluster damage

>90% doublets 
and large CTC 
clusters

<0.06% WCC

DLD21 Two-stage cylindrical 
micropillars

Minimises mechanical 
damage; high purity

Low throughput Up to 97% for 
single CTCs; 
~90% for CTC 
clusters

Negligibly low

3-D Microfluidic 
Device22

Hydrogel-coated 
scaffold

Antigen-dependent 
enrichment; efficient 
release

Less effective for 
large CTC clusters

>90% for 
clusters with 
8 cells or less; 
~68% for CTC 
clusters with 9 
cells or more

About 1000 WBC 
remaining per 
millilitre of blood

CTC, circulating tumour cell; WCC, white cell count.
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binding sites for key transcription factors (TFs) involving 
stemness and proliferation is specifically enriched in 
CTC clusters. TFs including OCT4, NANOG, SOX2 
and SIN3A appeared to be involved in the regulatory 
network, a feature reminiscent of those observed in the 
embryonic stem cells (figure 2D).28 Interestingly, Donato 
et al have discovered that hypoxia is a significant factor 
in promoting the generation of CTC clusters, largely due 
to its ability to trigger the upregulation of cell-cell junc-
tional components. They found that while conventional 
antiangiogenic therapy could reduce the primary tumour 
burden, the number of CTC clusters and metastasis was 
significantly increased. In contrast, the proangiogenic 
therapy led to increased primary tumour size but signifi-
cantly reduced metastatic burden in breast cancer mouse 
models.29 Thus, the hypoxia signalling pathway actively 
regulates CTC cluster generation (figure 2E).

Heterotypic CTC clusters
CTC-neutrophil clusters
While analysing the regulatory mechanisms involved in 
homotypic CTC clustering is critical for a better under-
standing of CTC survival and dissemination, the mech-
anistic investigation of heterotypic CTC clusters may 
provide novel insights into the interactions between CTC 

and the blood microenvironment. CTC-WC clustering 
has been consistently observed in various cancer types 
and is associated with poor prognosis.11 30 Szczerba et al 
demonstrated that neutrophils are the most frequently 
encountered cell type in conjunction with CTCs in both 
mouse models and breast cancer patients (figure 3A).31 
The neutrophils within the clusters were found to support 
the proliferation and cell cycle progression of CTCs. 
Reciprocally, CTCs from the clusters could possibly stim-
ulate neutrophil activation in the cluster.31 Interestingly, 
Wculek and Malanchi discovered that neutrophils could 
promote metastasis by secreting neutrophil-derived 
leukotrienes, which appeared to selectively expand a 
subpopulation of cancer cells with high tumourigenic 
potential.32 The genetic knockout of vascular cell adhe-
sion molecule 1 (VCAM1) successfully disrupted the 
formation of CTC-neutrophil clusters, suggesting the 
functional importance of VCAM1 in mediating CTCs-
neutrophil cluster formation.31 Another receptor-ligand 
pair, the integrin subunit alpha M (MAC-1)/ICAM1, was 
identified to play an important role in CTC-neutrophil 
interaction and facilitate cancer cell adhesion and 
metastasis.33

Figure 2  The formation and effect of homotypic circulating tumour cell (CTC) clusters. (A) ① The clustering of CTCs 
could avoid anoikis by maintaining lipid raft integrity. (a–d) Potential therapeutic interference of the lipid raft formation or 
the downstream key elements in the pathway may lead to anoikis. ② Clusters may help the CTC cells to resist shear force 
effectively; ③ CTC clusters could reshape into chain-like morphology, facilitating traversal through capillary-sized vessels; 
(B) CTC clusters can be induced by CD44, among which homophilic CD44 interaction is the most common type. (C) Plakoglobin 
is essential in the process of adherens junctions and desmosomes formation, thus regulating the formation of CTC clusters. 
(D) Hypomethylation of binding sites for OCT4, NANOG and SOX2 could lead to the formation of CTC clusters. (E) Hypoxia 
environment could help with the formation of CTC clusters. (Created with BioRender.com).
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Figure 3  The formation, effect and possible therapeutic targets of distinct heterotypic circulating tumour cell (CTC) clusters. 
(A) CTC-neutrophil cluster: Neutrophils in the clusters can secrete cytokines such as IL1β and IL6 to stimulate the expression of 
genes involved in cell cycle progression and proliferation. Possible therapeutic strategies and targets to block CTC-neutrophil 
interactions: ① IL-1; ②IL1R1; ③ IL-6; ④ IL-6R; ⑤ ICAM-1; ⑥Vcam1. (B) CTC-platelets cluster: Platelets in the cluster could 
help CTCs resist shear force and avoid immune surveillance from Nature Killer cells (NK) and Cytotoxic T Lymphocytes (CTLs). 
Possible therapeutic strategies and targets to disrupt CTC-platelets interactions: ① NKG2A; ② HLA-E; ③ CD97; ④Platelets 
membrane-based to drug delivery. (C) CTC-MDSC cluster: The MDSCs in the cluster are mainly PMN-MDSC, which could 
regulate gene expression of CTCs through the Notch1-Jagged1 pathway. Possible therapeutic strategies and targets to inhibit 
CTC-MDSC interactions: ①–② Notch1-Jagged1 axis; ③ Nodal. (D) CTC/TAM interactions: TAM could stimulate the epithelial-to-
mesenchymal transition (EMT) programme and enhance CTC-mediated metastasis through the modulation of the JAK2/STAT3/
miR-506-3 p/FoxQ1 axis. Possible therapeutic strategies and targets: ① CCR2; ② Drugs lead to M1 polarisation of TAM; ③ TAM 
depletion by small molecule inhibitors. (E) CTC-CAF clusters: CAF could secrete specific cytokines when CAFs were in physical 
contact with the cancer cells, which might be a contributing factor to the survival and proliferation of cancer cells. Besides, CAF 
cells within the cluster may regulate ECM and facilitate metastatic colonisation. Possible therapeutic strategies and targets to 
inhibit CTC-CAF interactions: ① CXCL5; ② CCR2; ③ CXCL10; ④ CXCR3; ⑤ S100A4. (F) CTC-RBC cluster. RBCs in the cluster 
may increase the adhesion affinity to the endothelial wall and facilitate successful extravasation. Furthermore, it could also help 
CTCs to divide by providing alternative mechanical attachment signals. Possible therapeutic strategies: ① CAT dissociation; ② 
galectin-4. (Created with BioRender.com). CAF, cancer-associated fibroblast; NK, natural killer; PMN-MDSC, polymorphonuclear 
myeloid-derived suppressor cell; RBC, red blood cell; TAM, tumour-associated macrophage.
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CTC-platelet clusters
Platelets are frequently observed to envelop CTC clusters, 
and the aggregates thus formed were shown to be signifi-
cantly associated with adverse prognosis (figure  3B).34 
Platelets may support metastasis in multiple ways. By 
shielding CTCs from shear force-induced stress, platelets 
could facilitate CTC cluster survival and metastasis forma-
tion.35 Furthermore, it was found that platelets could help 
CTC clusters escape immune surveillance by establishing 
a physical barrier and inducing steric hindrance between 
CTCs and NK cells.7 In another study, it was shown that 
platelets could be ‘eaten’ by CTCs, and by doing so, it 
provides platelet-derived RGS18 to the host CTCs. The 
accumulation of RGS18 in CTCs is capable of blocking 
NK-mediated cytotoxicity by engaging the immune check-
point HLA-E:CD94-NKG2A axis by promoting the expres-
sion of HLA-E.36 Remarkably, platelets were also capable 
of directly transferring platelet-derived major histocom-
patibility complex class I into CTCs, forming a molec-
ular mimicry that resulted in attenuated antitumour 
reactivity of NK cells by disrupting the self-recognition.37 
Furthermore, studies have demonstrated that platelets 
can secrete TGFβ and induce epithelial-to-mesenchymal 
transition (EMT) to facilitate the extravasation of CTC 
in mouse models of lung metastasis.38 In another study, 
it was shown that platelets facilitate the dissemination of 
CTC clusters by secreting TGFβ, which dissociates these 
clusters into individual CTCs in vitro.39

It has been shown that platelets could be attracted to 
the sites of tissue injury to prevent excessive bleeding and 
promote wound healing by secreting various cytokines.40 
Intriguingly, it was revealed that platelets could be 
recruited by tumour cells via P-selectin expressed on the 
surface of the platelets.41 This might allow tumour cells 
to hijack the physiological wound-healing process for 
their own benefit by acquiring a variety of pro-angiogenic 
factors including platelet-derived growth factor, vascular 
endothelial growth factor, matrix metalloproteases 
and fibroblast growth factor to promote tumour inva-
sion.41 42 Furthermore, platelets could be activated and 
release granules via interaction with CD97 on the tumour 
cell surface. Those granules contain critical mediators 
regulating cancer invasion, including ATP and Lysophos-
phatidic Acid (LPA). ATP serves as a potent disruptor of 
the endothelial junctions and hence may facilitate CTC 
intravasation and extravasation while LPA could promote 
tumour invasiveness and metastasis via the proximal 
CD97-LPAR heterodimer signalling.43 Platelets have also 
been implicated in promoting the distant colonisation 
of CTCs. Studies have shown that the platelet adhesion 
receptor complex, such as integrin αIIbβ3 and P-selectin, 
play a significant role in metastatic outgrowth.44 45

CTC-MDSC/macrophage interactions
MDSCs represent a heterogeneous population of cells 
originating from bone marrow. In patients with solid 
tumours, an increased number of MDSCs showed a 
significant correlation with poor prognosis.46 MDSCs are 

mainly composed of two subsets: polymorphonuclear 
MDSC (PMN-MDSC) and monocytic MDSC (M-MDSC). 
PMN-MDSCs appeared to be significantly expanded in 
patients with cancer as compared with those with infec-
tions and/or inflammation.47 The number of MDSCs has 
been reported to correlate with CTCs in patients with 
metastatic breast cancer and elevated MDSC levels were 
associated with poor survival.48 The direct evidence of 
CTC-MDSC interactions is demonstrated by Sprouse et al, 
who have confirmed the existence of CTC-MDSC clusters 
in breast and melanoma patients. They showed that the 
protumourigenic differentiation of MDSCs is induced in 
the clusters through the paracrine Nodal signalling acti-
vation, which could lead to increased ROS production 
and Notch1 receptor expression in CTC, thus resulting in 
enhanced metastatic potency (figure 3C).49

Macrophages could be broadly categorised into M1 
and M2 subtypes, and tumour-associated macrophages 
(TAMs) frequently exhibit an M2 polarisation.50 TAMs 
play a pivotal role in modulating tumour angiogenesis, 
metastasis and immune suppression, and their abun-
dance is correlated with poor prognoses.51 52 Researchers 
have found that isolated CTC clusters tethered to the 
macrophages, primarily the M2-like subtype,53 suggest 
the existence of CTC-macrophage clusters, but the 
underlying mechanisms require further investigations 
(figure  3D). CTCs have been demonstrated to induce 
the differentiation of monocytes into TAMs in small-cell 
lung cancer (SCLC),54 and reciprocally, TAMs have been 
shown to stimulate the EMT of CTCs, thereby enhancing 
metastatic colonisation through modulation of the JAK2/
STAT3/miR-506-3 p/FoxQ1 axis.55

CTC-CAF clusters
The presence of CAFs has been linked to clinical 
metastasis and poor prognosis in a variety of cancers.56 
CAFs have been found to co-travel with CTCs, thereby 
augmenting the efficiency of metastasis (figure 3E).57 The 
CTC-CAF clusters may possess a higher metastatic poten-
tial compared with homotypic CTC clusters, and CD44 
appeared to be involved in this process.58 Through co-cul-
ture of CAFs and tumour cells, Hurtado et al discovered 
that CXCL10/IP-10 was only detectable when CAFs were 
in physical contact with the tumour cells, and a signifi-
cantly elevated level of CCL5/RANTES was observed in the 
culture medium under this condition. This implies that 
CAFs may engage in intercellular communications with 
tumour cells through direct physical contact.59 In addi-
tion, Grum-Schwensen et al showed that tumours growing 
in mice lacking the S100A4 gene, which led to deficient 
fibroblast migration, failed to metastasise. Remarkably, 
metastatic potency was restored when S100A4-expressing 
fibroblasts were supplied.60 The direct cell-cell contact 
between CAFs and CTCs not only could offer a crucial 
survival cue but also may enable the protection of CTC 
clusters from shear force and anoikis.61 Furthermore, it 
is well documented that CAFs could regulate the struc-
tural dynamics of the extracellular matrix (ECM), either 
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by secreting various collagen-modifying enzymes such 
as PLOD262 and LOX,63 or by exerting contractile force 
through stretching and pulling.64 The remodelling of the 
ECM by CAFs may allow efficient colonisation of CTC 
clusters, thus promoting metastasis.

CTC-RBC clusters
The role of RBC in CTC biology is relatively underex-
plored (figure 3F). It has been shown that various cancer 
patients with higher pretreatment RBC distribution 
width have a worse prognosis.65–67 The CTC-RBC cluster 
may enable the CTC to roll steadily along the vessel wall 
at a low flow rate, potentially enhancing their adhesion 
affinity to the endothelial wall and facilitating extrav-
asation.68 Consistent with this observation, Helwa et al 
reported that tumour cells with high galectin-4 expres-
sion could bind significantly more RBCs, and these RBCs 
may serve as surrogate mechanical attachment surfaces 
for tumour cells to adhere and proliferate.69

Potential therapeutic strategies targeting CTC clusters
CTC clusters not only exhibit a greater metastatic poten-
tial than single CTCs but also are able to shape the blood 
microenvironment through the formation of heterotypic 
clusters with diverse blood cell types. Through physical 
interactions or the paracrine secretion of a wide array of 
cytokines, CTC clusters could effectively modulate the 
vasculature and immune microenvironment, facilitating 
successful extravasation and metastatic colonisation. 
Recent advances in single-cell sequencing and CTC ex 
vivo-culturing methods have begun to shed light on the 
molecular mechanisms of CTC cluster formation and 
present potential therapeutic targets for novel antimetas-
tasis therapies.

Homotypic CTC cluster
As summarised in table 2, CD44 ICD could be a prom-
ising target for the elimination of CTC homotypic clus-
ters. One strategy is to block the proteolytic cleavage of 
CD44 by using antibodies70 or alter the conformation 
of CD44 using Angstrom6, a small molecule that binds 
to CD44.71 Inhibition of CD44 has demonstrated effec-
tiveness in various in vitro experiments.70 72 An anti-
CD44 antibody, RG7356, has progressed to a phase I 
clinical trial, exhibiting tumour uptake and modest effi-
cacy.73 74 However, these clinical trials primarily targeted 
solid tumours. Given that disrupting CD44 may impact 
the formation of CTC clusters, further research is neces-
sary to determine whether anti-CD44 therapies can effec-
tively reduce cancer metastasis. Another potential target 
is the lipid raft. Nystatin, an antifungal agent that binds 
to cholesterol and disrupts lipid rafts, might be an effec-
tive candidate.75 Alternatively, the γ-secretase inhibitors 
such as MRK00376 and Nirogacestat,77 could be applied 
to block the generation of CD44 ICD. MRK003 has 
shown promising preclinical activity,78 and Nirogacestat 
has proceeded to a phase III clinical trial for desmoid 
tumours, where it showed statistically and clinically 

significant improvements in progression-free survival and 
overall response rate.79 Furthermore, KP372-1, a specific 
Akt inhibitor, could be used to inhibit the downstream 
signalling pathway of CD44 ICD, namely the Rac1-Pak2 
axis.80 A more direct way to impair the formation of 
homotypic CTC clusters is to target ICAM1, which medi-
ates cell-cell adhesion. A-205804, a small molecule that 
inhibits ICAM1, might be used to test its effect on CTC 
cluster survival and metastasis.81

CTC-neutrophil cluster
To disrupt the CTC-neutrophil clusters, one potential 
approach is to interfere with crosstalk between CTC and 
neutrophils by targeting IL1β, IL6 or their receptors. 
Zhou et al demonstrated that suppressing IL-1 signalling 
with the IL1β-specific blocking antibody Canakinumab, 
or the IL1R1 antagonist Anakinra, could effectively erad-
icate breast cancer-induced bone metastasis.82 Canak-
inumab has shown effects in reducing lung cancer 
incidence in a clinical trial,83 84 and a phase I clinical 
trial involving Anakinra for rectal cancer has been initi-
ated.85 Moreover, it has been revealed that IL6 inhibitors, 
such as siltuximab (anti-IL6 mAb) and tocilizumab (an 
anti-IL6R mAb), are effective in multiple clinical cancer 
treatments, including myeloma, metastatic renal cell 
carcinoma and prostate cancer.86–89 Alternatively, Mac-1/
ICAM1 inhibitors A-20580481 and Vcam1/VLA-4 antago-
nist natalizumab may be applied to disrupt the formation 
of CTC-neutrophil clusters.90

CTC-platelet cluster
Targeting the HLA-E:CD94-NKG2A axis is a possible 
strategy to disrupt CTC-platelet clusters.36 The NKG2A 
inhibitor monalizumab has been put into various clinical 
trials for its potential in treating different cancers.91–93 
However, NKG2A blockade may interfere with the normal 
process of NK cell education, thus targeting HLA-E might 
be a better option.94 Monoclonal anti-HLA-E mAbs such 
as TFL-033 have been developed and were shown to 
restore NK cell and CD8+anticancer cell cytotoxicity.95 
Moreover, inhibiting CD97 to prevent the activation of 
platelets by CTCs might be a choice, but CD97-specific 
inhibitors are yet to be developed.

CTC-CAF cluster
CXCL5, CXCL10 and their receptors are potential 
therapeutic targets for CTC-CAF clusters. Although 
an anti-CXCL5 monoclonal antibody has been devel-
oped, its efficacy needs further validation.96 By contrast, 
SB225002, an antagonist of CXCR2, has been shown to 
impair lung cancer progression and enhance the sensi-
tivity to cisplatin treatment.97 Similarly, butyrate may be 
an effective inhibitor of CXCL10 that requires further 
validation.98 99 AMG487, a CXCR3 antagonist, has been 
demonstrated to prevent lung metastasis in a mouse 
model.100 Therapeutically targeting S100A4 could be 
a potential strategy, and the S100A4-specific inhibitors 
cantharidin and its analogue norcantharidin might be 
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Table 2  Potential CTC cluster-specific drug targets and their clinical development

Type Target Possible drugs
Possible 
mechanisms Clinical trial Characteristics

CTC-CTC cluster CD44 ICD Angstrom671 An 8 amino-acid 
peptide that 
interferes with 
the conformation 
of CD4471

Phase 2114 Delayed 
progression; no 
severe adverse 
effect114

RG7356 An anti-CD44 
humanised 
antibody

Phase 1
(NCT01358903)73

Limited efficacy; 
mild side effect73

Lipid raft Nystatin75 115 An antifungal 
inhibitor 
disrupting lipid 
raft formation75 

115

To be determined To be determined

γ-secretase MRK00376 A γ-secretase 
inhibitor76

Preclinical78 Induce 
apoptosis78

Nirogacestat77 Similar to 
MRK00377

Phase 3 (NCT03785964)79 Better ORR; mild 
side effect79

Rac1-Pak2 axis KP372-180 116 A cell permeable 
Akt inhibitor80 116

To be determined To be determined

ICAM A-20580481 A potent and 
selective 
inhibitor of E-
selectin and 
ICAM182

To be determined To be determined

CTC-neutrophil 
cluster

IL1β Canakinumab82 A human 
monoclonal 
antibody 
targeting IL1β82

Phase 3 (NCT01327846)83 Reduced 
incidence and 
mortality; higher 
sepsis rate83

IL1R1 Anakinra82 A IL1R1 
antagonist82

Phase 1 (NCT04942626)85 Enhanced 
survival; no severe 
adverse effect85

IL6 Siltuximab86 87 A human 
monoclonal 
antibody 
targeting IL686 87

Phase 288 Limited efficacy; 
mild side effect88

IL6R Tocilizumab86 87 A human 
monoclonal 
antibody 
targeting IL6R86 

87

Phase 2 (NCT03999749)89 Under 
evaluation89

Mac-1/ICAM1 A-20580481 A selective 
inhibitor of 
E-selectin 
and ICAM-1 
expression81

To be determined To be determined

Vcam1/VLA-4 Natalizumab90 A human 
monoclonal 
antibody that 
blocks α4 
integrin from 
forming VLA-490

To be determined To be determined

Continued
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Type Target Possible drugs
Possible 
mechanisms Clinical trial Characteristics

CTC-platelet 
cluster

NKG2A Monalizumab36 91 92 A human 
monoclonal 
antibody 
targeting 
NKG2A36 91 92

Phase 293 Disease 
stabilisation; no 
severe adverse 
effect93

HLA-E TFL-03394 95 A monospecific 
anti-HLA-E 
antibody94 95

To be determined To be determined

CTC-CAF cluster CXCR2 SB22500297 A selective 
inhibitor of 
CXCR297

To be determined To be determined

CXCL10 Butyrate98 A short-chain 
fatty acid that 
can suppress 
the expression 
of CXCL1098

Phase 2 
(ACTRN12612000804886)99

Reduced polyp 
number and size; 
no severe adverse 
effect99

CXCR3 AMG487100 A small molecule 
that acts as an 
antagonist for 
CXCR3100

To be determined To be determined

S100A4 Cantharidin101 A transcriptional 
inhibitor of 
S100A4101

Phase 2102 Improved clinical 
benefit with better 
quality of life; no 
severe adverse 
effect102

Norcantharidin101 Similar to 
cantharidin101

Phase 1 (NCT04673396, no 
publication yet)

Under evaluation

CTC-MDSC 
cluster

Notch1 Crenigacestat117 A small molecule 
that prevents 
the release 
of NOTCH 
intracellular 
domain (NICD)117

Phase 1 (NCT02836600)118 Limited efficacy; 
no severe adverse 
effect118

CB-103104 119 A pan-NOTCH 
inhibitor that 
directly targets 
the NOTCH 
transcriptional 
activation104 119

Phase 1 (NCT03422679)119 Limited effects; 
no severe adverse 
effect119

siRNA120 Knockdown 
Notch1 
directly120

To be determined To be determined

CTC/Macrophage 
interaction

TAM 
reprogramming

ADH-503109 A small-molecule 
agonist target 
CD11b109

Preclinical109 Enhanced 
immune 
response109

TAM depletion Clodrolip110 Clodronate 
encapsulated 
in liposomes 
that can deplete 
TAM110

To be determined To be determined

TAM recruitment BMS-813160111 A small molecule 
inhibitor that can 
block CCR2111

Phase 1b/2 (NCT03184870)121 Under 
evaluation121

Table 2  Continued

Continued
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promising drug candidates.101 A clinical study investi-
gating the combination of Cantharidin Sodium treat-
ment with chemotherapy in gastric cancer patients has 
been conducted and the results indicated a statistically 
significant improvement in the quality of life before and 
after treatment.102

CTC-MDSC cluster and CTC/macrophage interaction
Therapeutic blockade of the Notch signalling might 
be effective in disrupting CTC-MDSC clusters and 
suppressing metastasis.49 Various clinical trials have been 
conducted on selective Notch1 inhibitors like creni-
gacestat and CB-103 which were shown to be effective 
in treating various cancer types, such as adenoid cystic 
carcinoma,103 clear-cell renal cell carcinoma104 and 
breast cancer.105 Antibodies against Jagged1 could also 
be an effective means for Notch1 inhibition.106 Another 
strategy to eliminate the CTC-MDSC cluster is to block 
the Nodal-Cripto axis,49 which was shown to be effec-
tive in treating melanoma using preclinical PDX mouse 
models.107 Multiple clinical trials have been carried out to 
test inhibitors for depleting or reprogramming TAM for 
cancer treatment.108 The application of ADH-503 could 
lead to the repolarisation of TAM and thereby enhance 
the dendritic cell responses in pancreatic cancer,109 
and the application of clodronate encapsulated in lipo-
somes (clodrolip) has led to significant depletion of 
TAM, yielding potent inhibition of tumour growth.110 
Clinical trials have been carried out for BMS-813160, a 
small molecule inhibitor of CCR2/5, to evaluate its effi-
cacy in treating several solid tumours including hepato-
cellular carcinoma, non-SCLC, renal cell carcinoma and 
pancreatic ductal adenocarcinoma by combining it with 
nivolumab and/or the tumour vaccine GVAX.111

CTC-RBC cluster
Clinical studies and drug development targeting CTC-
RBC clusters remain unexplored. Research findings 
suggest Galectin-4 might be a promising target.69 Since 
CTC-RBC clusters are implicated in the formation of 
cancer-associated thrombosis (CAT), low-molecular-
weight heparin (LMWH) might be useful in reducing 
CAT and suppressing cancer metastasis.112 Although 
multiple clinical trials have been conducted using drug 
candidates targeting LMWH, the clinical benefits remain 
controversial.112 113

In summary, the mechanistic and functional charac-
terisations of homotypic and heterotypic CTC clusters 
may unveil innovative therapeutic avenues for effectively 
targeting these potent metastatic precursors (table  2). 
These findings warrant additional experimental and clin-
ical validations to advance our understanding and treat-
ment of metastasis.

CONCLUSION
The haematogenous spread of CTCs is characterised 
by its inefficiency, given the fact that CTCs often face 
formidable obstacles in the bloodstream. Consequently, 
the aggregation of CTCs into clusters, including the 
homotypic and heterotypic CTC clusters, has shown to 
be a potent means to enhance metastatic potency. The 
advancement of microfluidic isolation technologies pres-
ents powerful tools for the efficient isolation and ex vivo 
culturing of CTC clusters, facilitating subsequent molec-
ular and functional assessments. The CTC clusters exhibit 
remarkable heterogeneities as they interact with various 
blood cell types during the transition in circulation, 
including neutrophils, CAFs, MDSCs and RBCs. While 
each heterogeneous cluster may serve a distinct function, 
collectively, they promote CTC growth, invasion and meta-
static colonisation. Exploring the mechanistic aspects of 
CTC cluster–blood microenvironment interactions may 
hold great promise in deciphering novel mechanisms 
of cancer metastasis and uncovering novel strategies for 
tailored antimetastasis treatments.
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Type Target Possible drugs
Possible 
mechanisms Clinical trial Characteristics

CTC-RBC cluster CAT LMWH112 A coagulation 
inhibitor that 
can prevent the 
formation of 
CAT112

Phase 4 (NCT00942968)113 Reduced 
recurrence rate; 
manageable 
bleeding risk113

CAT, cancer-associated thrombosis; CD44 ICD, CD44 intracellular domain; CTC, circulating tumour cell; CTL, cytotoxic T lymphocyte; LMWH, 
low-molecular-weight heparin; ORR, overall response rate; RCC, red cell count; TAM, tumour-associated macrophage.

Table 2  Continued



12 Yang Y, et al. BMJ Oncology 2024;3:e000437. doi:10.1136/bmjonc-2024-000437

Review Open access

Contributors  YY, ZJ and GH: original draft, visualisation; JL, CL, BoZ, XL, BiZ, WY, 
JC, LD, JL, JZ, CH and QC: review and editing. XH: review and editing, supervision, 
funding acquisition.

Funding  This research was funded by the National Natural Science Foundation of 
China (NSFC) fundings: 82173391, T2250610233 (to XH); National Key Research 
and Development Project of China: 2023YFC2705804 (to XH); Guangdong provincial 
funding awards: 2021QN02Y112, 2023A1515010287 (to XH); Shenzhen Municipal 
fundings: JCYJ20210324104204013, 20220815143953004 (to XH); National 
natural science foundation of China fundings: 82204882, H3302 (to JL); Guangdong 
provincial medical scientific research fundings: 20221028195040676, A2023153 
(to JL).

Competing interests  None declared.

Patient and public involvement  Patients and/or the public were not involved in 
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication  Not applicable.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  No data are available.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Xin Hong http://orcid.org/0000-0002-9671-0116

REFERENCES
	 1	 Sung H, Ferlay J, Siegel RL, et al. Global Cancer Statistics 2020: 

GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 
Cancers in 185 Countries. CA Cancer J Clin 2021;71:209–49. 

	 2	 Chaffer CL, Weinberg RA. A perspective on cancer cell metastasis. 
Science 2011;331:1559–64. 

	 3	 Ashworth T. A case of cancer in which cells similar to those in 
the tumours were seen in the blood after death. Aust Med J 
1869;14:146.

	 4	 Aceto N, Bardia A, Miyamoto DT, et al. Circulating tumor cell 
clusters are oligoclonal precursors of breast cancer metastasis. Cell 
2014;158:1110–22. 

	 5	 Mitchell MJ, King MR. Computational and experimental models of 
cancer cell response to fluid shear stress. Front Oncol 2013;3:44. 

	 6	 Strilic B, Offermanns S. Intravascular Survival and Extravasation of 
Tumor Cells. Cancer Cell 2017;32:282–93. 

	 7	 Nieswandt B, Hafner M, Echtenacher B, et al. Lysis of tumor cells 
by natural killer cells in mice is impeded by platelets. Cancer Res 
1999;59:1295–300.

	 8	 Wong CW, Lee A, Shientag L, et al. Apoptosis: an early event in 
metastatic inefficiency. Cancer Res 2001;61:333–8.

	 9	 Pei H, Li L, Han Z, et al. Recent advances in microfluidic 
technologies for circulating tumor cells: enrichment, single-cell 
analysis, and liquid biopsy for clinical applications. Lab Chip 
2020;20:3854–75. 

	 10	 Descamps L, Le Roy D, Deman A-L. Microfluidic-Based 
Technologies for CTC Isolation: A Review of 10 Years of Intense 
Efforts towards Liquid Biopsy. Int J Mol Sci 2022;23. 

	 11	 Pereira-Veiga T, Schneegans S, Pantel K, et al. Circulating tumor 
cell-blood cell crosstalk: Biology and clinical relevance. Cell Rep 
2022;40:111298. 

	 12	 Nasr MM, Lynch CC. How circulating tumor cluster biology 
contributes to the metastatic cascade: from invasion to 
dissemination and dormancy. Cancer Metastasis Rev 
2023;42:1133–46. 

	 13	 Cheung KJ, Padmanaban V, Silvestri V, et al. Polyclonal breast 
cancer metastases arise from collective dissemination of keratin 
14-expressing tumor cell clusters. Proc Natl Acad Sci U S A 
2016;113:E854–63. 

	 14	 Klein CA. Selection and adaptation during metastatic cancer 
progression. Nature New Biol 2013;501:365–72. 

	 15	 Talasaz AH, Powell AA, Huber DE, et al. Isolating highly enriched 
populations of circulating epithelial cells and other rare cells from 
blood using a magnetic sweeper device. Proc Natl Acad Sci USA 
2009;106:3970–5. 

	 16	 Liu Z, Fusi A, Klopocki E, et al. Negative enrichment by 
immunomagnetic nanobeads for unbiased characterization of 
circulating tumor cells from peripheral blood of cancer patients. J 
Transl Med 2011;9. 

	 17	 Desitter I, Guerrouahen BS, Benali-Furet N, et al. A new device for 
rapid isolation by size and characterization of rare circulating tumor 
cells. Anticancer Res 2011;31:427–41.

	 18	 Harouaka RA, Zhou M-D, Yeh Y-T, et al. Flexible Micro Spring Array 
Device for High-Throughput Enrichment of Viable Circulating Tumor 
Cells. Clin Chem 2014;60:323–33. 

	 19	 Sarioglu AF, Aceto N, Kojic N, et al. A microfluidic device for label-
free, physical capture of circulating tumor cell clusters. Nat Methods 
2015;12:685–91. 

	 20	 Boya M, Ozkaya-Ahmadov T, Swain BE, et al. High throughput, 
label-free isolation of circulating tumor cell clusters in meshed 
microwells. Nat Commun 2022;13. 

	 21	 Au SH, Edd J, Stoddard AE, et al. Microfluidic Isolation of 
Circulating Tumor Cell Clusters by Size and Asymmetry. Sci Rep 
2017;7. 

	 22	 Cheng S-B, Xie M, Chen Y, et al. Three-Dimensional Scaffold Chip 
with Thermosensitive Coating for Capture and Reversible Release 
of Individual and Cluster of Circulating Tumor Cells. Anal Chem 
2017;89:7924–32. 

	 23	 Jiang X, Wong KHK, Khankhel AH, et al. Microfluidic 
isolation of platelet-covered circulating tumor cells. Lab Chip 
2017;17:3498–503. 

	 24	 Li D, Park Y, Hemati H, et al. Cell aggregation prevents anoikis and 
induces CD44 cleavage by maintaining lipid raft integrity to promote 
triple negative breast cancer metastasis. Res Sq 2023. 

	 25	 Liu X, Taftaf R, Kawaguchi M, et al. Homophilic CD44 Interactions 
Mediate Tumor Cell Aggregation and Polyclonal Metastasis 
in Patient-Derived Breast Cancer Models. Cancer Discov 
2019;9:96–113. 

	 26	 Au SH, Storey BD, Moore JC, et al. Clusters of circulating tumor 
cells traverse capillary-sized vessels. Proc Natl Acad Sci U S A 
2016;113:4947–52. 

	 27	 Taftaf R, Liu X, Singh S, et al. ICAM1 initiates CTC cluster formation 
and trans-endothelial migration in lung metastasis of breast cancer. 
Nat Commun 2021;12. 

	 28	 Gkountela S, Castro-Giner F, Szczerba BM, et al. Circulating Tumor 
Cell Clustering Shapes DNA Methylation to Enable Metastasis 
Seeding. Cell 2019;176:98–112. 

	 29	 Donato C, Kunz L, Castro-Giner F, et al. Hypoxia Triggers the 
Intravasation of Clustered Circulating Tumor Cells. Cell Rep 
2020;32:108105. 

	 30	 Fabisiewicz A, Grzybowska E. CTC clusters in cancer progression 
and metastasis. Med Oncol 2017;34:12. 

	 31	 Szczerba BM, Castro-Giner F, Vetter M, et al. Neutrophils escort 
circulating tumour cells to enable cell cycle progression. Nature 
New Biol 2019;566:553–7. 

	 32	 Wculek SK, Malanchi I. Neutrophils support lung colonization 
of metastasis-initiating breast cancer cells. Nature New Biol 
2015;528:413–7. 

	 33	 Spicer JD, McDonald B, Cools-Lartigue JJ, et al. Neutrophils 
Promote Liver Metastasis via Mac-1–Mediated Interactions with 
Circulating Tumor Cells. Cancer Res 2012;72:3919–27. 

	 34	 Lim M, Park S, Jeong H-O, et al. Circulating Tumor Cell Clusters 
Are Cloaked with Platelets and Correlate with Poor Prognosis in 
Unresectable Pancreatic Cancer. Cancers (Basel) 2021;13. 

	 35	 Egan K, Cooke N, Kenny D. Living in shear: platelets protect 
cancer cells from shear induced damage. Clin Exp Metastasis 
2014;31:697–704. 

	 36	 Liu X, Song J, Zhang H, et al. Immune checkpoint HLA-E:CD94-
NKG2A mediates evasion of circulating tumor cells from NK cell 
surveillance. Cancer Cell 2023;41:272–87. 

	 37	 Placke T, Örgel M, Schaller M, et al. Platelet-derived MHC class I 
confers a pseudonormal phenotype to cancer cells that subverts 
the antitumor reactivity of natural killer immune cells. Cancer Res 
2012;72:440–8. 

	 38	 Labelle M, Begum S, Hynes RO. Direct signaling between platelets 
and cancer cells induces an epithelial-mesenchymal-like transition 
and promotes metastasis. Cancer Cell 2011;20:576–90. 

	 39	 Hapeman JD, Carneiro CS, Nedelcu AM. A model for the 
dissemination of circulating tumour cell clusters involving platelet 
recruitment and a plastic switch between cooperative and individual 
behaviours. BMC Ecol Evol 2023;23. 

	 40	 Jurk K, Kehrel BE. Platelets: physiology and biochemistry. Semin 
Thromb Hemost 2005;31:381–92. 

	 41	 Qi C, Li B, Guo S, et al. P-Selectin-Mediated Adhesion between 
Platelets and Tumor Cells Promotes Intestinal Tumorigenesis in Apc 
Min/+ Mice . Int J Biol Sci 2015;11:679–87. 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-9671-0116
http://dx.doi.org/10.3322/caac.21660
http://dx.doi.org/10.1126/science.1203543
http://dx.doi.org/10.1016/j.cell.2014.07.013
http://dx.doi.org/10.3389/fonc.2013.00044
http://dx.doi.org/10.1016/j.ccell.2017.07.001
https://pubmed.ncbi.nlm.nih.gov/10096562
https://pubmed.ncbi.nlm.nih.gov/11196183
http://dx.doi.org/10.1039/d0lc00577k
http://dx.doi.org/10.3390/ijms23041981
http://dx.doi.org/10.1016/j.celrep.2022.111298
http://dx.doi.org/10.1007/s10555-023-10124-z
http://dx.doi.org/10.1073/pnas.1508541113
http://dx.doi.org/10.1038/nature12628
http://dx.doi.org/10.1073/pnas.0813188106
http://dx.doi.org/10.1186/1479-5876-9-70
http://dx.doi.org/10.1186/1479-5876-9-70
https://pubmed.ncbi.nlm.nih.gov/21378321
http://dx.doi.org/10.1373/clinchem.2013.206805
http://dx.doi.org/10.1038/nmeth.3404
http://dx.doi.org/10.1038/s41467-022-31009-9
http://dx.doi.org/10.1038/s41598-017-01150-3
http://dx.doi.org/10.1021/acs.analchem.7b00905
http://dx.doi.org/10.1039/C7LC00654C
http://dx.doi.org/10.21203/rs.3.rs-2535728/v1
http://dx.doi.org/10.1158/2159-8290.CD-18-0065
http://dx.doi.org/10.1073/pnas.1524448113
http://dx.doi.org/10.1038/s41467-021-25189-z
http://dx.doi.org/10.1016/j.cell.2018.11.046
http://dx.doi.org/10.1016/j.celrep.2020.108105
http://dx.doi.org/10.1007/s12032-016-0875-0
http://dx.doi.org/10.1038/s41586-019-0915-y
http://dx.doi.org/10.1038/s41586-019-0915-y
http://dx.doi.org/10.1038/nature16140
http://dx.doi.org/10.1158/0008-5472.CAN-11-2393
http://dx.doi.org/10.3390/cancers13215272
http://dx.doi.org/10.1007/s10585-014-9660-7
http://dx.doi.org/10.1016/j.ccell.2023.01.001
http://dx.doi.org/10.1158/0008-5472.CAN-11-1872
http://dx.doi.org/10.1016/j.ccr.2011.09.009
http://dx.doi.org/10.1186/s12862-023-02147-5
http://dx.doi.org/10.1055/s-2005-916671
http://dx.doi.org/10.1055/s-2005-916671
http://dx.doi.org/10.7150/ijbs.11589


13Yang Y, et al. BMJ Oncology 2024;3:e000437. doi:10.1136/bmjonc-2024-000437

ReviewOpen access

	 42	 Janowska-Wieczorek A, Wysoczynski M, Kijowski J, et al. 
Microvesicles derived from activated platelets induce metastasis 
and angiogenesis in lung cancer. Int J Cancer 2005;113:752–60. 

	 43	 Ward Y, Lake R, Faraji F, et al. Platelets Promote Metastasis via 
Binding Tumor CD97 Leading to Bidirectional Signaling that 
Coordinates Transendothelial Migration. Cell Rep 2018;23:808–22. 

	 44	 Lonsdorf AS, Krämer BF, Fahrleitner M, et al. Engagement of αIIbβ3 
(GPIIb/IIIa) with ανβ3 integrin mediates interaction of melanoma 
cells with platelets: a connection to hematogenous metastasis. J 
Biol Chem 2012;287:2168–78. 

	 45	 Coupland LA, Chong BH, Parish CR. Platelets and P-selectin 
control tumor cell metastasis in an organ-specific manner and 
independently of NK cells. Cancer Res 2012;72:4662–71. 

	 46	 Zhang S, Ma X, Zhu C, et al. The Role of Myeloid-Derived 
Suppressor Cells in Patients with Solid Tumors: A Meta-Analysis. 
PLoS One 2016;11:e0164514. 

	 47	 Cassetta L, Bruderek K, Skrzeczynska-Moncznik J, et al. Differential 
expansion of circulating human MDSC subsets in patients with 
cancer, infection and inflammation. J Immunother Cancer 2020;8. 

	 48	 Cole S, Montero A, Garret-Mayer E, et al. Elevated Circulating 
Myeloid Derived Suppressor Cells (MDSC) Are Associated with 
Inferior Overall Survival (OS) and Correlate with Circulating Tumor 
Cells (CTC) in Patients with Metastatic Breast Cancer. Cancer Res 
2009;69:4135. 

	 49	 Sprouse ML, Welte T, Boral D, et al. PMN-MDSCs Enhance CTC 
Metastatic Properties through Reciprocal Interactions via ROS/
Notch/Nodal Signaling. Int J Mol Sci 2019;20. 

	 50	 Mantovani A, Allavena P, Sica A. Tumour-associated macrophages 
as a prototypic type II polarised phagocyte population: role in 
tumour progression. Eur J Cancer 2004;40:1660–7. 

	 51	 Lin Y, Xu J, Lan H. Tumor-associated macrophages in tumor 
metastasis: biological roles and clinical therapeutic applications. J 
Hematol Oncol 2019;12:76. 

	 52	 Christofides A, Strauss L, Yeo A, et al. The complex role of tumor-
infiltrating macrophages. Nat Immunol 2022;23:1148–56. 

	 53	 Huang G, Osmulski PA, Bouamar H, et al. TGF-β signal rewiring 
sustains epithelial-mesenchymal transition of circulating tumor cells 
in prostate cancer xenograft hosts. Oncotarget 2016;7:77124–37. 

	 54	 Hamilton G, Rath B, Klameth L, et al. Small cell lung cancer: 
Recruitment of macrophages by circulating tumor cells. 
Oncoimmunology 2016;5. 

	 55	 Wei C, Yang C, Wang S, et al. Crosstalk between cancer cells 
and tumor associated macrophages is required for mesenchymal 
circulating tumor cell-mediated colorectal cancer metastasis. Mol 
Cancer 2019;18:64. 

	 56	 Galbo PM, Zang X, Zheng D. Molecular Features of Cancer-
associated Fibroblast Subtypes and their Implication on Cancer 
Pathogenesis, Prognosis, and Immunotherapy Resistance. Clin 
Cancer Res 2021;27:2636–47. 

	 57	 Duda DG, Duyverman AMMJ, Kohno M, et al. Malignant cells 
facilitate lung metastasis by bringing their own soil. Proc Natl Acad 
Sci USA 2010;107:21677–82. 

	 58	 Sharma U, Medina-Saenz K, Miller PC, et al. Heterotypic clustering 
of circulating tumor cells and circulating cancer-associated 
fibroblasts facilitates breast cancer metastasis. Breast Cancer Res 
Treat 2021;189:63–80. 

	 59	 Hurtado P, Martínez-Pena I, Yepes-Rodríguez S, et al. Modelling 
metastasis in zebrafish unveils regulatory interactions of cancer-
associated fibroblasts with circulating tumour cells. Front Cell Dev 
Biol 2023;11. 

	 60	 Grum-Schwensen B, Klingelhofer J, Berg CH, et al. Suppression of 
Tumor Development and Metastasis Formation in Mice Lacking the 
S100A4(mts1) Gene . Cancer Res 2005;65:3772–80. 

	 61	 Ortiz-Otero N, Clinch AB, Hope J, et al. Cancer associated 
fibroblasts confer shear resistance to circulating tumor cells 
during prostate cancer metastatic progression. Oncotarget 
2020;11:1037–50. 

	 62	 Chen Y, Terajima M, Yang Y, et al. Lysyl hydroxylase 2 induces 
a collagen cross-link switch in tumor stroma. J Clin Invest 
2015;125:1147–62. 

	 63	 Barker HE, Cox TR, Erler JT. The rationale for targeting the LOX 
family in cancer. Nat Rev Cancer 2012;12:540–52. 

	 64	 Glentis A, Oertle P, Mariani P, et al. Cancer-associated fibroblasts 
induce metalloprotease-independent cancer cell invasion of the 
basement membrane. Nat Commun 2017;8:924. 

	 65	 Cao W, Shao Y, Wang N, et al. Pretreatment red blood cell 
distribution width may be a potential biomarker of prognosis in 
urologic cancer: a systematic review and meta-analysis. Biomark 
Med 2022;16:1289–300. 

	 66	 Hu L, Li M, Ding Y, et al. Prognostic value of RDW in cancers: a 
systematic review and meta-analysis. Oncotarget 2017;8:16027–35. 

	 67	 Wang Y, Zhou Y, Zhou K, et al. Prognostic value of pre-treatment 
red blood cell distribution width in lung cancer: a meta-analysis. 
Biomarkers 2020;25:241–7. 

	 68	 Xiao LL, Liu Y, Chen S, et al. Effects of flowing RBCs on adhesion 
of a circulating tumor cell in microvessels. Biomech Model 
Mechanobiol 2017;16:597–610. 

	 69	 Helwa R, Heller A, Knappskog S, et al. Tumor cells interact 
with red blood cells via galectin-4 - a short report. Cell Oncol 
2017;40:401–9. 

	 70	 Xu H, Niu M, Yuan X, et al. CD44 as a tumor biomarker and 
therapeutic target. Exp Hematol Oncol 2020;9:36. 

	 71	 Piotrowicz RS, Damaj BB, Hachicha M, et al. A6 peptide activates 
CD44 adhesive activity, induces FAK and MEK phosphorylation, 
and inhibits the migration and metastasis of CD44-expressing cells. 
Mol Cancer Ther 2011;10:2072–82. 

	 72	 Yang F, Zheng Z, Xue X, et al. Targeted eradication of gastric cancer 
stem cells by CD44 targeting USP22 small interfering RNA-loaded 
nanoliposomes. Future Oncol 2019;15:281–95. 

	 73	 Menke-van der Houven van Oordt CW, Gomez-Roca C, van 
Herpen C, et al. First-in-human phase I clinical trial of RG7356, an 
anti-CD44 humanized antibody, in patients with advanced, CD44-
expressing solid tumors. Oncotarget 2016;7:80046–58. 

	 74	 Jauw YWS, Huisman MC, Nayak TK, et al. Assessment of target-
mediated uptake with immuno-PET: analysis of a phase I clinical 
trial with an anti-CD44 antibody. EJNMMI Res 2018;8. 

	 75	 Vona R, Iessi E, Matarrese P. Role of Cholesterol and Lipid Rafts in 
Cancer Signaling: A Promising Therapeutic Opportunity? Front Cell 
Dev Biol 2021;9. 

	 76	 Tanaka S, Nakada M, Yamada D, et al. Strong therapeutic potential 
of γ-secretase inhibitor MRK003 for CD44-high and CD133-low 
glioblastoma initiating cells. J Neurooncol 2015;121:239–50. 

	 77	 Gounder M, Ratan R, Alcindor T, et al. Nirogacestat, a γ-Secretase 
Inhibitor for Desmoid Tumors. N Engl J Med 2023;388:898–912. 

	 78	 Ramakrishnan V, Ansell S, Haug J, et al. MRK003, a γ-secretase 
inhibitor exhibits promising in vitro pre-clinical activity in multiple 
myeloma and non-Hodgkin’s lymphoma. Leukemia 2012;26:340–8. 

	 79	 Kasper B, Ratan R, Alcindor T, et al. LBA2 DeFi: A phase III, 
randomized controlled trial of nirogacestat versus placebo for 
progressing desmoid tumors (DT). Ann Oncol 2022;33:S1435–6. 

	 80	 Zhao Y, Hu Q, Cheng F, et al. SoNar, a Highly Responsive NAD+/
NADH Sensor, Allows High-Throughput Metabolic Screening of 
Anti-tumor Agents. Cell Metab 2015;21:777–89. 

	 81	 Stewart AO, Bhatia PA, McCarty CM, et al. Discovery of Inhibitors 
of Cell Adhesion Molecule Expression in Human Endothelial Cells. 
1. Selective Inhibition of ICAM-1 and E-Selectin Expression. J Med 
Chem 2001;44:988–1002. 

	 82	 Zhou J, Down JM, George CN, et al. Novel Methods of Targeting 
IL-1 Signalling for the Treatment of Breast Cancer Bone Metastasis. 
Cancers (Basel) 2022;14. 

	 83	 Ridker PM, MacFadyen JG, Thuren T, et al. Effect of interleukin-1β 
inhibition with canakinumab on incident lung cancer in patients with 
atherosclerosis: exploratory results from a randomised, double-
blind, placebo-controlled trial. The Lancet 2017;390:1833–42. 

	 84	 Wong CC, Baum J, Silvestro A, et al. Inhibition of IL1β by 
Canakinumab May Be Effective against Diverse Molecular Subtypes 
of Lung Cancer: An Exploratory Analysis of the CANTOS Trial. 
Cancer Res 2020;80:5597–605. 

	 85	 Fleischmann M, Diefenhardt M, Nicolas AM, et al. ACO/ARO/AIO-
21 - Capecitabine-based chemoradiotherapy in combination with 
the IL-1 receptor antagonist anakinra for rectal cancer Patients: A 
phase I trial of the German rectal cancer study group. Clin Transl 
Radiat Oncol 2022;34:99–106. 

	 86	 Rossi J-F, Lu Z-Y, Jourdan M, et al. Interleukin-6 as a therapeutic 
target. Clin Cancer Res 2015;21:1248–57. 

	 87	 Li JJ, Li SA, DalingJR, et al. Novel Small Molecule IL-6 Inhibitors as 
Anti-Cancer Drugs. Horm Carcinog III 2001. 

	 88	 Orlowski RZ, Gercheva L, Williams C, et al. A phase 2, randomized, 
double-blind, placebo-controlled study of siltuximab (anti-IL-6 mAb) 
and bortezomib versus bortezomib alone in patients with relapsed 
or refractory multiple myeloma. Am J Hematol 2015;90:42–9. 

	 89	 Ghasemi K, Ghasemi K. Evaluation of the Tocilizumab therapy in 
human cancers: Latest evidence and clinical potential. J Clin Pharm 
Ther 2022;47:2360–8. 

	 90	 Chen Q, Massagué J. Molecular pathways: VCAM-1 as a potential 
therapeutic target in metastasis. Clin Cancer Res 2012;18:5520–5. 

	 91	 Khan M, Arooj S, Wang H. NK Cell-Based Immune Checkpoint 
Inhibition. Front Immunol 2020;11. 

	 92	 Wang X, Xiong H, Ning Z. Implications of NKG2A in immunity and 
immune-mediated diseases. Front Immunol 2022;13. 

	 93	 Tinker AV, Hirte HW, Provencher D, et al. Dose-Ranging and 
Cohort-Expansion Study of Monalizumab (IPH2201) in Patients 

http://dx.doi.org/10.1002/ijc.20657
http://dx.doi.org/10.1016/j.celrep.2018.03.092
http://dx.doi.org/10.1074/jbc.M111.269811
http://dx.doi.org/10.1074/jbc.M111.269811
http://dx.doi.org/10.1158/0008-5472.CAN-11-4010
http://dx.doi.org/10.1371/journal.pone.0164514
http://dx.doi.org/10.1136/jitc-2020-001223
http://dx.doi.org/10.1158/0008-5472.SABCS-09-4135
http://dx.doi.org/10.3390/ijms20081916
http://dx.doi.org/10.1016/j.ejca.2004.03.016
http://dx.doi.org/10.1186/s13045-019-0760-3
http://dx.doi.org/10.1186/s13045-019-0760-3
http://dx.doi.org/10.1038/s41590-022-01267-2
http://dx.doi.org/10.18632/oncotarget.12808
http://dx.doi.org/10.1080/2162402X.2015.1093277
http://dx.doi.org/10.1186/s12943-019-0976-4
http://dx.doi.org/10.1186/s12943-019-0976-4
http://dx.doi.org/10.1158/1078-0432.CCR-20-4226
http://dx.doi.org/10.1158/1078-0432.CCR-20-4226
http://dx.doi.org/10.1073/pnas.1016234107
http://dx.doi.org/10.1073/pnas.1016234107
http://dx.doi.org/10.1007/s10549-021-06299-0
http://dx.doi.org/10.1007/s10549-021-06299-0
http://dx.doi.org/10.3389/fcell.2023.1076432
http://dx.doi.org/10.3389/fcell.2023.1076432
http://dx.doi.org/10.1158/0008-5472.CAN-04-4510
http://dx.doi.org/10.18632/oncotarget.27510
http://dx.doi.org/10.1172/JCI74725
http://dx.doi.org/10.1038/nrc3319
http://dx.doi.org/10.1038/s41467-017-00985-8
http://dx.doi.org/10.2217/bmm-2022-0409
http://dx.doi.org/10.2217/bmm-2022-0409
http://dx.doi.org/10.18632/oncotarget.13784
http://dx.doi.org/10.1080/1354750X.2020.1731763
http://dx.doi.org/10.1007/s10237-016-0839-5
http://dx.doi.org/10.1007/s10237-016-0839-5
http://dx.doi.org/10.1007/s13402-017-0317-9
http://dx.doi.org/10.1186/s40164-020-00192-0
http://dx.doi.org/10.1158/1535-7163.MCT-11-0351
http://dx.doi.org/10.2217/fon-2018-0295
http://dx.doi.org/10.18632/oncotarget.11098
http://dx.doi.org/10.1186/s13550-018-0358-8
http://dx.doi.org/10.3389/fcell.2021.622908
http://dx.doi.org/10.3389/fcell.2021.622908
http://dx.doi.org/10.1007/s11060-014-1630-z
http://dx.doi.org/10.1056/NEJMoa2210140
http://dx.doi.org/10.1038/leu.2011.192
http://dx.doi.org/10.1016/j.annonc.2022.08.075
http://dx.doi.org/10.1016/j.cmet.2015.04.009
http://dx.doi.org/10.1021/jm000452m
http://dx.doi.org/10.1021/jm000452m
http://dx.doi.org/10.3390/cancers14194816
http://dx.doi.org/10.1016/S0140-6736(17)32247-X
http://dx.doi.org/10.1158/0008-5472.CAN-19-3176
http://dx.doi.org/10.1016/j.ctro.2022.04.003
http://dx.doi.org/10.1016/j.ctro.2022.04.003
http://dx.doi.org/10.1158/1078-0432.CCR-14-2291
http://dx.doi.org/10.1007/978-1-4612-2092-3
http://dx.doi.org/10.1002/ajh.23868
http://dx.doi.org/10.1111/jcpt.13781
http://dx.doi.org/10.1111/jcpt.13781
http://dx.doi.org/10.1158/1078-0432.CCR-11-2904
http://dx.doi.org/10.3389/fimmu.2020.00167
http://dx.doi.org/10.3389/fimmu.2022.960852


14 Yang Y, et al. BMJ Oncology 2024;3:e000437. doi:10.1136/bmjonc-2024-000437

Review Open access

with Advanced Gynecologic Malignancies: A Trial of the 
Canadian Cancer Trials Group (CCTG): IND221. Clin Cancer Res 
2019;25:6052–60. 

	 94	 Fisher JG, Doyle ADP, Graham LV, et al. Disruption of the 
NKG2A:HLA-E Immune Checkpoint Axis to Enhance NK Cell 
Activation against Cancer. Vaccines (Basel) 2022;10. 

	 95	 Ravindranath MH, Filippone EJ, Devarajan A, et al. Enhancing 
Natural Killer and CD8+ T Cell-Mediated Anticancer Cytotoxicity 
and Proliferation of CD8+ T Cells with HLA-E Monospecific 
Monoclonal Antibodies. Monoclon Antib Immunodiagn Immunother 
2019;38:38–59. 

	 96	 Wang Z, Li X, Li Q, et al. Targeting CXCL5 in Pancreatic Cancer 
Cells Inhibits Cancer Xenograft Growth by Reducing Proliferation 
and Inhibiting EMT Progression. Dig Dis Sci 2023;68:841–51. 

	 97	 Cheng Y, Mo F, Li Q, et al. Targeting CXCR2 inhibits the progression 
of lung cancer and promotes therapeutic effect of cisplatin. Mol 
Cancer 2021;20. 

	 98	 Korsten SGPJ, Peracic L, van Groeningen LMB, et al. Butyrate 
Prevents Induction of CXCL10 and Non-Canonical IRF9 Expression 
by Activated Human Intestinal Epithelial Cells via HDAC Inhibition. 
Int J Mol Sci 2022;23:3980. 

	 99	 Clarke J, Boussioutas A, Flanders B, et al. Can butyrate prevent 
colon cancer? The AusFAP study: A randomised, crossover clinical 
trial. Contemp Clin Trials Commun 2023;32:101092. 

	100	 Walser TC, Rifat S, Ma X, et al. Antagonism of CXCR3 inhibits lung 
metastasis in a murine model of metastatic breast cancer. Cancer 
Res 2006;66:7701–7. 

	101	 Schöpe PC, Zinnow V, Ishfaq MA, et al. Cantharidin and Its 
Analogue Norcantharidin Inhibit Metastasis-Inducing Genes S100A4 
and MACC1. Int J Mol Sci 2023;24:1179. 

	102	 Zhan Y-P, Huang X-E, Cao J, et al. Clinical study on safety and 
efficacy of Qinin® (cantharidin sodium) injection combined with 
chemotherapy in treating patients with gastric cancer. Asian Pac J 
Cancer Prev 2012;13:4773–6. 

	103	 Even C, Lassen U, Merchan J, et al. Safety and clinical activity of 
the Notch inhibitor, crenigacestat (LY3039478), in an open-label 
phase I trial expansion cohort of advanced or metastatic adenoid 
cystic carcinoma. Invest New Drugs 2020;38:402–9. 

	104	 Bui TO, Angeli E, El Bouchtaoui M, et al. Metastatic clear-cell renal 
cell carcinoma: a frequent NOTCH1 mutation predictive of response 
to anti-NOTCH1 CB-103 treatment. Exp Hematol Oncol 2023;12:46. 

	105	 Vigolo M, Urech C, Lamy S, et al. The Efficacy of CB-103, a First-in-
Class Transcriptional Notch Inhibitor, in Preclinical Models of Breast 
Cancer. Cancers (Basel) 2023;15:3957. 

	106	 Masiero M, Li D, Whiteman P, et al. Development of Therapeutic 
Anti-JAGGED1 Antibodies for Cancer Therapy. Mol Cancer Ther 
2019;18:2030–42. 

	107	 Strizzi L, Sandomenico A, Margaryan NV, et al. Effects of a novel 
Nodal-targeting monoclonal antibody in melanoma. Oncotarget 
2015;6:34071–86. 

	108	 Yang L, Zhang Y. Tumor-associated macrophages: from basic 
research to clinical application. J Hematol Oncol 2017;10:58. 

	109	 Panni RZ, Herndon JM, Zuo C, et al. Agonism of CD11b reprograms 
innate immunity to sensitize pancreatic cancer to immunotherapies. 
Sci Transl Med 2019;11:eaau9240. 

	110	 Zeisberger SM, Odermatt B, Marty C, et al. Clodronate-liposome-
mediated depletion of tumour-associated macrophages: a new 
and highly effective antiangiogenic therapy approach. Br J Cancer 
2006;95:272–81. 

	111	 Xiang X, Wang J, Lu D, et al. Targeting tumor-associated 
macrophages to synergize tumor immunotherapy. Signal Transduct 
Target Ther 2021;6:75. 

	112	 Borsig L. Heparin as an inhibitor of cancer progression. Prog Mol 
Biol Transl Sci 2010;93:335–49. 

	113	 Francis CW, Kessler CM, Goldhaber SZ, et al. Treatment of 
venous thromboembolism in cancer patients with dalteparin 
for up to 12 months: the DALTECAN Study. J Thromb Haemost 
2015;13:1028–35. 

	114	 Ghamande SA, Silverman MH, Huh W, et al. A phase 2, 
randomized, double-blind, placebo-controlled trial of clinical activity 
and safety of subcutaneous A6 in women with asymptomatic 
CA125 progression after first-line chemotherapy of epithelial ovarian 
cancer. Gynecol Oncol 2008;111:89–94. 

	115	 Chen Y, Wang S, Lu X, et al. Cholesterol sequestration by nystatin 
enhances the uptake and activity of endostatin in endothelium via 
regulating distinct endocytic pathways. Blood 2011;117:6392–403. 

	116	 Zeng Z, Samudio IJ, Zhang W, et al. Simultaneous inhibition 
of PDK1/AKT and Fms-like tyrosine kinase 3 signaling by a 
small-molecule KP372-1 induces mitochondrial dysfunction 
and apoptosis in acute myelogenous leukemia. Cancer Res 
2006;66:3737–46. 

	117	 Mancarella S, Serino G, Dituri F, et al. Crenigacestat, a selective 
NOTCH1 inhibitor, reduces intrahepatic cholangiocarcinoma 
progression by blocking VEGFA/DLL4/MMP13 axis. Cell Death 
Differ 2020;27:2330–43. 

	118	 Doi T, Tajimi M, Mori J, et al. A phase 1 study of crenigacestat 
(LY3039478), the Notch inhibitor, in Japanese patients with 
advanced solid tumors. Invest New Drugs 2021;39:469–76. 

	119	 Hanna GJ, Stathis A, Lopez-Miranda E, et al. A Phase I Study 
of the Pan-Notch Inhibitor CB-103 for Patients with Advanced 
Adenoid Cystic Carcinoma and Other Tumors. Cancer Res Commun 
2023;3:1853–61. 

	120	 Gharaibeh L, Elmadany N, Alwosaibai K, et al. Notch1 in Cancer 
Therapy: Possible Clinical Implications and Challenges. Mol 
Pharmacol 2020;98:559:559–76:. 

	121	 Le D, Gutierrez ME, Saleh M, et al. Abstract CT124: A phase Ib/
II study of BMS-813160, a CC chemokine receptor (CCR) 2/5 dual 
antagonist, in combination with chemotherapy or nivolumab in 
patients (pts) with advanced pancreatic or colorectal cancer. Cancer 
Res 2018;78:CT124. 

http://dx.doi.org/10.1158/1078-0432.CCR-19-0298
http://dx.doi.org/10.3390/vaccines10121993
http://dx.doi.org/10.1089/mab.2018.0043
http://dx.doi.org/10.1007/s10620-022-07529-1
http://dx.doi.org/10.1186/s12943-021-01355-1
http://dx.doi.org/10.1186/s12943-021-01355-1
http://dx.doi.org/10.3390/ijms23073980
http://dx.doi.org/10.1016/j.conctc.2023.101092
http://dx.doi.org/10.1158/0008-5472.CAN-06-0709
http://dx.doi.org/10.1158/0008-5472.CAN-06-0709
http://dx.doi.org/10.3390/ijms24021179
http://dx.doi.org/10.7314/apjcp.2012.13.9.4773
http://dx.doi.org/10.7314/apjcp.2012.13.9.4773
http://dx.doi.org/10.1007/s10637-019-00739-x
http://dx.doi.org/10.1186/s40164-023-00408-z
http://dx.doi.org/10.3390/cancers15153957
http://dx.doi.org/10.1158/1535-7163.MCT-18-1176
http://dx.doi.org/10.18632/oncotarget.6049
http://dx.doi.org/10.1186/s13045-017-0430-2
http://dx.doi.org/10.1126/scitranslmed.aau9240
http://dx.doi.org/10.1038/sj.bjc.6603240
http://dx.doi.org/10.1038/s41392-021-00484-9
http://dx.doi.org/10.1038/s41392-021-00484-9
http://dx.doi.org/10.1016/S1877-1173(10)93014-7
http://dx.doi.org/10.1016/S1877-1173(10)93014-7
http://dx.doi.org/10.1111/jth.12923
http://dx.doi.org/10.1016/j.ygyno.2008.06.028
http://dx.doi.org/10.1182/blood-2010-12-322867
http://dx.doi.org/10.1158/0008-5472.CAN-05-1278
http://dx.doi.org/10.1038/s41418-020-0505-4
http://dx.doi.org/10.1038/s41418-020-0505-4
http://dx.doi.org/10.1007/s10637-020-01001-5
http://dx.doi.org/10.1158/2767-9764.CRC-23-0333
http://dx.doi.org/10.1124/molpharm.120.000006
http://dx.doi.org/10.1124/molpharm.120.000006
http://dx.doi.org/10.1158/1538-7445.AM2018-CT124
http://dx.doi.org/10.1158/1538-7445.AM2018-CT124

	Circulating tumour cell clusters: isolation, biological significance and therapeutic implications
	Abstract
	Introduction
	Technologies for the isolation of CTC clusters
	Homotypic CTC clusters
	Heterotypic CTC clusters
	CTC-neutrophil clusters
	CTC-platelet clusters
	CTC-MDSC/macrophage interactions
	CTC-CAF clusters
	CTC-RBC clusters

	Potential therapeutic strategies targeting CTC clusters
	Homotypic CTC cluster
	CTC-neutrophil cluster
	CTC-platelet cluster
	CTC-CAF cluster
	CTC-MDSC cluster and CTC/macrophage interaction
	CTC-RBC cluster

	Conclusion
	References


