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Hypoxia stimulates CTC-platelet cluster
formation to promote breast cancer metastasis

Weijia Zhou,"” Chengjun Zhu,?’ Peiliang Shen,'” Jacqueline F. Wang,*’ Gaoshuang Zhu," Yuanyuan Jia,'
Yueyao Wu," Siliang Wang,* Jia Sun,’ Fang Yang,>* Yanni Song,>* Xin Han,"* and Xiaoxiang Guan®&*

SUMMARY

Circulating tumor cell clusters/micro-emboli (CTM) possess greater metastatic capacity and survival
advantage compared to individual circulating tumor cell (CTC). However, the formation of CTM subtypes
and their role in tumor metastasis remain unclear. In this study, we used a microfluidic Cluster-Chip with
easy operation and high efficiency to isolate CTM from peripheral blood, which confirmed their correla-
tion with clinicopathological features and identified the critical role of CTC-platelet clusters in breast can-
cer metastasis. The correlation between platelets and CTM function was further confirmed in a mouse
model and RNA sequencing of CTM identified high-expressed genes related to hypoxia stimulation and
platelet activation which possibly suggested the correlation of hypoxia and CTC-platelet cluster forma-
tion. In conclusion, we successfully developed the Cluster-Chip platform to realize the clinical capture
of CTMs and analyze the biological properties of CTC-platelet clusters, which could benefit the design
of potential treatment regimens to prevent CTM-mediated metastasis and tumor malignant progression.

INTRODUCTION

Circulating tumor cells (CTCs) are tumor cells that shed from a primary tumor site, subsequently enter the circulatory system, and can further
extravasate, colonize, and grow to form metastases due to their unique and complex phenotypic and genetic characteristics.'” Thus, cancer
metastasis is closely related to the dissemination of CTCs. The isolation of CTCs from the circulatory system not only represents a break-
through in the examination of the phenotypic and genetic characteristics of primary tumors, but also facilitates further understanding of
the mechanisms underlying hematogenous metastasis.” The detection of CTCs is not routinely used in clinical practice, but they could be
important in the diagnosis, clinical staging, drug efficacy evaluation, and prognostic assessment of tumors as biological properties are
revealed.’”

CTCs exist as single or multicellular aggregates known as circulating tumor cell clusters/micro-emboli (CTM) depending on their interac-
tions with other cells in the circulation.®” The molecular mechanisms involved in the formation of CTM remain largely unknown.? Prior studies
have demonstrated that CTM that were isolated from the primary tumor in the form of clusters may originate from the intravascular aggre-
gation of individual CTCs.” Later studies reported that CTM exhibited greater metastatic capacity and survival advantage over individual
CTCs.'"""" Studies using mouse models confirmed the greater metastatic capacity of CTM compared with individual CTCs, with findings
demonstrating that injecting aggregated clusters of cancer cells resulted in markedly increased tumor formation when compared to injecting
the same number of individual cancer cells into mice.'”'? Researchers have found that multicellular CTM can be divided into homogeneous
CTM and heterogeneous CTM with different mechanisms of formation and function. Compared with single CTCs, homogeneous CTM ex-
hibited more plastic and stem-like properties with features including high expression of adhesion molecules, tight junction proteins, DNA
methylation levels, and the process of epithelial-mesenchymal transition (EMT)."* Heterotypic CTM are not only the aggregation of single
cancer cells, but also include many supporting cells such as erythrocytes, fibroblasts, and immune cells that assist in the metastatic survival
of CTM.">"® In addition, aggregation with platelets may protect tumor cells from immune surveillance and fluid shear'’; however, the mech-
anisms of cluster formation and cell-to-cell interaction remain elusive.

CTM that are enriched with platelets have been shown to confer enhanced survival and metastatic advantages compared to individ-
ual CTCs and hold immense promise as target entities for various clinical interventions aimed at improving patient outcomes.'® There is
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Scheme 1. Schematic diagram of the Cluster-Chip developed for CTM isolation
Schematic diagram of the Cluster-Chip developed for CTM isolation. Sequential validation of the clinical applicability of the Cluster-Chip and mechanism of
circulating tumor cell micro-embolus (CTM) in breast cancer metastasis.

a great need for effective and specific CTM isolation techniques to better clarify the mechanisms underlying the function of
different CTM subtypes in tumor metastasis. Microfluidic chip technology possesses obvious advantages in its ability to isolate
unique cell populations in a rapid and efficient manner.'”?° Therefore, this study aimed to develop a microfluidic Cluster-Chip
with the ability to specifically capture CTM from peripheral blood for evaluation with clinical samples and validation for clinicopatho-
logical applicability. Moreover, the biological properties of CTM and its potential mechanisms in tumor metastasis were investigated
by successful CTM isolation in a mouse model. The critical role of the CTC-platelet cluster was identified by findings suggesting
that platelet inhibition was shown to result in reduced CTM formation and tumor metastasis. RNA sequencing (RNA-seq) analysis
and following verification experiments possibly suggested that hypoxia played an important role in CTC-platelet cluster formation
and tumor malignant progression, which may provide a promising clinical target in tumor therapy. A schematic diagram demonstrating
the clinical applicability of the Cluster-Chip in CTM isolation and the mechanism of CTM in breast cancer metastasis is outlined in

Scheme 1.
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Figure 1. Performance and optimization experiments for determining capture and release efficiency

(A) Diagram of the overall and internal structure of the Cluster-Chip. Scale bar: 100 um.

(B) Capture efficiency at different flow rates measured at 4°C. The Cluster-Chip was filled with Pluronic F127 (1% w/v in PBS) to minimize cell adhesion using
artificial clusters of A549 cells spiked in whole blood.

(Cand D) 4T1 cells that were stained by CFSE ranged from 20, 45, 90, and 180 in total number and were spiked into 1 mL of healthy blood. Fluorescent images of
the captured cell clusters on the chip are shown. Scale bar: 100 pm (C). Captured vs. input cell number (D).

(E) Release efficiency and integrity of cell clusters from the chip as a function of the reverse flow rate at 4°C.

(F) Images of the intact cell clusters captured following release into the solution from the Cluster-Chip operated at 250 mL/h. Scale bar: 100 um and 20 pm.
(G) Percentage of viable cell clusters released at different flow rates using Cluster-Chip against the control group.

(H) Fluorescent images of cell clusters treated with two-color viability (green)/cytotoxicity (red) assay. The cells are divided in two batches including control and
cell clusters captured and released from Cluster-Chip at 250 mL/h. Scale bar: 100 pm and 50 um. Data were presented as mean + SD. **p < 0.01.

RESULTS
Chip optimization and performance

The structure of the Cluster-Chip was based on the separation principle of physical properties such as cell size, which was developed accord-
ing to a previously published device with simpler structure of reducing capture traps.”’ Details regarding internal structure and parameters
are shown in Figures 1A and S1. In order to achieve better isolation performance, artificial carboxyfluorescein succinimidyl ester (CFSE)-
labeled cell-clusters/CTM was spiked with phosphate-buffered saline (PBS) or healthy whole blood to screen for a suitable captured flow
rate. Through repeating the experiments at different flow rates, the Cluster-Chip yielded more than 90% of capture efficiency for larger clus-
ters under slightly lower rates, which avoided breaking up the captured CTM and ensured a certain capture for small-sized CTM (Figure 1B).
We considered the efficient isolation and timeliness for the captured process and chose 10 mL/h as the optimal flow rate. Figures S2A and S2B
exhibits the artificial CTM trapped on the Cluster-Chip. The chip consists of four large row traps which contained seven small rows with three
consecutive triangular column-like traps. We recorded the distribution of the cell-clusters on the four rows to verify the successful capture
indirectly (Figure S2B). To ensure that the cell clusters were not damaged compared with those before separation, cells with different density
were seeded into the ultra-low attachment well plates for forming clusters following capture and release (Figure S2C). We found that after
capturing, our chip not only preserved the almost equivalent quantities of spiked cell clusters, but also intuitively relied on cluster size,
including how many numbers of single cells were needed to recognize and classify efficiently (Figure S2D). In order to further simulate the
blood environment and eliminate the effect of blood cells on the capture efficiency of the chip, we spiked a certain number of CFSE-labeled
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CTM into the whole blood of healthy animals for chip processing. The accuracy of capture was similar to when spiking in PBS (Figures 1C and
1D). As is widely recognized, it is necessary to release captured CTM from pathological whole blood to ensure their effective recovery for
further evaluation. Therefore, it is the first step in exploring optimal flow rates for the release of CTM to facilitate their efficient retrieval.
On the premise of not damaging viability and morphology, we conducted recovery experiments with different flow rates. The integrity
and release rate of CTM showed the opposite trend with an increase of the rate. Thus, we selected the flow rate of 250 mL/h for recovery
(Figure 1E), which was able to maintain high integrity (Figure 1F) and viability (Figures 1G and 1H).

Evaluation of CTM from breast cancer patients using the Cluster-Chip

To assess the potential clinical application of the chip, we applied the Cluster-Chip to isolated CTM from bloods samples of breast cancer (BC)
patients. Detailed experimental procedure and clinical information of the BC patients are displayed in Table S1 of supplementary data.
Following the isolation, we fixed the captured cells on the chip with 4% paraformaldehyde (PFA) and then immuno-stained with specific dis-
ease marker pan-CK, leukocyte marker CD45R or platelet marker P-selectin, and nuclear stain 4,6-diamidino-2-phenylindole (DAPI) as the
confirmed reagents. Homogenous CTM were marked as pan-CK+/CD45R-/DAPI+ or pan-CK+/P-selectin-/DAPI+ and heterogenous CTM
were identified as pan-CK+/CD45R+/DAPI+ or pan-CK+/P-selectin+/DAPI+, demonstrated in Figures 2A, 2B, and S3A. CTM were more met-
astatic but rarer than single CTCs; thus, exploring the characterization of the CTM is urge for thoroughly understanding the mechanism of
metastasis. The correlation between the enumeration of single CTCs and clinical pathological features were confirmed by several reports
over the past few years.”>> Some conventional serum markers were linked with the CTC counts detected in patients,”**> which suggest
that CTCs can be used as potential breakthroughs to solve the present cancer metastasis dilemma. However, CTM consisting of a clustering
type of single CTCs with or without other non-tumor cells can be regarded as more malignant CTCs.” Therefore, the CTM counts were
enumerated and linked with clinical indicators in our study (Table S2). As commonly reported, metastasis is one of the primary reasons for
death in tumor patients. Our results also found that patients with disease without metastasis had fewer CTM counts than those with metastasis
in lymph nodes or distant metastasis, suggesting that CTM counts could be a valuable tool to monitor metastatic progression (Figures 2C and
2D). We also focused on the level of markers commonly used to assist in the diagnosis of breast cancers such as Carcinoembryonic antigen
(CEA), CA125, and CA153. Prior studies have combined these traditional diagnosis indexes with single CTC counts in peripheral blood of
cancer patients to provide more effective and accuracy diagnosis performance. We aimed to determine if there are similar interactions be-
tween CTM and these indexes (Table S3). In our study, we found that CTM count showed no significant correlation with CA125 and CA153
levels; however, CEA levels exhibited a significant correlation with CTM counts (Figures 2E, S3B, and S3C). As this may be due to our limited
clinical samples, more samples should be tested to acquire more wide and meaningful data.

To evaluate the occurrence of distinct CTM types in patients, we categorized them into two groups: those with distant metastasis and
those with locoregional disease, which comprised patients either with only primary tumors or with adjacent lymph node metastases. Overall,
CTM were detected in a majority of patients with a detection rate of 95% and 66.7% in the distant metastasis and locoregional groups, respec-
tively. Notably, both groups exhibited a high proportion of heterogeneous CTM, with 70% of CTM being heterogeneous in the distant metas-
tasis group, and 50% in the locoregional group. (Figure 2F). Heterogenous CTM included non-malignant counterparts that were believed to
provide advantages for CTM survival and effective metastases. The other cell components were identified by multiple immuno-stains with 8
identified in distant metastasis and 5 in locoregional groups. As seen in Figure 2G, the most common CTM comprised CTC-CTC clusters
followed by CTC-platelet clusters, with detailed counts illustrated in Figure 2H.

Evaluation of the effect of platelet intervention on metastasis by Cluster-Chip

Clinical studies have confirmed that cancer patients with high-risk thrombosis often have poor prognosis, implicating the involvement of
platelets in cancer progression. Platelets thus act as so-called “allies” of tumor growth and metastasis and are believed to resist cell death,
promote EMT, facilitate immune system escape, and encourage extravasation.””’ Notably, aforementioned clinically isolated samples also
contained heterogeneous CTM composed of platelets.

To reveal the key role of platelets in the formation of CTM, an experimental model of breast cancer metastasis was constructed in female
BALB/c mice through tail-vein injection of 4T1-Luc cells and two kinds of drugs that have the opposite effects on platelets with aspirin (ASA)
and U46619 supplemented respectively. In vivo bioluminescence imaging (BLI) evaluated the formation of lung metastases in mice in different
treatment groups. To avoid the differences of initial injections, we performed the tail-vein injection of the same number of 4T1-Luc cells in
each group with repeat experiments. Whole blood from mice in each group was collected and isolated by the Cluster-Chip once metastasis
occurred at a suitable time. As shown in Figures 3A and 3B, the BLI intensities of the lungs from mice that were treated with ASA showed fewer
metastatic lung nodules; however, there were no significant differences in lung bioluminescence signals among the other three groups. One
reasonable explanation was that U46619 may cause excessive activation of platelets in a normal hemostasis system, causing blood to flow
slowly and thus leading to little metastasis. In addition, pharmacological effects of the combined administration group could be neutralized,
which generated metastasis close to that of the control mice. Consistent with the aforementioned results, it was clear that when platelets were
impaired by ASA and restored by U46619, the platelet activation group and the combination treatment group were able to capture more CTM
than the inhibition groups. Among the inhibition groups, the ASA treatment group captured the least number of CTM, originally suggesting
that activated platelets indeed play an important role on metastasis (Figures 3C and 3D). Moreover, H&E staining of the mouse lungs
confirmed the lower incidence of metastases here (Figure 3E) and fewer metastatic lung nodules in the mice treated with ASA (Figure 3F).
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Figure 2. Characterization and enumeration of CTM isolated from blood samples from breast cancer patients
(A and B) Representative fluorescent micrographs of homotypic and heterotypic CTM in different sizes including neutrophils or platelets, respectively. Captured
cells were stained with Cytokeratin (green), CD45 or P-selectin (red), DAPI (nuclei, blue). Scale bar: 50 pm.
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0.05; ***p < 0.001.

E) CTM counts of BC patients with CEA <4.7 ng/mL and CEA >4.7 ng/mL.
F) Percentages of BC patients with different detectable types of CTM in distant metastasis (n = 20) and locoregional BC patients (n = 12).

G) Various CTM percentages from distant metastasis (n = 8) and locoregional BC patients (n = 5).

H) CTM counts for patients with different disease states across different types of CTM, corresponding to (G). Data are represented as mean + SEM. *0.01 <p <

C and D) CTM counts per 4 mL of peripheral blood samples from BC patients with non-metastasis (n = 6), lymph node metastasis (n = 17), and distant metastasis
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Figure 3. Disturbing the interaction between platelets and CTM led to fewer metastases

(A) IVIS images demonstrating metastasis of 4T1-Luc cells in lungs at the 16th day after injection. BALB/c female mice divided into 4 groups were injected with 1 x
106 cells from the tail vein. Two days prior to 4T1-Luc cell injection, mice were treated with vehicle, aspirin (ASA), U46619, and ASA plus U46619 for 3weeks (n=7,
9, 8, and 8, respectively).

(B) The total flux of the cells in the mice in different groups.

(C) Representative images of CTC clusters isolated from mice with metastatic breast cancer to the lungs. CTC clusters were stained with Pan-cytokeratin (green),
CD45 (red), and DAPI (nuclei, blue). Scale bar: 50 pm.

(D) Quantitation of CTC clusters per 1 mL of blood in mice of the 4 groups.

(E and F) H&E staining of lung sections (left) and physical images of the lung (right) (E) The number of mouse lung metastases in different groups (F). Scale bar:
100 pm.

(G) Change in body weight of mice.

(H) Overall survival curves of the 4 groups of mice. Data are represented as mean + SEM. *0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001.

Weight change and overall survival of these mice were recorded at set intervals, emphasizing that interference of metastasis can effectively
reduce the incidence of mortality to a certain extent (Figures 3G and 3H).

Breast cancer CTM-correlated gene sets are enriched for hypoxia stimulation and platelet activation

Our findings have demonstrated that platelets can affect CTM hematogenous metastasis. In order to further understand the mechanism of
CTM hematogenous metastasis, examination of the molecular characteristics of CTM using the Cluster-Chip to isolate viable CTM for down-
stream molecular assays can aid in elucidating the mechanism of CTM-mediated hematogenous metastasis. For this purpose, we used the
Cluster-Chip to recover CTM in mice with lung metastasis secondary to breast cancer for RNA sequencing to investigate the biological
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characteristics of hematogenous metastasis. We used the epithelial cell adhesion molecule (EPCAM) and the CD45 antibody to stain live CTM
captured and released from 5 mice as one group alongside a control group comprised 3 samples of the 4T1 cell line in a low adherence culture
(Figure 4A). In both the experimental and control groups, 1,953 significantly differentially expressed genes were enriched, of which 750 genes
were significantly upregulated and 1,203 genes were significantly downregulated in the CTM group, as detailed in Figure S4. Analysis of tran-
scripts corresponding to a selected set of specific feature genes is shown in Figure 4B. The two groups overexpressed different tumor cell-
specific keratins (KRT16, KRT19, KRT18, and KRT7) and EPCAM was greatly differentially expressed in the experimental groups but lowly ex-
pressed in all control groups. The vast majority of genes related to mesenchymal state and stemness were highly expressed in the CTM group,
revealing the existence of a mixed EMT state characteristic of in vivo CTM.?®?? Thus, it was shown that cell aggregation allowed interaction
between cells of different epithelial mesenchymal states, which can enhance their potential for colonization at distant sites.”®*" Leukocyte-
associated genes, namely macrophage-derived CD68, OIT3, and monocyte-derived CD33, were also detected in the CTM group in addition
to platelet-associated genes detected in CTM, which confirmed the presence of heterogeneous CTM, or aggregates of tumor cells and non-
tumor cells.

As seen in Figure 4C, Gene Ontology enrichment analysis demonstrated that differently expressed genes were mainly enriched in
response to oxygen levels, hypoxia, and decreased oxygen levels. The expression of genes associated with mediating CTM metastasis
and thus malignant progression of the tumor was also screened (Figure 4D). Interestingly, the genes marked as red were all related to hypoxic
stimulation. Hypoxia-inducible factor (HIF)-mediated signaling in malignant cells influences multiple steps in the metastatic process including
invasion and migration, endocytosis and exocytosis, establishment of pre-metastatic microhabitats, and survival and growth at distant sites.*?
As seen in the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment bubble plots in Figure S5, the HIF-1 signaling pathway was
significantly altered in the CTM compared with the control group (Q-value<0.01). Gene Set Enrichment Analysis (GSEA) showed that the HIF-1
signaling pathway genes in the CTM were positively enriched in the experimental group (Figure Sé). In addition, the genes labeled with green
were associated with platelet activation, indicating that platelets also play an important role in CTM-mediated metastasis. All of these genes
were differently expressed in the CTM group, reinforcing the stronger malignant potential of CTM.

We further focused on the association between genes and stimulation of hypoxia through examining the genes ENO2 and ENO3, which
encode enolase, a key enzyme of the glycolytic pathway. The gene encoding the inducible enzyme nitric oxide synthase, NOS2, has been
implicated in the processes of wound healing, angiogenesis, and carcinogenesis in many studies. In addition, the vascular endothelial growth
factor A (VEGFA) and serpin family E member 1 (SERPINE1) genes both play important roles in tumor angiogenesis.”*** The adrenomedullin
(ADM) gene encodes the pro-angiogenic factor ADM, which is differentially expressed in CTM and control groups, as shown in the volcano
plot in Figure S7. Tumor cell-derived ADM has pro-angiogenic and direct pro-tumor effects.>> ENO2, ENO3, NOS2, and ADM genes were
also enriched in the top 20 most significantly upregulated and downregulated genes in CTM vs. control group (Figure S8). Given the relation-
ship between platelets and CTM in vivo, there was special attention to genes related to platelet activation such as the integrin subunit alpha
2b (ITGA2b) gene that encodes platelet protein CD41, whose expression is essential for platelet aggregation.®® In addition, the chitinase 3 like
1 (CHI3L1) gene plays a key role in hepatic platelet recruitment during acetaminophen-induced liver injury and studies have shown that
CHI3L1 protein secreted by tumor-associated macrophages promotes metastasis in gastric and breast cancers.” Furthermore, the G pro-
tein-coupled receptor 35 (GPR35) gene promotes rapid recruitment of neutrophils to sites of inflammation, with function in neutrophil recruit-
ment strongly dependent on platelets.*® GPR35 pathway activation is able to drive angiogenesis in the tumor microenvironment and its high
expression in tumor tissues is closely associated with poor prognosis.®” In this study, these genes were verified by gPCR (Figure 4E) and the
relationship between these genes and overall survival of BC patients were subsequently analyzed with Kaplan-Meier curves (Figure 59). RNA
sequencing results demonstrated that genes associated with hypoxia stimulation and platelet activation were both upregulated. Prior studies
have reported that a hypoxic environment can induce aggregated tumor cell metastasis.’”*' Moreover, hypoxic environments can activate
platelets, which can then contribute to hypoxia-induced inflammation to a certain extent.”* Meanwhile, given the fact that platelets
commonly assist in tumor bloodstream metastasis, we speculated that hypoxic environments stimulate platelet activation and are thus bene-
ficial to tumor cell adhesion and platelet aggregation in the formation of additional CTC-platelet clusters. Therefore, we designed an in vitro
hypoxic tumor cell-platelet adhesion and aggregation assay, followed by Cluster-Chip capture for counting and quantification. When tumor
cells and platelets were co-cultured in low adhesion plates, the group under hypoxic conditions was able to form more heterotypic CTC-
platelet clusters than in a normoxic conditions, accounting for 80% of the total clusters (>4) in this group (Figures 4F and 4G). This may be
useful in comprehending the upregulation of gene expression associated with platelet activation and hypoxia stimulation in the CTM group.
Thus, our results originally suggested that that tumor cells adhered to more platelets in hypoxic conditions and subsequently formed hetero-
typic CTC-platelet clusters that ultimately possibly promoted tumor metastasis.

DISCUSSION

In this study, the microfluidic Cluster-Chip was constructed with the specific purpose of separating CTM based on the principle of cell size
separation. To simulate peripheral blood capture more realistically, a known number of simulated cell clusters were added to the peripheral
blood of healthy mice and both separated and recovered using the screened rate. The results were consistent in indicating that the Cluster-
Chip can be used for subsequent peripheral blood isolation experiments due to its ability to specifically isolate CTM in a simple and efficient
manner. Peripheral blood samples were isolated from 32 BC patients using Cluster-Chip and homotypic CTM consisting of multiple tumor cell
aggregates and heterotypic CTM containing tumor and non-tumor cells, platelets, or leukocytes were detected by immunofluorescence, con-
firming the clinical applicability of the Cluster-Chip. Clinical information and statistical analysis revealed the correlation between the presence
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Figure 4. Specific genes related to hypoxia stimulation and platelet activation were enriched in the CTM group versus the control group

(A) Images of CTM released from the Cluster-Chip and live stained with FITC anti-mouse CD326 (EPCAM) (green) and Alex5%94-conjugated antibodies against
CD45 (red).

(B) Heatmap of gene expression related to epithelial status, mesenchymal status, cell stemness, leukocytes, cell junctions, and platelets in samples from each
group.

(C) Gene Ontology enrichment analysis in treatment vs. control groups.

(D) Heatmap of gene expression associated with CTM-mediating metastasis in the two groups of samples, with some genes marked with red and some marked

24 >4
Number of cells in the CTM

with green relating to hypoxia stimulation and platelet activation, respectively.

(E) Verification of key genes that are differently expressed in treatment vs. control group by gPCR.

(F) Representative fluorescent micrographs of 4T1 cell clusters captured on the chip following culture in ultra-low adhesion well plates with or without platelets

under the hypoxic or normoxic conditions. CTC-clusters stained for Pan-cytokeratin and EPCAM (green), P-selectin (red), and DAPI (nuclei, blue). Scale bar: 50 um

and 20 um.

(G) The statistic quantification of the different types of captured CTM cultured in 4 conditions as mentioned in (F). Data were presented as mean + SD. *0.01 < p
< 0.05; **0.001 < p < 0.01; ***p < 0.001.
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of CTM and certain clinicopathological features, emphasizing the important role of CTM in breast cancer metastasis. Notably, a study of head
and neck cancer utilized microfluidic microarray structures to captured CTM in patient blood samples. They demonstrated that CTC clusters
contained Epidermal growth factor receptor (EGFR) amplified single CTCs within the cluster volume and also emphasized the important bio-
logical roles of these cell populations in tumor metastasis."*

With increased platelet counts being a risk factor for metastasis in cancer patients,’” we also explored the association between platelets
and CTM by intervening with platelets to assess the impact of platelets on cancer metastasis from the perspective of changes in CTM counts.
Platelets were treated with platelet inhibition, activation, and inhibition followed by activation in mice with lung metastasis from breast cancer,
with occurrence of metastasis monitored via in vivo imaging. The results confirmed that there was a correlation between platelets and the
in vivo level of CTM, and that platelet inhibition led to a decrease in CTM formation and thus affected metastasis. To further investigate
the mechanism of CTM-mediated hematopoietic metastasis, the Cluster-Chip was used to capture and recover CTM from breast cancer
lung metastasis in vivo in mice. RNA sequencing was executed to investigate the biological characteristics of hematopoietic metastasis.
High expression of genes in mediating CTM metastasis by hypoxia stimulation and platelet activation were identified in the CTM group.
These genes can potentially be used for targeting CTM to restrict cancer metastasis in future studies. However, studies on these genes in
the field of cancer are still complex and diverse, and further research is necessary for more definitive conclusions to be drawn.

In conclusion, the Cluster-Chip isolation platform is a powerful tool for clinical cancer detection of and laboratory research on metastasis.
Fully utilizing the microfluidic platform can not only enable the exploration of the association between CTM and disease progression, but can
also provide a deeper understanding of cancer metastasis by analyzing molecular characteristics and lead to the improvement of existing
treatment options and the discovery of meaningful therapeutic targets.

Limitations of the study

In the application of clinical samples, the number of isolated patients should be as large as possible and cover the whole range of patients,
and the CTM changes should be linked to the various pathological indicators of patients. It is better to track and detect the difference in the
number of CTMs in the patient’s body during the whole treatment process, and evaluate the efficacy and prognosis of the treatment. At the
same time, it is better to continuously optimize the parameters of the chip and upgrade its performance to improve the stability of the plat-
form’s separation ability and the accuracy of CTM counting. For the animal model, the tumor metastasis model was constructed in this study
via tail vein injection of tumor cells. In situ spontaneous metastasis would be better to be constructed subsequently to truly simulate the whole
process of cancer metastasis in the clinic setting.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-pan cytokeratin Abcam ab7753

P-Selectin polyclonal antibody Proteintech 13304-1-AP

CD45R (RA3-6B2) Santa Cruz sc-19597

Alexa Fluor 488-labeled goat anti-mouse IgG (H + L) Proteintech SA00013-1

594-labeled goat anti-rabbit IgG (H + L) Proteintech SA00013-4

TRITIC-labeled goat anti-Rat IgG (H + L) Proteintech SA00007-7

CD45 Rabbit Polyclonal antibody Proteintech 20103-1-AP

FITC anti-mouse CD326 (Ep-CAM) Biolegend 118207

Alex 594 anti-mouse CD45 Biolegend 103144

Chemicals, peptides, and recombinant proteins

Fetal bovine serum ExCell Bio FSP500

RPMI-1640 medium HyClone SH30027.02

DMEM medium HyClone SH30022.01B

Trypsin (C0201) Beyotime SH30809.01B

Chlorotrimethylsilane (TMCS) Sigma Aldrich 75-77-4

Sylgard 184 PDMS Dow Corning 04019862_342

SynperonicpeR/F127 Aladdin 9003-11-6

1XPhosphate buffer saline Servicebio P1020

CFSE (carboxyfluorescein succinimidyl amino ester) eBioscience 65-0850-84

Pl (Propidium lodide) Sigma Aldrich P4864

EDTA (Ethylenediaminetetraacetic acid) Sinopharm 6381-92-6

4% Paraformaldehyde Solarbio P1110

0.1% Triton100 Beyotime P0096

DAPI Beyotime C1006

Aspirin yuanyebio 50-78-2

U46619 yuanyebio 56985-40-1

D-luciferin YEASEN 40902EC

Deposited data

RNA-seq data This paper GEO:GSE256445

RESOURCE AVAILABILITY
Lead contact

Data are available by request. Correspondence should be addressed to Xiaoxiang Guan, Xin Han and Yanni Song. Email address: xguan@
njmu.edu.cn (X.G.), xhan0220@njucm.edu.cn (X.H.), 1525@hrbmu.edu.cn (Y.S.) and Fang Yang yangfangnju@hotmail.com (F.Y.).

Materials availability

This study did not generate any unique new reagent. All reagents used in this study are commercially available.

Data and code availability

e Data: RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession number is

GSE256445.

e Code: This paper does not report original code.
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e Additional information: Any additional information required to reanalyze the data reported in this paper is available from the lead con-
tact upon reasonable request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture and preparation

A549 and 4T1 cells were purchased from the American Type Culture Collection, propagated according to manufacturer instructions, cultured
under standard conditions of 37°C and 5% CO2 atmosphere, and grown in RPMI-1640 and DMEM medium (HyClone) supplemented with 10%
fetal bovine serum (FBS) respectively and 1% Penicillin-streptomycin. All cell lines were maintained in logarithmic phase of growth. Myco-
plasma was tested every 2 weeks. A part of A549 and 4T1 cells were engineered to stably express GFP to intuitively test capture and release
performance on the chip. Other parts of 4T1 cells were engineered to stably express luciferase for the in vivo image while untagged cells were
used for viability experiments that required staining.

Construction of experimental lung metastasis

Four to six-week-old female BALB/c mice were purchased from Huachuang Sino for use in experiments involving drug treatment and/or tu-
mor cell injection. All animal procedures were approved and complied with the guidelines of the Institutional Animal Care Committee of
Nanjing University of Chinese Medicine (ethical approval number: 202209A008). 4T1-Luc or/and 4T1 (1 x 106/100 pL) cells were injected
by tail vein into BALB/c mice after at least 2 weeks can occur a certain of lung metastasis.

Blood samples preparation

The blood samples of BC patients used in this experiment were from the Department of Breast Gland of Jiangsu Provincial People’s Hospital
People’s Hospital, diagnosed as breast cancer by pathology, approved by the Ethics Science Committee of Jiangsu Provincial People’s Hos-
pital, obtained with informed consent, and carried out in accordance with the guidelines and protocols of the experiment.

METHOD DETAILS

Chip design and development

The Cluster-Chip pattern was designed using AutoCAD (Autodesk) and is composed of 1024 parallel tracks, each equipped with seven
consecutive CTC-cluster traps. Three triangular columns form a basic unit, and tiny holes are formed between the three columns to form a
capture network. The depth of the chip with one inlet and one outlet is 100 um and the distance between the two adjacent triangular columns
is 12 um. The microfluidic device was developed according to standard photolithography and soft lithography procedures. For mold fabri-
cation, SU-8 photoresist (Micro Chem) was spun on a silicon wafer and patterned in the form of microfluidic channels through a chrome photo-
mask by conventional photolithography. Polydimethylsiloxane (PDMS) prepolymer and cross-linker (Sylgard 184, Dow Corning) mixed at a
10:1 ratio was poured onto the mold, degassed, and then cured at 80°C for 30 min. The cured PDMS was peeled off the mold bonds
onto a glass substrate. Before bonding, the cured PDMS and the glass were treated with oxygen plasma for 1 min to finish surface activation.

Device operation

The Cluster-Chip was drained of air for 10 min and filled with 1% F127 until the channel was met to avoid nonspecific cell adhesion to the
PDMS. A syringe pump was used to introduce solutions into the devices. The pump was loaded with a 5 mL syringe and a plastic TYGON
tube containing CTC blood and cell suspensions and connected to the inlet reservoir by a flat steel pin. For the capture experiment, we pro-
cessed the whole blood/PBS spiked with cell clusters in the chip at 4°C under different flow speeds to screen for the best flow rates for capture.
For the recovery experiment, the syringe pump was driven at different rates at 4°C to release captured cells from the Cluster-Chip with the
best release efficiency while also maintaining the viability and integrity of cells. Before operating the syringe pump, we connected the plastic
TYGON tube in reverse to the outlet as the “inlet” and the original inlet as the “outlet” and connected the tube to separate wells of ultra-low
attachment well plates (Corning, Inc.) for subsequent experiments.

Cell-cluster spiking experiments

To generate cell clusters, two main methods were used. One method was done after removal of the media and washing with PBS, with cells
subsequently incubated growing in monolayer at 80% confluence with trypsin (Beyotime, C0201) for 1 min with gentle pipetting of cells during
trypsinization process to generate floating clusters. The second method involved adding the single cell suspension to the ultra-low attach-
ment well plates for early aggregation. Once there was formation of clusters, the clusters were distributed in ultra-low attachment well plates
immediately for subsequent use. The clusters were counted manually from microscopy images and their concentrations were adjusted
accordingly. This was followed by pipetting a volume of the cluster suspension spiked into PBS or blood samples from healthy BALB/c
mice via cardiac puncture and collected into EDTA-coated microcontainer tubes.
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Fluorescent live and dead assays

To detect the viability of the cell clusters after capture and release by the chip, we used eBioscience CFSE cell viability reagent to identify the
live cells and PI (Sigma Aldrich, P4864) cell apoptosis reagent to identify the dead cells. Dissolving the above stock solution of fluorescent
reagents in PBS at final working concentrations were done according to the instructions. The diluting solutions were then added to the
cell cluster suspensions for 10-20 min and the reaction was stopped with cooled FBS. The Cluster-Chip was imaged with an inverted fluores-
cence microscope (Mshot Guangzhou) before capture and after release. Both of the cell clusters were needed to acquire corresponding fluo-
rescent images to be in contrast with each other.

Blood processing and immunofluorescence staining

Mouse blood was retrieved in EDTA-contained tubes via cardiac puncture of tumor-bearing BALB/c mice. Up to 0.5-1 mL of blood was
collected and diluted with filtered 1xPBS. Around 4-5 mL of whole blood samples were collected from breast cancer patients (BC patients)
in EDTA vacutainers at multiple time points during disease progression. These samples were used within 4 h after collection and diluted by 1:2
in phosphate buffered saline (PBS) solution. After Cluster-Chip processing of these blood samples, immunofluorescence staining was done by
first washing the chips with PBS, fixing them for 30 min with 4% paraformaldehyde (PFA) (Solarbio, P1110), permeabilizing them for 15 min with
0.1% Triton X-100 (Beyotime, P0096), and blocking them for 1 h with 3% bovine serum albumin (BSA) (ExCell Bio, FSP500) at room temper-
ature. A cocktail of primary antibodies including anti-mouse monoclonal Pan-cytokeratin (Abcam, ab7753), anti-rabbit polyclonal P-selectin
(Proteintech, 13304-1-AP, or Anti-Rat polyclonal CD45R (RA3-6B2) (Santa Cruz, sc-19597) was used for patient blood samples. Anti-mouse
monoclonal Pan-cytokeratin (Abcam, ab7753) and Anti-rabbit polyclonal CD45 (Proteintech, 20103-1-AP) were used for mouse blood samples
and were added to the chips and incubated at 4°C for one night. On the second day, the chips were washed and secondary antibodies such as
Alexa Fluor 488-labeled goat anti-mouse IgG (H + L) (Proteintech, SA00013-1) and 5%94-labeled goat anti-rabbit IgG (H + L) (Proteintech,
SA00009-2), or TRITIC-labeled goat anti-Rat IgG (H + L) (Proteintech, SA00007-7), were added and kept in the dark for 3 h. After washing,
4,6-diamidino-2-phenylindole (DAPI) (Beyotime, 28718-90-3) was used to stain for 5 min to detect nuclei following washing the chips once
again. The cell clusters were imaged using a fluorescence microscope (Mshot Guangzhou) and manually counted. For live staining of
CTM for downstream analysis, unfixed cell clusters were stained with FITC anti-mouse CD326 (EPCAM) (118027, Biolegend) and Alex 594
anti-mouse CD45(103144, Biolegend) to identify the captured CTM.

Drug intervention in lung metastases of mice

Aspirin (ASA, Acetylsalicylic acid, 50-78-2, Shanghai Yuanye Bio-Technology Co.) was dissolved in sterile deionized water and resuspended in
drinking water at 180 mg/L. U46619 (56985-40-1, Shanghai Yuanye Bio-Technology Co.) was diluted in sterile deionized water and delivered at
50 pg/kg through a 180-mg/L aspirin solution. The mice were divided randomly into 4 groups and treated with vehicle, aspirin, aspirin plus
U46619, and U46619, respectively. Two days prior to this, 4T1-Luc (1 x 106/100 pL) cells were injected by tail vein into BALB/c mice and drugs
were administered through drinking water that was changed every second day. BLI of live animals was initiated 7 days after cell injection and
performed weekly. Two to three mice were scanned at one time to identify any metastatic mouse lungs nodules. After 2-3 weeks of treatment
with either vehicle or drugs, blood was collected in EDTA-coated tubes through cardiac puncture of terminally anesthetized mice with 2.5%
isoflurane (RWD). BALB/c mice. Mice lungs were harvested and tumor burden was quantified by manual segmentation via ImageJ. The
collected mice lungs from each group partly were embedded in paraffin and 5-um sections were stained by H&E performed by AiFang
Biological.

In vivo bioluminescence imaging and tumor progression

In order to investigate for metastasis, BLI of whole mice was initiated 7 days after cell line injection and performed weekly. Mice were injected
i.p. with 15 mg/mL of D-luciferin (YEASEN) in PBS, anesthetized with 2.5% isoflurane, and subsequently imaged. Ten minutes following this
injection, mice were imaged using a charge-coupled device camera-based BLI system (IVIS Spectrum, PerkinElmer; exposure time: Auto,
binning: Medium, field of view: C, f/stop 2, emission filter: open). Signal was measured and recorded as total flux (photons/seconds). Corre-
sponding grayscale photographs and color luciferase images were automatically superimposed and analyzed with Living Image software
(PerkinElmer).

RNA extraction library construction and RNA sequencing

The SMART-Seq v4 Ultra Low Input RNA Kit (Clontech, Japan) was used to prepare the low-input library following the procedures below: 1)
Preparing the cDNA library; 2) cDNA Purification and size selection (150-300 bp); 3) Preparing sequencing-ready library by adding i5/
i7adaptor using PCR method; 4) Library quality control or assessing the size and concentration of the library using Agilent 2100 Bioanalyzer;
5) Library sequencing was performed on lllumina platforms using a 2x150bp paired-end sequencing protocol. After total RNA was extracted,
mRNA was purified from total RNA using Dynabeads Oligo (dT) (Thermo CA, USA) with two rounds of purification. Following purification, the
mRNA was fragmented into shorter fragments using divalent cations under elevated temperatures (Magnesium RNA Fragmentation Module
[NEB, cat.e6150, USA] under 94°C for 5-7 min). The cleaved RNA fragments were reverse-transcribed to create cDNA using SuperScriptl|
Reverse Transcriptase (Invitrogen, cat. 1896649, USA). This was next used to synthesize U-labeled second-stranded DNA with E. coli DNA
polymerase | (NEB, cat.m0209, USA), RNAse H (NEB, cat.m0297, USA) and dUTP Solution (Thermo Fisher, cat.R0133, USA). An A-base was
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then added to the blunt ends of each strand, preparing them for ligation to the indexed adapters. Each adapter contained a T-base overhang
for ligating the adapter to the A-tailed fragmented DNA. Dual-index adapters were ligated to the fragments and size selection was performed
with AMPureXP beads. After heat-labile UDG enzyme (NEB, cat.m0280, USA) treatment of the U-labeled second-stranded DNA, the ligated
products were amplified with PCR by the following conditions: initial denaturation at 95°C for 3 min; 8 cycles of denaturation at 98°C for 155,
annealing at 60°C for 15 s, extension at 72°C for 30 s; and final extension at 72°C for 5 min. The average insert size for the final cDNA libraries
were 300 £ 50 bp. Finally, we performed 2 x 150bp paired-end sequencing (PE150) on an lllumina Novaseq 6000 (LC-Bio Technology CO.,
Ltd., Hangzhou, China) following the vendor’s recommended protocol.

Bioinformatics pipeline

Cutadapt software (https://cutadapt.readthedocs.io/en/stable/, version: cutadapt-1.9) was used to remove the reads that contained adaptor
contamination. After removal of low-quality bases and undetermined bases, we used HISAT2 software (https://dachwankimlab.github.io/
hisat2/, version: hisat2-2.0.4) to map reads to the genome (i.e., Homo sapiens Ensembl v96). The mapped reads of each sample were assem-
bled using StringTie (http://ccb.jhu.edu/software/stringtie/,version: stringtie-1.3.4days). Expression levels of all transcripts were estimated
and performed as calculating FPKM (FPKM = [total exon fragments/mapped reads (millions) x exon length (kB))). The differentially expressed
mRNAs were selected with fold change>2 or fold change<0.5 and p value<0.05 by edgeR (https://bioconductor.org/packages/release/bioc/
html/edgeR.html). Gene ontology terms (http://www.geneontology.org/) and KEGG pathways (http://www.genome.jp/kegg/) of these differ-
entially expressed mRNAs were also annotated.

qPCR reaction

gPCR validation was performed on the samples returned from the experimental and control sequencing groups. Each well had 0.4 pl of up-
stream and downstream primers, 4.2 uL of enzyme-free water, 5 pL of cDNA template, and 10 uL of 2xTaq Pro Universal SYBR gPCR Master
Mix. After the sample spotting was completed, a transparent sealing film was applied and the program was set on the machine (CFX%6, Bio-
rad; preheat 95°C for 3 min, amplification 95°C for 10 s, 60°C for 30 s for 40 cycles of amplification), The primer sequences are shown in
Table S4.

Hypoxia experiments

4T1 cells were inoculated in low adherence 12-well plates at a density of approximately 50-100 cells per well. The experiments were divided
into four groups: platelets co-cultured with tumor cells in a hypoxia environment for 24 h, platelets co-cultured with tumor cells in a normoxic
environment for 24 h, tumor cells alone in a hypoxia environment for 24 h, and tumor cells alone in a normoxic environment for 24 h. Platelets
were isolated from normal mice and were added as 50 pL aliquots of platelet solution (5% 107) into each well. 100 M CoCl2 was added to the
cell culture medium to simulate a hypoxia environment.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data were analyzed using Graphpad Prism 8.0.2. The t-test or nonparametric test was used for the comparison of two independent sam-
ples and one-way ANOVA or nonparametric test was used for the comparison of multiple independent samples. The counting data was
tested by 2 or the Fisher exact test. The correlation analysis between CTM and platelet, serum fibrinogen, and D-dimer levels was carried
out by Spearman rank correlation method with p < 0.05 indicating statistical significance, *p < 0.05, **p < 0.01, ***p < 0.001. All experiments
were repeated at least three times.
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